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Abstract. Theoretical ideas on the formation and evolution of
charged particle tracks in a condensed medium are discussed.
The historical development of the field is briefly reviewed. The
distribution of charged particle energies over quantum states
and the volume of the absorbing medium are considered, and
conditions for the formation of various track structures (enti-
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ties) are discussed. The structures of extended heavy-ion tracks
are compared for some ion parameters and track characteristics
under equal conditions. Relaxation processes in the tracks of
multiply charged ions are analyzed. Track effects are consid-
ered and possible mechanisms for the formation of chemically
active defects in a latent track are described.

1. Introduction

Ninety years ago the track of an a-particle was photographed
for the first time in a Wilson cloud chamber [1]. First
observations of the track confirmed the notion that charged
particles trigger changes in physical and chemical properties
of the medium, and showed that these changes only affect
local microscopic volumes of the medium located along the
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path of the particle. Observations of tracks in Wilson
chambers became a valuable tool for studying the nuclear
processes involving elementary particles. The need for devices
capable of studying the nuclear processes involving elemen-
tary particles has subsequently led to the invention of bubble
chambers [2], photo emulsions [3], also useful for visualiza-
tion of tracks.

In 1959, long and thin (about 3 nm in diameter) damaged
filaments were detected with an electron microscope in mica
exposed to fragments of the fission of uranium. Such traces
became known as ‘latent’ tracks [4]. These observations
stimulated keen interest in studying the tracks of heavy ions
in solids. Direct observations of latent tracks were hindered
by the fact that in most materials under an electron
microscope they rapidly disappeared. This unfortunate
feature could be rectified by chemical etching of the exposed
material. It turned out that after treatment of the mica with
certain chemicals, the latent tracks of uranium fission
products increased to a size at which they became visible
through an optical microscope [5].

The class of solids that may host etched tracks is quite
broad — glasses, minerals, polymers, and certain semicon-
ductors [4—6]. Numerous studies reveal that etchable tracks
may be detected in many crystals with ion bonds (alkaline-
haloid crystals, micas), in some crystals with covalent bonds,
and in polymers — but only when the parameters of ions
exceed certain threshold values [6]. In metals, which feature
perfect structure and high electric conductivity, no tracks are
usually left even by the high-charge ions. The tracks, however,
may appear when the crystal lattice of the metal has defects.
An intermittent track is formed in metallic film made up of
numerous mosaic blocks. The track is developed in the
smaller blocks, but not in the larger ones [7].

Every material capable of hosting etchable tracks has its
own detection threshold that depends on the properties of the
etching solution. The configuration of pores resulting from
chemical etching of dielectric materials exposed to ions
depends on the type and parameters of the ions. This
correlation was first used for the development of solid state
track detectors (SSTD) for identification of charged particles
[5, 6]. This requires direct calibrations: the material is exposed
to known particles, and the resulting tracks are associated
with the parameters of the particles. Such calibration data can
then be used for identifying the parameters of unknown
particles.

The effect of formation of through channels after
chemical etching of polymer film exposed to heavy ions is
employed for manufacturing polymer membranes using
beams of heavy ions [8] and fragments of fission of nuclear
fuel. The track method is used for making printed structures
on solids and for making separation media for fine filters [8,
9]. Calibration data are also needed for selecting the right ions
for obtaining channels of the desired profile and size.

Direct calibrations, however, require accelerators with
versatile capabilities. The calibration process is complicated
and expensive. Therefore, it would be good to use this
procedure only in exceptional cases, and instead forecast the
parameters of the tracks from the detailed knowledge of the
processes of track formation and development. Unfortu-
nately, this is a very arduous task: the process of track
formation and development is very fast, and defies experi-
mental observation.

Many phenomena that occur in a condensed medium
irradiated with charged particles are due to the processes that

take place in the tracks. First of all, such phenomena include
radiation induced in water and water solutions of biologically
important substances. It was in these domains that, using the
knowledge of the processes taking place in the tracks of
charged particles, it was possible to explain the so-called
track effects — the dependence of the radiation effects on the
form of the ionizing radiation [10—16]. Knowledge of the
processes of the development and evolution of tracks of
charged particles has been used to explain the formation of
latent tracks in solids (see, for example, Refs [4—6]). Based on
the experimental data on the threshold values of the energy of
ions at which a latent track becomes an etchable track,
different criteria of track formation were formulated.
Notwithstanding certain differences, most of these criteria
were derived from the assumption that the disruptions caused
by the ion in the medium depend on a particular characteristic
of the track — namely, on the linear energy transfer [6]. There
were attempts to use the concept of tracks for explaining the
inelastic sputtering of solids with ions [17].

A track becomes observable owing to a change in the
properties, structure or phase state of matter close to the path
of a charged particle. These changes are the reaction of the
medium to the disturbance caused by the charged particle.
The initial stage of this disturbance is the transfer of energy to
the medium by the charged particle. At the initial (physical)
stage the energy transferred to the medium is shared among
the quantum states of the absorbing system. This gives rise to
the primary track. The description of the spatial dimensions
of this track and the spectrum of primary particles resulting
from the physical processes of the interaction of a charged
particle with matter is the goal of the study of the structure of
the primary track.

The time needed to form the complete track depends on
the time of deceleration of a charged particle in the medium.
The time of deceleration of an ion with an initial energy of
4 MeV (a.m.u.)"!' in a condensed medium is 2 to 3 ps.
However, this time may be even less for those parts of the
track that are still long enough compared to the radial
dimension of the track. For example, for a path length of
2 um, where the ion has an energy of 4 MeV (a.m.u.)”!, the
redistribution of the energy transferred to the medium within
this volume is over in 75 fs. The processes on this time scale
defy direct experimental observation, so the only way of
studying the structure of the primary track is through
theoretical analysis using the methods of mathematical
simulation.

Theoretical study of the structure of tracks of charged
particles and the processes that take place therein dates
back to the earliest observations of tracks. Such studies
have been most intensely pursued in radiation chemistry
and radiation biology. This review is concerned with
theoretical concepts of the processes of formation of
primary tracks of charged particles in a condensed medium
of molecular composition. In the beginning we give a brief
historical account of the development of the concept of
charged particle tracks. Then, based on the physics of
interaction of charged particles with the molecules of the
medium, we consider the distribution of the energy of a
charged particle over the quantum states of the absorbing
medium, the distributions of the emerging primary active
particles over the volume of the medium, the classification
of the track entities (shapes, structures) and the conditions
of their formation. Special attention is paid to the formation
of primary tracks of heavy ions. Some issues related to the



October, 2002

Theoretical aspects of the formation and evolution of charged particle tracks 1021

topic under discussion are considered in detail in the reviews
[10—16] and in the literature cited in the text.

2. Overview of the development of concepts
of charged particle tracks

2.1 Early models of tracks

The earliest model of tracks is probably the notion formu-
lated by Jaffe in 1913, who considered the tracks of alpha-
particles in a Wilson chamber as cylindrical ion columns [18].
Assuming Gaussian distribution of ions of each sign in such a
column, Jaffe considered the diffusion of ions from the track,
with recombination taken into account. This diffusion
recombination process is described by a nonlinear differen-
tial equation that defies analytical solution. The approximate
solution of this problem was obtained under the assumption
that the reduction in the concentration of ions in the column is
more affected by the diffusion of ions than by the recombina-
tion. Such a condition allows one to assume that the
distribution of ions remains Gaussian even though the
concentration of ions decreases with time. Such an assump-
tion, known as the assumption of prescribed diffusion, was
widely used later for calculating the characteristics of
chemical transformations in a medium after exposure to
charged particles.

In 1934 Lea [19] represented the track in the ionization
chamber as a set of isolated clusters. Using the approach
developed by Jaffe, Lea considered the recombination of ions
in different clusters taking into account possible overlapping.
These concepts of tracks in ionization chambers were later
used for calculating the coefficients of recombination of ions
in gases [20], and for measuring the linear energy transfer and
the quality coefficient of radiation [21].

The development of nuclear power engineering in the
middle of last century stimulated intensive development of
radiation chemistry and radiobiology. The construction of
nuclear reactors required knowing the radiation stability of
water, various water solutions, polymers, hydrocarbons, and
many other materials. The study of radiation-induced
transformations in water and water solutions of biologically
important species was necessary for evaluating the effects of
ionizing radiation on living matter. This is why the studies
were focused on the radiation chemistry of water and water
solutions.

The basics of the theory of interaction of ionizing
radiation with matter have already been formulated [22, 23].
The concept of linear energy transfer (LET) was introduced in
order to characterize the quality of radiation. Depending on
LET, the ionizing radiations were divided into three types:
low LET (below 1 eV nm~! in water), medium LET (1 to
100 eV nm~'), and high LET (above 100 eV nm~!). The
interpretation of experimentally observed yields of radiolysis
products as functions of LET involved the so-called track
effects, because the degree of inhomogeneity in the distribu-
tion of active particles in the tracks had a considerable impact
on the overall chemical effects. The quantitative description
of chemical transformations in the tracks by chemical kinetics
methods required more detailed knowledge of the initial
distribution of the reacting particles in the track. The
construction of track models was based on the concept of
LET and was inseparable from the study of the mechanisms
of transformation of the primary particles (ions, electrons,
and electron-excited molecules).

Lea was the first to clearly formulate and use diffusion
kinetics for tracks of charged particles [19, 24]. According to
Lea [19, 24, 25] and Gray [26], in the case of inelastic
interactions of charged particles with water molecules, the
energy transferred to the medium is used for the formation
not only of individual electron-excited molecules or ion-
electron pairs, but also of the local regions of ionization and
excitation that contain two or more ion pairs. It is these
regions that Lea and Gray referred to as clusters.

According to Ref. [26], the relative frequency of occur-
rence of clusters with two, three or more ion pairs shows little
dependence on the velocity of the charged particle and the
nature of the medium. The nature of the medium, however,
has an impact on the ratio of the number of clusters to the
number of loose ion pairs. According to Ref. [26], the
frequencies of occurrence of clusters of 2, 3, 4 and 8 ion
pairs in water are 0.22, 0.11, 0.10 and 0.07, respectively. The
frequency of occurrence of a loose pair is 0.45. In the cluster
the positive ions are separated by 3 nm, while the mean
distance between the ions of opposite signs is 15 nm. The
negative ion in this case is the molecule of water that captured
a thermalized electron knocked out by ionizing radiation.

In the track of a fast electron the mean distance between
the positive primary ions is much greater than 15 nm, and
therefore the clusters are isolated from one another. When the
energy of the electron is less than 1.5 keV, the clusters start to
overlap. The track becomes an ion column. Tracks in the
form of ion columns are formed by protons with energy below
3 MeV, and by a-particles with energy below 12 MeV. The
distribution of ions in the column was assumed to have the
following pattern: the positive ions were located close to the
path of the heavy ion, whereas the negative ions occupied a
cylinder 15 nm in radius. Platzman [27] advanced these
concepts, assuming that the electron, in the process of
thermalization, traveled a long way away from the parent
ion, and, instead of being neutralized at once, became loose in
a sense. Owing to the polarization of the medium it becomes
surrounded by the oriented molecules of the liquid. This was
the prediction of the hydrated electron in the irradiated water,
which was confirmed later on.

Samuel and Magee [28] treated the destiny of the ionized
states in a different way [28]. They held that the electron
knocked out from the water molecule in the course of
ionization cannot leave the Coulombian field of the parent
ion and is attracted by the ion after thermalization. The
recombination produces an excited water molecule that splits
into H and OH. They called the ionization group from one or
more ion pairs, located near the unitary act of primary
ionization, a spur.

By the start of the chemical stage the spur was viewed as a
spherically symmetrical formation in which the H and OH
radicals are distributed according to Gaussian law with
respect to the center of the spur with equal widths. The initial
volumes of spurs, and therefore the widths of the initial
distributions of radicals, are taken to be proportional to the
number of radicals in the spur Ng. The distribution of spurs
with respect to the size was described by the analytical
expression of the form

f(Ng) =0.65exp (—%) .

The mean value of the spur from this distribution corresponds
to 2.54 radical pairs per primary ionization. According to
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Ref. [28], the track of the fast electron was represented as a set
of non-overlapping spurs. The deceleration of the primary
particle was not taken into account, and no distinction was
made between the tracks of the primary and secondary
electrons. The track of the a-particle was considered to be a
cylindrical column consisting of overlapped spurs.

2.2 Tracks of particles with low LET

The Samuel — Magee model of the fast electron track [28] was
subjected to a rigorous check for its suitability for explaining
the dependence of yields of products of radiolysis on the
conditions of irradiation. Even the creators of the model,
using the reaction of one type of radical, calculated the ratios
of molecular yields to the total yield of water decomposition
for spurs of different sizes, and obtained values close to those
observed experimentally. However, the use of specially fitted
parameters in the model compromised its plausibility. At the
same time, the model of the spur was used with certain
modifications by many researchers for quantitative assess-
ment of the more complicated reaction schemes (the presence
of several radicals or an acceptor in the spur) (see the review in
Ref. [10]).

Kuppermann and Belford [29] performed a computer
analysis of the applicability of different parameters and
approximations in the calculations, and came to the follow-
ing conclusions. For a period of time from 10 to 100 ps the
recombination of radicals dominates in the spherical spur.
Any initial distribution of radicals becomes Gaussian after
1 ns, and from this time the approximation of prescribed
diffusion becomes quite acceptable. The yields of products of
radiolysis depend considerably on the width of the initial
distribution, the diffusion and the reaction rates.

When the value of LET is assumed to increase as the
electron slows down, the model of the electron track had to
be modified. Ganguly and Magee [30] considered a model of
the electron track consisting of spurs of the same size, the
distance between which decreases exponentially as the
residual path of the electron decreases. Taking into account
the recombination of radicals from adjacent spurs, in this
way they studied the effects of the overlapping of spurs as a
result of the increase of the electron’s LET towards the end
of the path.

Mozumder and Magee [31] resolved this problem in a
different way. They eliminated the need to take into account
the overlapping of spurs by introducing additional track
entities. Depending on the energy transmitted by the electron
in a single act of interaction, the resulting track structure was
attributed to the appropriate class. According to the
classification, the energy transmitted by the electron to the
medium is used for the formation of spurs with energy from 6
to 100 eV, the so-called bhlobs with energy from 100 to 500 eV,
and short tracks when the energy transmitted to the medium is
in the range from 500 to 5000 eV. A blob is defined as an entity
generated by a secondary electron, whose energy exceeds
100 eV but is still not sufficient for the electron to escape from
the field of the parent ion. According to the authors, an
electron whose energy exceeds 625 eV is capable of escaping
recombination with the parent ion in water at room
temperature. Based on this estimate, the upper energy limit
for a blob was assumed to be 500 eV. Later Magee and
Chatterjee [32] used a value of 1.6 keV for the upper energy
limit of the blob. They argued that below this limit the
deceleration of the electron is much influenced by the process
of elastic scattering that facilitates the overlapping of spurs.

The blob resembles a pear-shaped drop. However, in the
calculations of internal reactions the blob was considered as a
large spherical spur [31] or an ellipsoid [32].

In Ref. [31] it was assumed that the initial dimensions of
spurs and blobs were proportional to the number of primary
particles, or that the initial size of the spur was ry ~ ¢!/3,
which is the same thing. For a spur with ¢ = 100 eV the initial
radius was assumed to be 1.7 nm. Magee and Chatterjee in
Ref. [33] treated the dependence of the size of the spur on the
number of particles in the spur in a different manner: the size
of the spur is supposed to decrease as the number of particles
in the spur increases. They came to this conclusion based on
the concept of the electron —ion pair as a Rydberg state of the
molecule. The size of the electron orbit in this state does not
exceed 3 to 3.5 nm before hydratation. When the spur
contains several ion pairs, the electron moves in the field of
several ion centers, and therefore the radius of its orbit
decreases. According to Ref. [33], the initial radius of a spur
with one electron—ion pair is of the order of 3 nm, whereas
the size of a spur made up of six ion pairs (100 eV)
corresponds to the initial radius of 2 nm.

A short track is made up of overlapping spurs. The upper
energy limit of the electron forming the short track is
determined by the following considerations [31]. The over-
lapping of spurs affects the reactions in the spurs as long as
the mean distance between them does not exceed 10r. This
condition is satisfied by an electron with an energy of 5 keV,
for which the mean free path between the acts of energy
transfer with spur formation is about 10 nm. A secondary
electron with energy above 5 keV forms a branch track, whose
structure is similar to that of the main track. As a rule, it is
assumed that the short track has a cylindrical geometry, even
though this is not quite consistent with its actual shape.
Owing to the processes of elastic scattering, the path of the
electron is curved when its energy is below 1.6 keV. In the
energy range set in Ref. [32] for the short track, the shape of
the short track is practically cylindrical.

The energy distribution of the primary electron between
the track structures that make up the main track and its
branches was calculated in Ref. [31] by the Monte Carlo
method. The calculations indicate that, as the energy of the
primary electron increases, the energy share used for the
formation of isolated spurs increases mainly at the expense
of the energy used for the formation of short tracks. While the
energy split between spurs, blobs and short tracks stands as
25:10:65 (per cent) for an electron with energy 10 keV, the
ratio is 67: 11:22 for an electron with energy 1 MeV.

Santar and Bednar [34] carried out a detailed calculation
of the energy distribution over the track structures of the
electron. In their calculations they assumed that the electron
forming a short track has sufficient energy to generate
additional short tracks and blobs. They also assumed that
each branch track ends with a short track, and each short
track ends with a blob. All these assumptions were taken into
account by calculating the complete spectrum of degradation
of electrons (both primary and secondary). In the complete
spectrum of degradation of electrons, the share of spurs is
somewhat smaller, and the energy split for the electron with
an energy of 1 MeV is 64.7:11.9:23.4.

The degradation spectrum of charged particles is an
important characteristic of ionizing radiation. It is the energy
spectrum of the charged particles that actually exist in the
irradiated medium. The theory of electron degradation
spectrum was developed by Spencer and Fano [35]. They
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showed that the spectral intensity is conveniently represented
by the quantity Y(7, Ey), which has the dimension of length
over energy. With such a representation, Y (7, Ey) dT is the
total distance traveled in the medium by all electrons (the
primary electron with an initial energy Ej, the secondary
electron and all the next-generation electrons) with energies in
the range of 7 to T+ dT. Using the degradation spectrum
Y(T, Ey) it is possible to define the total number of primary
particles of different types formed in the irradiated medium at
the initial stage of radiolysis [36—38]. To find the spatial
distribution of primary particles, it is necessary that the
spectral intensity be a function of the space variable.
Attempts to calculate this characteristic have been made too
[39].

Calculating spectral intensity Y(7, Ep) by solving the
Spencer — Fano equation is a formidable mathematical task.
Therefore some authors have used the method of statistical
investigation — the Monte Carlo method — for finding the
distribution of electrons with respect to energies [31, 34, 40].
Kaplan and colleagues [40] used the Monte Carlo method for
calculating the degradation spectrum in water of the mono-
chromatic electron beam with an energy of 10 keV, assuming
classical interaction cross sections. They found that before
degrading to T < I (where [ is the energy of ionization of a
water molecule) the primary electron is engaged in 386
instances of inelastic collisions, losing about 25 eV per
collision. In the course of degradation the primary electron
knocks out about 150 secondary electrons, more than one half
of which (~ 81.5) fall in the energy range of 0 to 10 eV. In
turn, the secondary electrons generate ~ 376.5 tertiary and all
next-generation electrons.

