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Preface

The study of radiation effects in solids is now proceeding more
intensively than ever before, and the subject can be expected to de-
velop greatly in the next few years. Nevertheless the field has al-
ready reached a certain level of maturity, and a very large set of ex-
perimental results are at hand, coordinated at least qualitatively by a
body of theoretical ideas. It thus seems appropriate to bring out a
small volume surveying the subject in its present state. It is not the
authors’ intension to extoll the accomplishments of the theory unduly.
Indeed, we have emphasized its shortcomings as well as its achieve-
ments, and hope that a critical awareness of limitations of present
theoretical pictures will lead most quickly to their improvement.
Similarly, in the experimental realm, while summarizing the basic
information that has been gathered, we have tried to point out many
gaps and to reveal numerous cases where inadequate control of purity,
temperature, radiation conditions, and other variables make results
difficult to interpret and of uncertain generality.

The book is concerned mostly with the physics of radiation ef-
feets, not with the chemistry of such cffects, and not at all with
biological effects. This means that displaced atoms have been given
more prominence than ionization, and that organic substances have
been given far less space than other types of solids. It should be also
noted that we are primarily concerned with energetic radiation, of
x-ray energies and higher, and thus effects of optical, infrared and
ultraviolet irradiation are omitted. Although these phenomena
(luminescence, photochemistry, ete.) are unquestionably radiation ef-
fects, their study goes much farther back, they have been reviewed
in many places, and the theoretical ideas involved are sufficiently
different from those relevant to high-energy radiation to allow a prac-
tical separation.

The book deals mainly with fundamentals, and this means that

v



vi " PREFACE

preference is given to simple systems and to irradiations carried out
under controlled and analyzable conditions. At the same time a sur-
vey is given of the more striking physical effects arising from irradia-
tions, many of these being observed in complicated situations where
theoretical understanding is difficult.

It is hoped that the treatment given will be of use to graduate
students, to scientists in fields other than radiation effects, and to
specialists in radiation effects who desire a broad and integrated re-
view of the fundamentals of their field.

The writers are indebted to their colleagues in the Solid State
Group at Brookhaven National Laboratory for many helpful discus-
sions, to R. W. Powell and R. A. Meyer for aid with the section on
annealing of the Brookhaven Reactor, and to Mrs. Alice Whittemore
for dedicated assistance in the preparation of the manuscript.

G. J. DiENES
June 6, 1957 G. H. VINEYARD
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CHAPTER 1

Introduction

While some aspects of the interaction of various nuclear radia-
tions with solids have been studied for many years, the very active
interest in radiation effects in solids at the present time is largely the
result of wartime research on nuclear reactor development. E. P.
Wigner recognized in the latter part of 1942 that energetic neutrons
and fission fragments, born in the fission process, would have the
ability to displace atoms from their equilibrium positions. He
reasoned that heavy bombardment of a solid by such energetic massive
particles might lead to serious technological effects. This observa-
tion prompted an immediate program of theoretical and experimental
study on the nature and magnitude of the effects to be expected.
Publication of basic studies commenced in 1946, but much technologi-
cal and basic information remained classified until the United Nations
International Conference on the Peaceful Uses of Atomic Energy
in 1955.

As may be expected, much of the early work was concerned
with applied problems of interest to reactor technology. During the
last decade the emphasis has changed slowly as it became clear that
the study of radiation effects can lead to new and valuable insight
into the properties of imperfections in solids. The relation of physi-
cal and chemical properties to the defect structure of solids has become
an increasingly important part of solid-state research. Irradiation
with energetic particles is a new and powerful tool in this field since
a large number of defects thus can be introduced into a crystal in a
reasonably well controlled manner.

During the last few years the subject has achieveda certain degree
of maturity. There is a theory for the production of simple point
defects, namely interstitial atoms and vacant lattice sites, by energetic
particle bombardment. A number of basic experiments have been
done which support the simple theory in some ways but depart from
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2 RADIATION EFFECTS IN SOLIDS

it in other respects. It has been recognized that more cooperative
effects, involving a few or perhaps a large number of atoms, may be
of importance, and an outline of a theory of these cooperative effects
is at hand. Thus, many diverse experimental observations can be
and have been correlated, although the finality of the prevailing
picture is difficult to judge. It is possible that present ideas will be
considerably altered as more exact theoretical work becomes available
and more carefully controlled experiments are performed.

Present interpretation of the changes in the properties of solids
brought about by high-energy radiation centers around the production
of several types of defects in the solid by the radiation. These defects
are: (a) vacancies, (b) interstitial atoms, and (c¢) impurity atoms.
Each of these simple defects is described briefly below.

(@) Vacancies. Vacant lattice sitesmay be created by collisions
of energetic particles with the atoms in a solid lattice. The energy
transferred in these collisions is usually sufficient for the recoiling
atom to create further vacant lattice sites by subsequent collisions.
Thus, for each primary collision, a cascade of collisions resulting in
vacancies is initiated.

(b) Inferstitial atoms. The atoms that are displaced from their
equilibrium positions in the lattice will stop in an interstitial, or non-
equilibrium, position, provided they do not recombine immediately
with a nearby vacancy.

(¢) Impurily aloms. Impurity atoms are formed under neutron
bombardment by transmutation. A special case of this is the
introduction of fission products by the fission process. The eflect
of fission fragments is usually more pronounced than that of neutron-
induced transmutation, although both mechanisms are often insignifi-
cant compared to other radiation effects.

These defects were described briefly because the whole book
deals essentially with the production and nature of such defects and
their relation to the physical and chemical properties of solids. In
addition to simple collisions there are other important processes
leading to observable radiation effects. They are (d) replacement
collisions, (¢) thermal and displacement spikes, and (f) ionization
effects. - These processes may be described briefly as follows:

(d) Replacement collisions. 1f a collision between a moving
interstitial atom and a stationary atom results in ejection of the sta-
tionary atom and leaves the interstitial with insufficient kinetic energy
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for it to escape from the vacancy it has created, then this atom will fall
into the vacancy, dissipating its kinetic energy through lattice
vibrations as heat. Calculations show that for a reasonable choice
of energy parameters the number of replacement collisions may
exceed the number of displacement collisions. The result is the inter-
change of moving atoms with lattice atoms, which can lead to ob-
servable effects in polyatomic materials.

(e) Thermal and displacement spikes. A fast particle moving
through a lattice, or an atom that has been hit just hard enough to
vibrate with large amplitude without being displaced, will rapidly
transfer energy 1o its neighbors, which become abnormally excited.
Thus a region of material around the track of a fission fragment or
knocked-on atom will be heated to a high temperature. The region
of excitation expands rapidly, and at the same time there is a drastic
decrease of temperature. The result is called a thermal spike, i.e.,
rapid heating and quenching of a small volume of the material.
Calculations indicate that the duration of a high temperature of
approximately 1000° K in a region involving some thousands of atoms
might be 10-19to 10~ seconds. When the energy of the fast moving
atom falls below a transition value (which depends on the atomic
number) the mean free path between displacement collisions becomes
of the order of the atomic spacing. Then each collision results in a
displaced atom, and the end of the trail is belicved to be a region
containing of the order of one- to ten-thousand atoms in which local
melting and turbulent flow have occurred during a very short time
interval. This is called a displacement spike, and is probably impor-
tant only in heavy metals.

(f) Ionization effecls. The passage of charged particles or
gamma-rays through a solid may cause extensive ionization and
electronic excitation, which in turn lead to bond rupture, free radicals
coloration, luminescence, etc., in many types of solids. These effects
are most important in the various insulators and dielectrics, ionic
crystals, glasses, organic high polymers, etc.

The writers belicve that the scientific future of the field of
radiation effects is a promising one. Such studies will provide a very
valuable supplement to other methods of altering the properties of
solids and the processes occurring in them. The interaction of radia-
tion with matter is a fruitful field in itself in which much remains to
be done. But perhaps more important is the fact that a new tool is
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at hand with which to probe the intricacies of the structure-sensitive
properties of solids.

The writers’ interest has been to a large extent in the funda-
mentals, and this is reflected in the plan of the book. By far the
largest portion of the book is concerned with the theory of displace-
ment production and the basic experiments which were designed to
test the theory. This material is covered in Chapters 2 and 3.
In Chapter 4 point defects and clusters of defects are discussed to-
gether with the physical property changes expected from the pres-
ence of such entities. The mobility of the crystalline defects is
taken up in Chapter 5, together with the healing or annealing of
radiation effects due to the recombination of defects or to their dis-
appearance from the solid by diffusion. In Chapter 6 some special
topics are treated, most of which are rather complex and cannot be
interpreted in a simple way, but which are important in many phases
and solid-state research. While the emphasis is on fundamentals the
practical importance of various radiation effects is pointed out
throughout the volume. For engineering details, however, the reader
will have to consult the original literature or the appropriate review
articles in various books and journals. A general bibliography is
given at the end of this chapter, and each chapter, we believe, is fully
supplied with references.

General Bibliography
Books

Proceedings of the International Conference on the Peaceful Uses of Alomic Energy,
United Nations, 1956, Volume 7 (particularly pp. 421-196 and 615-682).

Nuclear Fuels, edited by D. H. Gurinsky and G. J. Dienes, D. Van Nostrand Co.,
Inc., New York, 1956 (particularly Chapters VII-IX).

Metallurgy and Fuels, edited by H. M. Finniston and J. P. Howe, Pergamon
Press, New York, 1956 (particularly Chapter 8).

F. Seitz and J. S. Koehler, “Displacement of Atoms During Irradiation,” in Solid
State Physics (editors F. Seitz and D. Turnbull), Academic Press, Inc., New
York, 1956, Vol. 2, pp. 307-442.

Report of the Conference on Defects in Cryslalline Solids, The Physical Society,
London, 1955 (particularly pp. 81-108, 222-261).

Effects of Radiation on Dielectric Malerials, Washington, 1954, Office of Naval
Research Symposium Report-ACR2.

Proceedings of the First and Second Conferenoes on Carbon, University of Buffalo,
Buffalo, New York, 1956, pp. 125-149.

Action des Rayonnements de Grande Energie sur les Solides (editor Y. Cauchois),
Gauthier-Villars, Paris, 1956.
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CHAPTER 2

The Interaction of Radiation with Matter

2.1 Introduction

The interaction of energelic radiation with matter is a complex
phenomenon, and it is useful to resolve it into primary and secondary
stages, which will be discussed in that order. This analysis is based
on the sequence of events following the arrival of a particle or quan-
tum of energy, and implies nothing about the relative importance of
the two stages in producing observable property changes.

The primary or direct effects consist in the displacement of
electrons (ionization), the displacement of atoms from lattice sites,
excitation of both atoms and electrons without displacement, and the
transmutation of nuclei. Irradiation with energetic charged parti-
cles always produces primary ionization, and, depending on cundi-
tions, usually produces primary atomic displacements. Irradiation
with neutrons produces ionization only as a secondary process, the
primary result being atomic displacement, while irradiation with
gamma-rays produces only ionization as the important primary ef-
fect, atomic displacements sometimes resulting secondarily. Nuclear
transmutations can in principle be produced by any of these forms of
radiation, but occur to an appreciable extent (at energies up to 10
Mev) only when certain materials of high cross section are irradiated
with neutrons. In this category may be included neutron capture,
(n, @) reactions in lithium and boron, and fission. Other special
nuclear effects may be observed under bombardments at extremely
high energies (> 100 Mev), but these will not be considered here (1).
Excitation of nuclear and electronic motion without permanent dis-
placement also occurs very generally but is chiefly important as a
secondary process, and it will be treated explicitly in the latter con-
nection.

The secondary effects of the interaction of radiation with matter
consist of further excitation and disruption of the structure by elec-

A



2. INTERACTION WITHH MATTER 7

trons and atoms which have been knocked on. The total number of
atoms displaced in such cascades must be estimated, and this in-
volves treating further interaction between moving charged particles
and undisturbed material. The basic laws governing the secondary
stages are in all cases the same as those governing the primary
stage of charged particle bombardment; hence the stopping of
charged particles in matter is taken up first.

2.2 Moving Charged Particles

An atom moving through matter at high energies is slowed down
by numerous collisions, some of which impart appreciable energy to
target atoms but most of which impart energy to individual electrons
of the target. Such a moving atom would be expected to be heavily
ionized when it is moving at high speeds and to acquire electrons as it
slows down (2). Roughly speaking, those electrons whose orbital
velocities are greater than the velocity with which the atom is moving
will remain attached; those electrons which have an orbital velocity
lower than that of the atom will be stripped away. This means that
protons or deuterons moving with energies in the megavolt range will
be completely ionized, while knock-on atoms will be only rarely
ionized, except for the lightest elements. Fission fragments at
birth, because of their extraordinarily high energy, carry about 20
units of net positive charge, which becomes progressively neutralized
as the fragment slows down. )

The collisions which the moving atom undergoes can be divided
into two classes, elastic and inelastic. In an elastic collision the
moving atom interacts with an atom of the target material, impart-
ing some energy to the target atom and losing a like amount of energy
(thus, the collision is elastic in the sense that the total kinetic energy
of incident and struck atoms is conserved, not that the incident atom
is scattered without loss of energy). In an inelastic collision, there
is loss of energy because of electronic excitation. In all collisions of
importance here the interaction force is the Coulomb force between
nuclear and electronic charges. In elastic collisions it is sufficient
to consider that the electrons partially screen the nuclear charges
but play no other role; thus in these collisions the electron cloud
responds adiabatically to the approach of the two nuclei and partakes
of no excitation. Further discussion of this process will be given
later. The inelastic collisions, on the other hand, require that elec-
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trons interact directly with the incident particle, being left in excited
states after its passage.

In general, inelastic collisions are much the more frequent while
the atom has high energy, and elastic collisions become more im-
portant after the atom has slowed down. The transition from in-
elastic to elastic behavior is not abrupt but can be fairly well fixed by
the following argument: If the moving atom has a velocity much less
than that of an electron in the target, that electron will usually be-
have adiabatically in the collision, i.e., be left without excitation. If
the moving atom has a velocity equal to or greater than that of the
electron, electronic excitation becomes probable. Following argu-
ments of this type a limiting energy for ionization, E;, can be found,
such that when the moving atom has energy E less than E,, it will
not lose energy to an appreciable extent by ionization, and such that
when E > E, the ionization losses will exceed those due to elastic
collisions by a large factor. Secitz (3) suggests that, in insulators

E, = /s(My/m)I @1

where M, is the mass of the moving atom, m is the mass of an elec-
tron, and I is the lowest electronic excitation energy, given by the
low-energy limit of the main optical absorption band. In metals
there is no lowest electronic excitation energy, but inelastic collisions
become infrequent for atom velocities low compared to the velocity
of electrons at the Fermi level. Thus, for metals one may take (4)

E; = Y/1s(My/m)er (2-2)
where er is the Fermi energy, given approximately by
er = (370 a2 N, Ep,

where a, is the Bohr radius of hydrogen (ay = %2/me? = 5.29 X 10—°
cm), Ep is the Rydberg energy (13.60 ev), and N, is the number of
conduction electrons per unit volume.

Most common insulators have an electronic excitation energy,
I, of about 5 ev, and the Fermi energies of most metals lie between 2
and 12 ev. Consequently equations 2-1 and 2-2 reduce to a typical
value of E,, in both metals and insulators, of about !/-M;/m (ev).
Individual variations away from this typical value are by not more
than a factor lying between !/, and 2, which is also about the pre-
cision with which the concept of a limiting energy for ionization can be
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defined. This leads to the useful rule of thumb that ionization is
unimportant whenever the energy of a moving atom, in kev, is less
than its atomic weight, regardless of the material in which it is mov-
ing. Thus, for protons this limiting energy is about 1 kev, for deu-
terons 2 kev, for knock-on copper atoms 65 kev, etc.

From this rule it may be seen that the energy of fast charged
particles is mostly dissipated in electronic excitation when the par-
ticles are brought to rest in matter. The specific rate of energy loss
by ionization is also of interest in radiation damage studies. Theories
of this are neither simple nor complete, but, for energies above E,
and below the relativistic region, the following expression for the
energy loss per centimeter of path by ionization will suffice (5):

—(dE/dx), = (Awe*Z{*/mv®) N, Z{ In 2mv?/J) (2-3)

Here E is the energy of the moving atom, v is its velocity, Z e is its
charge, z is the distance which it has traversed, IV, is the density of
atoms in the medium, m is the electronic mass, J is the mean excita-
tion potential of the electrons in the stopping material, and Z, is
their effective atomic number. J and Z;' can only be found approxi-
mately from theory. ZY is the number of electrons likely to be
excited, namely the number for which the excitation energy is less
than (m/M,)E, and J can be well approximated as 10 Z, (ev).

The total range of the charged particle can be found by inte-
grating expressions such as equation 2-3 and making allowance for
the failure of the formula at low energies. The results are not sim-
ple, and range-energy curves for several common materials can be
found in Bethe and Ashkin (5). For rough calculations, it is useful
to know that, approximately, the range R of a charged particle of
initial encrgy E is given by

R = CE” (2-4)

where C and v can be empirically determined. For high, nonrelativ-
istic encrgies, v =< 2, and 1 lics between 1 and 2 in most other cases.

It has been pointed out already that the most important pri-
mary process in irradiation is the displacement of atoms. Moving
charged particles produce displacements primarily by elastic colli-
sions, interacting essentially one at a time with the stationary atoms.
According to the analysis of Bohr (2) and others, it is adequate to as-
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sume that, in such collisions, the moving and stationary atoms inter-
act with a screened Coulomb potential energy, of the form

V() = (Z1Z,e?/r)e”™® (2-5)
Here r is the separation of the two atoms, and a is the screening 001'1—

stant. At close approach equation 2.5 describes the Coulomb repul-
sion of the two nuclei, of charge Z,e and Zee, respectively. At sepa-
rations of the order of a the repulsion is lessened by the partial screen-
ing of the nuclei by the two electron clouds, and at somewhat larger
separations, the screening is essentially complete. The screening
radius is given by the approximate relation

a = ao,'/(Z;/' + Z2’/a)l/a (2-6)

where a, is the Bohr radius of hydrogen.

In the encrgy range of present interest, it turns out that the colli-
sions can be calculated from classical mechanics with good accuracy
in most cases; a discussion will be given here in classical terms as far
as possible to help the reader visualize the processes. A moving
atom colliding with a stationary atom will be deflected from its
course by an amount which depends on its energy and on its distance
of approach, the deflection being greater for smaller energics and for
closer approaches. "Also the momentum, and hence the enecrgy,
transferred to the stalionary atom increases as the angle of deflection
increases. The probability for any given amount of energy transfer
can be conveniently measured by the area of a ring-shaped region in
which the path of the incident particle must lie in order for this en-
ergy transfer to occur. This area will be spoken of as the Jifferential
cross section for energy transfer. Whenever the nuclei of the two
atoms approach to a distance much less than the screening radius a,
the nuclear Coulomb repulsion produces most of the deflection and
the collision can be calculated by ignoring the screening altogether.
This problem is ecasily solved and leads to the familiar Rutherford
scattering laws. More distant collisions are partly screened, and no
simple expressions can be found for the cross sections. Simplicity
sets in again for very distant collisions, which occur more nearly as if
the colliding bodies were hard elastic spheres. The assumption of
hard-sphere behavior has been much used in displacement calcula-
tions, although it is not really very accurate in the range in which it
is applied. Everhart, Stone, and Carbone (6) have made numerical
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calculations of screened Coulomb scattering which cover the inter-
mediate range between the Rutherford and hard-sphere limits.
The scattering is governed by a parameter, b, given by

b = 2Z,Z.€*/uv? (2-7)

where p is the reduced mass, p = M\M,/(M, + M,) and ¢ is the veloc-
ity of the incident particle. b, the distance to which the two nuclei
would approach in a head-on collision in the absence of screening, is
called by Bohr the “collision diameter,” and should be thought of as
measuring the reciprocal of the energy of the incident atom. The
condition for Rutherford scattering for all but unimportantly small
angles of deflection is that the collision diameter be much smaller
than the screening radius, b/a < 1. For collisions to be approxi-
mately of the hard-sphere type, it is necessary that b/a be much
greater than 1. An idea of whether the Rutherford or hard-sphere
approximation is appropriate can be had by comparing the energy of
the moving atom to a critical energy E, so defined that b/a = 1 at
E = E,. The elastic collisions are of Rutherford type when E >
K4, and approximately of hard-sphere type when £ < E,. From
equations 2-6 and 2-7 one finds

E, = Ex[2(My + M)/ MZZAN 2 + 2,7 (2-8)

For protons or deulerons incident on any substance, typical bombard-
ment energies will be well above E,. Maximum energy knock-ons
in light elements will have energies above E,; in heavy elements
they will have energies below E,.

In radiation damage considerations, the most important charac-
teristic of a collision is the energy transferred to the struck atom.
This may range from zero in glancing collisions to a maximum, T,
which is transferred in a head-on collision. From energy and mo-
mentum conservation it is easily seen that

T = AM\M./(My + M2)*| E (29)

In Rutherford collisions, small energy transfers are more probable
than large, the differential cross section for energy transfer 7 to T +
dT being

de = C(dT/T? (2-10)
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where the coefficient C is given by
C = Ana (M /M,) Z:® Z,2 (E*/E) (2-11)

Equation 2-10 is valid for T ranging from T, down to sorpe
small but finite lower limit at which electronic screening can no longer
be neglected. In cases of present interest this lower limit lies well
below that energy at which atomic displacements can be produced.
If it is assumed that an atom is always displaced when it receives
energy greater than a certain threshold Ej, and is never displaced at
lower energies, the total cross section for production of a displace-
ment can be found from equation 2-10 to be

7¢= TT==E7(;m do = C(1/E. — 1/Ty) (2-12)

With the help of equations 2.9 and 2.11 this can be placed in the alter-
native form
M? Eg?
=1 2 e — (T, /Es — 1 -13
[} 67!'(1(]Z1 2 (A41+M2)2 T,,,Z( /rd ) (2 )
The average energy transferred in those Rutherford collisions
which displace atoms, T, is an importlant quantity and is now easily
calculated as

T=T T=T
m m E dT T
e e [T (R () e
1=z, Tdo / rex, do T. — E, In E, ( )
In typical cases T is much less than T, which emphasizes the strong
preference for low-energy transfers in Rutherford collisions.
In hard-sphere collisions, on the other hand, all energy transfers

from zero to T, are cqually probable, and the differential cross sec-
tion for energy transfer 7 to T + dT can be shown to be

do = C' dT (2-15)

where C' = 7a,?/T,, and a, is the diameter of the effective hard
sphere, approximately the screening radius as given by equation 2-6.

For screened Coulomb collisions at energies in a rather broad
range in the neighborhood of E, the differential cross section is
neither of the Rutherford nor of the hard-sphere type, and can be
represented by the formula (7)

do < T~"dT (2-16)
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where the exponent n ranges between 1 and 2. The approach to
hard-sphere behavior is not very evident from this expression, and
perhaps the only justification for the extensive use which has been
made of the hard-sphere model is that the displacement cascade is
not very sensitively dependent on the form of the energy transfer
cross section.

The case of electron bombardment requires special treatment
since, because of its small mass, the electron must travel at rela-
tivistic velocities in order to produce displacements. The maximum
energy which can be transferred in a collision by an electron of mass
m and kinetic energy £ is
2(E 4+ 2mc?) P

Mng

Here ¢ is the velocity of light, and it has been assumed that m << M,
and E < M. This reduces to the nonrelativistic equation 2-9
when E < mc?  The scattering involved in collisions that produce
displacements is primarily due to the Coulomb interaction between
the electron and the target nucleus, but the nonrelativistic Ruther-
ford scattering law is inadequate. Relativistic Coulomb scattering
has been treated by Mott (8,9) and McKinley and Feshbach (10).
Even with use of numerous approximations the formulas are some-
what involved, and the reader is referred to the above sources and to
the review by Seitz and Koehler (11) for details. The principal re-
sults of the relativistic calculations are the following:

(@) The threshold electron energy for transferring energy greater
than E; (i.c., for displacing an atom) must be found from equation
2-17 rather than from equation 2-9. The distinction is important
for substances of atomic weight greater than about 10, assuming Eg =
25 ¢v.

(b) The total cross section for producing displacements rises
steeply from zero at the threshold energy and then becomes constant
as the bombardment energy increases. For 7', between E; and
about 2E, equation 2-13 can be applied, taking Z; = 1, My = m,
and using the relativistic form (equation 2-17) for 7. The constant
cross section approached for T, >> Ej is not given by equation 2-13,
which declines in this region, but can be shown to have the value

87ay® Z,* Ep®
fz TR 2-18
Mye? Eq (2-18)

Tn = (2-17)
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By contrast, in the heavy-particle case one is usually dealing with the
region where, according to equation 2-13, the cross section rapidly de-
clines as the bombardment energy increases.

(¢) As in atomic particle bombardment the primary knock-ons
are distributed approximately according to the inverse square of the
energy. Thus the mean energy transferred to atoms which are dis-
placed is approximately the same as in equation 2-14.

(d) The penetration and energy loss of electrons in matter is
more complicated than with heavy particles because of relativistic
effects and radiative losses. In general, the penetration of Mev elec-
trons is about two orders of magnitude greater than that of protons
of the same energy, and the attenuation of energy with penetration is
subject to considerably greater fluctuation. These questions are dis-
cussed at length by Bethe and Ashkin (5) and Evans (12).

2.3 Neutron Irradiation

Since the neutron carries no charge it produces radiation damage
only by direct interaction with nuclei. A fast neutron imparts
momentum to a nucleus with which it collides, and the nucleus re-
coils, taking its electron cloud with it. The only atomic electrons
having an appreciable chance of being left behind are those with or-
bital velocities lowér than the recoil velocity of the nucleus. In ac-
cordance with the earlier discussion of the charge carried by a moving
atom one sees that this fate threatens only the outermost clectrons,
if any. Elastic collisions are the most probable interactions, and the
energy imparted to the atom ranges from zero to a maximum 7',
given by equation 2-9, where now M, and E are the neutron mass and
energy, respectively. The distribution of recoil energies is related
to the distribution of angular deflections of the ncutron. The sim-
plest approximation, and the one which has been commonly made, is
that the neutrons are scattered isotropically. In this case it can be
shown that all recoil energies between 0 and T',, are equally probable,
just as with hard-sphere collisions. The differential cross section
for transfer of energy T to T+ dT can be written

do = (o7/T») dT (2-19)

where o7 is the total neutron cross section (considered now to be
entirely due to elastic collisions). The mean energy transferred per
collision is then
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T ="1/Tn (2-20)

or ranges between 1 and 10 barns (1 barn = 102 cm?) for neutrons
of fission energies, and is, with many exceptions, roughly propor-
tional to the two-thirds power of the atomic mass. Neutrons from
fission have a broad range of energies from zero to 15 Mev, with an
average energy of 2 Mev (13). In reactor irradiations (14), the neu-
trons striking the sample may be distributed according to the raw
fission spectrum or may be considerably degraded in energy, depend-
ing upon how much moderator lies between the specimen and nearby
fuel elements. Calculations of irradiation effects have usually been
made under the assumption that all neutrons possess a single effec-
tive energy, lying somewhere between 1 and 2 Mev. This procedure
may be defended on the grounds that the error introduced is less
than that of other stages of the calculations, but one should be clearly
aware of the crudity of the assumption, and it is to be hoped that
eventually work will be done with calibrated fluxes and energy dis-
tributions. A start in this direction has been made by Primak (15).

Assuming a mean neutron energy of 2 Mev, equations 2-9 and
2-20 predict a mean energy of primary knock-ons of

T =@/A) 1+ 1/4)">=4/4 Mev) (2-21)

where A is the atomic mass of the target material. Thus, knock-on
hydrogen atoms will receive a mean energy of 1 Mev, carbon 280 kev,
copper 61 kev, and uranium 17 kev. All of these energies are strik-
ingly larger than the mean energies of primary knock-ons in charged-
particle bombardments.

The foregoing discussions employed the assumption that fast-
neutron scattering is isotropic. This actually is not a very good ap-
proximation. Measurements (16,17,18) and theory (19) show that
Mev neutrons are scattered quite preferentially in the forward direc-
tion; this means that the average energy transferred is less than that
calculated under the assumption of isotropy. There is also the possi-
bility that some of the scattering events are inelastic, which again
means that less energy will be transferred than with isotropic elastic
scattering. Measurements of Jurney (20) of inelastic and trans-
port cross sections for fission neutrons allow a correction for aniso-
tropy to be computed. The further correction for inelastic processes
can be estimated and proves to be less important. The factor, f, by
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which the right-hand side of equation 2-21 must be multiplied to

get the mean energy transferred is given in Table 2.1. This is the
average correction factor for the fission energy spectrum.

“»

Table 2.1. Correction factor, f, to allow for anisotropy in fission neutron colli-
sions, to be inserted in right-hand side of equation 2.21.

Element f
Be 0.56
C 0.84
Al 0.58
Cr 0.57
Fe 0.57
Ni 0 64
Cu 0 60

The anisotropy effect thus reduces the mean energy transferred
by a factor between '/, and ?/; in most elements. The correction
would be more important at higher neutron energies, less important
at lower energics.

The production of nuclear reactions by neutrons is sometimes
of importance and ean give rise to distinctive radiation effects. The
(n, o) reactions in Li® and B1® have large cross sections for thermal
neutrons (1,000 and 4,000 barns, respectively), and the two energetic
charged particles emerging from the reaction can produce important
radiation effects, with highly localized damage (21,22). The same
observation, to an even greater degree, applies to fissionable materi-
als, principally thorium, uranium, and plutonium. All elements
possess appreciable neutron cross sections leading to capture with -
ray emission, and in some cases to transmutation. Simple capture is
not ordinarily of importance in radiation damage. Transmutation
may be of importance, although in most pile irradiations far more
atoms are displaced than are transmuted.

An example in which transmutation occurs with unusually high
frequency is that of gold. Here the thermal-neutron cross section
for transmutation (to mercury) is 96 barns, whereas the scattering
cross section for fast neutrons is about 6 barns. In a typical pile
irradiation, where the ratio of thermal flux to fast flux is about 5,
and assuming (see section 2.4) about 140 atoms displaced per primary
knock-on, there will be about 1 atom transmuted for every 2 atoms
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displaced. With most common elements, transmutation occurs with
frequency lower than this by one to many orders of magnitude. It
must be remembered, however, that the cross sections for processes
leading to transmutation are largest for thermal ncutrons, whereas
the production of displacements by collision requires fast neutrons,
and so the relative importance of transmutation may be very much
greater in irradiations with thermalized beams. Occasionally unusual
experiments can be performed by neutron-induced transmutations.
An example is the work of Cleland and Crawford on indium anti-
monide (23).

2.4 Theory of Displacement Production

In the preceding sections it has been shown how atoms can be
knocked from their lattice sites by irradiation. These primary
knock-on atoms will in turn displace other atoms in a cascade fashion,
and the total number of atoms affected may be very much larger
than the number displaced in primary processes. The number of
primary knock-ons produced per unit volume in a bombardment,
n,, is given by

n, = d)lnoad (2-22)

where ¢ is the number of bombarding particles traversing unit area
per unit time within the specimen (the flux density, commonly re-
ferred to as the flux), ¢ is the duration of the bombardment, ny is the
number of atoms per unit volume of the specimen, and ¢4 is the cross
section per atom for collisions which produce displacements (see
preceding section). These primary knock-ons have a variety of
cnergies, with a distribution in energy given by equations of the pre-
ceding section.

It is now necessary to consider in some detail the cascade process
that is induced by each primary knock-on. We may anticipate the
results by stating that a mean number of displaced atoms per primary
knock-on, » will be calculated (this is defined to include the primary
knock-on as one of the displaced atoms). » depends on the energy of
the primary knock-on, and when averaged over the energy spectrum
of primary knock-ons, will be denoted 5. The total number of dis-
placed atoms per unit volume will then be given by

Ng = nyp (2-23)
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where n, is given by equation 2-22. The primary knock-on moving
through the lattice can be treated as a special case of a moving charged
particle, which interacts with lattice atoms by screened Coulomb
forces as already discussed. In order to make progress with this
problem drastic simplifications are required. At a later stage the cf-
fects of these simplifications will be assessed. All collisions will be
assumed to be binary, that is, the moving atom always will be as-
sumed to interact with one target atom at a time. This assumption
is possible because the range of the interaction forces is quite a bit
shorter than the distance between atoms. Thus, the moving atom
strikes lattice atoms one at a time, and these, if displaced, strike
other atoms one at a time. It will be assumed that all collisions take
place between a moving atom and an atom of the material which is
initially at rest. The density of moving atoms generated by attain-
able bombardment fluxes is too small to expect many collisions be-
tween pairs of moving atoms, and thermal energies are so much lower
than the energies important in displacement production that it is
safe to assume that lattice atoms are always at rest when struck. It
will also be assumed that the atoms are randomly located; that is,
any effects of the regular lattice arrangement on the distribution of
collisions will be overlooked.

The foregoing assumptions are common to all of the cascade
calculations that have been made. In order to proceed without undue
difficulty, further idealizations are necessary, and several models
may be chosen. Snyder and Neufeld (24), Harrison and Seitz (11,25),
Sampson, Hurwitz, and Clancy (26), Bruch, McHugh, and Hocken-
bury (27), and finally Kinchin and Pease (4) have all made calcula-
tions from slightly different assumptions. We follow the model of
Kinchin and Pease, for which the specific additional assumptions are
the following:

(a) The knock-on loses energy entirely by ionization until its
kinetic energy falls below the limiting energy for ionization, E; (sce
equations 2-1 and 2-2).

(b) All knock-ons with kinetic energies below E, lose encrgy
only by elastic collisions with lattice atoms, and in these collisions
they behave as hard spheres.

(¢) An atom will invariably be displaced from its lattice site if
by collision it receives kinctic energy greater than some threshold
energy E,, and will never be displaced if it receives less than Ej.
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(d) The striking atom will remain behind at the collision site if
the struck atom receives energy greater than E; and the incoming
atom is left with energy less than £;. Thus there will be a net in-
crease in the number of displaced atoms only if both atoms have
kinetic energies greater than [, after the collision.  All atoms will be
assumed 1o be alike, so the theory as presented is strictly valid only
for a monatomic substance.

It should be noted that, in this model, the struck atom is not
required to climb out of a potential well before being in a position to
make displacive collisions with other atoms. It moves away from the
collision site with the full kinetic energy imparted in the collision.
The models of Seitz and Harrison and of Snyder and Neufeld, on the
other hand, assume that the struck atom loses energy K, before mov-
ing off through the lattice to make other displacements. Also the
latter models do not allow for the possibility that the incoming atom
will be captured on the lattice site from which the knock-on was dis-
placed. These two respects in which the models differ tend to com-
pensate—introducing a binding energy reduces the net number of
displacements, while ignoring the capture process increases the num-
ber. It thus turns out that the two models give nearly the same
results for », but the model employed here leads to simpler mathe-
matics. '

Figure 2.1 shows a diagram in which the energy of the incident
atom just after collision, EY, is plotted as abscissa and the energy of
the struck particle just after collision, EY, is plotted as ordinate.
Each point in the diagram represents a possible collision, the energy
before collision being E;, = EY + E,S. Regions are marked out to
show the results of each collision according to assumptions (c) and (d)
above.

The assumption of hard-sphere behavior is very convenient for
the mathematical analysis, but the energy distribution in actual col-
lisions does not resemble that of hard spheres very closely, as has been
noted in section 2.2. Fortunately the multiplication factor » is not
very sensitive to the form of this energy distribution, and this is the
real justification of the use of the hard-sphere law. Neufeld and
Snyder (24) have shown that the use of the Rutherford collision law
in the higher energy ranges with their model scarcely changes the
results. More extensive calculations with realistic collision laws
would be highly desirable.
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The mean number of displaced atoms, including the primary
knock-on itself, produced by a primary knock-on of energy F is
defined as »(F;). This function obeys a rather simple integral equa-
tion, as will now be shown: Assume FE; is less than the ionization
threshold, E;, but greater than 2E,. In its next collision the moving
atom transfers energy to the struck atom, say Ky, retaining energy
EY, where E/ + E,Y = E,. By the hard-sphere assumption (b) the
probability of this division of energy within unit range of energy is

e # |STAYS # | EMERGES
2 # 2 EMERGES # 2 EMERGES
NO ADDITIONAL ONE ADDITIONAL
DISPLACEMENTS DISPLACEMENT
CREATED CREATED
E
d /// 77777777
BUT ONE
# 1 STAYS | IS STILLA # | EMERGES
# 2STAYS{ DISPLACE #2 STAYS

NO ADDITIONAL
DISPLACEMENTS
CREATED

il

DISPLACEMENTS
CREATED//

0 Eq

£/ ——

Figure 2.1 Diagram showing the assumptions of Kinchin and Pease for calculat-
ing the average number of displacements.

1/E, (this follows from equation 2-15 of section 2.2). There are now
two atoms that may produce more displacements. The number ex-
pected to be produced by atom 1, including itself, is »(EY), if EY >
E,, zero if EY < E;. The average number produced by atom 1 is
found by multiplying this by the probability of the particular energy
transfer and integrating to give

E, 1
— v (EY) dEY
1

d
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The number of further displacements expected from atom 2 is »(Ey’)
if EY 2 E, zero if EY < E,. Multiplying this by the probability
1/E; and integrating over the allowed range of Ey gives

E 1
- 2 ’
fEd Elu(E'z)dE'z

which is the same as the first integral. Adding these and cquating
to »(E)) one finds the basic integral equation

9 E
) — = nll ’
v(E) = P fEd v(E') dE (2-24)
This is valid for 2E, < E < E,. If0 < E < 2E, some of the colli-
sions correspond to points in the shaded square of Figure 2.1, and the
above bookkeeping is incorrect. However, it is clear from Figure 2.1
that »(K) = 1 for £ in this range (no additional displacement can be
created). :
Equation 2-24 is easily solved by converling to a differential
equation. Multiply both sides by £ and differentiate with respect
to E. This gives

Edv/dE = v, 2E; < E< E, (2-25)

which has the solution »(££) = ¢E. The constant ¢ is determined by

the requirement »(2E,;) = 1, thus matching this to the solution for
E < 2E;. One finds

v(E) =1, 0< E<2E, (2-26a)

v(E) = E/2E,, 2Es < E<XE; (2-26b)
Also,

v(l5) = E,/2E,, E>E, (2-27)

The result, equation 2-26b, is physically very reasonable, and
says that on the average, just half of the cnergy of a moving atom is
available for making displacements, at a cost of E, per displacement;
the other half is frittered away in sub-threshold collisions. The func-
tion »(E) is shown in Figure 2.2. The results of the model of Seitz
and Harrison, described above, are also shown for comparison. The
two are appreciably different in the vicinity of E = 2E,, but are in



22 RADIATION EFFECTS IN SOLIDS

rough agrecment at larger energies. For E > 2E, the Seitz-Harrison
result is well approximated by the formula

v(E) =2 0.561 + 0.561 (E/E,) (2-28)

It must now be remembered that the number of knock-ons pro-
duced per unit volume in a bombardinent is proportional to 7, that is
to »(E) averaged over the cnergy spectrum of primary knock-ons.
For fission-neutron bombardment of elements of atomic weight
grealer than about 40 the great majority of the primary knock-ons
have energies in the region where »(E) is a linear functionof E. Aver-
aging this function over the energy spectrum is then precisely the same
as replacing E in equation 2-26b or equation 2-28 by E, the mean
energy of primary knock-ons, and this is essentially T, the mean
energy transferred in neutron collisions. That is, one sets 7 = »(T).
The calculation of T has been discussed in section 2.3.

For light elements some of the primary knock-ons have energies
in the ionization range. The proper averaging of »(E) in this case
will be discussed below.

In the case of charged-particle bombardinents the knock-on
energies are sufficiently low that »(E) is not quite linear, and it is
not true that » = »(7). Still a very rough approximation is obtained
from this relation, and T can be taken from equation 2-14 of section
2.2. To formulate the calculation properly, one defines P(E), the
probability that a primary knock-on received energy E, within unit
range, when struck by a bombarding particle. If the differential
cross section for energy transfer /2 by the bombarding particles is
o(E), and the probability that a lattice atom is displaced when it
receives energy E is p(F), one has

o(E) p(E)
ﬁ o(E) p(E) dE

P(E) = (2-29)

and then
5= [ WE) P(E) dE (2-30)

The »(E) to be used in this equation is that given by the Kinchin-
Pease model. With the Seitz and Harrison model account must be
taken of the energy E; lost by the primary knock-on in climbing from
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its potential well. Thus one defines P’(£), the probability that a
primary knock-on emerges from its well with energy E, and finds
P'(E) = P(E 4 E,). Finally, one writes .

v= [7v(E) P'(E)dE
where v’ (E) is the Seitz-Harrison value for the mean number of dis-

placements per primary knock-on. Because of this change the two
models give nearly the same values of 7, even in the case of low-energy

ol
8 MODEL OF
7k SEITZ AND
HARRISON
v(E) 6}
5_

MODEL OF
KINCHIN AND
PEASE

1 1 -
[0} |
E
Figure 2.2 Average number of atoms displaced by primary knock-on of energy
E, according to two simple models.

knock-ons, despite the appreciable difference in the »(E) curve at low
energies, as shown by Fig. 2.2.

In typical charged-particle bombardments (such as with deuter-
ons in the Mev range) the primary knock-ons are created in Ruther-
ford collisions, for which o(T) « 1/7%, T < T, (See equations 2-9
and 2-10 of section 2.2). Taking p(E) = 1, E > E4, p(E) = 0.
E < E;, equation 2-29 gives

o, E<E,;

PE) = | T.E, ) 1
(T,,, —E,) B E>Ee
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and equation 2-30, assuming T,, > 2E,, gives

1 T, Tn
7 2 <Tm — Ed) [1 + In 2Ed] (2-31)
In the case of copper bombarded by 12 Mev deuterons, T, = 1.4
Mev. Taking E; = 25 ev, equation 2-31 gives 7 = 5.6. This low
value of 7 for charged-particle bombardments stands in sharp con-
trast to the much larger values of 5 obtained in neutron bombard-
ments.

Finally, it should be noted that electron bombardment fre-
quently involves such low-energy primary knock-ons that the as-
sumption of a sharp threshold for displacement in equation 2-30 is
inadequate. The relativistic form of o(7) must be employed, and,
in principle, the details of the displacement probability, p(E), can
be investigated in the threshold region with minimal complications
from cascade displacements. Unfortunately experiments of this
sort have not yet been reported, nor have illustrative calculations
been made.

