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Based on a review of data in the literature and on the results of a systematic investigation of
the effect of various kinds of radiation on a number of crystals with ionic-covalent bonds (ICB
crystals), the author describes mechanisms and regularities associated with the creation of
radiation-induced structural states. A classification of these states is given, along with their
characteristics and models of their behavior. The author proposes a criterion, tested on
specially selected compounds, for high-temperature structural instability leading to the
realization of a structural state, which in terms of the symmetry and parameters of the unit cell
is close to the high-temperature modification of the unirradiated crystal. As a basis for
choosing this special class of compounds thermodynamic parameters are adopted which
determine the character of their thermal phase transitions. It is shown that, apart from
amorphization and decomposition of the original compound, this is the only possible overall
change in the structure of ICB crystals which extends throughout their entire volume. The
author concludes that for the majority of ICB crystals in which such changes in crystal
structure are observed, a decisive role is played by isolated point defects caused by radiation.
She also investigates the influence of impurities, growth conditions and conditions of
irradiation on the radiation hardness of a structure. In conclusion, she points out factors which
determine the structural states of an irradiated ICB crystal, and analyzes the causes of
discrepancies in the experimental data of various authors regarding the eifect of radiation on
the structure of the same material.
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1. INTRODUCTION

In an era of large-scale development of nuclear energy,
the study of changes in the physical properties of irradiated
crystalline bodies, along with the question of how radiation
acts on a crystal structure, have become very pressing prob-
lems in solid-state physics and in material science of irradiat-
ed substances. Fundamental aspects of these problems
which are of great practical significance are those which re-
late to the creation of materials with improved and novel
properties, and to the control of radiation hardness of solids.

It is obvious that the solution to these problems depends on
how well we understand the structural states which are
created by the action of various kinds of radiation on crystals
with a given initial structure and interatomic bonds, and
how the creation of these new states depends on impurities,
growth conditions and conditions of irradiation. All these
factors determine the character of the resulting defects, i.e.,
their forms, sizes, orientations and locations throughout the
volume of an irradiated crystal; in addition, they can play a
fundamental role in determining the susceptibility of a crys-
tal structure to a partial or total rearrangement at a certain
level of irradiation.
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In this article an attempt will be made to describe basic
regularities in the creation of structural states in crystals
with ionic-covalent interatomic bonds under the action of
irradiation with neutrons (n), electrons (e), and y-and x-
ray quanta, based on the aggregate of published data ob-
tained by a combination of direct methods of investigation
which allow defect and crystal structures to be studied prac-
tically at the atomic level without introducing additional
changes in the course of the investigation.

In generalizing the data in the literature, the analysis
presented in this paper takes into account factors such as
differences in the dominant mechanisms by which primary
defects are formed when different forms of radiation are
used, the irradiation conditions, and the presence of growth-
induced defects and impurities; these factors determine the
interaction of radiation-induced defects with one another,
with defects of pre-irradiation origin and with the surround-
ing ions (atoms) of the crystal under study.

In order to clarify the mechanism of formation of com-
plex secondary defects which appear as a result of this inter-
action along with the rearrangement of the crystal structure
caused by displacement of atoms, data have been included
from investigations of the effect of heating on irradiated and
unirradiated crystals; this data is examined in conjunction
with the study of the dose dependence of structural states. In
taking stock of this data, there is a decided preference for
experimental investigations carried out on single crystals,
and this is very important if the results obtained are to be
unambiguously interpreted. In addition, studies were made
not only of the action of various forms of radiation on one
specific material, but also of the influence of one specific
kind of radiation on several crystals, with different atomic
bonds and structural features; these considerations have a
fundamental value in establishing general regularities which
are observed in the formation of radiation-induced struc-
tural states.

The appearance in a crystal of deviations from the regu-
lar crystal structure under the action of radiation will in
general result in changes in its defect and crystallographic
structures. The mechanisms of formation of primary radi-
ation-induced defects, and the fundamental characteristics
of the secondary defects which appear as a result of interac-
tion among these primary defects, as well as the changes in
dislocation structure, have been most fully studied for model
alkali-halide crystals (AHCs) with NaCl structure. Such
crystals are convenient systems in which to study regulari-
ties in the way a defect structure changes at each stage of
irradiation, both from a methodological standpoint and be-
cause their crystallographic systems do not change under
the action of radiation despite the presence of atoms in the
neighborhood of a defect which are displaced relative to
their original stable equilibrium positions.

The crystal LiF occupies a special place among the
AHCs with NaCl structure. The concentration of point de-
fects in n-irradiated LiF can attain very large values, which
is an essential condition for the study of interactions between
defects. These high concentrations are due to the fact that, in
addition to the direct effect of the neutrons, atoms of helium
and tritium, which appear as a result of the reaction
Li6(n,a), act on the crystal structure at the same time. The
amount of the isotope Li6 in LiF is rather appreciable,

~7.5%, while the energies needed to release a particles and
tritium equal 2.1 and 2.7 MeV respectively.

It is appropriate to describe the observed regularities in
radiation-induced changes in the crystal structures of com-
pounds of interest in terms of their structural and thermody-
namic characteristics, i.e., within the scheme of well-known
descriptions of the mechanisms and criteria for radiation-
induced structural instability. In addition, it is expedient to
take into account the interatomic bond energy, since the pro-
cesses which result in decomposition of the original com-
pound into its constitutive elements, and which compete
with the crystal rearrangement, can completely mask the
process of structural change. On the other hand, crystals
with relatively weak interatomic bonds are particularly in-
teresting, because we can estimate the role of point defects in
the reconstruction process by investigating the influence of
Y- and x-ray irradiation on their structure. With this in
mind, in order to illustrate the basic regularities which char-
acterize the creation of structural states in the course of radi-
ation-induced crystal rearrangement, crystals were chosen
in which these changes in crystal structure have been most
fully studied, i.e., the neutron-irradiated «-SiO2, BaTiO,
and in ^-irradiated crystals of CsNO, and NaNO2." It is
convenient to trace the influence of impurities, growth con-
ditions and irradiation on the kinetics of the reconstruction
process using these particular compounds.

2. THE BASIC TYPES OF RADIATION-INDUCED
STRUCTURAL STATES: MECHANISMS AND REGULARITIES
IN THEIR FORMATION

Based on generalizations derived from the results of in-
vestigating n-, e-, y- and x-irradiated crystals, we can con-
clude that, with regard to the nature of structural changes
observed under the action of radiation, there are three types
of primary structural states (in addition to amorphization)
observed in those crystals with ionic-covalent bonds investi-
gated up to the present time.

The best-known radiation-induced structural states—
type I in our terminology—are characterized by a change in
the defect structure caused by interaction of the primary
radiation-induced defects among themselves and with de-
fects of pre-irradiation origin. Various sorts of secondary
defects are created as a result of this interaction; the concen-
tration of these defects changes as well as their locations
throughout the volume of the irradiated crystal. In some
compounds the original crystal structure remains un-
changed up to complete amorphization or mechanical de-
struction of the crystals, which are observed under specific
conditions of irradiation. Type II structural states can be
regarded as configurational changes in the local environ-
ment of atoms, or within localized regions of the crystals,
which do not lead to an obvious change in the crystallo-
graphic systems which underlie the structure of these crys-
tals. For type HI structural states, the change in crystal
structure occurs characteristically throughout the entire
volume of the irradiated crystal, and is accompanied by a
transition at a specific level of irradiation to a structure
which corresponds in symmetry to that of a high-tempera-
ture modification of the unirradiated crystal. Provisionally
these changes will be referred to as "radiation-induced phase
transitions."
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In all three of the aforementioned types of structural
states, the formation of the new state is accompanied, as a
rule, by amorphization within a localized region of the crys-
tal in the initial stages of irradiation. As the dose increases,
we observe an increase in the volume of the amorphized re-
gion until a transition occurs to the amorphous state
throughout the entire irradiated crystal. In some com-
pounds, amorphization takes place within the entire crystal
volume and there is no clear sign of crystal structure modifi-
cation.

