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I. INTRODUCTION

Research on the effect of ionising radiations on crystal-
line compounds has been especially widely developed during
the past 15-20 years, largely because of the need to
ascertain how corpuscular radiation and y-rays affect the
diverse structural materials employed in reactor engi-
neering and also to establish the general features of radia-
tion and radiation-chemical processes in various sub-
stances. Close attention has been paid in particular to the
physical and chemical phenomena produced by ionising
radiations in ionic compounds. This is associated e.g.
with problems of trace techniques and the monitoring of

79

radiations, study of the radiation stability of materials,
and also attempts at a scientific approach to the change in
properties of irradiated compounds. All these aspects
require in some way a knowledge of the general mechanism
(or mechanisms) of radiation-chemical processes in
various classes of compounds.

Radiation and radiation-chemical processes have
hitherto been most fully studied in crystals of alkali-metal
halides, in nitrates, and in oxyhalides. Efforts have been
directed mainly at identifying the products of radiolysis,
studying the kinetics of their accumulation and annealing,
establishing qualitative and quantitative relations between
the yield of radiolysis products and the lattice energy,
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linear energy transfer, pressure, and temperature, and
recently at establishing the effect of various impurities

on radiation-chemical processes. Impurities can some-
times have a decisive effect on the radiation-chemical
resistancet of irradiated compounds, which can be utilised
for controlling radiation-chemical processes in crystalline
substances.

Although contributions increase annually, no systematic
review and analysis has yet been made of the results
scattered in many papers and journals, which may even in
some degree hinder research in this field. The present
Review attempts to fill the existing gap.

No claim is made to complete coverage of all the
material. For example, the large section concerned with
the radiation~thermal decomposition of solids is omitted,
nor are many aspects of the action of radiation on alkali-
metal halides considered. Attention is paid mainly to
salts having composite anions. Deliberate restriction in
the selection of material is due to the desire to adhere
more closely to the essence of the question, without
encumbering the paper with a mass of additional factual
data. Nevertheless, references to the appropriate papers
can always be found in the text.

II. GENERAL ASPECTS OF THE RADIOLYSIS OF
INORGANIC SALTS

The experimental information that has accumulated on
the radiolysis of salts of various acids shows that many
features of radiation-chemical processes depend on the
chemical composition of the test materials. Despite this,
however, it is always possible to distinguish a large group
(or groups) of typical primary and secondary reactions
taking place whatever the compound irradiated. It is also
noteworthy that the general processes do not exclude the
presence of individual specific elementary reactions in the
radiolysis of certain salts.

The primary processes of radiolysis comprise mainly
the ionisation and excitation of anions A and cations C or
the excitation of groups of ions according to fundamental
schemes'? of the type

By (K, A o> (K, A or Ky, A" )
By e (KX, A™) > KX, A", (m +m) e, R, (2)

where 2 is the ionic charge and Rpx* are the excited radi-
cals formed from the anions. Repeated ionisation is
improbable, so that m and n are usually unity.

Because there are two main types of primary interac-
tion of radiation with matter, the radiolysis of salts occurs
in two ways—through secondary reactions of excited
molecules and secondary interconversions of ionisation
products—but it is often very difficult to determine the
contributions of ionisation and excitation in the primary
and subsequent stages of radiolysis. The reason is that
present-day techniques (conductivity measurements, elec-
tron spin resonance) enable only ionised products to be
reliably and fairly simply identified in a solid. The role
of excited species in radiation-chemical processes must
usually be assessed from indirect results. However,
many analyses have recently been made of the formation
of excited states and their role in various radiation pro-
cesses.

t The radiation-chemical resistance of a salt is usually
characterised by the extent of decomposition of the com-
pound (Section II).
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According to Lushchik, for example, a cascade of
secondary electrons produces a series of electronic exci-
tations of the ions of the main substance (of energy ~ 100
eV). These electronic states are unstable, and pass
rapidly into stable electronic states of low energy—exci-
tons and electron-hole pairs of energy ~ 10 eV—which
determine the final radiation effects—luminescence,
formation of colour centres, dislodged atoms, and subse-
quent radiation-chemical reactions—in ionic crystals >,
Analogous phenomena can be observed as a result of the
self-trap?ing of holes formed at low and even room tem-
perature >*¢,

Elango et a showed in a series of experiments
that colour centres are formed in alkali-metal halide
crystals on exposure to light and soft X-rays. They con-~
sider that the main role is played by excitons, whose
decay is able to initiate the formation of ionised species.
In several papers the formation of excited species has
been regarded as the primary stage of radiolysis'®™'2,

Excited and superexcited electronic states evidently
play an important part in radiation-chemical reactions
However, analysis of numerous papers shows (without
going into the mechanism of the primary act of absorption
of the radiated energy and the intermediate stages of its
transfer) that the conventional separation of all radiation-
chemical reactions into two groups (reactions 1 and 2) is
probably legitimate. It must be borne in mind that under
certain conditions reaction (1) may precede the ionisation
of cations and anions.

Certain workers usually distinguish two temperature
regions when considering typical secondary reactions in
the most thoroughly studied ionisation branch of radiolysis,
in each of which a characteristic group of reactions takes
place'"*?® At low temperature (up to ~ 200°K) pro-
cesses involving the recombination of radicals R with an
electron are most often observed:

7-10
1.

13,14

Rte— (R)*—R 4 hv, (3)
or

R+ e— (R — product . 4)
In sulphates of alkali and alkaline-~earth metals, for
example, the reaction

SO~ + hv
_ - 275 /1 (5)
SOy + e~ (S0 505 407, (SO; + O+ e)

takes place'®, with formation of the initial sulphate ion and
its radical dissociation products. At low temperatures
dimerisation of the primary radicals

R+R—Ry (6)
or
Ry +R: =R, (7
is also possible. The above reactions are typical of
organic compounds and certain composite inorganic salts'”:
ClO; + C105 — C1,0q » (8)

In the region of ~ 200°K the most probable processes
involve the decay of composite radicals into simple radi-
cals and stable products:

R—R,, Ry, R; ... (stable products) « (9)
For example "
ClO; + /2 0,
clog el * 10
'+e\C1—+alaoz ( )



Russian Chemical Reviews, 43 (2), 1974

The above classification of primary reactions is, of
course, extremely arbitrary, and individual deviations
from the suggested scheme are possible in particular
cases. Thus the dimerisation of radicals or processes
resembling (8) are often observed at temperatures above
200°K, 51

It is not only difficult but also dubious to introduce
exact limits to these temperature regions without speci-
fying the compounds. Even with a definite substance the
temperature ranges within which particular radiation-
chemical reactions occur may shift with the nature and
the quantity of various impurities, the “biography” of the
crystal, etc. It is therefore advisable to refine this con-
cept (classification) in subsequent investigations.