Neufeld and Snyder have considered a cascade model in which
replacements occur whenever £ > E; and E/ < E,, just as in the
model of Figure 2.1, but in which an additional energy of E; is taken
from E; before atom 2 is considered to be in a position to make further
displacements. The asymptotic value of »(E) on this model is 0.35
E/E,, which is slightly lower than the other results, as it obviously
should be. This multiplicity of cascade models, all of which are
about equally plausible a priori, emphasizes how unreliable these cal-
culations are. On the basis of this and consideration of the assump-
tions common to all the models, one is not justified in expecting such
calculations to be accurate to better than a factor of perhaps 2 or 3.

These models are oversimplified in assuming perfectly sharp
thresholds for displacement. Sampson, Hurwitz, and Clancy (26)
and Snyder and Neufeld (24) have considered the effect of a displace-
ment probability which rises from zero to unity over a finite range of
energy. As might be expected v turns out to be not very different
from that found by assuming an effective threshold at the energy for
which the displacement probability is !/, and using this in place of
E; in equations 2-26 and 2-27.

The models are also very much oversimplified in assuming a
sharp threshold E; at which ionization ceases and elastic collisions
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set in. In most bombardments the knock-ons have energies well be-
low E, in all substances of intermediate and high atomic weight, and
so the nature of the ionization threshold is unimportant. For cle-
ments in the bottom fourth of the periodic table, however, fission-
neutron bombardment produces many knock-ons above E; and closer
attention should be payed to the choice of this parameter. Also, the
radiation damage produced by fission fragments occurs largely in the
range above E;,. When secondary knock-ons also reach the ioniza-
tion range the cascade theory becomes more complicated, and no ade-

G(E) Vi

Ei |-

1
£

E

Figure 2.3 The energy of a knock-on that will be expended in clastic collisions,
G(E), as a function of the total energy of the knock-on, E.

quate calculation has been carried through. In most cases of con-
cern, however, the elastic collisions made by a primary knock-on
while its cnergy is above E, are very weakly screened and produce a
predominance of secondary knock-ons with very much lower energies
than that of the primary. It is thus a good approximation to assume
that the secondary knock-ons are always born with energies below E,
and therefore the elastic cascade considerations apply to them. The
previous calculations (apart from the range E < 2E,) gave a total
number of displacements linearly dependent on the knock-on energy
(equation 2-26b). Consequently the total number of displaced atoms
becomes proportional to that part of the energy of the primary
knock-on that is expended in elastic collisions, a quantity which will
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be denoted by G(E). Equations 2-26 and 2-27 should thus be modi-
fied to read

v(E) = G(E)/2E,, 2E, < E (2-32)

For E < E,, G(E) = E, but for E exceeding E;, G(E) falls rapidly
away from a linear function, as indicated in Fig. 2.3. G(E) can be
calculated in a straightforward way from the two functions (dE/dx).,,
the energy loss per centimeter of path by elastic collisions, and
(dE/dr). the energy loss per centimeter by ionization [see equation
2-3, section 2.2, and Seitz and Koehler (11)]. It is given by

E (dE/dx).

o (dE/dz). + (dE/dx).
Hurwitz and Clark (28) have calculated G(E) for Be, C, and Fe.
They average over the uniform distribution of primary knock-on

energies that would be produced in a neutron bombardment and find
a quantity

GEE) =

dE (2-33)

- 1 T
G = ﬂﬁ G(E)dE

where T, is the maximum energy transferred Lo the primary knock-on.
Table 2.2 gives their values of G for 1-Mev neutron bombardment,
together with T, the mean energy of the primary knock-on, and E,
(computed according to the discussion of section 2.2).

Table 2.2. Energies associated with primary knock-ons produced by 1-Mev

neutrons
Substance T (ev) G (ev) E; (ev)
Be 180,000 22,000 9,000
C 142,000 45,000 12,000
Fe 34,500 34,500 56,000

The best estimate of 7, the mean number of displacements per
primary displaced atom then becomes

7 = G/2E, (2-34)

From Table 2.2 it is evident that this formula gives appreciably higher
results for light elements than do equations 2-26 and 2-27.
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To summarize the results of this section, then, N4, the mean
number of atoms displaced per unit volume by heavy-particle bom-
bardment, will be given by

Ny = Plnoc v (2-34&)

where ¢ is the bombarding flux density, { the time of bombardment,
no the number of atoms per unit volume in the specimen, and o4 the
cross section per atom for collisions that produce displacements. The
factor 7 is given by equation 2-34. As a first approximation, G in
equation 2-34 may be set equal to T, the mean energy transferred by
the bombarding particles in collisions that produce displacements.
For proton, deuteron, and alpha-particle bombardment T is given by
equation 2-14 (neglecting correction for energy loss in the sample);
for fast-neutron bombardment it is given by equations 2-9 and 2-20,
together with a correction factor f, becoming

. T = fI2M\M./(M; + M:)*E (2-31b)

Here M, is the mass of the neutron, M, the mass of an atom of the
sample, E is the mean energy of the bombarding neutrons, and f is a
factor correcting for anisotropy and inelasticity in fast-neutron
scattering. When unmoderated fission neutrons are used, f may be
taken from Table 2.1. For most reactor neutron bombardments, a
nominal value of f = 2/; may be employed. For light elements
undergoing neutron bombardment the replacement of G by T is
inaccurate. The error becomes appreciable for elements of atomic
mass about 45, and becomes very great for very light elements, for
here T is well above the ionization threshold, E,, Whenever T >
E., a much better approximation is achieved by setting @ = E, in
equation 2-34 (for cases where T > E, the correction represented by
the factor f may be ignored). E; was discussed in section 2.2. A
further refinement is to calculate G by using equation 2-33 and then
average over E. The only evaluations that have been made in this
way are given in Table 2.2. Some estimates of ¥ made according
to these ideas are given in Table 2.3. A mean neutron energy of 1
Mev was assumed, and thus these values should apply to typical
reactor irradiations in which the mean neutron energy is only a little
less than that of the raw fission spectrum. For beryllium and carbon
G was taken from Table 2.2. For the other substances G was set
equal to T as given by equation 2-34b. For iron and copper f was
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Table 2.3. Calculated mean number of displaced atoms per primary knock-on
», for typical reactor irradiations in various substances.

Substance Atomic weight v
Beryllium 9 440
Carbon (graphite) 12 900
Iron 56 390
Copper 64 380
Germanium 93 290
Gold 197 140

taken from Table 2.1; for germanium and gold f was assumed to be
2/;.  E, was taken as 25 ev in every case; for Ge, in particular, this
may be too high, and the resulting 7 may be too low (see chapter 3).
Finally, it must be remembered that these values of 7 and the result-
ing calculated values of N4 are not highly accurate. Furthermore
the possible disturbances of thermal spikes (see next section) and
annealing during and after bombardment (see chapter 5) must always
be kept in mind. Experimental efforts to check such calculations
as these have been only moderately successful, the usual tendency
being for equation 2-34 and 2-34a to predict more displacements than
are observed. This matter is treated in detail in chapter 3.

2.5 Replacement Collisions

Besides displacing atoms to interstitial sites, irradiation can
transfer atoms to new lattice sites by a process of interchanging mov-
ing atoms with lattice atoms. Of course this can only result in ob-
servable consequences in the case of polyatomic substances. An
ordered alloy, for example, would be partially disordered by such a
process. Experiments have in fact shown (29,30) that radiation is
capable of disordering certain ordered alloys with greater efficiency
than can be accounted for by the displacement calculations already
discussed. One possible explanation of these results is that thermal
or displacement spikes are producing further rearrangements. This
will be discussed in the next section. A second possibility is that re-
placements of lattice atoms by moving atoms may occur very readily,
more readily than the assumptions expressed in Figure 2.2 permit.
A model which allows for this (31) retains assumptions (a) and (b)
of the previous model but replaces assumptions (¢) and (d) by the
following:
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(¢") An atom will invariably be displaced from its lattice site
if by collision it receives kinetic energy greater than F,. It will also
be displaced if it receives energy between E; and E; (where E, < E,)
and in addition the incoming atom is left with kinetic energy less than
E,;. In this event the incoming atom remains behind in the lattice
site, and is said to have replaced the struck atom.

g BOTH EMERGE
2 ONE ADDITIONAL
#| STAYS DISPLACEMENT
# 2 EMERGES CREATED
NO ADDITIONAL b
DISPLACEMENTS c
£+ CREATED
| REPLACEMENT
OCCUR a
#1 EMERGES
# 2STAYS
NO ADDITIONAL DISPLACEMENTS
CREATED
NO REPLACEMENT OCCURS
E, 5
BOTH
o STAY |
o Er Eq £, —

Figure 2.4 Diagram showing the assumptions of Kinchin and Pease for calculat-
ing the average number of replacements. Replacements occur in region c.

(d’) The incoming atom will also replace the struck atom if the
latter receives energy greater than E; and the incoming atom is left
with energy less than E,.

(e) The lattice atom will not be replaced or displaced in any
other circumstances.

(f) All atoms will be assumed to be alike.

As in the earlier model, there will be a net increase in the num-
ber of displaced atoms only if both atoms have energy greater than
E, after the collision. Thus the total number of displacements will
be the same in both models. However there will now be more re-
placement events than before, by an amount depending on the newly
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introduced replacement threshold E,. The assumptions of the model
are summarized in Figure 2.4, which is to be contrasted with Figure
2.1.

A calculation of the expected number of replacement collision
can best be made by methods similar to those already employed in
the displacement calculation. Let u(E) be the average number of
replacements generated by a moving atom of energy E. Let the
probability that in a collision in which the incoming atom is left with
energy EY and the struck atom receives energy E; the incoming
atom emerges from the lattice site be p(E/, E)’). Let the probability
that in the same collision the struck atom emerges be ¢q(E,, EY).
Let the probability that in the same collision a replacement has oc-
curred be r(EY, EY). The number of replacements generated by an
atom moving with energy E can now be calculated in this way: It
is the sum of the average number of times a replacement occurs at
the next collision of the moving atom, the average number of replace-
ments subsequently generated by this atom after it emerges from the
collision, and the average number of replacements subsequently gen-
erated by the atom that has been struck in this collision. Consider-
ing first a collision in which the incident and struck atoms end up
with energies Ey’ and EY, respectively (EY + EY = E), for which the
probability is 1/E per unit range of energy, and then averaging over
the division of energy in the collision, one finds

Eq £y
WB) = [[ G B and + [ o B WD dE 4
o F o K

E
1
fo I;q(E/,E{) w(EY) dE  (2.35)

This is the basic integral equation determining u(F).

The coefficients p, ¢, and r can be evaluated for the present
model by referring to Figure 2.4. p(E/, E.) equals one in regions
a and b, zero elsewhere. q(E/, E.) equals one in regions b and c,
zero elsewhere. Finally, r(EY, E)) is one in region c, zero elsewhere.
With this information equation 2.35 can be rewritten in the form

wE) =0, E.>2E >0 (2-36a)

(E)_(E‘E')+2~fE (E) dEY, 2E, > E > E, (2-36b
I = E E E'I-‘ 1 1 r Z < Loy (‘ )
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wE) = 5+ % ), , wE) dEY, 2E.> E > 2E, (2-36c)

W(E) = -—+ 2 f w(EY) dEY, E >2E  (2-36d)

These relations can be converted to differential equations by
multiplying through by £ and differentiating with respect to E. The
results are

Ey(E) = 1 4+ u(E) 2E, > E> E, (2-37a)
EY(E) = /> + w(E) — w(E/2), 2E, 2 E > 2E, (2-37b)
Ey (E) = w(E), E > 2E, (2-37c)

Here /' (E) = du(E)/dE. The first and third equations are immedi-
ately soluble, yielding

wE) = (E/E) — 1 2k, > E 2 E, (2-38a)
wE) = cE E > 2E, (2-38c).

Here ¢ is an integration constant that must be determined by match-
ing this function to the solution of equation 2-37b at 2E,;. This
mid-range solution can be found by first considering the range of E
from 2E, to 4E,, in which range the term w(E/2) is determined by
cquation 2.38a. Next the range of E from 4E, to 8E, is considered,
and the last solution determines u(E£/2). Thus by successive stages
equation 2-37b can be solved in terms of elementary integrals. The
result is a somewhat complicated function that fortunately can be
approximated extremely accurately (to within 1/,9, for 32E, > E >
2E,) by the formula

2E; > E > 2E, (2-38b)

wE) =

Matching equation 2.38c to thxs, one finds

E
L) = > -
w(E) SE, <1 614 In E ‘4 ) E > 2E, (2-39)

For fast-neutron bombardment, the high-energy range is the only one
of importance, and the calculation can be summarized by comparing
this answer to the one previously obtained for the number of atoms
displaced, »(E) (see equation 2-26b). Taking the ratio, the result is
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number of atoms replaced  u(E)
number of atoms displaced v(E)

= 1.614 ln%i +1 (2-40)

Kinchin and Pease (31), by an approximation scheme, obtained an
answer differing only slightly from this.

Thus, if E, is appreciably smaller than E; a fairly large number
of replacements would be expected for every displacement. No
direct calculations of E, have been made, unfortunately, but Kinchin
and Pease have suggested that it is not unreasonable to expect E4/E,
= 10. Equation 2-40 then predicts 4.7 replacements for every dis-
placement, and this is about what is needed to explain the data of
Aronin (30) on disordering of MnNi; by fast ncutrons. Because of
the logarithm in equation 2.40, the results arc not very sensitive to the
choice of E,/E,.

It must be remembered that the foregoing model is highly sim-
plified. Hard-sphere collisions have been assumed, and this causes
an overestimate of the number of replacements, since low-energy
transfers are actually more probable than high ones. Also when the
masses of the two constituents of an alloy are very disparate, low-
energy transfers are favored and fewer replacements will occur. On
the other hand, if the interstitials formed in the displacement process
migrate by the interstitialcy mechanism during their annealing (sce
section 5.2A of Chapter 5), and if this takes place at quite low tem-
peratures as seems to be the case in many metals, many additional
replacements will occur. Furthermore, thermal- and displacement-
spike effects have been ignored (see next section). Thus the foregoing
calculation is not to be regarded as an accurate computation of the
amount of disorder produced in irradiation but as an estimate that
shows the gencral nature of a supplementary radiation effect of pos-
sible importance.

2.6 Spikes
A. General

The radiation effects considered in detail thus far have involved
individual atomic displacements in undisturbed material. Actually
the atoms are not affected singly, but in groups, and some distinct
radiation effects arise because of this. Disturbances of small groups
of atoms are even more difficult to encompass in a quantitative theory
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than disturbances of isolated atoms, and no entirely satisfactory
treatment has been devised. Generally, a macroscopic approach
that considers energy transfers in very large groups of atoms at not
too rapid rates has been most fruitful. The subjects of these investi-
gations are called temperature spikes.

Consider an atom moving through a lattice or an atom that has
been hit just hard enough to vibrate with very large amplitude with-
out being torn from its lattice site. Such an atom will rapidly trans-
fer energy to its neighbors, which then become abnormally excited.
These atoms give energy to their neighbors, and so on, and a localized
excitation develops in the lattice and then dies out. The state of af-
fairs is very much as if the lattice had been suddenly heated to a high
temperature in a restricted region. One thus conceives of the spread-
ing and dieing of the excitation as a form of heat conduction. This
concept is very useful because it allows one to make a simple quanti-
tative development in a situation that is exceedingly complex. In
reality the excited region is never in equilibrium with itself and so is
not strictly characterized by a temperature. Also, as will be shown,
the distances and times involved are very small, so that the macro-
scopic laws of heat conduction are not strictly valid. Finally, the
medium is not really homogencous but atomic, and this must be
ignored. Nevertheless the model is probably not bad, and although
high quantitative reliability cannot be claimed, the qualitative fea-
tures should be right.

Following Seitz and Koehler (11) we shall call all such excita-
tions temperature spikes. These will be subdivided into two classes.
When the excitation is high enough that many atoms in the spike are
displaced from their lattice sites and wander about, the disturbance
will be called a displacement spike. This includes the particular
situation envisioned by Brinkman (see below). If the excitation is
small so that few or none of the atoms leave their sites, the disturb-
ance will be called a thermal spike. The theory of thermal spikes
appears somewhat more firmly grounded than the theory of displace-
ment spikes, which is still in a very speculative state.

When a moving atom or bombarding particle transfers energy Q
to a lattice atom, where Q is from one to a few hundred electron volts,
the spike model asks that one consider this energy to have been sud-
denly liberated as heat energy in a localized area of a continuous
medium, and subsequently to spread according to the classical laws of
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heat conduction. The medium is considered to have a thermal dif-
fusion coefficient D, and a temperature T(r, {) at each point r and
time . D is related to the thermal conductivity C, the heal capacity
¢, and the density d by the equation

D = C/ed (2-41)

In metals the ordinary heat conductivity is the sum of contributions
from the lattice and the conduction electrons. Investigation shows
that the coupling between lattice and electrons is sufficiently loose
that the excitation in the spike,* which starts entirely in the lattice,
will not be transferred to the conduction electrons during the impor-
tant phase of the spike’s existence. Consequently C in equation 2-41
should be the lattice thermal conductivity only. This makes D of
the order of 0.001 cm?/sec in most materials. D is actually tempera-
ture dependent, but this fact will be overlooked.

The temperature after initiation of the spike obeys the heat
conduction equation

V2T = (1/D)(0T/ot) (2-42)
The solution of this corresponding to liberation of heat Q at a

point at the origin at {'= 0, with the temperature originally 7, every-
where is

Q | S
T, ) = T —— - g /4Dt 2-43
() = To % 4 7oed (D17 (243)
Here r is the distance from the origin. Figure 2.5 shows the tempera-
ture distribution at various times in a typical spike of this form. It
is seen that the temperature rise extends to a distance of the order of
r., where

ro = 2(Dt)y~" (2-44)

The temperature at any time has a maximum at the center of the
spike, and this drops, as time increases, in proportion to ¢~

If the moving atom that initiates the spike has high energy, its
interactions with lattice atoms will be well separated and the individ-
ual spikes it produces can each be described by the foregoing distri-

* The transition metals are a possible exception. See section 27 of Seitz and
Koehler (11).
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bution. As the moving particle slows down, its interactions become
more closely spaced and the individual spikes begin to overlap. The
energy at which this sets in is higher with higher atomic numbers of
moving particle and lattice (see discussion in section 2.2). When the
interactions are closely spaced, one can idealize the situation by as-
suming that the initial burst of energy in the spike is uniformly dis-
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Figure 2.5 Temperature distributions in a typical thermal spike at various
times. Taken from equation 2-43 with D = 0.001, O = 300 ev, and other param-
eters suitable for copper.

tributed along the track of the particle and that the subsequent tem-
perature distribution has cylindrical symmetry. If Q' is the energy
released per unit length of the track, the corresponding cylindrical
solution of the heat flow equation can be shown to be

’

= -Q_ _1_ —p?/4Dt 2-45
Tt =To+ o i ® (2-45)



36 RADIATION EFFECTS IN SOLIDS

Here p is the perpendicular distance from the point of observation to
the axis of the spike. Qualitatively this cylindrical spike is very
much like the spherical spike (equation 2-43).

A few specific examples of temperature spikes will now be dis-
cussed to give a more concrete picture. In bombardments with light
nuclei having energies of a few Mev, the typical energies imparted lie
in the range from 10 to a few hundred ev, with occasional collisions
transferring higher energies. Thus as a typical source of a spike,
consider a knock-on atom with energy of 300 ev. This will have a
range somewhere between 10 and 100 A, depending on the atomic
number, and virtually all of its energy will be transferred to lattice
vibrations. In simplest approximation one may regard this as the
origin of a spherical spike with excitation energy Q = 300 ev. Ac-
tually the energy has been introduced over a region of appreciable
size, and the excitation could more accurately be regarded as a super-
position of smaller spikes centered at various points along the short
track of the particle. This refinement is not necessary for the present
rough assessment. Taking the case of copper for illustration, 300
ev is found to be sufficient cnergy to raise a spherical region 30 A in
diameter from room temperature to the melting point, 1086° C.
Such a region contains 1100 atoms. From equation 2-44, and the
assumption that D = 0.001 cm?/sec, it is found that a spherical spike
would spread over such a region in a time of about r?/4D = 5 X 10-12
sec. This is of the order of 30 periods of atomic vibrations and is
therefore in the range where concepts of thermal equilibrium are
just beginning to acquire validity. The statement that this material
is at or a little above its melting point describes the degree of thermal
agitation in the spike but does not necessarily mean that it will have
assumed the amorphous configuration of a true liquid. Because of
the rapidity with which the temperature has risen and the confining
effect of the surrounding material, the region is probably much more
like a superheated solid, although genuine melting may also take
place in the very center of the spike.

The newborn spike now spreads and cools. At 20 X 10~!2 sec
after initiation its diameter is 60 A, and the mean temperature in this
region has fallen to about 150° C. This can be seen from equations
2-43 and 2-44. At about this time the spike has cooled sufficiently
that it can no longer induce any permanent changes, and its subse-
quent decay is of no special interest. It is from considerations such as
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these that one arrives at the usual statements that typical thermal
spikes endure for periods of the order of 10~ sec and involve heating
of the order of 10° atoms to the melting point or beyond. Individual
spikes may differ from these in being either more or less intense.

Energetic knock-on atoms in light materials travel relatively
large distances between elastic collisions, and thus become the sources
of a number of individual spherical or approximately spherical spikes
such as were discussed previously. Energetic knock-ons produced
by neutron bombardment of heavy materials make collisions which
are much more densely spaced, dissipating on the average onc¢ hun-
dred to several hundred electron volts per Angstrom of path. These
are better regarded as sources of cylindrical temperature spikes, of
which a typical example would have a length of perhaps 1000 A and
a diameter of 25 A about 1012 sec after initiation. At this time the
material inside this region would be at an average temperature
of roughly 1000° C.

Fission fragments moving through uranium produce a more ex-
treme case of a cylindrical temperature spike. A fragment having
energy of 100 Mev has a range of about 4 X 10—* cm. If it dissipated
its energy uniformly along this line, and if all electronic excitation
were transformed into lattice heat in this larger than normal spike, a
cylindrical volume 4 X 10* A long and 100 A in radius would be
heated to about 4000° C.

Many of the observable effects attributed to temperature spikes
depend upon stimulation of diffusion, phase changes, and other acti-
vated processes by the local heating events. Although the heating
can be rather intense, it is over small volumes and is always of brief
duration (32). Consequently the actual extent of such stimulation
demands careful quantitative consideration. Our ignorance of the
kinetics of such processes is generally at least as great as our uncer-
tainty about the energy distribution in the spikes themselves. Thus
only rough estimates, suggestive but not definitive, can be made.

An example of such a calculation will now be given. Suppose
each atom in a sample is capable of undergoing a rate process, such
as interchanging with a neighbor or jumping to an interstitial site at
an average rate

y = pe F/*T (2-46)

when the temperature is 7. E’ is the activation energy and »; is the
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effective frequency, which is supposed to include any multiplicity and
entropy factors necessary. Let there be n, atoms per unit volume.
A spike will cause a certain number of atomic jumps, An, which can be
computed by integrating the expression in equation 2-46 over time
and over space, allowing 7 in the exponent to vary in the manner ap-
propriate to the spike, and subtracting the number of jumps which
would have occurred in the absence of the spike. An is then the
erira number of jumps occurring in the entire crystal during the
entire lifetime of the spike, and can be seen to be

© @ El E’I
_ ) Joxo | = “E | _ | -
An = nov j; dr Axr j; di lexp[ kT(r,t)] exp l: kTo]}

(2-47)

T(r,0) is to be taken from equation 2-43. With [V, spikes being pro-
duced per cm? per sec, the augmentation of the atomic jump rate, in
jumps/cm?/sec, is NoAn.

Unfortunately the integrals in equation 2-47 are difficult and do
not seem to have been investigated for finite T,. Seitz and Kochler
(11) have studied a simplified case, in which they assume the ambient
temperature Ty to be zero; they approximate the temperaturc dis-
tribution in the spike by the forms

_Q__ _l__ —1/2
Tt = (@) 7ed o7 2PV 04

0, 2D~ < r
They then find
= 0.016 (vors?/D)(Q/E)" (2-49)

where rg = [3/(4mno)]"".

The quantity wrs?/D affects the result in an essential way. It
can be regarded as the ratio of an atomic diffusivity to a lattice ther-
mal diffusivity, and might be expected to lie in the neighborhood of 1,
although it may sometimes “differ from this by rather large amounts
and is not known accurately in any case. Measurements of the dis-
ordering of CusAu at —100° C by 9 Mev protons (33) show that about
125 atoms are disordered for every primary displaced atom. Seitz
and Koehler (11) have considered whether thermal spikes could ex-
plain this and argue that each primary displaced atom should be ac-
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companied by about six temperature spikes in each of which Q is
about 50 ev. The excitation energy for interchange of adjoining
atoms in CuzAu would be around 3 ev, and Seitz and Koehler suggest
unity as the most plausible value of virs?/D. On this basis equation
2-49 predicts 10 disordered atoms per primary displaced atom, an
order of magnitude less than the observed results. If one assumed
vrs?/D to be 10, some of the atoms near the center of the spike would
be contributing more than one jump to An, as can be seen from a cal-
culation of the number of jumps for an atom in the hottest part of
the spike. In this case equation 2-49 gives an overestimate of the
disordering and must be diminished by a suitable correction. Mak-
ing this correction Seitz and Koehler find that the number of atoms
disordered is now 40, which is still too small.

The conclusion from these considerations is that some further
mechanism is at work in the radiation disordering of ordered alloys,
although the heating in temperature spikes could produce an appre-
ciable acceleration of many rate processes. Of particular interest
is the question of the production of Frenkel defects (vacancy-inter-
stitial pairs) by temperature spikes and the subsequent annealing or
rearrangement of these defects. A good deal of speculative discus-
sion can be given, but the theory is unable to provide firm conclu-
sions. The working hypothesis of most investigators in the field has
been that such production is not an important source of Frenkel de-
fects compared to the knock-on cascades.

Processes which are most likely to be affected by spikes are
those which nearly go of their own accord at ambient temperature,
and instances of nucleation and phase change have been attributed to
spikes. Further discussion of experimental evidence along these lines
will be given in subsequent chapters.

B. Plastic Deformation in Temperature Spikes

The heating in a temperature spike tends to expand the material
in the spike, and this must generate a stress around the spike. Simple
considerations allow one to estimate the magnitude of this stress.
Consider a typical spike in which the material within a sphere of
radius r, is heated uniformly and the heating outside this region is
neglected. If the flow of heat is proceeding at a rate slow compared
to the velocity of elastic waves, a system of stresses is set up which
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obeys static elasticity theory. For simplicity it will also be assumed
that the material is isotropic. One then finds a compressive stress in
the radial direction having a magnitude (34)

_ ) Do, r<r, _
p= { por /13, r>r, (2-50)

where r is the distance from the center of the spike and p, is given in
terms of the shear modulus u, Poisson’s ratio ¢, and the fractional
linear expansion the heated material would have in the absence of
pressure, Al/l, by the expression

_ 40 4+ o) Al

T30 - o (2-51)

Do

In the directions perpendicular to the radial direction the stress is a
pure tension of magnitude !/,p, for r > r..

These considerations may now be applied to the earlier example
of a typical spike in copper, where a region 15 A in radius was melted.
We take Al/l =2 0.05, p = 10" dynes/em?, and ¢ = !/,. Equation
2-51 then gives p; = 10! dynes/cm?.  This is well within the range
where plastic deformation may occur in perfect crystals (35). On the
other hand the stress drops rapidly with r. Assuming r, = 15 A, at
r = 10r, = 150 A the stress is down to a value which can move exist-
ing dislocations but clearly cannot initiate plastic deformation in per-.
fect material. TIn well annealed materials the average distance be-
tween existing dislocations is 104 to 10° A, so the typical spike will
cause plastic flow only to the extent that it can produce dislocations
in the high stress region near its center.

It is reasonable to supposc that dislocations will be formed
within distances of the order of 10 A from the center of typical
spikes. Since dislocation lines can terminate only on the surfaces of
a crystal and we are considering those produced by a localized stress
system on the interior of a crystal, it can be seen that any dislocation
produced must have the form of a loop or system of loops. Such
loops have a self-contracting tendency, since their energy content
increases in proportion to their length. The thermal stress field
overrides this and forces them to expand into the surrounding regions
where the thermal stress is lower and can be balanced by the self-
stresses of the loop. Since the self-energy of a dislocation is thought
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to be in the range of a few tenths ev per Angstrom of length and since
the entire spike contains only a few hundred ev, it can be anticipated
that the loops will not become very large. Calculation indicates that
their equilibriuin diameters will be of the order of ten or a few tens of
Angstroms. As the spike subsequently cools, the stress system dies
out and the loops contract again. If their contraction proceeds in
exactly the inverse order of their formation all loops will contract
to nothing and no plastic displacements will remain. However it is
unlikely that the cooling will be in just the right pattern for this, and
contraction in other sequences may leave dislocation loops entangled
with one another, resulting in permanent plastic displacements.

Seitz and Koehler (11) have given an illustrative example of how
this process might look, but no real calculations of the extent of such
effects in actual materials have becen made. It is probable that ap-
preciable numbers of dislocations remain after bombardments, but
the experimental evidence for this is equivocal. It should also be
noted that such dislocations, if possessed of a Buerger’s vector smaller
than a superlattice vector, would produce considerable disordering in
ordered alloys. This might be an explanation of the unaccountably
large disordering effects of radiation, which have already been men-
tioned.

C. Displacement Spikes

A still more radical picture of the displacement spike has been
developed by Brinkman (36,37). This author has made calculations
of the separation of secondary displacements along the path of a pri-
mary knock-on and finds these rather more closely spaced than had
been commonly believed. Brinkman estiinates that the average
spacing between secondary displacements in copper is less than one
interatomic distance when the energy of the primary is anywhere be-
tween 50 and 23,000 ev. In heavier elements the close spacing would
prevail over even larger ranges of energy. This would mean that as
soon as the energy of the primary fell to some tens of kilovolts the
atom would very rapidly be brought to rest (in a distance of the order
of 100 A) amid such a dense shower of secondary displacements that
it would be entirely incorrect to treat each secondary as independent
of the others. Brinkman’s figures indicate that 10* or more atoms in
a cylindrical region would be brought rather violently to the molten
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state with considerable turbulent flow. He suggests that the pattern
of rearrangement would be an inversion of the material in the spike,
the atoms along the axis being driven outward most violently and
ending up outside of those in the adjacent tubular region. Figuge
2.6 shows this behavior.
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Figure 2.6 Picture of a displacement spike, after Brinkman (from reference 36).
The configuration is unstable and will immediately collapse.

Immediately after this stage the molten zone would collapse
and resolidify. Since freezing would start at the outside, the re-
solidified material would be expected to be largely in register with the
original lattice. Most of the interstitials and vacancies would be
expected to anneal, but an undetermined number of these, as well as
small misoriented regions and entangled dislocation loops, would re-
main.

The key to this picture is the calculated close spacing between
secondary knock-ons, to which the results are very sensitive, and it
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must be recognized that this is a difficult number to determine ac-
curately. Brinkman assumes a stronger repulsive force between
atoms than usual, and this enlarges his calculated collision frequency.
He has also ignored recoil in his cross-section calculations, which again
overestimates the frequency. On the other hand, criticism published
by Seitz and Koehler (11), which maintains that the collisions are
much less frequent, is not entirely free of objection either.

An important physical consequence of the Brinkinan model is
that the high degree of mixing that occurs in the spike and the large
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I'igure 2.7 Alteration of concentration distribution by a single spike of length
centered at z’ (idealized).

size of the spike in heavy metals would enhance atomic diffusion in
these materials. It is interesting to consider this quantitatively.
The treatment of an idealized one-dimensional model is given here to
show the essential features, and then the three-dimensional general-
ization is indicated. Suppose the concentration of one atomic species
at z in a crystal is ¢(x). Suppose that when a spike arrives at z’
the composition is immediately modified by complete mixing over a
length [ centered on 2’. The new concentration ¢’ (x) is given by

i), 2 —l2<z<a +1/2

¢(x), all other (2-52)

c(x) = {
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where &(2') is the average of ¢(x) in the interval about z’:

) 1 (= +2
é') = I j;'~z/2 c(xr) dr (2-53)
This mixing effect of a spike is shown in Figure 2.7.

Suppose spikes are being formed at random times and places
but at an average rate N, per unit length per unit time. The concen-
tration is then changing in a way which is very complicated in dectail
but which has an over-all resemblance to a diffusion process, as will
now be shown. Consider the concentration as a function of position
and time, and investigate the expectation value of its time derivative
< dc(z,t)/0f >. The probability that a spike will arrive at time {
to { + dt with center in 2’ to &’ + dx’ is Nodx’ di. When such a
spike arrives, the concentration at & changes by Ac(z, 1) = e(x’, 1) —
c(z, t), when [a: -z ] < 1/2, where &(z’, t) is given by equation 2-53
with c(x) replaced by c(z, {). Ac(z, {) = 0 when Iw — 2| > 2.
The expectation value of this, <Ac(z, {) > is found by multiplying
by the probability N, d2’/dl and integrating over z’ from — « to .
One then has

oc(x, 1) _ <Ac(z, )> _ fﬁ'm P { ot g
<ToE > = ST =N | s {e@’, O — e(x, D}
(2-54)

One now evaluates &(z’, {) by expanding ¢(x) in Taylor series about z. -
Employing equation 2-53, one finds the result

z’+1/2 °°
s ) = f el 0 — D (259)

r—1/2 n= 0
where
c.(z, t) = d"(x, )/dc™ (2-56)

Carrying out the integrations,

-y _ = ca(2, 1) ’ l_ i , i)an:I
e, 0 ‘Eol(nﬂ)n!{(x et 2) ‘(’” T3

Inserting this in equation 2-54 and integrating again, one finds

oc(zx, 1) S - i 2N,l2m+1

Cam(x, 1) (2-57)
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If it is assumed that ¢, (z, {) is also the 2mth derivative of the expec-
tation value of ¢(z, f), equation 2-57 amounts to a differential equa-
tion of infinite order governing the evolution of the concentration
under the stochastic mixing effect of the spikes. Under conditions
of interest [ is very small and the concentration changes relatively
slowly with . Thus it may be assumed that only the initial term
on the right of equation 2-57 is necessary. One then has
3 2
g—t <c(x, t) > = <]\1[——02—l-) ba—x? <c(xz, t) > (2-58)

This is the diffusion equation-and shows that the concentration, in
this approximation, evolves in accord with Fick’s law with a (one-
dimensional) coefficient of diffusivity /Vy/3/12.

A precisely similar development is possible in three dimensions,
and this development shows at once that the diffusivity is given by

D, = Nyl°/12 (2-59)

where 8 is the volume of the spike.

Essentially the same result has been given by Bleiberg, Jones,
and Lustman (38) and by Konobeevsky (39) by arguments from more
specialized situations. The latter finds the numerical factor in
equation 2-59 to be 1/ instead of /.. It is felt that the present
dcrivation gives a more reliable number, although this part of the
equation cannot be put to any very severe experimental test. The
computed diffusivity is exceedingly sensitively dependent on the
linear dimensions of the spike, and this is not at all accurately known.
If one takes Brinkman’s value of 10~¢ cm for [ and considers a bom-
bardment in which 104 spikes are produced per cm? per scc, as would
be the case in uranium in a reactor, equation 2-59 gives D, = 10—
cm?/sec. This is a small value, but it would be capable of causing
observable effects in some cases. Thus Bleiberg, Jones, and Lustman
suggest this process to cxplain the homogenization of uranium-
molybdenum alloys containing very finely grained precipitates.

2.7 Gamma Irradiation

Gamma-rays and x-rays produce ionization in all solids, and
this is their most important effect. In insulators, chemical reactions
may be promoted, some of which cannot be induced by other means.
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Further discussion of such effects will be found in Chapter 6. In
metals, ionization produced by radiation is very rapidly neutralized
by the conduction electrons, and no structural changes result from
this process. There is also evidence that gamma-rays can produce
displaced atoms in solids; the efficiency is low but occasionally dé
tectable. In the present section the theoretical basis of gamma-ray
displacement effects will be considered.

Gamma-ray dosages are commonly expressed in roentgens,* a
unit that measures intensity of ionization produced. It must be
remembered that the encrgy or photon density in the radiation de-
pends on the wavelength as well as on the number of roentgens. In
reactor irradiations a strong vy-ray flux is usually present, but its
intensity and energy distribution depend very much on the type of
reactor and the conditions of irradiation. Most experimental work
to date has been done with rather meager knowledge of the y-ray
conditions. The justification has been that the y-ray effects are ex-
pected to be small compared with neutron effects, but this is a matter
which should be given more attention. The y-rays originate chiefly
in the fission products in the fuel elements and thus possess a broad
spectrum of energies, {rom kilovolts to perhaps 10 Mev. As with
the neutrons, the average energy is somewhere around 1 Mev.

In the Brookhaven reactor (natural uranium, graphite moder-
ated, air cooled) the v-ray intensity near the center of the reactor is
around 3,000,000 roentgens/hour, which can also be expressed as a
flux density of about 1.6 X 10'2 photons/cm?/sec of mean energy -
about 1 Mev. The photon flux density in this reactor is about 409, of
the slow-neutron flux density, or perhaps twice as large as the fast-
neutron flux density.

In the Materials Testing Reactor (enriched uranium, water
moderated) the gamma-ray intensity reaches thé astonishing level

* A roentgen is defined as the amount of z- or y-radiation that liberates one
statcoulomb of ions in one cubic centimeter of dry air at 0° C and 760 mm
Hg. One roentgen liberates 0.11 erg per cubic centimeter in standard
air, forming about 2 X 10° ion pairs per cubic centimeter. In denser
materials the ionization and energy liberation per unit volume is greater than
the above by the ratio of the density of the material to the density of air, if
the atomic weight is the same as air, and is somewhat different in materials
of other atomic weights. It is useful to know that, for 1-Mev y-rays, 1
roentgen consists of 1.9 X 10° photons/cm?. For further discussion of
these matters see chapter 25 of Evans (12) and reference (46).
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of 10'° roentgens/hour, or approximately 5 X 10 photons/cm?/sec.
This may well be the cause of some of the differences found between
irradiations to identical neutron exposures in this reactor and in
other reactors.

Primak (45) has published calculations of gamma-ray dosage
in Oak Ridge and Chicago reactors, and discusses the problem for
inhomogeneous reactors in general.

The interaction of y-rays with matter occurs principally by
means of three mechanisms: the photoelectric effect, the Compton
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Figure 2.8 Diagram showing energies at which each of the principal y-ray
processes becomes dominant (after Evans).

effect, and pair production. The first predominates at low energies,
the second at intermediate energies, and the third at quite high ener-
gies. For a given energy the atomic cross section for each process
depends solely on the atomic number, Z, of the absorber, and so the
dividing lines between the processes can be given on a diagram of Z
vs photon energy, as shown in Figure 2.8. The separating lines are
drawn so that the atomic cross sections are equal for neighboring
processes along the lines. From Figure 2.8 it is seen that for ordinary
x-rays the photoelectric effect has the largest cross section, except
in the very lightest elements. For reactor v-rays, and also for -
rays from cobalt and fission-product sources, the Compton effect has
the largest cross section, except for the case of very-high-Z materials,
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where the low-energy tail on the spectrum produces photoelectrons
and the high-energy tail causes some pair production.

In all three processes electrons are ejected with energies com-
parable with the original y-ray energy, and thus y-ray irradiatich
inevitably causes a substance to be internally bombarded by fairly
energetic electrons. The processes by which these electrons lose
energy have already been discussed. Most of their cnergy is dis-
sipated in causing further ionization, but occasionally they displace
atoms by elastic collisions. In typical x-irradiations, these electrons
are below threshold energies for displacement production, but in
pile and activated-source radiations they may be well above it.
There is also a recoil imparted to the parent atom in the photoelectric
and pair-production processes; in the latter energies above the dis-
placement threshold may be imparted, but only in light elements, and
here pair production at energies of a few Mev has a very low cross
section. It thus does not appear that pair-production recoil can be
important at y-ray energies of present interest.

The internal g-irradiation by Compton electrons remains as a
producer of atomic displacements, and this process will now be
analyzed. It will be assumed that a uniform y-ray flux consisting
of ¢, photons/em?/sec traverses the sample, suffering no attenzation.
The flux will be considered to be monoenergetic, each photon having
energy E Electrons are produced by the photons and come to
rest in the sample, the sample being assumed to be large compared
to the mean range of the electrons, which is of the order of 1 mm.
There is then a polyenergetic g-ray flux in the sample of density
¢s(E) electrons/cm?/sec, at energy E, per unit range of energy. Let
the number of atoms per unit volume in the sample be no, and let the
cross section per atom for the production of a Compton electron at
energy E be o,(E). Then the number of electrons produced per cm?
per second at energy E, within unit range, by Compton processes is

&, 1o oo(E) (2-60)

The number. of electrons passing from energies above E to energies
below E by slowing-down processes in the medium, per cm? per sec-
ond is

¢s(E)(—dE/dx) (2-61)

where (—dE/dx) is the energy loss per cm of path for electrons.



2. INTERACTION WITH MATTER 19

Conservation of the total number of electrons now requires that the
derivative of expression 2-61 with respect to energy equal the nega-
tive of expression 2-60

d dE]

—_— E —_— = ¢ E 2'62

T a8 5 | = oy nt) (2-62)
This differential equation allows one to determine the electron flux
density, ¢s(E). I Enga, is the maximum energy that electrons can
receive from photons of energy E,, ¢s(Ems:) = 0, and equation 2-62
yields

8a(E) = &, o (~dE/d) " [} 0B dE', 0 < B < Fnae (263

If the cross section for an atom to be displaced by an electron of en-
ergy Eis ¢’(E), the number of atoms displaced /cm?/sec, RS, can be
written

RE = [ ny ol (E) 6,(F) dI =
oot [.7 dIZ o (E) (— dE/dz)~ [ oy air @60

The Compton cross section of an atom is given by the formula
[Bethe and Ashkin (5)] '

1 € €
w9 = o0 {1 = et o | 1 2} o

where ¢ = E/E,, v = E,/me?, and oy = 7ro* Zo me*/E,*. Here
¢ and m are electronic charge and mass, respectively, ¢ is the velocity
of light, ry is the classical electron radius, ro = e*/me?, and Z, is the
atomic number of the sample. The energy loss per cm, —dE/dz,
can be written (12)

—dE/dz = a[(l + E/mc*)/E] (2-66)

where a = 2we*noZ,L, and L is a coefficient depending only weakly
on the electron energy and the nature of the stopping material. For
present purposes L may be set equal to 10.

