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I. INTRODUCTION

When charged particles pass through a substance, their
interaction with the atoms and molecules of the medium resuilts
in energy transfer to the medium. This energy is consumed
mainly in the excitation and ionisation of the medium. The
energy of slow, heavy particles is converted into the kinetic
energy of the movement of the atoms of the medium. In
solids, when the transmitted kinetic energy is sufficiently
large, atoms can be dislodged from their equilibrium positions.
As a result, regions with a damaged structure are formed in
the irradiated medium in which molecular excited states, posi-
tive and negative ions, and secondary electrons dislodged
from atoms and ions are localised. All these defects are con-
centrated along the trajectory of the primary particle and
form a track in the given substance. Since the effect of

hard electromagnetic radiation on matter involves the dis-
lodgement of fast Compton electrons and photoelectrons, the
tracks of X-rays and y-rays reduce to the tracks of fast
electrons distributed throughout the specimen.

The tracks of a-particles and the electrons dislodged by
X-rays were first observed visually in the Wilson cloud
chamber. Subsequently bubble and spark chambers were
developed. Detectors based on the determination of the
change in the structure of the specimen by treating the
latter with appropriate chemical reagents have come to be
widely used for the detection of tracks. They include
primarily photoemulsions and also different types of solid
detectors. !

Experimental observations of tracks yield in the first
place information about the charged particle itself (mass
and charge) and play an important role in the identification
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of unknown elementary particles. As regards the charac-
teristics of the track of the particle, they make it possible
to measure only the jonisation density in gases along the
track and to find specific energy losses. However, such
information is quite inadequate to explain the changes which
occur in the molecular medium on passage of ionising radia-
tion. The microstructure of the short-lived regions of
primary excitations and ionisations along the particle track
is of decisive importance for the final chemical reactions. In
order to achieve agreement between the theoretical model of
the radiolysis of water and experimental data, it was neces-
sary to take into account the non-uniform distribution of
the active intermediate species in the electron tracks.?®

The spectrum of the states arising on exposure of the
medium to ionising radiation is much more complex than in
the case where the medium is irradiated with light. The
former includes states in the region of the continuous spec-
trum corresponding to the ionisation of electrons from the
inner shells of the molecules with subsequent cascade of
ionisations owing to the "shake-up" and Auger effects, the
collective states of the plasmon type, and the so-called
"superexcited" states." All these states are short-lived,
decomposing after 107*~1071? s into active intermediates
which initiate the chain of radiation-chemical reactions.

Since the instantaneous picture of the primary distribution
of excitations on ionisation cannot be measured directly, it is
investigated by numerical experiment on a computer. The
passage of ionising radiation through matter is modelled
with the aid of the statistical test method (the Monte Carlo
method). In order to model the passage of radiation, it is
necessary to know the excitation and ionisation cross-sections
of the molecules.

Computer modelling makes it possible to find the spatial
and energy distribution of the dislodged electrons and the
densities of the ions and excited states generated at differ-
ent distances from the axis of the particle track. The
spatial-energy structure of the tract is a characteristic of
the radiation which contains much more information than the
usually employed characteristic—the linear energy loss
(LEL). Knowing the structure of the track, it is possible to
identify the characteristics of the primary radiation-chemical
reactions in the tracks of particles of different kinds.® The
evolution of ideas about the role of tracks in radiation chem-
istry can be traced in the relevant reviews. &7

In the present review we have endeavoured to deal with
the entire set of questions associated with the primary stage
of radiolysis and its influence on the subsequent chemical
reactions. The consecutive pattern of the physicochemical
processes arising in the medium on irradiation is examined:
from the initial physical stage of the radiolysis, in the dis-
cussion of which much attention has been devoted to the
specific features of the condensed phase which are not
usually taken into account, to the subsequent physicochem-
ical stage. Much space has been devoted to the discussion
of the relation between the structure of the track and the
character of the radiation-chemical reactions occurring in it.

[1. INTERACTIONS OF CHARGED PARTICLES WITH ATOMS
AND MOLECULES

Since numerous books and reviews (see, for example, Refs.
8—13) have been devoted to the interactions of charged par-
ticles with an atomic-molecular medium, we shall confine our-
selves in the present review to a brief discussion of the
question and shall quote a series of formulae used in calcula-
tions of the degradation of the energy of the charged par-
ticles in the medium.
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Fairly simple analytical expressions for the inelastic
scattering cross-sections are valid in the case of fast par-
ticles, whose velocity is high compared with the velocities of
atomic electrons [the energy of the particle E » (M/m)E2,
where M is the mass of the particle, m the mass of the elec-
tron, and E% the binding energy of the electron in the atom].
For a sufficiently high transmitted energy € » In (where In
is the potential of ionisation from the nth electron shell),
the dislodged electron can be regarded as free and the
scattering cross-section is defined by the familiar Rutherford
formula

do= (2nZ%*/mve?)de, (1)

where Z and v are the charge and velocity of the arriving
particle. Such collisions have come to be referred to as
short-range or knockout collisions. For energy transfers
leading to the excitation of an atom or molecule to the nth
quantum state from the initial zero-point state with a transi-
tion energy hw, (such collisions are referred to as long-
range or glancing collisions), the cross-section is estimated
from the Bethe formula®

dow, (9) = (4nZ%e*fo, (Q)/mu*ho,,g) dg (2)

where hq is the absolute magnitude of the transmitted
momentum and fyn(q) the generalised oscillator strength
introduced by Bethe.® The generalised oscillator strengths
as well as semiempirical formulae for the ionisation cross-
sections and total non-elastic scattering cross-sections may
be found in a series of publications. '™’

For polyatomic molecules, the ionisation cross-section can
be represented by an additive quantity. For the H,0 mole-
cule, the experimental ionisation cross-sections in the elec-
tron energy range from 0.1 to 29 keV have been expressed’?
in the form 6{(H,0) = 0j(H;) + ;0i(0;). The differences
between such additive cross-sections and the experimental
cross-sections are insignificant over the entire calculated
range. It has been shown!? that the ionisation cross-section
of a molecule can be quite accurately represented by the sum
of the ionisation cross-sections of the chemical bonds. Having
analysed the experimental data for the ionisation cross-sec-
tions of 40 hydrocarbon molecules of different kinds, Grosse
and Bothe'® calculated the effective ionisation cross-sections
of the C—H, m(C-C), o(C—-C), C-0O, and other bonds. The
values obtained make it possible to represent approximately
the ionisation cross-section of an arbitrary molecule with the
given chemical bonds to within 2%. Such additivity had been
observed earlier in another study.?’

In the investigation of the effect of charged particles on
matter, it becomes necessary not only to estimate the cross-
sections but also to find the probabilities of the excitation or
ionisation of a species as a function of its distance from the
axis of the track (the impact parameter) p. For this purpose,
one uses a quasi-classical approach, according to which it is
assumed that the charged particle moves along a definite
trajectory, is structureless, and can be regarded as merely
the source of a variable electromagnetic field. This approach
is most legitimate for heavy charged particles.

The trajectory of a heavy charged particle in a substance
is to a large extent linear, since, with the exception of the
knock out collisions, the interaction with the atoms of the
medium hardly causes a curvature in its path. For long-
range collisions, one can find in this instance the dependence
of the probability of the excitation of the nth quantum state
of the atom (molecule) on the impact parameter p. The
expansion of the Coulombic interaction operator into a muiti-
polar series and the restriction of the latter to the dipolar
term lead to the following expression for the probability of
the transition of the system to the nth quantum state in terms
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of the first-order perturbation theory: 2
2

Won (p) = (Z%c*/2?) exp (fo.f) df |, (3)

? Lol + 5,
T+ pr

where

N N
xan=2 (‘l‘nlxl“po); !/un=2(‘l3nl!/l“¥'g>’ (€)]

=1 =1

Y, and y, are the wave functions of the N-electron system,
and the x axis is directed along the trajectory of the incom-
ing particle. The integrand decreases in inverse proportion
to the cube of the distance from the axis of the tract and
the interaction is therefore significant only in the region of
distances of closest approach.

It can be shown that the effective collision is T = 2p/v.
The collision is regarded as adiabatic if the collision time is
much greater than the period of the quantum transition
2m/won, i.e. the inequality

Wonp/nv>> 1 (5)

holds. In this case the integrand in Eqn.(3) oscillates
repeatedly during the period of the collision and the integral
is close to zero. Consequently atoms are not excited in an
adiabatic collision.

The condition specified by inequality (5) is too strong: the
"much greater than" sign should be replaced by the "greater
than" sign, i.e. for excitation it is sufficient that the effec-
tive collision time should be less than the quantum transition
time. To demonstrate this rigorously, it is necessary to
calculate integral (3). After representing the exponential
function in the integrand by a cosine and a sine using Euler's
formula and integrating by parts, we obtain

42%40?

W (p) = —h,l—f- [ %on 1 K5 (1) 4 | 9on K3 ()] (6)

where n = won p/v and Ky(n) and K;(n) are modified Bessel
functions (Macdonald functions??). For n = m, the functions
K%(n) and Ki(n) are almost zero (see the graph on p.196 of
Ref.22). After setting n = m, we find the effective size of
the region of direct excitations:

besr =n0/wgn- (D

Thus the excitation has an appreciable probability for
P S beff-

According to Eqn.(2), the excitation cross-section is pro-
portional to the oscillator strength of the quantum transition.
The latter is non-zero only for transitions without a change
in the total electron spin. Since the ground state of the
molecules is of the singlet type [only the O, (S = 1) and NO
(S = 1/2) molecules are exceptions], a fast charged particle
excites only singlet states on interaction with a molecule. As
in irradiation by light, the triplet states are then populated
via radiationless intersystem crossing transitions § - T.2%?%*
Further, we may note that in the calculations of the cross-
sections described above no account was taken of the terms
due to electron exchange. When these terms are taken into
account, the probability of the excitation of triplet states is
not zero. The excitation cross-section for a triplet state has
been shown?® to be proportional to E™%, i.e. it decreases very
rapidly with increase of the electron energy (while the exci-
tation cross-section for singlet states is proportional to
E'InE). The excitation of triplet states is therefore effec-
tive only for low electron energies. Ochkur's formula?® has
been modified by Rudge?® and calculations of the excitation
of triplet states by the Ochkur—Rudge formula can be found
in two communications. 27*%®
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Molecules in triplet states exhibit an enhanced reactivity
and are longer-lived and it is therefore important to estimate
the relative probability of triplet excitations. One of the
authors of this review showed?® that, when a substance is
irradiated by a stream of charged particles, at least two
additional mechanisms for the population of triplet states
appear compared with irradiation by light. In the first place,
there is the generation of triplet states on recombination of
a positive ion with a thermalised electron. As a consequence
of the high statistical weight of the triplet state, the prob-
ability of the formation of a molecule in this state is three
times greater than in the singlet state.?® The second possi-
bility arises because slow electrons with E < 100 eV, which
effectively excite triplet states, predominate in the spectrum
of secondary electrons. In this respect the most favourable
conditions are created on irradiation with heavy ions, since,
having as a rule low velocities, the latter generate low-energy
secondary electrons. As a result, the role of triplet states
in radiation-chemical processes should be much greater than
in photochemistry.?® Experimental evidence for this, based
on the measurement of the relative phosphorescence and
fluorescence yields, has been published. !