Simulation of the degradation of a fast electron in
Refs [31, 34, 40] has actually been based on the representa-
tion of a condensed medium by means of a model of dense
gas, ignoring the interaction between the molecules (atoms) in
the condensed phase. It was experimentally established that
the ionization potential is reduced by Al ~ 1-2.5 eV [15]
upon transition from the gas to the liquid phase. Even more
dramatically changed is the form of the function of energy
loss of the fast electron Im [—1/e(w)], where ¢(w) is the
dielectric permittivity of the medium [41, 42].

The availability of experimental data on the function
Im [—1/e(w)] for liquid water [41] opened the door to
simulating the primary stage of the radiolysis of water,
taking into account the features of the condensed phase.
Such simulation by the Monte Carlo method was first done in
Refs [43, 44], and then in Refs [45—48]. Simulated in Ref. [44]
were the radiation-induced transformations in the electron
track with initial energy 5 keV. The coordinates of the acts of
ionization and excitation were first calculated. Based on the
selected mechanism of transformation of primary particles
(H,O", HO* and e7), the track evolution was then followed
up to the onset of the chemical stage of radiolysis — that is, up
to the time point of 10 ps. Having thus obtained the
distribution of chemically active particles (H;O", OH, H
and e,q), the transformations of the latter were further studied
owing to the diffusion-controlled reactions up to the time of
0.28 ps.

In Refs [45, 46] the tracks of the electrons were studied by
the so-called ‘stochastic’ approach, which employs the Monte
Carlo method for snapshotting the instant pattern of spacial
distribution of excitations and ionizations. In this case the
tracks are sets of points in the space where the acts of inelastic
scattering have taken place. Sets of such tracks allow the

calculation of the spectrum of the absorbed energy in the
sensitive volumes of the irradiated medium [46], or the
calculation of the shapes of lines and the droop of signals of
the electron spin echo [47].

Simulation of the primary stage of radiolysis in liquid
water and water vapor upon exposure to fast electrons was
done in Refs [48 —51]. Calculated are the yields of the primary
excited and ionized states, the evolution of these states, and
the yields of the products of radiolysis. The main results are
discussed in Section 4 below.

2.3 Tracks of particles with intermediate values of LET
Intermediate values of LET (from 1 to 100 eV nm~! in water)
may be exhibited both by the low-energy electrons and by the
ions of light elements (protons, a-particles). Because of this,
the tracks of ions in early models were considered in the same
way as the tracks of low-energy electrons [26, 28]. It was
assumed that in the track of the ion the spurs overlapped so
heavily as to produce a cylindrical column. Neglected,
however, was the fact that the interaction of heavy charged
particles with matter is different from the interaction of
electrons. The difference consists mainly in the distribution
of secondary electrons with respect to energy and angle. In
addition, the recharging processes affect the deceleration of a
heavy charged particle in the medium.

Taking these differences into account, Mozumder, Chat-
terjec and Magee [52] proposed the model of track of heavy
nonrelativistic particle composed of two regions. The region
in the shape of a cylindrical column with a high value of LET,
located near the path of the ion, they referred to as the core.
The core is formed by the overlapping spurs generated by the
primary ion and the track entities (spurs, blobs and short
tracks) generated by the secondary electrons passing through
the core. The electrons in the low-energy spectrum may
completely lose their energy within the core. The high-energy
secondary electrons lose part of their energy in the core, and
carry the remaining part out of the core, creating a second
region of the track with low LET.

For nonrelativistic ions the size of the core was selected
based on the following considerations. For ions with velocity
v < vy = 2.28 x 10° cm s~ ! the radius of the core was taken to
be equal to the path of the electron with energy £ = 100 eV,
which is r. = 1.5 nm. For ions with velocity v = vy the radius
of the core was defined as r, = v/2wg;, Where fimy; is the
lowest energy of the transition. This expression was derived
from Bohr’s principle of adiabatic collisions. This principle
states that with the impact parameter b > r. with respect to
the electron excitation with the transition energy /iwy;, the
collision of an ion with a molecule located at a distance b from
the path of the ion is adiabatic and the molecule is not excited.
Magee and Chatterjee [53] calculated the radius of the core by
the formula r. = v/wp, where wy is the plasma frequency.
For calculating the radius of the core, Kaplan and Miterev
[14, 54] proposed the expression r, = Tv/wy;, which is derived
from the formula describing the probability of excitation of
the molecule as a function of the impact parameter.

These formulas do not take into account the attenuation
of the field created by the moving charge because of
polarization of the medium. Because of this, at relativistic
ion velocities the radii of the core calculated with these
expressions with the Lorentz correction are overestimated.
In the limit v — ¢ the radius of the core tends to infinity
(re — 00). In order to obtain finite values of the core radius at
v = ¢, Mozumder [55] introduced an additional constraint on
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the core radius related to the polarization of the medium. The
author [56, 57] resolved this problem in the following manner.
First, the expression that defines the probability of excitation
in a condensed medium as a function of the impact parameter
is obtained. Then the principle of adiabatic collisions is used
for deriving the formula for calculating the radius of the core
with due consideration for the dielectric properties of the
medium.

The region of the track surrounding the core was at first
called the sheath. Then Magee and Chatterjee [53] suggested
the term penumbra (literally, half-shade) for this part of the
track. As a rule, the penumbra is made up of non-overlapping
track entities produced by secondary electrons, and, unlike
the core, is a region with a nonhomogeneous distribution of
active particles. However, this circumstance was ignored in
the studies dealing with the calculation of radial distribution
of energy in the track of the ion.

The energy distribution in the track of an ion with
reference to the description of initiation of visible tracks in
bubble chambers was first estimated by Kagan [58]. The
distribution of energy of secondary electrons was calculated
by the model of continuous deceleration under the assump-
tion that they are emitted from the axis of the track at right
angles from the axis. Such assumptions were used in the
works of Katz and colleagues [59, 60]. Angular distribution of
secondary electrons with respect to the axis of the ion track
was done in Refs [61, 62]. Radial distribution of energy in the
tracks of ions was also calculated in Refs [63 — 67]. The Monte
Carlo method was used for this purpose in Ref. [67].

Numerous theoretical and experimental studies (see, for
example, Refs [68, 69]) have been concerned with radial
energy distribution in the ion tracks. To understand the
detailed structure of the track, however, one needs to know
not only the radial energy distribution, but also the distribu-
tion of the emerging primary active particles with respect to
the volume of the track and the quantum states. For this
purpose the Monte Carlo method was used in Ref. [70] for
studying the radial distribution of energy losses, the distribu-
tion of concentration of emerging ions, the excited molecules,
and the energy distribution of the degradation electrons at
different distances from the axis of the ion track. As already
indicated, if the electron degradation spectrum is known, it
can be used for finding the distribution of the primary active
particles with respect to the quantum states.

2.4 Tracks of particles with high LET

As a rule, it is the multiply charged ions that display the value
of LET in water above 100 eV nm~!. The interest in studying
the tracks of such ions arose initially in connection with the
fragments of the fission of nuclear fuel. The development of
nuclear power engineering stimulated the search for various
applications of nuclear energy in energy-intensive industries.
One such technology makes direct use of the kinetic energy of
the fragments, which constitutes as much as 80% of the total
energy of fission, for chemical synthesis in endothermic
processes. The radiation chemistry processes that take
advantage of the kinetic energy of the fission fragments
became known as chemonuclear processes [71].

Investigating the radiolysis of methanol exposed to fission
fragments, Bulanov and colleagues [72] found that the
exposure to the fission fragments, on the one hand, increases
the yield of the low-molecular products of radiolysis; on the
other hand, however, the yield of ethylene glycol increases not
with the higher LET of the fragment, as expected, but, on the

contrary, with the lower values of LET. These results could
not be interpreted within the framework of existing models of
ion tracks. To explain these results it was necessary to
understand first that the structure of the track of a multiply
charged ion is different from the structure of tracks of
protons, a-particles and ions of light elements [73, 74].

Owing to its high ionizing ability, the fission fragment
generates a large number of secondary electrons per unit
length of track. As a result, the tracks of electrons overlap not
only in the core but also beyond — that is, the penumbra
becomes a continuous sheath. Taking this into account,
Mozumder, Chatterjee and Magee [52] represented the track
of a fission fragment as a cylindrical core with radius
r. = 1.5 nm surrounded by a cylindrical shell with radius
rsh = 6 nm. This model was further refined in Refs [73, 74],
and in subsequent works by the author.

In concluding our historical overview, we ought to
observe that a large number of studies are concerned with
tracks in solid dielectrics. These studies advanced as follows.
It was experimentally established that etchable tracks did not
always appear in dielectrics exposed to particles with different
ionizing powers. For quantitative interpretation of this fact
the criterion of the formation of tracks was first formulated,
and then various mechanisms were proposed to account for
the formation of latent tracks. Using the proposed models of
formation of latent tracks, various parameters of the particle
were tested as the criteria responsible for the rate of etching of
the track (see Ref. [5]). For example, the model of ion explosion
wedges assumes that it is only the initial ionizations and
excitations that create those chemically active defects which
are responsible for the increased etching rate [6].

These studies, however, failed to give a clear insight into
the nature of processes and defects associated with the
formation of a track. This is probably because the majority
of these studies were designed with a view to immediate
practical application of etchable tracks. For identification of
particles according to the geometrical dimensions of etched
tracks it was sufficient to establish the relation between the
etching rate and the selected criterion. The most important
result of these studies is the fact that the tracks are formed by
the ions in the energy range where the inelastic interactions
are the main processes of interaction between the charged
particle and the medium [5].

3. Probability of transition from one state

to another under time-dependent perturbation.
Principle of adiabatic collisions

and its implications

3.1 Processes of interaction of a charged particle

with the medium and their role

in radiation-induced transformations

Passing through a medium, a charged particle loses its energy
in collisions with electrons and nuclei and in various
associated processes of emission of radiation (bremsstrah-
lung, transition radiation, Cherenkov radiation). An analysis
of the processes of interaction of a charged particle with the
medium reveals that the radiation-chemical transformations
occur mainly at the expense of the energy of the charged
particle transmitted to the medium as a result of inelastic
collisions. By contrast, radiation physics is mainly concerned
with the defects ultimately resulting from elastic processes.
The role of radiation is assumed to be negligible, not only
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because the coefficient of conversion of the energy of a
charged particle into radiation is small, but also because the
energy of such radiation, as a rule, is weakly absorbed by the
medium, and is carried beyond the confines of the exposed
volume.

An analysis of the energy dependence of the cross sections
of elastic and inelastic scattering of charged particles by a
molecule of water reveals that the total cross section of elastic
scattering becomes comparable with the total cross section of
inelastic scattering and ionization when the energy of ions is
less than 1 MeV (a.m.u.)”'. However, the elastic collisions
that lead to rupture of molecular bonds or to the formation of
primary atoms have a low probability (by two orders of
magnitude or more) compared to the processes of inelastic
scattering down to energies of 10 keV (a.m.u.)~!, below which
the excitation of the electronic states is not possible. There-
fore, the contribution of elastic scattering processes to the
formation of a track can be generally neglected when the
energy of the charged particle is sufficient for the collisions
leading to excitation of the electron levels. It is only when the
energy of the ion is less than 10 keV (a.m.u.)~! that the elastic
collisions are important for the formation of the track.

To support this argument, Fig. 1 shows the energy
dependencies of various cross sections of interaction of
oxygen ions with a water molecule. The total cross section of
elastic scattering is calculated in accordance with the
additivity rule, and is the sum of cross sections of scattering
by individual atoms calculated in the approximation of
shielded Coulombian potential (see Ref. [23]). For the
shielding parameter we used the screening parameter used
for the Thomas— Fermi— Firsov potential. The cross section
of rupture of the H—OH bond in a water molecule is twice the
cross section of elastic collisions of ions with a H atom, at
which the energy received by the atom exceeds 5 eV — the
energy of the H—OH bond. Cross sections of ionization and
inelastic scattering (the sum of the total cross section of
excitation and ionization) were calculated by formulas cited
in the review [15].

10-12 1
10—]4 -
10—16 -

10—18 -

10—20

103 104 103 100 107 108
Energy of ion E/A4, eV (a.m.u.)~!

Cross section of interaction, cm—2

Figure 1. Total cross sections of elastic (- - - -) and inelastic (— ) scattering,

cross sections of ionization (— — —), excitation (— - —), and rupture of the
H-OH bond (— - - —) at the interaction of an oxygen ion with a water
molecule.

3.2 Excitation of atoms and molecules

In the course of inelastic processes the charged particle
interacts with the electron subsystem of the medium. The
result of such an interaction is excitation or ionization of the
atom (molecule). In the first-order approximation of pertur-
bation theory, the probability of transition of a quantum

system from the initial state (subscript ‘0’) to the jth excited
state is [75]

1+ 2
Wo,/:’%J_w<o|V(l)’f>exp(iwo/'f) dr, (1)

where (0|V(1)|j) = [ ¢ V(1)pod¢ is the matrix element of
the excitation operator V/(¢), defined using the nonperturbed
functions, and 7wy, is the energy of the transition.

From (1) it follows that if the perturbation V(¢) shows
little change over the period of oscillation

2n
T = (2)

which characterizes the quantum system, then the integrand
in (1) oscillates repeatedly over the duration of the interac-
tion, and the value of the integral in (1) is close to zero.
Interactions of this type are referred to as adiabatic. When the
change of the applied perturbation is slow enough (adiabatic),
the system that occurs in a particular nondegenerate steady
state remains in the same state. The electron subsystem adapts
to the perturbation, and the probability of any transition at a
nonzero frequency is zero. This is the principle of adiabatic
collisions.

To study the effects of charged particles on matter, and in
particular the formation of space structure of tracks, it is
necessary to know not only the probability defined by (1), but
also the probability Py;(b) of excitation or ionization of the
molecule depending on the distance to the path of the particle
(that is, as a function of the impact parameter b). The
probability Py;(b) is found in the quasi-classical approxima-
tion. Such problems have been solved for particles moving at
nonrelativistic velocities (see Refs [75, 76]), and at ultra-
relativistic velocities (see, for example, Ref. [77]).

The quasi-classical approximation assumes that the
charged particle is moving along a certain path and acts on
the ith electron of the molecule with force F;(R;) = ¢E;(R;),
where E;(R;) is the strength of the electric field of the particle,
R;(1) = Ry(?) +r; is the radius vector from the charge to the
electron, Ry() is the radius vector from the charge to the
center of the molecule at time ¢, and r; is the radius vector of
the ith electron with respect to the center of the molecule.
When the path of the particle is a straight line, we have
Ro(f) = b + vt. At the time of closest approach (¢ = 0) the
coordinates of vector R are (b,0,0). The components of the
vector of the electric field of the particle E(R) in the directions
b (transverse) and v (longitudinal) are given by [78]:

E, = (yZeb) [b2 + (yvt)z] 372 , (3)

E, = (yZevt)[b* + (yvl)z]%/z )

wherey = (1 — 52)71/2 is the Lorentz factor. Substituting (3)
into (1) and carrying out the integration, for the probability of
transition we get

22620‘)0] ? v |2 2 b
Pyj(b) = Tt “Mo_,—} KG (20, b)+ | Mg

2K (o) b)} ;
(4)

where Mg, Mé’/ are the components of the matrix elements,
and Ao; = ywg;/v, Ko(4o;b), K1 (o b) are the modified Bessel
functions.



1026

A M Miterev

Physics— Uspekhi 45 (10)

In anisotropic medium we have |M8j|2 = \ng\z = |M0‘,-|2.
After the introduction, in place of |My;|~, of the optical

strength  of the oscillator according to fy;=
(2mu)0j/h)\M0;,~\2, the expression (4) becomes
22264(1)0 f() 2 2.2/ 4
Poj(b) = W (K5 (%0, b) +72K7 (Z0;D)] - (5)

When the argument is Ag;6 > 1, we have Ky(4o;b),
Ki(20;b) = (m/240;b)1/2 exp (—40;b), and the probability
Py;(b) decreases exponentially with increasing b. Otherwise,
when /Jg;b <04, we have Koy(dojb)~ —In(o;b),
Ky (Z0;b) ~ (4o;b)"". In this case Py, (b) ~ b2

In the approximation of classical dynamics of collisions,
the change in the momentum of the electron after collision is
defined by the time integral of the force applied. The
longitudinal electric field E, at the time ¢ = 0 changes its
sign. The time integral of E,, is zero. Therefore, the changes of
momentum and energy of the electron are [78, 79]

, ®© 27¢?
ap = FPin = | eBdi=275
o v
(6)
(Ap)*  27%*

SE=2P) _ ¢
2m muv2b?

Since FM* = ¢EM* = yZ¢? /b?, the effective time of the
interaction is

2b
Teoll = — - (7)

v

For transition to the new energy state in the discrete or
continuous spectrum the molecule (as a quantum system)
must receive the energy either &; = fiwg; = E; — Ey or Fiwg,,.
In accordance with the principle of adiabatic collisions, the
transition of a quantum system into the jth state may only
take place when the impact parameters satisfy the condition

(8)

From the comparison of the right-hand side of (8) with the
argument of Bessel functions it follows that the excitation
becomes adiabatic when the argument of Bessel function is
20;b = . Indeed, at Jg; b = 7 the values K2(r) = (0.0296)%,
Ki(n) = (0.034)2 are for all practical purposes close to zero,
and therefore the probability Py;(b = ber) ~ 0. From (8) (as
an implication of the principle of adiabatic collisions) it
follows that the excitations due to the transitions of valence
electrons (fiwg; < 10 eV, 14, ~ 0.413 f5) may occur rather far
away from the path of the charged particle. Transitions with
the transfer of electrons from inner shells are only feasible for
the molecules that occur near the path of the particle. For
states in the continuous spectrum the energy difference
between adjacent levels (and w,,,) may be infinitesimally
small, and therefore the adiabatic condition is not satisfied.

Ty

b < begr(wo;) = o
]

3.3 Excitation in a condensed medium

Because of intermolecular interactions, the spectrum of
energy states in a condensed medium becomes continuous.
For a continuous spectrum, the analogue of Py;(b) is the
function P(w,b), which is the density of probability of
transmission to the medium of the energy /iw = ¢ at distance
b from the path of the particle. The following circumstances

have to be taken into account in these calculations. Owing to
the high density of the molecules, it is a collective of molecules
that is involved in the interaction with the charged particle.
The polarization of the medium attenuates the field of the
charged particle that acts on the molecule removed from its
path. Because of this, it is necessary to use the concept of
electrodynamics of a continuous medium for finding the
characteristics of the field of a moving charge that acts upon
the molecular electron. The author has proposed two
approaches for solving this problem: one purely classical
[56] and the other semiclassical, using the concepts of
quantum mechanics [57].