We should stipulate that within the postulated scheme
of structural states there is no separate treatment of radi-
ation-induced decomposition of the original compound, an
effect which is observed in the majority of investigated crys-
tals and which is initiated by a certain level of radiation dos-
age. This process, which competes with the formation of the
three types of structural states enumerated above, is accom-
panied by the creation of new compounds or separation of
the compound under irradiation into its original elements.

2.1. Defect structure of irradiated crystals

As mentioned above, the type I structural states which
have been most thoroughly investigated are those which oc-
cur in AHCs with NaCl structure. In this article we will not
pause to discuss any results which pertain to formation of
primary defects, since there are detailed reviews and com-
plete monographs24"26 on this question; instead, we will in-
vestigate regularities in the formation of secondary defects,
with the help of methods such as investigation of the depen-
dence of the diffuse x-ray scattering intensity /djff on dis-
tance q from a point of the reciprocal lattice, and studying
the distribution of this scattering over a wide region of reci-
procal space; 2) in addition, data from electron-microscopy
analysis and selective etching used in combination allow us
to obtain detailed secondary-defect parameters at the atomic
level.

By comparing data on the behavior of radiation-in-
duced defects when irradiated crystals are annealed with
data derived by other methods, we are led to conclude that
point defects generated by n-, e-, v- and x-radiation form
stable clusters of roughly equiaxial form along with disloca-
tion loops at some specific dose level. The sizes and concen-
tration ratio of these defects depend on the type and condi-
tions of irradiation.

For Y- and x-irradiation, the primary defects are dislo-
cation loops.27 In e-irradiated crystals, a tendency to form
such loops is observed for lower beam fluxes; as the beam
current increases, the tendency is to form stable clusters of
point defects.28 For n-irradiation the concentration ratio
between these types of defects depends primarily on dose and
temperature. For low doses, dislocation loops predomi-
nate,27'29'30 while the average sizes of the defects lie in the
range 40-100 A.27'31 As the dose and irradiation tempera-
ture Tirr increase, a redistribution in sizes is observed along
with a shift in the distribution maximum to the region of
larger values.

The interrelation between the creation of point defects
and the growth process for secondary isotropic defects in
irradiated AHCs, taking into account T[rT and the magni-
tude of the dose, is investigated in Ref. 32. In this reference a
theoretical model of the growth process is also given which

takes into account both the primary defect-creation events
and the basic characteristics of radiation-stimulated aggre-
gation.

We do not observe creation of anisotropic damage in e-
irradiated single-crystal AHCs over the entire investigated
dose interval (~ 10'5-1019/cm2) if the mean free path of the
bombarding electrons is longer than the thickness of the irra-
diated crystals. In the opposite case, as charge is accumulat-
ed, there appear rod-shaped macro-defects parallel to the
(100) directions, whose concentration increases with irra-
diation dose.28

Stable clusters of anisotropic shape are distributed in an
oriented fashion relative to the lattice of the original crystal;
with regard to the multiplicity of secondary defects, the rich-
est "landscape" forms in n-irradiated crystals of LiF, begin-
ning with a dose of ~ 1017 n/cm2,23'24 3) From the ensemble
of available data we can conclude that as the dose is changed
from ~ 1017 to 10'9 n/cm2 and the irradiation temperature is
changed from ~ 70° to 250 °C, certain types of oriented de-
fects are created which are stable not only at room tempera-
ture but also at somewhat higher temperatures. Prominent
among these are vacancy clusters of sheetlike form parallel
to the (100) planes, and various kinds of two-dimensional
damage in the (111) planes (Fig. 1). In addition, for irra-
diated crystals at dose) 10'8 n/cm2, the x-ray method reveals
that metallic lithium precipitates out in three modifications:
amorphous Li and two crystalline varieties with FCC and
BCC lattices. The size of the Li inclusions is determined by
the structure of the precipitated lithium and the irradiation
conditions, while the orientational linkage with the original
lattice is determined only by the structure of the precipi-
tates.34

Differences in irradiation temperature have an impor-
tant influence on the character and stability of the two-di-
mensional (111) damage (see Fig. 1), on the size distribu-

FIG. 1. Oriented defects in single crystals of LiF irradiated by neutrons.
F-5X10'8 n/cm2; £>0.5 MeV. a,b,d—Tirr<100°C, c,e— 7"irr> 150°C.
Monochromatic Ka Mo-radiation; a,b,d—9= 1.5-25°; c,e—# = 4'-3°.
a—before annealing. b,d—Tmn =500°C. c,e— 7"ann =400°C. 1—scat-
tering of X-rays by defects of lamellar form, located in the (100) plane; 2—
3—the same for (111 ) ; 4—scattering by rod-shaped defects oriented
along <100>.
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FIG, 2. Three modifications of lithium in single crystal LiF irradiated by
neutrons. F-5X10'* n/cnr; £>0.5 MeV; 7*irr~70°C. Monochromatic
K(, Mo-radiation.

tion of vacancy clusters of both equiaxial and lamellar forms
parallel to the (100) planes, and on the size and concentra-
tion ratios of the various modifications of precipitated lith-
ium. The sizes of the two-dimensional (100) damage and
thermally-stable (111) damage also depend in various ways
on Tm and the temperature of subsequent annealing. Under
good heat-transfer conditions (T,rr ~70 °C) they are all of
the same size and are roughly one atomic spacing (~ 4 A) in
thickness, and no more than about twenty atomic spacings in
size along the two other dimensions. As the temperature in-
creases, only an insignificant increase is observed in the lon-
gitudinal sizes of the lamellar (111) structures, while the
vacancy interlayers parallel to the (100) planes coagulate,
forming pores whose average size is 10-20/urn.

The FCC modification of lithium is less stable relative
to temperature, while the amorphous lithium is least stable;
the temperature stability boundary of the most stable modi-
fication—the BCC lithium LiBCC—is determined by TirT

and coincides everywhere with the stability boundary of the
two-dimensional (111) damage.35 This points to a connec-
tion between the size dependence of the LiBCC precipitates
on rirr and the coherence of the linkage between the LiF and
LiBCC lattices ( l l l ) L i F | |(HO)LiBcc).

At this point, it behooves us to turn our attention to the
following fact; the shape of the clusters, the orientation of
the anisotropic structural defects relative to the lattice of the
original crystal and the positions of the clusters throughout
the volume of the irradiated crystal all depend on dose and
not on the type of radiation. The electron-microscope meth-
od reveals two-dimensional damage oriented along (100) in
e-irradiated thin films of NaCl and KC1.36 It is true that

researchers have also observed the formation of two-dimen-
sional damage oriented along (100) at certain levels of x-
irradiation which is different in character from the stable
vacancy clusters which form in n-irradiated single crystals of
LiF; however, this damage is observed in NaCl, not in LiF
crystals.37 Analysis of x-ray diffraction effects and data from
the selective-etch method shows that the appearance of this
damage is due to the creation of oriented dislocation
loops.27-28 4)

From the character of the distribution and dependence
of the diffuse scattering intensity on dose, and also from cal-
culations,3" it follows that for small concentrations the dam-
age clusters are located in a disordered fashion throughout
the volume of the irradiated crystal, whereas at a specific
level of n-, e- or x-irradiation the two-dimensional (100)
damage regions arrange themselves sequentially along the
(100) direction.27

A factor which is no less important, especially with re-
gard to the appearance of the above-mentioned defect struc-
ture under irradiation, is the manner in which the details of
formation of secondary defects, along with their sizes and
concentration, depend on the mechanism by which the pri-
mary radiation-induced defects are formed, as well as the
rate at which diffusion processes transfer these defects; this
dependence was described in Ref. 27. In addition to the
above-mentioned differences in dose dependence which
characterize the formation of oriented defects in LiF and
NaCl crystals under n- and x-irradiation, it is sufficient to
cite the value of the magnitude of the intensity increment
A/diff at the diffusive scattering maximum, which is unique-
ly related to the concentration of point defects and their clus-
ters. For n- and e-irradiation, /diff increases by 500-700%
for LiF, starting at a dose of ~ 1017 cm^2, while for NaCl
and KC1 it increases by no more than 20% even for doses
> 1018 n/cm2'28 although the compliance to rdiation-in-
duced damage should be higher in NaCl and KC1 crystals,
since in the series LiF, NaCl and KC1, LiF possesses the
largest binding energy. This difference cannot be explained
by invoking the special effect of neutron irradiation, i.e., the
reaction Li6 (n,a) in LiF, because analogous behavior is also
oberved for e-irradiation.