Besides the above reactions there are still quite a
large number of intermediate reactions of primary and
secondary radicals, molecules, and fragments of compo-
site anlons or cations. Such processes fall into the main
types —(1) reactions between R and its breakdown products
with the formation of composite radicals, e.g. ClI0-ClOs
and N2O3 in chlorates and nitrates respectlvely, (ii)
interaction of thermalysed electrons with radicals and
anions (processes 3-6); (iii) reactions of atomic oxygen
with anions and radicals, e.g. the interaction of O and NO;’
in the nitrates, and of Cl0s and O in chlorates and per-
chlorates; and (iv) reactions among excited molecules,
ions (breakdown), and atoms with the formation of Oz and
Os in oxy-salts, etc.

The formation of various products in irradiated salts
may depend in larger or smaller degree on many factors.
Substances that are less subject to the action of radiation
possess several speclﬁc features responsible for their
radiation.resistance?®. Radiation vesistance (or stability)
is taken to be the abihty of substances to withstand the
action of radiation without change in their structure-sensi-
tive propertles and could be measured by the stored
energy This concept is close to the radiation-
chemical vesistance, which determines the extent of radia-
tion chemical changes in an irradiated specimen, and is
characterised by the yield G of the corresponding product
(or decomposition of the whole compound).

The radiation-chemical yield of a particular product
depends on a large number of properties of the solid, the
radiation, and the conditions of irradiation. No unequivo-
cal general quantitative relations have yet been established
between G and the various parameters of the test systems.
Only in isolated cases have the first steps in this direction
been taken.

These two criteria, representing in different ways the
interaction of radiation with a given compound, are almost
identical. With alkali-metal halides, for example, a
sharp distinction cannot be made between them, the differ-
ences being purely terminological. It is therefore more
expedient (and even essentially more correct) to replace
them by a concept such as radiation resistance defined by
the totality of changes in the irradiated specimen due to
the action of radiation. The vadiation yield (G)—the
quantity of various products (F-centres, localised holes,
dislodged atoms, radicals, ions, new molecules, etc.)
formed in the specimen by the absorption of 100 eV of
radiant energy—must obviously be adopted as an [inverse]
measure of radiation resistance. This preserves all the
previously established relations for the variation in pro-
perties of exposed substances, determined by the stored
energy or the radiation-chemical yield: it unites the
purely “physical” and purely “chemical” approaches to the
phenomenon.
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The type of bond is usually very important. When
various oxides are exposed in a reactor, for example,
their radiation stability diminishes in the sequence

Al,03 > BeO > Zr0, > SrO »

The covalent character of the bonds increases in a similar
sequence®®. Furthermore, radiation stability decreases
from metallic to ionic, covalent, and molecular bonds
These rules hold in series of compounds of the same type.
However, the correlations are purely qualitative and
extremely tentative.

The stability towards radlatlon usually increases with
increase in the lattice energy 25, which is evidently one
of the main characteristics determining the radiation
resistance of solids. Thus the properties of ionic crys-
tals of low lattice energy change considerably more
strongly in the exposed zone than those of substances of
high lattice energy. However, the resulting reversible
radiation disturbances dlsappear far more slowly in com-
pounds of the latter type®

The sensitivity of morganic ionic compounds to radiation
is largely dependent on the composition and on the nature
of the bond. Thus in ionic crystals containing composite
anions, in contrast to binary ionic salts such as alkali-
metal halides, the bonds between elements in the lattice
may be strong, with a small volume of free intersticesj,
and hence little probability that atoms (ions) will be dis-
placed from their normal positions. In many cases,
therefore, a correlation is observed between the yields of
radiolysis products from ionic salts and the free volume
Vir of the unit cell, defined as the difference between the
volume of the cell and that of the ions occupying it2"2°,
The relation between radiolysis yields and free volume,
noted by almost all authors, probably represents a cage
effect. For a first-order or pseudoummolecular radioly-
tic process G and Vi are related by the formula®®

G = flexp(—k/Ve ). (11)

The free volume—a phenomenological characteristic
of the properties of crystals—is a parameter representing
the cooperative character of the bonds in a solid that are
responsible for solid-phase reactions. The disintegrating
ion is usually more weakly bound in crystals with large
free volumes (loose lattices): i.e. the probability of dis-
sociation and of escape of radiolysis products from the cell
is increased, while reverse processes of recombination
diminish. Hence the initial yields of radiolysis products
should increase, in series of compounds of the same type
in which the cation or the anion is replaced (presumably
also with bonds of the same character and the same lattice
structure), as the free volume increases®”*®. But
macroscopic diffusion is also increased 1n loose crystals,
which may tend to diminish the yields G. 3

The nature of the cation has an apprec1ab1e effect on the
yield G, which e.g. with nitrates increases in the
Sequencezs,so-sa

Li<Na< Rb< Cs< K
Cd, Ag<Pb<<La<Ba ,
In this case the properties of the cation must evidently also

be taken into account, especially in series of salts having
the same anion, bes1des the above role of the free volume.

i It makes sense to compare the volume of free inter-
stices with the size of the lattice ions in series of salts of
the same type.
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Thus with silver and cadmium halides rise in the ionisation
potential of the cation intensifies the irreversibility of
radiolysis and increases the yield of decomposition prod-
ucts %%,

The effect of the free volume is usually decisive where
the variation of ionisation potential in a series of salts of
the same type is small, In salts with like anions and the
same or almost the same free volumes the radiation resis-
tance is higher in the compound whose cation has the lower
ionisation potential. This is probably due to the polarising
effect of the cation on the anion, Such interaction was
reflected in the empirical dependence of the efficiency of
decomposition of salts of the same tgg)e on the ratio of the
ionisation potentials of the cations'?*:

! +
G=GpEa + GcEcl—‘ ,

+
2

where GA and GC are the efficiencies of decomposition of
the salts calculated per 100 eV of energy absorbed solely
by anions and by cations respectively, EA and EC their
ionicities, and the I the ionisation potentials, This for-
mula describes well the radiolysis of several halogenates
at not very high temperatures (Fig. 1).