In the classical approach, the density of probability
P(w, b) is found from the linkage between the loss of energy
of a charged particle AE(b) and P(w, b). The loss AE(b) itself
was found as a change in internal energy of the dielectric
under the action of the field of a moving charge. The
components of electric field strengths were found from
Maxwell equations [72]. In the semiclassical approach of the
first-order perturbation theory, the starting point was the
formula for the probability of transitions in a continuous
spectrum in a form similar to (1). Then it was assumed that the
electrons in the molecule are described by the Dirac equation.
The operator of the interaction of the electron with the
charged particle was constructed using the potentials of the
electromagnetic field created by the moving charge. The
potentials were found by solving the Maxwell equations.
After some manipulation (described in detail in Ref. [57]),
we get the expression for P(w, b) that exactly coincides with
the formula obtained in the approximation of classical
electrodynamics:

Z2w? 1
Plo,b) = 2 Niv* fm {_ e(w)}
Kol b)|* | |Ki(ub) |’
().

where Im [—1/¢(w)] = e2(w)/[¢f(w) + €3(w)] is the function
of energy loss, €(w) = ¢ (w) + iez(w) is the dielectric permit-
tivity of the medium without spatial dispersion,
y(u = [1 - ﬁ26(w)]71/2’ j'lU = (J)/'))w?}, and K()(/{w b)’ Kl (/Ll) b)’
as before, are the modified Bessel functions.

By analogy with excitation of individual atoms (mole-
cules), for the condensed state we introduce the ‘macroscopic’
forces of an oscillator, such as the spectral density of forces of
oscillators

F(o) :% Im [—ﬁ} (10)

and the force of an oscillator of transition of the molecule
from the ground state to the jth state of a discrete or
continuous spectrum (at ionization)

m J(ul.,- + Awo, d . 1
= m|——
% 2m2e2N |, @ e(w) ]’

where Awy; is the half-width of the peak of the function
Im [—¢ (w)] or &(w). Figure 2 shows the energy depen-
dences of the dielectric characteristics of water, the spectral
density of forces of oscillators F (w), calculated from formula
(10), and f(w) = (mw/2n%e?N)¢;(w). The diagram also
shows the effective numbers of electrons, described by the

(11)

wo; — Awy,
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Characteristic

15 20 25 30 35 40 45 w,eV

Figure 2. Dielectric characteristics of water ¢ (w) (1), a(w) (2),
Im [75" (w)] (3), spectral densities of forces of oscillators F(w) (4),
S (@) (5), and the effective number of electrons N (o) (6) and NG (w) (7)
for water in condensed and gaseous states vs. the energy.

expressions

Negr(o) = J

0

w (&)

F(o')do', Ngf(cu):J flo)do'.
0
Observe that the normalization conditions hold for the

spectral forces of oscillator

o0 [e e}

Vo= | Fhdo Ne= oo,
0 0

where N, is the number of electrons in the molecule.

For narrow peaks of the function ¢ (w) or function
Im [—¢ ()] with the maximums at frequencies wo; corre-
sponding to the energies of transition of a molecule from the
ground state to the jth excited state, the probability of
transition Py;(b) can be approximated as

22264600’ K()(/l()b) 2 Kl(/lob) 2
e (DI
J

where Ag; = (00;/70,;v), 70, = [1 — B* e(woj)}_l/z. The prob-
abilities of transition to the continuous spectrum (at ioniza-
tion) are calculated by integrating P(w, b) over the spectrum
of energy losses from I to /iw. In doing this, the values
corresponding to the transitions to discrete states must be
removed from the spectrum.

Collisions in the condensed medium become adiabatic
when Re (Ay;) besr = m. In accordance with this restriction, the
expression that defines the effective size of the region of
distribution of the jth excited state in the condensed medium
depending on the energy of transition /iy is [56, 57]

. TYo; U
b&i(wo;) = w‘;fl , (13)
where the coefficient
Yo; = V2 {Ul — e (o) + 54622(w01)] v
+ 11— ﬁzel(wo‘;ﬂ}_l/z (14)

plays the role of the Lorentz factor in a condensed medium.
And indeed, in the vacuum limit it becomes y = (1 — /32)71/2.
At ¢ (w)=1 and ﬁzez(woj) < |1 —p2?|, expression (12)
becomes (5), and (13) becomes (8).

4. Nature and spectrum of quantum states
induced by a charged particle

4.1 Quantum states induced by a charged particle

The energy transmitted to the medium in a single act of
interaction is a random quantity distributed in the range from
&min 1O &max. FOT &min We take the energy required for the
transition of the molecule to the first allowed electron-excited
state. For most substances this state is a singlet state. The
maximum energy &max that can be transmitted by the charged
particle to the electron subsystem depends on the type of
charged particle and its velocity v. For a heavy nonrelativistic
particle we have ey, = 2mv?, where m is the mass of the
electron. In the case of electron—electron collisions for &y
we take the energy to be equal to one half of the energy of the
electron: gmax = E./2.

The nature and spectrum of the emerging quantum
states depend on the structure of the absorbing medium,
the type of charged particle and its energy. The value of &p,x
for a charged particle traveling with a high velocity may be
much greater than the first ionization potential of the
molecule /. Such a particle can excite not only the states
associated with the transition of valence electrons to higher
discrete energy levels, but also the states associated with
electron transitions at the inner shells. The latter processes
may generate both the discrete high-energy states in the self-
ionization region of the spectrum (the so-called superexcited
states) [80], and the states in the continuous spectrum that
involve the electrons of ionization of the inner shells of the
molecule and lead to the emergence of vacancies (holes).
The nature of the high-excitation molecular states and the
possible channels of relaxation are discussed in detail in the
reviews [13-15].

In a condensed medium the conventional excited states of
individual molecules or fragments of the polymer chain are
supplemented by the excited states that involve a collective of
molecules. Such collective excited states include plasmons. A
plasmon is a quantum of oscillations of the electron density of
plasma. The natural frequencies of plasma oscillations obey
the equation

e(w)=0, (15)
which holds for conduction electrons in metals. At frequen-
cies wpy (With 7iwp = 1520 eV), satisfying equation (15), the
function Im [—1/¢(w)] displays a broad maximum.

In a medium of bound electrons, the collective oscillations
occur not in pure form, but always in combination with
intramolecular transitions. Because of this, in molecular
media the collective excitations of the plasmon type take the
form of longitudinal polarization waves. The energy of
excitation of such collective states, as a rule, falls in the
range fiwp ~ 15—25 eV. In a condensed medium the energy
required for the transfer of an electron to the conduction band
(the energy of ionization) is, as a rule, less than the energy of
ionization of the molecule. Because of this, the majority of
excited molecular states and certainly the plasmon states are
above the ionization threshold.
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4.2 Spectrum of quantum states generated
by the primary particle
The probability of occurrence of jth excited state is given by
the ratio py; = 09;/001, in Which oy; is the excitation cross
section of the jth state, and oy is the total cross section of
inelastic scattering equal to the sum of the total cross section
of excitation oo = Z/‘ oo; and the ionization cross section
0; = f;“‘ dog,. Analytical expressions for the cross sections
can only be found by making considerable assumptions.
Their derivation for different types of cross sections based
on Bethe’s formula can be found in the reviews [15, 81]. Here
we reproduce the expressions obtained by the author in the
context of the quasi-classical approximation using the
functions P(w, b) and Py;(b) [57].

Representing the differential cross section of energy
transfer do(w) as a sum

do(w) = dops (@) + dop<4(0),
the following expressions have been derived in Ref. [57] for

the relevant cross sections in the nonrelativistic approxima-
tion:

(Ze)? 1 1.123v
dopso(w) =2 = — Im |- — | In —— 16
%>a() whPN e(w) " (16)
2nZ%e? B
doy (o) =5 Sw)odo, (17)

where NG(w) = ["dw’ f(w') is the effective number of
electrons participating in the interaction (see Fig. 2). For-
mula (16) is valid for transitions when the molecular electron
receives the small momentum ¢ (ga < 1, where a is a value of
the order of the size of the atom) — that is, for the excitation
of the discrete states by fast particles (at Ze?/fiv < 1). The
applicability of formula (17) is confined to the range of w
from w; ~ 71/2ma2 to wmax — that is, to the transitions to the
continuum. In the limit of a large wn,x this formula becomes
the Rutherford formula.

The excitation cross section of the jth state with the energy
of transition /iwy; is obtained by integrating with respect to @
formula (16) between the limits corresponding to the
maximums of either €;(wg;) or Im [—1/¢(wp;)]. As a result
of this manipulation, and introducing the oscillator forces, we
get the following expression for the cross section:

AnZ?e* Fy; 1.123v
= In

goj = )

mv?  Tfiwg;  awo;
from which it follows that at v > awy; for all states the
logarithmic term shows little dependence on fiwg;. As a
result, the probability of excitation of the jth state in a
condensed medium is py; ~ Foj/wo;, and py; ~ fo;/wo; in a
gaseous medium (since for a rarefied medium we have
61(0)) = 1)

So we see that the highest probability corresponds to the
excited states of the discrete spectrum that have the largest
ratios (Fo;/wo;), (foj/®o;). These are not necessarily the first
excited states. In the case of water, the transition in the vapor
phase denoted as diffusion bands with /iwg; = 13.32 eV (see
Table 1 in Ref. [48]) has the highest oscillator force. The
energy of this transition exceeds the first ionization potential
(I} = 12.6 eV), which places this transition into the class of
transitions to the superexcited state.

4.3 Role of the phase state of the medium

in the distribution of energy over the quantum states

In a condensed medium the level of the conduction band is, as
a rule, below the vacuum level. For example, the ionization
potential in water vapor is [, = 12.56 eV, whereas in liquid
water it is equal to 7, = 8.79 eV. On transition from gaseous
to liquid state the distribution of forces of oscillators shifts
towards the higher energies (see Fig. 2). Because of this, the
majority of excited discrete molecular states are above the
ionization threshold. Accordingly, all states in water except
the first lie above the ionization threshold.

For some substances in the condensed state the high
values Fy;/wo; in the spectrum of energy losses have
transitions to the plasmon type collective states. In metals,
the excitation of such states is practically the only channel
of energy loss of a charged particle for excitation. The
lifetime of collective excited states is about 0.1 fs. The
nature of the decay of plasmon is similar to the decay of a
molecule after absorption of a photon with energy 7icwp.
Since Jfiwp = 21, the decay of plasmon generates an
electron—ion pair. The electron resulting from the decay
of a plasmon is capable of exciting (and even ionizing) a
molecule of the medium. Because of this, the formation of
plasmons in a condensed medium and their subsequent
decay increases the share of ionization in the common
spectrum compared to the share of ionization in the
gaseous phase. Because of the high probability of excita-
tion of plasmon states (in water the force of the oscillator of
the transition hwp = 21.4 eV is Fp = 2.03; see Table 1 in
Ref. [48]), a larger share of the charged particle energy is
spent for the excitation of these states, thus reducing the
yield of the low-lying excited states.

Comparative simulations of the distribution of energy of
fast electrons over the quantum states of water and water
vapor [48] revealed that upon transition from the vapor to the
liquid phase, owing to the lowering of the ionization potential
and the availability of the channel of excitation of plasmon
states with a high probability, the share of ion pairs in the
spectrum of initial active particles became much higher
compared to the excited states.

The effect of the aggregate state of water on the inelastic
energy losses of a charged particle was considered by the
author in Ref. [82] using water as an example. The shift of
oscillator forces towards higher energies results in a situation
where, for the energies of charged particles E < E)
[E, =175 eV for electrons, E, =320 keV (a.m.u.)~!' for
heavy particles], the ionization losses per unit mass in water
vapor are higher than in liquid water (S) > S)Y). At £ > E,
the relation between S and S is reversed (S < S)'). When,
however, the energy is reached at which the attenuation of the
field of the moving charge by the polarization of the medium
is important, the relationship between S; and S} again
becomes S > S (the density effect [15]).

4.4 Role of secondary electrons in the distribution

of energy transmitted to the medium

According to (17), for transitions to the continuous spectrum
we have do(e) ~ ¢ 72 (¢ = hiw), and the most likely are those
transitions involving electrons from valence shells. In the case
of a fast particle, when en,x > I, the cross section is g; > e«
(see Fig. 1). Such particles generate ionized states with a
higher probability than the states of the discrete spectrum.
The production of ionized states takes up a considerable part
of the energy transmitted to the medium by the primary



October, 2002

Theoretical aspects of the formation and evolution of charged particle tracks

1029

particle. According to Refs [48 —51], this share may be as large
as 90% of the energy of the primary electron.

Tonization generates an electron—ion pair. The energy of
the electron is in the range 0 < &% < enay — I. The electrons
with energy &% > fiwy; may in turn produce excited and
ionized states. In this way, the distribution of energy of a
charged particle among the quantum states of the electron
subsystem of the absorbing medium is fulfilled by the
processes of inelastic scattering of both the primary particle
and the secondary and next-generation electrons.

For the most part, the secondary electrons generate the
same quantum states as the primary particle. However, the
distribution of energy of secondary electrons has at least two
special features. The first is related to the transfer of energy in
space. Although the secondary high-energy electron is
generated near the track of the particle, its energy may be
distributed in the medium at a considerable distance from the
path.

The second feature is due to the fact that low-energy
electrons dominate in the spectrum of secondary electrons
N3(e) ~ ¢~% and next-generation electrons. Most of them will
be unable to excite the high-excitation molecular states, to say
nothing of plasmon type collective states. Because of this, in
the overall spectrum of excited states the share of states with
the lowest excitation energy increases, which increases the
share of energy of the primary particle used for the excitation
(see Table 1 in Refs [50, 51].

5. Spatial distribution of acts of energy loss.
Track entities of fast charged particles

5.1 Distribution of acts of energy loss along

the path of a primary particle

Between two consecutive instances of inelastic loss, the
particle travels distance /i, without interaction. This length
is known as the free path with respect to inelastic scattering.
The probability of a particle traveling without interaction a
distance greater than /, is P(liy) = exp (—Nootlin), where oo
is the total cross section of inelastic scattering of particle in the
medium. The mean value is

_ 00 1
Ly = J [dP(]) = .
0 () No o

When the velocity of the particle is high, we have
Giot ~ ZZ/v?, and therefore i, ~ v?/Z2;. Here and further
Zr 1s the effective charge of the ion. Introduction of Z.y in
place of the nuclear charge of ion Z allows the processes of
charge exchange that modify the charged condition of
colliding particles to be taken into account. The value of Z
of the ion as a function of its velocity can be expressed as [83]

v
Zeff:Z|:l —Cxp(—m)} s

where vy is the velocity of the electron on the first Bohr’s orbit.

The dependence of /;, on the velocity of the particle can be
described as follows. When the initial velocity of the ion is
v > 509Z3/4, the value of I, decreases as the ion slows down,
reaches its minimum, and then slightly increases. For
example, for electrons with energy above 0.4 MeV the mean
free path in water is 200 to 300 nm. As the electron slows
down to E. = 10 keV, the value of /;, decreases by an order of

(18)

magnitude. When the energy of the electron is £, = 1 keV, the
value of /i, < 6 nm. The pattern of variation of &, for protons
and 'O ions in water as a function of the specific energy of the
particle reveals that the minimum value of /;, = 0.5 nm, which
is comparable to the size of the molecule, corresponds to the
proton energy of E, ~ 100 keV, and the energy of 'O ion
20 MeV (a.m.u.)~!. This implies that below this value the
process of inelastic energy loss for '°O ion along its path is
practically continuous.

The procedure for evaluating /i, using o is very arduous
and not always feasible owing to the lack of data on gy for
many substances. Because of this it is more convenient to
calculate I, from the mean characteristics of deceleration of
the charged particle — namely, &, and Sj,. The first of these

1
&in = — [Zhwo;ﬂo; +J
J

Otot I

Emax

o 0(0) d(ho)|

is the energy lost on average by a particle in one instance of
inelastic loss, and the latter

Sin = N[Z th_i go; + J
J

Emax

howa(w) d(hw)}
I
is the mean energy loss per unit path length of the particle in
the case of inelastic scattering. If &, and Sj, are known, then
the mean free path may be defined as the ratio /, = &in/Sin-

The values of Sj, for many substances are known, and the
value of &, for fast particles is usually 40 to 60 eV. If in place
of &, we use the value of the most probable energy loss in one
act & then, as a result of such a replacement, the ratio
Iin = &/Sin 1s the most probable free path length. The most
probable value of energy loss corresponds to the energy at
which the function Im [—¢ ! (w)] has a maximum — that s, it
corresponds to the energy of excitation of the plasmon states
(& = hwp ~ 15—25¢€V). These considerations provide a more
accurate definition of the energy range of a charged particle in
which the distribution of acts of energy loss may be
considered continuous.

5.2 Track entities produced by a fast primary particle

and their spatial distributions

When the velocity of a particle is high, the acts of energy loss
are separated from one another. Consequently, the subse-
quent processes will take place in isolated microscopic
volumes of the medium, which, depending on their shape
and size, are referred to as track structures (entities) or tracks.
Transmission of energy %w < 2I (where [ is the energy of
ionization of the medium) lead to the formation in the
medium of the electron-excited molecular states, electron—
ion pairs, or plasmon states. In the first two cases the energy
transmitted to the medium is localized on an individual
molecule (fragment of polymer chain). When a plasmon
state is excited, the energy absorbed by the medium is
delocalized over an ensemble of molecules. The size of the
region of delocalization relative to the distance from the track
of the primary particle is given by formula b, = nv/w, [see
formula (13)]. As a matter of fact, the separated electron-
excited states and electron—ion pairs generated in a low-
energy act are the simplest track entities.

The electron—ion pair is separated by distance ry,, which
is equal to the thermalization length of an electron with
energy E. < fiwg;. The thermalization length depends on the
structure of the medium. The value of ry, may vary very
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widely — from a few to several hundred nanometers [10]. We
set ry, equal to 7 nm. This value is commonly used in models
of diffusion-controlled reactions in tracks [10].

When /, < ry, the pairs cannot be regarded as indepen-
dent. When the electron energy is E. < 1 keV, the value of /;,
is less than the thermalization length ry,. Accordingly, the acts
of energy loss 2/ < fiw < 1 keV give rise to track forms that
contain several primary active particles. Using the classifica-
tion of Mozumder and Magee [10, 31] we shall use the term
spur for the entities containing from 2 to 10 primary active
particles. We assume that a spur has a spherical configuration
with Gaussian distribution of the primary active particles.
For the upper energy limit of spur formation we take 100 eV,
as done in Ref. [31].

Several overlapping spurs give rise to more complicated
track entities — from pear-shaped blobs with an energy of
formation from 100 to 500 eV [28] to near-cylindrical entities
extending along the main track and known as short tracks.
Considering the overlapping of spurs at the physical stage, we
define the energy range of formation of short tracks E. from
0.5 to 1 keV. Branch tracks are formed when the energy
exceeds 1 keV.

Thus, the track of a fast charged particle in the medium is
surrounded by a spectrum of track entities ranging from the
most simple (individual excited molecules, electron—ion
pairs) to more sophisticated forms. The percentage of each
particular entity depends on the initial energy of the primary
particle. For fast particles, however, this dependence is weak.
This is confirmed by the results of mathematical simulation of
the primary stage of radiolysis of water by electrons, reported
in Refs [50, 51].