Any electron whose energy is less than the lowest electronic
excitation level of the medium is referred to as a "subexcita-
tion electron". It is not able to transfer its energy for the
excitation of electrons, but its energy is sufficient to excite
molecular vibrations and rotations. Furthermore, subexcita-
tion electrons can lose energy in elastic collisions and also
in processes involving their capture by a molecule or a posi-
tive ion. The behaviour of subexcitation electrons therefore
depends on the process which predominates in the given
medium (see Section VI below).

Hi. THE NATURE OF THE HIGHLY EXCITED MOLECULAR
STATES ARISING ON EXPOSURE TO IONISING RADIATION

In contrast to photochemistry, in radiation chemistry the
energy of the radiation is so high that the transfer to
molecules of energy greatly exceeding their ionisation poten-
tial becomes possible. This results in the formation of both
discrete high-energy states in the autoionisation region of
the spectrum (the so-called "superexcited" states—see
below) and states in the region of continuous spectrum
which arise owing to the ionisation of electrons in the inner
shells of the molecule and are accompanied by the appearance
of the corresponding vacancies ("holes"). An ion with a
vacancy in an inner shell must be regarded as in a highly
excited state with energy equal to the reorganisation energy
of the electron shell of the molecule on formation of the
vacancy. This energy can be either transmitted to one or
several electrons of the molecule with a subsequent ionisation
or transfer to unoccupied orbitals (the Auger effect* 3—see
Fig.1) or can be radiated in the form of an X-ray quantum.

Repeated ionisation is characteristic of molecules consisting
of light atoms on dislodgement of an electron from an inner
shell, whereas fluorescence begins to be manifested appreci-
ably only for elements with an atomic number Zg > 30. The
ratio of the probabilities of the Auger effect and X-ray fluo-
rescence is Wq/Wp = 10%/Z§.3% Table 1 lists the probabilities
Wq and Wr, the width of the levels AE, and the yields of the
fluorescence associated with the K—LL transition for a series
of atoms. For light elements (and also for their chemical com-
pounds), the probability of emission is very low, while for
heavy elements the opposite behaviour is observed. Thus
the K-fluorescence yield is 0.96 for thallium (Z, = 81).*?
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Although processes involving the dislodgement of an elec-
tron from inner shells take place much more rarely than those
where an electron is dislodged from outer shells (the degrada-
tion spectrum is displaced towards low-energy electrons),
their role is very important owing to the high probability of
the subsequent repeated ionisation. The yield of ionisation
from the K shells of light elements has been estimated ®® as
gk = 1072 per 100 eV of the absorbed energy, i.e. the
absorption by the medium of an electron having an energy of
1 MeV results in the formation of approximately 10 ions with
a hole in the K shell. For comparison, we may point out that
the average number of ions formed under these conditions is
approximately 3 x 10*, since approximately 30 eV is con-
sumed in the formation of a pair of ions. However, the
abstraction of a K electron causes a cascade of subsequent
ionisations.
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The possible forms of the evolution of the state
with a vacancy in the K shell: a) KLL-Auger effect;
b) double KLIM—Auger effect; c¢) emission of the Ky X-ray
line. In processes a and b the electron can pass to an

unoccupied orbital instead of undergoing a transition to the
continuous spectrum.
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Figure 1.

Table 1. The probabilities of the radiative and Auger—~KLL
transitions for different atoms. 2
Atom Za 1014 Wo, 51 1014w, 51 AE, eV W/ (WatWe)
Ne 10 7.40 0.063 0.98 0.0083
Mg 12 8.07 0.130 1.07 0.016
Ar 18 11.29 0.83 1.59 0.068
Ni 28 12.23 4.85 2.% 0.284
Kr 36 13.46 14.39 3.65 0.517

There are two physical mechanisms leading to ionisation
on formation of a vacancy in an inner electron shell. One of
these is due to the "shake-up" of the electron shell on dis-
lodgement of an inner electron. On dislodgement of an inner
electron the sharp change in the electromagnetic field in
which the outer electrons move leads to additional ionisation
(for a more detailed description of the "shake-up" mechanism,
see the review of Matveev and Parilis®®). The other mech-
anism is due to the Auger effect, *> where an electron is
transferred from one of the higher orbitals to an unoccupied
inner orbital and the energy evolved is transferred to one or
several outer electrons (see Figs.la and 1c). This process
can be regarded as internal conversion of the quantum of
electromagnetic radiation emitted on transition of an electron
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from an upper to a lower level. The Auger effect occurs
after the formation of a vacancy over a period of 1071°-107!1 s
(depending on the extent to which the transitions are
allowed), while the "shake-up" of the electron shell accom~
panies the formation of a vacancy and takes place over a
period of 107'*—107'% s. Both mechanisms contribute to the
formation of multicharged ions.

Table 2. The relative yields of ions with different numbers
of charges on irradiation of neon with X-rays.

ion Ne# ‘ Net+ Ne+ Nes+ ‘ Neb+

Yield, % 6.540.7 I 68.5:(:2.0' 2242 2.84-0.5 | 0.3

The probability of repeated ionisation on dislodgement of
an electron from the K shell is very high. For example, it
is almost 99% for neon (Zg = 10). When an L electron is
dislodged, the probability of ionisation diminishes to 13%. 3¢
Table 2 lists the relative yields of Ne ions with different
numbers of charges on irradiation of the gas with X-rays
(Kq Al line with E = 1256 eV). The overall yield of multi-
charged ions is 93.5% (its value less than 99% is due to the
ionisation from L and higher shells). A similar distribution
is to be expected also for light molecules. For heavier ele-
ments, the probability of the formation of ions with the
number of charges n 2 4 becomes greater than for doubly
charged ions. %’

The repeated ionisation of molecules on dislodgement of
electrons from inner shells can lead to their decomposition
into several positively charged fragments and can ultimately
give rise to a sequence of reactions different from that in
photochemistry. According to estimates, *® this effect should
increase in the ultra-relativistic range of energies of the
incoming particles. It is also noteworthy that, among states
with an internal vacancy, highly excited states of an ion,
which are not populated on irradiation with light, are in fact
populated (for example, there is a possibility of the forma-
tion of N} in the C%C* state®®).

The excitation of atoms to discrete states with energies
higher than the first ionisation potential I, generally leads
to autoionisation, which can be explained by the fact that
in the case of atoms autoionisation takes place over a period
of 1071*—10"!! s, while the duration of emission, which is the
only competing process, is 10-°-10"® s. Emission from auto-
ionisation states takes place only in rare instances. Thus
the autoionisation peaks for the O atom at A = 878-879 and
791-793 R are characterised by an ionisation efficiency
n(E) < 1. Prohibitions owing to selection rules lead to life-
spans of these states T = 107® s, which makes possible their
radiative decay."’ For atoms, this is exceptional, but the
situation is different for molecules.

Platzman* drew attention to the fact that, according to
experiments on the irradiation of molecular gases by vacuum
ultraviolet light, the probability of the ionisation of certain
gases N(E) < 1 when E > I, (for E exceeding I, by 10 eV and
more). These results were confirmed by experiments™*! on
mixtures incorporating a noble gas and various molecules.
An isotope effect is then observed. The replacement of
hydrogen by deuterium led to an increased probability of
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ionisation. Hence Platzman concluded that there is an effec-
tive competition between autoionisation and predissociation.
Platzman used the term "superexcited states" for discrete
states with E > I, in which predissociation takes place (see
the relevant reviews"*?). Subsequently we shall use the
abbreviation SES for such states.

As a consequence of vibronic interactions, there is a
possibility of yet another non-ionisation channel leading to
the decomposition of SES—radiationless relaxation via the
conversion of the electronic energy into the vibrational
energy of molecules and, in the case of a condensed phase,
into the thermal energy of the medium. For fluorescent
molecules, there is a possibility of fluorescence from the
lowest excited state (in conformity with Kasha's empirical
rule, *® the molecular fluorescence originates from the
lowest excited level regardless of the wavelength of the
exciting light).

The SES formation and decomposition reactions can be
represented schematically as follows:

ABC 2k [ ABC* 4 e~ (direct ionisation); (8a)
—— ABC™ (formation of SES): (8b)

—— ABC* - e~ (autoionisation); (9a)
ABCT— — AB' - C '(predissociation); (9b)
—— ABC + AEy» + hv; (radiative relaxation): (9c¢)

— ABC 4+ AE,; (radiationless relaxation). (9d)

In the optical approximation for small molecules, the radia-
tion yield of SES is estimated as being within the limits
gsgs = 0.6—-1.*% Analogous estimates have been made also by
Bednar. *®

The important role of SES in radiation chemistry consists in
the fact that their decomposition involves the formation of
highly excited products (radicals). Such "hot" radicals can
enter into endothermic reactions. In his first fundamental
study, Platzman" already pointed out the possibility of a
reaction with direct formation of the molecular product:

H'+H.0-H.+O0H. (10)

A series of data indicate that molecular hydrogen is formed
by an analogous pathway in the radiolysis of hydrocarbons."?
Three possible pathways leading to the formation of SES

can be considered: (1) the excitation of an electron in an
inner shell to an unoccupied orbital; (2) the formation of a
Rydberg state, these are a sequence of hydrogen-like levels
converging to the ionisation potential I 21;; (3) excitation
of two valance electrons.

