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ABSTRACT

A Study of Collision Cascade Collapse in CujAu
Thomas J. Black
Wolfson College, Oxford
A thesis submitted for the degree of Doctor of Philosophy

Trinity Term, 1984

This thesis describes an ion irradiation study of ordered
CujAu. Argon, Copper and Krypton ions of 50 and 100keV were
implanted to nominal doses of 10'" ions cm? both at room temp-
erature and at liquid helium temperature. The damage induced
at low temperature was observed in-situ and after subsequent
warming to room temperature.

The collapse of collision cascades to vacancy dislocation
loops was observed to occur with moderately high probability
under all irradiation conditions at low temperature, with no
subsequent increase in the number of 1loops on warming.
Comparison of the «collapsed fraction of cascades at 1low
temperature with that produced by room temperature irradiation
reveal ed that the collapse process is more efficient in the
latter case. An increase in collapse probability with ion
mass was also observed, although no dependence on ion energy
was found over the range investigated.

Quantitative analysis of the disordered zones which result in
ordered CujzAu at individual cascade sites revealed that
cascades which had <collapsed to 1loops generally produced
larger disordered zones, Additionally, increases in
disordered zone size with ion mass, ion energy and irradiation
temperature were identified. The observation that disordered
zone sizes exceed the theoretically predicted cascade
dimensions for the case of the highest energy density in this
study (50keV Kr) is interpreted as evidence for leakage of
energy from the cascade region to the surrounding lattice.

A model is proposed which attributes the observed cascade
collapse behaviour to vacancy migration during the cooling of
the cascade region being systematically directed toward its
centre, and accounts for the observed disordered 2zones 1in
terms of extensive atomic rearrangement during the cooling.
The major factors identified as controlling this vacancy and
atomic motion are the initial spatial distribution of energy
and vacancies within the region, and the rate at which the
region cools,.
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CHAPTER ONE

INTRODUCT

Fast neutrons, such as are generated in a fast reactor or
fusion device are slowed by the structural components
surrounding the core and may seriously affect their physical
and mechanical characteristics. Void swelling, irradiation
hardening and irradiation induced creep are known to result
from neutron bombardment and have been extensively investi-
gated during the past twenty years. Such manifestations of
neutron damage are usually the result of point defect
production and subsequent migration to clusters or sinks,
although the production of transmutation gases from nuclear
reactions (e.g. He) is considered important in void nucleation

and growth.

The fact that under neutron bombardment, the point defects are
generated 1in highly localized volumes by <collision cascades
(Chapter Two) and not in a homogeneous manner, has significant
consequences for the subsequent evolution of the damage
structure. In particular, the phenomenon of cascade collapse,
which results in the production of vacancy dislocation 1loops
at the centre of the cascade volume, restricts the number of
vacancies which may contribute to the swelling and creep of
the material. Additionally, the loops thus generated may act
as pinning centres for dislocations, resulting in hardening.

Despite the obvious importance of the collapse process,

surprisingly 1little is known of the point defect interactions



which result in the production of loops. In fact, only
recently have the various stages of the cascade process itself

been determined.

The object of the present study was to investigate the
phenomenon of collapse, and in particular to determine if it

is athermal as had often been suggested previously.

In Chapter Two a brief resumé of previous investigations of
cascades and their collapse is presented in order that the
motivation for this work may be fully appreciated. Chapter
Three lays out the objectives of the experiments conducted and
the principles of the techniques employed. The details of the
procedures adopted are covered in Chapters Four and Five, with
the results obtained presented in the penultimate <chapter,.
Finally, the interpretation of these results and their

significance is recounted in Chapter Seven.



CHAPTER_TWO

PREVIOUS STUDIES

2.1 INTRODUCTION

In this chapter, those aspects of radiation damage relevant to
the present study are presented in order that the significance
of the experiments performed may be established. No attempt
has been made to exhaustively review +the subject of
fundamental radiation damage, and the more comprehensive
treatment of high density cascades by Thompson [1981] 1is

suggested if further information is required.