The difference in character and importance of radi-
ation-induced effects in LiF, NaCl and KC1 crystals at var-
ious stages of n-, e- < y- and x-irradiation can be understood
if we take into account the different rates at which diffusion
processes occur against the background of differences in the
concentration and in the character of the distribution of pri-
mary radiation-induced defects, depending on whether they
were created with the help of impact or non-impact mecha-
nisms.

At normal irradiation temperatures (Tirr >40 °C), pro-
cesses involving both creation and annihilation of point de-
fects take place at the same time, along with those which
involve formation and coagulation of clusters and which
lead to the "healing" of the latter. From the results and data
obtained from measurement of the self-diffusion coeffi-
cients,39'40 it follows that processes based on the migration
mobility of defects and atoms occur with significantly more
activity in NaCl and KC1 than in LiF. This conclusion is
illustrated with particular clarity by the regularities which
have been identified in the way that dislocation structures
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change in irradiated crystals.41 The rearrangement of these
structures begins, just as in the case of heating, by creeping of
individual dislocations. Again just as with heating, the gen-
eral tendency is towards a decrease in the density of isolated
dislocations as the dose increases and the creation of disloca-
tion "walls," which as a rule are parallel to the (100) planes.
Comparison of this data for /-irradiated and annealed unir-
radiated crystals of LiF and NaCl shows that each interval of
investigated dose can be put into direct correspondence with
a specific temperature interval; the rate of dislocation creep
depends not only on the dose but also on the material. For
the same doses of irradiation this rate is smaller for LiF crys-
tals.41

In this way, processes of radiation-induced annealing of
point defects and coagulation of clusters of these defects in
irradiated crystals of NaCl and KC1 can successfully com-
pete with the formation of stable nucleation centers and the
creation of more of the small-sized clusters, since the pro-
cesses connected with radiation-stimulated diffusion occur
in these crystals more actively than in crystals of LiF.5) I
addition, if the basic mechanisms by which radiation-in-
duced defects are formed were connected with the excitation
of the electronic subsystem, and consequently with the ap-
pearance of point defects distributed more or less uniformly
throughout the volume, than the interaction of the stress
fields of point defects could not play a decisive role in the
creation of secondary defects. In real crystals, which contain
as a rule no less than 104-105 dislocations/cm2, it is more
probable that the point defects interact with dislocations,
especially at low to medium radiation doses; as a result of
this interaction, conditions are created under which disloca-
tion loops can form with the help of dislocation creep. This
scenario is confirmed experimentally on the example of y-
and x-irradiation of NaCl crystals.

Thus, despite differences related to diffractive effects
for n-, e-, y- and x-irradiated crystals, radiation-induced
changes in the defect structure of AHCs as revealed by var-
ious methods are alwyas subject to certain regularities.
Analysis of these effects indicates that they only give rise to
differences in the stress fields caused by secondary defects—
i.e., various kinds of complexes and clusters of point de-
fects—and differences in their concentrations and average
sizes. Important factors in determining the character of
these secondary defects—their form, size and orientation
relative to the original crystal lattice for rirr>400C—are
the concentration of point defects injected by irradiation,
their distribution throughout the volume and their mobility,
whose value in general depends on the type of irradiation
used as well as its energy spectrum, dose and irradiation
temperature, and also on the shelf-diffusion coefficient and
on defects of pre-irradiation origin.

Analysis of well-known data on the variation of defect
structure in other irradiated crystals with ionic-covalent in-
teratomic bonds allows us to conclude that the regularities in
formation of secondary defects which have been identified in
NaCl-structure alkali halide crystals are in fact general in
character.

2.2 Configurations! changes in structure

All the results described above refer to the appearance
in irradiated crystals of some kind of defects located either

randomly throughout the volume of the crystal or in the
form of sequences along definite crystallographic directions
(clusters of point defects and dislocation loops). The aver-
age stable equilibrium positions of atoms in AHCs for
Tirr % 40 °C do not change, in some cases up to irradiation
levels which give rise to mechanical destruction of single
crystals.

Marked (i.e., detectable) changes in crystal structure
of nonmetals under the action of radiation are observed only
in those compounds whose structure does not possess suffi-
cient thermal stability, and in which phase transitions occur
upon heating the unirradiated crystals. In all such com-
pounds, the radiation-induced rearrangement of the crystal
structure which occurs is a high-temperature type of rear-
rangement, brought about by the formation of structural
states close to the high-temperature modification of the unir-
radiated crystal.

We succeeded in showing that under certain conditions
of irradiation by neutrons, configurational changes in struc-
ture appear in single crystals of LiNbO3 (at doses
-3.6X 1020 n/cm2, EZ0.5 MeV, T-m £ 150°) and LiF (in
the dose interval 10n-1018 n/cm2, EZ0.5 MeV, Ttrr = 15°
and 100 °K), which are not associated with changes in the
type of crystal lattice of the sort which take place during a
radiation-induced high-temperature type of crystal struc-
ture rearrangement. We are led to this conclusion after ana-
lyzing data obtained by the diffuse scattering method.24'42

The essential changes in the intensity distribution of diffuse
scattering observed over a broad region of reciprocal space
in irradiated crystals of LiNbO3 and LiF43'44 do not corre-
spond either to a clear crystal rearrangement or to the theo-
retical descriptions of scattering from some well-known de-
fect structures distributed randomly throughout the
irradiated crystal volume.

Taking into account the theory of diffuse scattering, the
changes observed in Ref. 43 with regard to the ratios of dif-
fuse-scattering maxima, the redistribution of Jdiff in the
neighborhood of certain points and individual portions of
planes of the reciprocal lattice, and also the appearance of
additional scattering in a wide region of reciprocal space for
LiNbO3 (Fig. 3), all clearly point to changes in the positions
of atoms, if only in localized regions of the irradiated crystal.
After analyzing the results of measurements of unit-cell pa-
rameters under irradiation, and of observations of the varia-
tions in single-crystal LiNbO3 by the diffuse-scattering
method under irradiation, heating and deviation from stoi-
chiometry,43'45 and also taking into account the data on
changes in parameters and investigating the nature of de-
fects in crystals of non-stoichiometric composition,46'47 we
are led to conclude that the basic changes in the structure of
irradiated crystals are connected with disruption of stoicho-
metry and the ordered positioning of Nb5 + ions next to va-
cant Li positions along certain crystallographic directions
((221)).

It should be noted that, although for all the above-men-
tioned perturbations the atomic displacements are connect-
ed with changes in the same crystallographic element, analy-
sis of the distribution of /diff shows that important
differences are observed in the details of the change in atom-
ic positions for irradiaion, heating and deviation from stoi-
chiometry.27'45 Differences in the structural states formed in
irradiated and heated crystals are apparent not only from the
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FIG. 3. Change in the intensity distribution of diffuse scattering of x-rays
by single crystals of LiNbO, upon heating and upon irradiation.
F~ 3.6 X 102" n/cm2; E>0.5 MeV; T,r, ~ 150 °C. Monochromatic K,, Mo-
radiation. a,b,e—the [001 ] direction parallel to the beam; c,d—this direc-
tion inclined by 8°.

results of diffuse-scattering measurements. From measure-
ments of unit-cell parameters it follows that the change in
these parameters under irradiation does not correspond to
well-known data on the temperature dependence of these
quantities.*"'4"-49

In the investigated intervals of dose (up to ~ 4 X 1020 n/
cm2), temperature (up to 800 °C) and departure from stoi-
chiometry (1 to 0.89 lithium deficiency) the structural type
did not change.