(12)

6/Ex
/8
17 ™
J
y
2 J u
£ I(Na*)
Ey I (M)

Figure 1. Dependence of radiolysis of salts on ionicity
of anion and cation allowing for ionisation potential of
cation': 1) chlorates; 2)bromates.

Where ionisation processes predominate in the forma-
tion of the primary products, increase in their electron
affinity involves a decrease in the radiolytic decomposi-
tion of the salts. This rule is illustrated by the selenates,
sulphates, and carbonates of alkaline-earth metals (bari-
um, calcium). In these compounds the primary products
of radiolysis are the radical-ions SOz, SeO:, and COs,
whose relative electron affinities are approximately
1:1.3:2§. The total yield of paramagnetic species from
the salts follows the same sequence.

Where the formation of the primary radiolysis products
involves rupture of bonds in the anion, the subsequent
radiation processes depend on the electron affinity of these
products. Alkali-metal nitrates, chlorates, bromates,
and iodates can be included in this group of salts (with a

P

§ The electron affinities were taken for the species in
the gas phase (from standard tables).
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readily broken bond in the anion). In this case increase
in the electron affinity of the primary products is accom-
panied by an increase in the overall efficiency of decompo-
sition of the salt. Thus because ClO: in chlorates
possesses a greater electron affinity than does NOz in
nitrates, the reaction

CIO; + &= — (CIO;)* > CIO™ + O (13)
goes more strongly than does
NO, + e~ - (NO;* = NO-+ O , (14)

Therefore the total yield of radiolysis products should be
higher (under the same conditions) e.g. in potassium
chlorate than in potassium nitrate, as is observed experi-
mentally. The electron affinity of C10. actually governs
reaction (13) to some extent. However, the final yield of
radiolysis products from reaction (14) largely depends on
competition between deactivation of the excited state and
dissociation of (NO; )* into NO™ and O. Salts of this type
conform to the relation

G1(0n)

G, (0) ’ (15)

Ay Ay =K

where 4 and 4; are the electron affinities of the primary
products of radiolysis in the salts, and K is a constant
representing all the factors other than electron affinity
that influence the radiolysis (type of cation, free volume
of lattice, energy of bond, etc.). In the above salts, for
example, ANQO, = 1.62 and Ac)Q, = 3.43, while
G(02)KC10; = 2.0 and G(02)KNO, = 0.8.% Formula (15)
is probably general in character, and can be used for the
approximate comparison of radiation resistance in series
of analogous salts of the second group.

The above examples show that radiation-chemical pro-
cesses in salts, and hence the yield of individual products,
depend on many factors governing the individual and col-
lective interactions in the undisturbed and irradiated
crystal lattice.

The linear energy transfer and the dosage rate are also
very important in radiolysis® ™%, Several investigations
have recently been made on these aspects, including
experiments on the exposure of various salts to heavy
accelerated particles. For example, the bombardment
of nitrates with protons changes substantially the rate of
formation of nitrite, the initial yields of which are 0.50,
0.92, 1.65, and 2.00 for sodium, rubidium, caesium, and
potassium nitrates respectively ®*~*'. The y-irradiation
of these salts results in lower initial yields—approxi-
mately 0.3, 0.6, and the range 1.0-1.2 for the potassium
and caesium salts®"**,

Exposure of compressed pellets of sodium nitrate to
protons produces a maximum yield of nitrite if the speci-
mens are at +180°C.*°"** At the same time a monotonic
decrease in G(NOz) from 1.6 to 0.6 is observed with _
increase in the linear energy transfer from 2 to 6 eV A™",
At lower temperatures the yield of nitrite first increases
and then falls with increase in the linear energy transfer
(Fig.2). These effects are well explained by the
enhanced probability of reverse processes with large
linear energy transfers (too high density of primary
defects in the track), which ultimately lowers G (NOz ).

It is assumed further that local heating in the track tends
to accelerate the radiation-chemical processes. Two
regions of radiolysis are therefore distinguished: in the
low-temperature range (the track is at a higher tempera-
ture than the matrix) local heating in the tracks is of
decisive importance; in the high-temperature region the
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yield of radiolysis products is affected mainly by pro-
cesses of recombination in regions having a high content
of primary products (the ¥1eld G (NOz) decreases).

It has been concluded® from a study of the radiolysis
of alkali-metal azides, perchlorates, and nitrates by
cobalt-60 y-quanta and by protons that the variation in
yield of products cannot be explained by thermal effects in
the track even with large linear energy transfers. It was
also shown that the bombardment of azides, nitrates, and
especially perchlorates by protons diminishes the depen-
dence of the yield on the free volume of the unit cell.

6 (ND7)
16F
1.2+
7.8t

0.9}

L ) 1 L

J z ¥ N §

linear energy transfer, eV Al

Figure 2. Variation in yield of nitrite in proton-irradiated
compressed sodium nitrate pellets for radiolysis at:
1) 180°C; 2)25°C*.

Several investigators prefer to explain the variation of
yield with linear energy transfer solely by thermal effects
in the tracks ¥’®, It was also suggested that charges may
be displaced in the region of the tracks, with intensified
dissociation of lattice ions®

The effects of dosage rate on radiation-chemical pro-
cesses in various salts involve problems closely similar
to the influence of linear energy transfer on yield, but
have not yet been studied in adequate depth. Most of the
relevant publications reveal no variation in yield at differ-
ent dosage rates ®**"%°, For example, varlatlon in the
rate of electron irradiation from 10'" to 10*° ev g™
produces hardly any change in G(NOz ) in potassmm
sodium, caesium, and lead nitrates*®, a conclusion sup-
ported by other work‘“’"17 for a wider range of dosage
rates (10'°-107° eV g™ s™) and other forms of radiation.
Similar conclusions can be reached also for chlorates and
bromates **°°