The cross section for an atom to be displaced by an electron of
energy E, assuming a sharp displacement threshold energy Ey, has
been given by Seitz and Koehler (11) (sce also the discussion in the
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preceding section 2.2). With this information, equation 2-64 can be
evaluated to find R/’. o (E) increases with increasing Z,. o4’ (E)
is zero for E below a threshold, and the threshold rises with Z,. For
energies well above threshold ¢,’(E) increases with Z.. As a resudt
of these conflicting tendencies the dependence of R, on gamma-ray
energy is complicated. For gammas of 1 Mev or less R.® is a maxi-
mum in the very light elements and declines rapidly with increasing
atomic number, becoming zero, for 1-Mev gammas and a displace-
ment threshold of 25 ev, at atomic weight about 125. For higher
energy gammas R, is a maximum with intermediate or heavy cle-
ments. Table 2.4 gives some representative values of R.,’/(¢,n0),
which may be considered an effective atomic cross section for atomic
displacement by gamma-rays by the Compton-electron mechanism.
In these calculations the threshold energy for displacement has been
assumed to be 25 ev.

By similar methods the effective cross section for displacement
by photoelectrons can also be computed. For example, for copper,
the photoelectrons contribute an effective cross section of 0.005 X
1024 cm? at 1 Mev and 0.013 X 10-2*c¢m? at 2 Mev. From the cal-
culations available it does not appear that this mechanism makes
an appreciable contribution in comparison with that of the Compton
process.

Table 2.4. Calculated values of the effective cross section for atomic displace-
ment by gamma-rays through the Compton mechanism, R,2/(¢,no)
(in units of 10724 cm?).

Gamma-ray

Element energy (Mev) R R /(yn0)
Carbon 0.5 0.02

1.0 0.14

2.0 0.43
Copper 0.5 0

1.0 0.046

. 2.0 1.40

Gold 0.5 0

1.0 0

In reactor irradiations the total number of displacements pro-
duced by the gamma-rays by the Compton process can now be esti-
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mated if the spectrum and flux of the gammas are known. For pur-
poses of orientation, it will be assumed that the mean gamma energy
is between 1 and 2 Mev, and that there is approximately one photon
for every fast neutron. From Table 2.4 it is seen that the effective
cross section for the gammas is of the order of 1 barn for copper. The
collision cross section for fast neutrons is about 3 barns in this ele-
ment, and each fast-neutron collision, by cascade processes, produces
approximately 400 displaced atoms. Thus the neutrons should pro-
duce, in this substance, two to three orders of magnitude more dis-
placements than the gamma-rays. This margin of effectiveness of
neutrons over gammas would be equalled or exceeded in other ma-
terials, except that in many insulating materials additional displace-
ment mechanisms exist for gammas. These will be discussed below.

In irradiations by pure gamma-rays, such as obtained from a
cobalt source, the Compton displacement mechanism may be im-
portant, Cleland, Crawford, and Holmes (40) have observed dis-
placement of atoms in germanium irradiated in a Co® source. Their
measurements indicate an effective cross section for atomic displace-
ment by photons of 1.5 X 10726 cm?, which is in rough agreement
with the above theory.

Beside the effect of internal 8-ray bombardment and the direct
recoils from y-ray events, two other possible mechanisms by which
v-rays may produce atomic displacements have been suggested.
Both of these mechanisms involve conversion of electronic excitation
energy to displacement energy, and should be especially effective in
insulators. 'The first was suggested by Seitz (41). According to this
proposal excitons (localized regions of electronic excitation) are pro-
duced by radiation and travel through the crystal until they encounter
a lattice irregularity, at which point the energy is discharged into the
lattice, producing a local hot spot. Jogs in dislocation lines are
likely sites for such discharges, and the temporary heating of the
lattice at a jog can induce dislocation climb, which is to say vacancies
can be “‘boiled off”” at the jog. The energies available are of the order
of 10 ev, which is sufficient to create a vacancy. It is also possible
that free electrons and holes created by ionizing radiation recombine
and liberate energy at these sites. Excitons can be produced by
irradiation with light in the fundamental absorption band, that is
with wavelengths in the ultraviolet, as well as by x-rays and y-rays.
Also the migration of point defects away from their point of origin
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may be caused by further absorptions of excitons on the defect. The
proposal offers an attractive explanation of the production of color
centers in ionic crystals by ultraviolet light at low temperatures.
Unfortunately no quantitative development has been published, aifl
calculations of the extent of vacancy production by this mechanism in
typical radiation damage experiments have not been made.

The second displacement mechanism was suggested by Varley
(42,43,44) and applies to substances with highly ionic binding.
Varley pointed out that in irradiation by charged particles, vy-rays,
x-rays, or possibly even ultraviolet light, some negative ions will be
deprived of two or more electrons, becoming temporarily positively
charged. The stripped electrons move away through the crystal, and
the positive ion remaining behind finds itself in a highly unstable
position since it is on a site surrounded by other positive ions. This
instability may lead to ejection of the ion to an interstitial site, where
it will ultimately capture enough electrons to be neutralized. The
vacant lattice site may capture an electron to become an F-center.
The interstitial atom will remain in its new position, or, if the tem-
perature is high enough, it will diffuse about and eventually become
trapped at a defect. The operation of this mechanism requires that
(a) the lattice be largely ionic, (b) the cross section for multiple
ionization be sufficiently great, (c) the recombination time for elec-
trons and stripped atom be long enough to allow ejection (which re-
quires a time of the order of 10~13 seconds), and (d) the ejected atom
go far enough to be stable against immediate return upon neutraliza-
tion. It is plausible that all these conditions can be satisfied in
many materials, and experiments on coloration of alkali halides by
electron bombardment are in general agreement with the model (43).
In this case the experimentally observed cross section for displace-
ment is about 30 times larger than that for direct collision between
electron and atom (relativistic Rutherford scattering), and could
be explained by the proposed mechanism. The cross sections for
multiple ionization have not been much studied. Existing evidence
indicates that, for electrons in the kilovolt range the atomic cross
section for a(p + 1)-fold ionization event is about one order of mag-
nitude smaller than that for a p-fold event, p = 1, 2,3, .... For
megavolt electrons the (p + 1)-fold cross section may be two orders
of magnitude smaller than the p-fold cross section. These numbers
are consistent with the expectation that in electron bombardment of
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ionic materials the Varley mechanism provides an important number
of atomic displacements. Threshold energy studies in such materials,
which unfortunately have not been made, would test this conception.
These numbers also suggest that the Varley process may be an im-
portant secondary effect in the bombardment of ionic materials by
charged particles and neutrons. In the case of electromagnetic
radiation, multiple ionization may occur through direct interaction
with more than onc outer electron or through an Auger cascade ef-
fect. Quantitative investigations of this, of the recombination time
for ionized atoms, and of the return probabilities for ejected atoms
have not yet been carried out. They would be most valuable in as-
sessing the effectiveness of the Varley mechanism.
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CHAPTER 3

Basic Experiments

3.1 Introduction

The theoretical treatment of Chapter 2 permits one to calculate,
although in a rather approximate manner, the number of displaced
atoms produced by a given high-energy irradiation. An experimental
test of the theory is difficult mainly because most physical properties
depend in a complicated, and theoretically poorly understood, way
on the number of crystalline defects. Consequently, although most
physical properties are altered by the presence of displaced atoms
only a few properties are well enough understood to serve as a quanti-
tative measure of the concentration of displaced atoms. Such basic
experiments are discussed in this chapter.

It was shown in the previous chapter that an important pa-
rameter which enters the theory of displacement production is the
threshold energy for displacement, E;, which is the energy re-
quired to displace an atom permanently from a stable site in the
lattice. Thus, for a proper comparison of theory and experiment,
one must know E, as well as the, concentration of defects. The
threshold energy has been studied both theoretically and experi-
mentally in recent years and is the first topic taken up in this chapter.

3.2 The Threshold Energy for Displacement
A. Theorelical Calculations

Seitz (1) estimated the magnitude of E; qualitatively as follows.
The energy required to remove a typical atom from a lattice site in a
solid and place it in an interstitial position in an adiabatic or reversible
manner is about 2E,, where E. is the energy of sublimation. If, how-
ever, the process is carried out dynamically, as in a fast collision,
the process is highly irreversible and the energy required should be

56
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roughly twice as large, or approximately 4F.. Since E. in tightly
bound solids is of the order of 5-6 ev, Seilz suggested 25 ev as a
reasonable value for E,.

More detailed theoretical calculations have been carried out
recently by Huntington (2) for copper and Kohn (3) for germanium.
Huntington has considered low-energy collisions and has assumed
that the principal interaction between colliding atoms in a typical
close-packed metal, such as copper, is the repulsion of the closed ion
shells. This interaction he approximated by a Born-Mayer type
function

V() = A exp [—:(Lr—rQ p] (3-1)
0

where rq is the equilibrium separation of two adjacent ions and p and
A are constants. Since this force law is short range, a hard-sphere
model was used for the collision calculations. For copper the value
of p can be bracketed (4) between 13 and 17.  For p = 13, an energy
of 18.5 ev is required to move an atom to an interstitial position in the
(111) direction through the triangle formed by its three nearest
neighbors, and 17.5 ev is required for displacement in the (100)
direction. In the latter case the original fast atom moves to another
lattice site, displacing its nearest neighbor into an intersfitial position.
For p = 17, the corresponding energics were found to be 43 and 34 ev.
The experimental value for copper, to be discussed in the next section,
lies well inside these rather wide theoretical limits.

Kohn (3) has carried out similar calculations for germanium and
found that some of the nearest interstitial positions can be reached by
substantially smaller energies, of the order of 10 ev. The main
reason for the lower theoretical value is the open structure of the Ge
lattice in contrast to the close-packed face-centered-cubic structure
of Cu. Kohn's calculations also show that the energy required to
displace an atom in the diamond lattice may vary substantially with
direction. For example, it is found that an atom can escape more
easily in the (—1, —1, —1) direction than in a direction close to (111)
that is blocked by a nearest neighbor. The discrepancy between the
theoretical and experimental values and its implications will be dis-
cussed in the next section.

With a working value of 25 ev for the displacement energy it is
of interest to calculate for various types of radiations the minimum



58 RADIATION EFFECTS IN SOLIDS

energy required to produce displacements. In the case of massive
particle irradiation

m = AMIMLE/(My 4 M,)* 3-2)

where E,, is the maximum energy transferred by a moving particle of
mass M, and energy E to a stationary atom of mass M.. For electron
bombardment, relativistic effects must be taken into account and the
maximum energy transfer is

E, = 2E(E 4 2Mc?)/M,c? (3-3)

where m is the electron mass and c¢ is the velocity of light (see
equations 2-9 and 2-17). In the case of y-rays the radiation effect is
primarily caused by the Compton or photoelectrons, permitting one
to use the electron thresholds. The results of such calculations are
presented in Table 3.1

Table 3.1. Threshold radiation energy for producing displacements with E; =

25 ev
Atomic weight of stationary atoms 10 50 100 200
Neutrons, protons (ev) 76 325 638 1263
Electrons, y-rays (Mev) 0.10 0.41 0.68 1.10
a-particles (ev) 31 91 169 325
Fission fragments of mass 100 (ev) 76 28 25 28

B. Ezxperimenial Delerminalions

The first published result on threshold energy determination
came from the work of Klontz [as discussed by Lark-Horovitz (5)] on
germanium bombarded with high-energy electrons at room tempera-
ture. In these experiments n-type Ge was bombarded with electrons
of various energies with the total number of incident particles per
bombardment kept constant. The change in conductivity was
observed as a function of the energy of the incident particles. The
conductivity »s electron energy curve showed a level portion, indicat-
ing no change in conductivity, followed by a sharp decrease in the
conductivity. Extrapolation to the level portion gave a threshold
energy of about 0.65 Mev.

Klontz (6) followed up this study with a detailed investigation
of conductivity changes in germanium as a function of electron energy.
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These later experiments were done at liquid-nitrogen temperature in
order to minimize annealing. The sample was subjected to electron
bombardment in a Van de Graaflf machine at various well defined
energies. Typical curves are shown in Figure 3.1. The initial hori-
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Figure 3.1 Extrapolation curves used in determination of threshold for lattice
displacements in Ge (from reference 6).

zontal line (up to about 0.6 Mev) is followed by a large decrease in
conductivity, the extent of which depends on the original conductivity
and the number of electrons incident at each encrgy. The threshold
is obtained by extrapolating the region of large change to its inter-
section with the initial horizontal portion. For the two samples of
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Figure 3.1, thresholds of 0.63 and 0.65 Mev are observed. Klontz
concludes that the most probable value of the threshold is 0.63 =
0.02 Mev. By equation 3-3 this corresponds to a threshold energy,
E; of 30 = 1 ev.

Loferski and Rappaport (7) have used changes in minority
carrier lifetime, a property far more sensitive than the resistivity to
the presence of defects, to measure threshold energies. In this experi-
ment changes in the short-circuit current of an electron voltaic cell
are measured as a function of bombardment time at various bombard-
ing energies. In this case, therefore, a transient phenomenon due to
the incident electrons is measured as influenced by defects created
by a small fraction of the same electrons. By an extrapolation
procedure similar to that used by Klontz, these investigators conclude
that E; is 13 ev for both Ge and Si.

These two sets of experiments are in disturbing disagreement,
with Loferski and Rappaport’s values being closer to Kohn’s theoreti-
cal predictions. The discrepancy is difficult to resolve. Sensitivity
may have been lost in Klontz’s experiments at low bombardment
energies since both the cross section for displacement and the volume
of suitably irradiated material decrease rapidly with decreasing energy.
On the other hand, Loferski and Rappaport, because of the high
sensitivity of their method, may well have measured the results of a
few very favorable collisions. Further, because of the very high
sensitivity, these values may be structure sensitive, e.g., they may
depend on dislocation density in the crystal. The gradual appearance
of damage near the threshold indicates that the threshold is actually
quite spread out, in agreement with the ideas of Sampson ef al. (8).
It is not clear which value or what distribution of values should be
used in theoretical displacement calculations. It is clear, however,
that the cross section for displacement should be determined experi-
mentally in great detail as a function of bombarding energy. Further.
because of the indications from Huntington’s and Kohn'’s theoretical
work, the displacement energy also has to be studied as a function
of crystalline direction (seealso section 2.4).*

* The dependence of damage rate on crystalline direction has been observed

recently by W. L. Brown and W. Augustyniak (Bull. Am. Phys. Soc. 11,

2, 156 (1957) (A)) using electron irradiation near the energy threshold.

These workers found that the damage rate was 409, higher with the elec-

trons bombarding in the (111) direction than in either the (110) or (100)

direction.
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The threshold energy for graphite was determined by similar
methods by D. T. Iiggen (9). He found a value near 25 ev for E;
in this material.

Eggen and Laubenstein (10) have determined the threshold
energy for copper using low-temperature electron irradiation. In
this experiment thin Cu specimens were mounted on a heavy copper
plate which was immersed in liquid air during the irradiation and
measurements. The rate of change of resistance was determined as
a function of electron energy in the 0.45 to 1.0 Mevrange. Extrapo-
lation to zero damage gave 0.49 =+ 0.02 Mev for the threshold elec-
tron energy, corresponding to E; for copper of 25.0 = 1.0 ev. This
value falls well within the theoretical limits obtained by Huntington.

Denney (11) has found that irradiation of a metastable alloy of
iron in copper (2.4 weight-9, Fe) initiates the transformation of the
face-centered-cubic iron to the stable ferromagnetic body-centered-
cubic structure. Upon bombarding with electrons of varying energy
and measuring the saturation magnetization, Denney was able to
deduce the threshold energy for the production of displaced atoms.
This occurred at 0.45 Mev. Denney concludes that the displaced

Table 3.2 Theoretical and experimental threshold energies

Threshold energy, ev

Bombarded Property Refer-
material measured Experiment Theory ence
n-Germanium at —196° C  Resistivity 30 6
n-Germanium at room
temp. Minority carrier 13 7
lifetime
p-Silicon at room temp. Minority carrier 13 7
lifetime
Germanium ~10 3
Graphite Resistivity 25 9
Copper Resistivity 25 10
Copper 17-34 4
Iron-copper alloy, Fe dis-
placed Saturation mag- 27 11
netization

CujAu Ordering ~10 12
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iron atoms are responsible for initiating the transformation. Thus,
0.45 Mev corresponds to an E; of 27 ev in iron.

Dugdale (12) has found that ordering in AuCus; can be induced
at temperatures where thermal ordering rates are unobservably low
by bombarding with electrons of about 0.3 Mcv energy. Dugdale
interprets this low-temperature ordering as due to the formation of
vacancies and interstitials which are sufficiently mobile to allow the
necessary micro diffusion for ordering to take place. If this inter-
pretation is correct the threshold energy in AuCugs is about 10 ev.

The experimental and theoretical results on threshold energy
determinations are summarized in Table 3.2. For the present it
appears quite satisfactory to use a value of 25 ev for E, in theoretical
calculations of the number of displaced atoms produced by irradiation.
Much work remains to be done in determining more clearly and
precisely the probability of displacement as a functlion of bombard-
ing energy and crystalline direction.

3.3 Experimental Determination of the Number of Displaced
Atoms

In this section those experiments which lead to rather clear cut
estimates of the number of displaced atoms in solids will be discussed
in some detail. Different methods have been used with different
solids, and the material of this section is organized around the
different types of solids involved.

A. Melals

The electrical resistivity of purc metals is increased upon irradi-
ation with massive fast particles (13). Tonizing radiation alone has
no effect. The increase in resistance is mainly due to an increase in
the residual resistivity, although some changes in the thermal part
of the resistivity have been observed (14). The residual (or very low
temperature) resistivity of metals is very sensitive to the presence of
impurities and imperfections in the crystal. Any disturbance of the
ideal periodic potential leads to scattering of the conduction electrons
and thereby to an increase in the resistance. At low concentrations
there should be very little interference among the various defects,
and the increase in resistivity is expected to be proportional to the
number of defects introduced into the material. The proportionality
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constant has to be calculated theoretically and will be discussed in
detail in conjunction with the interpretation of the experimental data.

It is clear from the discussion so far that the resistivity measure-
ment must be made at low temperature in order to determine the
residual resistivity. The irradiation itself must be done at low tem-
perature because the radiation induced defects in metals are known to
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Figure 3.2 Resistivity increase as a function of integrated deuteron flux (from
reference 15).

anneal out at quite low temperatures. The experiments of Cooper,
Koehler, and Marx (15) satisfied the above requirements. These
investigators irradiated 5-mil (0.13 mm) wires of pure Cu, Ag and
Au with 12-Mev deuterons. The samples were mounted on a liquid
helium cryostat, and the temperature was maintained near 10° K.
The range of 12-Mev deuterons in Cu is 8 mils (0.20 mm) so that the
particles penetrated through the wires.

Figure 3.2 shows the changes in the resistivity of Cu, Ag and Au
as a function of the time-integrated flux for specimens irradiated near
10° K. The curves start linearly from the origin but have a slight
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negative curvature. The resistivity change, Ap, obtained after a
given amount of irradiation near 10° K is stable at the bombardment
temperature. The negative curvature, therefore, is due to an anneal-
ing process associated with bombardment. This process is generally
termed radiation annealing. For the present discussion it is the
initial slope of the curve that is pertinent in giving the number of
displaced atoms to be compared with the theory of displaccment
production. The data are given in Table 3.3.

Table 3.3. 12-Mev deuteron irradiation data at 12° K

Initial slope

Sample (u2-cm per 10Vd/cm?)
Cu 0.221
Ag 0.263
Au 0.379

At low concentration of defects the change in resistivity, Ap,
is proportional to the concentration of defects. The interpretation is
now straightforward provided the proportionality constant relating
Ap to the concentration of interstitials and vacancies is known, i.e.,
the cross section for.the scattering of the conduction electrons by
such defects. Unfortunately, there is no obvious independent
experimental method for determining these cross sections and they
have to be evaluated theoretically. The calculations are very intri-
cate and the results still highly controversial in spite of the consider-
able amount of work done on this problem over the last few years.
The theoretical work is briefly summarized in the following paragraphs
since it is central to the interpretation of the experimental results.

Dexter (16) approximated the scattering potential associated
with the imperfections by a shielded Coulomb interaction and com-
puted electronic transition matrix elements by the Born approxima-
tion. The shielding constant was adjusted so as to yield the experi-
mental values when applied to substitutional impurities having ad-
jacent atomic numbers. Dexter took into account the effect of
lattice distortions around the defects and concluded that they repre-
sent only a minor correction. His result for Cu, Au and Ag was that
one atomic per cent of vacancies would give an extra resistivity of
about 0.4 uQ-cm. A similar calculation for interstitials gave about
0.6 uQ-cm.
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Jongenburger (17, 18) suggested that the Born approximation
was inadequate in this problem. e carried out detailed calcula-
tions for vacancies based on the free-electron approximation and
using for the scattering potential the negative of the Hartree
potential of a free copper ion. This potential was adjusted to take
care of the screening of the conduction electrons, which was approxi-
mated by creating in the electron gas a spherical hole of unit charge
and of radius r,, where r; is defined by (4r/3)r,> = atomic volume.
On calculating the phase shifts he found that they gave good agree-
ment with the Friedel (19) sum rule. He also confirmed Dexter’s
conclusion that distortion around the defects can be neglected.
For one per cent vacancies in Cu, Ag and Au, Jongenburger obtained
the following Ap values; 1.3, 1.5 and 1.5 pQ-cm., respectively.

Jongenburger (20) also estimated by the same method the extra
resistivity caused by interstitial atoms. For the contribution of the
interstitial scattering potential alone a value of 1-2 uQ-cm was found.
An additional resistivity of 3.5 uQ-cm is contributed by the nearest
neighbor displacements, leading to a final value of about 5 pQ-cm
per per cent interstitials.

More recently Blatt (21) has calculated the resistivity associated
with one atomic per cent of interstitials by assuming that the effect of
the associated displacements can be neglected. He derived the
scattering potentials for the imperfections from the appropriate
Hartree self-consistent fields and employed the partial wave method
in evaluating the scattering cross sections. The potentials were
adjusted until the phase shifts satisfied the Friedel sum rule. The
calculated resistivities do not appear to depend critically on the choice
of potential. Blatt (22) finds, however, that the choice of potential
is important for the calculation of thermoelectric power. His calcu-
lation of thermoelectric power leads to good agreement with experi-
ment in the case of substitutional arsenic in copper. Blatt’s final
value for the estra resistivity due to one per cent interstitial atoms
in copper is 1.4 uQ-cm, which is practically the same as that due to
vacancies. For substitutional impurities approximate agreement
was obtained with resistivity changes measured by Linde, although
the calculated resistivities were consistently too high. In view of this
Blatt suggests that his, as well as Jongenburger’s calculations,
overestimate the resistivity increase due to vacancies and interstitials
by about a factor of two.
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Overhauser and Gorman (23) have reexamined the whole prob-
lem of scattering by imperfections. In particular, they have studied
in detail the contribution of the elastic displacement of atoms near
the imperfections to the increase in the residual resistivity. They
found that for interstitials scattering from the strained regions is an
order of magnitude greater than that from the defect itself. The
effect is smaller for a vacancy but not negligible. Interference terms
were found to be small. In the Overhauser-Gorman treatment
unknown parameters, such as effective mass and electron-lattice
interaction constant, are eliminated by comparing the final formula
with the theoretical resistivity associated with lattice vibrations.
The residual resistivity of the strained lattice is obtained then from
the experimental lattice resistivity. The final results for Ap are:
10.5 uQ-cm per per cent of interstitials and 1.5 uQ-cm per per cent of
vacancies.

The results of the various theoretical investigations are sum-
marized in Table 3.4.

Table 3.4. Theoretical residual resistivity of interstitial atoms and vacancies in
Cu, Ag and Au. The units are uQ-cm per atomic per cent of the im-

perfection
Material Interstitials Vacancies Reference
Copper 0.6 04 16
1.3 68
5.0 1.3 17,18,20
1.3 1.4 21,22
10.5 1.5 23
Silver 0.6 0.4 16
1.45 68
— 1.5 17
Gold 0.6 0.4 16
1.45 68
—_ 1.5 17

It is clear from the large discrepancies among the various
theoretical values that the experiments cannot yet be interpreted in
a precise way. The proportionality constant required to derive the
number of displaced atoms from the experimental measurements is
apparently only known within an order of magnitude. Seitz and
Koehler (24) adopted the value of 2.7 uQ-cm per vacancy-interstitial
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pair in Cu, based essentially on Blatt’s calculation. The number of
displaced atoms per 107 d/cm?is, then, 0.0829, using the experimental
number in Table 3.3. The theoretical value corresponding to the
experiments of Cooper, Koehler and Marx is 0.43%. Equations
2-23 and 2-31 were used in this calculation. The discrepancy between
simple displacement theory and experiment is, therefore, about a
factor of 5, with the theory apparently overestimating the number
of displaced atoms. The discrepancy is less if Dexter’s numbers are
used; it becomes very large, of the order of a factor of 20, if Over-
hauser’s number are used for the theoretical value of the residual
resistivity (see Table 3.4). Similar results have been obtained
recently by Blewitt and coworkers (25) using neutron irradiation at
17° K.

Recent work by Denny and coworkers (26, 27, 28) using electron
irradiation on copper at 10° K led to somewhat different results.
These workers found that upon irradiation with 1.35-Mev electrons
the increase in resistivity observed experimentally agrees with that
calculated theoretically within a factor of two provided Blatt’s numbers
are used for the resistivity increment per per cent defect (see Table
3.4). From preliminary annealing ¢xperiments, however, it appears
that Blatt’s value is too low while that calculated by Qverhauser and
Gorman is too high. It was assumed here that all the interstitials
anneal out below 80° K. Thus, while it is likely that the simple
defects formed by electron irradiation conform to theory better than
those produced by massive particles, the question is by no means
resolved at the present time.

B. Graphile

Antal, Weiss and Dicnes (29) used the scattering of very slow
neutrons by interstitials and vacancies to determine the defect con-
centration. This technique is limited to materials of low neutron cap-
ture cross section. Detailed experimental studies have been carried
out on graphite. Neutrons of sufficiently long wavelength are
scattered isotropically by isolated point defects, and the scattering
can be measured when crystalline effects (Bragg scattering) are
absent. Babinet’s principle may be applied under such conditions
and, therefore, vacancies and interstitials scatter in exactly the same
manner. The cross section for this nuclear type of scattering is
accurately known from other measurements. Thus, if the scattering
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from the defects is measurable, an absolute method is at hand for
determining their concentration. While the physics of the situation
is quite analogous to the scattering of conduction electrons by defects
in metals, the great advantage of the neutron technique is the accu
rate knowledge of the corresponding nuclear cross sections.

Let slow neutrons in the wavelength region of several Ang-
stroms, i.e., the energy region of 0.001 ev, be incident on a crystal.
For such low-energy neutrons the solution of Schrédinger’s equation is
the sum of an incident plane wave and a radially scattered wave
from each nucleus. The scattered radiation at unit distance, for unit
incident intensity, is

Y = %3 ae™ (3.4)

where k = k’ — k; = wave number difference, r, = vector distance
between origin and pth scatterer in the crystal, and a is the scattering
length.

Let a monatomic crystal contain m point scatterers per unit
volume in the form of interstitial atoms and vacant lattice sites and
a total of NV atoms per unit volume. The scattering is then described
by

N m
v= 2 ae®" + 3 ae™w (3.5)
i=1 i=1

where the first term is the sum over the perfect crystal and the second
one is that over the defects. In the second term a; = +a for inter-
stitial atoms and —a for vacancies.

For wavelength beyond the Bragg cut-off, the first term is zero.
The intensity scattered is then the square of the second term, and
for random location of defects cross terms in this square may be
omitted. The resulting total cross section is

¢ = 4dwma? (3.6)
The cross section per atoms is

gs = o/N = drwa’m/N = 4Ara*f 3-7

where f is the atomic fraction of scatterers in the material and o, is
the cross section for scattering by defects alone. The scattering
process is fully described, therefore, by 4xa? which is the scattering
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cross section, gy, for the atoms of the crystal. It should be noted
that distortion around the defects has been neglected in this deriva-
tion. This point is discussed later in evaluating the accuracy of the
experiments.

It is not practical to attempt to measure directly the isotropi-
cally scattered neutron intensity. Instead, the attenuation of a
long-wavelength neutron beam during its passage through the material
is measured in a transmission experiment. There are other sources of
attenuation which have to be taken into account and whose cross
sections should be small compared to the cross section for defect
scatterings.

In the absence of defects and past the last Bragg cut-off (A >
2d,q2), the transmitted intensity, I, is given by

I, = Iyexp [-NX(o, + o: + 0ass)] (3-8)

where I, = incident intensity, /N = number of nuclei per cm3, X =
path length traversed through the sample, o, = cross section for ab-
sorption, o, = cross section for inelastic scattering, and o4 =
cross section for disorder scattering other than defects (isotopic,
spin, etc.).

If m defects are present the transmitted intensity, I, is

I, = I exp [_NX(Ua + o, + gas + a'bf)] (3'9)

A direct comparison of a crystal containing a fraction, f, of
defects to a control crystal gives

I/, = e~ N2/ (3-10)

Measurement of the ratio I,/I, immediately gives then a value for f.
Graphite was chosen for study because of inherent interest in
this material and because it fulfilled very well the theoretical and
experimental requirements. Samples were available which were
estimated to contain of the order of a few per cent defects. This
concentration should be easily measurable. For graphite

oy = 4.7 barns
s + o>~ 0.9 barn at 8 A

and there is no spin or isotopic incoherence. The graphite specimen
served also as a neutron filter, which resulted in a most economical
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use of the very low intensity available in a long-wavelength neutron
beam.

The slow-neutron beam was obtained from the Brookhaven
reactor by filtering the thermal-neutron spectrum. This spectrum ob
flux has a Maxwellian energy distribution peaked near I A. 1If a
polycrystalline material of sufficient length is placed in such a beam,
Bragg scattering removes all neutrons from the incident beam except
those having A > 2dp4;, wWhere d,,. is the largest interplanar spacing
for which diffraction is possible. In these experiments the graphite
specimens were made long enough (approximately 9 inches) to con-
stitute efficient filters by themselves. A typical spectrum of the
neutrons transmitted by a 9-inch graphite specimen is shown on
Figure 3.3 as the “unirradiated” curve. The “cut-off” wavelength
is clearly marked by an abrupt increase in transmitted intensity
at A = 2(1(002) = 670 A

In order to avoid spurious effects due to the increase in the c-
axis of graphite upon pile irradiation, a plot of transmitted intensity
vs wavelength was obtained using a crystal spectrometer. Any
irrelevant change in intensity could then be disregarded and the
transmitted intensity obtained by measuring the area under the curves
for A > 7.30 A (see Figure 3.3). The beam intensity is too weak, to
be used past 12 A. Care was taken to accept all small-angle-scattered
neutrons, thus eliminating effects of small particle size in the sample.

Several spectra were obtained from the spectrometer for the
irradiated and standard (unirradiated) specimen run alternately and
averaged. Figure 3.3 shows the results. The areas under each
curve give

I, /I, = 0.607
The estimated accuracy of this figure is about +£109],. By equation
3-10, f = 0.0526. The fraction of displaced atoms is /2 = 0.0263.

The f value obtained by the above method may now be com-
pared to the number of displaced atoms expected theoretically using
equation 2-27. For 1-Mev neutrons in graphite, using £, = 25 ev
and E; = 104 ev, equation‘2-27 gives for the number os atoms dis-
placed per 1-Mev neutron*

*Table 2.3 of Chapter 2 gave 7 = 900. This large value arose from the

value of G calculated by Hurwitz and Clark, whereas 7 = 200 comes from

using E; = 10¢ ev (equation 2-2). At present it is not certain which
value is more reliable.
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7 = 200

The fraction of displaced atoms which corresponds to 1.1 X 10% nvt
(neutrons per cm?) of 1-Mev neutronst is, therefore, 0.055 or 5.59,
using for a,, the collision cross section for the carbon atom, the value
2.5 X 10~2¢e¢m?  This value is an overestimate because the effective
neutrons were assumed to be of 1-Mev energy. Further, the value of
E. is rather uncertain (equation 2-2 of Section 2.2 was used to estimate
E). The number to be used for nvt is rather uncertain since the fast
flux and its energy distribution are not known with any accuracy.
Our best estimate of the effective nvt for the graphite sample used in
these experiments is 1.1 X 102 neutrons/em? (total integrated neu-
tron flux of about 5 X 102°n/cm?). The uncertainty in this number
is of the order of 507%,.

The experimentally determined value of f is known, therefore,
with greater accuracy than any theoretically derived value, partly

t The expression nvt is frequently used to specify neutron irradiation
exposures, which is to say, integrated neutron flux densities. In this n means
the density of neutrons in and near the sample (neutrons per cubic em), v
is their mean velocity (cm per second), and { is the time of exposure (sec-
onds). nv is thus the neutron flux density (neutrons per cm? per sec),
which has previously been denoted by ¢ (see section 2.4 of Chapter 2).
If nv is the flux density of all neutrons, slow and fast, the number expressing
the exposure should be labelled nvt (total); if nv is the flux density of the
slow or fast component alone, the labelling should be nvt (slow) or nvt
(fast), respectively. It may be noted that the integrated flux density is
the number of neutrons of the specified type (fast, total, etc.) that traverse
an imaginary sphere of cross sectional area one cm? (radius 1/7~ /4 ¢m) in
the sample during the bombardment. It is not the number which cross a
flat surface of area 1 cm?, but in the usual case of isotropic flux is twice
the latter number, as can be seen by elementary integrations. The reason
for specifying an exposure as, say, 10® neutrons/cm? nvt (total), instead of
simply 102! neutrons/cm? (total) is to preserve this distinction. When an
exposure is known only to order-of magnitude precision, the distinction can
be ignored.

In some cases, exposures have been reported in megawatt-days per
adjacent ton of uranium (MWD/T'). This unit is defined as the irradiation
exposure received by the sample during the period required for the (2000-1b)
ton of uranium metal in the immediate vicinity of the sample to generate
one megawatt-day of fission heat. For irradiations in cooled test holes at
Hanford, 1 MWD/T of exposure is considered to involve an integrated
neutron flux density of 6.5 X 10!7 neutrons/cm? nvt (total). Other con-
version factors apply to other facilities.
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because of uncertainties in the value of nvt. Consequently, the
theory itself cannot be judged too critically. The fraction of dis-
placed atoms determined experimentally by this method is in good
agreement with the theory within the limitations mentioned aboyg.

The value of f determined in these experiments may be in error.
One reason is that if the defects are aggregated into pairs or larger
clusters their scattering will not be equivalent to those of isolated
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Figure 3.3 Slow-neutron intensity transmitted by an irradiated and unirradi-
ated graphite specimen. For clarity, only a typical group of experimental points
have been reproduced along one curve to indicate their number and spread.
Only intensities to the right of the vertical line at 7.30 A were considered in
computing I; and I; (from reference 29).

interstitials and vacancies. Another reason is that the inelastic cross
section may be altered by the irradiation. It has been assumed that
this effect is unimportant. It has also been assumed that there is
negligible inhomogeneous distortion (i.e., distortion rather than just
displacement of the graphite planes) in the neighborhood of the defect.
An outward inhomogeneous distortion around the interstitial can be
shown to reduce the effective cross section of the interstitial (a similar
distortion would increase the cross section of the vacancy). Theoreti-
cal estimates of this correction are at present unreliable, but it is
probably not greater than 20 per cent. In principle the occurrence
of pairs is detectable by examining the wavelength dependence of the
attenuation. These preliminary experiments are not sufficiently
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accurate past 9 A to establish the existence of a wavelength depend-
ence. The fact that no wavelength dependence which would be
outside experimental error is observable indicates that only a small
fraction of the displaced atoms may be present in the form of pairs.
More refined experiments will be necessary to establish this point
definitely.

Some annealing undoubtedly has occurred during irradiation
near room temperature since it is known that about one-third of the
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Figure 3.4 Electrical properties of graphite after bombardment (from reference
31).
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damage introduced at about —190° C anneals out in warming to
room temperature (30). Because of all these uncertainties one can-
not claim a better agreement between theory and experiment than
within a factor of two or three. Because of annealing one expects the
experimental value to be smaller than the theoretical one.

Changes in electrical properties can also be used to determine
the fraction of defects, or rather the fraction of electron traps (31).
Typical experimental curves as a function of reactor cxposure are
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shown in Figure 3.4. The damage centers are both electron traps
and electron scatterers.

Changes in electrical properties must be separated into contri-
butions from each of these two effects. Electron traps actualby
increase the number of carriers by lowering the Fermi energy to a
region of higher density of states, as indicated by the Hall coefficient
data. The electrical resistance nevertheless increases upon irradia-
tion because of the large increase in scattering probability. The
magnetoresistance, which probably changes as the inverse square of
the scattering probability, decreases very rapidly with increasing
bombardment. The magnetic susceptibility of graphite is highly
diamagnetic due to the presence of electrons near the edge of the
Brillouin zone. Since these electrons are trapped upon irradiation
the diamagnetism decreases rapidly as a function of irradiation.
The magnetic susceptibility is nearly independent of the scattering
probability.

A theoretical derivation of the number of displaced atoms from
the above property changes is difficult. Fortunately, the concentra-
tion of electron traps in irradiated graphite can be determined inde-
pendently (32,33) by comparing the irradiated material to unirradi-
ated graphite into which known amounts of electron traps have been
introduced as chemical impurities. These chemical traps do not
materially change the electron scattering. By this method the elec-
tron trap concentration in graphite is found to be 10~* traps per car-
bon atom for a bombardment of 5 X 10" nvt. (integrated slow-neu-
tron flux). This value differs by less than a factor of two from the
theoretically expected total number of atoms displaced.

There has been some success recently in calculating directly the
number of trapped electrons from changes in magnetic susceptibility
(34,35). A value of 1.4 X 10—* electrons trapped per carbon atom
is obtained after a bombardment of 1.7 X 10" nvt of fast neutrons.
This value is in good agreement with the figure quoted above, which
was determined by the use of bromine-graphite residue compounds.
Similar calculations based on radiation-induced changes in the Hall
coefficient appear to be far less successful (36). A value of 10—°
electron traps per carbon atom is derived for a neutron irradiation of
5 X 107 nvt of integrated slow-neutron flux. This value is a factor
of 10 below that obtained by a number of different methods described
earlier. The number of traps produced by neutron bombardment
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still has to be converted into the number of displaced atoms. Un-
fortunately, the number of electron traps per displaced atom is not
known with any accuracy. It is likely that the number of traps per
interstitial plus vacancy, i.e., per displaced atom, is near two (31).
With this value, generally satisfactory agreement is observed among
the determinations of the number of displaced atoms based on neu-
tron transmission and those based on changes in electronic properties
(with the exception of the theoretical change in Hall coefficient).

One can also estimate the number of displaced atoms from
measurements of stored energy. The heat content of a sample is
raised by the production of interstitials and vacancies. If their
energies of formation are known their concentration is immediately
calculable from total stored energy values, determined calorimetri-
cally as an increase in the heat of combustion. A value for the stored
cnergy of 100 cal/gm for an irradiation at room temperature of 102
total integrated neutron flux appears to be representative (37).
Dienes (38) has calculated theoretically the energy of formation of an
interstitial and a vacancy in graphite and obtained the values 420
keal/mole and 120 keal/mole, respectively. Ilennig (39) has pointed
out that some of the attractive terms were neglected unjustifiably
in the Van der Waals potential employed in the interstitial calcula-
tion. For the interstitial 320 kcal/mole is a better value, giving
440 kcal/mole of displaced atoms. Use of this figure leads to 0.27%
displaced atoms per 102° nvt of total flux. The neutron transmission
experiments, which gave a value of 2.69, were carried out on samples
which had received 1.1 X 102° nvt of fast neutrons, or about 5 X 102
nvt of total integrated neutron flux. The corresponding value from
stored energy is, therefore, 1.35%. The agreement is not too bad,
particularly if it is recalled that the irradiations were not carried out
in the same reactor or on the same samples.

There is also evidence of a higher damage rate at liquid-nitrogen
than at room temperature (30,40). The extra damage anneals out
below room temperature. The amount of energy stored below room
temperature is about the same as that stored above (40) and, therefore,
the number of displaced atoms calculated from this measurement
should be approximately doubled. However, corresponding neutron
transmission experiments are not yet available, and it is impossible
at this point to say whether some of the defects have annealed out
or found energetically more favorable places in the lattice.
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The various experiments on graphite are summarized in Table
3.5 and compared with theory. The conclusion from this table is
that the various experimnental methods agree quite well among them-
selves, well within the large uncertainties in the flux. The only
exception is the value derived from a theoretical analysis of Hall
coefficient measurements; this value is unreasonably low. The
experiments also agree quite well with theory, although the theory
cannot be judged too critically because of large uncertainties both

Table 3.5. Number of displaced atoms produced in graphite by reactor irradia-

tion
Per cent of displaced atoms
Per
cent of
Elec- Mag- displaced
Neu- tronic netic atoms
tron  proper-  suscepti- Hall Stored per
trans-  ties + bility coefl. energy 102
Exposure  The- mis- chem. + + + nvt
in nvt ory® sion traps® theory’?  theory® theory” total
1 X 10® fast 5.0 1.11
or ~4.5 X .
10% total
1.1 X 10% fast 2.6 0.52
or ~5 X
10% total
5 X 10" total 5X1073 1.0
1.7 X 10" fast 7X1073 0.93
or ~7.5 ¥
10" total
5 X 10% total 5X 102 .10
10 total® 0.27 .27
(room
temp)
102 total® ~0.50 ~0.50
(liquid ni-
trogen tem- '
perature)

¢ Calculated using 1 Mev for neutron energy.

® Assuming two trapped electrons per displaced atom.
¢ Using 440 kcal per mole of displaced atoms.

4 From initial rise of stored energy with exposure,
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in the theory and in the exposures. The agreement, which is of the
order of a factor of two, is considerably better than in the case of
metals. The results suggest that the simple collision theory is
reasonably adequate for a material like graphite and that E; is not
spread out over a wide range of values.

C. Semiconductors

The electrical properties of semiconductors are generally very
sensitive to bombardment with energetic particles that produce dis-
placed atoms in the crystal (5,41). The reason is that the concentra-
tion of charge carriers is extremely small in a semiconductor and the
introduction of a very few traps or donors can lead to very large
changes in the carrier concentration.

It is now generally agreed that in specimens of n-type germanium
of high conductivity (42,43) the displaced atoms introduce acceptor
levels, at least initially, that are sufficiently low for electrons to be
removed from the conduction band. In the early stages of irradiation
the Fermi level remains almost unaltered and the decrease in number
of carriers is directly proportional to the increase in the number of
acceptor levels. At higher irradiations the Fermi level drops and the
situation is far more complex (43). Eventually the sample becomes
p-type. The initial rate of loss of conductivity of n-type Ge should
give a good measure of the rate of production of displaced atoms.