The character of diffuse scattering, which was investi-
gated over a wide region of reciprocal space, was the same
for irradiation of LiF single crystals at Tnr = 15° and
100 °K, and differed fundamentally from the way the scat-
tering picture was observed to change at jT,rr ~70 °C (Fig.
4). Analysis of the experimental data shows that scattering
in LiF single crystals irradiated at low temperature does not
correspond either to the effects of shape or to the usual devel-
opment of two-dimensional and one-dimensional diffraction
patterns of the sort observed after irradiation under normal
conditions. The character of the diffraction effects does not
permit us to classify them as satellites either; nor can these
changes be explained by postulating that well-known defects
are distributed randomly throughout the volume of the irra-
diated crystal.

Comparison of overall regularities in the variation of
diffuse scattering in n-irradiated crystals of LiNbO, and LiF
(T-,rr = 15° and 100 °K) taking into account the character of
the intensity distribution, the regularities in the way addi-
tional diffraction effects differed near sites of different type,
and also data obtained by comparing the temperature depen-
dence of the intensity of additional scattering42"44 allows us
to postulate an ordered positioning of point defects which is

202
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FIG. 4. Structural states formed in LiF single-crystal irradiated at various
temperatures. Monochromatic K,, Mo-radiation. a,b—unirradiated.
c,d,e— Tirr ~ 100 "K. f—7"irr ~70 °C. a,b,c,d,f—temperature of the x-ray
film is ~20°C. e 100°C.

specific to each type of lattice, of a kind closer to the type II
structural states. Because of this, we observe configurational
rearrangement in the immediate neighborhood of atoms as-
sociated with changes in the potential energy of the interato-
mic interaction and correspondingly with changes in the vi-
brational spectrum of localized regions of the crystal. From
the diffuse-scattering results before and after annealing we
can conclude that vacancies44 are the primary defects of this
sort in LiF; the shifts in atomic positions caused by them
have a static character and basically are determined by the
strength of the interatomic interaction.

It is possible that the changes exhibited by
(NH:CH2COOH),H2SO4 (TGS) under irradiation with
small doses of x-rays,50>s' which are caused by the peculiar
ordering in the positions of hydrogen ions, can be related to
configurational structural changes. As also in LiNbO3, these
changes differ from those changes observed upon heating
TGS.

2.3. High-temperature types of structural rearrangement in
crystals

The most carefully studied type III structural states oc-
cur in single-crystal quartz.7"10-27-43'45 Investigations of the
intensity distribution of diffuse scattering, conducted over a
wide region of reciprocal space, in n-irradiated and unirra-
diated crystals in the interval 20-750 °C have shown that the
dose dependence of the radiation-induced states is qualita-
tively analogous to the tmperature dependence in the pre-
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FIG. 5. Change in the intensity distribution of diffuse
scattering of Ka Mo x-rays in the vicinity of reciprocal
lattice sites for native quartz in the case of irradiation
by neutrons and near the a-/9 transition.

phase transition regime.9'10'27'43 However, an analysis of the
temperature dependence of diffuse scattering by irradiated
and unirradiated crystals proves convincingly that the atom-
ic displacements responsible for the rearrangement of the
structure of irradiated crystals are static in character,9'10'43

whereas from inelastic neutron scattering data one can con-
clude with no less assurance that the a-/? transition in unir-
radiated quartz crystals is mediated by dynamic shifts of the
atoms.52

A study of the influence of annealing shows that struc-
tural states created under the action of radiation are stable
over a wide temperature range (including room tempera-
ture ); this stability increases with the radiation dose.8 Based
on this, and also on the agreement between the observed
variation in diffuse scattering and structural parameters due
to irradiation and that due to the a-/? transition, we confirm
that these states are in fact novel structural states, intermedi-
ate between the low- and high-temperature modifications
(Figs. 5, 6; Tables I, II). This conclusion is of considerable
interest; from it follows the fact that irradiation allows us to
realize structural states which are stable at room tempera-
ture and which are close to any state which arises in unirra-
diated crystals during the pre-phase transition stage, since
the magnitudes of the atomic displacements from their equi-
librium positions are determined by the dose (see Table II).

From a comparison of the anisotropies in the changes in
unit-cell parameters (see Table I), we can conclude that the
radiation-induced rearrangement of the crystal structure in
quartz is not related to the creation of nuclei of the high-
temperature modification, nor to growth of the volume of
these regions under irradiation. As is clear from the data
presented, for doses ~ 4 X 10'9 n/cm2 the lattice parameter a
increases by 1.65%, c by 0.56%, i.e., the increase in a ex-
ceeds the increment of c by roughly a factor of 3 in irradiated
crystals; by contrast, in the phase transition Aa/a exceeds
Ac/c by no more than a factor of 1.5.5S

Analysis of the results presented in Refs. 8-10, 27 and
43 on the study of diffuse scattering over a wide range of
reciprocal space for irradiated and heated unirradiated crys-
tals allows us to conclude that the simple models of planar
and linear disorder postulated to describe the a-13 transi-
tion,56 and the change in structure under irradiation,57 do
not correspond to the observed changes in quartz under
heating and irradiation (see Fig. 6).

Investigation of A/diff =f(q) for those stages of irra-
diation at which clear structural rearrangement is observed
shows that the primary defects are isolated point defects
(A/difr ~ \/q2) .2? These data, along with results obtained by
the diffuse-scattering and diffractometer methods,8'10'43'45

allow us to confirm that the radiation-induced structural
rearrangement in quartz is caused by directional correlation
of the atomic displacements caused by point defects. This
conclusion, which is of considerable importance in deter-
mining the mechanism which mediates changes in crystal
structure of irradiated crystals, can in all probability be ap-
plied also to neutron-irradiated crystals of BaTiO3; it is
further confirmed by data on the change in diffuse scattering
of x-rays observed upon heating single crystals,58 by the
analysis of dose dependence of the unit-cell parameters in
neutron-irradiated polycrystalline samples, by comparison
of the variation in intensity of x-ray and neutron scattering,
by data on the infrared absorption and by results of studies of
dielectric properties under irradiation.16'59

Other compounds of this type, such as PbZrO3 and
KNbO3, have been less studied; in these compounds, radi-
ation-induced rearrangements of high-temperature type
have been observed under the action of neutrons.I3~'5i's

However, in these crystals too the rearrangement apparently
takes place because of directional displacements caused by
point defects of radiative origin (according to data on diffuse
scattering by heated single crystals60 and dose dependence of
unit-cell parameters13). Finally, from the variations in

FIG. 6. Intensity distribution of diffuse scattering of Ka Mo x-
rays between reciprocal lattice sites in irradiated and unirradiat-
ed native quartz. Jf-coordinates in reciprocal space. 1-unirra-
diated, T = 20 °C; 2-unirradiated T = 500 °C; 3—unirradiated,
7"=560°C; 4—irradiated, -3.5X1019 n/cm- (£>0.5 MeV;
rirr~100°C).
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TABLE I. Unit-cell parameters of a-quartz irradiated by neutrons.

Dose, n/cm2

Unirradiated a-SiO,"
3-101 0

3,5 -1019

4 -K l 1 "
P-SiOo 54

a, A

4 ,912(2)
4,959 (2)
4,965 (2)
4,993 (3)
4,997 (1)

c, A

5,398 (1)
5,419 (1)
5 ,424(2)
5,428 (3)
5.460 (1)

(i , r • CM~ : (

2,63
2.59
2,58
2 , 55
2,53

structure of the crystal CsNO3 under y- and x-irradiation,21

and from those of the crystal NaNO3 under ^-irradiation20

which were discovered last year, it follows directly that for a
number of compounds the parameter which determines ra-
diation-induced structural instability of high-temperature
type is the concentration of isolated radiation-induced point
defects. The data described below concerning the influence
on the kinetics and structural rearrangement of impurities,
radiation-induced annealing, growth-induced defects and
defects originating from deformation definitely confirm this
conclusion.

