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1. INTRODUCTION

Considerably greater interest has recently been taken
in the study of the chemical changes occurring in solids
under the influence of ionising radiations. The results of
these investigations have especially great prospects of
practical application in the search for radiation-resistant
materials for the construction of atomic reactors and plant
and for intensifying many solid-state reactions of practical
importance. These problems are also encountered in
developing the technology of the production of artificial
radioactive isotopes by irradiating solids in a reactor. It
will therefore be useful to reach, from accumulated data,
some general conclusions concerning the chemical changes
produced by radiations in solids and their influence on the
physicochemical properties of the solids.

The experimental data which have accumulated are so
extensive and diverse that it is impossible to cover them in
a short review. Since fairly complete surveys have
appeared!~1? of the action of radiation on metals and on
polymeric materials, we shall confine ourselves to an
examination of work on the chemical changes produced by
radiation in ionic crystals. The variation in physical pro-
perties under these conditions has been considered ¢, and
therefore we shall disregard this question, too, in the
present paper.

2. ACTION OF HEAT, LIGHT, AND IONISING RADIA-
TIONS ON MATTER

In contrast to heat and light quanta, the energy of which
is less than, or at best comparable with, that of chemical
bonds, the energy of y-quanta, electrons, or heavy par-
ticles formed in radioactive disintegration or in artificial
(instrument) sources of radiation — accelerators — is
much larger, usually by several orders of magnitude, than
the chemical bonding energy, and this governs many speci-
fic aspects of radiochemical processes in the solid phase,
which distinguish them from photolysis and thermal decom-
position.

The action of heat on a solid results in atomic vibrations
in the lattice, caused by the greater number of heat quanta;
only a few of them correspond to the high-energy limit of
the Boltzmann distribution and can lead to rupture of the
chemical bond. Under isothermal conditions heat quanta
are distributed uniformly throughout the volume of the
crystal, and if this alone governed the start of thermal
decomposition, the latter could begin at any point in the
crystal, and its kinetics would be represented by a first-
~order equation. But different positions in the crystal are
not equivalent in reactivity. Therefore bond rupture takes
place at those points in the lattice where at a given instant

-the bond is for some reason weaker than at other points,

and it is this which causes the localisation of the initial
centres of thermal decomposition at defects in the crystal.

In the decomposition of solids under the influence of
visible light or ultraviolet radiation the energy of the quan-
tum is comparable in magnitude with that of a chemical
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bond, and this case should represent the simplest type of
decomposition of the solid?®, Since on exposure the light
flux is incident primarily on the surface of the crystal, any
chemical interaction between light and matter which does
occur is localised mainly at the surface.

Jacobs et al .'® showed, in a study of the kinetics of the
photolysis of barium azide asan example, that, by varying the
wavelength maximum of the radiation employed, portions of
the crystal surface differing in activity can be made to react
separately. Thus at A < 2600 A photolysis can occur over
the whole surface of the crystal. When 2600 < X < 3300 &,
photolysis is localised mainly at lattice defects, and at
X > 3300 A the photochemical process can take place only
if crystal nuclei of metallic barium are already present in
the barium azide crystal, the process being localised at the
interface between the starting material and the photolysis
product.

Photolysis usually ceases when the crystal surface has
become covered with a layer of product, which protects the
deeper layers of the crystal from the action of light (pro-
vided that further development of the reaction by a thermal
mechanism, by conversion of the energy of the light quanta
into heat energy?!?, is excluded).

The rate of photolysis may depend both on the probability
of transfer of an electron to the conduction band and on the
possibility of its recombining with a positive hole.

The main features of the radiolysis of solids which dis-
tinguish it from thermal and photochemical decomposition
processes result from the fact that the energy carried by
each y-quantum or high-energy charged particle far exceeds
(usually by several orders of magnitude) the energy of a
chemical bond in a solid. Therefore only a negligible
fraction of the total energy of a y-quantum or a heavy par-
ticle is expended on the initial expulsion or excitation of an
electron. The remainder is transferred to the expelled
electrons on ionisation, is emitted as a y-quantum of longer
wavelength by the Compton effect, or may even be usedupin
displacing the atoms or ions from the normal lattice points
into the interstices.

The distribution of the portions of the lattice which have
been affected by interaction between radiation and matter
depends both on the energy and intensity and on the type of
radiation. In the case of y-rays, for example, exposure
produces a uniform formation of radiation defects through-
out the bulk of the substance?®. Exposure to particles re-
sults in ionisation of the substance predominantly along the
track of the particle, and therefore in a non-uniform dis-
tribution of radiolysis products both in the volume of the
crystal and along the path traversed by the particle in the
crystal!®, The mean free path then depends firstly on the
energy and secondly on the nature of the particle itself,

Since the principal chemical effects of the exposure of
solids to high-energy radiation (especially y-quanta and
electrons) are produced not by the bombarding particles
themselves but by secondary electrons whose energy may
vary within extremely wide limits, the elucidation of quan-
titative relations is extremely complicated, even if the
initial exposure is to monochromatic radiation.

In contrast to light, which produces mainly ionisation
effects, high-energy rays may also cause ions to be dis-
placed from the normal lattice points into the interstices.
The relative proportions of ionisation and displacement
effects depend both on the nature of the irradiated material
and on the type of radiation and its energy.

At the end of the track the transfer of the energy of the
particle to the lattice causes the formation of heat wedges,
which represent local hot spots in the crystal, in which the
temperature rises sharply for a brief period.

The possibility of a high concentration of energy in a
small portion of the lattice on exposure to high-energy par-
ticles and ionising radiation was the basis of attempts to
initiate the detonation of explosives by irradiation. How-
ever, in spite of a large number of investigations with both
high explosives and detonators and with various types of
radiation — 7y-rays, electrons, neutrons, protons, a-rays,
fission products 922 — attempts at radiation initiation of
explosion were unsuccessful (except for cases of the deto-
nation of nitrogen iodide under the influence of a~-particles
and fission products). According to Bowden??, this may be
because the centres of decomposition thus formed are too
small for the production of the local hot spots necessary
for conversion of slow thermal decomposition into detona-
tion.

A general and fundamental characteristic of the radio-
lysis of solids is that the probability of a process occurring
is determined not so much by the weakness of the chemical
bonds at individual sites in the lattice, which is the case
with thermal decomposition and the action of light, as by
what conditions exist for restoration of a bond in the lattice
after it has been broken. These determining factors may
be extremely varied, ranging from the ionisation potential
of the cation, in the case of reactions resulting from elec-
tron transfer from anion to cation, to the free volume in
the lattice of an ionic salt. The latter is of particular im-
portance when the primary stage of radiolysis is the rup-
ture of bonds within a complex ion, as, for example, in the
action of high-energy rays on alkali metal nitrates and per-
manganates 3°-3¢, In the first case the mechanism of radio-
lysis of the crystal will be analogous to thermal decompo-
sition and the action of light, while in the second case it
may be different.

3. EXPERIMENTAL TECHNIQUE FOR IRRADIATION

The experimental technique for irradiation and for
studying the radiolysis products has much in common with
that used for studying the photochemical and thermal break-
down of solids. On the other hand, the basic features of
radiolytic changes in ionic crystals, which distinguish them
from thermal and photochemical processes, require a
special technique for the experimental study of the chemi-
cal changes produced in solids by irradiation.