Owing to their short lifespan, the states of the first type
decompose via the Auger mechanism and cannot be classified
as SES, since the latter are neutral. Hydrogen-like excited
states, referred to as the Rydberg states, are much longer-
lived. At any rate, this is the case when I is not very large,
i.e. a hole is formed in the valence shell (although deeper
valence levels can also be involved). The interaction of
the electronic and vibrational movements leads to predissocia-
tion. In the Rydberg state the electron is sufficiently remote
from the positive ion and moves more slowly, which ensures
the exchange of the electronic and vibrational energies.

A special case of SES consists of highly excited vibrational
Rydberg states converging to I,. The vibrational gquanta
added to the electronic energy (which is less than the ionisa-
tion potential) cause the transition of the electron to the
state with E > I,. Most of the autoionisation thresholds for
E which exceed I, by several electron-volts, have a vibronic,
Rydberg origin.*° In these states predissociation competes
with autoionisation as a result of which n(E) becomes less
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than unity. Such a possibility of the appearance of SES was
first pointed out in a review by one of the present authors’
and also by Nishikawa and Watanabe. "> The role of Rydberg
states in radiation chemistry has been discussed in two com-
munications, *®*7

The energy levels of the Rydberg states are described
by the "hydrogen-like" formula

E.=¢*(2a,(n—85)2, (11)

where n is the principal quantum number, §g the Rydberg
shift of the level, and a, the Bohr radius. Eqn.(11) is
valid for molecules for low values of n, when the distance
between the electronic levels greatly exceeds the distance
between the rotational and vibrational levels. With increase
of n, the adiabatic approximation ceases to be valid. The
interaction of the Rydberg electronic states with the rota-
tional-vibrational movement leads to a marked broadening
of the lines and the Rydberg spectrum becomes almost con-
tinuous. As a result, the lifespans of the molecular Rydberg
states are smaller by many orders of magnitude than those
of the atomic states. Thus the width of the Rydberg level
in the H, molecule is 1-5 em™ for autoionisation, where

n = 8-11,"*® which corresponds to T = R/AE = 107%% g, i.e.
is of the order of magnitude of the vibrational period.

The lifespan of the Rydberg states increases significantly
when they are characterised by a large angular momentum 1.
Fano“® showed that, when the energy of the incoming elec-
tron exceeds by several electron-volts the ionisation poten-
tial, then the formation and subsequent decomposition of the
intermediate negative complex can result in the appearance
of Rydberg states with a high orbital momentum 1.*° Owing
to the appearance of a centrifugal barrier, the lifespan of
such states increases greatly both relative to the autoionisa-
tion and predissociation states and relative to the radiative
transition times. Evidently the nature of the Rydberg states
where T = 107°~10™" s, which had been observed °**? for N,,
0,, CO,, NHj, etc., is apparently the same. It must be
emphasised that these long lifetimes have been recorded in a
rarefied gas, while in a condensed phase the situation may
be different.

The interaction of Rydberg levels with the vibrational-
rotation motion in diatomic molecules has been investigated
by Golubkov and Ivanov.*’ Rydberg states with a hole in
an inner shell have not so far been considered theoretically.
The behaviour of Rydberg states in a condensed phase like-
wise still remains virtually uninvestigated. In this case the
demoninator in Eqn.(11) for the energy should include the
dielectric constant of the medium e(w), since the radius of
the Rydberg state can reach hundreds of Xngstroms and
for this reason there may be numerous molecules between the
positive ionic residue and the electron. It is still not clear
to what extent the lifespan of the Rydberg states would
decrease under these conditions.

The measurement of the intensity of the luminescence of
the decomposition products as a function of the energy of the
ionising radiation is an effective method for the identification
of SES. A series of such measurements have been made. %*%°
Thus, after irradiating hydrocarbons with electrons, it has
been shown that, when E > I, lines of the Balmer series
for the H atoms appear, i.e. H* is formed. For CH,, the
threshold corresponding to the appearance of the Balmer
lines is 21.8 eV, which greatly exceeds the ionisation poten-
tial I, = 12.51 eV. The intensity of the lines then diminishes
consistently with increasing number of the lines n, which
indicates the Rydberg nature of the SES formed on excitation
of the inner valence electrons from non-bonding orbitals.
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Experimental data demonstrating unambiguously the forma-
tion of SES on two-electron excitation have been published. *°
Measurements of the probabilities of the absorption of energy
and ionisation showed that n(E) < 1 is observed for CH, in
the range of energies from 27 to 80 eV. Since the highest
ionisation potential of the valence electrons is 21.3 eV and
the next potential corresponds to the ionisation of the K
shell and is in the region of 290 eV, the formation of SES in
the given instance corresponds to the excitation of two or
more electrons.

Thus, among the three possible pathways dealing with the
formation of SES the last two are actually realised.

IV. ENERGY LOSSES OF A CHARGED PARTICLES IN A
CONDENSED MEDIUM. COLLECTIVE STATES.

1. lonisation Energy Losses by a Charged Species

Over most of the path traversed by fast charged species,
the energy losses in the excitation and ionisation of the
electrons of the medium make the main contribution to the
retardation of such a species; these energy losses have
come to be referred to as ionisation losses. Numerous pub-
lications have been devoted to the determination of the ionisa-
tion losses (see, for example, the relevant monographse'm’
%6=%8), Among the various methods for the calculation of
jonisation losses, the commonest is the Bethe—Bloch method,
according to which the medium is considered to be an
ensemble of independent atoms (molecules). The average
ionisation losses per unit length of the path traversed were
formulated thus:

= = (E/dx), = 1y D} %OunGons (12)
where n, is the density of the species constituting the medium
and the summation includes integration with respect to con-
tinuous states. Using for o,n the formulae obtained within
the framework of the Bethe theory for Se, it is possible to
obtain the following expression (v/c « 1) °

Sy = (4nZ2c'n,Zo/mo®) In (2mu*il,), (13)

where I, denotes the average excitation potential of the atoms
of the medium, introduced in accordance with the relation
ZainTa= D} fun In (h2¢n). (19

The quantity I-a is best determined experimentally, although
methods have been developed for its calculation (see the
relevant review *°). Formulae for S, taking into account the
relativistic effects have been published. %>

For molecular media and high energies of the charged
species, the values of Se can be calculated according to the
Bragg rule by means of an additive scheme. Zg and Iq in
Eqns.(13) and (14) are then replaced by Nm and Im in con-
formity with the expressions

No=\naZa; NnInIp=2 nalnTs, (15)
a a

where ng is the number of atoms of type a in the molecule.
For velocities of the charged particles slightly exceeding

the velocities of the valence electrons, the Bragg rule does

not hold. For protons, appreciable discrepancies appear

already for energies below 150 keV.®° In calculations of

Se in such cases, it is essential to introduce corrections for

the effect of the binding of electrons (for details, see

Starodubtsev *® and Ahlen®®).
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In a condensed medium, for high velocities of the charged
particles, the excitation condition (7) is fulfilled when the
impact parameter p has values significantly exceeding the
average distance between the molecules. As a consequence
of the polarisation of the medium by the moving charged
particle, the interaction of the latter with distant molecules
is weakened. As a result, the real energy losses become
smaller than the values calculated by Eqn.(13) as the simple
sum of the energy losses in individual collision steps.

One way of taking into account the influence of the macro-
scopic properties of the medium on the retardation of the
charged particles is to introduce the dielectric constant of
the medium ¢(w) into the differential cross-section for the
inelastic interaction. !**** In the general case the linear response
of the system to the electric field of the charge is defined
in terms of the dielectric constant, which depends on the
frequency and the wave vector e(q, w). The quantity
e(q, w) is an extension (to fields which vary in space) of
the dynamic dielectric constant e(w). The probability,
referred to unit time, of the transfer of the momentum g
and the energy fiw (in terms of the Born approximation) from
the charged particle to the electrons of the system is defined
by the imaginary component of the reciprocal of the dielec-
tric constant: ®?

W (g, v) = 8nZ2%* Im[ 1 ]=8nZ‘~’e2 - € (q, ©) ,
fig? e(q, ) hg®  &](q, ©) + €3(q @)

(16)

where €,(q, w) and €,(q, w) are the real and imaginary
components of the dielectric constant.

Eqn.(16) is used as the initial expression in the macro-
scopic consideration of the energy losses by the particle in
its interaction with the electron gas. In recent years this
expression has come to be used also for the calculation of
the energy losses in molecular liquids (particularly in water®®).
However, the calculation of the energy losses by Eqn.(16) is
extremely difficult because the explicit form of the function
e(q, w) is as a rule unknown (the electron gas is an excep-
tion).

2. Excitation of Collective States of the Plasmon Type in a
Molecuiar Medium

In the condensed phase, broad, intense maxima in the
range 15-25 eV appear in the energy loss spectra of fast
electrons apart from the absorption maxima and energies
close to the electronic transition energies in isolated mole-
cules (Fig.2). These maxima have come to be referred to as
the excitation of collective states of the plasmon type. The
plasmon states are delocalised, i.e. they characterise the
states of the entire assembly and not of individual molecules
and their lifespan is short.

A theory of plasmon states has been devised by Bohm and
Pines for free electrons in metals®* and is fully consistent
with experimental data for inelastic energy losses by fast
electrons in metallic films. Although the possibility of
collective excitations of the plasmon type in molecular media
was pointed out by Fano as early as 1960,°° this question
remained controversial for a long time (see the relevant
discussion in a number of communications %), In 1974
Brandt and Ritchie (quoted by Kutcher and Green ®®) formu-
lated the criteria which must be satisfied by the dielectric
function of the medium in the vicinity of the plasmon absorp-
tion point, while Heller et al.®’ showed that the criteria of
Brandt and Ritchie are satisfied for a broad absorption peak
in water with a maximum at 21.4 eV. Subsequently absorp-
tions of the plasmon type were observed also in other molec-
ular liquids®® and in solid films. **
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We shall deal briefly with the nature of the plasmon vibra-
tions. Plasmons are defined as the quanta associated with
the vibrations of the electron density of plasma. They can
be regarded as coherent periodic deviations of the electron
density at each point from its average value:

An(r, 1y =n(r, 1) —i=Annexpli(ot—qr)].