Section 2.2 presents an outline of the basic features of
displacement cascades, with Sections 2.3 and 2.4 detailing the
theoretical (including computer simulation) and experimental
studies which have contributed to the present understanding of

the phenomenon.

2.2 BASIC CONCEPTS

If a fast particle, incident on a solid, transfers sufficient
energy to a lattice atom, it may displace it, thus producing a
vacant lattice site (vacancy) and forcing the displaced atom
to reside in an interstice of the atomic array (interstitial).
Such a vacancy-interstitial arrangement is known as a Frenkel

Pair. The energy required to separate the interstitial

sufficiently from the vacancy to prevent mutual annihilation

(i.e. to ~carry the interstitial beyond the Recombination



Volume of the vacancy), is the Displacement Threshold Energy.
Computer simulations [Erginsoy et al 1964; Stuart et al 19761
have demonstrated that this depends on the material and on the
direction of displacement. For a low index direction in an
fcec material such as Cu, it may be as low as ~20eV, whereas
in becc it generally exceeds this value, especially if the

displacement is randomly orientated.

The nature of the interaction between a fast particle and a
lattice atom determines the fraction of the particle's energy
which may be transferred. This interaction is heavily depen-
dent on their mass ratio, the particle's velocity, charge
distribution etc. With respect to reactor design, the most
important class of fast particle is the neutron which is
capable of producing high energy recoils as it interacts with
atomic nuclei by short range nuclear forces. The atom with
which the neutron interacts is known as the Primary Knock On
(PKO), the recoiling energy of which is an increasing function
of neutron energy.

Fast fission
neutrons may transfer several hundred keV to a lattice atom,
generally in elastic collisions. Anticipated knock-on
energies in fusion devices are expected to average around

500keV [Birtcher et al 1982].

Charged particles on the other hand, interact with atoms by
relatively M"soft" coulomb forces, generally producing knock-
ons of lower energy. From Fig. 2.1 it is clear that even
heavy ions of many MeV produce lower energy recoils than fast

neutrons, although for high energy ions (E~50MeV) of the



Fig 2.1

Energy dependence of PKO spectrum for various
charged particles incident on nickel, and for
fast neutron bombardment of iron. [From
Marwick 1974]. (The 3.5pm and 2.5um curves for
46 .5MeV Ni refer to mean damage depths, varied
by "rocking" the specimen which produces a
wider damage layer).
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target species, the recoil spectrum is similar. Energetic
electrons however, are too light to generate fast recoils, and

1MeV electrons rarely produce knock-ons above 50-100eV.

Since very fast (many MeV) ions create similar knock-on
energies to neutrons, but are readily available as high
intensity beams - thus giving greatly enhanced damage rates -
they are often wused to simulate the effects of prolonged
exposure to neutron fluxes. In this way a beam of 50MeV Ni
ions (for example), can generate similar damage 1in a few
minutes, to that which would be accumulated over many days in
a fast reactor, Alternatively, ions of “~5-200keV are
frequently employed to simulate the individual PKOs generated
by neutrons. Above about 100keV the energy lost by ions to
the =electrons 1in a metallic solid becomes an appreciable
fraction of the total [Lindhard et al 1963], as illustrated in
Fig. 2.2, but below this the ion's energy is lost predom-
inantly through elastic <collisions with atomic nuclei.
Brinkman [1954] demonstrated that as the energy drops, the
mean free path between collisions approaches the 1lattice
spacing and a regime is entered in which many atoms are dis-
placed in a local volume, as the PKO energy is distributed
between successive generations of knock-ons. Such a "collision
cascade™ as it has become known, 1is shown schematically in
Fig. 2.3. The PKO generated by neutron or fast heavy-ion
bombardment generally falls into this regime, and cdllision
cascades are the primary unit of damage produced by such
projectiles. The function of the lower energy ion simulations

("5-200keV) is to generate monoenergetic cascade populations,

and thus allow systematic investigation of the phenomenon.