According to Refs [50, 51], in the process of degradation
the primary electron with energy 10 keV generates 9.24 one-
particle excited states, 34.34 collective (plasmon) states,
154.33 ionized states. Out of the total number of ionization
acts, 54.86 instances of secondary electrons with energy below
8.4 eV are generated. Such electrons are referred to as or
subexcitation [84] electrons. Since such subexcitation elec-
trons cannot generate electron-excited states, such ionization
acts give rise to individual electron —ion pairs.

As noted above, the collective states live for a short time,
and decay with the localization of energy on one of the
molecules. Such localization is equivalent to the absorption
by the molecule of a photon with an energy of about 21.4 eV.
The photo-excited water molecule decays after 0.1 to 1 fs
through the ionization channel with quantum yield 1 [85]. The
act of ionization releases an electron with an energy of
¢’ =21.4—8.76 = 12.64 eV. An electron with such energy is
capable of producing ionized or excited states. In this way, the
relaxation of the collective excited state gives rise to a track
entity consisting of several active particles — a spur.

The energy of certain excited states is above the ionization
potential. Such super-excited states are engaged in the
competitive process of ionization and dissociation. The
electron released through the ionization channel is a sub-
excitation electron. Accordingly, the decay of electron-
excited molecules generates the simplest track entities,
comprised of individual electron—ion pairs and pairs of the
molecule-radical type.

According to Ref. [48], out of the total number of acts of
excitation and ionization (197.91) produced by the primary
electron with energy 10 keV, in 98.44 instances we get the
simplest track entities, or 49.74% of the total number of acts.
Given the relatively high yield of the simplest track entities, we

ought to place them into a separate group, and set the lower
energy limit for the formation of a spur at E; = hwgy + I in
place of the currently accepted 6 eV'. For water this energy value
is 17.16 eV

The spectrum of energy loss is determined by the structure
of the medium and does not depend on the type of charged
particle. The relative probability of the loss of energy by the
charged particle for excitation and ionization ( po; = 09;/0ot)
depends on the velocity of the charged particle. Therefore,
charged particles of a different nature produce identical track
entities as long as their velocities are equal. However, the
distribution of track entities along the path of the primary
particle depends on the type of particle — namely, on Z and
my. Distribution of the track entities along the path of the
primary particle depends on the stochastic nature of the
losses. This distribution may be characterized by the mean
free path lin, OF by the most probable free path 4, = &/Sj,.
Since Ly, ~ (v?/Z2;), the particle that travels at the same
velocity but has a larger Z (and therefore Zy) travels a
shorter distance between the acts of energy loss. Overlapping
of track structures occurs for such a particle at a higher
velocity.

The effects of mass on the distribution of acts of energy
loss of a charged particle work as follows. The cross sections
of inelastic loss exhibit no explicit dependence on the mass.
However, the length of deceleration of the particle depends
on the mass. With the same initial velocities, the initial
energy of a heavier particle is greater. If the spectra of
energy losses are the same, a light particle will lose a
considerable part of its energy in a single act of interac-
tion, whereas for a heavier particle the loss is small
compared to its energy before the interaction. The decelera-
tion of the heavier particle takes a greater number of
interactions. The continuous track of a heavy ion, resulting
from the overlapping of the simplest track entities, will be
longer than the track of a light ion, and much longer than
the short track of an electron.

The probability of formation of the track entity of energy
hay; at distance b from the path of the primary particle is
described by the function Py;(h). The maximum value of
parameter b does not exceed b (wo;). The function b (wo;)
characterizes the width of distribution of the track entity with
the energy of formation 7wy; with respect to the straight
portion of the path. If the path of the primary particle is not
straight, the distribution of track entities with respect to the
initial direction of travel will be more complicated.

Figure 3 shows the distributions of various excited states
(hawo; = 8.4, 11.96, 14.1, 21.4 V) in water as functions of b
with the velocity of the particle = 0.65. The diagram
illustrates the share of various excited states initiated by the
primary particle in relation to the distance from the path of
the particle. Excitation of the first three states leads to the
formation of the simplest track entities, and therefore their
distributions characterize the density of such entities at
different distances from the path of the primary particle.
The distribution of the plasmon states characterizes the
distribution of spurs consisting of two particles.

As the particle decelerates, the width of the distribution of
states narrows in accordance with the variation of b5 (o).
The analysis of the dependence of bS;(w;) on v reveals that
for frequencies y;, at which ¢ (wg;) > 1, the function
b&e(o;) in a condensed medium behaves as follows. As the
energy increases, the value of b (wo;) increases, reaches its
maximum, and then decreases. The maximum occurs at the
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Figure 3. Dependence on the impact parameter of the probability of
excitation of states with energies of transition /iwg; = 8.4 eV (solid line),
11.96 eV (dashed line), 14.1 eV (dot-and-dash line), and 21.4 eV (dotted
line), formed by the charged particle with unit charge moving at velocity
v/c = 0.65.

energy value corresponding to f = ¢, /2 __ the onset of the
Cherenkov radiation. If at this frequency we also have
e2(wo;) < 2[e1(wo;) — 1], the actual values of b&(wor)
exceed the values of bj; obtained at this frequency in a
vacuum with due account for the relativistic contraction
[that is, according to formula (8)]. It is this situation that is
encountered in water for the transition fiwg, = 8.4 eV, in
polyethylene for the transition fiwg; =9 eV, and in poly-
methyl methacrylate for the transitions fiwg; = 5.74 eV and
Tiwgy = 6.23 €V. The maximum of b (wo1) for these transi-
tions occurs at f§ ~ 0.6, which corresponds to the energy of
the ion of 300 MeV (a.m.u.)~!.

Figure 4 shows the dependence of the dimensions of the
effective regions of excitation of various electron states in
water on the velocity of the charged particle, and the
dependence of the kinetic energy of the particle [in units of

1000

b, nm

100

0.01 0.1 vfe 1

Figure 4. Dependence on the velocity of the effective dimensions of the
volumes of distribution of excited states with transition energies
hwo; = 8.4 eV (dashed line) and 21.4 eV (dotted line) formed by the
charged particle. The dot-and-dash line in the diagram shows the size of
the excitation region for the state hw,; = 8.4 eV disregarding the dielectric
properties of the medium, and the solid line corresponds to the specific
energy of the charged particle in MeV (a.m.u.)~".

MeV (a.m.u.)"!'] on the velocity, and the variation of b for
the first transition calculated by formula (8). The region of
distribution of the track entities narrows as the energy
required for its generation increases (from spur to blob, and
from blob to short track). Thus, the short tracks will occur
near the path of the primary particle, and only the simplest
track entities can be found far away from the path of the
primary particle. From these curves we also find that the
relativistic effects in the values of b (o1 ) become important
at f = v/c > 0.3 — that is, when the specific energy exceeds
50 MeV (a.m.u.)"'.

In a rarefied medium we have ¢;(w) = 1, and ¢;(w) has
small but nonvanishing values. From formulas (13) and (14) it
follows that at the relativistic velocities, when we have

Brex(wo)) > [1 - B,

the value of b3, unlike b}, in a vacuum linearly approaches
the finite limit (f ~ 1)

2nc

bii(wo)) = ——F——.
@01/ 2€2 (o)

Making use of the linkage of the optical power of the
oscillator with the imaginary part of permittivity of the
medium e;(w) (per molecule) on the one hand, and on the
other hand with the cross section of photoabsorption —
namely,

(19)

m mc
flo) = I20IN wa(w) = 202 aph(®)

the expression (19) can be rewritten as

4Ry 1/2
hoojaaoNop(woj) |

(20)

bfff(woj) = Ty

From (20) it follows that, as the energy of the particle
increases, the effective size of the distribution of excited
states in a rarefied medium tends to a finite limit, whose
value depends on the density of the medium and the cross
section of photoabsorption.

The track entities are formed both by the primary particle
itself, and by its 6-electrons. The track entities produced by
the d-electrons may occur at a considerable distance from the
track of the primary particle. The spectrum of secondary
electrons initiated by the fast electron extends to energy
&) = (Ee/2) — I.. The maximum energy of a secondary
electron produced by a heavy particle moving at the same
velocity as the electron is much higher. In the case of
nonrelativistic velocities this energy is greater by a factor of

almost 8, because at I, < E./2 we have

2mv? — I, ~3
mv2/4 —1I, -

According to Refs [50, 51], the yields of the primary active
particles show little dependence on the energy of the primary
electron. One can expect, therefore, that the increase in the
energy range of the secondary electrons initiated by the heavy
particle will not have any considerable effect on the
percentage of the track entities derived from the mathema-
tical simulation for the electrons in Ref. [51]. It should be
noted, however, that the differences in the spectra of
secondary electrons will have an effect on the distributions
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of the track entities with respect to the path of the primary
particle. The higher-energy secondary electrons are capable
of producing the track entities at a considerable distance from
the path of the heavy particle.

According to Refs [50, 51], in the course of degradation,
the secondary electrons initiated by the electron with energy
10 keV create 113 one-particle excited states, 71.7 collective
(plasmon) states, and 297.3 ionized states. Out of the total
number of ionizations, 209.4 instances produce secondary
electrons with an energy below 8.4 eV. In the total number of
acts of one-particle excitations, a considerable portion (53.2)
leads to the first excited state. The shift of distributions
towards the preferential production of the simplest track
entities is explained by the large share of low-energy
electrons in the secondary spectrum.

Spatial distribution of track entities from the secondary
electrons is complicated. Degradation of the energy of
secondary electrons in a medium takes place through a
cascade of collisions involving the electrons directly knocked
out by the primary particle and the next-generation electrons.
Such a cascade can only be studied by methods of mathema-
tical simulation. However, the qualitative distribution of the
track entities due to the secondary electrons can be pictured as
follows. The low-energy electrons degrade near the trajectory
of the primary particle. Accordingly, the resulting simplest
track entities are located near the track axis of the primary
particle. By contrast, the high-energy electrons are capable of
producing complicated track entities at a considerable
distance from the path of the primary particle. Such a
distribution of track entities produced by the secondary
electrons smooths out the asymmetry in the spatial distribu-
tion of the primary active particles (and track entities) of
various natures, created by the primary particle.

6. Structure of extensive tracks
of heavy ions of a different nature

6.1 General concepts of ion tracks
The conditions of formation of extensive tracks of heavy ions
have not yet been clearly defined. For the energy limit, below
which the proton forms a track in the shape of an ion column,
Gray [26] proposed the value of 3 MeV. If we accept the upper
energy limit of 5 keV, defined for the short track of the
electron in Ref. [31], the extensive track of the proton ought to
be formed at an energy of about 10 MeV. At this energy, the
mean distance between the acts of inelastic loss in water is
10 nm. This value exceeds the size of a spur, and so the spurs
overlap only at the chemical stage of the radiolysis.

Overlapping of spurs at the physical stage takes place
when the mean free path of a charged particle with respect to
inelastic scattering /, becomes smaller than the size of the
spur. For the radius of an average spur at the physical stage
we take rg &~ 2—3 nm. The mean free path of 2 or 3 nm of a
proton in water corresponds to the energy of 1 or 2 MeV.
From these considerations, the track of the proton may be
regarded as continuous when the energy of the proton is
E, <2 MeV. From the earlier estimates of the values of fin it
follows that the continuous track of the ion with nuclear
charge Z (Z>1) will be observed with energy
Ez <2Z2 MeV (a.m.u.) !,

Owing to the stochasticity of the processes of interaction,
the tracks of individual particles, generally speaking, are not
similar to one another, and the radiation-induced transfor-

mations in each track are unique. Consequently, one may
expect fluctuations of radiation effects when the medium is
exposed to a small fluence of particles. When the medium is
exposed to a large fluence of particles, one might expect that
the radiation effect averaged over the number of particles will
be the same as the effect for the individual track formed in the
model of continuous deceleration.

According to our current views, a heavy ion forms a cone-
shaped continuous track, consisting of the core and the
surrounding sheath. The core is filled with the track entities
produced both by the primary ion itself and by the secondary
electrons. Owing to their azimuthal symmetry and high
density, the track entities overlap and lose their individual-
ity. Because of this, the core may be regarded as a region of
homogeneous distribution of the primary active particles.
Since the path of the heavy ion is practically straight, the
distribution of active particles in the core may be character-
ized by the radial distribution function.

There is no commonly accepted definition of the size of
the track core. In radiation chemistry, the radius of the core is
the effective value of the impact parameter obtained from the
principle of adiabatic perturbations for the transition of the
system to the lowest electron-excited state with an excitation
energy wyg;, namely

o1V

o1

e = beff(CUOl) = (21)

The definition of the core radius in formula (21) makes
sense for those ions for which the primary activations beyond
. are localized in the individual tracks of d-electrons. The
concentration of primary activations in the core itself does
not exceed the value at which the qualitative composition of
the core is changed, and the cooperative effects become
important. If the tracks of 3-electrons overlap at a distance
ro > re, it would be reasonable to take ry for the radius of the
core. Such may be the situation at the end of tracks of heavy
ions. If, however, some volume of the track, as will be shown
later for multiply charged ions like fission fragments, differs
in quality from the rest of the track, then the definition of the
core must be based on other principles.

According to Fig. 4, as the velocity increases, the size of
the core of the track in water, defined by formula (21) for the
first transition to the singlet state (iwg; = 8.4 V), behaves as
follows. In the range of nonrelativistic velocities the radius of
the core increases monotonously (r. ~ nv/wg;), and
decreases after reaching a maximum at f§ = 0.693 — that is,
we observe the relativistic compression of the core.

The spectrum of primary active particles formed by
the primary ion and their radial distributions Ng,(r) are
defined with the aid of the function Py;(h) using the
expression Né’j(r) = NP;(r) (at r = b). For a nonrelativistic
particle N ;(r) is well approximated by the formula

wéjﬂ
exp(——.3 )
which is obtained from (13) at y,;~1 if we use the
approximate equation [73, 86]

2Z2e%Fy; N
N(];/-(I”) — eff’ J

(22)

mu2wg;r?

2
x?[Kg(x) + K (x)] ~ exp (— %) .

The spectrum of primary active particles formed by the
secondary electrons in the core, and their distribution over the
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volume of the core, can only be defined either from
mathematical simulation or from the spectrum of degrada-
tion of electrons using the expression

R} emax () .
N3() = NJ dooj(e) Y&, 7).

£,

However, the calculation of the degradation spectrum is also
a complicated task that can be solved by mathematical
simulation [67]. The problem of finding the dependence
émax (1) remains quite difficult even in the coarse approxima-
tion based on the assumption that the energy distribution of
secondary electrons does not change in the radial direction
from the axis of the track.

The approximate estimates of the distribution of active
particles in the core may be derived under the assumption that
the secondary electrons smooth out the asymmetry in the
distribution of active particles of various nature created by
the primary ion. Taking advantage of this assumption, the
radial distribution may be represented as

Noy(r) = N 0) + N ) = 2

i

where D(r) is the radial distribution of energy that is equal to
the sum of the radial distributions from the primary particle
and from the secondary electrons: D(r) = DP(r) + D3(r).
The quantity g; is the yield of the primary active particle of
the jth type. The values of g; for water, determined from
computer simulations, can be found in Refs [48 —51].

The distribution of DP(r) is equal to the integral with
respect to energy of the function P(w,b), and for the
nonrelativistic particles has the form

2zz2 e4]v' [on 602r2
Dp(}’) :#J‘( F(w)exp <—W) dw.

(23)

101

The upper limit of integration in (23) is defined from the
principle of adiabatic collisions, and is therefore equal to
o, = mv/r. Because of the complexity of the spectral density
of oscillator forces F (), the analytical expression for DP(r)
can only be obtained under certain simplifying assumptions.
The analysis of DP(r) indicates that DP(r) ~ r % with k > 2.

Analytical expressions, however, are available for D3(r).
Extending the expressions obtained in Refs [59—-63, 73], the
distribution D3(r) can be represented as

DY) = Zcsz€4N]\£efg(3max) <1 _ LB) , (24)

muv?r r
where Ne(emax) 18 the effective number of electrons in the
molecule that may generate secondary electrons, and r? is the
conventional radius of the sheath. Neglecting the angular
distribution of the secondary electrons, the radius r® in the
referenced studies was taken to be equal to the linear path of a
-electron R, with energy &2, = émax — I.

If the angular distribution of the secondary electrons is
taken into account, the size of the volume of distribution of
their energy decreases, and is confined to the radius
r®=nR3, .. In the model of continuous deceleration of the
electrons, the value of the constant # can be found from the
condition of the extreme of the dependence r(¢) = R(¢)sin 6,
which is determined by the distance from the axis of the track
that may be traveled by the electron with energy ¢ that leaves

the axis of the track at angle 0. Since the energy of the electron
¢ and the direction of travel 6 are linked by the relation
&€ =éemxsin(0/2), we have r(e)=R(e)(1— s/smax)l/z.
Assuming now that R(g) = £&?, from the condition of the
extreme we find that the maximum distance away from the
axis of the track is traveled by the electron with energy
¢/ =29(2y + 1) "emax. Then the value of r(¢’) = r is

5 _ (2y) 5
re = 1) Riax -

For nonrelativistic electrons, the exponent y in the power-law
approximation of the linear electron path versus its energy
R(e) = &¢" is in the range from 1.5 to 1.75. From the last
expression it follows that when y varies from 1.5 to 1.75 the
value of u varies from 0.325 to 0.3. In Ref. [87] it was
suggested to take x =0.31. Under this assumption
rd~0.31R3 .

In Ref. [87] the software for computer calculation of radial
energy distribution in the track D(r) is developed. Figure 5
shows the results of the calculation for six values of specific
energy of radial distribution of the absorbed dose in the track
of the fragment of the fission of °*Y in polymethyl
methacrylate. Multiplying the values of D(r), corresponding
to the specific energy of the ion Ey /94, by (Zeffﬁz/zeff_Y)2 at

104 T
102 4\
100 -\
1072 -
104 | | | | | | | | |
10*
102
100
10-2
10—
104
102
100

n
\
A
| | |
\_
- =~
1072
| | |
104 K
102 H
100 _¥
| | |

E=0.1 MeV (a.m.u.)!

E=02MeV (a.m.u.)”!

E=0.4MeV (a.m.u.)"!

D(r,E), MGy

10-4
E=0.6MeV (a.m.u.)”!

102
10—
10*
102
100
102
104 | | | | |
104
102
10°
10-2
10—

~
| | | | | |

E=08MeV (a.m.u.)”!

[ | | |

r, nM

Figure 5. Radial distributions of the absorbed dose in the track of a
fragment of fission of **Y in polymethyl methacrylate for several values of
specific energy. Solid lines correspond to computer calculations in
Ref. [87], dashed lines are calculated by formula (25).
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this value of energy, one can obtain the values of D(r) for an
ion with nuclear charge Z, corresponding to the energy of the
ion Ez/AZ = Ey/94

First of all, from the diagram we observe a rapid decline in
the dose beyond the region of the track confined within the
radius r ~ 4—5 nm. As the ion slows down, the width of the
distribution quickly decreases. At the same time, the values of
the dose near the axis of the track increase up to Bragg’s peak,
and start to decline only after the peak is passed. In this way,
as the energy decreases to the value corresponding to the
location of Bragg’s peak, the density of radiation distur-
bances increases in the region of the track near the axis.