For exposure to an external source of X-rays or y-rays,
the specimens are placed in glass or quartz tubes3 ™42 or in
special vessels which enable the composition and pressure
of the gas over the substance to be controlled, and also
permit irradiation at low temperatures34,43-45, Exposure
to neutrons and mixed radiation in the channels of a reac-
tor is effected in a similar manner %749,

If decomposition under the influence of the radiation
from a radioactive isotope contained in the test salt itself
is to be studied, the preparation is simply kept for a cer-
tain time in air or in a vacuum 5952,

In the case of irradiation with electrons (8-rays) there
is a possibility of considerable weakening of the electron
flux by the walls of the vessel containing the specimen.
Therefore either an open vessel is used5? or, if irradiation
ina vacuumorinanatmosphere of an inert gas is required,
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a window is made in the vessel and is covered with a
material whose absorption of electrons is a minimum (for
example beryllium or aluminium foil).

With exposure to low-energy electrons, which are ob-
tained by means of instrument sources, the substance is
placed in the actual space of the source. In special equip-
ment described by Groocock and Tompkins5® an electro-
magnetic device enables the substance undergoing decom-
position to be introduced into the low-energy electron beam
between the cathode and the grid.

In contrast to irradiation with y-rays, when electrons of
low and intermediate energies are used allowance must be
made firstly for the great probability of non-uniform dis-
tribution of radiolysis products between the bulk of the
crystals and their surface, and secondly for the possibility
of the preparation being heated up in the electron beam at
high intensities of the electron flux. The latter may result
in thermal decomposition of the specimen as well as radio-
lysis, which will considerably modify the experimental
results. The effect of this source of error in investiga-
tions of radiolysis in an electron flux may be diminished to
a considerable extent by using pulsed electron accelerators.

When bombardment with heavy particles — ions, pro-
tons, deuterons, and a-particles — is used, the same
difficulties are encountered to a still greater extent.
Moreover, the shortness of the range in air of heavy par-
ticles and ions obtained by radioactive disintegration, is
an added difficulty, so that exposure must be made either
in a vacuum or with the material to be irradiated in direct
contact with the source®4-56,

The possibility of obtaining high-energy particles fluxes
in artificial sources sometimes permits enclosed speci-
mens to be irradiated through a foil window, but this
involves considerable loss of intensity in the foil.

Another very important factor in the method is measure-
ment of the dose absorbed by the specimen. A distinction
must be made between measurement of the intensity of the
radiation source and measurement of the radiation dose
absorbed by the substance, the latter being defined as the
energy AE absorbed by an element of mass m or volume v
of the material®?,

The first of these determinations is extremely important
in the design and manufacture of isotopic and instrument
sources of radiation, and the second is especially valuable
in the study of radiochemical processes.

The absorbed dose can be measured either directly or
indirectly, the former often involving great experimental
difficulty and sometimes being altogether impracticable.
Direct determination of the absorbed dose is usually accom-
plished by measuring the attenuation of the energy flux in
the substance or the quantity of energy absorbed, by means
of a standard made of material having the same thickness
and approximately the same density but not subject to
radiolysis under the given conditions. Thus, for example,
Heal34»43-45 in his work on the action of X-rays on ionic
salts used as such a standard a metal disc of the same
thickness as the irradiated crystal. This disc was placed
in a calorimeter, and the absorbed dose was calculated
from measurements of the temperature of the disc during
exposure.

The absorbed dose can be measured also by determining
the intensity of the dose by means of a ferrous sulphate or
a ceric sulphate dosimeter, and then calculating the dose
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absorbed by the test material, allowing for the difference
in electron density of this material and the dosimetric solu-
tion 35742,

With neutron irradiation, measurement of the absorbed
dose is also preceded by determination of the neutron flux
intensity, which involves measuring the’specific activity,
after fixed intervals of time, of a cobalt wire introduced
into the irradiated space5%s55558,

The intensity of an electron beam can usually be charac-
terised by the current measured in a Faraday cylinder, or
can even be measured with an ordinary ferrous sulphate
dosimeter.

4. METHOD OF STUDYING CHEMICAL CHANGES PRO-
DUCED IN SOLIDS BY RADIATION

The above peculiarities of radiolytic processes in solids
compared with thermal and photochemical decomposition
are responsible for the special features of the technique
used to study the chemical changes occurring in solids on
irradiation,

These are methods for the rapid determination of the
extremely small amounts of the radiolysis product, which
can usually constitute only a few hundredths or tenths of a
per cent of the total weight of material, and only in rare
instances, when high doses are absorbed, can reach a few
per cent. Secondly, in the study of chemical radiation
effects in solids account must be taken of the distribution
of radiolysis products in the bulk of the crystal, which may
differ with the type and energy of the radiation used.
Thirdly, the possibility of displacement effects as well as
ionisation effects during radiolysis must be borne in mind.
Displacement effects, which do not usually lead to chemi-
cal changes in the crystal, may have a considerable influ-
ence both on the chemical changes associated with ionisa-
tion and excitation of electrons in a solid under the action
of radiation and on the rates of other physicochemical pro-
cesses involving irradiated solids (for example, thermal
decomposition).

The methods employed to study radiochemical reactions
should provide for the possibility of following these effects
too.

Among the methods employed at the present time to
study the products of radinlysis, we may note firstly dis-
solution of the irradiated ciystals in water and determina-
tion of the radiolysis products in the aqueous solution by
the usual methods of chemical analysis, i.e. by the normal
procedures of volumetric microanalysis, or even by means.
of colorimetric, spectrophotometric, potentiometric, and
polarographic methods.

If one of the products of radiolysis is a gas, the course
of the process can be followed by measuring the quantity of
gas evolved in the reaction.

In contrast to the thermal and photochemical breakdown
of solids, in which decomposition starts at the surface and
gaseous reaction products are evolved immediately, radio-
lysis occurs throughout the volume of the crystal, and with
small degrees of decomposition the gaseous products
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remain in the crystal®?; in order to determine their
amount, therefore, this gas must be liberated from the
bulk of the crystal.

One of the methods usually employed for this purpose is
to heat the irradiated specimens in a vacuum+® to the
melting point or a crystallographic transition point. How-
ever, this may yield results which are too high owing to the
simultaneous occurrence of thermal decomposition of the
salt, which would be accelerated in the presence of solid
products of the radiolysis. In addition, the temperature at
which appreciable thermal breakdown begins may be
lowered59-61,

The errors associated with the heating up of the speci~
mens are to a considerable extent eliminated in a method
for studying the kinetics of radiolysis based on determining
the dependence of gas evolution on the degree of dispersion
of the crystals being examined, and then extrapolating the
gas evolution at a definite dose to zero crystal size. The
method was developed in connection with the radiolysis of
barium chloride, and then used to study the dynamics of
radiolysis with several other inorganic salts®2-64,

Another method for determining the amount of gas formed
ina crystal on radiolysis is the microgas-volumetric tech-
nique developed by Heal® and based on measuring under
the microscope the size of the gas bubble liberated when
a small, accurately weighed crystal dissolves. This
method was used to study the radiolysis of alkali metal
azides 343,45, Tt follows from the principle of Heal's
method that it is applicable only if the gas evolved on radio-
lysis neither reacts with nor dissolves in the solvent crys-
tal. The quantity of gas evolved can be followed also from
the change in weight® or density ¢ of the crystals during
radiolysis.

The composition of the gas evolved can be determined by
the usual methods of gas analysis 37+46)52 or by mass spec-
trometry 41,8,

The course of radiolysis can be followed by checking the
amount and condition of a solid reaction product. If the
initial crystals are colourless or feebly coloured, while the
resulting product absorbs light strongly in the visible or
ultraviolet range, the dynamics of radiolysis can be studied,
especially in the initial stage of the process, by colori-
metry®?, photometry®8=7_  and spectrophotometry of the
irradiated crystals44:71=73, The quantity and structure of
the new phase which accumulates during radiolysis, and
also the accompanying change in degree of imperfection of
the crystal, can be studied also by X-ray !8,58,59,7-78 and
electron =81 diffraction methods.