Klontz’s work (6,44) carried out at liquid nitrogen temperature
on 0.35 mm thick samples showed that in n-type germanium bombard-
ment with 1.5 Mev electrons results in the loss of 0.065 carriers per
bombarding clectron. Similar experiments with 4.5 Mev electrons
gave 6.15 times more damage. Recent work with neutron bombard-
ment (45) shows that two types of electron traps are produced by both
electron and neutron bombardment. This is compatible with the
model suggested by James and Lark-Horovitz (42) provided two
traps are associated with each Frenkel pair. This means that two
acceptors are produced per displacement. On this basis the above
experiments give 0.032 displacements per electron at 1.5 Mev and
0.196 displacements per electron at 4.5 Mev. The corresponding
theoretical values (24) are 0.06 and 0.156, respectively. The calcula-
tions were made using E; = 30 ev and equations 3-11 through 3-14
given below.
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In the case of bombardment with fast electrons, relativistic
formulas have to be used. The range of charged particles becomes
nearly proportional to the energy in the relativistic region. Below
2.5 Mev the range of electrons satisfies the relation (46)

R(mg/cm?) = 412 E\1205 — 00934 In B) (3-11)
where E isin Mev. Above 2.5 Mev the linear relation
R(mg/cm?) = 530 E — 106 (3-12)

becomes satisfactory. A convenient approaimation may be used
for specimens thin enough so that E remains larger than the threshold
value E;. In this case, the cross section may be expressed as

o(R) = o(R) (R — R")/(Ry — R) (3-13)

where o(R) is the cross section when the range is R, R is the initial
range and o(R,) the corresponding cross section for the incident parti-
cles of energy E;. R’ is to be adjusted to give the best fit of the o4(E)
curve over the range of interest. Whenever equation (3-13) is valid
the number of primary atoms displaced per electron can be calculated
from

R + Ry, — 2R’]

Ry :
n = no fm o(R) dR = no o(Ry) (R — Ro) [—20?—7?7)—

(3-14)

where R, is the residual range afler penetration, so that R, — R is
the thickness.

Brown, Fletcher and Wright (47) bombarded Ge with 3-Mev
electrons at room temperature. They found a cross section of 30 X
1024 ¢m? for the production of traps. This corresponds to 0.106 dis-
placements per electron in their samples (!/i-inch thick), assuming
two traps per displacement. The corresponding theoretical figure is
about a factor of four bigger (24), 0.424 displacements per electron
(using 30 ev for E;). However, in this case some annealing has
occurred (47).

Similar results are obtained from alpha-particle bombardments
at room temperature. Brattain and Pearson (48) bombarded layers
of n-type Ge with 5.3-Mev alpha particles which were stopped in the
specimens. They found that each alpha particle introduces about
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78 acceptors or 39 displaced atoms. Lark-Horovitz and colleagues
obtained a value of 95 acceptors (47 displaced atoms) under similar
conditions (43). The corresponding theoretical value (24) is 123
displaced atoms per alpha particle. Again, some annealing has
undoubtedly occurred. A similar result is obtained upon deuteron
bombardment (9.5 Mev) at 200° K (43). The calculated (24)
number of displaced atoms per incident deuteron is found to be 31
and the experimentally observed value is 8 (17 acceptors).

For neutron bombardment at liquid nitrogen temperature (45)
an average of 5 acceptor levels per unit of fast effective nvt was found.
This corresponds to about 2.5 displaced atoms per fast necutron.
The theoretical values are higher by about a factor of six. The
discrepancy may actually be larger than this since some of the
resistivity change may be due to changes in mobility (49).

The above results for semiconductors are summarized in Table
3.6. The conclusion from this table is that the agreement between
theory and experiment is about the same as in the case of metals

Table 3.6. Number of displaced atoms produced in germanium by various irradi-

ations®
Experimental Theoretical
value for value for
number of number of
Experimental displaced displaced Refer-
technique atoms, N, atoms, N, N, /N,  ence
1.5-Mev electrons  0.032 per incident 0.06 per incident 2.3 6,44,21
at 90° K electron electron
4.5-Mev electrons  0.196 per incident 0.156 per incident 0.8 6,41,24
at 90° K electron electron
3-Mev electronsat  0.106 per incident 0.424 per incident 4.0 47,24
25° C electron electron
5.3-Mev a at 25° 39 per incident 123 per incident 3.1 48,24
C alpha particle alpha particle
5-Mev a at 25° C 47 per incident 123 per incident 2.6 43,24
alpha particle alpha particle
9.5-Mev deuteron 8 per incident deu- 31 per incident deu- 3.9 43,24
at 200° K teron teron
Neutron bombard- 2.5 per incident 15 per incident 6.0 45,49

ment at 90° K

fast neutron

fast neutron

%Two acceptors per displaced atom are assumed throughout (estimates,
therefore, differ by a factor of 2 from those in ref. 24).
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and is not as good as in the case of graphite, particularly for neutron
bombardment. The number of displaced atoms is apparently over-
estimated theoretically.

D. Corundum and Fused Silica

It is attractive to study the number and nature of displaced
atoms produced by fast-particle bombardment by means of changes
in optical properties, ¢.g., color centers, trapping centers, etc. The
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Figure 3.5 Optical absorption bands induced by reactor and gamma-ray
irradiation in AL;Q;. All these measurements were made with the Beckman DU
spectrophotometer. The optical density scale for y-coloration has been multi-
plied by 10 (from reference 50).

optical methods are generally very sensitive and can be rendered
absolute by independent measurement of the oscillator strength
involved in any given absorption band. In order to use such methods,
however, it is necessary to separate unequivocally the effects due to
displaced atoms from those produced by ionizing radiation. Such a
separation of displacement and ionizing effects is difficult, particularly
in the case of the otherwise very attractive simple ionic crystals.

A clear-cut separation of the two effects has been reported by
Levy and Dienes (50,51) for alpha aluminum oxide (Al;0;). This
material turns out to be very resistant to coloration by ionizing
radiation and the slight coloration due to such radiation saturates
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at a very low exposure. Upon reactor irradiation a-Al;0; was found
to show two optical absorption bands in the 2000-8000 A region,
one at approximately 2040 A and one at 2600 A (there appears to be
an additional band at 1650 A which has not yet been studied).
Typical experimental data are shown in Figure 3.5. The neutron
irradiations were carried out in the same pneumatic tube facility at
the Brookhaven reactor with flux constant to 109, and at a tempera-
ture of 100 = 5° C. The optical absorption spectrum is independent
of any further exposure to ionizing radiation.

The growth of the absorption bands as a function of irradiation
was studied. It was found that the growth may be resolved into a
linear part and an initial part which saturates exponentially. The
linear part is interpreted as due to the steady rate of production of
defects by fast neutrons. Theory and experiment may now be com-
pared in terms of this steady rate of defect production.

The theoretically expected number can be calculated from equa-
tion 2-27. For AlO; the following numbers were used: E; = 3.72
X 10t ev (I = 8 ev), M; = 20.4 (average atomic mass), E; = 25 ev.
With these numbers equation 2-27 gives

7 = T44

The number of nuclei per cm3 is 1.2 X 10% and the average cross
section for primary neutron collision in the neighborhood of 1 Mev is
3 barns. The calculation was made for a sample that was exposed
in a flux of 2.8 X 102 nv total corresponding to a fast flux of about
0.7 X 102 nv. Under these conditions the expected rate of produc-
tion is

n = 6.6 X 107 displaced atoms per cm? per hour

The number of color centers times the oscillator strength, nof, was
calculated from the optical absorption band at 2040 A using the
measured half-width and Smakula’s equation (52,53). The corre-
sponding number is

nof = 6.0 X 10% color centers per cm?® per hour

It is evident that no can be made equal to n if the oscillator strength,
f, is chosen to be 0.011. This is an unreasonable value. A value of
0.2 for f was deduced by Crawford and Wittels (54) from a compari-
son of optical absorption bands and magnetic susceptibility in vitre-
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ous SiO, colored by reactor irradiation. If f is taken to be 0.1, a
reasonable value, the number of color centers is less than the theo-
retically expected number of displaced atoms by a factor of 10.
Further work is needed before this discrepancy can be interpreted®

Early experiments by Levy (55) and more detailed experiments
by Mitchell and Paige (56) have shown that similar results obtain
in the case of crystalline and vitreous silica. In crystalline quartz
two absorption bands have been found, at 5.7 and 7.6 ev respectively,
and these are associated with atomic displacements. The bands
occur at about the same energies in fused quartz indicating that the
short range atomic arrangement determines the energy of the transi-
tion. Mitchell and Paige (56) suggest that the defects are responsible
for the 5.7 and 7.6 ev bands and oxygen vacancies and interstitials,
respectively. A comparison with collision theory calculation shows
that the lower limits to the oscillator strengths are 0.05 (5.7 ev band)
and 0.2 (7.6 ev band). Thus, the results are qualitatively similar to
those for aluminum oxide; i.e., agreement with collision theory calls
for very low values of the oscillator strength.

Various experimental and theoretical methods have been de-
scribed in this section for determining the concentration of displaced
atoms produced by exposure to fast neutrons in a nuclear, reactor.
It is concluded that theory and experiment are in essential agreement
in the case of graphite (i.e., within about a factor of two). For other
types of solids the number of displaced atoms appears to be over-
estimated theoretically and agreement with experiment can be
claimed only within an order of magnitude. It is not possible to
decide at this time whether the discrepancies are caused by in-
adequacies in the theory of displacement production or in theories
linking changes in physical properties to the concentration of lattice
defects.

3.4 Order-Disorder Systems

Order-disorder alloys are generally sensitive to fast-particle
irradiation, and are, therefore, very suitable for studies of radiation
effects. These alloys differ from random alloys and from pure metals
in two important respects:

() Changes that result from displaced atoms may be observed
even after the displaced atoms have returned to lattice sites, since
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they are expected to return in a random manner and leave the degree
of order altered. Similarly, any radiation-induced exchange of atoms,
a process unobservable in a pure metal or random alloy, leads to an
altered degree of order.

(b) Several physical properties of these alloys are very sensitive
1o the state of order, and quantitative studies of radiation effects are
rather easily carried out. Some of these studies, as they relate to
thermal spikes and replacement collisions, are discussed in this
section.

A. Disordering Experiments

It has been found in general that radiation produces atomic re-
arrangements in metals that are more extensive than can be accounted
for by displaced atoms alone. Early observations by Siegel (57) on
the disordering of AuCu; indicated quite clearly that the number of
displaced atoms was insufficient to account for the amount of dis-
ordering observed upon neutron irradiation by about an order of
magnitude. Cook and Cushing’s data (58) led to the same con-
clusion.

Quantitative experiments were carried out by Aronin (59) on the
disordering of MnNi; by fast-neutron bombardment. He found
that about 5000 atoms are disordered per fast-neutron collision
(neutron energy over 0.5 Mev) while only about 1300 displacements
could have been produced. Similar results have been obtained by
Brinkman, Dixon and Meechan (60,61) for AuCu; using 9-Mev
protons and 33-Mev alphas for bombardment. The number of
disordered atoms per primary was found to be about a factor of 10
higher than the calculated number of displaced atoms per primary.

B. Thermal Spikes and Replacement Collisions

Several theoretical models have been proposed to account for
these large disordering effects. The two most important ones are
thermal spikes and replacement collisions. These already have been
treated theoretically in Chapter 2, and only their comparison with
experiment will be covered here.

A detailed calculation of the rate of disordering induced by
thermal spikes is difficult. Seitz and Koehler (24) take the thermal
spike as made up of separate spikes of 50 ev each for the disordering
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of AuCu; by deuterons and conclude that the number of disordered
atoms per deuteron is about 10. This is much smaller than the 125
observed experimentally. They conclude that it seems unlikely
that the thermal spike mechanism can account for the observed dig-
ordering. As an alternative Seitz (24,62) suggested that the irreversi-
ble plastic strain, which originates in thermal stesses about thermal or
displacement spikes, is the source of the disorder.

An alternative interpretation of these experiments has been
suggested by Kinchin and Pease (63,64) in terms of replacement
collisions. These are the collisions in which a moving atom that does
not have enough energy to cause displacement, has enough energy
to substitute for an atom and push it into an interstitial position.
Kinchin and Pease show that for a reasonable choice of the energy
parameters the number of replacement collisions can become large
enough to explain Aronin’s (59) experimental results on the disorder-
ing of MnNi;. However, in order to account for the experimental
results on AuCugs a rather low value has to be assumed for the thresh-
old energy of a replacement collision.

C. Phase Reversal and Thermal Spikes

The above experiments apparently do not lead to a clear-cut
decision as to the existence of thermal or displacement spikes. The
best evidence for the existence of such irradation effects has come
from irradiation studies of the uranium-molybdenum system. The
first studies were reported by Konobeevsky and coworkers (65) who
found that reactor irradiation dispersed the precipitated phases in
the stable two-phase system of a U-99, Mo alloy and rendered the alloy
homogeneous. The metastable single-phase alloy showed no pre-
cipitation.

A much more detailed study has been carried out by Bleiberg,
Jones and Lustman (66) on phase changes in reactor irradiated
uranium alloys. These workers studied U-9, —10.5 and —13.5%,
Mo (by weight) and U-109,Nb (by weight) alloys which were irradi-
ated at maximum temperatures less than 200° C. They measured
changes in electrical resistivity, temperature coefficient of resistivity,
hardness, density and x-ray diffraction patterns. It was found that
the phases stable at room temperature reverted to the metastable
gamma phase during irradiation, in full agreement with Konobeevsky’s
early observations. The x-ray results, particularly the line-broaden-
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ing studies, showed clearly that essentially complete homogenization
had taken place. The irradiation was, therefore, effective in causing
phase reversion as well as in eliminating the concentration gradient
which existed in the stable two-phase system.

It would be very difficult to explain these results on the basis
of replacement collisions, because a very large number of them would
be required. A far more satisfactory explanation is found in thermal
or displacement spikes, and this is the way that Bleiberg, Jones and
Lustman (66) interpreted their results. They have considered
spike-induced diffusion according to the model discussed in section
2.6C of Chapter 2, assuming six spikes per fission, with each spike
homogenizing a region 1.5 X 10—% cm on a side. This spike contains
about 1.7 X 105 atoms. The above experiments and their interpreta-
tion furnish strong support for the existence of thermal or displace-
ment spikes. It appears that cither thermal or displacement spikes
can explain the results; no obvious differentiation between the two is
apparent.

The conditions under which thermal or displacement spikes are
effective are not yet entirely clear. For example, Tucker and Senio
(67) investigated the U-29%,Cr system both in the - and g-phases
(transformation temperature = 640° C). They reasoned that heated
or melted zones corresponding to the spikes would cause an alloy
initially in the a-phase to transform to the g-phase as a result of
rapid quenching. X-ray diffraction patterns of the irradiated sam-
ples (irradiated up to about 10 nvt) showed no cvidence of g-phase
in the initially a-phase specimens or a-phase in the initially 8-phase
material. In this case apparently the duration of a spike is not
sufficient to initiate the transformation.
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CHAPTER 4

Nature and Properties of the Defects

4.1 Introduction

In most of the discussion so far it has been assumed that the
interstitials and vacancies produced by fast-particle irradiation are
distributed at random in the solid. The order-of-magnitude agree-
ment between theory and experiment outlined in the previous
chapter indicates that this assumption is not too bad as a first approxi-
mation. However, since the mean free path of a knock-on is gener-
ally considerably less than that of a fast bombarding particle, the
displaced atoms are expected to be produced in a rather small volume
around each primary collision. The primary collisions themselves
are distributed at random if the sample is sufficiently thin; they are
concentrated in surface layers if the sample is thick compared with a
mean free path. For fast neutrons the mean free path is of the order
of 10 cm. The end result of this process is that there is some cluster-
ing of the defects at the time of their production. The associated
thermal spikes may act in the opposite direction and tend to disperse
the clusters. In any given situation it is not yet possible to estimate
the fraction of isolated and clustered defects.

In this chapter the physical property changes expected from the
presence of isolated defects are discussed. Not enough is known
about clusters of defects to extend the discussion to them. Simple
clusters of defects, namely pairs, have been studied some in the last
few years, mainly theoretically. This work is discussed below.

Seitz (1) suggested ‘that, as in the case of salts (2,3), vacancies
in metals will tend to associate in pairs, and that the migration
of such a pair may require a lower activation energy than that of an
isolated vacancy. The first theoretical estimate for metals was
carried out by Bartlett and Dienes (4) who showed, on the basis of
a very simple model, that the dissociation energy of a pair of vacancies

on
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in copper is between 0.23 and 0.59 ev. They also showed, using
a Morse function for the interatomic potential, that the activation
energy for the motion of a double vacancy through any face-centered-
cubic metal crystal is about one-half that for a single vacancy. A
more refined calculation by Seeger and Bross (5) gave 0.3 ev for the
dissociation energy of a pair of vacancies in the noble metals.

The nature of the long-range interaction between defects has
been investigated by various workers (6,7,8). The picture is far
from complete at the present stage, but there are good arguments for
believing that two vacancies are attracled to one another at large
separations, probably with a potential proportional to the inverse
sixth power of the separation. In the case of two interstitials or a
vacancy and an interstitial, and for all pairs at intermediate distances,
the net interaction is uncertain. A further discussion of these matters
will be found in section 5.2 of Chapter 5.

Some experimental evidence for the existence and the high
mobility of pairs of vacancies has appeared very recently. Li and
Nowick (9) suggest that the high mobility defect is the divacancy in
their experiments on quenched and neutron irradiated Cu-Al alloy
and in the experiments of Kauffman and Koehler (10) on quenched
gold. Letaw (11) suggests, in a dctailed examination of the nature
and mobility of thermal acceptors in germanium, that the first step
in the annealing of cxcess thermal acceptors is the formation of di-
vacancies. He further suggests that, at low temperatures, the second
annealing step may be the migration of divacancies to the surface or
their aggregation into larger clustlers.

4.2 Point Defects and Changes in Physical Properties

One of the most important aspects of research in the field of
radiation effects is the determination, both experimentally and
theoretically, of the relation between the defects introduced by
radiation and the associated changes in physical properties. Such
investigations are also of general importance in modern solid-state
physics, which is increasingly concerned with the properties of
imperfect crystals (12). Fast-particle irradiation is a new technique
that permits one to introduce a relatively large number of defects
into crystals under reasonably well controlled conditions. It is clear,
however, from the previous section that it is premature to expect that
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the relations between imperfections and physical properties can be
described quantitatively. Not enough is known either about crystal
defects or about the physical properties themselves to accomplish
this except in a very few cases. The exceptions have already been
treated in the previous chapter in connection with the quantitative
measurement of the number of displaced atoms. In this section
illustrative and representative examples will be given of this field of
research. The coverage is not intended to be exhaustive.

A. Eleclrical Properties

Changes in electrical properties are easily measured with high
precision at almost any desired temperature. This physical property
has been used a great deal for studying radiation effects. Changes in
electrical properties due to the introduction of defects arise from
either changes in the number or in the mobility of the current carriers
or both. Some illustrative examples are discussed in the following
paragraphs.

(@) Melals. Changes in the electrical resistivity of irradiated
metals have already been discussed in the previous chapter since
they form the basis of one of the quantitative comparisons between
theory and experiment. Suffice it to say that in good metallic con-
ductors an increase in resistivity is observed upon fast-particle
irradiation. This increase in resistivity is primarily an increase in
the residual resistivity, although some changes in the thermal part
of the resistivity have been observed (13). Since the number of
conduction electrons is not altered to any significant extent in a good
metallic conductor by the introduction of a very low concentration of
defects, the increase in resistivity must be ascribed to the scattering
of conduction electrons by the defects. The difficulties of determining
the proportionality constant relating the increase in residual resistivity
to the concentration of defects have been dealt with fully in the pre-
ceding chapter.

Order-disorder alloys, should be mentioned briefly since they
show very large changes in resistivity upon irradiation (14,15,16,17).
In these cases the change in resistivity comes from the change in de-
gree of long-range order and not directly from introduction of defects.

() Semiconductors. Semiconductors represent the opposite
case to that of the good metallic conductors insofar as they have only a
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very small number of conduction electrons. In these materials,
therefore, very large changes in electrical properties can be expected
upon irradiation if the defects can serve as trapping centers for the
current carriers. This is indeed the case, as many studies have shown
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Figure 4.1 Conductivity vs flux density curves for an initially p-type and an
initinlly n-type sample. Irradiation by 9.6-Mev deuterons at 200°K (from
reference 20).

(18,19,20,21). Many of the quantitative measurements have already
been discussed in the preceding chapter.

Typical resistivity data for deuteron-irradiated germanium are
shown in Figure 4.1 taken from a recent article by Fan and Lark-
Horovitz (20). Similar results are obtained upon neutron irradiation.
The results may be described as follows. Bombardment of n-type
Ge results in a decrease of conductivity, initially at a uniform rate.
On further irradiation a minimum is reached, followed by an increase
in the conductivity. Hall-coefficient measurements prove that near
the conductivity minimum the sample has been converted to a p-type
semiconductor. Bombardment of a p-type Ge sample leads generally
to a steady increase in conductivity, with the rate of increase decreas-
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ing monotonically, although decreases in conductivity had been ob-
served in bombarded high-conductivity p-type Ge as shown in Figure
4.1, Thus, at high hole concentrations the introduction of donors is
apparently of importance. .

These results can be interpreted qualitatively on the basis of’
a very simple model, although full quantitative interpretation calls
for a complex and intricate picture (20). Only the simple model is
described here, based on the production of isolated vacant lattice sites
and interstitial atoms by the radiation. If one assumes that the
vacancies and interstitials act like substitutions from the next columns
of the period system, then vacancies produce empty acceptor states
above the full band and interstitials produce donor states below the
conduction band. If these were produced in the same way as in chemi-
cal substitution, and if they were equal in number, there would be no
change in conductivity since they would cancel each other. In the
case of chemical impurities, the jonization energics are so small that
practically all donors and acceptors are ionized at room temperature.
The ionization energies of irradiation defects, however, are distributed
over a wide range of energies. In germanium acceptors appear to be
the most important; the donors presumably lie near the top of the
filled band and are not effective in releasing electrons or trapping
holes. In silicon both types of centers appear to be equally important.

The effects of bombardment on Ge may now be pictured as
follows. As vacant acceptor states are introduced in n-type Ge they
will trap electrons from the conduction band and from the original
donors, thereby decreasing the conductivity. Both deep-lying and
high-lying acceptors will be filled, and the resistivity of an n-type
sample will increase most rapidly during initial irradiation. As
further acceptors are introduced, the low-lying vacant states begin
to act as acceptors, leading to hole conduction. Thus, the material
becomes p-type. Bombardment of a p-type sample leads to increased
conductivity by augmenting the concentration of holesin the full band.
This latter process is expected to be considerably less efficient than
the initial electron removal since only sufficiently deep-lying vacant
states can act as acceptors for electrons from the full band.

(¢) Ioniccrystals. Inthealkalihalides theelectrical conduction
isionic and occurs by the motion of positive-ion vacancies (22). Radia-
tion may now have several effects on the resistivity depending on just
what happens to the concentration of positive vacancies. Purely
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ionizing radiation may neutralize a vacancy by providing a hole to be
trapped at the positive-ion vacancy. Irradiation with neutrons may
produce vacancies and interstitials without extensive ionization effects
and in this case, then, an increase in the number of carriers and hence
an increase in the conductivity may be expected. By means of the
Varley mechanism (23) one may also produce an overabundance
of negative-ion vacancies accompanied by an equivalent number of
interstitial atoms. Both of the first mentioned effects have been
observed in early experiments. Mapother (24) had shown that self-
diffusion in NaCl is slowed down during irradiation by X-rays. The
first experiments on the influence of nuclear irradiations were reported
by Nelson, Sproull and Caswell (25). These workers found that y-ray
irradiation decreased the conductivity while long irradiation with
neutrons led to an increase in the conductivity.

Smoluchowski and coworkers (26) have studied NaCland KCl in
considerable detail using 400-Mev protons for the irradiation. They
find that a simple interpretalion in terms of increased number of
vacancies does not account for the observed effects and particularly
for the observed anncaling behavior. This is perhaps not surprising
since in addition to displacing atoms the fast protons provide heavy
local ionization, particularly when nuclear stars are formed. Anneal-
ing eaperiments carried out after irradiation show a striking increase
of resistivity during the initial part of the heating curve and a return
to normal resistivity at higher temperatures. An interpretation,
based on Varley’s mechanism, may be suggested (26). According
1o this picture the primary effect of ionizing radiation is to ionize the
halogen ions until they become positive and are spontaneously dis-
placed into an interstitial position. An overabundance of negative-
jon vacancies can be produced this way which may be an order
of magnitude higher than the normal low-temperature concentration.
Upon increasing the temperature high enough to provide sufficient
mobility, neutral clusters of positive and negative ion vacancies will
form. Consequently, the concentration of positive-ion vacancies
decreases, leading to an increase in resistivity. At increasingly
higher temperatures the clusters tend to dissociate and the defects
tend to anneal out.

(d) Graphite. The electrical properties of this material are
quite sensitive to the presence of displaced atoms. The details have
already been discussed in the previous chapter, and graphite is men-
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tioned here only because it is a substance in which both the number
and the mobility of the carriers are altered by fast-particle irradiation.
B. Thermal Conduclivily

One might expect that thermal waves, or phonons, would be
scattered by lattice imperfections analogously to the scattering of
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Figure 4.2 Thermal conductivity of quartz crystal, irradiated quartz crystal,
and quartz glass: (1) quartz crystal perpendicular to axis 5 mm square cross
section: @ length measured 3.05 cm, O length measured 2.15 ¢cm; (2) after first
irradiation—1 unit; (3) @ after second irradiation—1.4 units, O after subsequent
heating at 100° C for three weeks; (4) after third irradiation—16.5 units; (5)
quartz glass (from reference 28).

conduction electrons. Hence, large changes in the thermal conductiv-
ity of crystals can be expected upon irradiation. Theory indicates
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that the thermal conductivity is particularly sensitive to impuritics
and imperfections in the temperature region where the conductivity
is a maximum (27). For most dielectric solids the relevant tempera-
ture region is below 50° K. Detailed studies have been published
for a few crystals and are discussed in the following paragraphs.

Berman (28,29) and Klemens (30) have studied the low-tempera-
ture thermal conductivity of irradiated quartz crystals. Typical
results are shown in Figure 4.2.  To a first approximation the thermal
resistance produced by the irradiation can be regarded as additive to
the normal lattice resistance. This extra resistance has a minimum
at about 15° K and increases roughly linearly with the temperature
above 15° K. Below this temperature the extra resistance increases
more rapidly than the inverse of the temperature. It is suggested
that the extra resistance above 15° K is to be attributed to the
presence of single lattice defects. The required defect concentration
was found to be of the same order of magnitude as that calculated
from the radiation exposure.

It is necessary to assume that large defects are also present to
explain the increasing resistance at lower temperatures. These
larger defects are probably clusters of interstitials and vacancies
formed in the neighborhood of a primary knock-on. .

Berman, Foster and Rosenberg (31) carried out thermal con-
ductivity experiments on synthetic sapphire and diamond with similar
results. Tn the case of sapphire the results can be interpreted in terms
of regions of damage containing about 4000 atoms, each region arising
from a primary neutron collision. From the fact that the resistance
was found to be constant over an appreciable temperature range, one
may deduce that the scattering is due to a long thin obstacle rather
than a sphere (31). This experiment, therefore, gave the first indica-
tion that the damaged regions are nonspherical, in agreement with
theoretical expectations.

Gamma-radiation had a rather similar effect, but the damage
appeared to saturate at a rather low level, in agreement with optical
observations in this material (32). In diamond gamma-radiation
gave no effect, but”a large reduction in thermal conductivity was
observed after neutron irradiation (31).

In graphite the thermal conductivity maximum is in the
neighborhood of room temperature (33,34) and, therefore, large changes
in the thermal conductivtiy may be expected in this temperature
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range. This expectation is fully verified experimentally. Some typical
data are shown in Figure 4.3. The thermal conductivity is seen to
decrease by a large factor upon irradiation. The temperature de-
pendence of the conductivity is also altered with an apparent shif#
of the maximum to higher temperature. In some instances the

0223 T I T T T T 1 .590
A
& 0200 4 o —4.s80 ¢
M *
9 9
-1 mH
. ol
4 9|
€ o8 — £
x x
-
T 0150 — .s60 =
2 z
- [
o o
S 2
o 01234 — o
z 3
8 o
o UN-IRRADIATED g
3 0100 - 540 3
5 [ 4
s T
> -
0075 - \ -
635 x 102° VT (300
0080 1 I L 1 1 1 1

520
0 20 30 40 50 60 70 o

TEMPERATURE °C

Figure 1.3 Variation of thermal conductivity with temperature for parallel cut
KC graphite (from reference 33).

conductivity has been reduced by as much as a factor of 50 by irradi-
ation. The radiation effects are markedly reduced by increasing
the temperature of exposure.

C. Slored Energy

Irradiation of a crystal increases the energy content of the
lattice. This increase in energy is referred to as the stored energy.
In many ways this is perhaps the most basic physical change accom-
panying the production of defects. If the energy of formation of the
defects is known theoretically and if the total stored energy is meas-
ured, then the number of defects is immediately calculable. This
method of determining the fraction of displaced atoms has been used
for graphite and has already been described in the preceding chapter.
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For simplicity of interpretation it is essential that the increase
in enthalpy be measured by starting and terminating an experiment
in well defined thermodynamic states. This was done in the graphite
experiments referred to above, where the stored energy was measured
as an increase in the heat of combustion (36). This extra heat con-
tent is clearly the total energy content of the defects. If the irradia-
tion is done at low Lemperature so that no annealing of the defects has
taken place, then the above energy change is simply the total energy
of formation of a given fraction of defects. If, say, aggregation has
already taken place via annealing, the corresponding stored energy is
no longer interpretable in such a simple way. Stored-energy experi-
ments have also been done on diamond (37), and the results for this
substance are very similar to that for graphite.

The authors are not aware of any other experiments in which the
total stored cnergy has been measured in an unambiguous way.
The release of stored energy over limited temperature ranges has
been studied in various malterials (38,39,40,41). From such experi-
ments important information is often obtainable concerning the
annecaling of radiation damage, particularly if other physical proper-
ties are measured and correlated with the release of energy. More
work in this field would be welcome since suitable measurements are
clearly interpretable, and, in principle, interstitials and vacancies
can be distinguished since their energy contents are expected to
differ by a factor of 2 to 5.

The release of stored energy in certain irradiated materials can
cause large temperature increases, and technical importance attaches
to this fact. A case in point is graphite (87), and recent measure-
ments of Kosiba el al. (117) demonstrate this in a simple way. An
irradiated sample of graphite is placed suddenly in a furnace held at
200° C, and the temperature of the graphite is observed as a function
of time. It is found that the graphite rises rapidly to a temperature
considerably above that of the furnace, then returns to equilibrium
at 200° C. The sample is next removed, cooled to room temperature,
and returned to the furnace. The temperature rise for this annealed
sample is monotonié, and the excess temperature achieved in the
first run compared to the second is a measure of the stored energy
released. Figure 4.4 shows results for a sample which had been
irradiated at 55° C to an exposure of about 1.2 X 102° neutrons/cm?
(uvt) (total).
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To a first approximation it can be assumed that the stored
energy, in calories per gram, that will be released during warming from
temperature T'to T 4 dT will be a function of T, nearly independently
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Figure 4.4 Time vs temperature plot of graphite placed in furnace held at
200° C. Upper curve, sample previously irradiated at 55° C. Lower curve,
same sample after annealing (from reference 117).

of the rate of warming (see section 5.3 of Chapter 5). Let this func-
tion be q(T)dT. If heat is supplied to the sample from outside at a
rate R calories per second and the specific heat of the substance is C
(assumed unaffected by the annealing), the temperature rise during
time dT is given by the energy balance relation
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CdT = Rdl + q(1) dT (4-1)
dT/dt = R/[C — q(T)] (4-2)

From this, it is seen that if the heat release per degree ¢ is nearly as
large as the specific heat, a very rapid heat rise will occur; an in-
stability, which is not properly covered by equation 4-1, will occur if ¢ >
C. Q, the total stored energy released between temperatures 7, and
Ts, is found by integrating equation 4-1,

7,2 I Al Tz hl Al tz «
0= [ amdr= [ cdr - [ Rd (4-3)

The temperature during the warming of the irradiated sample departs
from that of the annealed sample at a temperature 7T), at which
energy release commences, and reaches a maximum at approximately
the temperature T,, at which energy release ceases. If the tempera-
ture rise is rapid, the heat input from the furnace

VRl
is negligible during the rise, and () can be found from the relation
0= T CdT = O(Ty — Ty . (4-4)

Analyzed in this manner Figure 4.4 gives Q = 45 cal/gm. A more
exact analysis (J. Chernick, unpublished) taking account of the heat
input term gives = 54 cal/gm in this case. Analysis of a series of
samples irradiated to about the same exposure at a variety of tempera-
tures shows that the energy release in this low-temperature stage
declines very rapidly as the temperature of irradiation rises. This
is not all of the stored energy, however, and further release occurs
at much higher temperatures. The reader is referred to Woods,

et al. (35).

D. Elastic Properties

The first observation of a change in elastic properties upon
irradiation came from early work on graphite (35,42). Reactor
irradiation of graphite was found to produce a stronger, harder and
more brittle material. Young’s modulus was increased by about a
factor of three upon an exposure of 102° nvt.
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Theoretical interpretation of these changes is difficult because
of the complicated structure of graphite. The first theoretical
calculations were carried out for metals by Dienes (43,44,45), who
investigated the effect of vacancies and interstitials on the elastie
constants of simple close-packed metallic crystals. Insuch substances
the elastic coustants are determined primarily by the repulsive
interactions of the closed ion shells. This potential is of an exponen-
tial nature and varies extremely rapidly with interatomic distance.
As the interaction distance is shortened by creating an interstitial,
the energy of the system increases sharply on the repulsive side of the
potential curve. The creation of vacancies results essentially in the
destruction of some normal interactions. Thus, one expects the
influence of the interstitials to outweigh heavily the effect of vacan-
cies.

Detailed calculations, in which relaxation of nearest neighbors
was taken into account, led to the following conclusions: The presence
of a small fraction of interstitials and vacancies results in large in-
creases in the elastic moduli of copper, of the order of 5-7 per cent
per 1 per cent interstitial. Lattice vacancies alone were found to
decrease the moduli by essentially a bulk effect. Consequently,
increases in the elasti¢ moduli are to be attributed primarily to the
presence of interstitial atoms. There is a complicating factor arising
from modulus changes which may occur by a mechanism of dislocation:
pinning (46). A proper experimental test of this theory has not yet
been carried out. It is essential, because of annealing, to make pre-
and post-irradiation measurement at very low temperatures (below
30° K) on low-temperature irradiated crystals. It would also be
advantageous to do the experiments on a low-concentration alloy
so as to eliminate the dislocation contribution to the modulus by
pinning the dislocations. It should also be mentioned that the theory
indicates that the above effect would be absent in a soft body-centered
cubic crystal such as sodium. In this case the relaxation around the
interstitial is large enough to eliminate essentially the crowding
upon which the modulus increase depends.

A rather large increase in modulus has been observed, experi-
mentally by Thompson and Holmes in copper single crystals after
reactor irradiation (47,48,49). These workers found that the modulus
increase, which may be as high as 15-209,, is not proportional to the
amount of irradiation and saturates (i.e., no further change in
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modulus occurs) at a very low irradiation level, namely of the order of
A4 X 10" nvt of fast flux. During this process the logarithmic decre-
ment. which also saturates, decreases by almost an order of magnitude.
It is quite clear that this effect cannot be due to the production of
defects in the bulk as calculated by Dienes, for two reasons. First,
the required flux is orders of magnitude too small. Second, no
appreciable internal friction effects are to be expected from the pres-
ence of isolated interstitials and vacancies. The pinning of dis-
locations by the radiation-produced defects is a very reasonable ex-
planation, and this is the interpretation advanced by Thompson and
Holmes. They show that this interpretation leads to generally
accepted values for the dislocation densities and average segment
lengths.

A change in modulus without an accompanying change in
atltenuation has been observed in silicon by Truell, Teutonico, and
Levy (50). These workers carried out ultrasonic-velocity and double-
refraction measurements on a single crystal of silicon that had been
bombarded with a beam of approximately collimated fast ncutrons.
The neutrons were incident along a [100] direction of the crystal.
It was found that the ultrasonic velocities were lowered by the
irradiation, and that acoustic double refraction was observable with
waves propagated perpendicular to the neutron beam. Double
refraction was not observed with waves propagated parallel to the
beam. Since there was no observable change in attenuation it is
reasonable to attribute the velocity changes to changes in the elastic
moduli without any change in the dislocation network. If an analogy
to Dienes’ calculation for close-packed metals is valid for the diamond
structure, the results suggest, since the moduli decreased, that vacan-
cies are responsible for the observed effects.  This is not unreasonable
for a room-temperature irradiation, since the interstitials may have
annealed out. The double refraction then is due to a clustering of
defects along the path of the primary knock-on, since the recoiling
atom is expected to produce a region of damage roughly ellipsoidal in
shape with the long direction oriented, on the average along the
direction of the incident particle.

Modulus changes have also been observed in quartz (51) upon
pile irradiation. The modulus (measured as the frequency of a BT-
cut crystal oscillator) decreases rapidly at first and then more or less
linearly as a function of exposure. The early part may well be due
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to ionization, while the steady decrease in frequency is probably
associated with the production of displaced atoms. More detailed
studies by Mayer (52) indicate that different moduli in quartz behave
differently. Mayer’s preliminary results show that S; decreaseg
and Sy increases upon irradiation, while the piezoelectric constant
dy, decreases. He found a simultaneous increase in the electrical
conductivity.

E. Oplical Properties

Tonization effects become observable as the electrical conductiv-
ity of the medium is decreased. Thus, ionization effects are im-
portant in insulating crystals, where they lead to more or less perma-
nent phenomena. The nonequilibrium distribution of electrons
often becomes observable as a color center in these materials. The
effect of ionizing radiation on insulating crystals, particularly ionic
crystals, has been studied for many years, and it is not the purpose
of this section to review this field (53). Attention will be focussed
on those color centers which may be clearly attributed to displaced
atoms.

Diamond is known to color upon exposure to high-energy parti-
cles, but no color is produced by ionizing radiation alone (54,55,56,
57). The absorption spectrum is drastically altered in the 1.6-2.5
ev region, where the absorption is greatly increased. The spectrum
is complex, however, and a detailed interpretation is not yet at hand.
However, since particle irradiation is required, it is clear that the
phenomena involve interstitials and vacancies or their aggregates.
Paramagnetic resonance data, reviewed in the next section, indicate
the same conclusion.

Another example, namely the coloring of a-Al;0; has already
been discussed quite fully in the previous chapter as a quantitative
method for determining defect concentrations (32). The color centers
in crystalline and fused silica have been studied in considerable detail
(57-68). In most specimens the optical absorption spectrum is
quite complex, primarily because of the presence of impurities. The
sensitivity to radiation appears to depend to a great extent on small
amounts of impurities. However, one band produced by irradiation,
at 214-220 mpu (5.7 ev), is common to all specimens and is the only
band in some highly purified fused silicas. This band is found to be
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far more sensitive to reactor than to pure ionizing radiation, particularly
for short irradiations (65). Recent work by Mitchell and Paige (69)
showed that there is another band in the ultraviolet, at 7.6 ev, which
is introduced by reactor irradiation. Both of these are probably due
to the presence of displaced atoms, most likely oxygen vacancies and
interstitials (see also the discussion is section 3.3).

The band at 465 myu that is observed in most irradiated crystal-
line silicas should be discussed briefly, since a concrete medel has
been proposed for this center (70), namely that of an aluminum atom
in place of a silicon atom in the quartz lattice. Since no paramagnet-
ism is observed prior to irradiation, it is further postulated that a Li
(or H or Na) atom has been simultaneously incorporated which would
reside in the crystal as a positive ion, having lost an electron to the
aluminum. Irradiation with ionizing radiation removes the electron
from the Al center, making it light absorbing and paramagnetic.
The evidence for this model may be summarized as follows:

(a) The intensity of the 465-mu band is approximately propor-
tional to the Al content in synthetic quartz crystals doped with Al
(57). This proportionality also obtains in a series of bleached smoky
quartz samples irradiated with X-rays (71).

(b) The optical anisotropy of the band indicates that the Al has
substituted for a Si without appreciably disturbing the geometry of
the oxygen atom with which the unpaired electron is associated

71,72).

(¢) Synthetic quartz samples show paramagnetic electron
resonance intensities proportional to the Al content (70,73). The
fine structure of the electronic resonance showed that the paramag-
netic electrons are associated with nuclei of spin 8/,.  Aluminum
is monoisotopic and has nuclear spin °/,.

F. Paramagnetic Resonance

As another consequence of the nonequilibrium distribution of
electrons after irradiation an increase in paramagnetism can be
expected. This effect was observed first by McClelland and Dono-
ghue (74) in several pure oxides as a decrease in the diamagnetic
susceptibility. Similar studies on vitreous SiO; (66) led to a correla-
tion of magnetic susceptibility and the ultraviolet optical absorption
(around 215 mu, see previous section). From these two measure-
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ments the oscillator strength of the optical absorption band has been
estimated as approximately 0.2.

The simple susceptibility measurements, however, are of rather
limited usefulness since one cannot distinguish in this way betweew
ionization of impurity atoms and paramagnetic lattice defects. Far
more information can be obtained from the paramagnetic resonance
spectra. Two such studies, one dealing with irradiated diamond and
the other with irradiated quartz, are discussed briefly in the following
paragraphs. The paramagnetism due to the presence of ionized Al
in quartz has already been discussed in the previous section.

(@) Diamond. Tn diamond irradiated with fast ncutrons two
main types of resonance absorption lines have been found (73): (@)
a single isotropic line with g-value close to 2 (2.0028), and (b) many
less intense anisotropic lines which appear to arise from centers with
an electronic spin of one. The intensity of the isotropic line can be
greatly reduced by heating to 1000° C, while the anisotropic lines
are not much affected by heat treatment.  Other lines have also been
found but have not been subjected to detailed analysis. The mag-
netic centers are only found in samples subjected to high-energy par-
ticle irradiation and are, therefore, associated with displaced atoms.
The line width indicates that the centers are not distributed evenly
and that there is some interaction between them.

O'Brien and Pryce (75) suggest an interpretation based on the
presence of displaced atoms. Their calculations indicate that a
vacancy would show a single isotropic line in resonance absorption
with the free-spin g-value. The experimentally observed line (a)
above is then probably due to vacancies. For the interstitial carbon
atoms, the ground state is probably a singlet and hence nonmagnetic,
although the lowest level may be a triplet with the lines so much
broadened by local strains that they are unobservable. The type
(b) lines discussed above may arise from simple aggregates of inter-
stitials and vacancies, such as divacancies or interstitial C; molecules.
The details of the anisotropy are not fully explained by such a model.