The above examples still do not give complete clarifi-
cation of this field. Thus there are indications that
yields of primary radicals vary with different intensities
of self-irradiation in radioactive alkaline-earth metal
sulphates® ™, Experiments with strontium sulphate
crystals exposed to cobalt-60 v-quanta have also shown
that at room temperature the radical concentration ratio
Cs0s/Cg0s decreases from 2.9 to 2.1 with mcrease in

the dosage rate from 6.2 X 10**t0 6.2 X 10" eV g™ 5™ (in
both cases the absorbed dose was ~ 10?° eV g™). At low
dosage rates the total concentration of paramagnetic
centres increases at the same time by almost 30%.

observed effects are probably caused by accelerated
recombination of radicals in “hot zones” (or points)
whose concentration is higher at high dosage rates” 4

The
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The nature of the cation can exert a great inf.. ence on
primary radiation-chemical processes (in series of salts
of the same type, e.g. alkali-metal nitrates). Several
workers consider that the yield of radiolytic decomposition
products from the anion depends not only on its ionicity
but also on interaction of the cation with the radia-
tion %7*3%%%  Ionisation of the cation and the transfer
of excitation energy (charge) from cation to anion play an
important part here'’***®

In concluding this Section we note that such factors as
degree of dispersion, pressure, and temperature also
affect the occurrence of radiation-chemical processes in
crystals of inorganic salts. Increase in the dispersity of
crystalline nitrates is accompanied by increase in G(NOz ),
an effect attributed to oxygen trapped in the crystal sur-
face®®, which usually promotes the reverse reactions.
Furthermore, gaseous products may migrate to the sur-
face of fine particles, where they may react chemically
among themselves and with the surrounding medium, as
has kg_een observed in the radiolysis of powdered succinic
acid

The effect of temperature is largely dependent on the
mechanism of radiolysis and the reverse reactions, which
are accelerated by heating. In sodium, potassium, and
rubidium nitrates, for example, the y1e1d of NOz
increases with rise in temperature above ~ 130°C a5
With sodium nitrate this is attributed **’*° to an increased
probability that excited *NO3 ions will break down into
NO; and O. In the case of rubidium* and potassium *°
nitrates the observed increase in G(NO;z ) is ascribed to
polymorphm transitions in crystals. The irradiation of
potassium'®, barium, calcium, and strontium sulphates
at high temperatures stimulates the breakdown of excited
sulphate ions resulting from the recombination of primary
SO+ radical-ions with electrons:

SO; + e 801 ~S0; + 0~ (0 +4) .

=61

(16)

A reaction of type (4) without destruction of *SO%™ occurs
between ~196° and -50°C. There are examples in which
temperature has hardly any effect on radiolysis. Thus
the yields of Cl, C107, Clz, Oz, and ClOz in potassium
chlorate remain almost unchanged between 77° and 300°K *®,

Changes in the crystal lattice caused by pressure have
an appreciable influence on the yields of radiolysis prod-
ucts, owing to the slowing down or acceleration of radia-
tion-chemical reactions. Increase in pressure (pre11m1-
nary compression) usually lowers G{NO; ) in nitrates*
Analogous effects occur if the irradiated crystals and the
surroundmg medium (air, an inert gas) are under pres-
sure® The dependence of the yield of radiolysis products
on pressure and temperature (both these parameters
usually vary in experiments) is qulte complex, and largely
determlned by the mechanism of primary and secondary
reactions ®

All the above features of the radiolysis of inorganic
compounds depend in considerable measure on the pres-
ence of impurities, which are directly or indirectly
involved in radiation-chemical processes.

III. EFFECT OF WATER OF CRYSTALLISATION ON
RADIATION-CHEMICAL PROCESSES IN CRYSTALS

The effect of water of crystallisation (which can also
be regarded as an impurity in the matrix of the main
material) on radiolysis was first noted in 1952 during an
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investigation of the photochemical decomposition of lan-
thanum nitrate®: the crystal hydrate was found to decom-
pose more rapidly than the anhydrous salt. Somewhat
later a similar effect was observed in the same salt on
exposure to y-quanta*®, Baberkin and Proskurin then
undertook a detailed study of the radiolsy;sis of a series of
hydrated nitrates of bivalent cations®’**, On exposure

to cobalt-60 y-rays at room temperature the tetrahydrate
of calcium nitrate decomposed several times more rapidly
than the anhydrous salt (Table 1),

Table 1. Effect of water of crystallisation on the radioly-
sis of calcium nitrate ®,
Compound GNOYpary G0)parts
Cryst. Ca(NO,) 0.25 -
Cryst. Ca(NO3)3 4H,0 1:50 0.37£0.02
Molten Ca(NO,), 4H,0 0.13 0.0230,01

* Gpart represents the yield of radiolysis products taking
into account the ionicity and the weight of the component
of the hydrate from which they have been formed.

The yield of nitrite in aqueous calcium, cadmium, zinc,
and magnesium nitrates varies with the dosage rate of
y-rays®, passing through a minimum at 0.8 X 10'® eV g™*
s™ (dose 7 X 10" eV g™) in the case of the calcium and
cadmium salts. The other two nitrates show a similar
variation in G(NO3), but at an exposed dosage rate of 1.2 X
10'° eV g™ s™'. This is evidently connected with a change
in the rate of certain radiation-chemical processes
depending on the density of ionisation of the crystals with
increase in the linear energy transfer. Furthermore,
the increased yield of nitrite was attributed to reactions
such as

1)
(18)

On present-day views it is legitimate to introduce these
reactions, since the nitrate ion is considerably more
efficient than water in capturing electrons.

Study of the radiolysis of sodium nitrate containing
various quantities of adsorbed water (this salt is hygro-
scopic) shows ® that the yield of the nitrite ion increases
smoothly with increase in the content of water molecules
in the crystal lattice of the nitrate (Fig.3). A possible
explanation of this increase in yield was the involvement
of H and OH radicals of water in the decomposition of the
nitrate ion, e.g.

H,0 + e~ —> Hy0~ —H 4 OH™ aq.
2H -++ NO; —~ NOj 4 H,0.