Electron paramagnetic resonance has become especially
important for investigating the nature of the initial centres
formed on the radiolysis of ionic crystals by interaction of
electrons and positive holes with ionic defects, and of the
free radicals which are formed by the rupture of intracrys-
talline bonds as a result of radiolysis. This method has
been used51,69,82=92 to study the chemical changes caused by
radiation in ionic crystals.

Among other physicochemical methods employed to in-
vestigate irradiated ionic crystals the following may be
mentioned: measurement of heats of solution?®8, thermo-
graphic and thermogravimetric examination of the crys-.
tals 2, determination of the change in ionic and electronic
conduction in the crystals after irradiation®®, and the mag-
netic susceptibility 46:93,% and mechanical properties of the
crystals 4,

5. CHEMICAL CHANGES PRODUCED BY RADIATION IN
INORGANIC IONIC CRYSTALS

The nature and extent of the chemical changes in solid
ionic crystals depend on the type and energy of the radia-
tion, and also on the nature of the substance undergoing
radiolysis. Absorption of radiation results in ionisation
and excitation of the electron shells of the ions forming the
lattice, and in some cases in their displacement from their
normal lattice points into interstices. Chemical changes
result mainly from ionisation effects; displacement effects
most often entail a change in physical properties.

With binary ionic salts of the alkali metal halide type
the action of ionising radiation depends to a considerable
extent on the ionisation potential of the cation, since this
quantity determines the depth of the potential traps for the
capture of electrons by anionic vacancies, which is the
initial stage of the radiolysis of these salts. A consequence
of the formation of F- and V-centres is the formation,
inside the crystals, of metallic particles and halogen atoms,
which are uniformly distributed throughout the volume of
the crystal in the case of y-rays or are located in the por-
tions of the crystal adjacent to the surface under the action
of particles and electrons of intermediate energy.

The occurrence of chemical changes when these crystals
are irradiated is indicated by the solution becoming alka-
line and gaseous halogen being formed on dissolution of the
salt (a fact known from the earliest work®7t on the action
of radiation), owing to reaction of the primary products of
radiolysis with water molecules:

e + H,0 — OH- + 3H,,
h +Cl-—Cl, 2C1—Cl,

As a result of the reversibility of the defects, their rate of
breakdown increases with rise in temperature and in their
concentration, the chemical changes accompanying their
formation usually being slight and according to Heal %8 not
exceeding 0.1%.

Increases inthe ionisation potential of the cation increases
the irreversibility of radiolysis and the yield of products,
as is the case, for example, in the radiolysis of silver
halides? and cadmium halides® under the influence of
X-rays, y-rays, and electrons, during which far greater
yields of reaction products are reached with the same dose
absorbed.

In the case of ionic salts containing complex anions or
cations specific effects may appear owing to rupture of
chemical bonds within the complex ions under the influence
of radiation, which may occur in these cases together with
the electron transfer from anion to cation usually observed
in binary ionic crystals. In this class of salts the radio-
lysis of azides, nitrates, and perchlorates has been most
thoroughly studied.

Heal, Groocock and Tompkins, Sviridov, and Bowden
have investigated the breakdown of these salts under the
influence of X-rays, electron irradiation, and reactor
radiation 18,%,%,43,53,72,74,100=104,  In all cases metallic
crystal nuclei are formed, and free nitrogen is evolved in
yields which may reach 1-2,5%. As with alkali metal
halide crystals, dissolution of irradiated crystals of sodium

t [Refs.96 and 97 are not indicated in the text. They deal with
free Na and Cl in sodium chloride crystals containing colour
centres (Ed. of Translation)].
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azide makes the solution alkaline, while interaction between
the free hydrogen evolved and the nitrogen of the azide ion
yields ammonia and hydrazine %,

Just as with simple binary salts, the radiation yield and
the rate of radiolysis of azides become greater the higher
the ionisation potential of the cation. The permanence and
the irreversibility of the chemical changes produced in
solids by the action of radiation also increase.

Nitrates form another group of salts changes in which
under the influence of ionising radiation have been studied
in some detail. Irradiation of nitrates by X-rays, y-rays,
and electrons as well as reactor radiation usually resultsin
elimination of an oxygen atom from the nitrate ion withcon-
version of the latter into a nitrite 34-39,41,46,52,105,108  The
oxygen remains trapped in the crystals, and is liberated
from them only when the salt is dissolved in water or is
heated to its melting point or a polymorphic transition
point“¢, Solutions of irradiated nitrates appear 52,% to have
one more alkaline (pH 9-10) than would be expected solely
from hydrolysis of the resulting nitrite.

The radiation yield of the process depends on the possibi-
lity of recombination of the nitrite ion with oxygen, and is
higher the more conditions favour removal of the oxygen
atom from the sphere of action of the NO7 ion. The radia-
tion yield of nitrites therefore depends, under otherwise
identical conditions, on the free volume, which is the dif-
ference between the volume of a unit cell of the crystal
lattice and that of the ions in it 30-32,18,

In the radiolysis of alkali metal nitrates the radiation
yield has been shown 39,31,% to be higher the greater this
free volume (for cations ranging from sodium to caesium).
A similar relation is observed also with the nitrates of the
alkaline earth metals®2, In both cases the sequence of
chemical stability on radiolysis is the opposite to the order
of thermal stability for the same series of salts 107,108,
This is probably because the thermal stability of the nitrates
is determined by such factors as, for example, the polar-
ising effect of the cation on the anion, which play a secon-
dary part in radiolysis. A similar relation is observed
with other salts too, for example permanganates3® and
bromates 19,

The free volume is usually the main factor when the
variation in ionisation potential in a series of salts is slight.
When the change in ionisation potential is considerable, its
influence, associated firstly with the polarising action
which the cation can exert on the anion and secondly with a
change in stability of the centres of electron capture, may
become predominant, and the radiation stability will then
vary in the same sequence as the thermal stability. Thus,
for example, the free volumes in silver and sodium nitrates
are about the same, while the ionisation potentials of their
cations differ strongly (7.54 and 5.1 eV respectively 1),
Therefore the radiation stability of silver nitrate is far
less than that of sodium nitrate. The same relation is
shown by a comparison of the radiation stability of stron-
tium and lead nitrates 32,

When the radiation stability of complex ionic salts is
being studied, account must be taken also of the strength of
the bond, within the complex ion, which is ruptured under
the influence of y-quanta or secondary electrons. An
example is provided by comparative data on the radiation
yields of potassium chlorate and potassium nitrate under
the same conditions of irradiation. The energy of the
C1-0 bond in the chlorate is 2.38 eV, while that of the N~-O
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bond in the nitrate is 3.65 eV, and hence the radiation yield
of oxygen is 4 and 0.8 mole of O, per 100 eV in KC1O, and
KNO, respectively %6,

Results obtained by Proskurnin and Baberkin have shown
that the presence of water of crystallisation in the nitrate
results in an increase of the radiation yield, owing both to
radiolysis of the water and to a diminished probability of
recombination of the oxygen eliminated on radiolysis, as a
result of interaction with the water molecules 3°s%°,

Radiolysis of a chlorate by various types of radiation yields
oxygen, chloride, hypochlorite, and perchlorate 44s48,60,61,
The first three products are formed as a result of break-
down of the chlorate ion, and the perchlorate ion is pro-
duced by interaction of the chlorate ion with oxygen#,
Radiolysis of solid potassium perchlorate gives chloride
and chlorate*, During irradiation the chlorate ion may
itself break down into the above products.

The decomposition of solid crystalline salts has been
noted also when they are used as targets in the preparation
of radioactive isotopes 111-114,

Heavy-metal oxalates evolve carbon monoxide and car-
bon dioxide on irradiation?9,50,56, the oxalate ion being con-
verted into carbonate 50,56, while in several cases the solid
product of radiolysis is the metal oxide %°.