(b) Quartz. Weeks (76) has studied various types of silica glass
and natural and synthetic quartz crystals irradiated with fast ncutrons
at 250-300° C. Two groups of resonance lines were found in the
natural crystals after irradiation. In the glasses two asymmetric
resonance lines have been found, which are apparently associated
with the crystalline lines since they can be represented as the envelopes
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of the crystalline lines when the latter are summed over random
orientations with respect to the magnetic field. The two lines in the
glasses have g-values of 2.0013 and 2.0090. Weeks interprets these
results as due to defects in the basic SiO, tetrahedra generated by the
fast neutrons and the associated knock-ons. He suggests that the
resonance line with ¢ = 2.0013 is due to an electron paramagnetic
center while the other one is due to a trapped hole. He further
suggests that the electron resonance center corresponds to the optical
center that has its absorption at 218 mu. Reliable values for the
oscillator strength of the optical center have not yet been established.

G. [Effecls Observable by Diffraclion

Lattice imperfections caused by irradiation influence the X-ray
diffraction pattern of a substance, and this was indeed one of the
early ways in which radiation damage was observed. The character-
istic sharp Bragg reflections in the X-ray diffraction pattern of a good
crystal are generally displaced, weakened, and eventually broadened
when the crystal is irradiated. Also, diffuse background scattering
appears, and sometimes extra crystalline reflections as well. These
effects are much more pronounced in some materials than in others.
In general metals show the least effect, while covalent and ionic
crystals are more strongly affected. This difference seems to be
partly due to the greater ease with which displaced atoms in metals
anncal at ordinary temperatures. Organic crystals show a disruptive
influence from ionizing radiation alone, while the covalent and ionic
materials generally require heavy-particle irradiation before their
X-ray patterns will be appreciably influenced. Very heavy irradia-
tion can completely disrupt the crystalline lattice of susceptible
materials.

With low exposures the X-ray effects can be attributed to iso-
lated point defects. With very heavy exposures the X-ray pattern
of some susceptible materials comes to resemble that of an amorphous
substance, all crystalline features of the pattern having disappeared.
Usually the external crystalline form is not disturbed, and so one
finds a specimen having the superficial appearance of a crystal with
none of its internal architecture. This is the so called metamict
state, which has been known to mineralogists for many years (77)
because it is occasionally found in natural crystals that contain
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radioactive elements and have thus irradiated themselves over very
long periods.

The diffraction effects of interstitials and vacancies in low
concentration can be fairly well calculated. In the first place aw
interstitial atom in an otherwise perfect lattice gives extra scattering
that is distributed in angle according to the atomic structure factor.
Similarly, a vacancy in a perfect lattice is identical with an extra
center of scattering having precisely the negative of the scattering
power of one atom. At scattering angles other than the Bragg angles
the scattering of the perfect lattice vanishes, while that of the imper-
fections remains. If the imperfections are in small concentration
they will scatter with incoherent phases at angles away from the
Bragg angles. Thus between the Bragg peaks a background scatter-
ing will appear. If there are n; interstitials and n, vacancies in the
sample the background scattered intensity, in electron units, will be

I = (n; + ny)f? (4-5)

where f is the atomic structure factor. The intensity in the Bragg
peaks will be lowered by a corresponding amount. This is precisely
the scattering that is being utilized in the neutron-transmission
method of determining defect concentration (see section 3.3).

The foregoing discussion is only a first approximation. Inter-
stitials and vacancies also distort the lattice, and this causes further
diffraction effects. In general the atoms neighboring an interstitial
are pushed outward, while those neighboring a vacancy are moved
outward or inward depending on the lattice and its type of binding.
In metals the neighbors of a vacancy move inward by small amounts;
in strongly ionic materials they move outward. The displacements
of the second and third neighbors may be opposite to that of the first
neighbors (78), and consequently the details of the displacements
near the imperfection are complicated and have not yet been exten-
sively investigated [see also Kanzaki (113,114)]. Nevertheless, as
an approximation, the interstitial atom may be regarded as a center of
pressure that produces a predominantly outward displacement around
itself; the vacancy, in the case of metals, may be regarded as a center
of contraction. For purposes of computation the situation is further
idealized by treating the medium around the imperfection as an
isotopic elastic continuum. Classical elasticity theory then shows that
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the displacement of an atom at a distance r from an imperfection is
radial and of magnitude

5, = c/r? (4-6)

where ¢ is a constant characterizing the “strength’ of the imperfec-
tion. Equation 4-6 can only be realistic for r > py where po is a
limiting distance of the order of the interatomic spacing.

Huntington (79) has calculated the displacements around an
interstitial atom in copper and finds that the constant ¢ of equation
4-6 should be about 0.16 », where » is the volume per atom and the
estimated accuracy is about 20 per cent. The relaxation around a
vacancy in copper is inward, and the displacements are about one-
fifth as large as around an interstitial (80,81). Thus, for a vacancy
in this metal the constant ¢ should be about —0.03 ». These numbers
are probably representative of the behavior of close-packed metals,
although no other cases have yet been calculated. In highly aniso-
tropic materials (e.g., graphite) the strains are quite different (see
below).

Eshelby (82) has shown that n point imperfections randomly
located in an isotropic elastic medium of finite volume V and produc-
ing strains according to equation 4-6 cause a volume expansion of the
material AV given by

1 —
AV =12« <—— <{> ne (4-7)
1l + o
where ¢ is Poisson’s ratio.
From this one finds that the lattice parameter a, of a crystal
would be altered by point imperfections by an amount Aay where

1AV Il -0
= - — =4 — [ 4-8
Ado/ay 3V 111r<l U) (n/V)e (4-8)

The work of Eshelby (82) has also shown that, contrary to some earlier
predictions, the lattice parameter as revealed by x-ray diffraction
should be in accord with the over-all expansion of the crystal caused
by the elastic fields of point imperfections.

If several species of imperfections are present, for example n;
interstitials and n, vacancies, nc in equation 4-8 should be replaced by
(nse; + n.c,), where ¢; and ¢, are the strength constants of interstitials
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and vacancies, respectively. In the case of copper the previously
quoted results show that ¢; = —5¢,, and thus equal concentrations of
vacancies and interstitials in this material lead to a net lattice expan-
sion. )

The average increase of lattice parameter, as measured by a
shift in position of x-ray reflection, has been observed in a number of
irradiated materials. Primak and co-workers (83) have observed
lattice expansions in diamond, silicon carbide, quartz, magnesium
oxide, spinel, and sapphire, the effects in the first three being an order
of magnitude more prominent than in the others. Crawford and
Wittels (84) report x-ray observations of the lattice expansion in
zircon (ZrSi0y), beryl (BesAlSisOs), chrysoberyl (Be().AlOy),
phenacite (2Be().S8i().), and other minerals.  Binder and Sturm (85)
and Keating (86) have observed lattice expansion in Lil. In this
substance the (n,a) reaction of the isotope Li%, which gives an a-
particle with energy of 2.06 Mev and a tritium atom with energy of
2.74 Mev, is responsible for a major portion of the damage. In zircon,
Crawford and Wittels (84) report that an exposure of 2.5 X 1020 fast
neutrons/cm? (nvt) produces a 1.09, expansion in the a axis and a
1.49, expansion in the ¢ axis. Up to this level, at least, the expansion
is related linearly to the exposure with high accuracy. The respouse
of this substance is fairly typical of tightly bound refractory insulators.

Graphite shows anomalous lattice expansion effects under
irradiation, due undoubtedly to the peculiarly mixed nature of its
bonding and its resultant anisotropy. Its c-axis spacing expands,
in room temperature irradiations, approximately four times as fast
as the c-axis spacing of zircon, while its a axis generally shrinks a
little (87). The c-axis expansion is probably due to the presence of
interstitials between the weakly bound graphite planes.

As noted previously, common metals have not shown appreciable
lattice expansion effects under ordinary reactor irradiation. How-
ever, irradiations and x-ray examinations of copper single crystals at
extremely low temperatures (12° K) have been carried out by Sim-
mons and Balluffi (88). ‘The bombarding particles were 12-Mev
deuterons from a cyclotron, and the specimens were sufficiently thin
that the energy loss of the deuterons in the specimen was small.
The Bragg reflections broadened very slightly with irradiation, while
lhe lattice parameter increased steadily. After an exposure of 6.3 X
t0'¢ deuterons/cm?, the (400) reflection indicated a lattice expansion
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Aag/ay of (2.6 = 0.1) X 10— Using Huntington’s value of the
strength ¢, of the distortion by an interstitial, assuming ¢, = —0.2 ¢;,
and estimating the number of displaced atoms by the radiation dam-
age theory of Chapter 2, equation 4-8 predicts Aao/ap = 2.4 X 1073,
which is an order of magnitude too large. The reason for the dis-
crepancy is not understood, but it is possibly significant that the
amount of damage as determined by electrical resistivity is in rough
agreement with the value derived from lattice expansion. During
a low warm up (10° K per hour) 55%, of the fractional change dis-
appeared between 15° K and 42° K, and a negligible amount was left
alter a room-temperature anneal. This is strong confirmation of the
hypothesis that lattice expansion of similar metals has not been ob-
served under reactor irradiation because the high mobility of the de-
fects allows the expansion to anneal as fast as it is formed. The fact
that lattice expansion does occur shows that interstitials are present,
for vacancies in a metal could not produce an expansion.

The inhomogeneous expansion in the vicinity of eachimperfection
causes further x-ray effects.  Huang (89) has considered the problem
ol x-ray diffraction of dilute alloys, and Tucker and Senio (90) have
pointed out the direct applicability of Huang’s analysis to the case of
irradiated materials. Matsubara (115) and Cochran (116) have
also published treatments of this problem. Huang’s work has been
modified by KEshelby (82), Sampson and Tucker (91), and Borie (92).
Huang treats the problem of a monatomic lattice that departs from
perfection only in containing a random distribution of distortion
centers. Kach center is assumed to produce displacements according
to equation 4-2, that is, it acts as a pressure center in an isotropic
elastic continuum. Huang (as modified by Borie) finds three effects.
First, there is a reduction in intensity of the Bragg reflections by an
artificial ** temperature factor,” that is a factor of e Y where, for a
close-packed cubic crystal

2M = (n/N) ¢* 33.7 k*/a,* (4-9)
Here n/N is the atomic fraction of defects, ¢? is the mean square
defect strength, a, is the edge of the cubic unit cell, and & = 4=
sin 8/\, where 6 is half the scattering angle and X is the x-ray wave-
length.

Second, he finds a slowly varying background scattering

Nf(1 — e~ M) (4-10)
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where .V is the number of atoms and f is the atomic structure factor.

Third, there is a characteristic diffuse scattering in the neigh-
borhood of the Bragg directions. This ‘‘Huang effect’” scattering is
distributed around the reciprocal lattice points in the form of, a
lemniscate whose axis is parallel to the line from the origin to the
reciprocal lattice point and whose center is at the reciprocal lattice
point. The intensity of this scattering is proportional to ¢** and is
rather small in most cases.

The Huang analysis is equally valid whether the pressure centers
are on lattice sites or not, and thus there is immediate application to
the radiation damage situation, in which the pressure centers arc
interstitials and vacancies, assumed to be in low concentration and
randomly located. It must be remembered, however, that the three
effects are superimposed on the previously mentioned effects from
scattering centers moved on lattice sites (the interstitials and vacan-
cies themselves) and uniform lattice expansion. The replacement and
expansion effects may be considered first-order effects; the lluang
distortion effects are in the nature of corrections to these.

Experimental evidence for the Huang effects in irradiated sub-
stances is not extensive, although Tucker and Senio (90) have inter-
preted their observations of irradiated boron carbide in this manner.
It should also be mentioned that the Huang analysis predicts no
broadening of the Bragg reflections; this rule is obeyed in a number
of cases when the irradiations are not too heavy, but there are also
some notable exceptions such as LiF (86,93), graphite, and uranium.
Peak broadening must occur to some extent whenever a lattice is
distorted, and the fact that it is not predicted in Huang theory is
apparently due to mathematical approximations in that theory.
These approximations are seemingly sound in the cases for which they
were designed, namely in which the distortion centers are not too
strong, and the physical meaning of this is that the distortion line
broadening in such cases is much smaller than the existing line breadth
in the crystal. In very heavy irradiations, or in cases where thermal
spikes produce large distortion centers of the mobility of the point
imperfections allows large clusters of defects to form, the distortions
are too large to satisfy the Huang approximations, and observable

*As pointed out by Sampson and Tucker (91) this ¢? and the ¢? in equation
4-9 are nol to be multiplied by 3(1 — ¢)/(1 + o) as suggested by Eshelby
(82). Eshelby’s factor should occur only in the lattice expansion terms.
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line broadening occurs. It would seem plausible that LiF, graphite,
and uranium all possess one or more of these special features.

Finally a brief survey will be given of the diffraction effects
found in cases where the Huang or small-distortion type of analysis
breaks down. The Oak Ridge observations on zircon crystals re-
ported by Crawford and Wittels (84) included Laue transmission
photographs taken after various reactor exposures. Figure 4.5 shows
their results. The progressive disruption of the crystal lattice is
evident. In the last picture the density of the crystal has been re-
duced by more than 49,. At this level of damage the higher-angle
reflections have disappeared, the inner reflections have broadened,
and a pronounced small-angle scattering has become visible. There
are also extra reflections in the small-angle region at some stages.
Crawford and Wittels interpret these extra reflections as indicating
that mosaic blocks in the crystal have been disoriented by more than
3 degrees. The damage is quite stable against annealing at tempera-
tures below 1000° C; annealing above 1600° C considerably reduces
the lattice distortion and tends to restore the original diffraction
pattern. The diffraction effects shown in Figure 4.5 cannot be ade-
quately explained by isolated atomic centers of strain, such as are
involved in the Huang model. Undoubtedly the defects are too
numerous and tend to be associated into larger structures. The
x-ray information is not sufficient, however, to decide precisely what
these structures are.

Similar deterioration in the sharpness of the diffraction pattern
has been observed in many other materials at high exposures. Keat-
ing’s (86) observations of LiF showed prounounced line broadening,
which was attributed to lattice strains. The analysis showed rms
strains in the vicinity of 0.004 for exposures of about 5 X 107 neutrons/
cm? (nvt). The mean strain was only 0.0001, indicating that positive
and negative strains occurred in about equal proportions. ‘Also the
strains were found to extend over distances of at least 120 A, suggest-
ing again that the damage centers were large.

Graphite also shows pronounced line-broadening effects in
addition to the ¢, expansion mentioned above. Figure 4.6 shows
profiles of the 002 reflection of graphite after various reactor expo-
sures at about room temperature (87). At exposures up to about 4 X
102° neutrons/cm?(nvt) the line shifts progressively without broaden-
ing. At higher exposures it commences to be broadened at the base
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and eventually becomes very diffuse. The explanation apparently
involves aggregations of defects, although the details are not yet clear.

Similar effects have been observed in crystalline quartz (84,94)
and boron nitride (95). In a-quartz the expansion is highly anid-
tropic; the change along the a-axis is about a factor of three larger
than along the c-axis. One might argue, as in the case of graphite,
that this effect is to be expected since the largest interstitial sites are
arranged in channels parallel to the c-axis in a-quartz.* The be-
havior of boron nitride (95) is similar to that of graphite, as might be
expected from the similarity in crystal structure. The dimensional

T
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270 26.0 250 240
ANGLE OF DIFFRACTION, DEGREES
Figure 4.6  X-ray diffraction line shapes for graphite 002 reflection. Irradiation
in cooled test holes (from reference 87).

change is anisotropic, with expansion in the c-axis and a much smaller
contraction in the a-axis. The main features of the crystal structure
remain unaltered even at the high doses because a saturation phenom-
enon intervenes at a dose corresponding to about 59, interstitials.
The dimensional changes show that the atoms are displaced to sites
between the layers of the crystal. The saturation of the effect has
been attributed to a saturation of the concentration of the interstitial
atoms. The saturation is presumably caused by the recombination

*It is of interest to note that while the density of crystalline quartz de-
creases, that of vitreous quartz increases upon neutron irradiation (96).
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of interstitial and vacancies whenever they approach within a critical
distance (see Chapter 5 for a detailed discussion of annealing effects).

A particularly striking example of lattice disruption is seen in
the case of diamond. Primak (83) and Crawford and Wittels (84)
report lattice expansion effects but the maintenance of a high degree
of long-range order up to rather heavy levels of irradiation. Levy
and Kammerer (97) have made x-ray studies on diamond irradiated
in the Materials Testing Reactor to a total exposure of 3.8 X 102° fast
neutrons/cm? (nvt) at a temperature not exceeding 65° C. In
contrast to the Crawford and Wittels observations, the latter experi-
ments show a highly diffuse diffraction pattern closely resembling
that of a typical liquid. Keating (98) has shown that this pattern
may be interpreted by assuming about half the atoms have been dis-
placed to interstitial sites and severe lattice distortion has resulted.
The level of exposure was about right to have produced this number
of displacements. On the other hand the maximum exposure in the
Crawford and Wittels experiments was about the same, and yet dis-
tinctly crystalline reflections were observed there. The Crawford
and Wittels irradiations were carried out in an Oak Ridge reactor
(the LITR) under much lower fluxes and with correspondingly longer
irradiation times. The temperatures of irradiation in the two cases
seem not to have differed significantly. The tentative conclusion is
that in diamond a drastic breakup of the crystalline lattice sets in
rather suddenly at sufficiently high exposures.

H. Diffusion

Tt is generally accepted at the present time that diffusion in
solids takes place via defects in the crystal, which are primarily
vacancies in metals and either vacancies or interstitials in ionic salts
(99). Since fast-particle irradiation results in the production of such
defects, a close connection between diffusion and irradiation is to be
expected. Some aspects of this connection had been discussed by
Feldman and Dienes (100), and a full theoretical calculation has
been carried out by Lomer (101). The main point is that by means
of irradiation a nonequilibrium number of defects can be produced
in a crystal, and therefore diffusion rates can be increased in a tem-
perature region where they are normally very low. The diffusion
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coefficient, D, can be expressed as a function of temperature by the
relation

D = AC.e En/RT (#11)

where C, = atomic fraction of vacancies, E,, = activation energy for
motion of a vacancy, and A = constant. In the following it will be
assumed that diffusion occurs by means of vacancies. The same
general argument is applicable to interstitials or to a combination
of the two defects. In equilibrium C, is given by

C, = Ae” B/RT (4-12)

where E, = energy of formation of a vacancy. Under irradiation
with fast particles additional vacancies are formed, and at tempera-
tures where diffusion occurs these move about and get annihilated.
Under irradiation with a flux ¢ there is thus a steady-state concentra-
tion of these vacancies C,/, which depends on ¢, and supplements the
equilibrium concentration C,. For a diffusion experiment conducted
in the presence of radiation these considerations lead to a diffusion
coefficient

D = Ae”E/ET(C, + C/(9)] (4-13)

Qualitatively, then, one can say the following:

(a) At high temperature C, is larger than C,; because most of
the extra defects are annealing out and the irradiation has a very
small effect on D.

(b) At low temperature C,/ > C,, and the diffusion coeffici-
ent can be increased enormously by irradiation. At low tempera-
tures the temperature dependence will be characterized by £, alone
since all the defects are frozen in and C,” becomes independent of the
temperature.

(¢) In the intermediate temperature range D will be increased.
The temperature dependence will not be purely exponential in 1/7,
since C,” depends in a complicated way on the temperature because of
annealing However C, is always less temperature dependent than
C.. .
Detailed calculations by Lomer (101) for copper confirm this
qualitative picture. His main results are shown in Figure 4.7 where
the diffusion length expected in three months in copper is plotted
against 1/T under various conditions. The assumed energy param-
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eters arc indicated in the figure and both vacancies and interstitials
are taken into account, as well as annihilation at trapping sites (frac-
tion = 10! at low temperature where equilibrium concentrations
are not valid. Lomer also indicates the practical limits of detection
of atom movement in a macroscopic diffusion experiment as well as
by indirect techniques such as internal friction. It is quite clear that

v-
E¢=1.2 ev

- v-
o F‘ ; Em=0-8 ev
Em30.3 ev

MACROSCOPIC LIMIT

Th = THERMAL EQUILIBRIUM CURVE

A = ANNEALED, ie COOLED VERY SLOWLY

Q =QUENCHED

I =EXPERIMENT. UNDER PILE IRRADIATION

Figure 4.7 'The diffusion length L in an experiment lasting three months plotted
against temperature for various conditions of copper (from reference 101).

as far as macroscopic diffusion measurements are concerned the ex-
pected irradiation effects are practically undetectable, primarily
because the defects anneal out too fast.

There is some experimental evidence which supports Lomer’s
analysis. Johnson and Martin (102) investigated the effect of 10-
Mev protons on the self-diffusion of silver in the 525-852° C tempera-
ture range by conventional tracer techniques. Their data show no
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observable effect of proton irradiation, in agreement with the pre-
ceding theoretical considerations.

There are some indirect effects of defect motion that do not
require that the defect stay in the crystal but depend only on thes
total number of defect jumps that have occurred. Increased rate of
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Figure 4.8 The effect of neutron irradiation on the resistance of partially
ordered CuzAu. The original resistivity was 7.92 uQ-cm. The resistivity of
CuzAu at equilibrium at 150° C is 5.50 uQ-cm.  After 500 hours at a flux of 2.5 X
10! fast neutrons/cm?/sec and 1 X 10! thermal neutrons/cm?/sec the resistivity
dropped to 5.94 uQ-cm (from reference 105).

ordering in an alloy is such an effect and has been studied in several
systems. These studies are described in the following paragraphs
as important examples of radiation-induced solid-state reactions.
Adam and Dugdale (103) and Blewitt and Coltman (104,105)
were the first ones to observe ordering in an alloy, in this case CusAu,
brought about by neutron bombardment. If a disordered specimen
of CusAu is irradiated in the reactor at a somewhat elevated tempera-
ture, say 150° C, the resistivity decreases and approaches the equilib-
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rium ordered value after a long irradiation. Slight ordering can be
achieved even at 80° C (106). A typical curve is shown in Figure
4.8. Thermal ordering at these temperatures is far too slow to be
observable. Similar effects have been achieved with 3-Mev electrons
(107) and with gamma-rays (108). X-ray measurements proved
that the long-range order has been increased as a result of the irradia-
tion (109). The interpretation of these experiments is that the dif-
fusion rate has been increased by the production of vacancies and
interstitials during the irradiation. Those defects that are not
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Figure 4.9 Line AB, equilibrium resistance quenched from indicated datum
point temperature and measured at liquid nitrogen; line CD, isochronal anneal
(measurements made in liquid nitrogen) of specimen equilibrated at 210° C and
irradiated 20 days at 50° C (from reference 111).

immediately annihilated by recombination migrate through the
crystal leaving a wake of partial order until they are annihilated or
trapped either at dislocation or at severely damaged regions of the
lattice. Blewitt and Coltman (105) estimate that, in their irradiation
experiment at 200° C with a fast-neutron flux of about 10! neutrons/
cm?/sec, the mean free path of defects before annihilation is of the
order of 100 A.

Another set of experiments was performed by Rosenblatt,
Smoluchowski and Dienes on a-brass (110). These workers found
that reactor irradiation of a-brass at 50° C resulted in a decrease in
electrical resistivity, and they interpreted this change as an increase
in the short-range order. Damask (111) investigated these resistivity
effects in some detail by studying the annealing kinetics of resistance
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changes produced in 309, Zn «-brass by quench, neutron irradiation
at 50° C, and cold work. His studies indicate the following:

(a) Resistance decreases in a brass can be induced by proper
heat treatment. The rate of change of resistance with annealing®
time follows the same kinetics as that of stress-induced changes in
local order. Thus, the resistance changes arise from changes in
short-range order.

(b) Reactor irradiation of a-brass at 50° C in an ““equilibrium”
resistance state produces a decrease in resistance. Some typical data
are shown in Figure 4.9. An anneal of this decrease results in the
same kinetic behavior as that of stress-induced order and, therefore,
neutron irradiation has increased the short-range order. More recent
experiments indicate that the change in relaxation time upon irradia-
tion can be very large (112). At 50° C the thermal relaxation time
is about 10! seconds while that in a neutron flux (2 X 102 n/cm?/sec)
- or 2-Mev electron flux (2 X 10" e/cm?/scc) is about 104 seconds,
giving a ratio of about 107,

(¢) The first step of annealing of resistance induced by cold
work shows essentially the same kinetic behavior as (a) and (b) and,
therefore, this step probably arises from reordering of the cold-work-
induced disorder. This first step is not annealed by neutron irradia-
tion and, therefore, local heating from neutron irradiation is not an
important mechanism in changing the state of local order. The
defects themselves are ineffective in this case because they are
apparently trapped by dislocations introduced by the cold work.

These two sets of experiments fully support the conclusion that
local or microdiffusion has been greatly enhanced by the presence of
the extra defects produced by fast-particle irradiation.

The intense spike effects produced by neutron irradiation of
fissionable materials and heavy metals may also give rise to enhanced
diffusion by a mechanism quite different from that discussed in this
section. A treatment of this has been given in section 2.6C of
Chapter 2.
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CHAPTER 5

Annealing of Defects

5.1 Introduction

The defects produced by irradiation of a solid are capable of
moving about if the temperature is sufficiently high. In this way the
damage is altered and eventually annealed out. From low-tempera-
ture irradiations it is known that some defects are mobile at surpris-
ingly low temperatures (30° K in common metals) and thus partial
annealing even during irradiation is the rule rather than the excep-
tion. Furthermore, study of the various annealing processes tests
the theories of radiation effects and illuminates the basic properties
of defects. Thus controlled studies of annealing are an important
part of the field of radiation damage. In this chapter these matters
will be discussed and current ideas will be reviewed. Emphasis will
be given to experiments that involve simple systems and well con-
trolled conditions so that some theoretical interpretation is possible.
The attempt will not be made to give an exhaustive survey of empiri-
cal results.

At the outset it should be said that the annealing behavior of
irradiated substances is complicated and not yet well understood in
even favorable cases. A number of hypotheses have been put for-
ward, but no single interpretation has proved to be entirely satisfac-
tory.

In the first section of this chapter theoretical and experimental
information on the mobility of point defects will be reviewed. In the
second section theories of the kinetics of annealing processes will be
outlined and a variety of possible models will be considered. The
third section deals with fundamental experiments and their interpreta-
tions in the light of these models. In a final section a practical appli-
cation in the annealing of the graphite moderator of a reactor will be
considered.

129



130 RADIATION EFFECTS IN SOLIDS

5.2 Mobility of Defects

According to the view developed in this book primordial radia-
tion damage consists largely of vacancies and interstitials with a
variety of separations. To understand annealing the first question
that must be asked is, how mobile are these defects? A few at
tempts have been made to answer such questions for simple sub-
stances by direct calculation.

A. Melals

Huntington and Seitz (1,2,3) have considered vacancies and
interstitials in copper, calculating both heats of formation and activa-
tion energies of motion. Their calculations were made with the as-
sumption that the s and p electrons behave as if free, while the other
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Figure 5.1 Suggested equilibrium configurations of the interstitial in copper
(after Huntington, reference 3).

electrons form an ion core that repels other cores according to a Born-
Mayer potential. It is found that at equilibrium the vacancy
occupies a normal lattice site and has an energy of formation, F,,
of 1.0 to 1.2 ev.* The interstitial, on the other hand, has two con-
ceivable equilibrium configurations, and the calculations are not suf-
ficiently accurate to show which has the lower energy. These are
shown in Figure 5.1 as configurations A and B. Whichever one is
stable, the other represents a saddle point in the transition between
two successive stable interstitial positions. If an interstitial under-
goes diffusion in this type of crystal it does so by successive inter-

*Huntington (2) actually gave 1.8 ev. Brooks (4) and Fumi (5) have
pointed out that his result should be modified to the value quoted here.
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changes with lattice atoms. Thus a tagged atom that starts as an
interstitial will be transferred to a normal lattice site in its first dif-
fusive act, and the configuration, not the specific atom, wanders
about. This conclusion is true whether configuration A or B is the
more stable. Seitz has designated this form of diffusion “intersti-
tialcy” movement. Huntington’s calculations predict a formation
energy of 5.1 to 6.1 ev for the interstitial in copper. Although the
reliability of these numbers is not high, in view of the approximations
made in their derivation, it is unmistakable that thermal fluctuations
can form the vacancy far more easily than the interstitial. On the
other hand, the same calculations showed that movement is much
casier for the interstitial, once it has been formed, than for the va-
cancy. Huntington estimates the activation energy of movement,
E ., for the interstitial in copper to be between 0.07 and 0.27 ev, and
for the vacancy to be in the vicinity of 0.9 or 1.0 ev.

On the basis of these calculations it can be concluded that self-
diffusion in copper should proceed by the motion of vacancies. The
activation energy for self diffusion, I,4, must be the sum of the for-
mation and motion energies of the defect

Ei=E, + En, (5-1)

This equation allows a cross check with values of E,; determined by
diffusion experiments. The presently accepted value (6) of E, in
copper is 2.05 ev, which is seen to be in reasonably good accord with
Huntington’s values and the assumption of a vacancy mechanism.
IKxperimental information on activation energies for motion of
defects can be gleaned from many sources if needed assumptions are
liberally made. Direct and convincing experimental values for these
quantities arec much less abundant, however. Perhaps the best ex-
ample is seen in carcfully controlled quenching experiments on gold
carried out by Koehler and co-workers (7-10). In these experiments
fine gold wires are rapidly quenched to room temperature from tem-
peratures in the range 700-900° C. The treatment produces an in-
crease in electrical resistivity which can be annealed out in the vicin-
ity of 60° C. The rapidity of quenching and other considerations
lead to the conclusion that the resistivity increase has been caused by
isolated vacancies. These vacancies are retained during quenching
at the equilibrium concentration appropriate to the upper tempera-
ture. By observing the dependence of quenched resistivity on tem-
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perature before quenching, one measures the equilibrium concentra-
tion of vacancies as a function of temperature. This is found to
follow an Arrhenius expression with a formation energy 1.02 + 0.06
ev. The rate of annealing of this resistivity in the vicinity of 60° C
indicates the mobility of the vacancies. The annealing obeys first-
order kinetics and shows an activation energy for motion E,, = 0.66
+ 0.06 ev. The sum of E; and E,, is 1.68 = 0.12 ev, which agrees
very well with the best available activation energy for self-diffusion
in gold, measured by radioactive tracers, of L.71 + 0.0L ev (1l).

Table 5.1. Selected energies of formation (E,) and motion (E.,) of defects, and
energy of self diffusion (E,) in copper, gold and platinum. Energies

in ev
Metal Defect E, E, E, References
Copper Interstitial 5.1-6.1 0 07-0.27 3
Copper Vacancy 1.0-1.2 0.9-1.0 1,2;4;5
Copper Di-vacancy 1.5 0.3-0.4 10
Copper 2.05 6
Gold Vacancy 0.6 5
Gold Vacancy 1.02 0.66 7-10
(presumably)
Gold Vacancy ' 0.7 0.5 55,
(presumably)
Gold 1.71 11
Platinum Vacancy 1.2 1.1 55
(presumably)

Fumi (5) has calculated the formation energies of vacancies in mono-
valent metals, using approximations similar to those employed by
Huntington. The results are admittedly rather unreliable, but
Fumi’s best estimate for £, for gold is 0.6 ev. This is somewhat dif-
ferent from the value 1.02 obtained by Koehler. It should finally be
mentioned that quenching experiments on gold and platinum have
also been reported by Lazdarev and Ovcharenko (55), which are in
disagreement with the results of Koehler, ef al. Lazarev and Ovcha-
renko find, for gold, E; = 0.7 ev, E,, = 0.5 ev. These values of E,
and E,, do not add up to the observed activation energy for self-
diffusion. In the absence of more complete information on the ex-
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perimental details than is presently available, they may be regarded
as somewhat less reliable than those of Koehler ef al.

Copper and gold are sufficiently similar in most properties that
the characteristic energies under discussion would not be expected to
differ very greatly. This argument, together with the experiments
of Koehler, lends support to the values calculated by Huntington for
copper. Thus in both copper and gold the formation energy for a
vacancy will tentatively be assumed to be in the vicinity of 1.0 ev
and the energy of movement of a vacancy to be roughly 0.7 ev. The
uncertainty in these numbers should not be minimized, however, and
it is quite possible that future work will change the picture sub-
stantially. The foregoing results are brought together in Table 5.1.
Summaries and discussions of present evidence on the mobility of de-
fects in metals have been given by Brooks (4), Broom (12), Fumi (5),
Seeger (13), Seitz and Kochler (14), and van Bueren (15).

Little theoretical work exists concerning the mobilities of point
defects in metals other than copper and gold. In general one would
expect mobilities of a given kind of defect in different metals to be
roughly correlated with the melting point. Thus, defects in silver
should be about as easily mobile as in copper and gold, those in the
alkali metals should have lower activation energies of motion, and
those in refractory metals should have somewhat higher energies.

Vacancies and interstitials are expected to interact with one
another, although the details of the interaction forces are known in
only the sketchiest way. It is easily seen that vacancies have a
tendency to congregate, for the formation energy of a vacancy can
be roughly understood as the surface energy of a tiny cavity [Brooks
(4)], and two vacancies have less surface area when they join to form
a di-vacancy. Similarly, larger number of vacancies should also
be capable of forming stable aggregates. Bartlett and Dienes (16)
have considered the di-vacancy in copper, and calculate from a sim-
plified model that its binding energy should be 0.6 ev, or a little less.
They have also examined the mobility of this entity and find that it
possesses substantially lower activation energy for motion than a
single vacancy, their estimated value being about half that of a single
vacancy. From the above considerations this means E,, is roughly
0.3 to 0.4 ev. The elementary jump of a di-vacancy in a face-
centered-cubic metal consists in the interchange of one of the vacan-
cies with any one of the four atoms that is a nearest neighbor to both
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vacancies. It is entirely reasonable that the presence of the second
vacancy turns out to make this interchange easier, for it relieves
some of the crowding as the atom passes through its saddle point.
The interaction of two point defects at distances large compared
to an interatomic spacing depends upon subtle effects. In simplest
approximation one defect produces the strain field of a center of
pressure in an isotropic elastic continum (see section 4.2G of Chapter
4). This strain field is dilation free, however, and hence it does not
alter the work needed to create a second center of pressure in the
medium. Thus in this approximation there is no interaction. If the
medium is considered to have cubic symmetry rather than isotropy,
an elastic interaction does appear, as Eshelby (17) has demonstrated.
The energy of this interaction varies as the inverse cube of the sepa-
ration of the defects, multiplied by a function depending on the orien-
tation of the pair that is alternately positive and negative, with a
zero average. A second elastic model proposed by Eshelby repre-
sents the point defect as a sphere of isotropic elastic material of atomic
dimensions embedded in an isotropic clastic medium of different
moduli. This model gives rise to an interaction depending on the
inverse sixth power of the separation, repulsive for two interstitials,
attractive for two vacancies, and probably repulsive for a vacancy
and interstitial. The' actual magnitudes of these interactions are
left unsettled by existing calculations. At close separations, non-
linear elastic effects, the atomic nature of the lattice, and the electric
charge in and around the defect would be expected to modify these
predictions. In addition the spectrum of lattice vibrations is altered
by the defects in a way that depends on the separation of the defects,
and at low and intermediate temperatures this may alter the free
energy of the crystal significantly [Stripp and Kirkwood (18), Mon-
troll and Potts (19,20)]. In simplest approximation, pairs of vacan-
cies are rendered attractive by this effect, as are pairs of interstitials.*
On the other hand an interstitial and a vacancy would repel each
other. It is impossible at present to combine these diverse pieces of
information into a reliable picture of the net interaction of a pair of
point defects despite the importance of the question. Experimental

*However, Letaw (30) concludes from annealing experiments with ger-
manium that pairs of vacancies in germanium repel each other at large
separations. The theoretical justification for this conclusion has not been
supplied.
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information is likewise very difficult to interpret with any assurance,
and further theoretical developments would be highly useful.

One further kind of defect whose existence has been suggested
and which may prove important in radiation effects is the ““crowd-
ion.””  This is an interstitial that has settled in a close-packed line
of atoms and crowded these outward for several atom spacings along
the line. Tt can be thought of as a linear region of compression or a
sort, of one-dimensional edge dislocation. Paneth (49) has suggested
that sell-diffusion in alkali metals takes place by the motion of crowd-
ions, and has made exploratory calculations of their properties in
sodium. Paneth suggests that the extra atom forming the crowdion
in body-centered-cubic metals will lie at a 1/4, 1/4, '/4 position in the
unit cell, that is, between nearest neighbors, rather than at a face
center, and will spread the atoms along a cube diagonal for a distance
of about eight interatomic spacings. His calculations indicate that
the energy of formation of a crowdion in sodium is less than 0.3 ev
and that the energy of motion is less than 0.1 ev. The most interest-
ing characteristic of a crowdion would be that its easy motion is re-
stricted to one dimension. The alkali metals, because of their open
structure and low elasticity, would be the most likely to harbor
crowdions, if these defects exist at all, and the prevailing opinion has
been that crowdions would not be stable in close-packed metals.
However, peculiarities of annealing after irradiation have led recently
to suggestions that crowdions do occur in close-packed metals (50,51).
No theoretical work has yet been published on the stability of the
crowdion in such materials.

It must also be noted that measurements of the pressure de-
pendence of activation energy for self-diffusion in alkali metals are
entirely in accord with the vacancy mechanism [Nachtrieb, et al.
(59)]. This is a good argument that the crowdion has a higher energy
of formation than the vacancy, contrary to Paneth’s results. How-
ever, this does not show whether interstitials formed during irradia-
tion would take up the crowdion configuration or not.

B. Ionic Cryslals

In ionic crystals, both self-diffusion and conduction of electricity
(above room temperature) proceed by the motion of lattice vacancies.
These processes have had some theoretical and considerable experi-
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mental study, which has produced results of use in understanding
radiation effects. Because of the additional grip on the problem af-
forded by ionic conduction, a little more information on the mobility
of point defects is available in the case of ionic crystals than in the
case of metals. In general the variation in mobility from one ion" %
another depends primarily on the sizes of the ions, smaller ions being
more mobile as interstitials. Also, vacancies in the lattice of the
smaller ions in a salt are somewhat more mobile than vacancies in the
lattice of larger ions. Mott and Littleton (21) calculated the activa-
tion energy for motion of a sodium vacancy and a chlorine vacancy
in rock salt, and found 0.51 ev for the former, 0.56 ev for the latter.
Dienes (22) calculated the activation energy for the motion of a
neutral vacancy pair in KCI and found 0.38 ev.

Table 5.2. Activation energies for motion of lattice vacancies, E,, in alkali

halides
Substance Vacancy E, (ev) References
NaCl Na* 0 85 23,24
NaBr Na* 0 80 25
NaBr Br- 1.18 25
KCl K+ 0.68 24
LiF . Li+ 0 65 26
LiCl Lit 0.41 26
LiBr Lit 0.39 26
Lil Li+ 0.38 26

The electrical conductivity of the alkali halides is known to be
essentially ionic. At low concentrations of the defect responsible
for conduction, the conductivity is proportional to the concentration
of defects multiplied by the mobility of defects, the latter being pro-
portional to 7' exp (—E»/kT). In pure crystals, the concentration
of defects is also temperature dependent, but in crystals doped with a
divalent metal impurity such as Cd++ a cation vacancy automatically
occurs with each divalent ion in order to maintain electrical neutral-
ity, and with the proper doping a constant concentration of cation
vacancies can be maintained. The temperature dependence of elec-
trical conductivity in such a crystal then immediately determines
E,. Table 5.2 gives results obtained in this way (supplemented by
diffusion measurements in the case of Br— and K+).
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The experimental value for Na* vacancies in NaCl is scen to be
somewhat higher than the calculated value of Mott and Littleton,
but the ion-size rules are seen to be well obeyed, with the exception of
K+ in KCl, for which E,, seems to be low.

Some data exist on defect mobilities in other ionic substances,
particularly silver halides. The reader is referred to Mott and Gur-
ney (27), Seitz (28), and the Bristol conference report (29) for further
details.

C. Semiconduclors

Extensive conclusions concerning the encrgies of formation and
motion of certain defects in germanium have been reached recently
by Letaw (30). These are deduced from experiments on self-diffusion
and on the alteration of semiconducting properties by quenching and
aunealing. Letaw presents strong evidence for believing that the
acceptor levels which can be introduced into germanium by quenching
(thermal acceptors) come from lattice vacancies, and that these de-
fects anneal by the formation of di-vacancies, as a first step, and the
gathering of these into larger clusters and the movement to surfaces
as a second step. From this, the following encrgies are deduced:

(1) Self energy of a vacancy: 2.0 ev
(2) Self energy of a di-vacancy: ¢ 1.1 ev
(3) Activation energy of motion of a vacancy: 0.96 ev
(4) Activation energy of motion of a di-vacancy: 2.2 ev
(5) Activation energy for coalescence of vacancies

into di-vacancy: 1.7 ev
(6) Activation energy for coalescence of di-vacan-

cies into a cluster of four: 2.8 ev

To clarify these results further, it may be stated that (1) and (2)
imply a binding energy of the di-vacancy against dissociation into
two vacancies, of 2.9 ev; (3) and (5) imply a long-range repulsion be-
tween two vacancies giving a barrier against coalescence of about 0.7
ev; (4) and (6) imply a barrier between two di-vacancies of about
0.6 ev. Thesc results should be accepted with some reservations,
but form a useful starting point for attempting to understand anneal-
ing in germanium, and perhaps to some extent, in other diamond-
lattice elements. Unfortunately, the energy and mobility of an inter-
stitial are not provided.



138 RADIATION EFFECTS IN SOLIDS

5.3 Theories of Annealing

The process of annealing point defects involves their diffusion
in the lattice until they encounter traps, where they are immobilized,
or sinks where they are absorbed. Vacancies and interstitials can
annihilate each other by combining, or they can be absorbed on suf-
faces, on grain boundaries, or at jogs in dislocations. Substitutional
impurities can trap vacancies and interstitials by virture of their local
stress fields. There is also a process whereby an interstitial replaces
a substitutional impurity atom, becoming a lattice atom and forcing
the impurity to an interstitial position. This tends to occur whenever
the impurity is smaller than the normal atom, so that its energy as an
interstitial is relatively lower. As a converse to this, an interstitial
impurity can unite with a vacancy, becoming substitutional in the
process. Finally, there are also the possibilities that vacancies can
unite with vacancies and interstitials with interstitials. The former
event is more likely, but the latter is believed to occur in some cases,
particularly in the annealing of graphite.