The distribution of energy between the core and the
sheath appears as follows. With the energy of ions
Ez <2 MeV (a.m.u.)"! in light media, less than 25% of the
energy spent by the ion for the formation of the track is
localized in the sheath, and this share decreases as the ion
slows down. At E; ~ 0.15 MeV (a.m.u.)~! the sheath merges
with the core (r® = r.), and the entire energy is localized in the
core. Such behavior is due to the fact that, as the ion slows
down, the sheath contracts faster than the core. Since
ed .« ~ 2mv?, we have R% ~ v?, and hence r® depends on
the velocity of the ion to the power of 3 to 3.5 — that is,
1% ~vB-35 At the same time, the radius of the core, as
defined by (21), is practically a linear function of the velocity.

The analysis of distributions DP(r) and D3(r) indicates
that in a broad range of values for r the radial distribution
D(r) is determined by D®(r). Because of this, for practical
applications the distribution D(r) can be expressed by the
approximate formula

B r
-%(1-7).

in which the coefficient B is found from the normalization
condition

D(r) (25)

’

J 2nr D(r) dr = Sin,

a

which states that the total energy absorbed in the volume of
the track is equal to the ionization losses. At r’ > a (where a is
the size of the molecule)

Sin
B —— .
2nln (r'/ae)

When the size of the sheath is greater than the size of the core
(r®>rc), we have r’ = r® ~ 0.31RZ, . When the energy of
the ion is less than the value at which the sheath merges with
the core (thatis, r® < r.), it is natural to take the radius of the
core to be r’ — that is, r’ = r.. Figure 5 shows the results of
the calculation of D(r) by formula (25). We see that the best
agreement is achieved when the energy of the ion is high —
when % > r., which is rather obvious. At low energies the
agreement is somewhat worse, but still not so bad as to
prevent one from using the convenient analytical representa-
tion of D(r) in formula (25).

6.2 Dependence of characteristics of tracks

on the parameters of ions

A charged particle is characterized by three main parameters:
rest mass my, velocity v, and charge Z. Other characteristics,
such as energy, momentum and ion charge, are derivative. In
the model of continuous deceleration the slowdown of a

charged particle in the medium is characterized by the
following variables: the mean energy loss by the particle
over unit path length —dE/dx, and the length of deceleration
(the linear path) of the particle R(Ey).

The qualitative evaluation of the effects of various
charged particles on matter in radiation chemistry and
radiobiology is based on the characteristic known as the
linear energy transfer (LET). This characteristic only takes
into account the loss of energy for inelastic (ionization losses)
and elastic (nuclear losses) interactions. Since it is the inelastic
collisions that dominate on most of the particle’s path, the
LET of the ion on this portion of the track is determined by
the energy loss for ionization and excitation of the molecules
of the medium.

We represent the ionization loss by a modified Bethe’s
formula (for nonrelativistic velocities)

S, — <_ dE) _ 27523-564 NoN}p In
dx/;, mv M

2mu?
Ir

C

(26)

where Ny is the Avogadro number, M is the molecular mass of
the compound, p is the density of matter, N; is the number of
electrons of the compound involved in the deceleration
process, and I is the mean excitation potential.

The quantities NS and I (that enter Bethe’s formula as
constants) are assumed in (26) to depend on the energy of the
incident particle — or, to be more precise, on &y,x. With this
modification there is no need to introduce any corrections to
account for the different bond energies in atoms, due to the
distribution of the electrons over different electron shells. In
the general case, N and I} are defined with the aid of the
oscillator forces. N and I} can be approximately calculated
using the Thomas—Fermi statistical theory of atoms (see
Ref. [88]).

LET depends implicitly on Z via the dependence of the
effective charge Z.r on Z [see formula (18)]. The analysis
indicates that LET always increases with an increasing Z.
LET shows both explicit and implicit dependence on the ion
velocity v (via the dependence of Zgr, N7, 17 on the velocity).
The dependence of LET on the ion velocity appears as
follows. If an ion with a nuclear charge Z has an initial
velocity v > 5u9Z3/4, then, as the ion slows down, LET first
increases, reaches its maximum and then decreases according
to logarithmic law. If the initial velocity of the ion is
v < 0.0509Z3/*, then LET decreases steadily as the ion
decelerates.

The longitudinal size of the track L in the model of
continuous deceleration is determined by the deceleration
length, or the linear path of the particle R(E)):

B/ dp\ !
L:R(EO):JO (*a) dE,

(27)

where Ej is the initial kinetic energy of the ion. Since —dE/dx
depends on Z and v, and E, depends on the mass, the
longitudinal dimension of the track depends on all three
parameters of the ion. The dependence on Z and v comes
through the dependence of the derivative —dE/dx on Z and v.
The dependence on the mass is not so obvious. It comes
through the dependence of the upper limit of integration on
the mass of the ion.

The dependence of L on the mass of the ion is best
illustrated with the example of ions representing isotopes of
the same element — for example, hydrogen. With the same
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initial v and Z, the value of Ey of the deuteron is twice that of
the proton. Over the long path, the energy losses —dE/dx are
mainly determined by the losses in inelastic collisions (see
Refs [22, 23]), which depend on the specific energy of the ion,
and do not practically depend on the mass. Therefore, moving
from integration with respect to the kinetic energy to
integration with respect to the specific energy, we get

Ef/4z 0 qEN"' [ E
L, ~ A - — .
=] () ()

As applied to our deuteron and proton, the latter expression
implies that Lp ~ 2Ly. Therefore, with the same initial values
of vand Z, the proton will slow down to the end energy over a
shorter length than the deuteron. From the standpoint of the
physics of nuclear collisions, this means that, given that the
nature of the energy loss is the same, a deuteron will take twice
as many collisions, and travel the path twice as long, in order
to exhaust its energy.

The radial dimensions of the track (core, sheath) only
depend on the particle velocity v. As the ion slows down, the
dimensions of the core and the shell decrease. As noted above,
the radial contraction of the track proceeds in such way that
the sheath contracts faster than the core.

The local concentrations of the primary active particles
depend in the following manner on the parameters of the ion.
Firstly, they naturally increase with an increase in Z. The
dependence on the velocity is complicated. As the ion slows
down, the region of radial distribution narrows, and the
distribution transforms as follows. If the velocity of the ion
is v> 5vyZ%*, then, as the ion decelerates, the local
concentrations near the axis of the track first increase, reach
their maximum, and then decrease — that is, behave similarly
to LET.

Further away from the axis of the track, the local
concentrations exhibit — as the ion slows down — a sharp
decline down to zero on the boundary of the track volume.
However, with such a transformation of radial distribution of
local concentrations of active particles, it turns out that the
mean concentrations both in the core of the track and in the
volume of the track increase as the ion decelerates. This
means that the intensity of radiation impact on the core and
on the total volume of the track increases as these volumes
decrease.

For the measure of the intensity of radiation impact on the
volume of the track, determined by the size of its core, we may
take the mean dose of radiation absorbed in the core of the
track D.. The use of the mean dose in the total volume of the
track is not always correct, because the primary active
particles in the sheath are usually distributed in the non-
overlapping track entities (structures) — that is, in spurs,
blobs and short tracks.

The pattern of dependence of the mean dose D. on the
parameters of the ions is as follows. The value of D, increases
with an increasing Z and decreasing velocity. The dependence
of D. on the mass is manifested in the character of the
variation of D, along the path. Other conditions being equal
(the initial Z and v are the same), the value of D, in the track
of a heavy ion increases more gradually than in the track of a
light ion. The change of D, from the same initial value to the
same end value in the track of a heavy ion takes a longer path
length than in the track of a light ion.

From the pattern of radial distribution of the energy of the
primary ion absorbed by the medium, as shown earlier (see

also Fig. 3), one can see that the highest value of the dose is
observed in the central cylindrical region of the track confined
within the radius » &~ 4—6 nm. Beyond this radius, the dose
distribution falls off rapidly (by two orders of magnitude or
more). Because of this, it is expedient also to introduce the
mean dose in the track region confined to the radius
ro = 4 nm, D(r < ry). The author believes (see Ref. [§7]) that
this characteristic D(r < rg) is the measure of intensity of
radiation disturbances in the central region of the track, and
therefore this characteristic can be used as the argument of the
function that describes the rate of etching of the dielectric
along the track.

Figure 1 in Ref. [89] shows the results of the calculation of
D, in the tracks of different ions in water, polyethylene and
polystyrene as functions of the specific energy of the ion
Ez/ Az, the values of ionization losses Siy, and the change of
re. Similar characteristics for the tracks of ions “°Ar, **Y in
polymethyl methacrylate up to an energy of 2 MeV (a.m.u.)~!
are shown in Fig. 6. Since the radial size of the track depends
on the velocity of the ion, the change in r. and r® will be the
same for all ions in such a representation. Such a presentation
of characteristics on the same diagram is convenient for
analyzing the distinctions in the characteristics of tracks,
when not only the specific energies (velocities) are the same,
but other parameters are the same as well. For example,
projecting the same value of LET from the curves Sj, on to the
curves D, and r., we can find their values and see how D,
varies in relation to the ion charge Z.

The distinctions in tracks become more clear if the change
in characteristics is represented versus the residual path

R,(E) = JOE<— if)_l dE.

Using this representation, we may trace the changes in
characteristics along the path of the ion. Indeed, the
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Figure 6. Dependence of the characteristics of the tracks of ions “°Ar, *4Y
in polymethyl methacrylate on the specific energy: 7, 2— doses D, in the
cores of tracks of ions **Y and *’Ar, respectively, MGy; 3, 4 — ionization
losses Si, of ions **Y and “°Ar, respectively, GeV cm?g~'; 5, 6 — residual
paths Rz of ions **Y and *Ar, respectively, pm; 7 — radius r. of the core
of the tracks of ions **Y and *’Ar, respectively, nm; 8 — the path of
3-electron RS of maximum energy, nm.
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Figure 7. Dependence of characteristics of tracks of ions “°Ar, **Y in
polymethyl methacrylate on the residual path: 1, 2 — paths of d-electron
RY,, of the maximum energy, created by ions **Ar, **Y, respectively, nm;
3,4—ionization losses Si, of ions **Y and *° Ar, respectively, GeV cm?g~;
5,6 — doses D, in the cores of tracks of ions **Y and “°Ar, respectively,
MGy; 7, 8 — radiuses r. of the cores of the tracks of ions “°Ar and **Y,
respectively, nm; 9, 10 — energies of ions **Y and *’Ar, respectively,
MeV (a.m.u.)'.

difference R.(Ey) — R.(E\) = X(Ey, E,) is the distance tra-
veled by the ion decelerating from initial energy Ey to energy
E,. Figure 7 shows the characteristics of tracks of ions “°Ar,
%Y with initial energy EZ/Az =2 MeV (a.m.u.)”! in
polymethyl methacrylate as functions of R,. If we shift the
curves for **Ar to the right, aligning them with the limit of the
residual path of the *Y ion with the energy 2 MeV (a.m.u.)"!,
we can then move from right to left to view the changes in the
characteristics of tracks of ions “°Ar, °*Y that had the same
velocities at the initial time. Let us compare the structures of
tracks of different ions in those cases where certain character-
istics of particles and tracks are the same. We start with the
case where two parameters of the ions are the same: Z and v.

6.3 Differences in the tracks of ions
with the same Z and v
As noted above, this situation for heavy ions is possible when
the medium is irradiated with different isotopes of the same
element. Since the mass of the ion does not explicitly enter the
expressions for the cross section and LET, the differences in
the tracks are not that clear. When the characteristics of
tracks are represented as functions of specific energy, they are
all identical with the exception of path length R(E;). The
differences are revealed when the characteristics are repre-
sented as functions of the residual path. Let us demonstrate
the effects of the mass of a ion on the structure of the track
using the example of a proton and deuteron.

Since at Eg{/AH = E(P/AD we have E(P = 2E(§'I, then
Lp =~ 2Ly. Because of this, the change in characteristics of
the deuteron track along the path of the ion is smoother than
in the case of the proton. Figure 8 shows the characteristics of
a proton, a deuteron and their tracks in lavsan (mylar, PET)
as the functions X(Ey, E) = R,(Eo) — R.(E) at Ef'/Ay =

Figure 8. Change in characteristics of tracks along the path of ions H and
D with the same initial velocity [E; = 2 MeV (a.m.u.)"']in PET: 1, 2 —
radiuses of the core r. forions H and D, respectively, nm; 3, 4 — energies of
ions H and D, respectively, MeV (a.m.u.)"!; 5, 6 — ionization losses S, of
ions H and D, respectively, GeV cm? g=!; 7, 8 — doses D(r < 4) of ions H
and D, respectively, MGy.

EP/Ap =2 MeV (a.m.u)~!. From these diagrams we clearly
see the difference in the effects of protons and deuterons on
matter. Depending on the thickness of the exposed layer of
matter, the differences are the following. When the film
thickness is ¢ ~ Rp, the thickness of the absorbing layer is
1D, =1~ Rp for deuterons, and ¢}, =1/2 ~ Ry for the
protons.

In a film of thickness = Ry = Rp/2 the proton will be
slowed down completely, while the deuteron will pass through
with some loss of energy (see Fig. 8). As a result, we find that
the values of LET and the dose, averaged over the thickness of
the film, are higher in the core of the proton track and in the
cylindrical region of radius r = 4 nm than those in the track of
deuteron [SH > SP DH > DD, DH(r<4) > DP(r<4)).
Using the concept of LET, we may say that the irradiation
with deuterons manifests itself as exposure to radiation with
low LET, rather than with protons. Such a situation will be
observed when the film is exposed to electrons and protons.

6.4 Differences in the tracks of ions

with the same Z and E,

Since this situation for heavy ions can also be realized when
the medium is irradiated with the isotopes of one and the
same element, we shall illustrate the differences in the tracks
using the example of protons and deuterons. Figure 9 shows
the changes in characteristics of particles and tracks along
the path of a proton and deuteron with the same initial
kinetic energy Ey = 2 MeV. From the diagram we see that
the longitudinal and the radial dimensions of the deuteron
track are considerably lower than those of the proton,
whereas the LET is higher. It turns out that the deuteron
acts upon a smaller volume of the medium, but the impact is
stronger [DH(r < 4) < DP(r < 4)] than that of the proton.
If we use the concept of LET again, then the irradiation with
deuterons appears as exposure to radiation with high LET,



October, 2002

Theoretical aspects of the formation and evolution of charged particle tracks

1037

10!

Characteristic

1072
E 1 1 1 1 1

0 10 20 30 40 50 X, pm

Figure 9. Change in characteristics of tracks along the path of ions H and
D with the same initial energy (£ = 2 MeV) in PET: /, 2— radiuses of the
core r, forions H and D, respectively, nm; 3, 4 — energies of ions H and D,
respectively, MeV (a.m.u.)~'; 5, 6 — ionization losses S, of ions H and D,
respectively, GeV cm? g~'; 7, 8 — doses D (r < 4) of ions H and D,
respectively, MGy.

rather than with protons. This difference is due to the fact
that the deuteron in this case is a low-velocity particle
compared to the proton — and, as noted above, the
intensity of the impact of the ion on the medium increases
with decreasing velocity.

6.5 Differences in the tracks of ions
with the same initial value of LET
When the initial values of LET are the same, all parameters of
the particles are different. The relationships between the
characteristics of tracks depend on where the initial values
of LET are located on the curve of LET versus ion velocity v
(to the right or to the left of the maximum). Generally
speaking, there are four possible relationships between the
velocities of heavy and light ions. The first corresponds to
vr,vL > 5v9Z3/*, and the values of LET for both ions are
located to the right of the maximum. In this case,

2 Z2

Z
Sin ~ esz Inv? ~—21nv2.
v v

From S = S it follows that Z7 /vi ~ Z] ./vf. Since
Zr > Zy,and my > my, we have vt > vr, Er > Ep, rl > rk,
2>, Lt > Ly, but DT < DL. From these relationships we
see that in this first case the light ion forms a dense track.

In the second case, when v, v, < 0.5v9Z /%, the values of
LET are located to the left of the maximum. In this case
Sin ~ Z'?Inv?. Since Zt > Zy, from condition S& = ST it
follows that vt < vr. Consequently, rJ < rl, r2 <P, but
DI > DL In this case it is the heavy ion that forms a dense
track along the entire path length.

Two other options correspond to the mixed arrangement
of the values of LET. At vy > 5vZ¥*, vt < 0.509Z3/* the
values of LET for the light ion fall to the right of the
maximum, and those for the heavy ion to the left. Since in
this case vt < v, wehave D! > DL, and the heavy ion forms
adense track along the path length. In the opposite case, when
vt > 509 Z3*, v < 0.5090Z3/4, the value of LET for the heavy
ion falls to the right of the maximum, and that for the light ion
to the left. In this case vt > vr. Therefore, DCT < DCL, and itis
the light ion that forms a dense track along the entire path
length.

Observe that these four options are not realized for every
pair of ions. For example, for ions “°Ar and **Y and their
tracks, compared in Figs 6 and 7 to the specific energy of
Ez/Az =2 MeV (a.m.u.)”!, the values for LET can only be
equal in cases 2 and 3. Figure 10 shows the characteristics of
ions “°Ar, **Y and their tracks at LET = 24 GeV cm? g~ 1.
This value of LET for *°Ar corresponds to the specific energy
1.5 MeV (a.m.u.)~! (to the right of the maximum), while the
specific energy for °*Y is 0.06 MeV (a.m.u.)~!, and falls to the
left of the maximum. Curves shown in Fig. 10 confirm the
above conclusion that in this situation it is the heavy ion that
forms a dense track along the entire path length.

The comparison reveals that there is no direct correspon-
dence between LET and the values characterizing the impact
of the ion on the volume of the track — for example, D..
Because of this, LET cannot serve as a universal characteristic
of the quality of radiation, as assumed in early models of tracks
(see Section 2). Owing to the presence of a maximum on the
curve of LET versus energy, there will always be ambiguity in
the dependence of the radiation effects on LET even for an
individual particle (for more details see Refs [14, 15, 89]).
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Figure 10. Characteristics of tracks of ions *°Ar, **Y initially possessing
the same values of LET (24 GeV cm? g~ !) in polymethyl methacrylate:
1,2—doses D, in the cores of tracks of ions **Y, “° Ar, respectively, MGy;
3,4 — ionization losses S, of ions “°Ar, %4Y, respectively, GeV cm? g~!;
5,6 — radiuses r. of the core of the tracks of ions “’Ar, *4Y, respectively,
nm; 7, 8§ — energies E of ions “°Ar, **Y, respectively, MeV (a.m.u.)"!.
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6.6 Structural features of the track \
of a multiply charged ion 10° E !
The concentration of primary active particles (ionized states, //
electron-excited states) increases with increasing ZZ;. The 10?2 L
probability of formation of ionized states is very high near the _ E Y
axis of the track, and their share further increases after the Q9 E ,-TT T
subsequent decay of one-particle high-excitation states lying E 10" g 7 3
above the ionization threshold, and states of the plasmon  x F - -7 4 e
type. T -

The number of ions generated by the primary ion in close g 3 5
collisions can be estimated by the Rutherford formula [73] i

2 4 107! g
Ny = 221 NN ) (' ). (28) :
10—2- 1 1 Lol 1 1 [ |
102 107! 10°

The primary ion, acting upon the electron, changes its energy.
This change, depending on the impact parameter, is [the
second expression in (6)]

SE 2Zesze4

mv2b*

From this expression it follows that the transfer of energy
equal to the ionization potential / is possible when the impact
parameter does not exceed

1/2 1/2
o () s (1)
! v

v2ml 1 (29)

Therefore, the mean concentration of ions in the cylindrical
region of the track confined to the radius b is

Ni(r < bf) = Ni 5 = NNefr(emax) (1
n(bF)

i

—Iel).

max

(30)

When the velocity of the ion is high, we have &y,,x > Iand
Nege > 1. Then from (30) it follows that in this region of the
track all molecules will be ionized in such way that they will be
stripped, at the very least, of all valence electrons. Theoretical
analysis and experimental findings confirm the fact that
multiply charged ions in close collisions are formed [90—92].