Inthe radiolysis of solid salts of chromic acids by a neutron
flux, it has been established that the ability to undergo
radiation-induced reduction increases in the sequence
K,CrO, < K,Cr,0, < K,Cr;0,, < Cr0O,.115

Interesting relations have been obtained for the radio-
lysis of complex compounds which break down in several
stages owing to their complicated composition!¢. The
extent of decomposition of complex compounds depends on
the ions in both the inner and outer spheres. Thus it is
greater for the crystalline hydrates of nitrates than for the
anhydrous salts %6,3s20, This phenomenon can be explained
as a consequence of structural changes and of the influence
of products from the radiolysis of water3®,°, and also
because the field due to the water dipoles separating the
nitrate ions from the cations is weaker than the field due
to the latter®¢, A comparison of the radiation stability of
various platinum complexes (tetra- and hexa-chloro-
platinates 117) showed that, with the same inner sphere,
ammonium salts decompose more readily than the potas-
sium salts. Complexes containing different ligands in the
inner sphere decompcse more rapidly than those with iden-
tical ligands; compounds of bivalent platinum are more
readily decomposed than quadrivalent platinum compounds;
and a lrans-isomer breaks down more readily than the
cis-isomer. In the case of oxalate complexes those of a
quadrivalent metal prove to be more stable than those of
bivalent metals 16,

The above data suggest that in some cases radiolysis
may take place by a mechanism similar to that of thermal
decomposition, while in other cases it may have a different
mechanism,

When the laws governing radiolysis and thermal and
photochemical decomposition are the same, as for example
in the case of silver oxalate, the breakdown of which prob-
ably always involves capture by interstitial silver ions of
electrons expelled by radiation, factors which increase the
thermal stability will lead to an increase in the radiation
stability too. If, however, the laws are different, methods
of increasing — or diminishing — the radiochemical



Vol.32 No.8

RUSSIAN CHEMICAL REVIEWS

August 1963

stability must be sought in terms of factors which are spe-~
cific to radiolysis. Therefore a clear knowledge of what is
the mechanism of the radiolysis of solid ionic salts and
what factors govern the radiochemical process is absolutely
essential in the search for methods of controlling their
radiochemical stability.

The rate of radiochemical processes and the yield of the
products of radiolysis may be greatly affected by the actual
structure of the crystal, involving the presence of both
macro- and micro-defects (ionic vacancies, interstitial
ions, impurity ions, dislocations, grain boundaries, etc.).
The radiochemical stability of ionic crystals will therefore
depend very greatly on their mode of preparation '8, their
deformation!®-12! and the concentration and type of
impurities which have entered the crystal during its pre~
paration or processing 122,123,

The influence of defects in crystals on their radiation
stability can be examined in greater detail in the effect of
impurities. A change in radiation stability resulting from
the introduction of impurities had already been noted in the
early work on the action of radiation on ionic crystals (see
for example, Refs.124 and 125), and formed the subject of
later investigations on the tendency of ionic crystals con-
taining impurities to become coloured by radiation. It was
shown in this work that impurities may influence the radia~
tion stability in the first place owing to a change in the
number of breaks in the distribution of dislocations in the
crystals resulting from the lack of correspondence between
radii and polarisation properties of the impurity ions and
the lattice ions which they replace %6127, Secondly, im-
purity ions differing in charge from the lattice ions which
they replace lead to the formation in the crystal of addi-
tional cationic or anionic vacancies or interstitial ions.
This also entails a change in radiation stability, which
increases or decreases depending on the type of vacancies
and interstitial ions formed 70,128,129,

Finally, a change in the radiation stability of ionic crys-
tals may result from the direct capture of electrons and
positive holes by impurity ions, as is observed when cer-
tain impurities are introduced into the crystals of alkali
metal halides 1305131,

Apart from the effect of defects due to impurities in
crystals, which we have examined in detail, radiation
stability depends also on the presence of other types of
defects®, The radiation stability is usually diminished by
the presence of defects in crystals, owing to the participa~
tion of point defects in the electronic and ionic processes
sometimes involved in radiochemical decomposition, the
greater probability of the destruction of excitons localised
at defects and accompanied by rupture of chemical bonds
within complex ions. In the defective regions, moreover,
there is a higher probability that ions, atoms, or radicals
split off in the initial stages of radiolysis will be removed
from the site of primary bond rupture, and therefore the
“cage effect”, which leads to recombination and is especi-
ally important in the case of solids, is diminished 98,

By analogy with what occurs in thermal decomposi-
tion 132,133 it is to be expected that the same defects will
affect the rate of radiolysis differently depending on the
reaction mechanism. For example, it has been shown 89,134
that the addition of cadmium ions, which generate cationic
vacancies in the lattice of silver salts, increases the radia-
tion stability of silver oxalate, but diminishes the radiation
stability of silver carbonate®®, the decomposition of which
involves rupture of bonds within the carbonate ion.

6. EFFECT OF PRELIMINARY IRRADIATION OF SOLIDS
ON THE RATE OF TOPOCHEMICAL REACTIONS

Since the accumulation of defects in crystals may lead
to a change in the rate of topochemical reactions (as was
noted long ago in the literature on topochemistry), the
effects of different types of defect varying according to the
reaction mechanism, preliminary high-energy irradiation
of solids may be expected to exert an appreciable and spe-
cific influence on the rate of individual types of topochemi-
cal reactions.

Since the effect of preliminary irradiation has been
studied most thoroughly in the case of thermal decomposi-
tion compared with other types of topochemical reactions,
we shall confine our attention first of all to such reactions.

The effect of previous irradiation on the rate of subse-
quent thermal decomposition had already been noted in the
earliest work on the kinetics of thermal decomposition.

The facts which have now been accumulated enable some
quite definite conclusions to be drawn concerning the nature
of the effect.

Among the earliest work was that of Garner and Moon 3%
who found that preliminary exposure of barium azide to
v-rays from radium accelerates the subsequent thermal
decomposition of this salt. The same effect was shown in
later work with preliminary exposure to various types of
radiation in the decomposition of barium azide irradiated
with X-rays 101,136, of lithium, cadmium?9,13! and lead!37
azides exposed to y-rays and neutrons, and also of mer-
cury 189,140 gjjyer 101,118,140  Jead 142 nickel, and copper™
oxalates.

Preliminary exposure to y-rays, X-rays, and neutrons
accelerates the subsequent thermal decomposition of the
permanganates of potassium '3, rubidium %, caesium %5,
barium 6, and silver %8:147,148  gjlver carbonate®8, potas-
sium bromate %°, ammonium dichromate 15, and ammonium
perchlorate 42,151,152,

Freeman and Anderson 52 compared the formation of the
initial reaction centres in the thermal decomposition of
ammonium perchlorate crystals which had and which had
not been exposed to X-rays. They discovered that, whereas
in unirradiated crystals thermal decomposition involves
formation of nuclei on the crystal surface and their further
growth into the interior, in the thermal breakdown of irra-
diated crystals formation of nuclei is not confined to the
surface, but takes place throughout the volume of the crys-
tal,

This work established that preliminary exposure to
ionising radiation may considerably diminish the time re-
quired for subsequent thermal decomposition. Exposure
to v- or X-rays causes mainly a shortening of the induction
period3=148,  For the thermal decomposition of the per-
manganates of potassium 43, rubidium 44, and caesium5,
it was found that the duration of the induction period ¢ and
the dose of ionising radiation absorbed in the substance,
or the period of exposure 7, are linked by the simple and
reproducible formula

logT = kt + const,

A similar relation was observed for the shortening of the
induction period in the thermal decomposition of barium
azide which had been exposed to X-rays 1%,

Neutron irradiation has a strong influence on the whole
course of thermal decomposition 44,153 which is not confined
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to the initial stage, and this is specific to the activation of
thermal decomposition by neutron irradiation.