In all of these processes there is a close analogy to chemical re-
actions, although the reaction rate is frequently limited by diffusion,
which is less often a consideration in aqueous-phase and gas-phase
chemical reactions.* In computing the rates of such processes care
is needed in taking proper account of the various steps. Although it
is quite impossible to give a thorough treatment of all processes in a
short space, consideration will be given in this section to the major
processes. The attempt will be made, by the use of simple models, to
give the reader a feeling for the characteristics and kinetics of the
reactions.

A. Diffusion

The distribution of a particular defect in a crystal can be de-
scribed by its concentration ¢ at each point r and time {. The net
current density, j. of these defects at any point is given in terms of the
gradient of ¢ by Fick’s law

. = -Dve (5-2)
where D is the diffusion coefficient for the particular defect. In a

*There is, however, a growing literature on diffusion-limited reactions.
See in particular Smoluchowski (31,32), Collins and Kimball (33), Noyes
(34), Reiss, Fuller, and Morin (35), Reiss (36), and Waite (69).
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homogeneous medium free of sources and sinks, this leads to the dif-
fusion equation

Dv?2c = oc/ol (5-3)

Fquation 5-3, together with initial conditions and boundary condi-
tions, suffices to determine c.

The diffusion coefficient 1 is proportional to the frequency with
which a defect jumps from one site to an adjoining site, »,

D = ’Ya2VJ (5‘4‘)

Here a is the lattice constant, and + is a simple numerical factor that
depends on the geometry of the lattice and the sites neighboring the
defect (37). For interstitial diffusion in a body-centered cubic lat-
tice, for instance, ¥y = /.. For vacancy diffusion in a body-centered

or face-centered cubic lattice vy = 1. The jump frequency v; is
given by an Arrhenius expression
vy = voe En/*T (5-5)

where E,, is the previously discussed activation energy for motion of
the defect in question and », is an effective frequency. w» can be
thought of as approximately the frequency with which the jumping
action oscillates in its equilibrium position, and is therefore usually in
the vicinity of 1073 sec=!'. Tt may be somewhat different from this,
and a full definition requires consideration of the many-body aspects
of the problem (38). The temperature dependence of D is very pro-
nounced and comes mainly from the exponential in equation 5-5. In
the approximation that quantum corrections to rate theory are negli-
gible and all atoms are oscillating at small amplitude, this is the only
place in which temperature enters (39).

The simplest annealing problem is that in which defects of one
species diffuse to fixed, unfillable sinks. Such sinks can be represented
in diffusion theory by surrounding them with imaginary closed sur-
faces and requiring that the defect concentration be zero on these
surfaces at all times. This is a classical problem in diffusion theory,
and the general properties of the solution are well known (40). A
sufficient account will be given here to display the features important
for annealing. Suppose a region R is bounded by various absorbing
surfaces S (see Figure 5.2), on which ¢ is required to be zero. For an
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arbitrarily shaped region R, a sel of functions ¢;(r) can always be
found, such that

V20i(r) + Aigi(r) = 0 everywhere in R
and
¢; = 0 on the boundaries S.

Here ), is a constant and is determined by the size and shape of the
region. It will be supposed that the numbers A, are labelled in as-
cending order, Ay < A < X < L. The infinite set of eigenfunc-

Figure 5.2 A region, R (shaded), in which diffusion takes place. Bounding
surfaces, S, are perfect sinks.

tions ¢,(r) can be shown to form a complete set and to be orthogonal;
they may also be assumed to have been normalized. Thus

S 00 o0 do = 3, (5-6)

where the integration is over the region R.

A general solution of the diffusion equation in R with the stated
boundary conditions can now be expressed in terms of the eigenfunc-
tions ¢,(r). Itis
D= D, e (5-7)

i=0
Here the coefficients a; are determined by the initial concentration
distribution, ¢(r, 0). With the orthonormality condition of equation
5.6 one finds
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ai = [ o) olr, 0) v (5-8)

The concentration at each point, r, and also the total amount of
diffusing substance left in R, is seen to decay as a sum of damped ex-
ponentials of time, and the diffusion coefficient D sets the scale.
Other things being equal, the decay time is always inversely propor-
tional to D. This is a complicated time dependence, not reducible in
general to any simple description in terms of orders of reaction. How-
ever, after a long enough time the solution does simplify: Since the
higher-order terms damp more rapidly they can eventually be ig-
nored, and the concentration therecafter is proportional to a simple
exponential. Thus, at large ¢

e(r, 1) =2 ag go(r) e (5-9)

In many experimental situations this form is valid during the entire
course of the observations. This is the time dependence that charac-
terizes a first-order chemical reaction, that is, one in which n, the
number of unreacted molecules (or defects) present, changes accord-
ing to

dn/dt = —Kn (5-10)
where K is a rate constant, independent of n.  This equation gives
n ~ e~ ® and comparison with equation 5-9 shows that the effective
first-order rate constant in the asymptotic form of the diffusion-
limited reaction is

K = \D (5-11)
The time required to reach the asymptotic form of equation 5-9
depends on the higher eigenvalues Ay, N2, ... and also the initial con-

centration distribution, e(r, 0). If the initial concentration is uni-
form, the asymptotic form is reached sooner than if it is highly local-
ized, and if the initial concentration happens to coincide with ¢o(r)
the asymptotic form is valid from the beginning. A useful rough
measure of the time to reach the asymptotic distribution is (\D) 7%,
and since \; is ordinarily something like 2\, (A\oD)~?, which equals
K1, will also serve to measure this time.

If some surfaces are present that reflect all the diffusing defects
instead of absorbing them, the foregoing methods apply with the
modification that, on the reflecting surface

dc/on = 0 (5-12)
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rather than ¢ = 0. By Oc/0n is meant the component of the gradient
of ¢ normal to the surface. The eigenfunctions ¢; must then be
chosen to have d¢,;/dn zero on these surfaces.

An intermediate situation can also occur. It may be that on
some surfaces partial reflection of impinging defects occurs. I?a
fraction r of the defects jumping from sites nearest to the surface are
reflected back while the remainder penetrate the surface and become
absorbed, it is necessary to require that

(1/¢)o¢/on = (1 — r)/a* (5-13)

everywhere on the surface. a* is the normal component of the vector
jump displacement of the defects that cross the surface. Equation
5-13 reduces to equation 5-12 when the reflectivity r is unity, and goes
to the very large value 1/a* when r = 0 (perfect absorption). This
is not quite the same as the requirement that ¢ = 0 on the surface
but is actually more accurate, being the same as the requirement from
transport theory that ¢ vanish a little behind the surface.* The ap-
plication of the preceding methods then requires that each cigenfunc-
tion ¢; also satisfy equation 5-13. No other change is required, even
when r and e* vary from one point to another on the bounding sur-
faces.

Simple geometrical shapes permit ready treatment by these
methods, and a few useful results will be collected here. Consider a
crystal containing no sinks except its external surface, which will be
regarded as perfectly absorbing. If the crystal is compact and of
linear dimension L, A, will always be of the order 1/L? giving by
equation 5-11 the asymptotic decay constant

K =D/L? (5-14)
In fact, for a sphere of radius R, one finds
K = =*D/R? (5-15)
and for a rectangular parallelopiped of dimensions A by B by C
K = x*(1/A% + 1/B* + 1/C?)D  (5-16)

From this follows the important corollary that if one dimension is

*See the discussion of boundary conditions in diffusion in section 2.4 of
Morse and Feshbach (41).
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much smaller than the others, the small dimension dominates in de-
termining K.

If the crystal contains internal sinks the surface may be un-
important. Consider the case in which fixed spherical sinks, clus-
ters of vacancies for instance, each having radius ry, are distributed
at random in an infinite crystal. If the crystal is divided into imagi-
nary cells such that one sink lies in each cell and near its center, the
concentration of defects will have nearly a zero gradient on the sur-
face of each cell. ldealizing further, each cell can be considered
spherical with the spherical sink precisely at its center. Let r, be
the radius of the average sphere, and suppose ry > ry,.  One can now
treat the much simpler diffusion situation in one sphere and apply the
boundary condition of perfect reflection at the outer surface (r,) and
perfect absorption at the concentric inner surface (ry). Solving this
problem, one finds

K = (3ry/m*)D = 4xreNoD (concentric spheres) (5-17)

where IV, is the number of traps per unit volume.

Finally, as has been noted, dislocations, are sinks for point de-
fects, and a random distribution of dislocations in a large crystal will
now be considered. Suppose each dislocation is represented by an
absorbing circular cylinder of radius ro and infinite length; and there
are Vo dislocation lines per unit area in the crystal. Partitioning the
crystal in a manner analogous to that used in the case of spherical
sinks, one is left with the problem of diffusion between concentric
circular cylinders, the outer cylinder being a perfect reflector and hav-
ing radius r,, where 7r;> = 1//N,. The decay constant works out to
be, assuming again r; > ry

K =2 2aNoD/In (r1/ro) (concentric cylinders) (5-18)

Diffusion to a dislocation at intermediate temperatures may be
strongly influenced by the stress field of the dislocation. Under these
conditions the foregoing considerations are inadequate. Cottrell
and Bilby (70) consider this problem and show that if the imperfec-
tions are uniformly distributed about an edge dislocation at ¢t = 0,
and have a drift velocity proportional only to the gradient of the
stress-induced potential energy, the number of imperfections collected
by the dislocation at time { is proportional to {*. This result is not
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comparable simply with equation 5-18 because the equation allows
for only one dislocation in an infinite region.

B. Recombinalion of Vacancies and Inlerstilials

Interstitial atoms can unite with vacancies to annihilate both
defects. Let it be assumed, following the discussion of the preceding
section, that interstitials are much more mobile than vacancies.
Each vacancy is thus a fixed center in which diffusing interstitials
can be captured. The vacancy differs from the inexhaustible traps
just discussed, however, for it can receive only one interstitial. An
understanding of the process can be gaired from the following simple
considerations.

Suppose a vacancy is surrounded by z interstitial sites that have
the property that an interstitial on any one of these sites has a jump
frequency v,/ for jumping toward the vacancy, and a jump toward
the vacancy means certain annihilation. It would be expected that
z = 10, but its exact value will be left unspecified. Situations can be
imagined in which short-range attractive forces exist and any inter-
stitial coming within a distance many times larger than a lattice
spacing will be captured. In such cases z > 10. Let there be n,
vacancies per unit volume and n; interstitials per unit volume at any
time {. Let the volume per lattice site be » and the probability that
any one of the z sites around a vacancy contains an interstitial be py.
Then consideration of the average rate of annihilation of vacancies
leads to the equation

—dn,/dt = v, zpn, (5-19)

The simplest approximation with which the matter may be
further developed is to assume that the interstitials are randomly
distributed in the beginning and that diffusion continually redistrib-
utes them as they are absorbed. Thus the sites bordering an un-
reacted vacancy will first be assumed to contain precisely the over-all
average concentration of interstitials; that is, it will be assumed that

pr = wng (5-20)

It is to be emphasized that the starting approximation of equa-
tion 5-20 and the modifications to be discussed in the next four para-
graphs could only be valid if the initial distribution of interstitials
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was not highly correlated with the distribution of vacancies. If a
displaced atom has high energy it comes to rest at a site far from its
point of origin and thus uncorrelated with it. This is approximately
the case in fast-neutron bombardment; also, in very heavy irradia-
tions so many displacements are created that damage regions from
various primary collisions overlap, and again correlation disappears.
On the other hand, if electron bombardment is employed and the ex-
posure is not too high, each interstitial will commence life at a site
near one vacancy and far from the other vacancies. This case re-
quires special discussion and will be taken up later.

Use of the approximation of equation 5-20 with equation 5-19
leads to simple kinetics for the combination reaction. If the initial
concentrations of vacancies and interstitials were n,° and n;° respec-
tively, at any time

n'—n,=no—n (5-21)
and one finds
—dn,/dt = v;//20(n — n,' + ny)n, (5-22)

If n/* > n,9 this gives first-order kinetics, but if n;° = n,°, the usual
situation with radiation induced defects, equation 5-22 gives second-
order kinetics for recombination. The jump frequency »,/ is given
by an Arrhenius expression similar to equation 5-5, except that the
activation energy, E,’, may be somewhat different from that for
motion at a distance from other defects.

In actuality the sites around an unreacted vacancy are rather
special, and it is never quite true that they remain occupied with
interstitials in a purely random way, even when that is the starting
distribution. If the vacancy sites were inexhaustible sinks, the fore-
going discussion of diffusion into a point sink could be utilized, and it
would be clear that the interstitial concentration near the vacancy
would be depressed, as soon as motion commences, compared with
that at a distance. The exhaustible character of the vacancy as a
sink complicates the calculation. It is still true that the interstitial
concentration is depressed near the vacancy, but it is depressed by a
more moderate factor, and this factor rises toward unity as time
passes and the vacancy achicves a higher probability of being filled.
A full quantitative discussion becomes intricate, and, because of the
speculative nature of the parameters on which it hinges, will not be
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presented herc. A depression factor, f, which depends on n, and
increases toward 1 as n, approaches zero is needed on the right-hand
side of equation 5-22. The importance of the depression factor is
increased if »,/ > v, and is diminished if »,/ < »;. That is to say, if
there is an abnormally high energy barrier against jumping into the
vacancy from the surrounding sites (E,’ > E,), most of the intersti-
tials approaching the vacancy are reflected away again, and there is
little correlation between their positions and those of the vacancies.
As a consequence f =2 1 for all n,, and the assumption of second-order
kinetics becomes justified. In the more general case second-order
reaction kinetics is only an approximation, possibly a poor one.

In case both defects are mobile at the same time the qualitative
behavior is as before. Quantitatively, the discussion must be altered
to consider the density of one type of defect at various distances
about a defect of the other type, rather than about a fixed site, and
the jump frequency »,” must be replaced by the sum of the jump fre-
quencies of each type of defect, say v,/ + v,/ .

The problem of the coagulation of vacancies into di-vacancies or
of interstitials into trapped pairs of interstitials, if these are stable.
can also be treated by the foregoing methods.

It has been mentioned that electron bombardment near thresh-
old produces closely spaced interstitial-vacancy pairs, and that this
starting situation requires special treatment. A discussion of the
problem has been given by Fletcher and Brown (42) in connection
with the experiments on germanium of Brown, Fletcher, and Wright
(43). Fletcher and Brown choose to divide the annealing process
into three stages. The first stage involves the recombination of pairs
with nearest neighbor separation (ry) and is a simple first-order process.
In the second stage pairs with slightly greater separation recombine.
This can be treated on the basis of diffusion theory, or more accurately
and much more laboriously, as a problem in random walks on a lat-
tice. In this stage the mobile defect either recombines with its
neighboring sink or diffuses away never to return. If n, defects start
out at a distance r, from the center of a perfect sink of radius ry in an
infinite isotropic medium, and move independently according to the
diffusion equation, the number n remaining after a time { can be

shown to be
Tro o r{ —ry .
= - 242 ,, 5-23
mE l.l re Ty ert (2\/Dl>] 5-23)
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where erf (z) is the error function

erl (x) = \/ fx e~ dr

From this solution it is seen that the fraction of the defects starting at
r, that wander away to participate in the third stage is (1 — ro)/r..
Fletcher and Brown also present lattice random walk calculations for
some particular cases. These show that the diffusion approximation
gives a reasonably good fit to the random walk calculations if the
parameters r, and ry are modified slightly. In the third stage those
defects that have wandered away [rom their original partners diffuse
about until they recombine with more distant defects. This stage
is assumed to follow simple second-order kinetics, which in view of
the foregoing remarks, is also an approximation.

Suppose now that n, the number of defects of a particular kind
per unit volume present at time {, obeys a differential equation of the

Lype
—dn/dt = K f(n) (5-24)

where K is a rate constant and f(n) may be any of a wide variety of
functions. If f(n) = n”, where v is a constant, the reaction is said to
be of order v. From the preceding considerations it is réasonable 1o
suppose that f(n) is at least a monotonically decreasing function of n,
and to assume that K has the form Ko™ Z/¥7, where K, is a constant
and E is an activation energy. In many experiments an irradiated
sample is gradually warmed and the number of defects (or a physical
property assumed to be proportional to this number) is observed dur-
ing the course of the warming. Because of the exponential depend-
ence of K on temperature, dn/dl is very small during the low-tempera-
ture stages, then grows rather suddenly, and within a small tempera-
ture range in the vicinity of a characteristic annealing temperature
T, virtually all of the defects of this species disappear. The charac-
teristic temperature is such as to make dn/df appreciably large, that
is K(T,) is in the vicinity of unity. Since Kj is usually rather large,
T, is usually much less than E/k. With assumptions about the mag-
nitude of K, and the form of f(n), observation of T, allows a fairly
precise determination of the activation energy E, and as has been
shown this is a most important characteristic of the defects.

To see how this determination can be made and to examine the
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nature of simple annealing more closely, a special case will now be
treated. Suppose the temperature is brought up from absolute zero
at a constant rate, so that T = «f, where [ is the time since the start
of the experiment and « is a constant. It is convenient to express
the activation energy E in terms of an equivalent temperature %‘
where

0y

KTy = E (5-25)

The warming rate can best be specified in terms of the time r required
for the temperature to rise to T,

r = To/a = E/ka (5-26)

Changing the independent variable from time to temperature and in-

troducing the parameters = and T\, the governing equation 5-24 can
be written

dn/f(n) = —Kore™ ™7 dT/T, (5-27)

The solution of this can be expressed with the aid of the exponential
integral (44),

Ei(—z) = f = dr (5-28)

Letting no be the value of n at { = 0, one finds

f,.f’% — —Kur l:%e"“”' + Ei (_ %)] (5-29)

For reaction of order v the integral on the left can be taken and a solu-
tion n(T) can be found.

K, is an effective frequency, the frequency of defect vibration
» multiplied by factors taking account of the number of jumps needed
for removal of the defect. Kjyr is then the number of such *effective
vibrations” of a defect in a complete warmup period from 0 to tem-
perature Ty, and can be assumed to be very much larger than 1, say
from 107 to 107 in likely cases. It then turns out that /T, < 1 dur-
ing the greatest part of annealing, and the approximation (44)

Ei(—z) = e*(1/2* — 1/x) (5-30)

valid for x > 1, can be used to simplify equation 5-29. Assuming
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now, for definiteness, that the reaction is one of first order, f(n) = n,
one finds from equations 5-29 and 5-30
In (n/ng) = —Kor (T/To)2 e~ ™7 (5-31)

This is an important result showing the explicit course of the an-
nealing and its dependence on the parameters Ty, Ko and . The

0
Ta/To /%

Figure 5.3 Defect concentration vs temperature for annealing with constant
rate of warming. First-order kinetics assumed. T, = E/k, where E is the
activation energy of the reaction. T, is given by equation 5-33.

resulting curve of n/ne vs T/T, is shown in Figure 5.3. The abrupt
drop in n/n, from 1 to 0 is seen in the figure. There is an inflection
point in the curve and this is also the point at which n/n, = e
The temperature at the inflection will be labelled 7T,. T, satisfies
the equation (valid independently of the assumption that Kor is
large)

1 = Kor(T,/To)% e (5-32)
This has the approximate solutions
’ T./To 22 1/[In (Kor) — 2 InIn (Kor)] (5-33)

= 1/[In (Kor)] (5-33a)
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Equation 5-33 is accurate to within 2 or 3 per cent, the simpler equa-
tion 5-33a is good to about 15 per cent in typical cases. The width
of the step in the n vs T curve is something like 0.05 T,. If Kor =
107, a low value, T,/ Ty = 0.087; if Kor = 102, T,/T, = 0.046; and
if Kor = 107, a high value, T,/Ty = 0.030. The variation of ¥,
with K, is very slow, but because of the large range that Kor may
cover, is not to be ignored. The warmup time 7 is scen to have a
logarithmic influence on 7T,. Lengthening the warmup time reduces
T,, as was to have been expected.

Because of the small temperature range in which most of the
annealing occurs, the assumption of a constant rate of warming is
seen to be not a very serious restriction. 1t is only necessary that
the rate of warming be nearly constant within this small range around
T,. 7 must be determined by the rate at this point, and the warming
rate can be very different in other stages without disturbing the re-
sults seriously.

With second- or higher-order reactions the behavior of n is very
similar to that shown in Figure 5.3. There are quantitative differ-
ences, chiefly an increased broadening of the step of the n vs 7' curve
as the order of the reaction increases. Carrying out the integral on
the left of equation 5-29 allows these cases to be discussed in detail.

If a number of different species of defects are present, and each
species anneals independently of the others and with its own activa-
tion energy, a compound annealing process will be found. The an-
nealing curve will be a superposition of curves of the type of Figure
5.3, each weighted according to the number of defects of the species
initially present and the physical effectiveness of one defect. 1t is to
be understood that when one kind of defect, e.g., interstitials, has a
variety of sites in which it is partially trapped, with a variety of ac-
tivation energies for removal, these may be counted as a variety of
species. With a small number of species, well separated in activation
energies, a series of steps will be resolved during slow warming. If
many species are present the result will be a gradual change in physical
properties over a large temperature range and it will be difficult to
draw quantitative conclusions. Vand (45) and Primak (46) have
given thoughtful discussions of these matters, and the mathematical
and experimental difficulties will be appreciated upon consulting their
papers. Unfortunately many irradiated substances show just this
kind of broad-range annealing. Furthermore, the value of K and
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the exact nature of the function f(n) for each species is usually
unknown or uncertain.

In the case of consecutive reactions, where species A anneals to
form species B, which anneals to species C, etc., still more compli-
catled considcrations are necessary. These will not be taken up here.

If it can be assumed that a reaction follows an equation of the
type of equation 5-24 with K given by an Arrhenius expression, it is
possible to find the activation cnergy in at least three distinct ways
without knowing anything about the form of f(n). Parkins, Dienes,
and Brown (56) have given a method for doing this by observing the
inflection point T, in the warming curve, at two different rates of
warming. A second method is to observe n as a function of time at
constant temperature. The time to decay to a given value of n dur-
ing an anncal at temperature T, is measured. Let this time be {,.
The time ¢, for an identical specimen to decay to the same value of n
during an anneal at temperature 7. is also measured. Because Kt
can be adopted as the independent variable in equation 5-24 it can
be seen that

K(T)/K(Ty) = b/k (5-34)

This, with the assumption K(T) = K™ */*T allows the determina-

tion of E. It is to be noted that it is not actually necessary to meas-
ure i, but only a physical property dependent on n in a'temperature-
independent way.

In the third method annealing is carried out for a time at con-
stant temperature, and then the temperature is suddenly altered
and held constant again at a new value. Let the two temperatures
be T, and 75, and the anncaling rates just before and just after the
temperature changes be (dn/dtl); and (dn/dl),, respectively. Because
the change is sudden, n is the same just before and just after, and so

(dn/dl); = —K(T) f(n)
(dn/db), = —K(T>) f(n)

Taking the ratio of these equations, f(n) cancels, and the ratio of the
rate constants at two temperatures is again determined.

K(T1)/K(T2) = (dn/dl),/(dn/dl) (5-35)

From the discussion presented in these sections it should be
clear that the function f(n) governing the annealing of point defects,
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even with a single activation energy for diffusion, may take a variety
of forms, and factors such as the initial distribution of defects, the
distribution and character of traps, and the barrier against recombina-
tion, or lack of it, influence f(n) decidedly. Diffusion-limited reac-
tions with inexhaustible sinks have a time dependence which is a sufy
of exponentials; asymptotically this becomes a first-order reaction,
but at short and intermediate times it simulates one of variable order.
Kinchin and Pease (57, section 3-1-1) show calculations on two-
dimensional diffusion, such as would occur in layered structures, in
which the isothermal annealing over a wide range is approximated by
a reaction of sixth order. Tt has been suggested by Overhauser (47)
that the activation energy for movement of radiation-induced defects
may depend appreciably on the concentration of defects; this intro-
duces a further factor exp (an/kT) on the right of equation 5-24,
and, as has been shown by Dienes (58), a reaction of low order with
this modification simulates a reaction of different (and higher) order.
It has become quite usual in reporting isothermal annealing data to
determine an order of reaction that fits the results. However, the
authors feel that extreme caution should be used in drawing conclu-
sions about the mechanism of an annealing process from the apparent
order of the reaction.

5.4 Fundamental Experiments

In this section a selected set of annealing experiments will be
discussed. The experiments have been chosen on the basis of their
fundamental significance and in order to show representative anneal-
ing effects in simple irradiated substances. No attempt will be made
to exhaust the voluminous literature that has accumulated in this
field. The case of pure metals is treated first.

A. Annealing in Melals

As has been noted, the earliest annealing stages occur at sur-
prisingly low temperatures, and in only a small number of cases have
irradiations been done at temperatures where no annealing occurs.
Blewitt, Coltman, Holmes, and Noggle (51) have irradiated a number
of metals at 20° K in the Oak Ridge graphite reactor. Observations
have been made of the electrical resistivity during irradiation and
upon subsequent annealing. Figure 5.4 shows some of the results.
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Each specimen was irradiated for 155 hours under the same flux in a
special helium-cooled chamber in the reactor. The left portion of the
figure shows the steady increase of eclectrical resistivity (compared
with the unirradiated value) during this time. At the end of 153
hours the reactor was shut down and the specimens were allowed to
warm slowly. [In the right-hand portion of the figure the plot of
resistivity is continued, but with temperature as the abscissa.
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Figure 5.5 Annealing curve of reactor-irradiated copper. The zone-refined
copper was bombarded at 17.5° K to an exposure of 8 X 10" nvt. The resistivity
at each point on the curve was measured at 14° K following a 3-min. pulse at this
indicated temperature (from reference 51).

Several important features are apparent in this figure. In the
first place, the increase of resistivity is, to high accuracy, a linear func-
tion of the exposure for all of the metals tested. There is thus no
radiation annealing effect with reactor irradiation at very low tem-
peratures and within this range of exposure. In contrast to this,
deuteron bombardment of copper at a temperature of 10° K and also
at 78° K causes radiation annealing, that is, a diminution in the
rate of resistivity change as damage accumulates (54). The second
important result displayed in Figure 5.4 is that annealing of the
resistivity change sets in between 20° K and 30° K for all of these
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metals. The initial drop is rather sharp, but the bulk of the damage
remains at 80° K and is being annealed quite gradually, in contrast
to the behavior expected of a simple process with a single activa-
tion energy (see Figure 5.3). The different metals also show widely
differing total resistivity increments at a given exposure. There
is no obvious system to this, but quite conceivably the resistivity of a
Frenkel defect differs considerably in different metals.

CRITICAL SHEAR STRESS

ARBITRARY UNITS

\ ' .
100 200 300 400 + 500
ANNEALING TEMPERATURE -DEGREES G

Figure 5.6 Anncaling of Cu wires hardened by 30-day neutron irradiation at
80° K. Each sample was annealed 10 minutes at the indicated temperature
(from reference 52).

More careful measurements on the annealing of copper have also
been made, by Blewitt el al., and an example is shown in Figure 5.5.
In this work a zone-refined specimen of copper was bombarded in the
reactor at 17.5° K to an exposure of 8 X 107 nvt. Subsequently the
specimen was annealed in 3-minute pulses at successively higher tem-
peratures, as indicated by the points on the curve. The resistivity
after each pulse, however, was measured at 14° K and is thus essen-
tially the residual resistivity. Tt is seen that about 35% of the re-
sistivily increase anneals in a sharp step in the neighborhood of 35° K.
If this is ascribed to a single process with a frequency factor of about
102 sec—!, equation 5-33 shows that the activation energy of the
process is about 0.1 ev. It is also clear from Figure 5.5 that in the
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range above 50° K the annealing is complex, and at best it would be
necessary to assume a large variety of activation energies.

Annealing of copper to higher temperatures shows that recovery
continues to perhaps 900° K [Blewitt, et al. (51), McReynolds, el al;
(52), Eggleston (53)], with about three fourths of the resistivity in-
crease annealing by room temperature and the remainder coming out
slowly over a large temperature range. The plastic properties of
copper are particularly affected by high-temperature annealing. The
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Figure 5.7 Thermal recovery of bombardment-induced resistivity during
warmup from 10° K (from reference 54).

critical shear stress, which is markedly increased by reactor irradia-
tion, shows very little annealing until about 575° K, and is largely
recovered by 700° K (the resistivity also drops again in this stage).
Figure 5.6 (p. 155) shows the results of McReynolds, et al. (52) on criti-
cal shear stress of copper wires irradiated in the Brookhaven reactor
at 80° K to an exposure of 10'* nvt. Each point on the curve repre-
sents a separate sample which was annealed for 10 minutes at the
indicated temperature. Stress-strain curves were then measured at
liquid-nitrogen temperature. Isothermal anneals of various dura-
tions were also made, and the region 575-625° K yielded an activa-
tion energy of 1.9 ev. The simultaneous annealing of electrical re-
sistivity in this range gave an activation energy of 2.0 ev. Eggleston
(53) bombarded 0.003-inch copper wires at about 120° K with 35-
Mev alpha particles. After exposures of 8 X 107 particles/cm?, iso-
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thermal annealing was performed and residual resistivity was ob-
served. Recovery over a broad range of temperatures was observed,
in general agreement with the reactor results. Iiggleston distin-
guished two rather well separated ranges of recovery, the lower being
from 210° K to 255° K, with an activation energy of about 0.7 ev,
the upper from 525° K to 600° K, with an activation energy of 2.1
ev. This is in reasonably good agreement with the results of Mc-
Reynolds, el al., and indicates that charged-heavy-particle bombard-
ment and reactor irradiations induce defects with closely similar
annealing properties. KEggleston also reported that the isothermal
annealing curves in the 210-255° K range can be fitted by third-order
kinetics, while those in the 525-600° K range seem to obey fourth-
order kinetics. In view of the remarks made in the preceding sec-
tion on apparent orders of reaction, this result can not be considered
to have clear-cut significance.

The deuteron bombardment experiments of Copper, Koehler,
and Marx (54) on copper, silver, and gold at 10° K have already been
mentioned in section 3.3 of Chapter 3. These workers also observed
the annealing of electrical resistivity in their specimens as the tem-
perature was allowed to rise after bombardment. Figure 5.7 shows
the results. All of the specimens had received 8 X 10'¢ deuterons/
cm? before the start of the warm-up. The sudden drop at the very
beginning in the case of copper and silver (shown by dotted lines)
was caused by a brief heating pulse from the release of condensed deu-
terium at the start of the annealing. It is believed that this released
only an insubstantial part of the defects, and thus the dotted portions
of the curves should be ignored. The very low temperature annealing
stage for copper and silver is clearly evident. For copper this occurs
between 35° K and 45° K with 409, of the initial Ap recovering, and
for silver it occurs in the range 27° K to 33° K, with a recovery of
about 139, of the initial Ap. Gold does not show this annealing
stage, and in view of the similarity of these three metals this is some-
what surprising. It may be that the stage exists but occurs at too
low a temperature or is too small to be resolved. It should also be
noted that this first annealing stage was seen in gold in the reactor
irradiation experiments (Figure 5.4). The reason for the difference
is not understood.

From 50° K to 200° K a gradual recovery is seen in all three
metals. Between 200° K and 280° K there is another drop, sugges-
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tive of a simple process but less well defined than the low-temperature
stage. At 280° K approximately 107, of the initial Ap remains in all
three cases.

Further light should be shed on these annealing processes hy
observing the release of stored energy that accompanies them. Ble-
witt and co-workers (51) have measured the stored-energy release as-
sociated with the low-lemperature annealing of copper and aluminum.
The irradiations were made in the reactor at about 20° K, for a period
of 160 hours (4 X 107 nvt.). Afterwards the reactor was shut down
and the samples, under conditions of good thermal insulation from
their surroundings, were allowed to warm slowly under the heating
from the y-rays in the reactor. This heating is very steady and is
quite uniformly distributed through the sample. After the sample
had been warmed to 60° K it was cooled and then warmed again to
60° K without further neutron irradiation. In the second warming
it could be assumed that no stored energy was being released, and
thus the temperature rise required a longer time. The difference
between the gamma-ray heat inputs in the first and second warmings
is then the stored-energy release. (Sce also the discussion in section
4.2C of Chapter 4.) A check on the assumed rate of gamma heating
was afforded by observing the time-temperature curve in the second
warming. From this the heat capacities could be calculated, and were
found to agree very closely with accepted values.

For both copper and aluminum it was found that the energy
liberated in warming through the temperature range 30 to 50° K did
not exceed, and was possibly close to, the experimental error of 0.1
cal/mole. This is a surprisingly low value. If the theoretical re-
sults of Blatt (see Table 3.4) for the electrical resistivity of a Frenkel
defect in copper are accepted, the observed increment of resistivity
in the copper specimen indicated that it contained about 10 Frenkel
defects per mole at the start of the annealing. If !/; of these an-
nealed out in the 30-50° K range, as indicated in Figure 5.5, an en-
ergy release of 0.1 cal/mole means a release of 3/, ev per defect an-
nealed. On the other hand, the calculations of Huntington dis-
cussed earlier (see Table 5.1) indicate that a Frenkel pair should release
6 to 7 ev upon recombination of the interstitial with the vacancy,
and 5 to 6 ev upon absorption of the interstitial at a surface or a dis-
location. The observed stored-energy release is thus nearly an order
of magnitude lower than that predicted from a simple model of the
annealing.
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Overhauser has made careful measurements of the annealing of
resistivity increases (47) and of the release of stored energy (48) in
polycrystalline copper specimens bombarded with 12-Mev deuterons
al liquid-nitrogen temperature. The increase of resistivity with ex-
posure up to 107 deuterons/cm?® was nonlinear and dependent on
bombarding flux, showing that pronounced annealing was occurring
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Figure 5.8 Activation energies for recovery processes operating at various
temnperatures in deuteron irradiated copper. The straight line is drawn through
absolute zero (from reference 47).

during bombardment. Overhauser measured an activation energy
for recovery at each of a series of temperatures from 90 to 255° K by
the method of suddenly changing the temperature, in the vicinity of
the temperature of interest, and observing the change in rate of an-
nealing (this method is described in section 5.3B of this chapter, see
equation 5-35). The annealing was found to possess a broad spec-
trum of activation energies, as indicated in Figure 5.8. Each dot in
this figure represents an activation energy for the recovery process
found to be operating in the vicinity of the indicated temperature.
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Activation energies ranging almost continuously from 0.20 to 0.68
ev were found, with a predominance of the 0.68 ev process at the higher
temperatures. Isothermal anneals for a larger range of time were per-
formed at 255° K, where Figure 5.8 seems to indicate a single anneal-
ing process to be operating. The decay of excess resistivity, Ap, wa$
found to obey quile accurately the equation

dAp/dl = — K(Ap)”

with ¥ = 2.5. Overhauser interprets this by assuming that inter-
stitials and vacancies arc recombining in this stage according to sec-
ond-order kinetics (see equation 5-22), but with an activation energy
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Figure 5.9 Rate of stored-energy release at various temperatures for deuteron-
irradiated copper. Both samples weighed 0.219 grams (from reference 48).

dependent on the concentration of defects because of the elastic strain
around each defect. He presents a calculation that shows that an
effective reaction order of approximately 2.5 can result from this
situation. However, in view of the remarks made in section 5.3 of
this chapter about apparent orders of diffusion-controlled reactions,
the significance of this numerical agreement must be viewed with
reserve.

The stored-encrgy rélease experiments were made on copper
foils 0.005-inch thick, also bombarded at the temperature of liquid
nitrogen. By a careful technique of comparing the temperature of
the irradiated foil with that of an identical unirradiated foil while
both were being warmed, the stored cnergy released per degree of
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temperature rise at temperature T could be found. This quantity,
denoted ¢(T), has been discussed in Chapter 4, section 4.2C. Figure
5.9 shows the resulting ¢(7T) plotted against T for two samples that
had had different exposures. The two samples were of the same
weight, 0.219 grams. Both specimens were irradiated for the same
length of time, so the sample with heavier exposure was subjected to
greater heating effects during irradiation, which accounts for the
pecularity in curve number 2 at the low-temperature end. Above
—80° C the curves are comparable, and the stored-energy release
rates are found to be in the same proportion as the exposures.

Tt is seen that stored energy is released continually through the
entire course of the warm up, with a pronounced peak in the vicinity
of —20° C. By integrating the curves in Figure 5.9 and normalizing
to an exposure of 107 deuterons/cm? it is found that 3.3 cal/mole are
released between —80° C and +10° C. This energy release is as-
sociated with a resistivity decrease of 0.031 wohm-cm, and this
amounts to 106 cal/mole/gohm-cm. In the experiments of Blewitt,
el al., a resistivity change of about 0.002 pohm-cm occurred on an-
nealing from 20 to 60° K and was accompanied by not more than 0.1
cal/mole of stored-energy release, which amounts to an upper limit
of 50 cal/mole/uohm-cm. The two results are not identical, but
this is not at all surprising since Blewitt’s irradiatiens were done
with neutrons, at much lower temperature, and at a much lower level
of damage. If each pair of defects annealed released 5 ev and con-
tributed resistivity at the rate of 2.7 uohm-cm/per cent (see Table
3.4). the stored energy to resistivity ratio would be 425 cal/mole/
wohm-cm, which is far higher than the observed values. On the
other hand, the Overhauser-Gorman Figure of 12.0 uohm-cm/per cent
Frenkel defects would lower this quotient to 95 cal/mole/uohm-cm,
which is in good agreement with Overhauser’s measured value of
106 cal/mole/uohm-cm. This agreement may be quite fortuitous
since the calculated number of defects together with the 12uohm-cm
resistivity figure would lead one to expect something like 50 times
higher resistivity increments than are actually observed. Also the
very low temperature results make it quite clear that damage formed
at liquid-nitrogen temperatures is already in a partially annealed
state and probably does not consist solely of independent vacancies
and interstitials.

It has been pointed out that irradiation with electrons near
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threshold would be expected to produce ideally simple damage con-
sisting of close Frenkel pairs, and thus annealing of such samples
might also be simpler than the annealing of samples damaged in
conventional ways. Such experiments have been made and do noj
seem to bear out this conclusion, although the full experimental re-
sults are not yet available. Meechan and Brinkman (60) have ir-
radiated high-purity copper wires with 1.25-Mev electrons at 80° K
and have followed the change of electrical resistivity as the specimens
were warmed. The recovery was not unlike that seen after deuteron
bombardment, going on continuously from 80 to 550° K, with only one
region in which a fairly abrupt drop occurred. This region was cen-
tered around 300° K, and involved about a 509 recovery. Con-
sideration of heating rates indicates that this is probably the same
region of pronounced recovery seen by Overhauser at a slightly lower
temperature and assigned the activation energy of 0.68 ev. Meechan
and Brinkman find second-order recovery kinetics in this region and
an activation energy of 0.60 ev. The maximum energy that a 1.25-
Mev electron can impart to a copper atom is 35 ev, which is sufficiently
above threshold that this damage may not actually be ideally simple.

Corbett, Denney, Fiske, and Walker (61) have irradiated copper
foils at 10° K with 1.35-Mev electrons. Annealing experiments
showed that recovery of electrical resistivity commenced slightly
above 20° K and was 909, complete by 65° K, with a maximum re-
covery rate around 35° K. This is in qualitative agrecement with the
heavy-particle results, but considerably more of the damage annecals
in these experiments. The annealing in this range has not been found
to follow a single first- or second-order rate equation. The annealing
of electron-induced damage thus appears to be simpler than the
heavy-particle case, but much work remains to be done before it is
quantitatively understood. Of particular interest. would be the
measurement of stored-energy release from samples bombarded at
10° K.

The above work and other experiments thus show the existence
of four rather well defined, stages of annealing in irradiated copper.
Closely corresponding stages have been found in silver and gold, and
to some extent in other metals. The stages for copper are sum-
marized in Table 5.3. The experimental results have been discussed
at considerable length, because it is highly important to understand
these annealing processes and copper has been the most thoroughly
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studied metal. Unfortunately a complete and consistent explanation
of the annealing observations is not yet available, and the best that
can be done is to offer a variety of hypotheses, each of which fits some
but not all of the facts.

Table 5.3. Annealing stages of irradiated copper

Temp. Approximate
range activation
Stage (° K) energy (ev) Principal recovery
I 30-50 01 Electrical resistivity
11 50-240 02-0.6 Electrical resistivity
I 240-320 07 Electrical resistivity
v 575-900 ~2 0 Critical shear stress

The calculations reported in Table 5.1 strongly suggest that
stage I occurs because of the motion of interstitials and stage ITT be-
cause ol the motion of vacancies. Stage IV is unique in that it in-
volves mostly the recovery of mechanical properties, notably the
critical shear stress. The activation energy of this stage, 2.0 ev,
is aboul the same as the activation energy for self-diffusion in copper.
Very likely the recovery in this stage involves the removal of en-
tangled dislocations and possibly dislocations pinned by combinations
of point defects formed at lower temperatures. The view that
vacancies are moving in stage I1I is also supported by the quenching
experiments of Koehler, el al. on gold (7-10) together with the assump-
tion that copper and gold have closely related activation energies.
The simplicity of this interpretation is upset by the annealing ob-
served in stage II, which must be ascribed either to some kind of
cluster formation or to interaction of point defects with impurities.
The tendencies for cluster formation have been discussed in section
5.2 of this chapter, and their possible importance in annealing can
not be overlooked, although virtually no quantitative information is
yet available. Tt must also be remembered that the defect concen-
tration involved in most of the experiments cited is very low, being
in the range 10~° to a few times 104, and thus is comparable to the
concentration of impurities. The stress field around an impurity
atom would be expected to interact with vacancies and interstitials.
An interstitial impurity can trap a vacancy by falling into it and be-
coming substitutional; a substitutional impurity that is smaller than
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a normal atom can trap a normal interstitial by exchanging with it
and becoming interstitial. Quite possibly some or all of these proc-
esses are occurring in stage II.

The stored-energy measurements of Blewitt, ef al. are a partic-
ularly serious challenge to the vacancy-interstitial model of anneal-
ing being considered. These measurements are so recent, and the
experimental difficulties involved are so great, that some reservations
may be allowed concerning them. However, if they are accepted it
becomes very difficult to believe that interstitials are simply being
annihilated in stage I, and it is necessary to think of a mechanism by
which rather large amounts of resistivity are recovered with only a
small release of energy. Blewitt (51) and Lomer and Cottrell (50)
have suggested, mostly on ad hoc grounds, that the interstitial in
close-packed metals is more stable in the crowdion configuration, and
that its easy movement is thus restricted to one dimension. It is
then proposed that stage 1 annealing occurs when the crowdions can
first move, and involves migration to more stable positions along their
lines, these more stable positions being provided by the stress fields
around impurities and dislocations. Since motion of the crowdion is
restricted to a line, recombination with a vacancy will be possible
only when the vacancy happens to lie on a crowdion line, and this
occurrence will be rare. Thus, far less than 5 ev will be released for
each crowdion trapped. In this picture stage II annealing occurs
with the release of the crowdions from their traps and their migration
to still more stable sites, including sites of annihilation. Since the
crowdion line may lie at a variety of distances from the stress center,
a variety of trapping energies would be expected, and this would ex-
plain the multiplicity of activation energies encountered in stage II.
Stage III annealing would still be explained by the migration of
vacancies, whether to annihilation sites or partly to coagulation cen-
ters is not certain, and stage IV would be explained by the creation
and diffusion of vacancies which could free dislocations from what-
ever pinning centers were obstructing them.