Fig 2.2

Fig 2.3

Rate of energy loss through electronic
excitation (dE/dx),, and elastic collisions
with nuclei (dE/dx). for carbon ions in
graphite. [From Thompson 1969]. (Curves for
metallic solids are similar to those shown).

Schematic representation of the dynamic phase
of a collision cascade. [From Thompson 1969].
Primary, secondary and tertiary knock-ons are
visible.






Within this collision cascade, which is typically about 1004
across, many Frenkel pairs are produced and a local vacancy
concentration of several atomic percent may result. The
effect on the lattice of depositing such energy into a small
volume is still a matter of controversy although it now sSeems
likely that appreciable atomic rearrangements may result if
the recoil density 1is sufficiently high. The extensive
theoretical, simulation and experimental studies recounted in
the following two sections have led to the "four phase"
description for the temporal evolution of a cascade which will

now be presented.

Initially there exists a Displacement phase (lasting ~10 "3s)
during which many atoms are displaced as the PKO 1loses its
energy to secondary knock-ons, which in turn create further
displacements, etc. The volume within which this process
occurs 1is known as the cascade volume although in most <cases
only some fraction of the total number of enclosed atoms will
be directly involved in this initial phase. Local thermal
equilibrium may ensue if the energy is then spread throughout
the atoms of the region such that a Maxwell-Boltzmann distri-
bution of velocities is attained, although it is not clear
that such a process will occur in diffuse, 1low recoil density
cascades. This second, Relaxation phase which may result in
much vacancy-interstitial recombination, takes typically
5x1dﬂss to occur. Following this the cascade region cools
during the (Cooling or Spike phase by losing energy to the

surrounding lattice. This "spike phase™ varies in length from

—12
10 “s for rapidly quenched cascades, to 10 °s if cooling is



slower. Strictly, at this point the cascade process has
terminated, but a fourth phase, during which the remaining
point defects may migrate in order to cluster or anneal at
sinks has been identified by some authors. This nne n

phase lasts ~10°°

s-107 s and will only occur if the ambient
lattice temperature is high enough to permit long range defect

migration.

Transmission electron microscopy studies have established that
at some stage in this evolution, the vacancy component of the
cascade damage sStructure may form a dislocation 1loop. This
agglomeration of vacancies has become known as Cascade
Collapse. Exactly what precipitates this collapse and at
which point 1in the cascade evolution it occurs has not yet
been established wunambiguously, and this remains the major
question in fundamental radiation damage research. The
studies described in the subsequent sections have however

contributed to a partial understanding of the phenomenon.

2.3 THEORY AND SIMULATION
2.3.1 Me ds

Modelling of displacement cascades has been attempted in two
ways. Initially, consideration of the elastic energy
deposition 1led to an analytical approach which allows predic-
tions to be made about the average behaviour of cascades, but
the advent of fast electronic computers in the early 1960s
enabled simulation of 1individual events, Initially, the

approach adopted by the group at Brookhaven Laboratories

[Gibson et al 1960] was to consider all atomic interactions in



the cascade volume. This fully dynamic method 1is however
limited to low energy simulations due to its heavy demands on
computer time and core memory. In an attempt to circumvent
this problem, the so-called binary collision approximation was
developed by Robinson and Torrens [1974]. 1In all work of this
type it is assumed that all collisions may be treated as two
body interactions, with one of the partners at rest. This
dramatically reduces the number of required computations but
may only be used 1in circumstances 1in which the binary
approximation holds. Thus, beyond the collision phase of a
cascade, the validity of binary simulations must be suspect,
especially in high density cascades, where many atoms may be

Simultaneously in motion in a local volume.