The effect of radiation on the rate of subsequent thermal
decomposition by an ionic—electronic mechanism may be
changed by the addition of heterovalentions, whichgenerate
cationic or anionic vacancies, as has been shown for the
addition of cadmium to irradiated silver oxalate!4!.

A detailed study of the mechanism underlying the action
of the additive showed 54 that, whereas with preliminary
ultraviolet irradiation of the oxalate the additive affects
both photolysis and thermal decomposition, with prelimin-
ary exposure to y- and X-rays the diminution in the effect
is due mainly to retardation of thermal decomposition in
the presence of the additive.

Many questions still remain unanswered and obscure in
the effect of radiation on the rate of subsequent thermal
decomposition.

In some cases thermal decomposition is accelerated
only by neutrons. Thus with lead styphnate monohydrate 53
the rate is unchanged on exposure to y-rays and to a %°Co
source at doses of the order of 1.8 X 10® rad, but it is
greatly increased by neutron irradiation in a reactor
channel even at comparatively low doses.

The same occurs when manganese oxalate dihydrate is
exposed to neutrons or y-rays %5, The causes of this
phenomenon have been linked 15,156 with the fact that a great
proportion of radiation-induced faults resulting in an in-
creased rate of thermal breakdown of irradiated substances
are due to displacement phenomena. In the case of lead
styphnate, for example, these displacements may occur
both as a result of elastic collisions between neutrons and
carbon atoms in the styphnate ion and as a consequence of
the reaction ¥N + n — 4C + p, which also leads to destruc-
tion of the styphnate ion.

It is not clear in what cases a diminution in activation
energy can be expected to result from preliminary irra-
diation. A change in activation energy has been found 143-148
in the subsequent thermal decomposition of permanganates.
In other cases, for example the thermal decomposition of
silver oxalate exposed to 8Co y-rays, data have been ob-
tained indicating the absence of such a phenomenon, the
change in rate produced being linked mainly with a change
in the pre-exponential factor in the Arrhenius equation ¥,

The influence of the interval between the time during
which irradiation is carried out and the time of thermal
decomposition is not yet clear in all its details. With sub-
stances such as barium azide, on the one hand, it has been
shown that the rate of subsequent thermal decomposition is
affected by the length of this interval1°?s1%, On the other
hand, the length of the interval appears 43-147 to have no
effect on the thermal breakdown of the irradiated perman-
ganates of metals in Group I of the Periodic System, but
it is extremely important when the interruption occurred
— during the induction period, during the autocatalytic
phase, or during the time of diminishing reaction velocity
following the maximum.

In this connection it is of interest to study the rate of
thermal decomposition directly at the instant of irradiation.
It has been shown 57 by means of specially designed equip-
ment 158 that exposure of barium azide to X-rays at the
instant of thermal decomposition results in a greater in-
crease in reaction velocity than with preliminary irradia-
tion.
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Besides the above data, according to which preliminary
irradiation may strongly affect the rate of subsequent ther-
mal decomposition, substances are known with which no
such activating effect occurs, although their thermal break-
down takes place quite readily, An example is silveroxide,
whose rate of subsequent thermal decomposition remains
unchanged after preliminary exposure to y-rays and neutrons
over quite a wide range of doses!®®, The same applies to
the thermal decomposition of potassium peroxochromate 01,

The criterion determining whether preliminary irradia-
tion will affect the rate of subsequent thermal decomposi-
tion is still obscure, and different views are held concern-
ing the mechanism by which the solid is activated.

According to one of these, the main part in the enhanced
reactivity of solids resulting from preliminary irradiation
is played by the excitation of electrons and ionisation, and
ultimately by radiolysis of the solid. The products of
radiolysis which appear in the lattice catalyse subsequent
chemical reactions in which the irradiated solid is involved,
including thermal decomposition processes.

According to another view, developed by Prout and his
collaborators 142-147,159,160  the chief result of irradiation is
the displacement of ions from normal lattice points into the
interstices. In the course of subsequent thermal decom-
position when the substance is heated, these defects are
annealed, the interstitial ions returning to the lattice
points which they had previoysly vacated. Owing to the
accompanying evolution of heat, partial decomposition of
the solid occurs even before the onset of general thermal
decomposition. This decomposition is accelerated by
deformation of the original lattice at the starting material—
reaction product interface.

In his early papers Prout !#® suggested that this occurs
as a result of elastic collisions of Compton electrons,
formed in the primary acts of interaction between radiation
and matter, with the lattice ions. This hypothesis, how-
ever, was not supported by the experimental data, either of
other workers?33,136,148 or of Prout himself1%!, He therefore
put forward a new hypothesisi®l, according to which dis-
placements canoccur in the lattice not as a result of elastic
collisions between electrons and ions but as a result of one
of the possible displacement mechanisms associated with
repeated ionisation of the anion in the ionic crystals. The
possibility of displacements of this type, even when the
energy of the radiation is low, has been shown 62-165 in the
case of crystals of alkali metal halides. According to
Prout's views, ionisation effects may appear in the rates of
subsequent thermal decomposition mainly because of their
being involved in processes resulting in displacement of
ions from the normal lattice points into the interstitial
space.

A critical comparison of these two points of view has
shown 166,167 that the increased rate of thermal decomposi-
tion resulting from irradiation of solid salts cannot be re-
duced to displacement effects alone, but is associated to a
considerable extent with the catalytic action of radiolysis
products form by ionisation effects in the crystal lattice.

The principal objections to Prout's mechanism can be
briefly summarised as follows.

1. According to Prout's mechanism in its original form,
irradiation of a solid with y-quanta and electrons of energy
less than the threshold value should not produce displace-
ments, and therefore will not accelerate subsequent ther-
mal decomposition. This contradicts experimental results
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indicating that irradiation may have a considerable kinetic
effect in spite of its energy being far below the threshold
value 33,136,148, The concept of displacements resulting
from repeatedionisation of the anionto some extent removes
several objections to Prout's theory, but nevertheless does
not eliminate them completely. If displacements resulting
in activation of the solid are supposed to result from re-
peated ionisation of the anion and subsequent expulsion of
the positively charged remnant from the lattice point, it
must be assumed that those salts will be most sensitive to
radiation in which the effective charge on the cation is
greatest, or in other words the bond between cation and
anion is most ionic in character. In compounds with a
greater proportion of homopolar bond the probability of
expulsion of an anion which has acquired a positive charge
should be smaller, and the stability towards radiation
therefore greater. If this were so, it would be expected,
for example, that potassium permanganate would be more
sensitive to irradiation than is silver permanganate. This
contradicts experimental results; precisely the opposite is
observed 33,

2. Similarly, doubt also arises concerning the validity
of the other criterion which, in Prout's opinion, deter-
mines the sensitivity of a thermal decomposition to pre-
vious irradiation, namely the applicability of the Prout-
Tompkins equation to the kinetics of the thermal breakdown.
It is known that the applicability of a particularkinetic equa-
tion is not sufficient as a criterion of the occurrence of a
chemical process in a solid by a given mechanism.
Furthermore, direct experimental results are also known
which indicate that a reaction which does not fit into the
framework of a chain mechanism, and is not represented
by the Prout—-Tompkins equation, is nevertheless consider-
ably speeded up by preliminary irradiation®s,

The fact that displacement effects play not the chief but
a secondary part in the radiolysis of ionic salts is also indi-
cated by results obtained by Henning et al.% These workers
made a comparative study of the radiolysis of potassium
nitrate on irradiation with fast neutrons, which lose a large
part of their energy in the solid as a result of displacement
effects, and with electrons, whose energy was below the
threshold value required to produce displacement effects.
The radiation yield was found to be about the same in the
two cases.