3. A CRITERION FOR STRUCTURAL INSTABILITY OF
IRRADIATED CRYSTALS

The development of a description of the rearrangement
mechanism is intimately related to the question of criteria
for radiation-induced structural instability. This question,
which still has not been totally resolved, has also a value in
its own right, since in order to produce radiation-influenced
changes in the properties of a crystal one must know the
conditions under which the crystal structure can be changed
by the action of radiation, and in particular the necessary
and sufficient conditions for a complete high-temperature
structural rearrangement—up until now the only type, be-
sides amorphization and decomposition of the crystal, of ra-
diation-induced change in the crystal structure which takes
place throughout the entire volume of irradiated material.

Based on a critical analysis of those papers from which
one can extract information (even if it is only indirect) relat-
ed to radiation-induced structural instability, one may draw
the conclusion that the assumptions stated earlier concern-
ing the constraints imposed on the structure and character of
a phase transition in a crystalline body cannot be considered
as sufficient conditions to guarantee a rearrangement.

It is obvious that for the radiation-induced high-tem-
perature type of structural change it is necessary for the

structure to have a thermal instability. In addition, it ap-
pears to be a fact beyond question that one is not permitted to
make analogies with regard to crystal structures and phys-
ical properties based on criteria of behavior of a crystal un-
der the action of radiation, since in the perovskite-like com-
pounds PbTiO3, PbZrO3 and BaTiO3 we find structural
rearrangements in the two latter materials,13"'7 while there
is none of PbTiO,13 although the properties of PbTiO3 are
closer to those of BaTiO3.

After investigating materials like TiO2, PbO, CaCO3,
SrCO3 and BaTiO,, and drawing on the literature data con-
cerning a-SiO2 and ZrO2, the authors of Ref. 6 came to the
conclusion that radiation-induced structural variations can
be expected in crystals with displacement-type phase transi-
tions and not reconstruction-type phase transitions. How-
ever, from the available data on KiSC^,62 and from the fact
that one observes in n-irradiated Ca2SiO4 a transition from
the monoclinic y-phase to the heat-induced intermediate /?-
phase and not to the a-phase'2 although the structures of the
/?and a phases are close and the transition /3-a is of displace-
ment type, it follows that the presence of a transition of this
type is not a necessary and sufficient condition for a radi-
ation-induced transition.

In Ref. 15 it was concluded that for a rearrangement to
take place it is important to have present some peculiarity of
structure, for instance some sort of open channels which are
oriented in a definite fashion, and which are capable of pro-
viding the required anisotropy in the unit-cell parameters. In
all the crystals in which radiation-induced changes are ob-
served, these parameters do in fact vary anisotropically.
However, from the compounds investigated in that paper we
can at least point to three materials—phenakite, beryl and
topaz—in which the variation in these parameters under n-
irradiation is extremely anisotropic, while there is no ob-
served change in the crystallographic system although the
structure of beryl is close to that of quartz while phenakite
crystals have open channels parallel to the [001] axis. The

TABLE II. Changes in atomic positions for irradiated quartz.

a-quartz5'

Si: u
0: x

>J

Si — 0(A)
Si — Si (A)

0,4697 (2)
0,4125(4)
0,2662 (4)
0,1188(2)
1,610
3,057

Irradiated a-quartz

3.5xlO'"n/cnr

0,4752 (4)
0,416(1)
0,260(1)
0,1232 (7)
1,609
3,078

4xlO'9n/cm2

0,4816(7)
0,419 (1)
0,252(1)
0,133 (1)
1,602

3,087

/?-quartz54

0,5
0,4138
0 2069
0,1667
1,590
3,091
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absence of a high-temperature type of rearrangement in to-
paz may be due to the fact that in this compound the thermal
phase transition is not observed until T — 1100 °C at which
it decomposes into mullite and chrystobalite.63 In beryl,
however, the transition is observed; at roughly 7"= 1200 °C
the crystal is biaxial, which indicates structural changes.64

With a goal of verifying the stated assumptions regard-
ing conditions which are capable of giving rise to radiation-
induced high-temperature types of structural rearrange-
ment, there was presented in Refs. 17, 24 an investigation of
the temperature dependence of x-ray diffraction effects over
a wide temperature interval for single cyrstals of those com-
pounds in which the presence of these rearrangements has
been established («-SiO2, KNbO3, BaTiO,, PbZrO3). With
just this goal in mind, the authors investigated the action of
various types of radiation and heating for a number of spe-
cially-chosen single crystals (NaNO2, CsNO3,
RbN03, NaN03, KNO3, NH4cC K2SO4,
(NH2CH,COOH)3H2SO4, SbNbO4, KH2PO4,
NH4H2P64),

20-21'27'65

The experiments presented there lead to the conclusion
that in order for radiation-induced rearrangements of high-
temperature type to occur it is necessary that certain rela-
tions be satisfied between derivatives of the thermodynamic
potential, which ensure the appearance in the unirradiated
crystal of a phase transition of continuous type, or that the
pre-phase transition regime extend over a wide temperature
range.66

Investigations show that in all the single crystals stud-
ied for which changes in structure of high temperature type
are observed, the thermal phase transitions are of the above-
mentioned type. The data obtained in Refs. 12, 18 also con-
firm this postulated criterion for radiation-induced instabil-
ity. As was noted earlier, in irradiated crystals of Ca2SiO4

one observes a transition from the original 7-phase not to the
ultimate heat-induced phase as takes place in KNbO3,

15'18

but to the intermediates-phase,12 corresponding to the fact
that in CaSiO2 the yP transition alone is spread out over a
relatively wide temperature interval, whereas in KNbO3 all
the high-temperature phase transitions are transitions with
quite sharply-defined pre-transition regimes.60 Finally, for
all the crystals chosen on the basis of having phase transi-
tions of the above-mentioned type, the changes observed un-
der irradiation, as the available data show, are qualitatively
similar to those which are recorded in unirradiated crystals
close to a phase transition in those cases where there is no
clear evidence of decomposition of the original compound
under the action of radiation.

It is especially interesting to compare data on the be-
havior of the isostructural low- and high-temperature modi-
fications of CsNO3 and RbNO3 under the same conditions of
^-irradiation, as these compounds undergo transitions of
different sorts under heating up to very similar temperatures
(rPT sl50° and 160 °C). As opposed to CsNO3, in which
the structural change in the modification on the high-tem-
perature side is observed long in advance of reaching 7"PT, in
RbNO3 crystals no noticeable change in the x-ray picture is
observed even up to the appearance of reflections from nu-
clei of the high-temperature phase. Correspondingly, in y-
irradiated CsNO3 crystals grown from solution on "seeds,"
distinct changes in crystal structure of high-temperature
type are observed already for doses ~ 108 R, whereas in

RbNO3 crystals radiation-induced rearrangement is not ob-
served even for doses ~ 10'° R, where already there appear
clear indications of disruption of the strict periodicity of
atomic positions. From these data one concludes unambigu-
ously that in radiation-induced structural rearrangement
the decisive role is played not by structural peculiarities of
the crystal but by the character of the phase transition.

4. MODELS OF RADIATION-INDUCED STRUCTURAL STATES

From analysis of such characteristics of the defect
structure as the form and orientation of point defect struc-
tures, and also from the position of defects relative to the
original lattice, and a comparison of the dose and tempera-
ture dependences of the changes in the structural states, it
follows that at the foundation of radiation-induced rear-
rangements lie general thermodynamic regularities which
define the behavior of any metastable system, independent of
the origin of the instability.

A comparison of the changes in irradiated crystals, in
compounds with non-stoichiometric composition, and in
solid solutions with various percentages of dissolved atoms,
confirms this conclusion. Point defects or foreign atoms oc-
cupying specific types of structural positions are for small
concentrations distributed randomly relative to each other.
An increase in concentration leads to the appearance of cor-
relation effects which favor regular arrangements of these
defects, and consequently lead to a local change in the posi-
tion of atoms of the original compound, until certain overall
changes of structural type are observed; these changes are
recorded both in non-stoichiometric materials and in solid
solutions.69'70

The form, orientational relations and positions of the
clusters which are created at specific mobilities and concen-
trations of point defects of radiative origin also are subject to
the sort of regularities which characterize solid solutions.
Thus, the dependence on dose of the creation of anisotropic
point defect clusters in irradiated AHCs (x-irradiated NaCl
and n-irradiated LiF) reflects an analogy with the succes-
sion of processes observed in solid-solution compounds with
impurities as the concentration of dissolved atoms increases,
in which there occurs a precipitation of regions with other
than the mean value of electron density, all identical in shape
and orientation.