These vibrations are longitudinal, i.e. the direction of their
propagation q coincides with the electric field strength
vector E.

£ 1€,
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1.5 \ ,l o
] 1
\25\\:
bl | 1

N\ 4
N
~
L 1
0 J 10 15 20 25 J0 hw,eV

Figure 2. The form of the dielectric constant functions
€,(w) (curve 1) and e,(w) (curve 2) and the energy loss
function Im[-1/e(w)]} (curves 3 and 4) in polystyrene;
curve 3—calculation based on €, and ¢, (Voltz®); curve 4—
experimental spectrum of the energy losses by electrons. 82

According to Maxwell's equations, in the medium we have®:

rOtH=l29—+i‘-[—j=l'(l)E(ﬁ))E=‘—0. (17
c ol c
The magnetic field H = 0, since fields arising from the time
variation of the electric induction vector D and the current j
cancel out. An equation for the intrinsic frequencies of the

plasmon vibrations follows from Eqn.(17):

e(0)=0. (18)

In the case of bound electrons, for example, in a molecular
medium, the collective vibrations are not manifested in a pure
form, being always combined with intramolecular transitions.
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The electron density vibrations can be represented in this
case as a longitudinal polarisation wave, which leads to the
vibrations of the dipole moment of the molecule. Such a wave
is illustrated schematically in Fig.3 for non-polar molecules.
The passage of a fast particle with a velocity v and a
charge e through the medium is equivalent to the current
j = evé(x — vt). This entails the polarisation of the medium.
The electric field Bpo; arising as a resuit of this polarisation
interacts with the moving particle, as a consequence of which
the latter loses energy. By solving the Maxwell equations in
the given medium, it is possible to find Epol and to obtain an
expression for the probability of the energy loss fiw along
the path of length [ for a single scattering of the particle in
the solid angle d°Q owing to a deviation by an angle 0:°°

(19)

W i 1
= Im|—
9 (hw) 2Q (enag)? [ €(q, w)}

where the momentum q transmitted to the medium depends on
the scattering angle and can be found from the laws of the
conservation of the energy and momentum of the particle.

As in Eqn.(16), the principal dependence on the trans-
mitted energy in Eqn.(19) consists in the factor Im[~1/e(q,
w)]. The maxima in the losses occur both in the region of
the maxima in €,(q, w), which corresponds to allowed transi-
tions in isolated molecules, and in the region of the zero
values of the denominator, i.e. in the region corresponding
to the solutions of Eqn.(18), which denotes the excitation
of collective states; in order to find the frequencies, it is
necessary to know the explicit form of the function e(w).

The medium with bound electrons can be represented by a
set of oscillators, each of which is characterised by three
parameters: the intrinsic frequency of the oscillator w,,
the oscillator strength f;j, and the decay constant y; (a
quantity which is equal to the reciprocal of the lifespan of
the state). The following expression is valid for the dielec-
tric const%nt of the medium in terms of the approximation
q ~ 0: 61,7

£ (0) = 14 D fiod (0f — 0 — ip,0)™ (20)

where wp is the frequency of the plasma vibrations in the

free electron system, which depends on the electron density
Ng:

op= (4nn.e%/m)'® (21)

Since the region iw < 30 eV is important for the collective
vibrations, the electrons in the inner atomic shells can be
disregarded. The quantity n, is therefore determined by the
density of the valence electrons and in the summation with
respect to i in Eqn.(20) it is necessary to consider oscillators
corresponding to the transitions of valence electrons alone.
An approximate expression for the frequency wp in molecular
liguids has been published: ®®

Tiwy,, eV =288 (N p/M)'" (22)

q

Olci=1=J0IX=1TNO)

Figure 3. Schematic representation of the longitudinal polarisation wave in a condensed medium consisting of non-polar

molecules.



384

where N,, is the number of valence electrons per molecule,
M the molecular weight, and p the density of the medium
(g em™); for water, fiwp = 19.2 V.

The intrinsic frequencies of the vibrations of the medium
must satisfy Eqn.(18). It is very difficult to calculate these
frequencies from Eqn.(20). We shall consider several special
cases.

For free electrons in a metal, f, = 1, w, = 0, and all the
fi =03 =0);

(23)

£ () =1 — wp (10° — Ipw) L.

If the decay is slight, resonance is manifested at w, = wp,
i.e. free plasmons are excited.

In many molecules the maximum oscillator strength corre-
sponds to one of the transitions. Suppose that it is f,; in
this case, one can put approximately

t(0) =1 <+ [0, (0] — 0* — ip;0) . (24)
For a weak decay, the energy loss function has only one
maximum corresponding to e(w) = 0:
oy = (f0; + o). (25)

For low densities (gas phase), wp = 0 and the maximum of
the absorption function corresponds to wy = w,, i.e. as for
an isolated molecule. In the opposite case, at very high
densities, subject to the condition

(26)

fr0p > or,

the quantity Im[-1/e(w)] is a maximum for w, = fi/zwp, i.e.
corresponds to the longitudinal collective vibrations of free
electrons. Peaks of the energy loss function between these
two limiting cases cannot be fully assigned either to collective
vibrations or to one-electron transitions. The latter situation
is typical for molecular liquids.

The value of ¢;(w), €,(w), and the function Im[-1/e(w)] in
liquid water are presented in Fig.4. The €,(w) peaks on the
graph correspond to intramolecular transitions. The Aw, =
13.5 eV transition has the maximum oscillator strength
f1 = 0.43. The peak of the energy loss function Im[-1/e(w)]
at 21 eV is of plasmon origin, i.e. it corresponds to the
longitudinal vibrations of the assembly of molecules. How-
ever, these are not the plasma vibrations of free electrons,
since condition (26) is not explicitly fulfilled in this instance.
Indeed, according to Eqn.(22), ‘hwp = 19.2 eV for water.

For the hw, = 13.5 eV peak with f; = 0.43, we obtain fiiwp =
159 eV?, while (hw,)? = 182 eV?. Nevertheless, an appreci-
able change in the positions of the maximum indicates a rela-
tively high contribution of the collective effects.

The theoretical determination of the energy loss function
Im[-1/e(q, w)] is very difficult. In the region q ~ 0 one
can use optical data. For the electron gas, the expression
for the dielectric constant has been obtained by Lindhard. %*
A semiempirical expression defining £(q, w) for water has
been proposed.’?

There are several ways in which collective excitations can
break down. In the electron gas the breakdown takes place
as a consequence of the interaction of the electrons with one
another. The Coulombic interaction of electrons is strongly
shielded by the electron cloud and is manifested only over
short distances. As a result of such short-range interaction,
the vibration energy of the plasmon is converted into the
kinetic energy of the movement of individual electrons, i.e.
it is distributed over the entire electron gas.’?

In atomic-molecular media, the decay of plasmon states is
due to the interaction of plasmons with electrons and also
with the lattice vibrations or with impurities. The electron—
plasmon interaction is of the long-range type. When a plas-
mon is absorbed, the momentum q is transferred to the

JOF
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as a result, the collective excitation is converted

This process is identical with
f73

electron;
into a one-particle excitation.
the absorption of a photon having the same energy. WGIf
(see also Nazierea and Pines’*) showed that the lifespan of
the plasmon can be expressed in this case in terms of optical
constants: the absorption coefficient « and the refractive
index n:

27)

1/r=nxre.
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Figure 4. The form of the dielectric constant functions
€,(w) (curve 1) and €,(w) (curve 2) and the energy loss
function Im[-1/e(w)] (curve 3) in liquid water. 5’

For water in the region of the energy of the plasmon state,
hwp = 21.4 eV, n = 0.76, and « = 0.36.°7 Calculation by
Egn.(27) leads to T = 1.1 x 10™*® 5. The lifespan of the
plasmon state can be estimated also from the uncertainty
relation. It follows from the spectrum of the energy losses
in water that the half-width of the excited level with the
energy hwy = 21.4 eV is Ahwpr/2 = 3.4 eV. We therefore
obtain T = 1/Awp = 107*® s, which agrees well with the calcu-
lation by Eqn.(27).

V. THE LOCALISATION AND DELOCALISATION OF
ENERGY LOSSES

The question of the degree of localisation of the absorbed
energy arises from the study of the processes involving the
absorption of the energy of the ionising radiation. There
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are two possible causes of the delocalisation of its energy.
The first is associated with the quantum-mechanical nature
of the microparticle and the second with the possibility of
collective excitations. We shall consider both causes in
greater detail.

The quantum-mechanical nature of micro-objects is reflected
by the uncertainty principle. The limitations imposed by the
uncertainty principle were not previously taken into account
in the study of the interaction of a stream of particles with
matter. This was justified’® by the fact that, during a
period of 107® s, there is sufficient time for the localisation
of the excitation as regards the molecules. However, this
justification cannot be regarded as correct. It has been
emphasised*’ that, since the subsequent localisation is
stochastic, the initial delocalisation precludes in principle
the determination of the site of the absorption of energy
more precisely than is allowed by the uncertainty principle.

If a microparticle with the energy E transmits the energy
AE to the medium, then at the instant of the transfer the
energy of the particle is defined to within AE. This uncer-
tainty AE in the energy is associated with the uncertainty
Ax in the position of the particle during the energy transfer
process. This type of relation has been found for ultra-
relativistic’® and non-relativistic*’ particles. It has been
shown 7 that in the general case the uncertainty as regards
the coordinates of the particle during the transfer of its
energy AE satisfies the inequality

Ax>hu/AE. (28)

The uncertainty in the site of the absorption of energy is
the same.