2.3.2 Cascade Configurations

As pointed out above, as early as 1954 Brinkman's analysis of
collision cross-sections between atoms of the same species led
to his proposal of cascades or displacement spikes. Shortly
after this, Silsbee [1957] suggested that the regular crystal-
line nature of metallic solids may affect such atom-atom
collisions by producing focussing of collisions along close-
packed directions such as <110> in fcc or <111> in becec. Such
chains of <collisions, by which momentum may be transferred
over long distances 1in a crystal are known as Focussed
Collision Sequences (Fig. 2.4). Seeger [1958] extended this
concept further by proposing that if each atom in the chain

eplaces 1its neighbour in a Replacement Collision Sequence

(RCS) or Dynamic Crowdion, then vacancies and interstitials

may be produced at opposite ends of such chains. (There



Fig 2.4

Fig 2.5

Schematic representation of a focussed

collision sequence. The angles are such that
6n4>6n>en+] which results in focussing of the
momentum along a well defined direction. This

effect 1is enhanced by collisions with atoms
surrounding (but not included in) the chain.
Such a mechanism, which alows FCS to propogate
at higher energies, is know as Assisted
Focussing.

Defect configurations at end of collision phase
for a 1keV cascade in Cu, as predicted by
binary simulation [From Heinisch 1983]. The
vacancy core (cubes) and interstitial periphery
(crosses) are visible.






exists some controversy over the lengths of such sequences -
see later). He suggested that the occurrence of such a pheno-
menon within a cascade may result in a vacancy-rich core
surrounded by a diffuse shell of interstitials. Subsequent
fully dynamic, low energy simulations demonstrated the exist-
ence of RCS in both Cu [Vineyard 1963] and a - Fe [Erginsoy
et al 1964], and some evidence was obtained to support the
existence of a vacancy rich central region [Erginsoy et al
19651]. More recent simulations employing both the binary
collision approximation [see e.g. Heinisch 1983] and fully
dynamic treatments [King and Benedek 1983] have clearly demon-
strated the accuracy of Seeger's prediction (Fig. 2.5). Field
ion microscope observations have also confirmed the existence
of such vacancy rich regions, and transmission electron micro-
scope studies have demonstrated their instability by imaging
the vacancy loops which often result from the collapse of such

regions (Section 2.4.1).

Higher energy computer work (ie binary), has also demonstrated
that 1in cases of a high PKO energy, an atom may escape
collision for many atomic distances and thus induce a
subcascade, removed from the initial one, when it eventually
collides (Fig 2.6) [eg Beeler and Beeler 1975]. Some
controversy exists about the energy at which such a regime is
entered although Heinisch [1983] has observed that cascades
created by PKOs of energy greater than 30keV often consist of

subcascade units, similar in size to a 30keV cascade.



Fig 2.6 Subcascade structure of a 50keV cascade in Cu
[From Heinisch 1983]. Larger dots represent
vacancies, with the smaller for interstitials.
Three distinct subcascade damage regions are
visible.






2.3.3 Cascade-Sizes

The most complete theory for cascade size predictions is the
analytical WSS theory, which is based on the binary approx-
imation. The work of Lindhard et al [1963] mentioned
previously, allows the Damage Energy (i.e. that not lost to
electronic excitation) to be calculated for any ion/target
combination, and Winterbon et al [1970] used a linearized form
of the Boltzman transport equation to determine the spatial
distribution of this elastically deposited energy. This
distribution may be used to estimate cascade dimensions by
identifying the second moment of the distribution with the
cascade radius. Some important trends in cascade dimensions
are predicted by this work, The cross-section for a high
energy collision increases as the PKO energy decreases and as
the PKO mass approaches that of the target. This behéviour of

the cross-section results in:

(i) Highly energetic ions undergoing many low-energy

collisions and producing diffuse cascades.

(i1) Light ions undergoing many low-energy collisions and

producing diffuse cascades.

(ii1i) Heavy ions undergoing few high-energy collisions and

producing compact cascades.

Additionally, the atomic mass of the target influences the

cascade dimensions, with those generated in heavy targets
tending to be more compact than those in 1lighter materials.

Diffuse cascades, such as are produced by highly energetic

10



light particles, result in the movement of only a small
fraction of the total number of atoms in the cascade volume
during the collision phase. It thus seems unlikely that the
relaxation phase will redistribute the PKO energy throughout
all the atoms of the region, and collective motion is expected
to play a relatively minor role. Thus, if two such cascades
are spatially and temporally superimposed, they should not
interact. This has led to such events being termed linear
cascades., For heavy ions however, the opposite is true and
collisions between moving atoms and the consequent collective
effects are expected to play an important part. Thus, an equi-

valent superposition should result in extensive interaction.