A calculation of the minima energy of decomposition of
a ternary solution, taking into account elastic stresses,71 is as
a general rule carried out by describing the form, orientation
and position of nuclei of the new phase in the original alloy,
and of clusters of point defects in irradiated,27'36'72'73 tem-
pered74 or deformed crystals.75

In compounds which do not undergo a phase transition
under heating, the crystal structure does not change even
under irradiation, independent of the concentration of iso-
lated point defects. However, in those compounds whose
crystal structure is unstable and in which phase transitions
are observed which are spread out over a wide interval, radi-
ation can also give rise to structural rearrangements of high-
temperature type. For specific doses of radiation, stable
structural states form in these compounds which are qualita-
tively similar to states observed in unirradiated crystals in
their pre-phase transition stages. It should be emphasized
that these states are not completely identical, by virtue of a
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number processes (principally amorphization and decom-
position of the original compound) which as a rule accompa-
ny the radiation-induced structural rearrangement.

From the ensemble of available data we can conclude
that as a basis for describing type I structural states at var-
ious stages of irradiation it is expedient to take solid solu-
tions as a model, considering the point defects of radiative
origin as dissolved atoms. The configurational change in
structure of an irradiated crystal can be described with the
help of the same model, taking into account correlation ef-
fects caused by the interaction of electric and elastic fields of
point defects. In devising a model of radiation-induced
structural rearrangement of high-temperature type for such
compounds as «-SiO2, KNbO, and BaTiO,, we can treat the
directional static atomic displacements due to primary de-
fects as similar to displacements of dynamic character.

5. INFLUENCE OF IMPURITIES, GROWTH CONDITIONS AND
IRRADIATION CONDITIONS ON THE RADIATION HARDNESS
OF A STRUCTURE

The investigations and analysis of available results pre-
sented here lead us to conclude unambiguously that the
quantities which are decisive in forming all types of radi-
ation-induced states, including also structural crystal rear-
rangements, turn out to be the concentration of point defects
of radiative origin and their mobility; these quantities are
determined primarily by dose, irradiation temperature and
self-diffusion coefficients. From published work (essentially
on metals and semiconductors) it follows that impurities
can also affect significantly the behavior of the primary de-
fects and their interactions.

No systematic investigations have been carried out on
how the above-mentioned factors can influence the creation
of structural states in irradiated crystals. With regard to the
mechanism by which these states form in crystals with ionic-
covalent bonds, the most interest centers on study of how
impurities and defects of non-radiative origin perturb the
stability of the crystal structure against irradiation. This in-
terest is explained by the fact that existing disagreements
regarding the variation in defect structure are practically
eliminated if we take into account the irradiation tempera-
ture of the crystal, whereas there is no unanimity of opinion
regarding the mechanism of structural rearrangement. Cer-
tain investigators assume that the high-temperature rearran-
gements observed in crystals can be treated as ordinary ther-
mal phase transitions which are taking place at a lower
temperature Tirr, since for a number of these crystals a low-
ering of rPT is recorded under the action of radi-
ation. ">I3 '76~X() However, investigations of the temperature
dependence of diffuse scattering by neutron-irradiated sin-
gle-crystal quartz,9-' "A3 and the results of Refs. 10, 20, 21, 27
and 81, force us to conclude that this picture cannot corre-
spond to the real situation. In point of fact, the high-tem-
perature rearrangement for this series of compounds is not
mediated by a nucleation mechanism, but rather is due to the
introduction of radiation-induced point defects which give
rise to correlated atomic shifts which are static in charac-
ter 10.27.«i-83 jn acjdition, there are significant differences of
opinion in connection with the doses at which the rearrange-
ment occurs, and there is no unanimity of opinion13'15 even
with regard to the very existence of a change in crystal struc-
ture in some compounds.

Investigations of the influence of growth-induced de-
fects and impurities on the character and temperature of the
phase transition in unirradiated crystals have been carried
out with considerable intensity within the last seven years.
Data on the way these imperfections affect radiation-in-
duced rearrangement of the crystal structure were published
for the first time in 1981.84-88 We will analyze the results of
investigations of the relationship between dose and tempera-
ture and variation of structure, taking into account the influ-
ence of impurities (a-SiO2), variations in growth conditions
(CsNO3) and changes in irradiation conditions which deter-
mine the activity with which diffusion processes take place
(NaNO2), i.e., those factors which determine the total con-
centration of radiation-created isolated point defects.

5.1. Dependence of the kinetics of radiation-induced
rearrangement of crystal structures on impurity content

The choice of quartz as an exemplary medium in which
to study the influence of impurities on an irradiated crystal
structure is an obvious one, since the regularities and mecha-
nism by which a radiation-induced high-temperature type of
rearrangement is formed are most fully studied for single
crystal a-SiO2. Of no small importance is the fact that the
processes of amorphization and decomposition of the origi-
nal compound, which compete with the processes which
tend to rearrange the crystal structure, only rarely interfere
with the reliability with which we can establish the presence
of a structural rearrangement and study the dose depen-
dence of the observed changes (one case of such interfer-
ence, however, is for n-irradiated a-SiO2).

Results relating to the effect of neutrons on specially-
grown single crystal quartz with a controlled quantity of
structural impurities of substitutional type (Al, Ge) show
convincingly that the radiation-induced high-temperature
type of structural rearrangement is wholly determined by
the total concentration of point defects of radiative origin.87

Investigations were carried out on natural-crystals
originating in Volynsk, on single crystals grown by the meth-
od of hydrothermal synthesis with a minimal quantity of
impurities (<10^4% by weight), and on crystals specially
doped with aluminum and germanium. After radiation
doses of ~ 10'9 n/cm2, noticeable changes in crystal struc-
ture which tended to approach the high-temperature modifi-
cation were observed to appear only when the irradiated
crystals had minimum impurity content. This conclusion
was arrived at both from a comparison of the intensities of
Laue and Bragg maxima and from analysis of the intensity
distribution of x-ray diffuse scattering before and after irra-
diation.

Clearly-defined changes are observed in the relations
between the intensity of the diffraction maxima only in the
purest samples, for which the changes which occur are close
to those which are characteristic of an initial pre-phase-tran-
sition stage, and correspond to heating unirradiated native
crystals up to r~500 °C and up to T-350 °C for crystals
with minimum impurity content. The results of an analysis
of the diffuse-scattering intensity are in good agreement with
the estimates presented above (Fig. 7). Changes in the dis-
tribution Jdiff in the purest samples after doses of ~ 1019 n/
cm2 practically coincide with changes caused by heating a
native crystal up to T = 500 °C, and are close to the distribu-
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FIG. 7. Intensity distribution of diffuse scattering of Ka
Mo x-rays for quartz crystals with various impurity con-
centrations. I—Al, Ge, Fe—lO"4; II—native quartz:
A1~5X10~2, Fe, Li~2xlO-3, HI—A1-5X10-2, Ge,
Fe~10-4; IV—Ge~9xlO-', Al, Fe~10-"% by
weight. 1—intensity in reduced units for T = 20 °C for
unirradiated crystla (I-IV) and irradiated (II-IV)
CF-IO19 n/cm2, £>0.5 MeV, Tirr~ 150°C); 2—1, irra-
diated under the same conditions; 3—irradiated native
crystals (.F-3.5X1019 n/cm2, £>0.5 MeV, Tn,
~ 150 °C); 4—unirradiated native crystals, T= 500 °C.

tion of/diff observed in native crystals of quartz after irradi-
ating them with a dose ~ 3.5 X 1019 n/cm2.