This is confirmed also by calculations % showing that the
number of displacements produced by each fission fragment
of uranium in potassium nitrate crystals is smaller by two
orders of magnitude than the number of nitrate ions decom-
posed per single fission fragment.

It is more likely that activation of the solid results from
the appearance, in the crystal lattice after irradiation, of
various defects and inclusions-of radiolysis products, which
catalyse the thermal decomposition. The formation of such
inclusions in the lattice will result mainly from the capture
of electrons, expelled by radiation into the conduction band,
by anionic vacancies, by interstitial cations located at special
points in the crystal (for example on dislocation lines), by
impurity ions, etc., i.e. as a result of ionisation effects.

Displacement effects, which may change the concentra-~
tion of ionic defects, also can influence the rate of subse-
quent thermal decomposition of irradiated materials.
Sometimes they may even play the main part then, as is the
case, for example, in the effect of preliminary neutron
irradiation on the thermal breakdown of lead styphnate 156
and manganese oxalate dihydrate 155,

It can therefore be reckoned that in general both ionisa-
tion and displacement effects canbe involved in the increased
chemical reactivity of solids resulting from their prelimi-
nary irradiation. In most cases, especially when electro-
magnetic radiation and heavy corpuscular ionising radiation
is used, the predominant part should probably be attributed
to ionisation effects.

Apart from thermal decomposition, preliminary irradia-
tion may substantially change the reaction velocity of ionic
crystals in topochemical reactions of other types as well.

Preliminary exposure to protons increases the rate of
reduction of nickel oxide by hydrogen 168,169 at low tempera-
tures and the rate of dissolution of ferric oxide in hydro-
chloric acid!™, Irradiation changes the adsorption capacity
and other phystcochemical properties of ionic ¢rystals 17»172,

The mechanism of the change in reactivity produced in
these substances by irradiation is probably analogous to
that in the case of subsequent decomposition, and consists
in the accumulation of defects in the crystals of the irra-
diated substance.

1. F.A.Bovey, “The Action of Radiation on Polymers” (Trans-
lated into Russian), Inostr. Lit., 1959.

2. V.L.Karpov, Symposium, “Sessiya Akademii Nauk SSSR po
Mirnomu Ispol'zovaniyu Atomnoi Energii” (Session of the
USSR Academy of Sciences on the Peaceful Uses of Atomic
Energy), Izd. Akad.Nauk SSSR, 1955.

3. G.J.Dienes and G.H. Vineyard, “Radiation Effects in Solids”
(Translated into Russian), Inostr. Lit., Moscow, 1960,

4. J.J.Harwood (Editor), Symposium, “Effect of Nuclear Radia-
tions on Materials”” (Translated into Russian), Sudpromgiz,
Leningrad, 1961.

5. M.Haissinsky, “La Chimie nucléaire et ses Applications”
(Translated into Russian), Inostr. Lit., 1961.

6. J.V.Glen, Uspekhi Fiz.Nauk, 60, 3 (1956).

7. F.Seitz and J.Koehler, Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy, Geneva,
1955 (Translated into Russian), Vol.7, 1958, p.747.

8. TF.Seitz and J.Koehler, Solid State Physics, 2, 307 (1956).

9. G.N.Kinchin and R.8S.Piz, Uspekhi Fiz. Nauk, 60, 590(1958).

10. K.A.Dugdale, in “Reports at the Conference on Defects in
Crystalline Solids, Bristol, 19547, Physical Society,
London, 1955, p.246.

11. V.V.Galavanov, Fiz.Tverdogo Tela, 1, 432 (1959).

12. D.Varley, see Ref.7, p.780.

13. F.Seitz, Discuss. Faraday Soc., 5, 271 (1949).

14. B.V.Budylin and A.A. Vorob'ev, “Deistvie Izluchenii na
Ionnye Struktury ” (Action of Radiations on Ionic Structures),
Gosatomizdat, 1962.

15. N.F.Mott and R.W.Gurney, “Electronic Processes in Ionic
Crystals” (Translated into Russian), Inostr. Lit., 1950,

16. P.Jacobs, F.Tompkins, and D. Young, Discuss. Faraday Soc.,
234 (1959).

17. P.Eggert, Proc.Roy.Soc., 246A, 216 (1958).

433



Vol.32 No.8 RUSSIAN CHEMICAL REVIEWS August 1963

18. D.F.Keating and S.Krasner, J. Phys.and Chem.Solids, 20, Radiations on Inorganic and Organic Systems), Izd. Akad.
253 (1961). Nauk SSSR, 1958, p.186.

19. H.Muraour and A. Ertand, Compt.rend., 237, 700 (1953). 62. I.M.Blaunshtein and S.V.Starodubtsev, Izv. Akad. Nauk

20, F.Bowden and K. Singh, Proc.Roy.Soc., 277A, 30 (1954). Uzbek.SSR, Ser. Fiz.-Mat, Nauk, 5 (1960).

21. H.Kahlmann and V.Schrankler, Naturwiss., 21, 379 (1933). 63. 1.M.Blaunshtein and S. V. Starodubtsev, Izv.Akad.Nauk

22. J.Henderson, Nature, 109, 149 (1922). Uzbek. SSR, Ser. Fiz.-Mat. Nauk, 4 (1961).

23. H.Rosenwasser, U.S.Atomic Energy Comm., ORNL, 1955, 64. I.M. Blaunshtein, Author's Abstract of Candidate's Thesis
p.1720. [Ph.D. Equivalent], Tashkent, 1961.

24. H.Poole, Sci.Proc.Royal Dublin Soc., 17, 93 (1922). 65. H.Heal, Nature, 172, 30 (1953).

25. P.Fabry, C.Magnan, and H.Muraour, Compt.rend., 209, 66. A.K.Trapeznikov, Zhur.Prikl.Fiz., 5, 38 (1928).
436 (1939). 67. A.K.Trapeznikov, Zhur.Prikl. Fiz., 8, 41 (1927).

26. F.B.Flanagan, Nature, 181, 42 (1958). 68. Yu.A.Zakharov, V.V.Boldyrev, and L.A. Alekseenko,

27. E.Feenberg, Phys.Rev., 55, 980 (1939). Kinetika i Katiliz, 2, 365 (1961).

28. J.V.R.Kaufman, Proc.Roy.Soc., 246A, 219 (1958). 69. V.V.Boldyrev, Yu.A.Zakharov, V.I.Eroshkin, and

29. F.P.Bowden and A.D.Yoffe, “Fast Reactions in Solids ”, A.B.Tronov, “Trudy II Vsesoyuznogo Soveshchaniya po
Butterworths, Sci.Publ., London, 1958. Radiatsionnoi Khimii” (Proceedings of the Second All-Union

30. A.S.Baberkin, “Problemy Fizicheskoi Khimii”’ (Problems of Conference on Radiation Chemistry), Moscow, 1962, p.693.
Physical Chemistry), Nos.1-2, Goskhimizdat, Moscow, 70. E.Jeltsche, Ann.Physik, [7], 2, 1 (1958).
1959, p.163. 71. P.Prinsheim, J.Chem.Phys., 23, 369 (1955).

31. J.Cunningham and H.G.Heal, Nature, 179, 1021 (1957). 72. H.G.Heal and J. Pringle, J.Phys.and Chem.Solids, 15, 261

32. A.S.Baberkin, Zhur.Fiz.Khim., 35, 373 (1961) [Russ.J. (1960).
Phys.Chem., 35, 179 (1961)]. 73. H.Prosenwasser, R.Dreyfuss, and P.Levy, J.Chem. Phys.,

33. V.V.Boldyrev and A, N.Oblivantsev, Kinetika i Kataliz, 3, 24, 184 (1958).
887 (1962). 74. G.Todd and E. Parry, Nature, 186, 543 (1960).