NO; + H' - NO,  OH- , (19)

More probably increase in the water content of sodium
nitrate is accompanied by a diminution of the cage effect
and the reverse reactions involving recombination of NOz
are inhibited. It must be noted that the investigation was
in effect made on the heterogeneous system NaNO;~H:z0;
nevertheless the yield of NOf was determined by the energy
absorbed not by the salt but by the whole “mixture”. When
the ionicity of the components is taken into account, there-
fore, the dependence of G(NOs ) on the water content of
sodium nitrate may be different.
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Formation of H., OH., HO, and Oz —radicals whose
concentration increases with increase in the number of
molecules of water of crystallisation—is usually observed
in irradiated crystalline hydrates of various salts ®~",

6 (N0z)
08}
06}

24+

7.2

1 1 L

J J 7 5

water in NaNO3 crystals, %

Figure 3. Variation of yield of nitrite in y-irradiated
sodium nitrate with water content of crystals *.

Furthermore, electron spin resonance has revealed in
certain salts (e.g. BeSO,4.4H0, BeSO4.2H:0, CaS04.2H-0,
ZnS04.6H20, ZnS04.Hz0) a paramagnetic centre (g =
2.000 + 0.001, H = 4 + 1 oersteds), probably dueto a
stabilised electron®. Water of crystallisation impedes
the radiation decomposition of certain salts. Thus Table
2 shows that the total yield diminishes by a factor of ten
on passing from the anhydrous salt to the tetrahydrate.

68475

Table 2, Yields of radiolysis products from beryllium
sulphate and its crystalline hydrates* ®°,

Compound Temperature Giotal Gpart(soi) [ Gw_“(H, OH, HO,)
BeSO, room 0.12 0.12 -
—~196° 0.43 — —_
BeSO,- 2H,O room 0.02 0.045 -
) —196° 0.22 — 3.3
BeSO,- 4H,0 room 0.005 0,016 —
—196° 0.13 — 0.8

* Irradiation with y-quanta (*°Co); dosage rate 1000 r s™*,

However, radiolysis products accumulate in the same way
in beryllium sulphate and in its hydrates: the concentra-
tion of paramagnetic centres increases initially, and then
decreases slightly from absorbed doses of ~ 3 X 10?° eV
g™ (Fig.4). Similar relations are obtained even at low
temperatures, and also if the distribution of absorbed
energy in the crystal according to the ionicities of the main
substance and of water is taken into account ®*%,

The above results suggest that water of crystallisation
exerts some “protective” action on the crystalline matrix.
In the radiolysis of sulphates the water molecules may
donate electrons to the primary SOs radicals formed on

osure, tending to transform them to the initial state
S0i~. It is also possible that the water of crystallisation
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“takes to itself” part of the radiant energy and dissemi-
nates it through the lattice, which ultimately leads to
heating of the whole specimen. The hypothesis that prod-
ucts of the radiolysis of water take part in radiation-
chemical processes with radicals of the main substance is
not considered ®’*, since the yield of radiolysis products
in specimens having a high content of water of crystallisa-
tion remains depressed as the temperature of the experi-
ments is lowered to —~196°C (Table 2), when reactions
between radicals can be neglected.

[N
<
T

g 5t anhydrous BeSO,
3 —
: 10
e BeS0, ZH,0

BeS0y-4H,0
0 20 %0 60 80 140 160

1019 x absorbed dose, eV g™

Figure 4. Accumulation of sum of paramagnetic centres
(pmc) in y-irradiated beryllium sulphate and its hydrates
at room temperature 6,

Interaction between products of the radiolysis of water
molecules probably occurs in the crystalline hydrates of
transition metals (MnSO4.H20, NiSO4.6H20, C0SOs.7H20). ™
Thus the suggested mechanism of the radiolysis of manga-
nese sulphate hydrate by vy -irradiation may involve a
reaction such as

(20)

The hydrogen and the intermediate compound of quadriva-
lent manganese are formed by radiolysis of the initial
compound, The crystalline hexahydrate of ammonium
iron(II) sulphate undergoes extensive decomposition after
treatment with hard X-rays, to give products such as Fea“,
S0%™, and Hy in maximum yields of 1.8, 0.43, and 0.35
respectively ™. Chemical interaction between products
of the radiolysis of water and the main compound is
assumed also here.

Aqueous sulphates of copper, magnesium, zinc, and
chromium remain almost undecomposed by cobalt-60 v -
rays. The radiant energy is mainly adsorbed by the
water of crystallisation, which decomposes into oxygen
and hydrogen. In Li2SO4.H20 exposed at the temperature
of liquid nitrogen to accelerated electrons (1 MeV), for
example, appreciable decomposition of the sulphate ion
could not be detected even by such a sensitive method as
electron spin resonance ™?7%’™,

Although the effect of water of crystallisation on the
radiolysis of salts has not yet been finally settled,
existing experimental results indicate that the water is
able to protect the matrix of the main substance from
destruction when the radiolysis products do not undergo
chemical reactions with ions or radicals of the com-
pound ®7%°,  If, however, water or its radiolysis products

MnO (SOy) + H, — MnO, +2H* + SO~ ,
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are involved in radiation-chemical processes, decompo-
sition of the salts is promoted.

Further investigations on these lines will help to pro-
vide a deeper understanding of radiation-chemical pro-
cesses in crystalline hydrates.

IV. RADIATION-CHEMICAL PROCESSES IN CRYSTALS
OF INORGANIC SALTS CONTAINING IMPURITIES

Experimental workers encountered the effect of impuri-
ties on the radiolysis of solid compounds literally in the
first investigations of radiation-chemical processes in
inorganic compounds. However, systematic research on
this aspect has been undertaken only recently.

In 1958 Cunningham and Heal expressed the view that
impurities and lattice defects have no significant influence
on the radiolysis of potassium nitrate*”. This largely
unfounded statement was very soon refuted. For example,
not only the yield of nitrite but also the kinetics of the
accumulation (annealing) of the radiolysis products are
changed in potassium nitrate contaminated with strontium,
lead, thallium, and sulphate ions™. The strongest effect
is exerted by strontium and lead(II) ions, which produce
cationic¢ vacancies in potassium nitrate (the impurities were
introduced into the crystals by fusing the nitrates and
potassium sulphate with potassium nitrate at 340°C), It
was also noted that thallium(I) ions, which are electron
donors, increase the yield of nitrite, whereas strontium
and lead(II) ions lower the yield. This is due to competi-
tion between impurities and radiolysis products for the
electrons involved in the radiation-chemical processes. It
is significant also that sulphate ions, which give anionic
vacancies, hardly affect the rate of annealing of defects,
whereas lead and strontium impurity ions accelerate the
annealing.