The increased sensitivity of crystals with minimal im-
purity content to the action of radiation is confirmed by data
on the determination of structural parameters by the diffrac-
tometer method and by an estimate of the change in macro-
scopic density measured using the method of "weighing"
samples in a thermal-gradient pipe.90 For these crystals, the
change in position of the atoms towards the high-tempera-
ture modification side already exceeds the measurement er-
rors88 at doses of ~ 1019 n/cm2, whereas for native crystals a
noticeable high-temperature type of structural rearrange-
ment is observed for doses > 3x 10'9 n/cm2 (Refs. 8, 10,
81). The difference in density change for a dose of ~ 1019 n/
cm2 is roughly a factor of 3: (A/v/o), =0.013; (A/?/
p), =0.004.

Results on the change of atomic positions, intensities of
diffraction maxima and the magnitude and distribution of
Jdiff in irradiated crystals with various impurity contents are
extremely important both in determining the reconstruction
mechanism and for possible applications. They take on spe-
cial value when we take into account data on estimates of the
dependence of the increment to/diff on the spacing of sites in
reciprocal space; this data is taken from irradiated single
crystals88 with minimal impurity content at doses ~ 1019 n/
cm2. Just as in the case of samples of native quartz with
clearly-defined radiation-induced structural rearrange-
ments of high-temperature type, it is found that A/dlff ~ I/
q2. On the basis of the calculations presented in Refs. 91-94,
this dependence allows us to conclude unambiguously that
the observed increase in the diffuse-scattering intensity is
caused by point defects and not by clusters of them.

A number of very interesting and promising conclu-
sions follow from the ensemble of available data on this top-
ic. First of all, structural impurities, in interacting with the
primary radiation-induced defects (essentially vacancies),
reduced their concentration, which correspondingly in-
creases the stability of the crystal structure against the ac-
tion of radiation. Secondly, the data convincingly show that
for neutron irradiation the rearrangement of the crystal
structure does not come about by way of formation of high-

temperature-phase nuclei, and that the parameter which de-
scribes the instability of irradiated structures against trans-
formation to the high-temperature modification is the
concentration of isolated point defects of radiation origin.
Besides this, the results obtained are of interest from the
point of view of controlling the radiation hardness of crystal
structures, and allow us to understand the cause of the ob-
served discrepancies in estimating the doses needed to rear-
range the structure of the same material.

Data on the investigation of single crystals of SbNbO4

irradiated by electrons also demonstrate convincingly a
clearly-defined dependence of radiation hardness of crystal
structure on impurity content.65'88

5.2. Influence of growth- and deformation-induced defects
on structural changes in irradiated crystals

Crystals of cesium nitrate are the most convenient sys-
tems for investigating the dependence the radiation hardness
of a crystal structure on its original degree of crystallinity.
The compound CsNO3 is the only one in which a structural
rearrangement can be brought about easily under the action
of Y- and x-irradiation at temperatures <40 °C while not
leading to the formation of a "displacement zone." 6> In ad-
dition, single crystals of CsNO3 can be grown in various
ways from sufficiently pure ingredients; all these things
make it possible for us to eliminate the effect of other factors
which determine the total concentration of point defects of
radiative origin for a given radiation dose.

In order to investigate the influence of the original
structural states on the high-temperature type of structural
rearrangements oberved in irradiated crystals of CsNO3,
single crystals were studied as well as polycrystalline sam-
ples obtained by pulverizing single crystals grown by various
methods,21'45'84'85 The most fully investigated samples were
^-irradiated single crystals grown from solution on a seed
and obtained by spontaneous crystallization.

The study was carried out by diffractometer methods in
conjunction with the Laue method. It should be noted that
although the possibility of using the latter method is limited,
it is the only method which allows us to obtain information
about the effect of growth-induced defects on the behavior of
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crystals under irradiation in their pure form, since in prepar-
ing the sample for diffractometer study the mechanical pro-
cessing of single crystals causes defects of deformation ori-
gin. These defects can wholly mask out the radiation-
induced structural changes in crystalline films.

Results for crystals of CsSO3 grown by various methods
and under various growth conditions show that growth-in-
duced defects and defects originating from deformations in-
troduced while preparing single crystal samples of a given
size and shape, and also in grinding up the single crystals,
turn out to have an important effect on the character and
dose dependence of the radiation-induced changes in crystal
structure. The differences which appear in the original struc-
tural states and the radiation hardness, as chemical analysis
shows, are not related to differences in impurity content.

The effect of growth-induced defects on the radiation
hardness of the structure of a crystal in its pure form is clear-
ly observed in single-crystal samples undeformed by being
worked on. Under the action of ^-irradiation a change in
crystal structure of high-temperature type takes place in
these crystals from the trigonal to the cubic modification; in
more perfect crystals grown from seed a noticeable change in
the direction of the high-temperature modification appears
at doses ~ 10X R,21 while for crystals obtained by spontane-
ous crystallization no noticeable change in the diffraction
picture is observed up to doses ~ 109 R.84 At this dose level,
the structure of crystals with a higher degree of perfection
already corresponds to the symmetry of the cubic modifica-
tion, whereas the structural rearrangement in less perfect
crystals is still far from being completed even at a dose of
~3X109R.2 1-4 5

The processes of polygonization, which lead to frag-
mentation of irradiated samples, interfere with tracking the
influence of the original structural states on radiation-in-
duced changes in the structure of single crystals at higher
doses.2I-46'X4 Changes in crystal structure, which are appar-
ent at doses of radiation ~2-9x 109 R in pulverized single
crystals of CsNO,, also are very strongly masked by defects
originating from deformations due both to sample prepara-
tion and to processes which compete with the processes of
structural rearrangement, e.g., formation of large clusters of
point defects and decomposition of the original com-
pound.27'85 Nevertheless, from the data presented in Ref. 85
we are led to the conclusion that, just as in the case of crystal
processing methods which do not include deformation, the
least stable structures appear in the most perfect crystals,
although we can track the dose dependence of the change in
crystal structure only in unprocessed single crystals.

By carrying out these investigations, we can demon-
strate that growth- and deformation-induced defects, as well
as structural impurities in quartz, can "capture" the radi-
ation-induced defects. This effect can be used to induce con-
trolled changes in the radiation hardness of crystal struc-
tures. In addition, we are led to a second conclusion, which
has fundamental value for investigating the dose dependence
of crystal structure rearrangements: in selecting compounds
for investigating radiation-induced structural instability it is
necessary to take into account not only the character of the
phase transition and the strength of the interatomic interac-
tion, but also the mechanical characteristics of the material
(such as its plasticity and brittleness). The results obtained

also help us to understand the causes of discrepancies in ex-
perimental data reported by various authors on the action of
radiation on crystal structures.

The influence of processing and growth conditions on
the original state of the crystals is clearly illustrated by the
differences in their properties and the appearance of anoma-
lies in the temperature dependence of structural characteris-
tics and properties of the same material (such as unit-cell
parameters, dielectric permittivity, heat capacity, etc.) .95~99

5.3. Changes in structure for differing dose sequences

From the point of view of investigating criteria, mecha-
nisms and kinetics of the high-temperature type of crystal
structure rearrangement, NaNO2 is one of few compounds
which satisfy all the necessary requirements both from the
point of view of thermodynamic and mechanical character-
istics and from estimates of the strength of the interatomic
interaction.

As with CsNO3, in crystals of NaNO2 the high-tem-
perature type of structural rearrangement occurs under the
action of y-rays; however, in contrast to CsNO3 the defor-
mation-induced defects which arise in grinding larger single
crystals of NaNO2 into powder and separating the decompo-
sition products in practice do not mask out the features of
the rearrangement even up to doses ~9 X 109 R.86'88 7) This
allows us to track in detail the influence of radiation-induced
annealing on the formation of structural states over a suffi-
ciently wide interval of dose, since effects due to y-irradia-
tion are clearly evident even for doses ~ 2 X 109 R.20'65 These
effects are manifest in a sharply-defined change in the rela-
tion between the intensities of diffraction lines in the direc-
tion of the high-temperature modification. As the dose in-
creases up to ~4X 108 R, the effects become more obvious,
and there is no longer any reason to doubt that the dose
dependence of the intensity has the same features as for the
case of heating (Fig. 8).