34. J.Cunningham and H.G.Heal, Trans.Faraday Soc., 54, 1355 75. V.A.Gordeeva, E.V.Egorov, G.M. Zhabrova, B.M.Kaden-

) (1958). atsi, M.Ya.Kushnerev, and S.Z.Roginskii, Dokl.Akad.

35. L.E.LaMar, Nuclear Sci. Abstracts, 9, 5913 (1955). Nauk SSR, 136, 1364 (1961).

36. C.J.Hochanadel and T.W.Davis, J.Chem.Phys., 27, 333 76. P.Taylor, J.Chem. Educ., 36, 8 (1959).
(1957). 77. M.T.Robinson and G.E.Klein, J.Phys Chem., 61, 1004

37. E.Johnson, J.Amer, Chem, Soc., 80, 4460 (1958). (1957).

38. J.Forten and E.Johnson, J.Phys.and Chem. Solids, 18, 218 78. J.M.Luthza and J. Padmanabhan, J.Sci.Ind.Res., India,
(1960). 19, 406 (1960).

39. A.S.Baberkin and M. A. Proskurnin, Dokl. Akad. Nauk SSSR, 79. J.Trillat, N.Terao, and L. Tertain, Compt.rend., 242,
1_21, 492 (1958). 1294 (1956),

40. A.S.Baberkin, Dokl. Akad.Nauk SSSR, 126, 591 (1959). 80. J.Trillat, N.Terao, and L. Tertain, Sci.Ind.Photogr., 27,

41. T.Schizai and M. Nishikawa, Bull. Chem.Soc.Japan, 32, 879 109 (1956).
(1959). 81. J.Trillat, J.Chim.phys., 53, 570 (1957).

42. E.Freeman and D. Anderson, J.Phys.Chem., 63, 1344 (1959). 82. D.J.E.Ingram, “Free Radicals as studied by Electron Spin

43. H.G.Heal, Canad.J.Chem., 31, 1153 (1953). Resonance” (Translated into Russian), Inostr. Lit., Moscow,

44. H.G.Heal, Canad.J.Chem., 37, 979 (1959). 1961.

45. H.G.Heal, Canad.d.Chem., 31, 91 (1953). 83. J.C.Kemp, J.Chem.Phys., 33, 1269 (1960).

46. G.Henning, R.Lees, and M. S. Matheson, J.Chem. Phys., 21, 84. C.A.Hutchinson, Phys.Rev., 15, 1769 (1949).
664 (1953). 85. E.E.Schneider and T.S. England, Physica, 17, 221 (1951).

47. L.Sharman and K.McCallum, J.Chem. Phys., 23, 597 (1957). 86. M. Tinkham and A.T.Kip, Phys.Rev., 83, 657 (1951).

48. G.E.Boyd, J.W,.Cobble, and S.Wexler, J.Amer.Chem.Soc., 87. W.C.Linand C.A.McDowell, Molecular Phys., 4, 343 (1961).
74, 237 (1952). 88. W.Ard, J.Chem.Phys., 23, 1967 (1955).

49. D.Young, J.Chem. Soc., 4533 (1960). 89. G.Pake, Sci.American, 199, 58 (1958).

50. V,V.Fomin, R.E.Kartusheva, and T.I.Rudenko, Atomnaya 90. J.Ciccarello, M. Palmavittorelli, and M. Palma, Phil. Mag.,
Energiya, No.3, 117 (1956). 5, 55, 723 (1960).

51. B.B.Bleaney, W.Hayes, and P.Llewellyn, Nature, 179, 140 91. W.Kénzig, J.Phys.and Chem. Solids, 17, 1/2, 88 (1960)
(1957). 92. J.S.Hyde and E.S.Freeman, J.Phys.Chem., 65, 1636

52. A.Allen and J.Chormley, J.Chem.Phys., 15, 208 (1957). (1961).

53. J.M.Groocock and F.C. Tompkins, Proc.Roy.Soc., 2234, 93. S.V.Starodubtsev and I. M. Blaunshtein, see Ref.69, p.683.
267 (1954). 94. F.Duhamel, Compt.rend., @1, 1684 (1953).

54. D.Hall and G.Walton, J.Inorg.Nuclear Chem., 6, 288 (1958),. 95. C.Doelter, “Das Radium und die Farben. Einwirkung des

55. D.Hall and G. Walton, J.Inorg. Nuclear Chem., 10, 215 radiums und Ultraviolleter Strahlen auf organische und
(1959). anorganische Stoffe sowie auf Mineralien, Dresden, Stein-

56. B.Z.Stech, Naturwiss, 7a, 175 (1952). kopf”’, 1910, p.55.

57. R.Eger, “Dosimetry and Protection against Radiation” 96. M. Hacskaylo and D.Otterson, J.Chem.Phys., 21, 552
(Translated into Russian), Gosatomizdat, 1961. (1953).

58. Discuss. Faraday Soc., 31, 243 (1961). 97. M.Hacskaylo, D.Otterson, and P.Schwed, J.Chem. Phys.,

59. V.V.Boldyrev, “Trudy I Vsesoyuznogo Soveshchaniya po 21, 1434 (1953).
Radiatsionnoi Khimii”’ (Proceedings of the First All-Union 98. H.G.Heal, Atomics and Atomic Technology, 6, 241 (1955).
Conference on Radiation Chemistry), Moscow, 1958, p.174. 99. S.Suzuki, Z.anorg.Chem., 286, 288 (1956).

60. A.S.Baberkin, ¢bid., p.167. 100. H.G.Heal, Trans. Faraday Soc., 53, 210 (1957).

61. A.S.Baberkin, M.A.Proskurnin, and V.D.Orekhov, Sym- 101. V.V.Sviridov, Author's Abstract of Candidate's Thesis
posium, ‘“Deistvie Ioniziruyushchikh Izluchenii na Neor-~ (Ph.D. Equivalent), Minsk, 1955.
ganicheskie i Organicheskie Sistemy” (Action of Ionising 102. P.Gunther, L. Lepin, and K. A. Andreev, “Sbornik Statei po

434



Vol.32 No.8

RUSSIAN CHEMICAL REVIEWS

August 1963

103.

104.
105.
106.
107.

108,

109.

110.

111.
112.
113.
114.
115,

116.

117.

119.
120.

121.
122.
123.
124.
125.
126.
127.

128.
129.

130.
131.
132.
133.

134.

135.
136.

137.
138.
139.
140.

141.

Teorii Vzryvchatykh Veshchestv’’ (Collected Papers on the
Theory of Explosives), Oborongiz, 1940.

P.Giinther, L. Lepin, and K. Andreew, Z.Elektrochem., 36,
218 (1930).

B.H.Krause, Z.Krist., 115, 413 (1961).

J. Cunningham, J.Phys.Chem., 85, 628 (1961).
S.R.Mohanty, J.Sci.Ind.Res., India, 21A, 247 (1962).

L. A.Alekseenko, Trudy Tomsk.Gos. Univ., Ser.Khim., 126,
20 (1954).

L. A. Alekseenko, Sbornik Nauchnykh Rabot Inst. Khimii
Akad. Nauk Beloruss.SSR, No.5 (1), 36 (1956).

G.E.Boyd, E.Graham, and Q. Larson, J.Phys.Chem., 66,
300 (1962).

V.I. Perel'man, “Kratkii Spravochnik Khimika” (Concise
Chemist's Handbook), Goskhimizdat, 1954, p.23.
J.Hoffman, Akad.Wiss.Ber., 146, 421 (1937).