These have therefore become known as non-linear cascades. A
useful parameter which summarizes this 1is the Energy

Density, 6, [Sigmund 1974]. This is defined as the average
atomic kinetic energy in the cascade volume, and is simply the
PKO energy divided by the number of atoms in the volume.
Thus, more compact cascades have higher energy densities. At
some value of energy density it is expected that the binary
approximation will break down, and the WSS theory must cease

to describe such cascades accurately.

The major problem associated with this analytical approach is
that the elastically deposited energy distribution, having
been derived by statistical means, inevitably describes the
cumulative average cascade (i.e. an envelope within which
individual cascades will be produced), and cannot account for

Ssubcascades which are known to occur within individual events.

It is therefore to be expected that individual cascades will

11



rarely occupy the whole of the WSS volume, and that this
parameter must overestimate the spatial extent of <cascades.
Binary computer simulations by Walker and Thompson (19781,
whilst confirming the trends in cascade sizes predicted by
WSS, have demonstrated that the analytical approach does
indeed overestimate cascade dimensions, especially in cases of
low energy density (ie especially for diffuse cascades) (Fig

2.7).

The extent to which vacancies and interstitials are separated
in a cascade, and therefore the degree of recombination
expected, depends on the lengths of RCS in the material. This
is a subject on which experimental and theoretical estimates
disagree significantly. Some experimental results have Dbeen
interpreted as indicating that RCS lengths exceed 150-2004
(Section 2.4), whereas recent fully dynamic simulations
[Tenenbaum 1978; King and Benedek 1982] and analytical
calculations [Kapinos and Kevorkyan 1983] suggest that RCS are
generally much shorter (1<504). Furthermore, this work
indicates that longer sequences are expected at lower temper-
atures due to defocussing of sequences by lattice vibrations

at higher temperatures.

2.3.4 Defect Production

In addition to the spatial configuration of defects in
a cascade, the number generated is also important. This
problem was first addressed by Kinchin and Pease [1955] who

viewed the atoms involved as hard spheres, and obtained the

simple result:

12



Fig 2.7

Comparison of computer simulated cascades
(binary) with WSS predictions for various 20keV
ions in a silicon target. The dots show the
predicted vacancy 1locations, and the solid
lines are the contours for 1/10th maximum
energy as given by WSS. [From Walker and
Thompson 1978]. The tendency for WSS to
overestimate cascade sizes is apparent,
especially at 1lower ion masses where sSubcas-
cades are prevalent. (Note increasing scale on

(a), (b), (c).)






N = E/ZEd

for E > 2E,, and N = 1 for Ey < E < 2Ed‘

Where: N 1is the number of defects produced.
E 1is the PKO energy.

%ﬂ is the displacement threshold (assumed constant).

Which simply suggests that 50% of the PKO energy is used to
generate Frenkel pairs, with the remainder spent in sub-
threshold encounters. This however, has been found to over-
estimate the numbers measured by experiment (Section 2.4.2).
Sigmund [1969a] and Norgett et al [1972] critically reviewed

this expression and suggested the modified (NRT) version:

N = kv(E)/2E,
Where: V(E) is the Damage Energy. (i.e. allowing for elec-
tronic losses). An analytical expression for this

is given by Norgett et al [1972].

K is an efficiency factor which accounts for the
fact that the "hard sphere" concept does not apply

to atoms which have "softern" interactions.

Sigmund indicated that a value of K= 0.8 would be most
realistic, and this was confirmed by the binary simulations of
Torrens and Robinson [1972] who obtained a value of 0.8

irrespective of the PKO energy. It should be remembered
however, that even these modified expressions assume a
single value for the displacement threshold, which Erginsoy

and co-workers have indicated is unrealistic (see previous).