The greater the energy transferred, the lower the degree
of delocalisation. When inner 1s electrons are dislodged, the
energy losses are in fact localised. Indeed, even for ultra-
relativistic particles (v = c¢), Ax = 0.66 nm for the transfer
of the energy AE = 300 eV (i.e. an energy greater than the
ionisation potential of the K shell of the carbon atom) accord-
ing to Eqn.(28), while in the transfer of AE = 500 eV (an
energy of the order of magnitude of the jonisation potential
of the K shell of the oxygen atom) we obtain Ax = 0.40 nm.

Table 3. The degrees of delocalisation in the transfer to
the medium of the energy AE = 15 eV by an electron having
an energy Eg. '°

Ee, eV 108 108 l 10t 108 100 10! ‘ 10°
1068y, cm st 5.93 18.7 I 58.5 i 164 282 300 | 300
Ax, nm 0.26 0.82 2.56 7.2 12.3 13.1 13.1

However, for small losses, which accompany the majority
of inelastic scattering steps, the degree of delocalisation can
be very considerable. In ionisation most of the dislodged
electrons have low energies. The quantity AE = 15 eV can
be adopted as the most probable energy loss. The results
of the calculation of Ax for AE = 15 eV and different energies
of the incoming electron are presented in Table 3. Evidently,
for relativistic electrons, the degree of delocalisation of the
ionisation step is not less than 13.1 nm, i.e. is very con-
siderable. In the excitation of an electronic state with an
energy of 7.5 eV, the degrees of delocalisation are greater
by a factor of 2 than those quoted in Table 3.
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Thus the delocalisation region can embrace several tens of
molecules of average size. Although subsequently the energy
is localised at one of the molecules, it is random and the coor-
dinates of the ionisation or excitation points cannot therefore
be determined with an accuracy greater than to within Ax.

According to inequality (28), the degree of delocalisation
depends on the velocity of the particle. For this reason,
the values of Ax quoted in Table 3 for heavy particles
correspond to correspondingly large energies, amounting to
E = (M/m)Eg. Thus the proton has the velocity v = ¢ for
E 22 GeV.

The second cause of the delocalisation of energy losses is
the collective character of the excited states, which can
obtain even in the excitation of the electronic states of a
single molecule. The simplest example is the excitation of
m-electronic states, which are delocalised along the molecule.
A fast electron, exciting such a molecule, transmits energy
to the entire assembly of 7 electrons. As a result, the site
of the excitation energy transfer is delocalised along the
molecule, which can be fairly long, for example, in the case
of a polymer.

The excited electronic states in molecular crystals are also
collective owing to periodic symmetry. These are the tho-
roughly investigated exciton states.’’ The energy of the
exciton state is close to the energy of the discrete electronic
states of isolated molecules (4-8 eV), but in these states the
excitation embraces a greater number of molecules. Under
these conditions, the excitation migrates effectively in the
crystal over distances up to 100 nm.’”»’®* Thus owing to
effective migration the excitation of one of the units of the
polymer chain spread rapidly along the chain.’® The high
efficiency of such energy migration has been confirmed
experimentally: %’ the saturation of the phosphorescence of
luminescent additives in polystyrene on B-irradiation has
been observed for a 1: 1 ratio of the concentration of phos-
phor species and macromolecules, i.e. in the presence of one
phosphor species per macromolecule.

Thus the excitations of discrete electronic states (AE, <I;)
in polymer molecules and molecular crystals are known to be
delocalised. Collective excited states occur not only in
crystals but also in liquids and polymer films when fast
charged particles pass through them (see Section IV). The
energy of such states as a rule exceeds the first ionisation
potential and amounts to 15—25 eV.

It has been shown’® that the linear size of the collective
excitation region is determined by the expression

bp=nv/w,=nhv/AE,, (29)

where wyr is the resonance frequency calculated by Eqn.(25).

The maximum size of the region corresponds to v = ¢ and is

b™# = the/AE .
pL max "

yields bpl (H,0) = 29 nm.

For water, AEr = ﬁwr = 21.4 eV, °® which

Thus, in the initial period of approximately 107!® s, the
energy transferred by the fast charged particle is delocalised
both as a consequence of the quantum-mechanical uncertainty
principle and as a consequence of cooperative effects.

As a result of the delocalisation along the direction of
motion, caused by the uncertainty principle, the coordinates
of the excitation and ionisation points can be determined with
an accuracy to within a quantity not exceeding Ax, specified
by Eqn.(28). For relativistic electrons, Ax is fairly large
and includes several tens of molecules. Thus Ax = 26 nm
for the excitation of the AE = 7.5 eV level. This factor is
especially important for biological systems characterised by
a marked non-uniformity as regards their sensitivity to radia-
tion. The size of the target in radiobiology should not be
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less than 10-25 nm (the spread being determined by the value
of AE leading to the biological effect).

As shown above, the linear size of the collective excitation
region of the plasmon type can reach 30 nm. Since the
oscillator strengths are concentrated in the region of the
peak maximum in the presence of collective peaks, the
plasmon absorption is fairly considerable. It follows from
the form of the energy loss function in water °® that the
plasmon absorption leads to a decrease of the fraction of the
oscillator strength corresponding to transition to discrete
excited states compared with their distribution in water
vapour. Since the collective excitation of the plasmon type
is dissipated mainly via energy transfer to a single mole-
cule with subsequent ionisation, the "pumping" of energy
from discrete excitation levels to collective excitation levels
should entail an increase of the contribution of ionisation
in the liquid phase compared with the gas phase. At the
same time the dissipation of collective excitations can serve,
as emphasised by Voltz, ®! as an additional source of super-
excited states (see Section IIl). In the case of SES there is
competition between predissociation and autoionisation. For
the excitation of the SES in the course of the dissipation of
the collective excitation, it is essential that the energy liber-
ated in this process should be located in the region of the
formation of the SES for the given type of molecules.

In conclusion we shall consider the consequences of the
delocalisation of the excited electronic states in long mole-
cules and of the effective migration of the electronic excita-
tion along a polymer chain.’® This should result in the
preferential rupture of the weaker chemical bonds and also
chemical bonds in the vicinity of an impurity or chain
defects, since the excitation energy is localised at precisely
these sites. Track effects arising from the energy trans-
mitted to the electrons of the medium should not be mani-
fested in such a polymer matrix, because the energy
absorbed is rapidly dissipated throughout the electronic
subsystem. Here there is a clear analogy with metals, where
the electron gas dissipates the absorbed energy throughout
the bulk of the metal without the formation of linearly
extended tracks.

Vi. THE STRUCTURE OF THE TRACKS OF CHARGED
PARTICLES

1. Tracks of Fast Electrons

Owing to its interaction with atoms and molecules on pass-
ing through the medium, a fast electron loses energy not
continuously but in individual portions. The probability of
such an energy loss step depends on the type of the excited
state and energy of the electron (see Section II). It follows
from the spectra of the energy losses arising when fast
electrons pass through thin films that the most probable
energy loss is 15-30 eV.® The transferred energy is used
in the formation of ions and secondary electrons and also in
the excitation of the molecules of the medium. The ions and
excited molecules formed are localised in the vicinity of the
trajectory of the primary electron and constitute its track.

The distance traversed by the primary electron between
the energy transfer steps is referred to as the free path I.
The mean | = (notot)™, where 0yq; is the overall inelastic
scattering cross-section and n the density of the molecules
of the medium. For a fast electron, up to E > 10 keV, 1
greatly exceeds the size of the region where the energy
transmitted to the medium is localised. For example, for a
relativistic electron in water, we have I = 200—-300 nm.
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Consequently a fast electron forms a series of non-overlapping
microregions along its path, consisting of excited and ionised
molecules.

The evolution of ideas about the structure of the fast
electron track has been considered in a review® and in
another publication.’ Mozumder and Magee °“°® introduced
a classification of the energy structures of the track.
According to this publication, the energy of the fast electron
is consumed in the formation of "spurs" with energies of
6—100 eV, the so-called "blobs" with energies in the range
100—500 eV, t and "short tracks" with energies in the range
500--5000 eV.

The probability that an energy of 20 eV is localised in the
spurs is highest.®® Such spurs contain, as a rule, one ion
pair (with a probability of approximately 0.5).% The aver-
age number of ion pairs in the spur is approximately 1.78
according to Magee and Chatterjee®’ for an average energy in
the spur of approximately 30 eV. The maximum energy of
the short track (5 keV) is determined from the condition for
the overlap of the spurs. Short tracks consist of cylindrical
regions with an enhanced concentration of excitations and
ionisations and an energy distribution which can be found
from the Rutherford formula [Eqn.(1)].

A numerical computer experiment with the aid of the Monte
Carlo method is used to find the degradation spectrum and
the energy structure of the fast electron track.® ™" The
degradation spectrum and a series of other energy charac-
teristics of the track of a monochromatic electron beam with
£ = 10 keV in water have been found.®>®" The authors
used quantities employed for the gas phase as the inter-
action cross-sections, i.e. the specific features of the con-
densed phase were disregarded.

In a condensed phase it is difficult to separate the inter-
action of an electron with an isolated molecule. For this
reason, instead of the molecular excitation cross-section
ok (E), one usually employs in this case the reciprocal of the
free path | 7' = noy(E) in relation to the excitation in the
kth state and the cross-section itself is expressed as a func-
tion of the energy losses Im[-1/e(q, w)] (see Section IV).

The tracks of an electron with E; = 1 and 10 keV in water
have been modelled. 7**°1:%2 However, since the dependence
of the dielectric constant function €(q, w) on q is unknown,
it was modelled using data for the gas phase. The role of
the phase state in primary radiolytic processes has been
investigated in a study®' where the overall radiation ionisa-
tion and excitation yields and the degradation spectrum of
the electrons in water and water vapour were found.# The
evolution of the track of a fast electron in water for times
up to 1077 s has been investigated °> by the computer modell-
ing method.

For a more detailed investigation of the influence of the
structure of the track on radiation-chemical reactions, it is
necessary to know not only the energy characteristics of
the track but also the spatial distribution of the secondary
electrons and the excitation and jonisation steps throughout
the bulk of the track. The Monte Carlo method is also

+ The upper limit to the energy of the blob is extremely
arbitrary. In a recent study by Magee and Chatterjee®®
the upper limit was assumed to be 1600 eV.