Now let us evaluate the dimensions of this region.
According to (29), the quantity b° depends on the ratio
Zeit/v. At v < 0.05v9Z3/4, the ratio Z.ir/v becomes indepen-
dent of the velocity, and is equal to Zeg/v = Z'/*/vy. We
substitute this value into (29), getting as a result the maximal
value of ¢, equal to b =2agZ"/*(Ry/I)"?. Assuming
I~ 10eV, for Xe ion we get b ~ 0.322 nm.

The primary ion is capable of also generating ionized
states beyond b¢ as a result of long-range collisions. The
distance from the axis of the track, at which long-range
ionization is possible, is found from the expression
bciff = myv/l. Although this distance can be much greater
than b¢, the probability of ionization falls off rapidly as this
distance increases. Because of this, the concentrations of ions
formed beyond b¢ are mainly determined by the ionizations
caused by the secondary electrons. The concentrations at
different distances from the axis of the track can be
approximated from the radial distribution of the dose.
Figure 11 shows the mean doses in the track of a **Xe ion in
water for five ranges of distances, obtained from the
calculation of D(r) by the technique described in Ref. [87].
In the range 0.5<r<1 nm the mean dose is
D(0.5 <r<1)=~32-45 MGy as the ion energy changes
from 0.1 to 1.5 MeV (a.m.u.)~ L.

Exe, MeV (a.m.u.)”!

Figure 11. Mean doses vs. energy in the track of a >*Xe ion in water in the
range of distances from the axis of the track: /—0—0.5nm; 2—0.5—1 nm;
3—1-2nm;4—2-3nm;5—3-4nm.

To evaluate the concentrations of ion pairs, we assume
that the energy expended by the secondary electrons for the
formation of one pair of ions is W; ~ 30eV. Then we find that
in the region of the track 0.5 < r < 1 nm the mean concentra-
tion of the ion pairs is 7; ~ 8.3 x 10?! cm~—3, which corre-
sponds to the degree of ionization { &~ 0.24. For the values of r
in the intervals 1-2 nm, 2—3 nm, 3—4 nm, the degree of
ionization reaches the vales of { ~ 5.29 x 1072, 1.7 x 1072,
and 7.83 x 1073, respectively. At { ~ 7.83 x 103 the concen-
tration of ions is #; =~ 2.62 x 10%° cm~3. The central region of
the track (r < 0.5 nm), as already indicated, is not only
completely ionized, but contains multiply ionized or frag-
mented ions.

Following the degradation of the energy of the primary
ion and its secondary electrons, the track — along with the
ions and excited molecules — is populated by the slow
(subexcitation) electrons with EcSUb < hwgy. In water, the
energy of such electrons is less than 8§ eV. The emergence of
subexcitation electrons may be regarded as the end of the
physical stage of radiation-induced transformation. The fate
of subexcitation electrons depends on the degree of ionization
of the medium, and hence on their concentration. When the
concentration of electrons is low, then, upon collision with the
molecule, the kinetic energy of the electron transforms into
the energy of vibrational, rotational and translational degrees
of freedom of the molecule. As a result of a large number of
such collisions, the energy of the electron reduces to the
energy of its thermal motion, and the electron is thermalized.
The time of thermalization of the subexcitation electrons
depends on the nature and the aggregate state of the medium,
and may range from 0.1 ps to 1 ns [84, 93].

If the concentration of electrons 7. is sufficiently high
(like, for example, in the track of a multiply charged ion), they
at first will very efficiently exchange their energies. As a result,
their equilibrium velocity distribution will be established even
before thermalization. As indicated above, the initial dis-
tribution of the subexcitation electrons with respect to energy
is far from equilibrium. According to Ref. [94], the time of
relaxation of the electrons to the equilibrium distribution is
given by the expression

m(kT,)?

5 1/2
T =3 [_} (e*neInA)~", (31)
T
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in which In A ~ In (rp /bm;n) is the Coulombian logarithm, rp
is the Debye radius, and by, is the minimum value of the
impact parameter. Estimates based on the formula (31)
indicate that with the mean energy of the electrons
2 = (3/2)kT. ~ 6 eV and n.~ 10> cm™> the electron
relaxation time is .. ~ 10717 s. If the concentrations of ions
and electrons are the same, the relaxation time of the ions is
Ti = (M Ti3 /m Te3)'cee, and the initial equilibrium distribution
of the ions with respect to their velocities is established sooner
than that for the electrons, since 7; ~ 1072T.

The energy of internal excitation of complex particles
(stable molecules) may be represented as the sum of energies
of the electron, vibrational and rotational excitations [95].
Each degree of freedom of the molecule (ion) may be regarded
as an isolated subsystem. The equilibrium distribution in such
a subsystem is established sooner than in the entire system.
For example, the probability of V'— J exchange is higher than
the probability of V'—T exchange [95, 96]. This allows the
characterizing of the degree of excitation of each state by its
own temperature.

When the concentration of electrons is 7, > 102 cm—3,
after 10 fs they can be considered as a classical electron gas
with temperature T, found from the relation & = (3/2)kT.
(where . is the mean energy of slow electrons, and k is the
Boltzmann constant). This treatment holds at kT, > 4eV and
concentrations below e ~ 10?> cm~3. Above this limit the gas
degenerates and obeys Fermi— Dirac statistics.

We see that the equilibrium distribution is destroyed in the
track of a heavy ionizing particle, and the concept of
temperature is no longer applicable. However, one can define
the temperature for individual degrees of freedom for each
component, including the translational movement. For
electrons this exercise has already been done. For heavy
particles it is quite obvious that T} is equal to the
temperature of the medium before ionization, because the
heavy charged particle loses most of its energy for ionization
and electron excitation of the molecules of the medium
without affecting the translational, rotational and vibra-
tional degrees of freedom. Only at the end of the path, when
the elastic collisions become important, is the equilibrium
distribution of heavy particles violated. If, however, the
Maxwell distribution of heavy particles is violated, it will be
quickly restored within time 1, < 7. owing to the collisions
between particles [94].

The formation of ionized states is dominated by the acts of
ionization in which the energy of the released electron is low
(which follows, for example, from the Rutherford formula).
Such an electron cannot recede far away from the parent ion.
Accordingly, most of the ionized states are ion pairs. Because
of this, the volume of the track (with the exception of the
region next to the axis) is quasineutral from the early stage of
its formation. When the concentration of ionized states
reaches the value at which the Debye screening radius,
defined by

o KT, \ 2
b= 4me’n,

for the electron component, becomes smaller than the region
of the track under consideration, this region represents the
low-temperature plasma column [97]. Individual components
of such plasma occur in local (owing to the inhomogeneous
distribution of particles) quasi-equilibrium states. Since the
mean energy of the electrons is of the order of a few electron-

(32)

volts, and the heavy component is less heated, the plasma is
also nonisothermal.

Thus, in spite of the similarity of tracks of different ions,
the increase in the ion charge leads not only to a quantitative
increase in the concentration of primary particles (including
charged particles), but also to a qualitative change in the
structure of the track. The track of the ion transforms from
the partially ionized region into the low-temperature non-
isothermal plasma. Such transformation takes place in those
regions of the track where the Debye radius is small compared
to the size of the region. For water at normal conditions, with
the degree of ionization 7.83 x 1073 defined for the range of
distances from the axis of the track of 3 to 4 nm, the Debye
radius rp is 0.98 nm — that is, less than the size of the interval.
Accordingly, in water the cylindrical region of the track of a
Xe ion of about 4 nm in radius is a filament of nonisothermal
nonideal and spatially inhomogeneous plasma. This circum-
stance was first noted in Ref. [98]. Later the same conclusion
was made in Ref. [99].

Let us call to mind the description of the system in the
quasi-gas approximation, developed in Ref. [98]. This
description consists essentially of the following. The relaxa-
tion processes in the track were described using the kinetic
Klimontovich equation for spatially inhomogeneous plasma
[100]. Then the method of Grad moments was used for
expressing the transfer equations for the mass, momentum
and energy of the components of plasma in the track. After
integrating the expressions — which are the components of
moments of different order from the collision integrals — the
corrections to pressures and energies caused by the interac-
tion of particles were defined. Then the dependence of
pressures P, and energies E, on the concentration of charged
particles and on the relative temperatures of electrons and
heavy particles were studied. The medium in this exercise was
water at conditions close to critical before passage of the
heavy ion. Such are the conditions of the working media in
Wilson chambers. The density of water in the near-critical
state is 1/3 of the density of the liquid phase at normal
conditions. At the same time, a multiply charged ion can
create a high concentration of charged particles in such a
medium.

The results of calculations presented in the Table indicate
that when the heavy component of the system has a low
temperature (immediately after ionization), then the pressure
and the total energy in the system already become negative at
the degree of ionization of 1072, When the concentration of
charged particles is high, and the temperature Ty, is low, there
are no values for P; and E; in the Table, because the
parameters # and y, characterizing the degree of interaction
between the charged particles in plasma, are much greater
than one, and the quasi-gas approximation is not valid.

Two models were used for evaluating the energy and the
pressure for the completely ionized region. The ‘jelly’ model
considers the electrons as a classical gas, and uniformly
distributed within its volume are the ions that do not
interact with one another because they are shielded by the
electron gas [101]. The calculation using this model gives
E = —4.48 ¢V for the total energy, and P = 101 P, for the
pressure (where P, is the critical pressure). The other model
of the completely ionized region assumes that the classical
gas of electrons is uniformly distributed over the volume,
and the distribution of ions is point-like [101]. This model
gives E = —6.1 eV for the energy, and P = 61.5P., for the
pressure.
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Table. Pressures (in units of P.; = 218.4 bar) and energies (per molecule) of plasma components vs. the degree of ionization (at T, /Ty = 10).

Degree 1 0.5 10-! 102 10-3 104

of ionization

P, 101 92 28.3 3.6 0.39 0.04

P —1.4 x 102 —7.44 —0.4 —0.02

Py 0 —-3.85 —~1.13 12 1.45 1.47

E. —4.4 —0.64 0.33 6.3 x 1072 7.4 %1073 7.7 x 1074
E —5.4 —-0.29 —1.6 x 1072 —6.9 x 107*
E, 0 —0.162 —8.85x 1072 —2.45x 1072 —1.8 x 1072 —1.74 x 1072

The analysis of E and P depending on the degree of
ionization reveals that the ionization of a molecular medium
by a heavy ion leads — after completion of the physical
stage — to an increase in the energy of interaction of the
particles. This implies either that bound states are formed in
the system (for example, clusters) [102, 103], or that there is
ordering in the arrangement of particles (for example, the
formation of a quasi-metallic structure in the case of
complete ionization of the medium). The lifetime of such
states depends on the rates of processes energy transfer of
electrons and the energy of internal degrees of freedom into
the translational degree of freedom of heavy particles —
that is, the processes that take place at the second, physico-
chemical stage of radiation-induced transformations.

7. Relaxation processes in the track
of a multiply charged ion

7.1 Processes involving charged particles

Too little is known about the evolution of the primary track.
From general considerations the process of development of
the primary track may be described by the following scheme.
The second — physico-chemical — stage of radiation-induced
transformations is associated with the transfer of energy to
other degrees of freedom and fast chemical reactions — that
is, the system moves to a certain equilibrium state that may be
considerably different from the initial state. This difference
may be concerned with the physical properties (temperature,
pressure), as well as with the chemical composition of the
medium.

In Section 6 we demonstrated that upon completion of the
physical stage the region of the track with a radius of about
4—6 nm is a multi-component low-temperature nonisothermal
plasma column. Individual components of such plasma occur
in the local (owing to the inhomogeneous distribution of
particles) quasi-equilibrium states. We shall base the analysis
of processes of transformation of energy of electron excita-
tion on the classical concepts of local quasi-equilibrium states
of plasma components. This treatment is justified by the fact
that at a distance of r > 0.5 from the axis of the track the
concentration of charged particles is such that the classical
approximation is valid.

The energy of electrons may dissipate through a number
of processes. First of all, electrons may excite the electron
states of molecules and ions, including ionization (direct and
stepwise). These processes are of a threshold nature [104]. Let
us quote some estimates for the rates of these processes in
water, using the expressions for the cross sections of
excitation and ionization by low-energy electrons. In the
case of Maxwell distribution, the mean rate of collisions of

electrons with the excitation of molecules at kT, ~ 4 eV is
Ven ~ 1.7 x 100, s~'. If n, ~ 1022 cm™, then the rate of
energy loss by this process is gex ~ 10 eV s~

In the case of direct ionization, the mean frequency of
collisions of electrons is Vgion ~ 10°n. s~!, and at
ne ~ 10%> cm~3 the rate of energy 10ss is gqjon ~ 10'* eV s~
In the case of stepwise ionization these characteristics are
greater by several orders of magnitude, and are equal to
Vstion ~ 7.3 X 1077ne s7', ggtion ~ 3.7 x 10'7 eV s7'. The
transfer of energy to neutral molecules in the processes of
excitation and ionization is highest in that region of the track
where the degree of ionization is { ~ 0.5. Owing to these
processes, the region of excitation and ionization extends
until the temperature of the electrons becomes less than the
energy required for the transition of the bound electrons of
the molecule to the first excited state, or less than the width of
the forbidden band of the dielectric. The movement of the
excitation boundary caused by the ionization of molecules
may appear as the ionization wave. The parameters of such a
wave were considered in Refs [105, 106].

Tonization and excitation of the electron states compete
with the processes of energy transfer from the electron
subsystem to other degrees of freedom, such as the excitation
of vibrational and rotational levels and elastic collisions. The
cross sections of direct excitation of the vibrational levels fall
in the range (v — v') ~ 1077 ~107!® ¢cm?2, and in the
neighborhood of resonance they are greater by an order of
magnitude [107—109]. As a result of these processes, the
transfer of energy of electrons into the vibrational degree of
freedom may occur at rates of 10''—10'* eV s~! with the
concentrations of particles as indicated above. Excitation of
rotations and elastic collisions are less efficient: the transfer
rate is about 10'2 eV s~!. However, elastic collisions are
important in plasmas made up of non-bound atoms, as well as
in solids — for example, in single-atom semiconductors and
dielectrics. The energy exchange through elastic collisions in
this case is the only channel available for the equalization of
temperatures of electrons and heavy particles. If the rate of
energy loss by elastic collisions is ~ 10> eV s7! the
temperatures of electrons and ions are equalized over
74 = 10712 s, and those of electrons and neutral particles
over Ty = 107! s,

Observe that various ion-molecular reactions may take
place in plasma with the involvement of charged particles (see
extensive bibliography in the review [110]). The fastest of
these are the reactions of proton transfer. Although the ion-
molecular reactions may radically change the composition of
ions in the plasma, most of them do not change the degree of
ionization of the plasma, and are not efficient in the transport
of energy from the electron subsystem to other degrees of
freedom. Important from the standpoint of the transfer of
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energy of electrons into the translational energy of heavy
particles is the dissociative recombination of electrons with
complex molecular ions. The coefficient of this process may
be as high as kg, ~ 1077 cm? s~! [108, 110, 111], ensuring
transfer of energy to the translational degree of freedom at the
rate of 1015eV s~ atn, = nj =~ 102 cm™3.

We see that a considerable share of the energy of electrons
goes to the internal degrees of freedom, and partially to the
translational degree of freedom through dissociative recom-
bination. The share of energy spent on the translational
movement of the products of dissociation depends on the
type of molecular ion. In the case of recombination of the low-
atom ions it may constitute several electron-volts.

7.2 Dissipation of energy of electron-excited molecules

Dissipation of energy of electron-excited molecules may also
proceed via several channels. The spectrum of electron-
excited molecules has a large proportion of superexcited
states. The decay of such molecules is most efficient through
self-ionization (k. ; ~ 10*—10" s7!), dissociation
(kg ~ 10'9—10"3 s71), and the processes of internal conver-
sion [112, 113]. In the course of dissociation, part of the
internal energy is directly converted into the kinetic energy of
the fragment of the dissociated molecule. In the processes of
internal conversion (the transition from a highly excited state
into the first excited state) the energy of electron excitation is
converted into the energy of vibrations. The rate of such
processes depends on the type of molecule. In a multiatom
molecule, this rate may be ki ~ 10''—10" s~!. Internal
conversion of the low-atom molecules is only possible in the
presence of a solvent. The intercombination conversion (the
transition from the first excited singlet state into the first
triplet state) is a slower process. In aromatic hydrocarbons,
the rate of such conversion is kjc . ~ 10°—10% s~!'. In aliphatic
hydrocarbons, it is much higher (kic c ~ 101°—10'! s71).

The rates of transition from the first excited state to the
ground state depend on the energy of excitation of this level.
Internal degradation (transition S; — Sp) in molecules with
energy Es < 1.5 eV may take place at the rate of
ki.q ~ 10" s7'. For molecules with Eg, > 2.5 eV the rate of
internal degradation is just ~ 103 s~!. Even slower are the
processes of intercombination degradation (transition
T, — Sy), predissociative and non-adiabatic decays, and
radiative transitions [114].

7.3 Exchange of energy

between different degrees of freedom

Generally speaking, in the absence of equilibrium all
temperatures are different. Exchange of energy between
different degrees of freedom facilitates equalization of
temperatures. As a result of inelastic collisions, the fastest is
the exchange of energy between translational and rotational
degrees of freedom. Equalization of the temperatures
Ty, = T, takes from a few to several hundred collisions [104,
107—109]. From the studies of vibrational relaxation in a
condensed medium, it follows that its time exceeds 10712 s,
and for small molecules (for example, CHsl) the rate of
vibrational relaxation decreases with increasing temperature
[115].

Equalization between translational and vibrational
degrees of freedom takes a much greater number of colli-
sions. This applies also to the E—T exchange. The rate of
E—V exchange depends considerably on the particular
system. Owing to the conversion, in complex molecules the

rates of nonradiative transitions of molecules from highly
excited electron states to the first excited state may be as high
as 10" to 1013 s~ [113].