R.Williams, J.Phys. Colloid Chem., 52, 603 (1948).
D.Christian and D.Martin, Phys.Rev., 80, 1110 (1950).
D.Hoffman and D. Martin, J. Phys.Chem., 56, 1097 (1952).
G.Harbottle and A.G.Maddock, J.Inorg.Nuclear Chem., 5,
249 (1958).

L.P.Sokhina and A.D.Gel'man, Zhur.Neorg.Khim., 5,
1013 (1960) [Russ.J.Inorg. Chem., 487 (1960)].
V.I1.8pitsyn, E.I, Pirogov, A.K. Pikaev, and P. Ya.Glazunov,
Dokl. Akad. Nauk SSSR, 132, 406 (1960).

V.V.8viridov, Uchenye Zapiski Beloruss.Gos.Univ., im.
Lenina, Ser.Khim., No.42, 233 (1958).

J.Paparian, J.Phys.and Chem.Solids, 21, 81 (1961).
W.Waidelich, W.von der Osten and H.P.Peisl, Naturwiss.,
48, 449 (1961).

A.J.Forty, Phil.Mag., 5, 787 (1960).

J.H.Schulman, J.Phys.Chem., 57, 749 (1953).

W.Hayes, J.Appl.Phys.Suppl., 33, 320 (1962).

E.Jahoda, Wiener Ber., 193, 675 (1926).

A.Smakula, Z.Physik, 59, 603 (1930).

W.T.Barret, see Ref.122.

E.K. Zavadovskaya, I.Ya.Melik-Gaikazyan, and M. N, Tres-
kina,. “Trudy Yubileinoi Konferentsii po Fizichesko-Khimi-
cheskomu Analizu (100-letie so Dnya Rozhdeniya N.S.Kur-
nakova) ”’ {Proceedings of the Jubilee Conference on Physic-
ochemical Analysis (Centenary of the Birth of N.S.Kur-
nakov)], Izd. Sibirsk.Otd. Akad. Nauk SSSR, Novoisbirsk,
1962.

H.W. Etzel, Phys.Rev., 87, 906 (1952).

J.H.Schulman, R.J.Ginther, and R.D.Kirk, J.Chem. Phys.,
20, 1966 (1952).

H.Pick, Ann,Physik, 114, 3573 (1939).

H.Pick, Ann.Physik, 114, 127 (1939).

V.V.Boldyrev, Kinetika i Kataliz, 1, 203 (1960).
V.V.Boldyrev, Doctoral Thesis (D.Sc.Equivalent), Tomsk,
1961.

V.V.Boldyrev, Yu.A, Zakharov, V.I. Eroshkin, V.M, Lykhin,
L. A.Votinova, E. N.Gil'bert, G.G. Savel'ev, and G. V. Ivanov,
“Tezisy Dokladov na Konferentsii 'Izmenenie Svoistv
Materialov pod Deistviem Izlucheniya'” (Abstracts of
Papers at the Conference on “Changes in Properties of
Materials under the Influence of Radiation ”’), Tomsk, 1961,
p.17.

W.E.Garner and C.H.Moon, J.Chem.Soc., 1398 (1933).
B.V.Erofeev and V. V. Sviridov, Sbornik Nauch.Rabot Inst.
Khim. Akad. Nauk Beloruss.SSR, 6 (1), 113 (1956).
F.P.Bowden and K.Singh, Proc.Roy.Soc., 2274, 22 (1954).
J. M. Groocock, Proc.Roy.Soc., 246A, 225 (1958).
E.S.Osinovik, Author's Abstract of Thesis, Minsk, 1952.
E.Prout and F.C. Tompkins, Trans.Faraday Soc., 43, 148
(1947).

V.V.Boldyrev, Yu.A,Zakharov, V.I.Eroshkin, and

M. S. Sokolova, Dokl. Akad.Nauk SSSR, 129, 365 (1959).

142.
143.
144.
145.
146.
147.

148.

149.

150.

151.

152.

153.
154.

155.

156.
157.

158.
159.
160.
161.
162.
163.

164.
165.

166.

167.

168.

169.

170.

171.

172,

P.J.Herley and E.G. Prout, Nature, 184, 445 (1959).
E.G.Prout, J.Inorg. Nuclear Chem., 7, 388 (1958).
P.J.Herley and E.G.Prout, J.Inorg. Nuclear Chem., 16,

16 (1960).

P.J.Herley and E.G.Prout, J.Chem.Soc., 3300 (1959).
E.G.Prout and P.J. Herley, J.Phys.Chem., 65, 208 (1961).
E.G.Prout and M.J.Soull, J.Inorg. Nuclear Chem., 9, 232
(1959).

V.V.Boldyrev, E.N.Pinaevskaya, A.V.Boldyreva,

Yu. A. Zakharov, and V.P.Konyshev, Kinetika i Kataliz, 2,
184 (1961).

J.Jock, “Reactivity of Solids (4th International Symposium,
Amsterdam, 1960)”, 1961, p.334-344.

J.Simpson, D.Taylor, and D. Anderson, J.Chem. Soc., 2378
(1958).

E.S.Freeman and D. A. Anderson, J.Phys.Chem., 64, 1727
(1960).

E.S.Freeman and D.A. Anderson, J.Phys.Chem., 65, 1662
(1961).

T.B. Flanagan, Nature, 181, 4601 (1958).

Yu. A. Zakharov, V.V.Boldyrev, V.M. Lykhin, L. A. Votinova,
and A.Kh.Breger, Dokl. Akad. Nauk SSSR, 145, 122 (1962).
T.B. Flanagan and Kim-Chang Hwan, J. Phys.Chem., 66,
926 (1962).

T.B. Flanagan, J.Phys.Chem., 66, 416 (1962).
V.V.Boldyrev and A.I.Skorik, “Tezisy II Soveshchaniya po
Fizike Shchelochno-galoidnykh Kristallov” (Abstracts of the
Second Conference on the Physics of Alkali-Metal Halide
Crystals), Riga, 19-24th June 1961, p.55.

A.I1.Skorik and V.V.Boldyrev, Zhur.Fiz.Khim., 35, 1370
(1961) [Russ.J.Phys.Chem., 673 (1961)].

P.Herley and E.G. Prout, J. Amer.Chem.Soc., 82, 1540
(1960).

E.G.Prout, Nature, 183, 884 (1959).

E.G.Prout and P.J.Herley, J.Phys.Chem., 66, 961 (1962).
R.Smoluchowski and D. A. Wiegand, Discuss, Faraday Soc.,
31, 165 (1961).

J.Durup and R. L. Platzman, Discuss. Faraday Soc., 31, 710
(1961).

J.Varley, Nature, 174, 886 (1954).

R.E.Howard, S.Vosko, and R.Smoluchowski, Phys.Rev.,
122, 1406 (1961).

V.V.Boldyrev, Zhur,Fiz.Khim., 35, 950 (1961) [Russ.J.
Phys.Chem., 467 (1961)].

V.V.Boldyrev, “Trudy 2-go Vsesoyuznogo Soveshchaniya
po Radiatsionnoi Khimii” (Proceedings of the Second All-
-Union Conference on Radiation Chemistry), Moscow, 1962,
pp. 4247,

M.T.Simand, R.Smoluchowski, and T.Spilners, J.Appl.
Phys., 29, 1630 (1958).

M. T.Simand and R.Smoluchowski, Phys.Rev., 99, (6),
1891 (1955).

M. T.Simand and R.Smoluchowski, J.Chem. Phys., 23, 1961
(1955). -
V.1.Spitsyn, Izv.Akad. Nauk SSSR, Otd.Khim.Nauk, 1325
(1960).

I.M. Pronman, V.A.Shalashov, and A.Kh.Breger, Dokl.
Akad. Nauk SSSR, 133, 825 (1960).

Kirov Tomsk Polytechnic Institute

and

Kuibyshev Tomsk State University

435