# In a communication by the authors of this review and
V.Ya.Sukhonosov, a comparative study of the primary stage
of the radiolysis of water in the gas and liquid phases is
described: for a brief description of the results, see Ref.
170.
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convenient for the determination of this distribution. Studies
of this kind have been carried out, *"%°

The so-called "stochastic" approach, in which an instanta-
neous picture of the spatial distribution of the excitation
and ionisation steps is fixed, has been used in investiga-
tions °%%" of electron tracks. In this case the tracks con-
stitute a set of points in space where inelastic scattering
steps have taken place. Having at one's disposal sets of
such tracks, it is possible to calculate the spectrum of the
absorbed energy in the sensitive regions of the irradiated
medium ?* and to calculate their line shapes and the decay of
the electronic spin echo signals, %*:**

When the velocity of the electron exceeds the velocity of
light in the medium, an additional source of energy losses,
namely the Vavilov—Cherenkov radiation, appears. The
contribution of this radiation to radioluminescence has been
fairly clearly identified in a series of investigations®™°? and
its role in photoradiation processes has been analysed. %%}
It has been shown that the number of quanta of such radia-
tion generated on irradiation in the accelerators employed in
radiation chemistry is comparable to the light flux from the
lamps employed in photochemical experiments. Thus, when
photosensitive media are irradiated in accelerators, internal
photoradiation processes are inevitable. Since the yield of
the Vavilov—Cherenkov radiation is much lower on irradiation
with a ®°Co source, the irradiation of photosensitive media in
an accelerator should be more effective for the same dose.

2. Energy Losses by Pre-excitation Electrons

Since the energy of these electrons is insufficient for the
excitation of the electronic states, their energy is consumed
in the excitation of vibrational and rotational states and
also in inelastic collisions. In polar liquids there is an addi-
tional energy loss in dipole relaxation. In the condensed
phase the energy losses are determined by the dependence of
the dielectric constant of the medium on the frequency and
are expressed in terms of the energy loss function Im[-1/e(w)]
[see Eqn.(16)].

In the range of energies from 5 to 0.5 eV, the resonance
process involving the formation of negative molecular ions
by the capture of an electron with subsequent ionisation or
dissociative ionisation has large cross-sections. %%:103
According to Schulz, 1% such resonances or short-lived
states of the negative ion can be divided into two groups.
These are in the first place potential shape resonances which
arise following the capture of an electron by the potential
well formed in the electronic ground state of the molecule as
a result of the centrifugal or polarisation forces. The life-
span of such states is 107°-107*° s. The Feshbach reso-
nances, whose appearance is associated with the excitation
of one of the electrons of the molecule, belong to the second
group. This results in the formation of a state which is
energetically more favourable for the addition of an excess
electron. A Rydberg state may be frequently an excited
state of this kind.!’® The decomposition of the negative ion
formed is as a rule accompanied by the excitation of the
molecular vibration. The characteristic energy loss peaks
for electrons with energies in the range 0.5-3 eV when they
pass through thin films have been interpreted in terms of a
resonance energy loss mechanism which involves the forma-
tion of an intermediate negative ion. °®7%®

An important characteristic in the study of the pre-excita-
tion electron retardation processes is the thermalisation
distance l;p. It is essential to know this quantity in deter-
mining the size of the spur and the yield of the free ions.
The first estimates of the thermalisation distance and time
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(t;3) for slow electrons were made by Samuel and Magee®®
who used for this purpose the classical method based on the
random movement of the electron in the Coulombic field of

the parent ion. Assuming that the electron traverses identi-
cal distances | between collisions in the course of the retarda-
tion process and that it loses the same energy Ae in each
collision, the authors obtained tiy = 2.83 x 10~'* s and

lth = 1.2-1.8 nm for an electron with an energy of 15 eV.
Since the electron cannot overcome the attraction of the
parent ion for such a low value of Iy, it is captured by the
ion after approximately 107'* s, which results in the formation
of a neutral molecule in an excited state which is capable of
dissociation. However, the experimental yield of the free
ions showed that some of the electrons are removed to con-
siderable distances from the ion in the thermalisation process
and do not recombine.

The retardation of slow electrons in a condensed medium
has been studied theoretically by Frohlich and Platzman**’
taking into account the dielectric properties of the medium.
Within the framework of classical electrodynamics, they
obtained an expression for the rate of energy loss by an
electron moving along a linear trajectory at a velocity v.
This expression in fact represents the non-relativistic
analogue of the Fermi formula: '**

T R S T T
Z i (o Jm{ *_(m’}.\l\u () K, (x) dw, (30)

v

where x = wbpin/v and byin is the minimum impact param-
eter, which is assumed equal to either the intermolecular
distance d or to the de Broglie wavelength of the electron

% when % < d. Since the form of the function Im[-1/e(w)]
was not known over a wide range of w, the authors?!’ con-
fined themselves to the calculation by Eqn.(30) of the energy
losses only in dipole relaxation and obtained -dE/dt = 10*?
eV s7! for water, which is independent of the electron energy
in the experimental range from 1 to 10 eV. This value of
energy losses was shown by the authors to be comparable

to the energy losses in the excitation of vibrations.

The contributions of various mechanisms to the energy
losses have been analysed.!'?!!? According to the results
of Magee and Helman, '*? the main contribution to the overall
energy losses comes from the energy consumed in dipole
relaxation (provided that such losses occur). They amount
to approximately 1.5 x 10'° eV s for water, while the energy
lost in vibrations in the infrared range amounts to only
approximately 10'? eV s™. The opposite result was obtained
by Byakov and Grishkin, '!* who showed that the main con-
tribution to the retardation of the pre-excitation electron
comes from the resonance losses in the excitation of retarded
longitudinal vibrations of the water molecules. An approx-
imate analytical formulation of the function Im[-1/e(w)] was
used ™" in the calculation of the energy losses by Eqn.(30).
A more accurate calculation by Egn.(30), carried out by
Garin and Byakov '!® using the experimental optical properties
of water, confirmed the general conclusion drawn in the
previous study.**

According to the results of Garin and Byakov, *!° the
resonance losses resulting from intramolecular vibration in
the infrared range make the main contribution to the retarda-
tion of the excitation electrons in polar liquids. The con-
tribution of the losses in dipole relaxation proved to be
smaller by an order of magnitude. This conclusion is more
valid for non-polar liquids, where the main channel for
these losses is not the relaxation of permanent dipole moments
(the latter are zero) but the dipole moments induced in the
molecules of the medium by the passing electron. As a result,
the electron retardation time in the majority of liquids is
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determined by the resonance absorption in the infrared
range. Liquids made up of molecules with a high symmetry,
which have no active vibrations in the infrared range, for
example the molecules of methane or neopentane, may con-
stitute exceptions.

According to Garin and Byakov, 1*° the rate of energy loss
by an electron having E = 7.5 eV in Debye relaxation is
(-dE/dt)p = 10*2 eV s7! and the overall rate of resonance
losses is (-dE/dt), = 4 x 10*® eV s™!. The maxima in the
region of molecular librations ( = 700 cm™') and the intra-
molecular stretching vibations (v = 3400 em™) make the main
contribution to the resonance losses. As a consequence of
the increase by a factor of approximately 2 of the reduced
masses in stretching vibrations in D,0, the rate of energy
loss should be lower by a factor of 2 and the retardation
time and the path traversed should therefore be greater
by a factor of 2. This conclusion agrees with the results of
recent measurements. '*®

The energy barriers had been calculated earlier''” by
Eqgn.(30) taking into account the experimental values of
Im[-1/e(w)]. The data obtained in the above studies?!®®!!?
for the overall energy losses by slow electrons agree. How-
ever, Raitsimring et al.!!” failed to analyse the contribution
of the individual mechanisms to the retardation of slow
electrons. On the other hand, they calculated the total
thermalisation distances for water, ice, and benzene.

Calculation by Egn.(30) makes it possible to estimate the
energy losses in the course of the linear movement of an
electron. The curvature of the trajectory has been taken
into account with the aid of the Monte Carlo method’'?*!? and
analytically . '*® Mention should also be made of the fact that
Eqn. (30) does not allow for the energy losses in close colli-
sions of an electron with molecules, including the formation
of an intermediate negative ion. The contribution of close
collision processes to the energy losses has been estimated
by Magee.!!® For water, the contribution of these processes
to the rate of energy loss by an electron with E = 1 eV
amounted to approximately 5 x 10*® eV s, while in paraffinic
hydrocarbons it amounted to approximately 7 x 10*® eV s71.
Consequently, among all the mechanisms responsible for the
retardation of slow electrons, it is difficult to isolate one
which would be of decisive importance over the entire ther-
malisation distance.

Even when account is taken of the energy losses in close
collisions, Eqn.(30) does not allow an adequate determination
of the thermalisation distance. Electrons with an energy
below the vibration excitation threshold are subjected to
fairly effective elastic scattering. In the calculation of
energy losses via elastic scattering one can as a rule neglect
the energy transferred to effect the collision in view of its
low value. On the other hand, the contribution of the
elastic scattering to the thermalisation distance is comparable
and perhaps even greater than the contribution of the inelas-
tic collisions.

Thus it proved difficult to obtain direct information about
the thermalisation distance by direct procedures. In a num-
ber of studies, for example those in Refs.119-121, the
effective thermalisation distances were therefore determined
from the distribution functions for electron pairs with respect
to distances. These functions were found from the yields of
the free ions either in the absence of a field or for low
electron field strengths. However, the values obtained in
this way are unreliable because the yield of the free ions is
only weakly sensitive to the changes in the thermalisation
distances.

After the development of a method for the investigation of
photoemission phenomena at the metal—solution boundary,?
the direct experimental determination of the thermalisation
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distances of free electrons became possible (see the studies
quoted above and also Refs.116 and 125—-127). The path
traversed by an electron with E = 3 eV proved to be approx-
imately 5 nm in H,O and approximately 10 nm in D,0.!*® For
comparison, we may note that the ionisation path of an elec-
tron with £ = 100 eV in water is approximately 1.5 nm, i.e.
is much shorter than the thermalisation distance). In a
review by one of the present authors"’ it was stated in the
discussion of the form of the function I(E) obtained by
Raitsimring et al.’?® that it was essential to explain the
absence of the dependence of lon E for E < 2eV. In a
recently published study'® a monotonic decrease of I(E)

as the electron was retarded was obtained for D,0, while for
H,O there is a plateau in the energy range E = 1-2 eV. How-
ever, it has been correctly stated!!® that, owing to the lack
of data for the energy distribution of photoelectrons on
excitation of the cathode, it is premature to carry out a
detailed interpretation of the results.