In studying the structural changes at these large doses it
is expedient to proceed by taking into account the influence
of irradiation conditions, since the basic parameter which
drives structural instability of irradiated crystals—the con-
centration of point defects—is determined both by the activ-
ity of formation of defects in the process of irradiation and by

J{033)

too 200 T;C 200 T°C

FIG. 8. Dose and temperature dependence of the ratio of the intensities of
Laue maxima for crystals of NaNO2. Doses are shown in roentgens, 1—
unirradiated, 2,3—initial doses<2x 109 R (2) , ~4x 109 R (3).
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the radiation-induced annealing. The latter depends on the
properties of the material itself and on the irradiation condi-
tions, above all the irradiation temperature, which directly
influences the rate of diffusion processes and thus deter-
mines the procedure of dose selection, because the annealing
begins to occur actively when the concentration of point de-
fects attains a specific concentration.27'41

As is clear from Fig. 8, the possibility of varying Tirr is
very limited, since a significant change in the structure of
NaNO2 upon heating is recorded starting at a very low tem-
perature. Therefore, with a goal of studying the effects of
radiation-induced annealing on the kinetics of rearrange-
ment, in Ref. 86 crystals were studied which were irradiated
suing various methods to attain the total dose. Polycrystal-
line samples of this material were irradiated by y-rays both
continuously and in several stages with intermediate long-
period annealing at room temperature.

From the data presented in Fig. 8 on the influence of
irradiation and heating on the crystal structure of NaNO2

we can conclude that the dose dependence of the structural
states created by irradiation depends essentially on the
method of dose delivery one sees a clear shift toward the low-
temperature regime in the change in the structure of crystals
irradiated with initial doses > 2 X 109 R. These same conclu-
sions follow from analysis of the positions of the diffraction
lines, which reflect the change in unit-cell parameters.86'88

From the results presented and published in Refs. 27,41
we can conclude that starting at certain irradiation doses one
observes activation of the diffusion processes leading to radi-
ation-induced annealing of the primary defects. The avail-
able data on the influence of condition of dose delivery on the
formation of total structural states is of undoubted interest,
since it is a confirmation of the decisive role of point defects
in radiation-induced rearrangement of the crystal structures
of irradiated crystals.

As regards the influence of radiation-induced annealing
on the formation of a global defect structure for a given radi-
ation dose we can judge by the data presented in Section 2.

6. CONCLUSION: FACTORS WHICH DETERMINE THE
STRUCTURAL STATES OF IRRADIATED CRYSTALS

The study of regularities which characterize the action
of radiation on crystals with various types of interatomic
bonds has a very significant value not only for analyzing the
radiation hardness of crystal structures but also for fixing
and enhancing the physical properties of a given material
over a given temperature interval, and obtaining fundamen-
tally new structural states (and consequently new proper-
ties) under the action of irradiation.

From an analysis of the totality of available results con-
cerning the action of radiation on crystals with ionic-cova-
lent bonds, there follow definite conclusions and recommen-
dations for realization of a given state. It is obvious that the
basic factors which determine the overall radiation-induced
structural state at any given level of irradiation are the ther-
modynamic and mechanical characteristics, interatomic
bonds, impurity content, degree of perfection of the crystal
under study and the irradiation-dependent migration mobil-
ity of defects and their surrounding atoms.

The conditions for formation of complexes and clusters
of point defects can be created by choosing the type of radi-

ation, the dose and the irradiation temperature. The charac-
ter of secondary defects depends on the distribution of pri-
mary defects throughout the volume, and consequently on
the mechanism of their formation and on their migration
mobility, which is determined (taking into account the acti-
vation of diffusion processes in irradiated crystals) by dose,
temperature and the self-diffusion coefficient. The average
size distribution of secondary defects and the concentration
ratios between primary defects and secondary defects of var-
ious types depend on the type of radiation, the irradiation
temperature, the dose, the magnitude of the flux and the self-
diffusion coefficient. The shape of the secondary defects,
their orientational relationship with the lattice of the origi-
nal crystal and regularities in their location in the volume are
the same for all types of irradiation. The kinetics of defect
formation are determined basically by dose, temperature of
irradiation and the original defect structure. By varying the
irradiation conditions we can change the defect structure of
a crystal and its type of structural state in a controlled way.

In order to change the stable equilibrium positions of
atoms and subsequently to rearrange their structure beyond
the fixed limitations imposed by the restrictions of thermal
stability of the crystal structure and its thermodynamic and
mechanical characteristics, it is necessary either to create
conditions which ensure the presence of isolated point de-
fects over a wide dose interval or to generate a region (of
"displacement zone" type) which is convenient for creation
of stable nuclei of the new phase.

For the majority of compounds which have been stud-
ied, the parameter which drives the high-temperature type of
radiation-induced instability of a crystal structure is the con-
centration of point defects of radiative origin. Consequently,
due to the change in all the factors which influence this pa-
rameter—dose, radiation-induced annealing, impurity con-
tent and original defects of specific type—we can direct and
control the kinetics of the rearrangement and ultimately the
overall radiation hardness of the structure. In addition, tak-
ing these factors into account allows us to set up conditions
for formation of practically any metastable structural state
which is stable at room temperature, and which is similar to
some state which appears at some pre-phase-transition stage
of the unirradiated crystal.

From analysis of the data presented above we conclude
that radiation-induced rearrangement, amorphization and
decomposition of the original compound are all competing
processes whose activity depends on the irradiation tem-
perature and the strength of the interatomic interaction.
Lowering the temperature leads to a slowing of the decom-
position and suppression of the accompanying crystal defor-
mation, which is of special significance for realizing and iso-
lating structural changes in irradiated crystals which do not
possess sufficient brittleness.

Taking into account conditions of irradiation, especial-
ly temperature, dose and the energy spectrum of the radi-
ation, and also impurity content and original defect struc-
ture, allows us to understand the causes of discrepancies in
experimental data on the same material, and differences in
their interpretation.

"It has been established from results obtained at the present stage of inves-
tigation on the influence of radiation on non-metallic crystals that, be-
sides amorphization and decomposition of the original compound,
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changes in crystal structure have been reliably observed: in n-irradiated
crystals of ZrO2 (Refs. 1-4) (when a specific concentration of fission
fragments is reached), SiCs (Refs. 5-11) (quartz and crystobalite),
Ca,Si04,

12 PbZrO,,11'14 BafiO,,"-15-'7 KNbO,,l5JS in CmAlO, (Ref.
19) (under the action of particles from radioactive decay), in y-irradiat-
ed crystals of NaNO2 (Ref. 20) and CsNO, (Ref. 21) under the action of
Y- and x-rays. We should stipulate that in this group we do not include
intermetallics, e.g., U,Si (Ref. 22) and complex rare-earth compounds
such as the solid solution of Dy2O, in Dy,Ti2O7,

23 in which one clearly
observes structural changes at a definite stage of n-irradiation.

•"Reciprocal space is introduced in order to interpret x-ray scattering con-
veniently by using a wave-vector (or momentum) space in which har-
monics are displayed as a linear sequence of equivalent points.

"In n-irradiated single crystals of NaCl and KC1 anisotropic clusters do
not form even for doses ~ 5 X 10'" a/cm2.

4'The formation of stable planar vacancy clusters with thicknesses of
about one interatomic spacing is possible only when they are filled by
atoms of gaseous decomposition products.

5lThe technique employed in Refs. 27, 28 allows us to measure the magni-
tude of Jjjiy and analyze the dependence A/difl- =f(q) in that region of
reciprocal space which yields information on point defects and clusters
of point defects with sizes 40-70 A.

WA "displacement zone" is a region consisting of atoms randomly dis-
placed from their stable equilibrium positions, which appears in a crystal
when the energy of fast particles is transferred to the crystal in the course
of slowing down.

7'It is not possible to conduct an investigation of the dose dependence of
the structural changes in single crystals of NaNCs, since the deformation
processes which accompany the irradiation and which are caused by
decomposition of the original compound lead to mechanical destruction
of single-crystal samples. Accordingly, comparisons of the temperature
and dose dependences are carried out by diffractometer methods on
polycrystalline samples.20-M-"<'
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