Tervalent rare-earth metal ions inhibit the radiolysis
of crystalline nitrates; those which are able to pass into
the quadrivalent state (primarily Ce* and Pr*) are less
effective™. Donor-acceptor interaction between impurity
and radiolysis products probably occurs here also. The
authors assume, as in their early papers ™", that the
inhibition of radiolysis by impurity rare-earth metal ions
is due to the resulting cationic vacancies, which facilitate
recombination processes in the irradiated system.

A similar view was developed®® in an investigation of
the radiolysis of sodium nitrate contaminated with calcium
ions replacing sodium isomorphously in the crystal lattice.
However, decomposition of the nitrate is intensified in this
case, although the proportions of the radiolysis products
remain unchanged.

Impurities in potassium nitrate crystals which should
produce neither cationic nor anionic vacancies (potassium
hydroxide was introduced by fusion) nevertheless do affect
radiolysis® . The yield of nitrite in potassium nitrate
contaminated with the hydroxide is higher than in pure
specimens. Furthermore, the yield at a dosage of ~ 2.5 X
10'® eV g™ first increases with the alkali concentration,
and then decreases, approaching the value of G(NOz ) for
the pure salt. These results are explained by the effect of
hydroxide ions on the localisation and the decay of excited
states of nitrate ions. It is also possible that hydroxide
ions may take part in radiation-chemical reactions with
radiolysis products of potassium nitrate.

The radiolysis of potassium nitrate is inhibited by con-
tamination with nitrite and perchlorate ions®:. The yield
of nitrite in the impure crystals is 1.15, which compares
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with the 1.7 obtained® for the pure crystals, A mecha-
nism of acceptor—donor interaction™*° probably operates
here.

According to the views developed earlier, univalent
anionic impurities, included isomorphously in the lattice of
potassium nitrate, compete with radiolysis products in
reactions involving electrons, which may either accelerate
or retard (depending on the mechanism of radiolysis)
breakdown of the crystalline matrix.

It has also been shown®® that the yields of radiolysis
products from potassium nitrate (NOz; and O:) increase
sharply at temperatures above 128°C, when potassium
nitrate undergoes a transition from a rhombic to a trigonal
structure.

Lykhin and Boldyrev made a detailed investigation of the
radiolysis of sodium nitrate contaminated with silver,
thallium(I), strontium, and lead(II) ions, introduced into
the crystals by fusing the nitrates with sodium nitrate®:.
The products were exposed to X~rays in air. The experi-
ments support the main concept of the authors that bivalent
ions facilitate breakdown of an excited nitrate ion by
generating cationic vacancies in the potassium nitrate
lattice. This occurs because the cage effect diminishes
in the vicinity of a cationic vacancy. Therefore the yield
of the nitrite ion is increased in sodium nitrate contami-
nated with bivalent cations. On the other hand, vacancies
promote annealing reactions (the yield falls), which occur
at an appreciable rate at high temperatures. As a result
of competition between these processes the yield of nitrite
becomes even smaller in the impurity crystals, relative
to that in the pure crystals, as the temperature of irradia-
tion is raised (Fig. 5).
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temp. of irradiation, °C
Figure 5. Dependence of yield of nitrite on temperature

of irradiation®® for: 1) pure KNOs; 2) KNOs + 2.5 mole %
Sr**; 3) KNOs + 2.5 mole % Pb*,

Several workers have observed that annealing processes
are accelerated in crystals in which impurities have
created cationic vacancies (and thereby facilitated the
movement of products of radiolysis)!®*®77#5-87  Thug
Mohanty has demonstrated that aluminium ions present in
lead nitrate increase appreciably the rate and the degree
of annealing of radiation disturbances in exposed crystals
Contamination with bivalent cations (strontium, lead)
accelerates considerably annealing processes in potassium
nitrate®’™, The effect of impurities is especially
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noticeable during the initial periods of annealing (Fig. 6).
It is significant that the sulphate ion, which should form
a;ﬁonic vacancies, has no effect on annealing (curves I and
2).

An investigation of annealing in‘-proton-irradiated crys-
tals of sodium, potassium, and rubidium nitrates (con-
taminated with calcium, cadmium, and strontium) has led
to the conclusion®® that annealing is decisively affected by
impurities producing cationic vacancies, on which inter-
mediate products of radiolysis may even “accumulate”,
The donor~acceptor properties of the impurities are
regarded as of no significance. This view cannot be fully
accepted, since the acceleration of annealing observed in
crystals of alkali-metal nitrates is not entirely unambigu-
ous.

nof
04} .
'g 06} ;
sy
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2oz} 12

g ¥ 7zm m

duration of annealing, min

Figure 6. Effect of impurities on the post-radiation
(absorbed dose 20.8 Mrad) annealing of potassium nitrate
crystals at 130°C ®: 1) pure specimen; 2) KNO; + 1.5
mole % K2804; 3) KNO; + 2.5 mole % Sr(NOs); 4) KNOs +
2.5 mole % Pb(NOs)..

The slowing down of annealing processes in rubidium
and caesium nitrates contaminated with carbonate ions
(0.6-3 mole %) is attributed to an increase in the yield of
nitrite when the crystals are irradiated with protons®.
The carbonate ions are assumed to be balanced in the
nitrate lattice by an increase in the number of interstitial
ions and a decrease in the number of cationic vacancies.
The increased yield is therefore due to a slowing down
of radiation annealing on cationic vacancies. In addition
to this mechanism, colour centres formed on anionic
vacancies (some result from the incorporation of carbonate
ions) may prevent the recombination of electrons with
radicals by promoting the breakdown of radical products
to nitrite.