Three objections can be raised against the crowdion model
outlined in the foregoing paragraph. First, the stability of the
crowdion configuration itself has had no theoretical demonstration,
and remains conjectural. Second, the trapping of a crowdion near
but not on a center of strain would be expected to lower the electrical
resistivity somewhat, because of over-all strain reduction, but no



5. ANNEALING OF DEFECTS 165

calculations of the magnitude of this effect have been made and it
seems highly plausible that the resistivity change would be very
much less than that observed in stage I annealing. Third, the ex-
periments of Simmons and Ballufli on lattice parameter changes in
deuteron irradiated copper (see section 4.2G of Chapter 4) showed
that 559, of the increase of lattice parameter recovered in stage |
annealing. Annihilation of interstitial-vacancy pairs would account
for this very well, but it is very difficult to see how the trapping of
crowdions could yicld anything like so much recovery of lattice ex-
pansion.

Still other interpretations of these and related annealing stages
in other metals have been proposed.  Brinkman, Dixon, and Meechan
(62) have suggested that stage III consists of the motion of intersti-
tials. while vacancies anncal at a higher temperature, with an activa-
tion energy of 1.19 ev in copper. This argument comes from obser-
vation on the alloy CusAu, which has similar annealing behavior to
copper (at any rate at temperatures above 180° K), and in which
only the upper (420° K) annealing changes the state of order. Brink-
man, el al. point out that motion of interstitials would not be expected
to change the state of order, while motion of vacancies would. The
comparison between copper and CuzAu may be criticized as over-
strained in this argument, and a second objection may be found in
the data on self-diffusion. Since the activation energy for self-
diffusion in copper is known (6) to be near 2.04 ev, an activation
energy for vacancy motion of 1.19 ev, as proposed by Brinkman, et al.,
would require a vacancy formation energy of 2.04 — 1.19 =< 0.85
ev. This seems anomalously low, since it would lead to a high
vacancy concentration near the melting point, and it is inconsistent
with the relation between formation and motion energies of vacancies
established by Koehler and co-workers in the closely related case of
gold (7-10).

A somewhat different suggestion has been put forward by Li and
Nowick (63), who argue that the defect in motion in stage III anneal-
ing of copper is the di-vacancy, with the single vacancy remaining
fixed until higher temperatures are reached. The mechanism by
which large numbers of vacancies can find themselves paired after
low-temperature irradiations is not elucidated in this proposal.

Seeger (64) has proposed that stage I consists of the annealing
of small regions in which something like a supercooled-liquid configu-
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ration exists. Presumably these regions are the result of thermal or
displacement spikes. Seeger also visualizes stage II as the motion of
various groups of vacancies, stage III as the motion of interstitials,
and the early parts of stage IV as the motion of single vacancies
This scheme fits in with Seeger’s explanations of the annealing of
cold-worked and of quenched specimens. The high energy required
for interstitial motion in this model is quite at variance with consider-
ations already advanced here. Most importantly, the assumption
that the lowest-temperature annealing stage depends on the existence
of amorphous regions of damage is contradicted by the experiments of
Corbett, ef al., in which it is shown that electron irradiation leads to
even more pronounced stage I annealing than heavy-particle irradia-
tion. It does not seem possible to argue that 1.35-Mev electrons can
produce whole regions of amorphous structure.

The annealing of irradiated simple metals is thus seen to be in-
completely understood at the present time. A variety of models
have been proposed, but no one is wholly satisfactory. It is appar-
ent that the anncaling involves many different processes, and that
our knowledge of the quantitative features of these processes is in-
adequate. Tt is also likely that point defects are associating in more
complex aggregates during certain stages of annealing and that the
chief defect of present models is their inadequate account of these
events. It is clear that small amounts of impurities are very im-
portant in annealing, and the inconsistencies between many reported
observations probably stem from this fact.

B. Annealing in Nonmelals

The work of Smoluchowski and co-workers with alkali halides
irradiated by very high-energy protons has already been mentioned
in section 4.2 of Chapter 4. An extension of these investigations by
Kobayashi (65,66) has recently provided considerable information
on the annealing of defects in irradiated NaCl. These findings will
be summarized here as typical of annealing behavior in simple ionic
crystals.

Kobayashi bombarded thin single crystals of NaCl with 350-
Meyv protons in a synchrocyclotron. The crystals had been carefully
annealed prior to irradiation and were irradiated at room tempera-
ture. After irradiation stored-energy release was measured during
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slow warming. Also, optical absorption spectra and hydrostatic
density were measured at room temperature after various anneals.
The anncals consisted of warming slowly to a desired temperature
and then quenching back to room temperature. The rate of stored-
energy release showed peaks in three distinct regions, room tempera-
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ture to 150° C, 150 to 250° C, and 250 to 400° C. After an irradia-
tion of 9.3 X 10% protons/cm? the total heat release in each of the
three regions was 0.72, 1.18, and 0.28 calories/gm, respectively. The
absorption spectra of the irradiated crystals showed F, Vi, M, N,
and R’ bands, which annealed along with the density changes.
Figure 5.10 shows these results. The F center is assumed to be an
electron trapped at a chlorine vacancy; the V; is a hole trapped at a
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pair of positive-ion vacancies: the M is an electron at a triple vacancy
consisting of two chlorines and one sodium; the N and R" are more
complicated aggregates of lattice vacancies. It is seen from Figure
5.10 that in the annealing up to 150° C the density remains constant,
while the concentration of F and V; centers declines a little and the
M and N centers become more numerous. Kobayashi suggests that
this is caused by the coalescence of smaller centers (F and V3) into
larger centers, without the removal of any vacancies from the lattice.
The coalescence of small centers in this stage is also indicated by the
measurements of electrical resistivity (see section 4.2A of Chapter 4).
The resistivity of irradiated crystals increased very rapidly upon
warming from room temperature to 120° C, and this can be inter-
preted as caused by an overabundance of negative-ion vacancies,
which trap positive-ion vacancies as the latter become mobile, and
form neutral clusters. The positive-ion vacancies are the normal
carriers of current in this temperature range, and their trapping thus
increases the resistivity. The surplus of negative-ion vacancies has
been explained by invoking Varley’s mechanism.

In the 150 to 250° C range the concentration of simple centers
continues to decline, now accompanied by a declining concentration
of M and N centers. The R’ band first grows and then decreascs,
the decrease coinciding with the first sudden drop of density change.
The drop of density change means that vacancies are being removed
from the lattice at temperatures of 200° C and above, and this can
be correlated with the dissociation of the R’ centers. The stored-
energy and density data in this range are consistent with each other
if about 5 ev is assumed to be liberated for each F center anncaled
out. At 250° C the color centers have disappeared, while half of the
original density decrease remains. This can be interpreted as mean-
ing that half the original number of vacancies still remain, but in
larger and more stable aggregates that do not give coloration. In the
range 250 to 400° C these too dissociate and annihilate, giving up the
last bit of stored energy, which is about 1 ev per vacancy pair re-
leased, in rough accord with theoretical expectations.

As examples of annealing of materials in which covalent binding
predominates, the work of Primak and Szymanski on vitreous silica
(67) and Primak, Fuchs, and Day on diamond and silicon carbide
(68) can be cited. In the first of these studies the density of reactor-
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irradiated vilreous silica was measured during annealing. Density
increases ranged up to 2.8%, and were found to anneal very gradually
over a range of temperatures from 300 to 1000° C. In the second
study dilatation and stored energy were observed during annealing
following reactor irradiation. Dilatation as great as 3.7 per cent and
stored energies as high as 400 cal/gm were seen. The annecaling
again was very gradual, taking place over the range 100 to 950° C.
With diamond, stored-energy release rates were particularly high ip
the neighborhood of 200 and 350° C, and in many of the samples
exceeded the specific heat, giving ‘‘ catastrophic” stored-energy release
(see section 4.2 C of Chapter 4). Primak, el al. have analyzed these
gradual annealing patterns by assuming that many simple processes
are operating simultancously, each with its own activation energy.
By methods developed by Vand (45) and Primak (46) they find a
spectrum of activation energies for the component processes. The
silica results imply, after assuming a common frequency factor of
10° sec—, that activation cnergies range from 1.2 to 3.5 ev, with a
prominent maximum in the spectrum near 2.0 ev. The stored-
energy and dilatation measurements on diamond and silicon carbide
were consistent with each other and showed activation energy spectra
in both materials extending from 1.2 to about 4 ev. In diamond
there was a peak in the spectrum at 1.6 ev; in silicon ¢arbide there
were broad peaks at 1.6 and 3.4 ev. Unfortunately no analysis in
terms of atomic mechanisms has yet been made. Broad annealing
spectra extending over a large range with annealing continuing to
high temperatures, seem particularly characteristic of covalently
bonded substances.

Investigations on irradiated grapbite have been discussed in
various connections in previous chapters. This substance is, of
course, by no means simple. It has been studied, however, in more
detail than any other material. In particular, annealing of the dam-
age has been investigated in terms of many physical properties (e.g.,
stored energy, dimensional changes, electronic properties, paramag-
netic resonance) over a wide temperature range. The data will not
be discussed here and the reader is referred to the review article by
Hennig (75). Hennig and Hove (76) have attempted a compre-
hensive interpretation of the data for irradiated graphite, and the main
features of their model are described in the following paragraphs.
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During neutron bombardment near —200° C nearly all the
atoms that are displaced remain displaced. The vacancies trap two
electrons and are diamagnetic, while the free interstitials are assumed
to trap one electron. Some of the displaced atoms, perhaps one-third,
are present as close vacancy-interstitial pairs. These can anneal out
below room temperature by direct recombination. Some dispersion
of clustered interstitials also takes place at low temperature. The
next stage, which is prominent in the 100-200° C range, involves the
migration of interstitials and their combination into C; molecules or
larger clusters, although some recombination of close vacancy-
interstitial pairs is also occurring. The combination reaction is not
completed before a third process commences, namely reintegration
of complexes, mainly C;, with vacancies. This step apparently in-
volves mostly the motion of the interstitial complexes. Above about
600° C all but about 209, of the vacancies and interstitials have re-
combined. The remaining interstitials are trapped at mosaic bound-
aries or dislocations, and an equal number of vacancies remain. The
vacancies probably become mobile around 1200° C, in line with the
self-diffusion measurements of Kanter (77) and the prediction of
Dienes (78). The annealing mechanism discussed here is probably
not directly applicable to heavily irradiated samples that contain
more complex damage centers.

The above interpretation is the best that can be suggested at
the present time, although it appears to have some difficulties (79).
Interstitial carbon atoms act as electron donors in valence semicon-
ductors and, therefore, it is somewhat unlikely that they will trap
electrons. The identification of the paramagnetic resonance centers
as carbon ions was inferential and could not be proved. The model
implies three electrons trapped per Frenkel defect, while direct
diamagnetic susceptibility measurements indicate not more than two
trapped electrons per pair. This would suggest that the interstitial
carbon loses an electron. If this is assumed, however, then it is dif-
ficult to account for the activation energy for recombination since the
interstitials and vacancies would be oppositely charged.

It is clear, as has been mentioned before, that annealing proc-
esses are complex and intricate. A great deal of information is obtain-
able from such experiments, but a unique and satisfactory interpreta-
tion is not yet at hand for any irradiated solid.
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5.5 Annealing of the Graphite in the Brookhaven Reactor

It has been mentioned in an earlier chapter that graphite can
acquire large quantities of stored energy under neutron irradiation,
and that it expands appreciably in the process. A further effect of
radiation damage is to reduce drastically the thermal conductivity,
reductions by a factor of 50 or more having been observed. These
facts are a cause of concern in the use of graphite for the moderator
in a reactor: The expansion causes fuel channels to get out of align-
ment and important dimensions to change, while the storage of energy
and reduction of conductivity offer some hazard of a catastrophic
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Figure 5.11 Top view of BNL Reactor. Special arrangements for pile annealing
are indicated. Direction of air flow during annealing is shown by arrows.

energy release in which the graphite suddenly heats itself up to a
dangerous level. These matters are of particular concern in reactors
operated at low and moderate temperatures, because the rate of ac-
cumulation of damage is greater at lower temperatures.

The tendency of radiation effects to anneal themselves at higher
temperatures can be used to reduce the damage in a graphite modera-
tor by running the reactor for a short period at abnormally high tem-
peratures. This rather drastic operation of “pile annealing” has
been carried out a number of times in the reactor at the Brookhaven
National Laboratory. Because it illustrates in a very practical and
important way some typical annealing phenomena, a brief account
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of these operations will be given in this section. The interested reader
is referred to reports by Fox and Powell (71), and Kosiba, Dicnes.
and Gurinsky (72,73) for further details.

The Brookhaven Reactor is air cooled and graphite moderateg
and reflected.  Figure 5.11 shows the general features. The reactor
consists of a graphite structure approximately in the shape of a cube
95 ft on a side. All of this except for a layer about 3'/.-ft thick on
the outside, which serves as a reflector, is loaded with uranium. The
fuel rods lie in horizontal, north-south channels in the graphite.
This basic cube is divided into two equal parts by a cut in a vertical
east-west plane through its center, which leaves a 3-inch gap between
the two halves. This gap is for the admission of cooling air, which
is drawn in from outside, passes into the gap, divides and passes down
the fuel channels through spaces around the fuel rods, and is gathered
in plenum chambers at the north and south faces for exhaust. The
control rods enter diagonally from the southeast and southwest cor-
ners. The normal course of the air flow and the manner in which it
was diverted during the early annealing experiments are shown in
Figure 5.11. The reactor ordinarily operates at a power level of 25
Mw and a central flux (total) of ~ 5 X 10'2 neutrons/cm? /sec.
Normally the graphijte temperature is about 50° C at the central gap
and increases along the directions of air flow to a maximum of about
250° C at the extremities of the central fuel channels. For a detailed
description of the reactor, see Fox (74).

The reactor was put into operation in August, 1950, and by
October, 1953, the graphite in the reactor had accumulated an aver-
age radiation dose of ~ 2 X 102 neutrons/cm? (nvt). The radiation
damage was expected to be most severe in the central part of the reac-
tor near the air gap, because here the flux was highest and the operat-
ing temperature lowest. Periodic checks on the state of the graphite
had been made by observing the change in dimensions of the core and
by removing samples of graphite for observation outside the reactor.
These samples were subjected to x-ray examination and tests of
stored energy and gross physical dimensions. By October, 1953, it
was known that:

(@) The physical growth measured on small samples of graph-
ite, when extrapolated to apply to the entire graphite structure, agreed
very well with the measured gross growth.

(b) The c-axis growth was greater than the physical growth in
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each specimen by a factor of about 10, and, depending on the origin
of the sample, ranged from very small amounts up to about 3%,.

(¢) Heating of the more heavily damaged samples to about
300° C produced a 20-309, reduction in both the physical growth and
the c-axis growth.

(d) Placing the more heavily damaged samples in a furnace at
200° C caused stored energy to be relcased at a moderate rate, suf-
ficient to produce transient temperature rises to about 280° C. Plac-
ing unannealed samples in a furnace at 400° C produced about the
same stored-cnergy release, but the spontaneous temperature rise
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Figure 5.12  Vertical growth along channel (No. A-6-15) near top of reactor.
Circles, data from October 16, 1953; crosses, data from October 22, 1953 (after
first anneal) (from reference 71).

*

during relcase did not exceed 400° C. This stored energy amounted
to 40 or 50 calories/gm. A typical curve showing this out-of-pile
annealing has been given in section 4.2C of Chapter 4.

Furthermore, direct observations (mmade by optical surveying
techniques) showed that the graphite core of the reactor had expanded
vertically and horizontally, the greatest expansion being near the gap.
In May, 1953, it was found that the maximum accumulated growth
of the graphite cube, at the gap, was */s in. vertically and */ in.
horizontally. The vertical growth refers to the bottom 22'/; ft of
the 25-ft stack; the horizontal growth refers to the central 20 ft of
the 25-ft total width. The difference between the horizontal and
vertical growth was explained on the basis that the great weight of
the graphite and the upper shiclding hindered vertical displacements,
while horizontal displacements were virtually unconstrained and
gaps could appear between individual blocks. Growth near the out-
side faces was negligible, but the central air gap had narrowed by as



174 RADIATION EFFECTS IN SOLIDS

much as !/; in. out of an original width of 3!/ inches. Figure 5.12
shows the vertical displacements along a horizontal north-south chan-
nel in the reflector (No. A-6-15) at a height of 221/, ft above the base.
The first annealing operation was carcfully planned, and w
conducted by altering the air flow into the reactor so as to allow a
relatively high temperature near the gap. As shown in Figure 5.11
the normal inlet air channels were blocked off. The outlet duct from
the north plenum chamber was used as an inlet, and the air was
drawn out through the duct from the south plenum. The air flow
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Figure 5.13 Temperature vs time at three points in a nearly central fuel channel
(No. A-2-1) during the 1953 annealing operation (from reference 71).

through the pile was thus from north to south, and the south became
the high-temperature end. Since the control rods also entered at the
south end the neutron flux was depressed in this region, and the fis-
sion heat source was confined primarily to the north half of the pile.
In this way it was possible to get the region near the gap to a temper-
ature of 350° C without overheating the south end.

The operation was started at 9:40 A.m. on October 19, 1933,
after a four-day shutdown. It was monitored by 130 thermocouples
placed throughout the graphite structure. With the air flow throt-
tled to about 10 per cent of normal, the reactor was started up very
slowly. In5 hours the power reached 2 Mw, and was then maintained
at approximately that level for 34 hours. During this time minor
adjustments of the control rods were made in order to secure a more
uniform temperature distribution. During the last three hours the
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power was raised to 3 Mw. After this the reactor was shut down, and
simultaneously the fans were shut off. There followed a 12-hour
“soaking” period. It was hoped to secure, by heat conduction in
this stage, a higher temperature in the reflector regions, but very little
of this objective was achieved. The cooling fans were turned on at
the end of this period and the graphite brought down to room tem-
perature in about 10 hours. Mecasurcments of distortion in the
graphite structure were then repeated.

Figure 5.13 shows the history of the graphite temperature at a
point near the center of the reactor and at two other points during
this treatment. The down trend at A was caused by a control-rod
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Figure 5.14 Temperature distribution along a nearly central fuel channel (No.
A-2-1) at the highest temperature condition of the 1953 annealing operation (from
reference 71).

readjustment, not by the release of stored energy. These points lie
in a channel 18 inches from the center line of the reactor. Figure
5.14 shows the temperature distribution along the same channel at
the highest temperature condition of the experiment.

The distortion remaining in a typical channel after the anneal-
ing is also shown in Figure 5.12. This and similar measurements
at other locations show that between 20 and 309, of the distortion was
relieved in this anneal, in good agreement with the predictions based
on small samples annealed outside the pile. The widtb of the air



176 RADIATION EFFECTS IN SOLIDS

gap was also partially recovered, and small samples removed from
the pile at the end of the experiment showed that the low-temperature
part of the stored energy had been suceessfully released. No sudden
or unexpeeled releases of stored energy had oceurred, and the operg-
tion was considered to have achieved its objective.

Since 1953 a continuing series of annealing operalions have been
carried out on the reactor. After the first anneal graphite growth
continued at approximately the former rate; one year later, on
October 10, 1954, a second anneal was conducted, and two years later,
on November 24, 1955, a third. These were done in essentially the
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Figure 5.15 Vertical growth near center of channel A-6-15 during the life of the
BNI. Reactor (from reference 71).

same manner as the original anneal in 1953, and approximately the
same percentage growth recovery was obtained in each.

For some time it had been realized that the exact procedure with
which the reactor was shut down and started up at 10-day intervals
for maintenance purposes was influencing the growth of the graphite.
A change of shutdown procedures in the early part of 1955 is suspected
of causing somewhat increased growth by diminishing the annealing
that occurs at shutdown. By extending this idea, it was decided to
anneal the reactor during regular shutdown periods by a modified
procedure, much simpler and less troublesome than the original an-
nealing method. During 1956, three special anneals were carried
out in this way. These were conducted on March 31, August 24,
and December 7. The reactor was simply operated for a period of
several hours at reduced power with essentially zero air flow so as to
heat the central parts of the core to above 300° C.

The entire course of the graphite growth during the life of the
reactor is complex, but a representative idea is given by Figure 5.15,
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which is a graph of vertical growth vs time at a point near the center
of channel A-6-15, the same channel depicted in Figure 5.12. Each
of the three major anneals appears as a drop in the curve, and a final
drop is seen for the anneal of August, 1956. Growth plots for other
locations are qualitatively similar, though different in some details.
The fact that the core is not a solid piece but a pile of many thousands
of small graphite blocks held together only by gravity, undoubtedly
has something to do with the variations. The general trend of the
curve in Figure 5.15 shows that the annealing to date has reduced
over-all growth by a large factor, perhaps 509, and that the growth
may even be approaching a saturation under the present regimen,
although this conclusion is speculative.

A few instances of sudden energy release in localized regions of
the graphite under annealing conditions have been observed. These
have shown no tendency to propagate, and it is believed that stored
energy represents no hazard under the conditions of operation of this
reactor. Graphite growth may or may not impose an ultimate limit
on the life of the reactor, but present annealing techniques have ma-
terially reduced the threat.
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CHAPTER 6

Special Topics

Irradiation effects of interest in various ficlds will be treated in
this chapter. Many of the effects discussed here are not simply
interpretable at the present time. The topics, not all of which are
treated in full detail, were chosen because of impressive changes in
some property or process, or because irradiation promises to be an
interesting tool for further research. The particular items discussed
here should be considered as illustrative examples. Particle irradia-
tion is a rather new method in solid-state research, and it would be
premature to try to assess it definitely at this time.

6.1 Mechanical Properties of Metals

Particle irradiation brings about large changes in some of the
mechanical properties of metals. The increase in elastic modulus has
already been discussed in Chapter 4 and has been attributed to the
pinning of dislocations by radiation-induced defects. By the same
argument it is expected that the critical shear stress would increcase
since it depends on the break-away of pinned dislocations. This is the
case, and indeed this effect was observed first. Blewitt and Coltman
(1) have studied the stress-strain curves of irradiated and unirradiated
single crystals of copper. Some typical experimental results are
shown in Figure 6.1. The critical shear stress increased from 0.241
and 2.00 kg/mm? for a fast-neutron exposure of about 2 X 10% nvt
(3). After appreciable plastic deformation the differences in the
stress-strain curves esseptially disappear as shown in Figure 6.1.
The discontinuities at a shear strain of about 0.6 are due to an addi-
tional irradiation of about 2 X 10 nvt. It is clear that after cold
work the effect of irradiation is much smaller than for annealed
samples. It is also clear from Figure 6.1 that there is no one-to-one
correspondence between cold-work and radiation hardening. On the

182
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basis of the shape of the stress-strain curve of the irradiated specimen,
Blewitt and co-workers suggest that irradiation is somewhat similar
to solid-solution hardening (2,3). The slip characteristics of the
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irradiated crystal are similar to those of a-brass, and the critical
shear stress s bombardment curve, given in Figure 6.2, is similar to
those showing the effect of alloying (critical shear stress vs composition
curves).
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Kunz and Holden (4) obtained similar results for iron and zine
single crystals. McReynolds ef al. (5) studied copper and aluminum
after reactor bombardment at 80° Kk and found that the effects in
Al annealed out before reaching room temperature, while temperatures
of about 300° C were required before the increase in the critical shear
stress of copper annealed out, in agreement with the observations of
Blewitt and Coltman. The values of the critical shear stress ob-
tained in these experiments are much larger than those obtainable
by alloying. On the basis of the original number of defects introduced
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Figure 6.3 The effect of reactor exposure on the stress-strain curve of nickel
(from reference 7).

by irradiation, Blewitt (6) estimated that one interstitial atom was
40 times as effective as a Zn atom in raising the critical shear stress.
It is very unlikely that the defects are still present as simple point
defects, and many of them must have annealed out (see Chapter 5).
However, whatever the nature of the defects responsible, it is clear
that they are extremely effective in raising the critical shear stress.

In some metals the whole stress-strain curve is appreciably
altered by irradiation. A typical example is the curve for nickel shown
in Figure 6.3, taken from the work of Bruch, McHugh, and Hocken-
bury (7).

Irradiation also affects the brittle-to-ductile transition tempera-
ture in those metals that exhibit a brittle behavior below a certain
temperature and a ductile behavior above this temperature. Meyer
(8) studied in some detail this effect in mild steel using 18.6-Mev
deuterons for irradiation. Figure 6.4 illustrates the results obtained
in impact tests before and after irradiation with an average total
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exposure of 6.7 X 10" particles/cm? (29.6 wa-hr/cm?). This irradia-
tion increased the transition temperature from —1° C to about 8° C.
Such embrittlement appears to be characteristic of body-centered-cubic
structures. Bruch, McHugh, and Hockenbury (9) found that molyb-
denum exhibited brittle behavior in tensile tests after an exposure
of about 102 nvt. The transition temperature was increased
from —30° C to about 70° C.
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Figure 6.1 Transition curve for untreated and irradiated impact specimens
(from reference 8).

6.2 Dimensional Stability (Uranium)

Changes in density brought about by particle irradiation have
been discussed already in Chapter 4. In one case, that of graphite,
gross dimensional distortion and its annealing have been shown to be
of great practical importance (Chapter 5). In this section the large
distortions of irradiated uranium will be discussed, a dimensional
change which is not a change in density (which is small) and which
is an order of magnitude larger than the more or less normal
distortions expected in other materials. Uranium, of course, is
fissionable, and a sample of the material is subjected both to fast-
neutron and fission-fragment damage. Thus, severe damage is to be
expected in any case. The effects to be discussed, however, appear
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to be connected with the highly anisotropic crystal structure of
uranium rather than any particular mode of irradiation. The brief
presentation given here is based to a large extent on the papers by
Paine and Kittel (10) and Pugh (11).

A. The Phenomenon of Radiation Growth

Figure 6.5 shows a series of photographs of a single crystal of
alffha-uranium before and after irradiation. The crystal was origi-
nally nearly a right circular cylinder 0.125 inch in diameter. A great

After irradiation

Before
irradiation

Figure 6.5 Views of a cylindrical single crystal of alpha uranium before and after
irradiation (0.1%, atom burnup) in a reactor (from reference 10).

deal‘of lengthening and shortening has occurred in the [010] and [100]
dn'eutums, respectively, and the circular cross section has become
elllﬁtlch] It is convenient to express the growth caused by irradia-
tion in terms of the dimensionless quantity G,, defined by ‘

In (L/Lo)
Ratio of fissions to total atoms

G =

(6-1)

where Lo and L are the linear dimensions before and after irradiation,
respectively. For small elongations the relation

G: = Per cent growth/Per cent burnup = - . (6-2)

is.adequate. Typical growth values are shown in Table 6.1. These
sumbers show that the length of a uranium rod would roughly double
for about 0.29, burnup.
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Table 6.1. Trradiation growth coefficients of a single crystal of alpha-uranium
(Argonne National Laboratory, specimen irradiated to 0.19, burnup
at approximately 100° C)

Irradiation growth
coefficient, G;

Direction pole (equation 6-1)
[100] —420 = 20
[010] +420 + 20
[001] 0 =+ 20

Imperfect lineage crystals have the same general behavior as
single crystals, but the magnitude of the elongation is greater and the
geometrical regularity of the distorted specimens is less.

Cylindrical polycrystalline specimens in which the grains are
not randomly oriented also deform under irradiation. The magnitude
and character of the deformation and surface distortion depend upon
structural factors. Longitudinal growth rates more than double
those measured in single crystals have been observed in highly oriented
polycrystalline specimens irradiated at the same temperature.

Polycrystalline uranium also exhibits marked deformation as a
result of thermal cycling. This effect does not occur in single crystals.
There are some similarities to irradiation growth, but the above
difference in single crystals shows clearly that there must be a basic
difference in the mechanism, and this analogy will not be pursued any
further.

B. Suggested Inlerprelations

A number of mechanisms have been proposed to account for the
irradiation growth of alpha-uranium. It is clear that anisotropy
plays an important role in leading to differential strains which have
to be at least partly irreversible. Two major mechanisms in single
crystals are generally considered important at the present time:
(a) anisotropic diffusion and (b) plastic deformation accompanying
fission spikes.

(a) Diffusion mechanism. Seigle and Opinsky (10.12) have pro-
posed a mechanism based upon anisotropic diffusion of interstitials
and vacancies. The alteration of shape arises from this diffusion
by gross material transfer (13,14,15). Seigle and Opinsky propose
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that interstitials migrate with some preference for the [010] direc-
tion while vacancies would migrate in the [100] and [001] direc-
tions. It is assumed that the diffusion of interstitials and vacancies
essentially balances in the [001] direction, leading 1o a net shrinkage
in the [100] direction. The theory predicts that the rate of growth
in the [010] direction will vary as the 3/, power of the neutron flux
and the square root of the diffusion coefficient for interstitials. As
in all diffusion mechanisms, a temperature dependence is, of course,
predicted. An estimate (16,17) of the number of defects produced
per fission shows that there is a plentiful supply of defects for the
operation of this mechanism. The model is partially supported by
the work of Kunz and Holden (4), who showed that the defor-
mation rate of cold-rolled uranium foil is greatly reduced when ir-
radiation is done at liquid-air temperatures where diffusion would
be largely suppressed.

(b) Plastic deformation accompanying fission spikes. A growth
mechanism can be based on the thermal expansion in the fission
spike. An essential part of such a mechanism is that plastic deforma-
tion should be caused by the local expansion and that there should be
a difference in behavior on heating and cooling. Pugh (11) ascribed
growth to fission spikes accompanied by anisotropic plastic deforma-
tion. The anisotropic plastic properties of uranium have been de-
duced by Cahn from the observed slip and twin systems (18). The
proposed mechanism is as follows: The uniform compressive stress
around the site of fission causes local preferential plastic yielding by
twinning in uranium single crystalsin the longitudinal [010] direction.
When the fission spike cools, the outer region is subjected to a uniform
tensile stress and therefore yields plastically, this time by twinning
in the [100] and [001] directions. The net result is a local increase
in length in the [010] direction in the outer region. This local exten-
sion throws a stress on the surrounding matrix, which is relieved by
equal amounts of slip on both the (110) planes. Since tension in the
[010] direction produces no resolved shear stress on the (010) plane,
slip in this plane does 1ot occur even though it is the major slip
mode. The macrodeformation of the crystal is, therefore, by (110)
[110] shears, which agrees with experiment in that extension occurs
in the [010] direction, contraction in the [100] direction, and no
change in the [001] direction. No limit is imposed on the extent of
growth.
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Since slip is a reversible process, in a geometrical sense it could
not be the basis of a ratchet mechanism. The above model predicts,
therefore, that growth rates would diminish above 350° C and be
practically zero at 600° C, because at the higher temperature slip
would occur rather than twinuing and slip. Below 200° C growth
would diminish with decreasing temperature because of the increase
in the yield strength of the crystal. Experimental observations are
in agreement with these predictions.

The main difficulty with the preceding model is that fission
spikes are of very short duration and are rather small. The two
recoiling fission fragments will dissipate the energy of fission along a
line 104 to 103 em long. At distances greater than about 500
atoms from this line the yield stress will no longer be exceeded, while
usually around 1000 atoms need to be affected to cause operation of
a Frank-Read source. A part of the energy, however, is temporarily
stored as interstitials and vacancies, which also cause a local expansion.
Above 500° C these defects recombine very fast, but below this
temperature they will keep the fission spike expanded somewhat,
although the concentration of defects is probably oo small to be
very effective. If flow occurs, therefore, it must occur very rapidly.
More detailed calculations by Seitz and Koehler (19) indicate, how-
ever, that plastic flow is likely to occur in the zone of highest stress
as a result of the generation of dislocation rings of the order of five
atomic distances in diameter. Thus, the twinning mechanism
appears to be a plausible mechanism. It will take much detailed
experimentation to decide between this and the diffusion mechanism.

6.3 Phase Transformations

Many phase transformations are highly structure sensitive and
many different disturbances in the crystal may lead to nucleation and
growth of another phase. Thus, phase transformations are certainly
expected to be sensitive to particle irradiation. Very few detailed
studies have been made, and the conditions of the effectiveness of
irradiation have not been established in any general sense, although
particle irradiation promises to be a powerful new tool for studying
nucleation and growth processes. Some of the studies in this field
are discussed in this section with emphasis on pure materials.
Transformations which can be interpreted either as disordering by
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irradiation (ordered alloys, quartz) or enhanced ordering due to
increased diffusion (CuzAu, CuZn) have already been discussed in
Chapter 4 and are not treated any further here.

The first indication of an allotropic phase change induced by
reactor irradiation came from x-ray diffraction studies of reactor-
irradiated black phosphorus (20). In addition to the anticipated
expansion in the c-axis due to the presence of interstitials, extra lines
appeared in the pattern of the irradiated material corresponding to one
or another of the forms of the more stable red phosphorus. Al-
though complete correspondence with the red phosphorus pattern
was not observed, this result suggested strongly a radiation-induced
phase change.

For a basic and detailed study of such a radiation-induced
process the system under investigation should satisfy several require-
ments. Fleeman and Dienes (21) chose the white Lo grey tin trans-
formation for investigation for the following reasons:

(a) The transformation is a first-order phase change between
two well known structures in a monotomic system.

(b) The transformation temperature, 13.2° G, is in a convenient
temperature range, and the transformation rate is slow and beomes
negligible below —80° C. Thus, the substance can be put in a
metastable state and irradiated in that state.

(¢) The radioactivity produced in the reactor in tin causes no
appreciable experimental difficulties.

(d) The transformation is easily followed by dilatometry by
virtue of the very large volume increase accompanying the white to
grey tin phase change (27 per cent).

The effect of low-temperature (liquid nitrogen) reactor irradia-
tion on this transformation was investigated.. Exposures of about
108 nvt were used. It was found that, compared to an unirradiated
control sample, the transformation is drastically accelerated by prior
irradiation. The irradiation apparently eliminated the normally very
long induction period preceding the transformation. Unirradiated
control specimens showed'no transformation at all in the time intervals
required to transform the irradiated samples. X-ray diffraction
patterns showed that the irradiation itself did not cause any trans-
formation. The kinetic behavior of reactor irradiated samples
and of samples seeded with grey tin were found to be qualitatively
similar. These results indicated that the defects introduced into
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white tin by reactor irradiation serve as nuclei, or at least embryos of
nucleation, for the subsequent phase transformation.

The nature of the defects responsible for this transformation
has not yet been established. The rather large strains expected
around interstitial atoms, for example, may well serve as foci for
nucleation. Thermal spikes associated with neutron knock-ons may
serve the same purpose by taking a small volume of material into a
temperature region where nucleation can be initiated. The main
argument against this view is that the control samples do not trans-
form within the experimental time interval at any temperature and,
therefore, if the interpretation is to be in terms of thermal spikes it is
essential to invoke the lattice distortion of plastic deformation around
the spike. Preliminary experiments by Sosin (22) apparently support
this view since he found that low-temperature electron irradiation,
which does not produce thermal spikes, does not lead to nucleation.
Sosin’s exposures were, however, too low Lo be properly comparable.
Further detailed experiments are necessary. Annealing studies, for
example, may throw light on the mechanism. The anneal of inter-
stitials and vacancies can be followed by resistivity measurements,
and their concentration correlated with the transformation character-
istics. The nuclei produced by thermal spikes would probably not
anneal out except near the transformation temperature.

A rather different radiation-induced transformation has been
observed by Wittels and Sherill (23) in zirconia. They found that, as
a result of fast-neutron bombardment of about 10% nvt at about
100° C, monoclinic ZrO, was transformed into the cubic phase
normally stable only above 1900° C. The radiation-induced cubic
phase is stable to about 800° C and begins to revert to the low-
temperature modification above this temperature. The suggested
interpretation for this transformation, which, it will be noted, is
away from thermodynamic equilibrium, invokes both displaced atoms
and thermal spikes. It is suggested that the high temperatures of a
spike render small regions capable of thermal transformation and that
the internal stresses about interstitials cause a collapse of the lattice
to the smaller volume and closer packing of the high-temperature
phase. That interstitials are indeed present is indicated by the
increase in the lattice parameter of the cubic phase in a stabilized
(cubic ZrO, plus monoclinic ZrQ.) sample. Apparently there are
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some further complications, as some recent data indicate that certain
high-purity samples of ZrO, will not transform under irradiation (24).

6.4 Precipitation from Solid Solution

Precipitation from solid solution is a far more complicated
phase change than the ones considered in the previous section.
Precipitation, however, is a very important metallurgical process,
and the influence of fast-particle irradiation has been investigated in a
few cases (25).

The copper-beryllium system was investigated by Billington and
Siegel (26) and in more detail by Murray and Taylor (27). These
investigators studied the effect of reactor irradiation (exposures up to
3 X 10 nvt total, temperature of exposure 0-40° C) upon the proper-
ties of a 2.29, (by weight) beryllium alloy initially in the solution-

“treated condition. Electrical resistivity and hardness were found to

change in a way similar to that caused by aging the alloy at low
temperatures, the heat treatment being carried out 75-150° C above
the temperaturc of irradiation.  Retrogression, or resolution, phenom-
ena were also similar to retrogression following low-temperature
aging. The changes during irradiation are attributed to the formation
of small precipitate nuclei, presumably formed by accelerated micro-
diffusion caused by the presence of the radiation-induced defects.
An anomalous density increase and corresponding x-ray line shift
were observed, which probably resulted from homogeneously dis-
tributed precipitate nuclei. It is to be noted that no direct evi-
dence was obtained for the presence of precipitate particles in any of
the above experiments.

More direct evidence for precipitation was obtained by Kerno-
han, Billington and Lewis (28) in their study of the nickel-beryllium
system. A nickel-29, beryllium alloy was used whose precipitation
hardening reaction is very similar to that of copper-beryllium.
However, there is an important advantage to the Ni-Be system in
that it is ferromagnetic and its ferromagnetic Curie temperature is a
linear function of the amount of beryllium in solid solution. Another
difference is that the activation energy for the precipitation process
is higher in Ni-Be than in Cu-Be and, therefore, irradiation effects
may set in at a higher temperature where there is sufficient mobility
of the defects. The experimental results, some of which are shown
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in Figure 6.6, confirmed these expectations. No effects were found
at room temperature. Irradiation at 300° C, however, for an inte-
erated last flux of 4 X 10! nvt resulted in an increase in the Curie
temperature as shown in Figure 6.6. This change in the Curie
temperature is equivalent to an additional precipitation of 1.3 atomic
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Figure 6.6 Magnetic inductance vs temperature curves for nickel-beryllium
(from reference 28).

per cent of beryllium. In this case thermal spikes probably do not
play an important role because of the temperature dependence of the
process, and an interpretation in terms of enhanced diffusion due to
the extra concentration of defects is more reasonable.
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A combination of defect migration and the action of thermal
spikes appears to occur when the copper-iron system is irradiated.
Denney (29) found that the metastable coherent gamma-iron precipi-
tate in a 2.49, iron alloy begins to transform to alpha-iron upom
irradiation by electrons. Upon proton irradiation the alpha-iron
precipitate reverts to the gamma structure (30). This result is
similar to that for the U-Mo system discussed in Chapter 3 and may
well be caused by thermal or displacement spikes. Independent work
by Boltax (31) confirmed the above effects. Boltax was able to
investigate the process further by preparing, by means of proper
aging, samples of different precipitate particle sizes for neutron
irradiation. He found that resolution of the precipitate is favored
by small particle size and solid-solution depletion by large particle
size. Resolution may be due to the action of thermal or displacement
spikes, while additional precipitation is facilitated by increased
microdiffusion via the augmented defect concentration.

The effect of neutron irradiation (below 100° C) upon the stabil-
ity of austenite in stainless steel (AISI Type 347) was investigated
by Reynolds, Low and Sullivan (32). They found that the trans-
formation to ferrite by cold work was enhanced by prior irradiation.
Very little difference, if any, could be observed in the absence of
plastic deformation. This is in agreement with the work of Kono-
beevsky and co-workers (33) who found that, upon neutron
irradiation of stainless steel (189, Cr, 9% Ni, 0.6%, Ti, 0.19, C),
no ferromagnetism appeared if care was taken to prevent plastic
deformation.

6.5 Chemical Effects

Irradiation of materials with various types of nuclear radiation
may have important chemical consequences. JIonizing radiation
causes the formation of ions, and free radicals result upon neutrali-
zation of these ions. Both the ions and the free radicals may be
chemically highly reactive. Displaced atoms, since they represent
quite drastic disturbances in the solid, may have an important effect
on any chemical reaction involving the solid itself, particularly
surface properties and surface reactions. These topics really fall
within the province of Radiation Chemistry (34). However, there
are several effects peculiar to solids and of particular interest to solid-
state physics. These are reviewed briefly in this section.
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A. Decomposilion of Salls

Certain salts decompose when exposed to ionizing radiation.
Allen and Ghormley (35) have shown, for example, that irradiated
barium nitrate yields nitrite ion and oxygen upon dissolution in water.
During irradiation the gas is trapped in the crystal as O atoms or O,
molecules. Further contribution in such decompositions came from
Hennig, Lees, and Matheson (36) who irradiated sodium nitrate,
potassium nitrate and potassium chlorate for 2-4 weeks in the Argonne
heavy-water reactor. Gas evolution was found not only upon dis-
solution but also by melting the crystal or heating to a crystal transi-
tion point. Irradiation with low-energy x-rays led to about the same
yield per unit energy absorbed as reactor irradiation. It is clear,
therefore, that the decomposition results from electronic ionization
and excitation rather than from the displacement of atoms by elastic
collision. In the case of the nitrates the gas was shown to be largely
oxygen, which is trapped during irradiation in the gaseous form in
small pockets in the crystal. The gas was identified by chemical
analysis and by the paramagnetism of the irradiated crystals. Oxygen
and nitrite ions were formed in equivalent amounts. Upon heating
below the melting point the gas pockets grow and coalesce, resulting
in a decrease in crystal density. The highest gas yields were observed
in potassium chlorate, which is probably due to the weakness of the
Cl—O bond relative to the N—O bond.