Thus, the rate of conversion of the energy of electron
excitation (including the energy of electrons) into thermal
energy depends on the efficiency of the processes of decay of
molecules and on the rate of the V'— T relaxation. Evaluation
of the rate of this process indicates that the conversion of the
energy of electron excitation through the vibrational degree
of freedom into thermal energy is rather extensive in time.

7.4 Processes of energy removal from the track
Apart from the processes considered above, the energy of
electron excitation can be removed from the track by the
following channel. As is known, the energy of electron
excitation in polymers may migrate along the aliphatic
chain. Over the anticipated lifetime of the excited state
7 > 10712 5, the mean path from the place of initial excitation
may be greater than a hundred C—C bonds [116]. The
intermolecular energy transfer also facilitates the removal of
energy from the track, but the rate of this process is 10° s~!.
However, the more important processes of energy removal
from the track are heat conduction and transport by acoustic
waves.

The efficiency of the transfer of heat in a medium is
characterized by the coefficient of temperature conductivity

” (33)

X="",
pCp

where x is the coefficient of heat conductivity, p is the density
of the medium, and C,, is the specific heat capacity at constant
pressure [117]. In a multicomponent medium, each compo-
nent contributes to the transfer of energy, which depends on
the type and phase state of the medium. In solid dielectrics,
the transfer of thermal energy is accomplished by phonon gas
across the lattice, and in metals this is done not only by
phonons (lattice conductivity), but also by conduction
electrons. As a matter of fact, the heat conductivity of typical
pure metals almost completely depends on the conduction
electrons. The coefficient of heat conductivity of pure metals
may be as high as several hundred watts per meter-kelvin
(403 W (m K)~! for silver, 210 W (m K)~! for aluminum)
[118]. The coefficient of temperature conductivity of metals
lies in the range from 0.21 (iron) to 1.71 ecm?s~! (silver) [119].

These values of y are calculated by formula (33) for a
metal as a whole — taking into account the lattice heat
capacity [Cy = 3R ~ 25 J (mol K)~!] and the density of the
metal. The heat capacity of classical electron gas is much
lower [C§ =~ (3/2)R]. The heat capacity for degenerate
electron gas is just a few percent of the lattice heat capacity.
Because of this, the value of y, is much higher than y.
Accordingly, the energy of electron excitation, initially
localized in a cylinder of radius ry ~ 4 nm, is efficiently
distributed over the electron gas in a large volume of the
medium, without transferring it to the lattice. The efficiency
of transfer of energy from a cylinder of radius ry is
characterized by time t, = r¢/y. In metals the characteristic
time of existence of the locally heated electron gas in the
cylinder of radius ry ~ 4 nmis 7, < 107",

The lattice conductivity may be rather high in certain
dielectrics with rigid bonds. In crystals with a diamond lattice,
it is comparable to the heat conductivity of metals
(137 W (m K)~! for silicon, 54 W (m K)~! for germanium).
The heat conductivity of a diamond is even higher than that of
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silver, which has the highest thermal conductivity among all
pure metals [xc,, . = 550W (m K)~!1[118]. The coefficient
of temperature conductivity of such crystals is comparable to
% of metals (0.53 cm? s~! for silicon). For ry ~ 4 nm such
dielectrics have 1, ~ 10713 s.

Heat conductivity of liquids and polymers is much
lower. In water we have ¥ =58 W (m K)~! and in
polymers % = 0.03—0.8 W (m K)~!. The values of y for
water and polymers are three orders of magnitude lower
than for those of metals (1.38 x 1073 cm? s~! for water,
(0.4—1.8) x 1073 cm?s~! for polymers [120]). Accordingly, in
such media the characteristic time of existence of the heated
region ry &~ 4 nm is higher than 7, ~ 10710 s,

The efficiency of the hydrodynamic mechanism of energy
transfer is characterized by time 7, ~ ro/so, where sy is the
speed of sound. In water and polymers sy ~ 1.5 x 10> m s~!
[120], and for rg ~ 4 nm we have t, ~ 3 x 10712 5. For these
substances, the energy transfer by this mechanism is more
efficient than the transport of heat.

We see that the physico-chemical stage in the primary
track is characterized by many different processes, whose
diversity depends on the type of medium. In pure metals, the
main portion of energy from the electron subsystem is rapidly
removed from the track, and only part of it is transferred to
the lattice. In molecular media, the conversion of the energy
of electron excitation into thermal energy is associated, as a
rule, with the decomposition of molecules (monodecay,
dissociative recombination). Decomposition of the mole-
cules is one of the causes of the increased yield of low-
molecular products in radiolysis of liquids by fragments of
nuclear fission. In addition, the process of radiolysis by such
particles is accompanied by a change in the hydrodynamic
parameters of the medium (temperature, pressure), which
may also facilitate the decomposition of molecules [121].

8. Features of radiation-chemical reactions
in the tracks of particles of a different nature

8.1 Effects of phase state

and the role of LET in radiolysis

The stage of formation of the primary track in molecular
media is followed by the stage of chemical transformations of
matter or structural changes against the background of
removal of excess energy from the volume of the track, and
the diffusion of active intermediate particles. In a condensed
medium the chemical stage is divided into the track period,
which is characterized by spatial nonuniformity and inhomo-
geneity in the distribution of chemically active particles, and
the subsequent period with uniform distribution of the
reactants. Upon completion of the chemical stage, chemical
equilibrium is established in the system. In a solid dielectric
this stage ends with the formation of the latent track. In
biological systems there is a fourth (biological) stage,
characterized by the reaction of the organism to the chemical
products created by radiation.

In gaseous media the track structures are separated by
large distances and contain, as a rule, a small number of active
particles. The diffusion rapidly smooths out the initial
inhomogeneity in the distribution of active particles, and by
the beginning of the stage of chemical reactions the distribu-
tion of intermediate particles in the exposed volume is
practically homogeneous. Because of this, the role of tracks
in the gaseous phase is negligible. Only the multiply charged

ions, like fission fragments, may create spatial inhomogeneity
strong enough to affect the development of chemical reac-
tions [122, 123].

Because of the higher density, the spatial inhomogeneity
in the distribution of reactants is more articulate in liquids. At
the same time, the diffusion processes in liquids are slower. In
addition, the phase state of the medium affects the redistribu-
tion of the primary active particles, increasing the number of
ionized states in the liquid (see Section 4), and also has an
impact on the subsequent relaxation processes and the decay
of the excited and ionized states [124]. The transition from gas
to liquid increases the importance of the inverse processes of
recombination of electrons with the parent ion, and decreases
the degree of dissociation of molecules into radicals owing to
the so-called cell effect [125]. The differences in the kinetics of
reactions in the gas and liquid phases depend on many
factors, and do not allow for singling out the pure role of the
tracks related to the change in the density of the medium.
Most fruitful is the study of the dependence of radiation
effects on the structure of a track in a situation where the
initial physical and chemical properties of the medium are
maintained.

Theoretical analysis of radiolysis of liquids is based, as a
rule, on solving the diffusion kinetics equations of reactions
in the tracks [29, 126—130], assuming their spherical or
cylindrical symmetry. The stochastic approach has also been
used [131]. The discussion of these approaches, as well as
any detailed treatment of radiolysis of real systems, falls
outside the scope of this review. We only briefly consider
the effects of the structure of the tracks on the radiolytic
transformations.

The use of diffusion kinetics equations allows for the
explanation of many experimental facts observed in the
radiolysis of water solutions [127, 130], and especially the
dependence of yield on the linear energy transfer (LET).
Because of this, LET came to be regarded as a kind of
universal characteristic of the quality of radiation. The
concentration of active particles in the track was considered
as a straightforward function of LET, disregarding the type of
charged particle, and the dependence on LET became known
as the track effect.

However, not all experimental results could be interpreted
in a consistent way in the context of such an understanding of
the track effect. Such results include the sharp increase in the
yield of the low-molecular products of radiolysis at high
values of LET [132—134]; the increased yield of some
products of radiolysis of methanol (for example, ethylene
glycol [72]), whose production is associated with the recombi-
nation of radicals in the tracks with decreasing rather than
increasing LET; and the different yields of hydrogen G(H»)
in the radiolysis of benzene at exposure of protons and
a-particles with the same values of LET [133].

Careful studies of the radiolysis of benzene and the
dosimetric Fricke system, carried out in Refs [135, 136]
using different ions, revealed that the radiation-chemical
yields dependence not only on the value of LET, but also on
the type of particle is the rule rather than the exception. This
becomes clear if we recall the discussion of the detailed
structure of the track and its dependence on the type of
charged particle (see Sections 4—6 above, and Refs [13—15]).
The role of the structure of the track is especially clear in the
radiolysis of liquids by heavy ions. In this case it is possible to
vary the geometry of the tracks and the concentrations of
active particles in the tracks.
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8.2 Effects of the structure of the track

on the radiation-chemical processes in liquids

The effects of the structure of tracks of ions have been studied
in Refs[134—136], as well as in the reviews [13—15]. Using the
comparative analysis of the tracks of ions, we can offer the
following explanation for the dependence of yields on LET.
The low values of LET relate to the radiolysis of liquids using
high-energy protons. The track of the proton in this case
consists of the core and the branches — the tracks of
d-electrons. The higher the energy of the proton, the bigger
proportion of its energy is carried away by the d-electrons.
The core itself eventually transforms into separate non-
overlapping spurs — in other words, the track of the proton,
with the exception of certain features (see Section 6), will
resemble the track of the electron. As a result, the nature of
the radiolysis will resemble the radiolysis under the action of
fast electrons.

As the proton decelerates, both its LET and the number of
o-electrons increase, while the size of the track becomes
smaller because the maximum energy of the &-electron
decreases. As a result, we observe a sharp increase in both
local and mean concentrations near the axis of the track. This
facilitates the increase of yield of the products of recombina-
tion of chemically active particles as LET increases — that is,
there is a direct correlation between the density of active
particles in the track and LET. A similar situation is observed
with the track of the a-particle.

High values of LET (above 1 keV nm™') are observed
when the liquid is exposed to multiply charged ions — for
example, fission fragments. As already noted in the preceding
section, the structure of such tracks has certain special
features. One is related to the fact that the mean concentra-
tion of active particles increases with decreasing LET.
Because of this, the yields of certain products of radiolysis
first increase with the decreasing LET of the fission fragment,
reach their maximum, and then start to decrease (as the
fission fragment further decelerates and the energy loss by
elastic collisions becomes considerable). This explains the
results of the experiment on the radiolysis of methanol using
fission fragments with different initial energies [72].

The second feature of the structure of the track of multiply
charged ions (the high concentration of the fragment ions in
the core of the track) consists of the fact that it is mainly the
low-molecular products of radiolysis that are produced in the
core of the track, while the yields of the more complex
products decrease. An example is the high yield of H,, CO,
CHy in the radiolysis of liquid hydrocarbons under the action
of multiply charged ions [72, 132—134].

The intermediate values of LET correspond to the
radiolysis of liquids exposed to the ions of light elements
that are at the beginning of the periodic table. We find that
two or more ions may exhibit the same value of LET. As
demonstrated in Section 6.5, even though the values of LET
are the same, all other parameters of the ions are different.
The relationships between the radiation-chemistry yields for
different ions will depend on which of the four possible
relations between their velocities is realized. If it is the first
option (the value of LET is to the right of the maximum), then
the light ion forms a dense track. The size of this track is the
smallest, while the local and mean concentrations of
chemically active particles are the highest. Therefore, the
yield of recombination products will be higher for the light
ion than for the heavier ions. Radiolysis in the track of the
heavier ions (with higher Z) corresponds essentially to the

process that takes place in the track of a light ion (with lower
charge) with a lower value of LET. This is the behavior of the
curves G(H) versus LET, obtained for the radiolysis of
benzene under the action of different ions (see Fig. 5 in
Ref. [135]).

8.3 Thermochemical action of ionizing particles

The appearance of point heat in the wake of an ionizing
particle was first indicated in Ref. [137]. The concept of point-
heat is based on the assumption that the energy initially
transmitted by the particle for the excitation of the electron
states of molecules is immediately transformed into energy of
vibrations of molecules in a small region located near the path
of the particle. Early theories of the chemical action of
ionizing radiation, using the model of thermal spike (a later
synonym for point-heat), attempted to explain chemical
transformations taking place in the irradiated medium [138,
139] (see also the review [10] on this). Later it was demon-
strated that for the track entities (spurs) formed by charged
particles with low LET, the temperature increase was
insignificant. On top of that, the lifetime of the heated region
is short.

According to Mozumder (see Ref. [10]), the temperature
rise of a spur of radius ~ 2 nm, in which an energy of ~ 30 eV
is localized, is just 30 K, while the characteristic relaxation
time is about 6 x 10712 s. According to the Arrhenius
equation, the reaction of free radicals with a characteristic
energy of activation ~ 8 kcal mol~! and a pre-exponential
coefficient of ~ 10~!! ¢cm3 (mol s)~!, requires that the region
heated to 400 K should exist for at least 2 x 107 s. This
implies that for such reactions, the thermochemical action of
v-radiation and fast electrons is too weak. The review [140]
states, however, that for certain reactions the temperature
jump in the spur may reverse the direction of the primary
reaction processes. For example, using the normal specific
radical reaction rate of ~ 5 x 10° dm? (mols)~! at 300 K, then
with the energy of activation ~ 6 kcal mol~!, it is sufficient for
certain reactions (for example, for the reaction of a solvated
electron with an acceptor) that the heated region persists for
~ 107105,

In the case of multiply charged ions, the density of energy
absorbed near the track (in a cylinder of radius 4—6 nm) is
high. If this energy were adiabatically transformed into heat,
the heat in this region could be considerable (above 10* K).
Based on this assumption, Goldanskii and Kagan [141]
considered the general characteristics of the thermochemical
effect of ionizing radiation. In some papers [10, 132, 142], the
model of the thermal spike was used for explaining the
increased yield of the low-molecular products of radiolysis
by the fission fragment. The yields of low-molecular products
in radiolysis of methanol were estimated in Ref. [142].
Calculations indicate, however, that for this medium the
thermochemical effect is low, even notwithstanding the lag
of energy transfer from the electron subsystem to other
degrees of freedom (see Section 7). This weak effect of the
thermal spike on chemical transformations is due to the
smallness of the heated region and the short lifetime of the
thermal spike.

To evaluate the heating of the medium within the thermal
spike, the authors of Ref. [143] conducted the following
experiment. Gaseous propane and a mixture of methane
with ammonia (6%) and propane (4%) of varying densities
were exposed to irradiation by fission fragments. The yields of
isopropyl radicals and normal propyl radicals were measured.
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The heat of formation of isopropyl radicals and normal
propyl radicals differ by 3.6 kcal mol~!. Accordingly, the
change in the relative yields of these radicals, produced in
radiolysis by fission fragments, as compared to the ratio of the
same radicals produced in y-radiolysis, could be used for
assessing the heat in the track. The results of this experiment
also indicate that the heating effect is much smaller than
predicted by the model of the thermal spike.

8.4 Hydrodynamic action of radiation

Hydrodynamic effects of radiation in stable liquids are
associated with the excitation of hydrodynamic radiation
from the tracks of charges particles. The theory of this
radiation was proposed in Ref. [144]. It derives from the
assumption that the jerky movements of ionic complexes, the
microexplosive creation of nucleation cavities by local
heating near the tracks of the particles, are accompanied by
intensive, local, pulsed emission of ultrasonic and hypersonic
waves, which at the initial stage have the nature of quasi-
microspheric shock waves. This phenomenon is characterized
by the fact that the zone of the strong radiation field is much
larger than the region of primary ionization. If such radiation
actually exists, it must have a strong destructive action on the
substance. The effect ought to be similar to the effect of shock
waves or to exposure to powerful ultrasound.

Today there is no doubt that fast charged particles excite
acoustic waves in the medium. A new science of radiation
acoustics emerged from the combined studies in acoustics and
radiation physics. Many papers treat various mechanisms of
sound generation by penetrating radiation (see Refs [145—
147]). They are usually associated with the different physical
possibilities of transforming the energy of penetrating
radiation into acoustic energy [146]. Many of the proposed
mechanisms make just a small contribution to the total sonic
field created by radiation. According to the thermoradiative
(thermoelastic) mechanism, the sound is generated by thermal
expansion of the region of the medium that has absorbed the
energy of the charged particle. This corresponds to the
moderate densities of the absorbed energy when there are no
phase transitions.

The emergence of a shock wave in the track of a single
particle has not been finally established, although there have
been some quantitative estimates of the parameters of such
a wave. In Ref. [148] the generation of shock waves was
defined as the consequence of the explosive expansion of
microscopic volumes of liquid (thermal spikes) overheated
with d-electrons. The calculation indicates that a d-electron
with an energy of 1.23 keV can create a microscopic
spherically shaped region of radius 0.664 nm, the pressure
in which is as high as 8.21 x 103 atm. This forms the basis
for the conclusion regarding the destructive action of the
‘hydrodynamic radiation” on living tissues and structural
materials.

In Ref. [121] the model of an infinitely long ‘filament’
source with a given energy release per unit length of the
filament was used for calculating the parameters of the shock
wave generated in water by a fission fragment under the
following assumptions. The energy of the fragment is
instantaneously converted into heat in the cylindrical region
of the track with radius ry ~ 6 nm. Adiabatic heating in this
cylinder creates a pressure P ~ 60 kbar. The time evolution of
the shock wave, whose front was concentric with the
cylindrical surface of the source, was described using the
equations of the macroscopic theory of explosions in water.

The velocity of propagation of the shock wave front (in
cm s7!) varies as D=~034/y/f and its radius as
r(t) = ro(1 + 1/19)"?, where fo ~ 1012 s. Based on these
pressure estimates, the effect of the shock wave on chemical
transformations in the track is evaluated. The shock compres-
sion of matter increases the concentration of electrons, ions
and radicals, which stimulates various chemical processes.

The instantaneous increase in pressure in the track has not
been convincingly substantiated. After the ionization of the
molecules, the short-range forces of intermolecular interac-
tion are replaced with the long-range shielded Coulombian
interaction. The transition to the new (plasma) state may be
accompanied not by an increase in pressure, but — at certain
degrees of ionization — by a pressure drop owing to the
change in the potential energy of interaction. The rise in
pressure and heating of the medium are only possible as a
result of the subsequent conversion of the energy of electron
excitation (monodecay, dissociative recombination), and not
the other way round as stated in Ref. [121]. As demonstrated
earlier, the rates of individual processes of energy transfer
from the electron subsystem are comparable to the rate of the
hydrodynamic mechanism of energy transfer, and in some
processes they are even lower (for example, 7, ~ 7,, and
Ten < Tg). Therefore, the estimates obtained in Ref. [121]
ought to be regarded as exaggerated. Even these vales,
however, imply that at ~ 5 x 10712 s, the velocity of the
front of the shock wave will slow down to the velocity of sonic
waves in water s=1.5x10° cm s~!, having traveled
r = 14.7 nm. Thus, the shock wave rather soon becomes a
sonic wave. It ought to be expected, therefore, that the effects
of the hydrodynamic mechanism of energy transfer will take
the form of an impact of an acoustic wave mainly at a rather
large distance from the track.