The decrease in rate of radiolysis of sodium nitrate
containing isomorphous silver nitrate as impurity is
explained by Cunningham solely by the acceptor properties
of silver ions®°"%°,

Similar conclusions have been reached for the radioly-
sis (by X-rays) of lead azide containing a homophase
impurity (silver or copper ions)®’*®*, The radiation
decomposition of the azide is accelerated quite consider-
ably by silver ions, the effect tending to saturation at an
impurity content of ~ 10 mole %. The introduction of
copper ions into the azide produces a sharp decrease in
rate of radiolysis proportional to their content. Experi-
ment shows that radiolysis is accelerated by impurities
that increase the concentration of electrons in the material,
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and slowed down by impurities that diminish the number
of free electrons. This rule holds, of course, only if
electrons are involved in reactions tending to increase the
yield of radiolysis products®®’"’°%,

We cannot in general confine our attention to the donor-
acceptor action of impurities when considering the effect
of foreign ions on radiolysis. Indeed, change in the
nature and concentration of various defects in the prepa-
ration of crystalline compounds may affect also the fate of
excited states. This indicates the complicated and
multistage character of the influence of homophase addi-
tives on the radiolysis of solid compounds. When the
impurity enters the lattice isomorphously, replacing ions
of the main substance at lattice points and producing no
vacancies, the impurity may act mainly by taking part in
radiation-chemical reactions. For example, the increase
in the yield of radicals observed in experiments with
irradiated crystals of potassium perchlorate is due to the
diminished probability of the recombination of electrons
with radicals caused by the impurity silver ions, which
act as acceptor centres for electrons®. But the effect of
impurity copper ions in accepting electrons is probably
balanced by a diminished concentration of anionic vacan-
cies, and the copper ions act only as centres of recombi-
nation:

CIO; + Cud* e — CI0, + Cu — CIO] + Cu+ (21)

As a consequence of these reactions the degree of decom~
position of potassium perchlorate decreases *.

The results of experiments with impure crystals can
sometimes be explained by redistribution of the radiant
energy and the localisation of electrons (holes) in speci-
mens with defects. Thus powdered crystalline barium
sulphate contaminated with nitrite and nitrate ions
exhibited inhibited radiolysis of the main substance with
intense decomposition of the impurity. This is explained
by a hole—exciton mechanism of transfer to the impurities
of the energy absorbed by the whole crystal lattice.
Defects such as vacancies formed in the vicinity of an
impurity may serve as sites for the localisation of holes
and the destruction of excitons, which will lead to decom-
position of the impurity *>~%,

Preferential radiolysis of impurities has been observed
in crystals of sodium sulphate, lithium sulphate mono-
hydrate®, and strontium phosphate'®®. Various impuri-
ties of both donor and acceptor types—nitrite, sulphite,
nitrate, and formate ions, hydrogen peroxide, methanol,
benzene-~were studied in the latter work. In all cases
the impurity ions underwent considerable radiolysis.
Their effect on the course of radiolysis of the carrier
material largely depended on their donor-acceptor proper-
ties and on the transfer to the impurities of the energy
absorbed by the crystal.

One consequence of the work on the radiolysis of con-
taminated barium sulphate is to establish that energy
absorbed in an irradiated crystal can be transmitted to
considerable distances®. Such a process is evidently
quite possible, since energy transfer has already been
observed between spatially separated rare-earth metal
ions in crystals of the chlorides and bromides of various
elements ' "%,

A purely electron—hole mechanism of the effect of
impurities on the concentration of radiation defects has
been postulated'®. The number of localised holes in y-
irradiated a-alumina at 77°K increases proportionally to
the content of the impurity ion Ti*. The latter, being
located at an A1* lattice point, captures an electron, thus
presenting its recombination with a hole.

87

There are indications that radicals formed from impuri-
ties may interact chemically. In fused potassium chlo-
ride crystals containing hydroxide and cyanide or nitrite
impurity ions, for example, photolysis was followed by
formation of a radical type of impurity HNO:. Such
reactions as

ms HO- > H O~
and

H' 4 NOj - HNO; (22)
probably occur in this system ',

At the conclusion of this Section it must be noted that
the concept of the donor-acceptor effect of impurities on
radiolysis, the vacancy mechanism, the transfer of the
radiated energy from the matrix to impurity ions, and the
mutual stabilisation of defects have long been successfully
used in investigating the radiolysis (or coloration) of
alkali-metal halide crystals, The literature on this
problem is vast, so that it is sufficient to give merely a
few examples. Thus transition-metal impurities (nickel,
copper) in sodium chloride accelerate the decay of F-
centres'®. Traces (0.01 wt.%) of chromium, manganese
iron, cobalt, and nickel are electron traps and sources of
vacancies (potassium chloride and bromide crystals)®.
Contamination with sulphate, nitrate, and hydroxide ions
diminishes the probability of the formation of F-centres,
since radiolysis products of the impurities (0z, O, etc.),
being centres for the capture of electrons, compete with
anionic vacancies for electrons'®. A detailed analysis
has been made'®" of the effect of bivalent cations (Pb**,
Sr**, Ca®*) and anions (S27) on the kinetics of accumulation
and the stability of colour centres in potassium chloride
and other alkali-metal halide crystals, Fairly complete
reviews of the effect of impurities on the accumulation of
various colour centres in alkali-metal halide crystals can
be fOund20-24,110-112.

In all cases the results have been explained (indepen-
dently of the test material) in terms of the effect of vacan-
cies created in the crystal lattice by the introduction of
impurities. The donor-acceptor properties of impurities
and ions of the main substance have also frequently been
considered. Mechanisms involving the transfer of exci-
tation energy from the lattice to impurities have been far
more rarely analysed, although the role of such processes
in a solid is quite large 37°2%"13,

Little study has been made of the participation of impur-
ities in intermediate reactions with radicals produced by
irradiation of the crystalline matrix, the effect of the mode
of inclusion of the impurity in the lattice (isomorphous or
non-isomorphous), and other questions.

’

V. RADIOLYSIS OF MIXTURES OF INORGANIC SUB-
STANCES

Although the effect of foreign impurities on radiation-
chemical processes has now been studied fairly thoroughly,
little work has yet been done on the radiolysis of salts with
heterophase additions *>***™!8  The first paper on the
effect of impurities forming an independent phase on the
radiolysis of inorganic compounds appeared only in 1967 *4,
This showed that powdered thorium dioxide and nickel and
zinc monoxides (particle size 90—-140 pm) added in amounts
of 1.5—T7 mole % accelerate the radiolysis of ammonium
nitrate by X-rays (the degree of radiolysis was assessed
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from the total gas evolution). The efficiency of catalysis
by the additives varied in the sequence

ThO, > ZnO > NiO > pure NHNNO, .

The electronic work function ¢ in these oxides increases
from nickel to thorium. Impurities of low work function
were regarded as donors of electrons in the irradiated
system. Therefore the above additives, by raising the
concentration of electrons, accelerate the intermediate
stages of radiolysis, which leads to the more intense gas
evolution observed experimentally.