After the electron has been thermalised, it can either
recombine with a positive ion (not necessarily the parent ion)
or it can be captured by a trap. The traps can be not only
molecules with a positive electron affinity but also structural
defects in the medium or polarisation wells formed when an
electron interacts with the surrounding molecules. Such a
captured electron has come to be referred to as solvated
(hydrated in water). Since very numerous monographs and
reviews have been devoted to the solvated electron, }267130
we shall not deal with these questions. We may note that
the theory of the solvated electron is still far from com-
plete. %!

Numerous studies have also been devoted to the behaviour
of the excess electrons induced by irradiation in non-polar
solutions and solid matrices (see the relevant reviews3273%),
It has been established that the excess electrons exist in the
medium in two states: localised and quasi-free. Their ratio
depends on the nature of the molecules, especially on their
symmetry: the higher the symmetry (for example, in neo-
pentane) the greater the fraction of electrons in the quasi-
free state.!®®

3. The Structure of the Tracks of Heavy lons

Among the entire multiplicity of interactions of heavy ions
in a medium, the most effective over a large part of the path
traversed are, as in the case of fast electrons, the inelastic
interactions with the electrons of the medium (electron
retardation). Only at the end of the path does the role of
elastic interactions with the atoms of the medium and the
electron capture and loss processes (charge transfer)
increase. The role of the latter processes becomes more
pronounced with increasing mass of the ions.

The process in which the energy of the ion is transferred
to the electrons of the medium is independent of the mass of
the ion and its probability is proportional to the ratio Z2/v?2.
The size (Ax, bggr) of the region where the energy trans-
ferred to the medium in glancing collisions is localised is
fully determined by the velocity of the charged particle.
Hence it follows that a heavy ion generally speaking gener-
ates the same track structures as a fast electron having the
same velocity v. The specific features of the transfer of
the energy of the ion and of its distribution in the medium
are manifested by the following factors.

A heavy ion is capable of dislodging an electron with a
maximum energy emax = 2mv? on ionisation, while in the case
of a fast electron having the same velocity emax = ;mvz.
Consequently in head-on collisions, where the energy trans-
ferred AE = emax, this fraction of the energy is distributed
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over larger distances from the site of the primary ionisation
than in the collision of electrons having the same velocity.

Since the energy losses and the change in the momentum
of the primary heavy ion in individual collisions with elec-
trons of the medium constitute small fractions of the energy
and moment of the ion (AEmax/E, = 4m/M < 2 x 107%), the
electron retardation has only a weak influence on the curva-
ture of the trajectory of the ion. For this reason, in the
part of the track where ionisation losses predominate, the
trajectory of the heavy ion can be regarded as linear.

The strength of the interaction of the ion with the
medium is proportional to the square of its charge Z2. The
increase of the charge leads to an increase in the energy
transferred to the medium in individual energy loss steps
and also in the average energy loss per unit length of the
path and of the number of electrons. On the other hand,
an increase in Z entails a diminution of the mean free path
(because 0; « Z?%). For this reason, the overlap of the track
structures as the ion is retarded occurs earlier for ions
with higher values of Z.

The proton and a-particle have the constant charge Z,
equal to the nuclear charge Z;, over most of their path so
long as their velocity is sufficiently high. In multi-
charged ions (for example, in fission fragments) Z is as a
rule smaller than the nuclear charge. As a consequence of
the charge transfer processes, when a beam of ions has
passed through a sufficiently thick layer of the given sub-
stance, the ions show a distribution of charges. This dis-
tribution is characterised by an average quantity—the
effective charge Zgrr, which is adopted as Z in the calcula-
tions of ionisation energy losses. When the velocity of the
ion v « Z/*v,, the expression

Zegr = nZ*vIvs,

where v, = e?/H is the velocity of the electron in the first
Bohr orbital and n a constant which depends on Z, and the
properties of the medium, 1% js valid for Zeff. If Z is now
replaced by Zegr in Eqn.(13), then the dependence on the
velocity of the ion in the multiplier of the logarithm dis-
appears and it remains only in the logarithmic term. As a
result, as the multicharged ion is retarded, its ionisation
losses diminish in accordance with a logarithmic law. It
will be shown below that this feature is manifested in the
specific characteristics of the structure of the track of a
multicharged ion.

At high velocities the track of a heavy ion can be regarded
as consisting of individual track structures resembling the
track structures of a fast electron. However, in radiation
chemistry one deals with ions whose initial velocity does
not as a rule exceed 10 MeV per nucleon. For initial energies
of this kind, the velocity of the ions is less than 4 x 10°
em s”}; the spurs overlap over most of the lengths of the
track giving rise to a region of continuous jonisation along
the paths traversed. The inner part of this region, which
is characterised by an increase in the density of ionisations
and excitations, has come to be referred to as the core.

For low velocities of the ion, the radius of the core has
been assumed®®’ to be 1 nm. This value was chosen on the
basis of the condition for the retardation of secondary elec-
trons with an energy of 100 eV.

Part of the energy of the secondary electron is absorbed
in the core of the track. Only high-energy ¢ electrons are
capable of moving outside the limits of the core and of form-
ing individual track structures. When the tracks of electrons
overlap, a continuous shell surrounding the core, narrowing
towards the end of the track, is produced.'®
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The distribution of ionisation excitation steps effected by
secondary electrons has been studied in many investigations.
The Monte Carlo method proved to be the most effective for
detailed study.'**"**! The spatial distribution of the ijonisa-
tion steps and the change of the energy distribution of the
§ electrons as a function of the distance from the axis of the
track and along the track have been investigated. 140 The
data obtained can be used to compare the structures of the
tracks of ions of different kinds with specific energies
ranging from 82 to 420 keV per nucleon. Table 4 presents
the results for the tracks of the a-particle and the multi-
charged **I ion in water. Evidently the geometrical dimen-
sions of the tracks of ions having identical velocities are
equal. However, the qualitative structure of the core and
the dependence of the characteristics of the track of a
multicharged ion on the linear energy transfer (LET) are
different from those in the track of the a-particle (or the
proton).

Table 4. Characteristics of the tracks of a-particles and
the multicharged ?’1 ion in water*,
Characteristic | 10'81', cms!
of track I 9 l 7 | 6 5 4
£, MeV 1.7 1.0 0.75 0.5 0.3
53 32 24 16.5 10
Se. eV nm’! 168 212 230 240 252
6000 5540 5240 3600 3210
Zerive 1.85 1.68 1.58 1.47 1.38
N 11.0 8.6 7.4 6.0 5.0
Ng. nm 3.3 4.5 5.0 5.7 6.7
0 118 118 117 87 84.5
Ni.nm 5.2 6.8 7.4 7.9 8.4
190 177 168.5 118 107
1020736 em3 1.46 2.0 2.18 2.4 2.66
52.6 52.3 51 36.6 33.7
10719 g, em™3 0.27 0.54 1.0 3.8 7.4
9.7 14.0 23.8 58.7 94
7 max. NN 25.0 20.0 15.0 8.0 6.0

*The values of each parameter for the a-particle and the
multicharged ion are given in the upper and lower rows
respectively; N; and Ng are the number of ions and ¢
electrons formed by the particle over 1 nm of the length of
the track respectively, ﬁf is the average concentration of
ions in the core of the track, nj the average concentration
of ions in the track, rpgx the maximum radius of the track,
and v; the velocity of the ion.

As already mentioned above, owing to the effective neutral-
isation of the charge as the multicharged ion is retarded, its
LET falls in the range of energies where ionisation losses
predominate. Nevertheless, in view of the fact that the
radius of the track contracts faster than the rate at which
LET diminishes on retardation of a multicharged ion, the
average concentration and yield of the primary ions in the
track of such an ion behave in the same way as in the track
of the a-particle, i.e. they increase with decrease in the
energy of the ion. This increase continues up to energies
at which the losses in elastic collisions become comparable
to ionisation losses (i.e. up to v = 4 x 10° m s™).

As a result of the primary effects, the multicharged ion
ionises virtually all the molecules contained in a cylinder
0.7 nm in diameter (see the relevant estimates'®®). Most of
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the energy of the secondary electrons is also localised in the
core of the track. As a consequence of this, the number of
ionisation steps in the core of the track of a multicharged
ion exceeds the number of molecules. Thus almost every
molecule in the core undergoes repeated ionisation and exci-
tation processes and hence dissociates into fragments. For
this reason, the region adjoining the axis of the track of a
multicharged ion (with a radius of 1 nm) consists of a
cylindrical ion core filled mainly by fragment ions. It has
been shown*? that at the end of the physical stage of the
inhibition process the core of the track of the multicharged
ion consists of a low-temperature, non-isothermal, spatially
unlimited non-ideal plasma (an analogous conclusion was
reached later by Ritchie and Claussen'*’). The individual
components of such a plasma chain exist in local quasi-
equilibrium states (for further details, see Miterev!*?). The
processes in such tracks proceed under significantly non-
equilibrium conditions where it is impossible to introduce a
single temperature for all the degrees of freedom of this
molecule. As a result, the usual ideas concerning the reac-
tion rate constant lose their significance. In describing the
processes in the track of multicharged ions, one must
employ the methods of plasma chemistry.***

VIil. CHARACTERISTICS OF THE RADIATION-CHEMICAL
REACTIONS IN THE TRACKS OF PARTICLES OF DIFFERENT
KINDS

1. The Influence of the Phase States and the Role of the LET
in Radiolysis

In a gas the track structures contain as a rule a small
number of active species which are separated by large
distances from one another. As a consequence of diffusion,
the initial non-uniformity in the distribution of active
species rapidly smoothes out and at the beginning of chem-
ical reactions the intermediate species are distributed almost
homogeneously throughout the volume. For this reason,
the role of tracks in the gas phase is negligible. Only when
the gas is acted upon by multicharged ions such as fission
fragments can spatial non-uniformity influence the chemical
reactions. 1#%14¢

The spatial non-uniformity in the distribution of the reac-
tions in a liquid is more marked owing to the greater density
of this medium. On the other hand, diffusion processes in
liquids are slower. Furthermore, the phase state of the
medium has an effect on the redistribution of the primary
active species (increasing the number of ionised states in
the liquid—see Section V) and also on the subsequent
relaxation processes and the decomposition of the excited
and ionised states.*” The role of the reverse processes
involving the recombination of electrons with the parent ion
becomes more pronounced on passing from a gas to a liquid
and the degree of decomposition of molecules into radicals as
a consequence of the so-called cage effect diminishes.*®

The differences between the kinetics of the gas- and
liquid-phase reactions, which depend on many factors, pre-
clude the differentiation in a pure form of the role of tracks
by altering the density of the medium. The most fruitful
procedure apparently involves the study of the dependence
of the radiation effect on the structure of the track for
constant physical and chemical properties of the medium.