Pringsheim (37) correlated optical properties with decomposi-
tion by investigating the absorption spectrum of irradiated NaNOs.
He found two absorption bands, one at 345 mg with a characteristic
structure when observed at low temperature, the other a color-center
band which is continuous with a peak near 335 mu. The 345 mp
band is identified with NO.~ ions since the same band appears upon
adding NaNO; to the melt. The color-center band is bleached by
ultraviolet light even at low temperature and is partially destroyed
by ionizing radiation at room temperature, while the NO,~ ions are
quite stable. Thus, the NO.~ band is stronger in crystals exposed at
elevated temperatures, while the color-center band predominates in
crystals x-rayed at low temperatures. The color centers were found
to be anisotropic, as shown by differential bleaching with polarized
light.

Rosenwasser, Dreyfus, and Levy (38) investigated the coloring
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of sodium azide, most likely brought about by decomposition, under
exposure to a variety of radiations. They found that gamma-rays
alone produce an absorption band at 3600 A that is little affected by
heating at 90° C, and poorly defined bands at 6600 and 7600 A that,
decay completely at room temperature. Fast-neutron irradiation
at room temperature, slow-neutron irradiation at 100° C, or slow-
neutron irradiation at room temperature followed by heating at 90°
C, gave rise to a band at 6000 A. This band does not appear, even
with prolonged heating at 90° C, in crystals exposed only to gamma-
rays, but it does appear if the crystal is heated to higher temperature.
The 6000 A band has not been definitely identified, and it could be
associated with a number of different color centers. One plausible
interpretation is that this band is the result of the aggregation of
sodium into colloidal particles, this process being facilitated by the
disruption of the lattice. The sodium itself, as well as free nitrogen,
are formed by the radiation decomposition of the crystal.

B. Polymerizalion in the Solid State

An interesting manifestation of free-radical formation is the
gamma-ray-induced polymerization in the solid state, a process which
does not occur thermally in those crystals that have been studied.
The first experiments were carried out with acrylamide, a monomer
which shows little or no tendency to polymerize thermally below its
melting point (39).

The samples were irradiated in vacuum and the polymer iso-
lated by using methanol as a precipitant. Rate curves were obtained
at several temperatures, as shown in Figure 6.7. Residual crystal-
linity of the bulk sample, as determined by the intensity of several
x-ray reflections, is also shown for comparison. The temperature
remained constant during these experiments to £1° C, and no sin-
tering was ever observed. The fact that appreciable crystallinity
remains even at high conversions (Figure 6.7) demonstrates that the
crystalline domain of unreacted monomer in the vicinity of polymer
chains is only slightly affected by the latter.

It is evident from the rate curve at 5° C that a long induction
period prevails at this temperature before the onset of polymeriza-
tion. At still lower temperatures no reaction is detectable. Radi-
cals are, however, produced since, on warming a previously irradiated
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sample to room temperature, violent polymerization occurs. The
radicals are, therefore. frozen in at low temperatures. Their presence
has been confirmed by some preliminary paramagnetic resonance
measurements (courtesy of M. M. Weiss and V. W. Cohen of Brook-
haven National Laboratory). A series of samples irradiated to 15,
25 and 50 megaroentgens gave approximately 0.3 X 10—* to 10—+
molal radicals by comparison with a,« diphenyl-g-picryl hydrazyl.
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Figure 6.7 Solid state polymerization of acrylamide initiated by gamma-
radiation (Co®, 220,000 r/hour) at several temperatures. @ Residual crystal-
linity in material exposed at 35° C. @ Per cent conversion at 55° C. @ Per
cent conversion at 35° C. O Per cent conversion at 5° C (from reference 39).

More detailed studies have been performed and reported re-
cently on acrylamide and on a variety of crystalline monomers (40).
Acrylamide, methacrylamide, methylene-bis-acrylamide, vinyl car-
bazole, vinyl stearate, acrylic acid, methacrylic acid and potassium,
calcium and barium acrylates have been polymerized in the solid
state by irradiation with vy-rays. The molecular weight of poly-
acrylamide obtained at low conversion was constant over a 270-fold
variation of radiation intensity and in the temperature range 20 to
65°, but increased slightly with the energy of the radiation. The
polymerization rate, however, was linear with field intensity, inde-
pendent of the energy of radiation, and had an over-all activation
energy of 4.7 kcal/mole.
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The extension of these studies to the solid-state polymerization
of acrylic acid salts was primarily performed to determine whether a
monomer whose crystal lattice is stable up to a high temperature is
subject to polymerization with y-rays at room temperature. The
heats of polymerization of liquid vinyl monomers range from 17.5 to
21.3 kcal/mole for styrene and vinyl acetate, respectively. The heat
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of polymerization of crystalline monomers will be less than that of
the corresponding liquid monomer by the heat of fusion. Although
in the case of acrylamide polymerization at room temperature, the
heat of polymerization per mole is not sufficient to melt more than
3 to 5 molecules per reacted monomer, with crystalline monomers
having high molar specifie heats or monomers having high melting
points the heat of polymerization will be insufficient to ¢ause any
melting. Assuming for potassium acrylate a specific heat of 0.3
cal/g/° C, a heat of fusion AH,, = 3 kcal/mole, a heat of polymeriza-
tion of the crystalline monomer (based on an assumed heat of poly-
merization of liquid monomer ~ 20 kcal/mole) of 20 — AH, =
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17 kecal/mole, and neglecting heat conduction in the crystal, 809,
of the heat of polymerization is required to raise one neighboring
monomer molecule from room temperature to the melting point of
360°. It is evident that one is dealing here with some thermal
excilation but nothing akin to melting.

Barium, potassium and calcium acrylate were found to poly-
merize rapidly, as shown in Figure 6.8. Thus, monomers which
melt at very high temperatures are nevertheless polymerizable at
considerably lower temperatures. As with acrylamides, the poly-
merized crystals show no evidence of sintering, and the birefringence
of poly(potassium acrylate) observed in a polarizing microscope is
nearly identical to that of the unirradiated monomer. In addition,
since it has been reported that fully ionized acrylic acid will not
polymerize in aqueous media, due to electrostatic repulsion between
the charged monomer and radical, one may conjecture that the order
of acrylate ions in a crystalline lattice markedly enhances propaga-
tion along crystallographic directions. An interesting feature of the
polymerization of acrylic acid salts is the absence of any temperature
coeflicient for barium acrylate polymerizations between 10 and 65°.
If such behavior should be found to be typical of the solid-state
polymerization of monomers with very high melting points, it would
strongly indicate that lattice defects or spur spacings determine the
kinetic chain length whenever the heat of polymerization is insuffi-
cient to disrupt the lattice order.

C. Effecls on Reaclion Rales

In this section the work on heterogeneous solid-gas and solid-
liquid reactions is discussed. The imperfections in the crystal, which
are created by high-energy bombardment, may be expected to alter
the chemical properties of a crystal in a significant way. This aspect
of irradiation research has only received cursory attention in the
past. Taylor and Wethington (41) have investigated the effect of
y-ray irradiation of ZnO on its catalytic activity for the hydrogena-
tion of Cylly. They found that the catalytic activity was lowered,
cither as a result of electronic changes or poisoning by polymeriza-
tion of residual C;Hy on the surface. With vy-irradiation no appre-
ciable production of displaced atoms is expected. Hurst and Wright
(42) reported recently that at temperatures where the thermal oxi-
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dation of graphite is very low, the radiation-induced oxidation in a
reactor is many times faster. They gave similar results for the
graphite-CO, reaction. The details of these experiments are not
yet available. Weisz and Swegler (43) have indicated that fast
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Figure 6.9 Per cent weight loss vs time curve for graphite at 300° C. Slopes
given as 9%, loss /100 days (from reference 46).

neutron irradiation of a pure silica gel produces an increase in cata-
lytic activity for the double-bond isomerization of hexene. There
was a lot of spread in their experimental results, but the radiation
effect was statistically significant. Simnad and Smoluchowski
(44,45) have shown that fast-proton irradiation alters the electro-
chemical properties of tungsten as well as the rate of solution of



6. SPECIAL TOPICS 201

Fe,0; in hydrochloric acid. Chemical reactivity was increased in
both cases.

A systematic investigation was carried out by Kosiba and
Dienes (46) on the effect of displaced atoms and ionizing radiation
on the oxidation of graphite in the 250-450° C temperature range as

1000 T TT T LI T

RATE OF OXIDATION- % /100 DAYS

® UNIRRADIATED SAMPLES, OXIDIZED IN ABSENCE
OF ANY RADIATION E=48.8 Kcal /MOLE

o |RRADIATED SAMPLES, OXIDIZED IN ABSENCE
OF ANY RADIATION E=36.1 Kcal/MOLE

Figure 6.10 Rate of oxidation vs 1/7T for graphite oxidized under various con-
ditions (from reference 46).

an example of a heterogeneous solid-gas reaction. Graphite was
chosen for this study because it is known that a fast-neutron exposure
of 1 X 10?2 nvt produces of the order of 2.5%, displaced atoms in
this material and that an appreciable faction of these displaced atoms
remain in the material up to high temperatures. Such examples
were available from the Brookhaven reactor. It is also known that
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y-irradiation has no permanent effect upon the properties of graphite,
thus permitting one to study separately the effects of displaced
atoms and of ionizing radiation on this gas-solid reaction.

The graphite samples were oxidized by passing dried and pie-
heated oxygen over weighed samples in a furnace kept at a constant
temperature. Oxidations were performed at 450, 400, 350, 300 and
250° C with the temperature kept constant withn £5° C. The
oxygen was passed over the graphite at the rate of L.5 liters/minute,
and the exhaust gases were allowed to escape into the atmosphere,
except in the case of previously reactor irradiated samples where
care was exercised to exhaust the gases so that the atmosphere would
not become contaminated. The graphite samples were weighed
before and after each oxidation and the total weight loss was deter-
mined. The time of each oxidation run ranged from 3 to 20 days,
~ with the total time of oxidation extending up to 170 days. A typical
set of results is shown in Figure 6.9. The rates of oxidation were
determined from the slopes of the straight-line portions of the various
curves. This usually meant ignoring the initial portions of the curves
and considering the steady-state portions as the pertinent oxidation
rates. The oxidation rates at various temperatures are compiled in
Table 6.2. Log rate vs 1/T plots are shown in Figure 6.10 with the
corresponding activation energies.

Table 6.2. Rates of oxidation for graphite in pure O; subjected to various irradia- .
tions. Reaction rates in 9, weight loss/100 days

Unir- Unir- Irradiated
radiated radiated samples
samples +  samples + +
Unir- 200,000 610,000 200,000
radiated Irradiated r/hr r/bhr r/hr
Te C samples samples vy-flux y-flux y-flux
450 86.2 195.6
400 6.62 34.76
350 0.38 +2.58
300 0.056 0.28 0.065 0.146 1.14
250 0.020 0.108 0.034

From the experimental results one may draw the following
conclusions:
(a) Prior reactor irradiation increases greatly the oxidation rate
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of graphite in the 250 to 400° C range. The increase in the reaction
rate is a catalytic effect in the following sense: Some of the displaced
atoms anneal out upon raising the temperature to the reaction tem-
perature, and, at the most, about 19, displaced atomns are present at
these temperatures. From the results at 400° C, for example, it is
clear that the higher oxidation rate persists even when 20-259, of
the specimen has been oxidized. Thus, the displaced atoms are not
themselves being oxidized preferentially but facilitate in some way
the over-all oxidation. This effect is not brought about by an in-
crease in surface area, since it is known from the recent work of
Spalaris (47) that the surface area and the porosity (for all sizes of
pore radii) of graphite decrease upon reactor irradiation at room
temperature.

(b) Tonizing radiation (gamma-rays) present during oxidation
also increases the rate of oxidation of unirradiated graphite, but by
a much smaller factor. This effect is enhanced by the presence of
displaced atoms in irradiated graphite, where a further increase of
-the rate by about a factor of three is observed at 300° C. The
gamma-ray effect is probably caused by the ionization of oxygen
molecules, since gamma-rays have not been observed to have any
effect on the properties of graphite at these exposures.

(¢) The activation energy for the oxidation of unirradiated
graphite was found to be 48.8 kcal/mole as evaluated from the
straight-line portion of the curve of Figure 6.10. This value is
higher than the 37 kcal/mole measured by Gulbransen and Andrew
(48) in the 425 to 575° C range and the 40 kcal/mole mentioned by
Hurst and Wright (42). This may well be due to the differences
among various types of graphite. By comparison with the irradiated
samples it is clear, however, that neutron irradiation results in a
considerably lower activation energy for the reaction, i.e., 36.1 kcal/
mole. This may be interpreted as an actual lowering of the activa-
tion energy or as a superposition of two reactions, the normal thermal
reaction plus the defect-induced oxidation. This point cannot be
decided until the reaction is followed over a much wider temperature
range. The curvature in the log (rate) vs 1/T curves at low tem-
perature might indicate the onset of another mechanism, although
errors are very large at these low rates of oxidation. In any case,
the irradiation effect persists.

A somewhat similar system was investigated by Simnad,
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Smoluchowski and Spilners (49), who investigated the reduction of
nickel oxide with hydrogen after proton irradiation. They found
that the induction period for the reaction was greatly reduced by the
proton irradiation provided the hydrogen reduction itself was carried
out at rather low temperatures. The data are shown in Table 6.3.
It is clear that at elevated temperatures the irradiation effect essen-
tially disappears, presumably because of the progressively more rapid
annealing of the defects.

Table 6.3. Influence of proton irradiation upon the hydrogen reduction of NiQ

Induction period

Temp. of reduction Unirradiated Irradiated
250 1200 275
275 100 30
300 20 14
350 10 4
400 5 5

Taylor and Kohn described very recently a series of experiments
with gamma-ray irradiated gamma-alumina (50). These workers
found that the H,-D, exchange reaction at —78° C was much faster
over the gamma irradiated (irradiated at —78° C) than the untreated
catalyst. The radiation-induced catalytic activity was found to
anneal out quite easily. In this case the responsible defects are
probably electronic defects, i.e., trapped electrons or holes.

Compound formation upon irradiation on the surfaces of crys-
tals has also been observed. Wieninger and Adler (51) reported on
the growth of microcrystallites on various alkali halides under the
action of a-irradiation from a polonium source. The evidence to
date points to the formation of nitrates by chemical reaction with
NO,, the NO, having been formed during the ionization of the air
by the a-particles. Similar results were found by Bloch (52) who
also studied fluorite. In the latter case calcium nitrate crystallites
grow on the surface. The oxidation of copper is also affected by
irradiation, as reported by Young (53), who found that the reaction
is accelerated in the early stages of oxide film formation by reactor
irradiation.
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terstitials and Vacancies.
spectrum, 169
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Alpha-particle bombardment. See Ir-
radiation, alpha-particle.
Alpha-particle
threshold radiation energy, 58
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Aluminum, critical shear stress, 184
effect of neutrons on resistivity,
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stored-energy release, 158
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displaced atoms in, 80-82
effect of irradiation on thermal con-
ductivity, 97
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optical effects, 80
reactor irradiation of, 81
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low-temperature, 152
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temperature, characteristic, 147
theories of, 138-152
vacancy-interstitial model, 164
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Displaced atoms and Displace-
ment.
by Compton electrons, 48
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Background scattering. See Scalfering,
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zation, 197
Barium nitrate, decomposition by ir-
radiation, 195
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Boron nitride, diffraction effects, 116
Bragg reflection, broadening, in graph-
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Bragg scattering, 70
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a-Brass, effect of cold work, 122
effect of neutron irradiation, 122
effect of quench, 122
effect of reactor irradiation on short-
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Brookhaven reactor, annealing of the
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Carbon, gamma-ray
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bombardment, 22, 23, 24
moving, 7-14
Chemical effects of irradiation, 194—
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Cluster. See Defects.

irradiation of,
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Cobalt, effect of neutrons on resistivity,
153
Cold work, a-brass, 122
radiation hardening, 182
Collision, 10
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elastic, 7, 8, 9, 11, 14, 18, 24, 25
elastic, energy loss, 26
electron, 13
hard-sphere, 10, 12, 14, 18
inelastic, 7, 8
replacement, 2, 28-32
replacement, disordering, 83, 84
replacement, number of, 30
Rutherford. See Rutherford colli-
stons.
Color centers, 80, 104
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in sodium chloride, 167
Coloring of sodium azide, 196
Compound formation, effect of irradia-
tion on, 204
Compton effect, 47
Compton electrons, atomic displace-
ments by, 48 .
Conductivity. See Electrical properties;
and look under individual ma-
terials.
Copper, alpha-particle bombardment,
156
annealing after irradiation, 154, 155,
162, 163
critical shear stress, 184
deuteron irradiation of, 24, 160
di-vacancy in, 133, 165
effect of deuterons on resistivity, 63,
64, 157, 159
effect of irradiation on elastic modu-
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effect of neutrons on critical shear
stress, 183
effect of neutrons on resistivity, 153
electron irradiation of, 67, 162
gamma-ray irradiation of, 50
interstitials and vacancies in, 130,
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Copper (Continued)
irradiation-induced oxidation of, 201
lattice expansion, 110
residual resistivity of interstitials

and vacancies, 66
resistivity, 156
single crystal, effect of neutrons on
resistivity, 153
stored-energy release, 158, 159, 160,
161
stress-strain, 183
thermal spike in, 36
threshold energy, 57, 61
Copper-beryllium, effect of irradiation
on resistivity and hardness, 192
Copper-gold, disordered, effect of neu-
trons on resistivity, 153
disordering, 83, 81
irradiation of, 120
ordered, effect of neutrons on resis-
tivity, 153
threshold energy, 61

Copper-iron, irradiation of, 191

Corundum. See Aluminum oxide.

Coulomb collisions, screened, 12

Coulomb force, 7 ’

Coulomb potential, screened, 10

Coulomb scattering, relativistic, 13
screened, 11

Crowdion, 135, 164
migration, 164
stability, 164

Curie temperature, ferromagnetic, 192

Defects, 90-122

annealing. See Annealing.

clustered, 90, 103, 163

effect on critical shear stress, 181

effect on lattice vibration spectrum,
134

effect on resistivity, 64 .

energy content, 99

fraction of, from electrical properties,
73

initial distribution, 152

isolated, 90

mobility of, 130-138
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mobility of, in ionic crystals, 135-
137

mobility of, in metals, 130-135

mobility of, in semiconductors, 137

point. See also [Inlerstitials and
Vacancies.

point, energy of interaction, 134

point, interaction with impurity,
163

point, and physical properties, 91~
122

reflection of, 142
sinks, 139
sinks, spherical, 143
Deuteron bombardment.
tion, deuleron.
Diamond, annealing, 168
diffraction effects, 115
effect of fast-neutron irradiation on
paramagnetic resonance, 106
effect of irradiation on thermal con-
ductivity, 97
effect of particle irradiation on color,
104
gamma-irradiation, 97
lattice expansion, 110
neutron irradiation, 97
stored energy, 99
Diffraction effects, 107-117
boron nitride, 116
diamond, 115
graphite, 115
of interstitials and vacancies, 108
lithium fluoride, 115
quartz, 116
zircon, 115
Diffusion, 117-122, 138-144
activation energy, 131
anisotropic, 187
enhanced, 193
induced by spikes, 85
interstitial, 139
interstitialcy movement, 131
limited reactions, 138, 152
rate increase by irradiation, 117
self, activation energy of, 132

See Irradia-
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self, activation energy of, pressure de-
pendence, 135
self, in germanium, 137
self, in graphite, 170
self, in ionic crystals, 135
self, in metals, 130-132
self, in silver, 119
vacancy, 139
Dimensional stability, effect of irradia-
tion on, 185-189
Dislocation pinning, 102, 103, 164,
182
Dislocations, sinks, cylindrical, 113
Disordering, copper-gold, 83, 84
manganese-nickel, 83, 84
neutrons, 83
protons, 38
radiation, 39, 41, 83
Displaced atoms. Sec also Alomic dis-
placement and Knock-on.
chemical effects, 194
experimental determination of nuin-
ber, 62-82
experimental determination of num-
ber in corundum and fused silica,
80-82
experimental determination of num-
ber in graphite, 67-77
experimental determination of num-
ber in metals, 62-67
experimental determination of num-
ber in semiconductors, 77-80
fraction of, 70, 71
in germanium, 79
mean number, 20, 26-28
mean number per primary knock-on,
17
number of, 75, 76
number of electron traps, 75
in phase transformation, 191
Displacement, atomic. See Alomic dis-
placement.
bombarding energy for, 62
cascade, 13
collisions. See Collisions, displace-
menl.
crystalline direction for, 62
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lattice. See Lallice displacement.

production, theory of, 17-28

spikes. See Spikes, displacement.

threshold, 24. See also Threshold
energy.

Distortion, annealing of, in graphite,

175

centers, 111

in irradiated uranium, 185

Jattice. See Laltlice distortion.
Di-vacancies. See Vacancies, di-vacan-
cles.

Elastic collisions.  See Collisions, elastic.
Elastic constant, effect of interstitials
and vacancies on, 102
Elastic modulus, copper, 102
quartz, 103
silicon, 103
Elastic properties, 101-101
Electrical properties, 92-96. Sec also
Reststivily.
determine fraction of defects, 73
effect of proton irradiation, 200

graphite, 73, 95
ionic crystals, 94-95, 135
metals,92 .

potassium chloride, 95
semi-conductors, 92-94
silicon, 94
sodium chloride, 95
Electron bombardment.
tion, electron.
Electron  collisions.  See
eleclron.
Ilectron scatterers, 74
Llectron scattering, conduction elec-
trons, 92
Klectron traps, in graphite, 74
number per displaced atom, 75
Electronic excitation energy, 8
Electrons, Compton. See Complon
eleclrons.
Electrons, energy loss in matter, 14
energy threshold, 13
penetration in matter, 14
threshold radiation energy, 58

Sce Irradia-

Collision,
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Embrittlement, molybdenum, 185

Energy, activation. See Activalion
energy.

Energy content of defects, 99

Energy, electronic excitation. See
Electronic excitalion energy .

Energy of formation. See under In-
terstitials and Vacancies.

Energy, limiting for ionization. See
Ionizalion, limiting energy for.

Energy loss, in elastic collisions, 26

of electrons in matter, 14
ionization. See [Ionization, energy

loss.

Energy, primary knock-on, 17, 22

Energy, radiation. See Radiation
energy.

Energy-range. See Range-eneryy.

Energy, recoil. See Recoil energy.

Energy, stored. See Stored eneryy.

Energy, threshold. See Threshold
energy.
Energy transfer, 10, 11, 14
mean, 27

Ethylene, hydrogenation, 199
Excitons, 52 .
Fast neutron, 14
bombardment. See Irradialion, fast-
neulron.
scattering, 15
First-order chemical reaction, 1t1
First-order rate constant, effective,
141
Fission fragments, 7, 25
damage to uranium, 185
threshold radiation energy, 58
Fission neutron, bombardment, 25
inelastic cross sections, 15
transport cross sections, 15
Fission spectrum, 15
Fission spikes. See Spikes, fission.
Fissionable materials, 16
Fluorite, effect of alpha-particles on,
204
Flux, 17
Flux density, 17, 27, 71

SUBJECT INDEX

Free radical formation, 194, 196
Frenkel defects, 39
Gamma irradiation. See Irradiation,
gamma.
Gamma-rays, atomic displacement by,
46
chemical
45
dosages, 16
effective cross section for atomic dis-
placement, 50
intensity in Brookhaven reactor, 46
intensity in Materials Testing Reac-
tor, 46
ionization by, 15
processes, 47
threshold radiation energy, 58
Germanium, acceptor levels in, 77
alpha-particle bombardment, 78, 79
annealing, 137
conductivity, change in. 58, 93
deuteron bombardment, 79
displaced atoms in, 79
di-vacancies in, 137
electron bombardment of, 78, 79
irradiation of, effect on conductivity,
93
lattice displacement threshold, 59
neutron bombardment of, 79
quenching, 137
self-diffusion, 137
threshold energy, 57, 38, 60, 61
vacancies in, 137, 146
vacancies in, pairs, 134
Gold, effect of deuterons on resistivity,
63, 64, 157
effect of neutrons on resistivity, 153
gamma-ray irradiation of, 50
interstitials and vacancies, 132
nuclear transformation, 16
quenching, 131
residual resistivity of interstitials and
vacancies, 66
resistivity, 156
Graphite, annealing in the Brookhaven
reactor, 171-177

reaction promotion by,
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annealing after irradiation, 169

Bragg reflection broadening, 114

chemical impurities, 74

chemical traps, 74

diffraction effects, 115

displaced atoms in, 67-77

distortion, annealing of, 175

effect of irradiation on electrical prop-
erties, 73, 95

electron traps in irradiated, 74

growth, c-axis, 172

growth, core, 173

growth, physical, 172

growth, physical, reduction in, 173

growth, vertical, near top of reactor,
173

Hall coeflicient, 74

interstitials in, 75, 170

irradiation-induced oxidation of, 200,
201

lattice expansion, 110

magnetic susceptibility, 71

magnetoresistance, 7

self-diffusion, 170

stored energy, 75, 99

stored-energy release, 99, 173

temperature at center of reactor,
175

thermal conductivity, 97, 98

threshold energy, 61

vacancies in, 75, 170

vacancy-interstitial pairs in, 170

Young’s modulus, 101

Hall coefficient, graphite, 74

Hardening. See Radiation and Solid
solution.

Hardness, effect of irradiation on, 192

Hard-sphere collision. See Collision,
hard-sphere.

Hard-sphere model, 13

Hexene isomerization, 200

Hydrogen-deuterium exchange, 201

Imperfections, effect on residual resis-
tivity, 62
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effect on x-ray diffraction pattern,
107
Impurity atoms, 2
Impurity, chemical, in graphite, 74
interaction with point defect, 163
Indium antimonide, neutron-induced
transmutations, 17
Inelastic collisions. See Collision, in-
elastic.
Inelastic fast-neutron scattering, 15
Inelastic processes, correction for, 15
Interaction of radiation with matter,
655
primary effects, 6
secondary effects, 6
Interstitial diffusion, 139
Interstitialcy movement, 131
Interstitials, 2, 32, 72
activation energy of motion, 130, 132,
137
activation energy of motion, effect of
defect concentration on, 152
annealing, 165
copper, 130, 132
diiTraction effects, 108
displacement spikes, 42
effect on elastic constant, 102
effect on resistivity, 64, 65
energy of formation, 130, 132, 137
energy of self diffusion, 132
equilibrium configuration, 130
gold, 132
graphite, 75, 170
interaction with vacancies, 133
lattice distortion by, 108
mobility, 136, 163, 166, 170
pairs, 146
pairs with vacancies, 146, 170
phase transformation, 191
platinum, 132
recombination with vacancies, 144—
152
recombination with vacancies, kinet-
ics of, 145
residual resistivity in copper, gold
and silver, 66
slow-neutron scattering, 67
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Ionic conduction, 136
Tonic erystals, conductivity, 135
defects, 135-137
electrical properties, 94-95
self diffusion, 135
vacancies in, 135
Ionization effects, 3, 104
energy loss, 26
energy loss rate, 9
gamma-ray, 45
Ionization, in salt decomposition, 195
limiting energy for, 8, 18
multiple, 52
threshold, 25, 27
Ionizing radiation, 194. See also Ir-
radiation.
effect on organic crystals, 107
Iron, critical shear stress, 184
effect of neutrons on resistivity,
153
oxide effect of protons on rate of
solution, 201
threshold energy, 61
Irradiation, alpha-particle, 27, 78, 79,
156, 204
charged-particle, 22-24
chemical effects, 194-204
deuteron, 24, 27, 63, 64, 79, 157, 159,
160, 184
effect on brittle to ductile transition
temperature, 184
effect on catalytic activity, 199, 200,
204
effect on compound formation, 201
effect on critical shear stress, 156
effect on diffusion rate, 117
effect on dimensional stability, 185-
189
effect on hardness, 192
effect on mechanical properties of
metals, 182-185 N
effect on oxidation of copper, 204
effect on oxidation of graphite, 200,
201
effect on phase transformation, 189-
192

SUBJECT INDEX

effect on precipitation from solid
solution, 192-191
effect on reaction rates, 199-204
effect on resistivity. See under Re-
sistivily.
effect on solid-state polymerization,
196-199
effect on stored energy, 98-101
effect on stress-strain, 184
effect on ultrasonic velocity, 103
electron, 13, 24, 59, 67, 78, 79, 121,
145, 162
electron, crystalline direction, 60
exposure units, megawatt-days per
adjacent ton of uranium, 71
exposure units, neutrons/cm.2, 71
fast-neutron, 27, 103, 106, 145, 185,
191, 196
fast-particle, 80
fission-neutron, 25
gamma, 45-53, 80, 97, 121, 196, 197,
199, 204
homogenization, 85
low-temperature, 63
of materials. See individual ma-
terials.
neutron, 14-17, 24, 27, 67, 71, 77, 79,
97, 122, 153, 154, 183, 194, 200
neutron, disordering by, 83
particle, 80, 104
phase reversion, 85
proton, 27, 119, 166, 200, 204
reactor, 15, 27, 80, 81, 121, 154, 184,
190, 192, 195
salt decomposition by, 195-196
slow-neutron, 196
Isotropic elastic scattering, 15
Isotropic fast-neutron scattering, 15
Isotropic scattering, 14

Knock-on, 7, 11, 22, 25
cascades, 39
kinetic energy, 18
primary, 15, 17, 23-25
primary, distribution in energy, 17
primary, energy spectrum, 22
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primary, mean number of displaced
atoms, 17
secondary, 25

Lattice displacement threshold, ger-
manium, 59
Lattice distortion, by interstitials and
vacancies, 108
Lattice expansion, aluminum oxide,
110
beryl, 110
chrysoberyl, 110
copper, 110
diamond, 110
graphite, 110
inhomogeneous,
111
lithium fluoride, 110
magnesium oxide, 110
phenacite, 110
quartz, 110
recovery, 165
silicon carbide, 110
spinel, 110
zircon, 110
Lattice vibration spectrum, effect of de-
fects on, 134
Lithium-6, 16
Lithiumn, bromide, vacancies in, activa-
tion energy of motion, 136
chloride, vacancies in, activation
energy of motion, 136
fluoride, Bragg reflection broadening,
114
fluoride, diffraction effects, 115
fluoride, lattice expansion, 110
fluoride, vacancies in, activation cn-
ergy of motion, 136
iodide, vacancies in, activation en-
ergy of motion, 136
Logarithmic decrement, 103

x-ray effects of,

Magnesium oxide, lattice expausion,
110

Magnetic centers, 106

Magnetic inductance, 193
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Magnetic properties, graphite. See
Graphite.
Magnetic susceptibility, silica, 105
Magnetization, saturation. See Salu-
ration magnetization.
Manganese-nickel, disordering, 83, 81
Mechanical properties of metals, ef-
fect of irradiation, 182-185
Megawatt-days per adjacent ton of
uranium, 71
Metals, annealing, 152-166
defects in, 130-135
displaced atoms in, number of, 62-
67
mechanical properties, effect of ir-
radiation on, 182-185
self diffusion, 130-132
Metamict state, 107
Methacrylamide, solid-state polymeri-
zation, 197
Methacrylic acid, solid-state polymeri-
zation, 197
Mecthylene-bis-acrylamide,
polymerization, 197
Minority carrier lifetime, 60, 61
Molybdenum, embrittlement, 185
Moving charged particles, 7-14
Multiple ionization, 52 *

solid-state

Neutron. See also Fasl neulron, Fis-
ston neulfron and Slow neulron.
attenuation, 69
bombardment.
tron.
flux density, 71
irradiation.  See [rradiation,
tron.
threshold radiation cnergy, 58
Nickel, effect of neutrons on resistivity,
153
oxide, effect of protons on reduction,
204
stress-strain, 184
Nickel-beryllium, ferromugnetic Curie
temperature, 192
irradiation of, 192
magnetic inductance, 193

See [rradialion, neu-

neu-
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Nitrate formation, effect of alpha par-
ticles on, 204
Nuclear reactions, 16

Optical absorption bands, from gamma-
ray irradiation, 80
from reactor irradiation, 80
Optical absorption spectra,
chloride, 167
Optical properties, 80, 104-103, 195
Order-disorder alloys, irradiation of,
82
exchange of atoms, 83
Order-disorder systems, 82-85
Order, short-range, in a-brass, 121
Ordering, 61
Organic crystals, effect of ionizing
radiation on, 107

sodium

Pair production, 47
Paramagnetic resonance, 105-107
diamond, 105
quartz, 106-107
Particle bombardment, 80, 104
Phase reversal, thermal spikes, 84-85
Phase reversion, irradiation, 85
Phase transformation, effect of irradia-
tion on, 189-192
induction period, 190
phosphorus, black, 190
tin, 190
zirconia, 191
Phenacite, lattice expansion, 110
Phosphorus, black, irradiation of, 190
phase transformation, 190
Photoelectric effect, 47
Pile annealing, 171
Pinning. See Dislocation pinning.
Platinum, interstitials and vacancies,
in, 132
Point defects. See Defects, point.
Polymerization. See Solid-state poly-
merization.
Potassium acrylate, solid-state poly-
merization, 197
Potassium chlorate, decomposition by
irradiation, 195

SUBJECT INDEX

Potassium chloride, electrical proper-
ties, 95
vacancies in, activation energy of
motion, 136
Potassium nitrate, decomposition by
irradiation, 195

Preferential fast-neutron scattering,
15

Proton bombardment. See Irradiation,
proton

Protons, disordering by, 38
threshold radiation energy, 58

Quartz. See also Silica.
atomic displacement in, 82
diffraction effects, 116
effect of fast-neutron irradiation on
paramagnetic resonance, 106
effect of irradiation on thermal con-
ductivity, 96, 97
elastic modulus, 103
lattice expansion, 110
Quench, a-brass, 122
germanium, 137

gold, 131
Radiation, anncaling. See Annealing,
radiation.
disordering. See Disordering, radia-
tion.
effects, localized damage, 16
energy, threshold. See Threshold

radialion energy
growth. See Graphile, growth and
Uranium, growth.
hardening, and cold work, 182
interaction with matter, 6-55
solid-state reactions induced Dby,
120
Range-energy, 9
Reaction rates, effect of irradiation on,
199-204
Reactor, Brookhaven. See Brookhaven
reactor.
Reactor irradiation.
reactor.
Recoil energy distribution, 14

See Irradiation,
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Recovery. See Annealing.
Relative velocities, 13
Replacement collisions.  See Collisions,
replacement.
Replacement threshold, 30
Resistivity, 61. See also Electrical
properties.
annealing of, 152, 157, 159
decrease with stored energy release,
161
effect of defect concentration on, 64
effect of deuterons on, in copper, gold
and silver, 63, 157
effect of interstitials on, 64, 65
effect of irradiation on, 62, 64, 92,
152, 156, 157, 192
effect of neutron bombardment on,
153
effect of vacancies on, 64, 65
residual, 92
residual, effect of imperfections on,
62
residual, of interstitials and vacancies
in copper, gold and silver, 66
Roentgens, 46
Rutherford collisions, 11, 12, 23
Rutherford scattering, 10

Salts, decomposition by irradiation,
195-196
Sapphire. See Aluminum oxide.
Saturation magnetization, 61
Scattering, background, 111
Bragg. See Bragy scallering.
Coulomb. See Coulomb scattering.
diffuse, 114
electron. See Electron scalterers.
fast-neutron. See Fast-neulron scal-
tering.
isotropic, 14
isotropic elastic, 15

Rutherford. See Rutherford scal-
tering.

slow-neutron. See Slow-neutron scat-
tering.

Screened Coulomb collisions, 12
Screened Coulomb potential, 10
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Screened Coulomb scattering, 11
Screening radius, 10, 11
Second-order kinetics, 146, 160
Semiconductors, bombardment of, 77
charge carriers in, 77
defects in, 137
displaced atoms in, 77-80
donors in, 77
electrical properties, 92-94
traps in, 77
Shear stress, critical, 163, 183, 181
effect of defects on, 181
effect of irradiation on, 156, 182
Silica. See also Quartz.
color centers in, 104
crystalline and vitreous, irradiation
of, 82
displaced atoms in, 80-82
gel, effect of neutrons on catalytic ac-
tivity, 200
magnetic susceptibility, 105
vitreous, annealing, 168
Silicon, elastic modulus, 103
carbide, annealing, 168
carbide, lattice expansion, 110
electrical properties, 94,
fast-neutron bombardment of, 103
threshold energy, 60, 61
ultrasonic velocity, 103
Silver, effect of deuterons on resistivity,
63, 64, 157
effect of protons on self diffusion, 119
residual resistivity of interstitials and
vacancies, 66
resistivity, 156
Sinks. See Defects and Dislocations.
Slow-neutron beam, 70
Slow-neutron scattering, by interstitials
and vacancies, 67
Sodium, azide, coloring of by irradia-
tion, 196
bromide, vacancies in,
energy of motion, 136
chloride, electrical properties, 95
chloride, irradiation of, 166, 167
chloride, proton bombardment of,
166

activation



224

Sodium (Continued)
chloride, vacancies in, activation en-
ergy of motion, 136
nitrate, decomposition by irradiation,
195
nitrate, optical properties, 195
Solid solution, hardening, 183
precipitation from, effect of irradia-
tion on, 192-191
precipitation from, retrogression, 192
Solid-state polymerization, acrylamide,
196, 197
acrylic acid, 197
barium acrylate, 197
calcium acrylate, 197
by gamma-rays, 196, 197
by irradiation, 196-199
methacrylamide, 197
methacrylic acid, 197
methylene-bis-acrylamide, 197
potassium acrylate, 197
vinyl carbazole, 197
vinyl stearate, 197

Solid state reactions, radiation-in-
duced, 120

Spectrum, fission. See Fission spec-
trum.

Spectrum, lattice vibration. See Lat-
tice vibration spectrum.
Spherical spikes. See Spikes, spherical.
Spikes, 3215
diffusion induced by, 85
displacement, 3, 33, 41-45, 166
displacement, in copper-iron, 191
displacement, dislocation loops, 42
displacement, disordering, 84, 85
displacement, interstitials, 42
displacement, misoriented regions,
42
displacement, theory of, 33
displacement, vacancies, 42 .
enhancement of atomic diffusion,
43
fission, 187
fission, twinning, 187
nucleation, 39
phase change, 39

SUBJECT INDEX

spherical, 36
stress, 39
temperature, 33
temperature, cylindrical, 37
temperature, Frenkel defects, 39
temperature, plastic deformation in,
39-11
temperature, rate process, 37
thermal, 3, 33, 166
thermal, in copper-iron, 194
thermal, disordering, 83, 81, 85
thermal, phase reversal, 84-85
thermal, in phase transformation,
191
thermal, in precipitation from solid
solution, 193
thermal, temperature distributions
in, 35, 38
thermal, theory of, 33
Spinel, lattice expansion, 110
Steel, deuteron irradiation of, 184
stainless, neutron irradiation of,
191
Stored energy, 75, 164, 168, 169
diamond, 99
effect of irradiation on, 98-101
graphite, 99
release, 99, 158, 159, 160, 161, 166,
173
release, catastrophic, 169
Stress-strain, copper, 183
nickel, 184
Temperature spikes. See Spikes, lem-
peralure.
Thermal conductivity, 96-98
aluminum oxide, 97
diamond, 97
graphite, 97, 98
quartz, 96, 97
Thermal spikes. See Spikes, thermal.
Threshold, displacement. See Dis-
placement threshold.
Threshold electron energy, 13
Threshold energy, 12, 18, 56-62
copper, 57, 61
copper-gold, 61
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experimental determinations, 58-62

germanium, 57, 58, 60, 61

graphite, 61

iron, 61

by minority carrier lifetime, 61

by ordering, 61

by resistivity, 61

by saturation magnetization, 61

silicon, 60, 61

theoretical calculations, 56-58
Threshold, ionization. See Ionization

threshold.

Threshold, lattice displacement. Sece
Laltice displacement threshold.
Threshold radiation energy, alpha-par-

ticles, 58
electrons, 58
fission fragments, 58
gamma-rays, 58
neutrons, 58
protons, 58
Threshold, replacement.
ment threshold.
Tin, irradiation of, 190
phase transformation, 190
Transfer of energy. See Energy lrans-
fer.
Transition temperature, effect of ir-
radiation on, 184
Transmutation, gold, 16
Trapping centers, 80
Traps, chemical, 74
distribution and character of, 152
electron. See Eleclron lraps.
in semiconductors, 77
Tungsten, effect of protons on clectro-
chemical properties, 200
Twinning, uranium, 188

See Replace-

Ultrasonic velocity, effect of irradiation
on, 103
silicon, 103
Uranium, Bragg reflection broadening,
114
dimensional stability, 185-189
distortion by irradiation, 185
fast-neutron damage, 185
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fission-fragment damage, 185
growth, 186-189
growth, anisotropic diffusion, 187
growth, fission spikes, 187
growth, interpretations, 187-189
twinning, 188
Uranium-chromium, irradiation of, 85
Uranium-molybdenum, irradiation of,
84
Uranium-niobium, irradiation of, 84

Vacancies, 2, 72

activation energy of motion, 130,
132, 136, 137

activation energy of motion, cffect of
defect concentration on, 152

activation energy of motion of neu-
tral pair, 136

annealing, 165

in copper, 130, 132

diffraction effects, 108

in displacement spikes, 42

di-vacancies, 91, 132, 146

di-vacancies, activation energy of
motion, 133

di-vacancies, binding energy, 133

di-vacancies, in copper, 133, 165

di-vacancies, in germanium, 137

effect on elastic ccnstant, 102

effect on resistivity, 64, 65

energy of formation, 130, 132, 137

energy of self diffusion, 132

in germanium, 137, 116

in gold, 132

in graphite, 75, 170

groups, 166

interaction with interstitials, 133

in ionic crystals, 135

lattice distortion by, 108

mobility, 136, 163, 166

negative-ion, 93, 168

pairs, in germanium, 134

pairs with interstitials, 1146, 170

in platinum, 132

positive-ion, 95, 168

production by excitons, 52
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Vacancies (Continued)
recombination with interstitials, 144~
152
recombination with interstitials, ki-
netics of, 145
residual resistivity in copper, gold
and silver, 66
slow-neutron scattering, 67
Vacancy diffusion, 139

Vacancy-interstitial model. See under
Annealing.

Vinyl carbazole, solid-state polymeriza-
tion, 197

Vinyl stearate, solid-state polymeriza-
tion, 197

SUBJECT INDEX

X-ray diffraction pattern, effect of
imperfections on, 107

X-ray effects, from inhomogeneous cx-
pansion, 111

Young’s modulus, graphite, 101

Zinc, critical shear stress, 184
effect of neutrons on resistivity,
153
oxide, effect of gamma irradiation on
catalytic activity, 199
Zircon, diffraction effects, 115
lattice expansion, 110
Zirconia, irradiation of, 191
phase transformation, 191
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