O2 evolved, mm3 g‘l

i 7 v § 7
10719 1

x absorbed dose,eV g~
Figure 7. Radiolysis of sodium nitrate by X-rays at room
temperature: 1) NaNQ; (+3.5 mole % ZnO); 2) NaNOs
(+3.5 mole % ThO:); 3) pure NaNOs; 4) NaNOj; (+3.5 mole
% Co0).'**

This conclusion was confirmed by these workers on
several new systems %’"'*, Thus Fig. 7 illustrates the
radiation-chemical decomposition of potassium and sodium
nitrates containing mechanically admixed powdered oxides
of thorium, nickel, cobalt, and zinc. In these experi-
ments, too, impurities of low work function accelerated
radiolysis, and those with high values of ¢ slowed it down.
By analogy with homophase additivesﬁ the impurities
probably affected reactions such as '

s NO; —NOy+ € (23)
NO; + e —~NO; + 0 , (24)
NO; -+ e NOZ™ — NOj ++ O . (25)

A comprehensive investigation has been made of the
effect of heterophase additions on the radiation-chemical
stability of lead azide''®”!". The additives used were the
oxides of zinec, cadmium, cobalt, and nickel. The first
two accelerate considerably the evolution of nitrogen from
the azide when the mixtures are exposed to X-rays.
Nickel and cobalt oxides retard the radiolysis of the azide
under the same conditions. It was also found that these
additives have no effect on the activation energy of radioly-
sis. From the results of numerous experiments the fully
justified suggestion was made''® that donor-acceptor
interactions between the compounds in the mixture under-
going irradiation were of decisive importance. Introduc-
tion of a heterophase impurity of donor type increases the
steady -state concentration of electrons in the irradiated
system, whereas acceptor impurities have the opposite
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effect. As a result, radiation-chemical reactions
involving electrons in silver azide are either slowed down
or accelerated, e.g.

(26)

wN; NS4,

Ny +e—N; , 27)

Analogous effects have been observed in perchlorates®'’.

It should also be noted that the donor or acceptor charac-
ter of impurities is greatly dependent on the type of sys-
tems in contact during exposure, and may not coincide with
assessments based on the measured work functions of the
pure oxides in the absence of irradiation.

Processes entailing the redistribution (and primary
distribution) of energy in heterogeneous systems under
irradiation (transfer of charges, migration of excitons)
should also be very important in these cases. These
phenomena accompanying radiolysis can be represented
by the proposed''” empirical relation

I

V4fvy = H—f(al—:——l), (28)
where vo and vd are the rates of radiolysis of the pure salt
and of the salt with the additive, I, and I4 are the corre-
sponding absorbed dosage rates, o is a constant defining
the transfer (redistribution) of energy between the com-
ponents, and f is the fraction by weight of the heterophase
additive. Experiments show that the radiant energy may
actually undergo redistribution even when particles of the
mixtures are in poor contact. The mechanism of such
transfer is not yet clear. However, there is direct
evidence that radiant energy absorbed in crystalline mjx-
tures is able to migrate at least to distances up to 60 A,

Heterophase impurities would probably have a weaker
effect than similar homophase impurities on the radiolysis
of the main substance. For example, the yield of NO;
radicals falls with increasing contamination of barium
sulphate with the nitrate ion, to reach a minimum when the
latter forms a separate phase®’®®. Hence transfer of the
radiant energy, absorbed in the matrix of the main sub-
stance, to the heterophase nitrate impurity is difficult.
Although heterophase additives are less effective, study
of the effect of foreign mechanical inclusions on the
radiolysis of various salts is a promising line of research
on the radiation chemistry and the physics of solids.
Heterophase additives are very easy to “introduce”, a
factor which may be decisive in work with impurities,
limiting the experimental possibilities. Investigations
in this field will probably enable new methods to be
developed for systematically varying the radiation resis-
tance of various compounds.

---000---

Experiment shows that external actions on a crystal,
varying the mobility and the steady-state concentrations
of charged species and excited states, change the rate of
radiation-chemical processes. The direction of these
changes can be predetermined and even controlled if the
mechanism of radiolysis is known. The introduction of
impurities into a crystal may be an effective method for
monitoring and controlling processes of radiolysis.

Analysis of the experimental results shows that several
mechanisms have been suggested for the effect of impuri-
ties on radiolysis, corresponding to the actual processes
occurring in the crystal lattice.

1. Donor-acceptor interaction of impurity and products
of radiolysis. The specific effect of an impurity is
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largely dependent in this case on radiation-chemical pro-
cesses in the exposed crystals. For example, stages of
radiolysis having a radical mechanism or involving excited
states will be relatively insensitive to donor or acceptor
impurities.

2. Generation of vacancies by impurity ions. Vacan-
cies may provide a site for the localisation of electrons
or holes capable of increasing the mobility of the products
of radiolysis, which will accelerate recombination pro-
cesses. The same defects can often have opposite effects
on the rate of radiolysis. For example, the addition of
cadmium ions, which create cationic vacancies in the
lattice of silver salts, enhances the radiation resistance
of silver oxalate'!® but promotes decomposition of silver
carbonate'®'®!, In this case the mechanism of the
radiolysis of the specific compound is also decisive.

3. Transfer of the energy of the radiation absorbed by
the lattice to the impurity, as occurs in organic systems''3
The impurity itself decomposes, protecting, as it were,
the main compound.

4. Acceleration and extension of the radiolytic decom-
position of salts by interaction of radiolysis products of
“impurity” molecules and matrix components. This
mechanism is typical of crystalline hydrates or compounds
with considerable inclusions of water molecules.

Research workers have so far paid less attention to the
role of impurities in the intermediate stages of radiation-
chemical reactions. The mechanism of the introduction
of foreign atoms into the lattice, and hence the specific
mode of participation of the impurity in radiation and
radiation-chemical processes, have not always been
studied in detail.

The preparation of specimens —quenching, thermal and
radiation conditioning—is very important in radiation-
chemical investigations. Due attention will probably also
be paid to this factor in future work.

In conclusion it must be noted that the action of an
impurity is usually a complicated multistage process:
only in very rare cases is its role determined by a single
one of the above mechanisms. And the first advances in
this direction support the hope that reliable methods (and
a theoretical basis) will be developed for controlling the
radiolysis of inorganic compounds,
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