The author pointed out this circumstance as early as 1980
(see Ref. [98]). However, recently published papers [149, 150]
again assume the generation of shock waves in the tracks, and
the parameters of the shock wave are calculated from the
macroscopic theory of underwater explosions [151]. The
calculation of the parameters of the shock wave in Ref. [149]
is practically identical to the approach used earlier in
Ref. [121]. Accordingly, all our comments on the results of
Ref. [121] completely apply also to Ref. [150].

The authors of Ref. [149] postulate the generation of a
shock wave in a spur by a single water molecule occurring in
the high-energy vibration-excited state. Such molecules result
from the geminate (pairwise) recombination of electron—ion
pairs in the spurs (see Refs [50, 51]). In Ref. [149] it is assumed
that during the time ~ 1072 s the energy of vibrational
excitation of one molecule is transmitted to its nearest
environment, and a spherical thermal spike of radius
~ 0.75 nm is formed. Trivial estimates demonstrate that the
assumptions made in Ref. [149] are not strictly reasonable.

The concentration of molecules in water under normal
conditions is n = 3.345 x 10*> cm 3. The volume per mole-
cule, and the radius of the sphere of this volume are,
respectively, v=1/n=3x 1073 cm?® =3 x 107> nm?® and
r= (31;/475)1/3 = 0,192 nm. Accordingly, the mean distance
between the molecules is d = 2r = 0.384 nm, and the spherical
volume occupied by the initial molecule and its nearest
environment (in one layer) is V = 4n(3r)*/3 = 27v. The
adiabatic heating of this volume of radius ~ 0.576 nm by the
energy of the vibration-excited molecule of 6.26 eV will raise
the temperature by AT ~ 295 K, which is not much even
under such assumptions.
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The formation of an equilibrium ensemble of 27
molecules takes ~ 4 x 10712 s (given that the time of one
collision is ~ 1.5 x 10713 s, as assumed in Ref. [149]).
Therefore, the time of vibration-translational relaxation is
greater than accepted in Ref. [149]. The characteristic time of
propagation of hydrodynamic disturbance from this volume,
calculated using the method of authors of Ref. [149], is
T, & 6r/ap = 0.79 x 1072 s. According to these estimates,
the rate of the hydrodynamic mechanism of energy transfer
is higher than the rate of vibration-translational relaxation.
Because of this, a sharp increase in the pressure, and hence
the formation of a shock wave, is hardly possible. The
formation of a shock wave is more likely to occur through
the mechanism of splitting the vibration-excited molecule
into two fragments, because in this case the kinetic energy of
the fragments will be distributed over the ensemble of
molecules sooner than through the mechanism proposed in
Ref. [149].

Experimental study of the acoustic waves in the frequency
range 0.2 to 1.0 MHz in liquids (acetone, ethyl alcohol,
glycerin, carbon tetrachloride) generated by the solitary
heavy nuclei (fission fragments) was the subject of Refs [152,
153]. Only in carbon tetrachloride, with the minimal distance
of ~ 1 mm between the source and the hydrophone, observed
in the amplitude spectrum of noise of the acoustic channel,
were significant changes attributable to the change in the
intensity of the source of fission fragments. According to
Ref. [152], this effect, even though it was only discovered in
one liquid, may serve as an indirect indication of the
generation of hypersonic pressure waves, postulated in
Ref. [121]. This observation, however, does not yet prove
that the shock wave is the primary source of this wave. Shock
waves have certain important distinctions from sonic waves
[117]. The velocity of a shock wave is always higher than the
speed of sound in the unperturbed medium, and depends on
the intensity of the shock wave. Shock waves are accompa-
nied by a motion of the medium in the direction of travel of
the front. The parameters of state and motion of the medium
change abruptly in the front of the shock wave. A shock wave
is not periodical, and propagates as a solitary compression
shock.

8.5 Problem of equivalence of radiation impact

of different types of ionizing radiation

The problem of equivalence arises in at least two situations.
One is the use of known data on radiation effects of some type
of'ionizing radiation for predicting radiation effects caused by
a different type of radiation. This problem is closely related to
the applicability of dosimetric systems (especially liquid
chemical dosimeters). The other relates to the possibility of
simulating one source of radiation (which may be difficult to
control, like cosmic rays) with a different source.

As a rule, the radiation effect from the majority of
radiations is a superposition of the effects caused directly by
the primary radiation, and the effects of the secondary (and
maybe tertiary) radiation, in which part of the energy of the
primary radiation is transformed. Because of this, if the
secondary radiation is definitive for some radiation effect, it
may be regarded as the primary source. As follows from our
knowledge of the tracks of charged particles, this assumption
is correct as long as the spatial distribution of track entities in
the exposed volume is close to the distribution resulting from
the primary radiation. In accordance with this basic principle,
exposure to X-rays and gamma radiation may be replaced

with irradiation with fast electrons with the appropriate
energy spectrum, while exposure neutrons may be equivalent
to exposure to the ions of the elements that comprise the
medium.

The use of fast electrons for simulating the radiation
effects of heavy ions is only possible in principle for high-
velocity ions. When the velocity is high (recall the condi-
tions of formation of continuous extensive tracks), the ion
generates non-overlapping track entities similar to those
created by fast electrons. Simulation of continuous tracks of
heavy ions runs into difficulties. It might seem that the
availability of high-current electron accelerators has made it
possible to create in the medium such concentrations of
active particles that are close to those realized in the tracks
of heavy ions (see Ref. [154]). Such simulation, however,
does not reproduce the spatial distributions of active
particles. Electrons from high-current accelerators realize
the high concentrations of active particles in macroscopic
volumes. The large size of the region with a high concentra-
tion of charged particles is not good for energy transfer.
Because of this, the temperature in the exposed volume will
rise higher than in the individual track. With the high
concentrations of charged particles in macroscopic regions
we encounter new effects due to the collective properties of
the dense electron—ion system [155].

For a long time, LET was used for characterizing the
quality of ionizing radiation. However, the analysis of the
track structure on the radiation-chemical processes brings us
to an important conclusion: there is no direct correlation
between the value of LET and the local and mean concentra-
tions of active particles in tracks. For this reason, LET cannot
serve as the universal characteristic of quality of radiation,
notwithstanding the particular types of particles.

Attempts have been made to find some other character-
istic of quality of radiation to replace LET — for example, the
ratio Z2/v? [156, 157]. However, a comprehensive descrip-
tion could not be achieved in terms of Z2/v? [158], which is
quite understandable. The ratio Z?/v? is a certain approx-
imation of LET, and therefore all our criticism of LET as a
universal characteristic of the quality of radiation entirely
applies to this parameter.

With reference to ions, the authors of Refs [89, 136]
investigated the possibility of using the mean specific energy
absorption D, in the core of the track as the measure of
equivalence. This selection was based on the following
considerations. Firstly, D. reflects the three-dimensional
nature of energy absorption in the microscopic volume of
the exposed medium, and it is the microscopic volume that
hosts the majority of all primary transformations. Secondly,
out of all quantities that characterize the structure of the
track, it is D that exhibits the strongest dependence on the
type of primary ion. Finally, unlike LET, the curves of D,
versus the velocity and the residual path do not show any
extremes.

It was found that neither in the representation of G(H;) as
a function of D, in Ref. [136], nor in the representation of
G(Fe*") as a function of D, in Ref. [89], was it possible to
eliminate the dependence of the effect on the type of ion. The
differences in yields for different types of ions are inevitable
and are related to the fact that they have the same value of D,
while the size of the core is different. Because of this, the
competing action of the diffusion processes on the physico-
chemical and chemical transformations of the reactants is
different, which tells on the magnitude of the effect.
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It appears that the attempts to introduce a universal
characteristic of the radiation-chemical impact of radiation
are futile. The nature of radiation transformations depends
on the spatial distribution of the active particles in the track.
The shape of the latter for a large part of the track of the
particle depends on all three parameters of the particle
(charge Z, velocity v, and mass m). Useful for the compara-
tive analysis of the effects of different radiations, however, are
the characteristics averaged over the volume of the track, like
the mean energy density, the mean concentration of active
particles, etc. Despite the difference in the effects for different
ions with the same D., this characteristic can be used as the
approximate parameter of equivalence. As demonstrated in
Ref. [89], the functions G(Fe'") versus D. are free from
ambiguities for yields of the same ion, while similar functions
G(Fe*™) versus LET have a range of values of LET that
correspond to two values of G(Fe*"). This ambiguity is
related to the presence of a maximum (Bragg’s peak) on the
LET curves.

To end this section, let us pay attention to the fact that
this discussion has straightforward implications for liquid
dosimeters of ionizing radiation. Since the radiation effect
in such systems generally depends on the structure of the
track of charged particles, the dependence of readings of
liquid dosimeters only makes sense for one type of
radiation, and only either to the left or to the right of
Bragg’s peak. A dosimeter calibrated for one type of
radiation can only be used for measuring the absorbed
dose of a different radiation if it has been corrected for the
specific track effects. Because of this, the recommendation
given in the monograph [84] on the use of curves of G(Fe*")
versus LET, obtained in Ref. [159], for measuring exposure
to heavy ions, is not correct.

9. Models of formation of latent tracks

9.1 Model of an electronic thermal spike

Using the concept of point-heat introduced in Ref. [137], Seitz
[160] developed the theory of thermal spikes of two kinds
(corresponding to spherical and cylindrical symmetry) in
solids. Spikes of the first kind result from elastic collisions.
The knocked-out atom, having slowed down to an energy
which is not sufficient for displacing atoms from lattice
points, shares its remaining energy with the nearest neighbor-
ing atoms. As a result, the temperature of the lattice increases.
Experimental studies reveal, however, that latent tracks do
not form in dielectrics when the energy of the ions facilitates
the predominance of elastic scattering of ions by the atoms of
the medium.

According to Seitz’s classification, the formation of a
thermal spike of cylindrical symmetry is due to the processes
of energy absorption by the electron subsystem. Today such
spikes are referred to as electronic thermal spikes [161, 162].
The simplest model of the electronic thermal spike assumes
that the energy localized initially in the electron subsystem is
instantaneously transmitted to the lattice. Calculations of the
temperature field in the track (as a rule, in metals and metallic
films) in some papers have been made, accounting for
different relaxation times [163, 164].

The concept of the electronic thermal spike was used for
explaining the formation of latent tracks by fission fragments
in dielectrics (see Refs [4—6]) in thin films of siliconand
germanium, magnesium oxide of varying thickness [165],

and metallic films comprised of numerous mosaic blocks [7,
166]. The main conclusion of these studies can be formulated
as follows. The thermal mechanism for generating defects in
the latent track operates when the removal of energy of
electron excitation from the track is impeded. In such a case
the lattice can be heated above the melting point. The heating
creates a region of recrystallization around the path of the
ion. This explains the formation of tracks even in metallic thin
films and mosaic blocks [7, 164, 165].

In the opposite case, owing to the high electron con-
ductivity in metallic samples with a highly ordered structure,
or owing to the high lattice conductivity in crystals with rigid
bonds (diamond, silicon), the lattice is heated only slightly.
There are no structural changes in the lattice, and no tracks
from fission fragments.

In materials with poor thermal conductivity, the contribu-
tion of the thermal mechanism to the generation of defects
becomes important, and in some cases definitive (in a solid
atomic dielectric in the absence of direct radiation-induced
transformations). The situation with polymers is different.
We know that chemical reactivity increases in polymers after
exposure to fast electrons or y-radiation. It was demonstrated
that the formation of tracks correlates with the number of
broken molecular chains. It is quite possible that the defects
are mainly produced as a result of radiation-induced
transformations, and the thermal mechanism accompanies
the radiation mechanism. A thermal wedge may extend the
zone of distribution of defects. The thermal wedge may also
be primarily responsible for the excitation of acoustic waves,
which may generate additional defects at a considerable
distance from the path of the ion.

9.2 Model of an ion explosion wedge

The mechanism of an ion explosion wedge was proposed in
Ref. [167], based on the following idea. The charged particle
creates along its path a narrow region of positively charged
ions in high concentration. Mutual repulsion of these ions
may displace them from the interstices, which gives rise to
vacancies. Subsequent elastic relaxation reduces local stresses
and extends the region of deformation. The resulting
deformations of the lattice can be observed with the
transmission electron microscope.

The model of the ion explosion wedge is semi-quantita-
tive. It has been used for deriving a number of quantitative
criteria of formation of a latent track. The most important
criterion derives from the assumption that the formation of
the track requires that the forces of electrostatic repulsion
between the ions should exceed the mechanical strength of the
medium. Based on such parameters as the lattice constant,
dielectric permitivity and Young’s modulus, the ‘coefficient
of stress’ of matter — the measure of relative sensitivity of
various track-forming media — was defined. According to
this theory, tracks are especially easily formed in those
materials for which the above three parameters are low.

Another criterion, known as the continuity criterion,
derives from the assumption that at least one ion has to be
formed in each atomic plane. This requirement is more
stringent than the condition of formation of a extended
track (see above). Moreover, for the region of positive ions
to exist for more than 10~13 s, the density of electrons must be
low. Obviously, it is only dielectrics that satisfy this condition.
Finally, to facilitate the process of deformation of the lattice,
the mobility of vacancies must not be high. Otherwise the ions
may be neutralized sooner than they are pushed apart by the
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electrostatic forces. This implies that tracks will not form in
good semiconductors.

The model of an ion explosion wedge gives an adequate
description of the sensitivity of media used for registration of
tracks, and explains the absence of tracks in metals and good
semiconductors. This circumstance has led many researchers
to the conclusion that this model is fairly adequate for
crystalline solids [4]. Detailed analysis of the formation of
tracks of multiply charged ions reveals, however, that the idea
of separation of charges, on which the model is based, is not
correct. As demonstrated earlier, the central region of the
primary track is a quasineutral plasma filament [98, 99]. The
separation of charges in a plasma does not exceed the Debye
radius. If neutrality is violated, it will be restored within less
than 10~ s [99]. Quasineutrality can only be violated at the
boundaries of the exposed medium (at the points of entry and
exit of the ion). Because of this, the model of an ion explosion
wedge has the right to exist for explaining sputtering of matter
from surfaces exposed to ions [17, 168].

9.3 Models of shock waves and acoustic waves

Generation of a shock wave in the track of a heavy ion is
represented in different ways. The most common theory views
the formation of the shock wave as a result of a thermal
electron spike — in accordance with the ideas of Ref. [121].
The instantaneous heating of matter in the limited volume of
the track generates a pressure jump that sets the particles of
the medium in motion. If the velocity of this movement is
faster than the speed of sound, a shock wave is created in the
medium. It is this mechanism of the shock wave that has been
used for explaining the hollow channels in the surface tracks
produced by heavy ions in single crystals of gypsum, in LiF, in
carbon and in glass [169—173].

An important drawback of this model consists of the use
of the classical theory of heat conductivity. This theory is
based on the Fourier law for heat flux that holds as long as the
scale of space-time inhomogeneities exceeds the free path
length and the time between collisions. Formal application of
these concepts to the fast processes in the track is not quite
correct. A more consistent description of the nonequilibrium
processes must be based on the relaxation equations, or at
least on the Fourier law modified to take into account the
relaxation of thermal flux (see Ref. [164]).

Some authors (see Ref. [162]) consider the generation of a
shock wave as a consequence of electrostatic repulsion of ions
produced in the core of the track. Since the plasma in the track
is quasi-neutral, this mechanism of formation of shock waves
is not likely to operate in the bulk tracks. Finally, in Ref. [174]
the effect of heavy ions on metal was viewed as the
‘instantaneous impact’ of electron pressure. According to
the author, in metals with a sufficiently low coefficient of
temperature conductivity, the stress near the ion path may
reach the yield point, which may cause local changes in the
crystal lattice.

Such diversity of the processes of conversion and transfer
of energy of electron excitation implies that there are many
mechanisms that contribute to the formation of defects in the
latent track. The relative role of a particular mechanism in the
generation of defects depends on the structure of the medium
and the spatial arrangement of these defects. The establish-
ment of the mechanism responsible for the generation of
defects in a latent track calls for a careful analysis of the
processes that take place in the track at the physico-chemical
stage.

10. Conclusions

This review is concerned primarily with the formation stage of
the primary track. The processes that take place at the stage of
radiation disturbances receive more attention, and theoretical
interpretations of this stage have been more successful. This is
due to the fact that for some problems, it suffices to
understand the process of energy release near the path of the
ion in order to explain the radiation effect and to predict the
behavior of the effect when one source of radiation is replaced
by another. The use of such considerations in applying
radiation chemistry is demonstrated in Section 8. Problems
of this kind include, for example, the interpretation or
prediction of the shape of hollow channels produced after
chemical etching of solid dielectrics exposed to heavy ions.

It is an experimental fact that the rate of etching along a
track is only determined by that part of the energy loss of the
ion which is localized along the axis of the track in the
cylindrical region of radius 4 to 6 nm. Concentrated in this
region are most of the disturbances of the medium created by
the ion. From these considerations, the value of D(r < 4) (see
Ref. [87]) is a good characterization of the measure of the
magnitude of disturbances in the central portion of the track,
and can serve as the argument of the function that describes
the rate of etching along the track.

The results concerning the structure of the primary track
throw new light on the operation of the Wilson chamber [175]
and bubble chambers [176] used for the registration of tracks
of ions. The high degree of ionization in the Wilson chamber
may by itself be the cause of condensation even in a non-
supersaturated vapor. The lifetime of the track in the
condensed form may be increased by using simple mono-
atomic media in the Wilson chamber. In such media there are
no fast channels of energy transfer from the electron
subsystem to the heavy components.

The situation with the bubble chambers is different. At the
early stage, the bubble chamber, like the Wilson chamber,
operates according to the ion mechanism. As energy is
removed from the electron subsystem, the ion mechanism is
replaced with a thermal mechanism, which leads to the
formation of gas bubbles. In the case of the bubble chamber,
the ion mechanism increases the lag of the instrument before
registration. To reduce this lag, it is necessary to speed up the
processes of energy removal from the electron subsystem.
This means that the best media are polyatomic substances
with poor thermal conductivity.

Finally, let us once again emphasize that the interpreta-
tion of a particular radiation effect requires careful analysis of
the distribution of energy transferred to the medium. As
demonstrated above, it is often not enough to know the value
of LET or the ionization losses. Such a correlation is the
exception rather than the rule. This conclusion is brilliantly
supported by the results obtained at the Physical Institute of
the Academy of Sciences in the 1960s and 70s concerning
ionization effects in the detectors of relativistic charged
particles (see the review [177]). The main conclusion of these
studies is that the ionization effect produced by charged
relativistic particles is not always correlated with the ioniza-
tion energy losses, but is determined by the spectrum
(differential cross section) of inelastic losses in the medium
of the detector. The introduction of the detector response
function R(w), which also depends on energy w, transmitted
by the particle in the single act of inelastic collision in the
detector medium, was also very important. The response
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function characterizes the efficiency of use of this energy for  30.
the formation of a fragment of the track. Such an approach 31
allows for describing the measured relativistic growth of the ___~~
. . doi> KX
density of tracks of proportional detectors, as well as other —t
ionization effects, in the Wilson chamber. 35,
This study was sponsored by the Russian Foundation for mms3e.
Basic Research and the Government of the Kaluga Region  37.
(Grant 01-02-96-013).
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