One of the characteristics of radiation (and its ionising
capacity) is the linear energy transfer. Quantitatively LET
is equal to the average energy transferred to the medium
when the ionised particle traverses a unit length of its
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path. For fast particles, the LET is virtually equal to the
ionisation losses. It has come to be assumed that the higher
the LET the higher the density of the chemically active
species in the track and the greater the probability of the
reactions of the active species with one another rather than
with the molecules of the solute.!*?"'°? Thus the increase in
the yield of molecular hydrogen and the decreased yield of
electrons stabilised in the free radicals with increase of the
LET in the radiolysis of water are well known.!%%*%®* The
study of the radiolysis of some organic substances also pro-
duced data indicating an increase with increasing LET of the
yield of molecular products, whose formation can be explained
by the recombination of chemically active species, for example,
radicals in the tracks.!®*

Calculations for the radiolysis of liquids are carried out
by solving the equations of the diffusion-dependent kinetics
of radiation-chemical reactions in tracks.!*°"'%® The use of
ideas about the track structures with spherical or cylindrical
formations and the application of the equations for diffusion-
dependent kinetics explained many experimental facts
observed in the radiolysis of aqueous solutions, 1%6215%160 jp
particular, the dependence of the yield of products on the
LET. As a result of this factor, LET came to be regarded
as a universal characteristic of the quality of the radiation
on the assumption that the concentration of the active species
in the track depends directly on the LET without taking into
account the type of the charged particle.

However, many experimental results obtained in the study
of the dependence of the yields of the radiolysis products of
organic liquids on the LET failed to find a new theoretical
justification within the framework of the existing ideas about
the relation between the structure of the track and the LET.
Among such experimental facts, one may specify the following:
a sharp increase in the yield of low-molecular-weight radioly-
sis products for high values of LET; '**'*? an increase in
the yield of a series of products of the radiolysis of methanol
(for example, ethylene glycol*®®), whose formation is attrib-
uted to the recombination of radicals in the tracks, with
decrease in the LET; the difference between the yields of
hydrogen G(H,) in the radiolysis of benzene by protons and
a-particles having identical values of the LET. ***

In order to explain all these experimental results, it was
necessary to resort to the concept of the detailed structure
of the track and its dependence on the type of the charged
particle. *

2. The Influence of the Structure of the Track on Radiation-
Chemical Processes in Liquids

The role of the structure of the track has been traced
most clearly in relation to the radiolysis of liquids by heavy
ions. Precisely in this case it is possible to vary within
wide limits the geometrical dimensions of the tracks and the
concentrations of the active species in them. The influence
of the structure of the tracks of ions has been investigated
by Burns®***5 and also by Kaplan and Miterev. 5

Using detailed ideas about the structure of the tracks of
ions, it is possible to account for the dependence of the
yields of products on the LET in the following way.® Low
values of LET are characteristic of the radiolysis of liquids
on irradiation by high-energy protons. The track of the
proton consists in this case of a core and branches—the
tracks of ¢ electrons, and the higher the energy of the
proton the greater the proportion of its energy removed
outside the limits of the core by § electrons. The core
itself is ultimately transformed into individual non-overlapp-
ing spurs, i.e. the track of the proton resembles that of
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the electron with the exception of certain features (see Sec-
tion VI). As a result, the character of the radiolysis
approaches that of the radiolysis by fast electrons.

As the proton is retarded, its LET and the number of §
electrons increase, while the size of the track actually
diminishes, because the maximum energy of § electrons
falls. This results in a sharp increase of both the local
and average concentrations in the vicinity of the axis of
the track. This tends to increase the yields of the products
of the recombination of the active species with increasing LET,
i.e. there is a direct correspondence between the density of
the active species in the track and the LET. An analogous
picture has been observed in the tract of the a-particle.

High values of LET (in excess of 1 keV min™') are observed
when a liquid is acted upon by multicharged ions, such as
fission fragments. As already mentioned in the previous
Section, the structure of the tracks of such ions has a num-
ber of characteristic features. The first of these is associ-
ated with the fact that the average concentration of active
species increases with increasing LET. For this reason,
the yields of many radiolysis products initially increase
with decrease in the LET of the fragment, reach a maximum,
and then (when in the course of further retardation of the
fragment the energy losses in elastic collisions become sig-
nificant) they dimish. The experimental results for the
radiolysis of methanol by fission fragments having different
energies can be accounted for in precisely this way. !®?

The second characteristic feature of the structure of the
track of a multicharged ion is a high concentration of frag-
ment ions in the core of the track manifested by the fact that
mainly low-molecular-weight radiolysis products are formed
in the core of the track, while the yields of products with a
more complex structure diminish. The high yields of H,, CO,
and CH, in the radiolysis of liguid hydrocarbons by multi-
charged ions are associated with this fact. 161/163:16%

4
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A i

100.0 LET, eV A™1

Figure 5. Dependence of the differential yield of molecular
hydrogen G(H,) on the LET in benzene for different ions:
1) H; 2) "He; 3) 'Li; 4) °Be; 5) B; 6) 2C; 7) *’Ne;
8) fission fragments; 9) fast electrons.*®®

The intermediate values of the LET correspond to the
radiolysis of liquids irradiated by different ions. As a
result, it has been found that two and more ions can have
the same values of the LET (see, for example, La Verne and
Schluer*®®). With the exception of the range of low energies,
the LET is determined by the ionisation losses Se [see Eqn.
(13)]. If the ionic charges Z are different, then the equality
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of the Se (up to the Bragg peak) holds for different velocities
of these ions. An ion with a high value of Z has a high
velocity v and for this reason the core of its track (ro = v)
and the region adjoining the core (formed by the tracks of

§ electrons) have large dimensions. As a result, the local
and average concentrations of the active species in the track
of such an ion are reduced.

Thus the higher the charge on the ion the greater the
volume of its track in which the linear losses are distributed,
i.e. the lower the local concentrations of the active species.
As a consequence of this, the radiolysis seen in the track of
an jon with a high Z corresponds in essence to a process
which is observed for lower LET inthe tracks of ions with a
lower charge. This behaviour is in fact observed in the
measurement of the yield of H, in the radiolysis of benzene
by various ions *¢*'1%® (Fig.5).

Thus an important conclusion follows from the analysis of
the influence of the structure of the tracks on radiation-
chemical processes: there is no direct correspondence
between the LET and the local and average concentrations
of the active species in the tracks. For this reason, the LET
cannot serve as a universal characteristic of the quality of
the radiation regardless of the particular species involved.

Attempts have been made to introduce instead of the LET
another characteristic of the quality of the radiation, for example,
the ratio Z%/v2 ¢7'1%¢ However, a complete description in
terms of Z%/v® could not be achieved,*®® which can be readily
explained. The factor Z%v? is an approximation to the LET and all
the remarks referring to the use of the LET as a universal
characteristic of radiation fully apply also to this parameter.

The dependences of the differential yield G(H;) on the
average density of the absorbed energy in the core of the
track have been compared for different ions'®® and it was
found that, for the same density, the values of G(H;) depend
significantly on the type of ion and hence also on the distri-
bution of the energy (and the primary species) outside the
limits of the core, i.e. they depend on the complete structure
of the track.

Apparently the attempts to introduce a universal parameter
characterising the radiation-chemical effect of radiation have
been unsuccessful. Such a characteristic may be only the
spatial distribution of active species in the track. The form
of the latter throughout most of the paths of the particles is
determined both by the charge Z and by the velocity v of
the particles and not solely by their ratio. These two param-
eters must in fact be used as the characteristics of charged
particles. For a comparative estimate of the radiation effects
of various types of radiation, certain characteristics averaged
over the volume of the track, such as the average energy
density in the track, the average concentration of active
species in the track, etc., are also useful.

The foregoing has a direct bearing on the dosimetry of
the ionising radiation using liquid systems. Since the radia-
tion effect in such systems generally speaking depends on
the structure of the track of the charged particles, the
determination of the dependence of the readings of liquid
type dosimeters on the LET is meaningful only when a
single type of radiation is used. Furthermore, the applica-
tion of a dosimeter calibrated against one type of radiation
in the measurement of absorbed doses of other types of radi-
ation requires the introduction of corrections for the specific
features of the track effects.

-—~00o0-—-
In conclusion we may note that, in view of the multiplicity

and complexity of the active primary species and intermediates
formed in the radiolysis of even a thoroughly investigated
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medium such as water, there is as yet no firmly established
mechanism of the radiolysis in both the primary and subse-
quent stages. In the first place, the lack of reliable data on
the cross-sections of the interactions of slow electrons with
molecular media precludes the determination of a detailed
spatial distribution of the primary active species in the
electron tracks. The types of reactions of the primary active
species in the condensed medium, namely ions, superexcited
molecular states (for example, Rydberg states), and also
plasmon excitations in non-metallic media, have not as yet
been firmly established. The solution of these problems
would make it possible to carry out calculations for the
radiolytic process up to the evaluation of the radiation yields
of the final products.
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