Recent fully dynamic simulations have indicated that

13



consideration of only the coliision phase of the cascade 1is
inadequate for a full description of the defect production
involved. Guinan and Kinney [1981] have —carried out
simulations (for PKO energies of up to 10keV, far in excess of
previous dynamic simulations) which are in direct opposition
to the binary treatment of Torrens and Robinson in that they
predict a decrease in the efficiency K, as the PKO energy is
increased. This decrease in K, which levels out at ~0.4 for
PKO energies of 100 times the threshold (Fig. 2.8), has also
been confirmed by various experimental studies, and close
examination of the simulations indicate that it is due to
significant Frenkel pair recombination during the relaxation
and cooling phases of the cascade. In support of this conclu-
sion, the dynamic simulations of King and Benedek [1983] also
indicate appreciable recombination during relaxation and
cooling of the cascade. Interestingly, they find that the
number of defects present at the end of the collision phase
compares well with the above analytical expressions, but that

it decreases subsequently due to recombination.

2.3.5 Spike Effects

As indicated previously, in the case of high density cascades,
non-linear effects are likely to occur due to the collective

motion of many atoms during the spike phase of the cascade.

Beeler [1970] recognized that toward the end of the collision
phase, the PKO energy, which up to that point is shared

between the energetic knock-ons only, must be distributed

between many more atoms as the volume approaches 1local

14



Fig 2.8 Energy dependence of damage efficiency as
measured from fully dynamic computer simulation
and various experimental studies. [From Guinan
and Kinney 1981].

Fig 2.9 Reconstruction from FIM images of a 60keV Kr
cascade generated in tungsten. [From Wei et al
1981]. The dots represent vacancies with
nearest neighbour agglomerates joined,






equilibriunm. He <calculated that this process should occur
within a few lattice vibration periods, after which a Maxwell-
Boltzman velocity distribution should have been established.
The collective motion which follows such equilibration has
come to be known as a spike. Previously, Brinkman [1954] had
foreseen this possibility of a locally heated region, and
estimated that the melting temperature of most metals would be
exceeded. Seitz and Koehler [1956] examined the possibility of
local melting resulting from the cascade process and concurred
with Brinkman that temperatures exceeding those at the melting
point may well be attained (10%*K), but only for a very short
time (~10''s). Sigmund [1974] used the Gaussian energy depos-
ition profiles predicted by the WSS theory to estimate the
average atomic energy (energy density) within the cascade
volume, and the period over which these energies would Dbe
maintained. This work also indicated that atoms within a
cascade volume may attain energies ranging from a few tenths
of an eV to several tens of eV, greatly exceeding that
required for melting in some cases. Not surprisingly, the more
dense cascades which achieve higher energy densities, cool
more rapidly than diffuse cascades. Thus, 1t was still not
clear if these high energy densities could be maintained for

sufficient time to induce melting.

It was pointed out by Chudinov et al [1977] that the normally
adopted practice of calculating the maximum "temperature™"
anticipated to arise, and applying the heat conduction

equation to that temperature (as in Sigmund's work), is not a

legitimate procedure,. As the maximum expected temperature is

often of the order of 10°K, which corresponds to atomic velo-

15



cities greatly in excess of that of sound in a metal, no group
motions exist to remove the energy and they propose that
collisional mechanisms, such as RCS, must dominate until the
velocity of sound 1is attained. This lower initial
"temperature" for the cooling phase results in longer cascade

lifetimes than predicted by Sigmund's treatment.

As previously indicated, binary computer models are of no
value 1in simulating this stage of the cascade, but fully
dynamic models have been successfully applied to the problemn,
King and Benedek [1983] found a very distinct transition from
the <c¢ollision phase to the cooling phase of the cascade with
the number of point defects reaching a maximum at the
transition, and extensive recombination being observed during
the latter stage. An important point to emerge from this
study is that a Maxwell-Boltzman velocity distribution is not
observed wuntil well into the cooling phase (6.6x10 '’s in a
650eV cascade), and the authors warn against the assignment of
a "temperature"™ until this has been achieved. This would
appear to be very similar to the conclusions reached by
Chudinov et al indicated above. 1In another study, Guinan and
Kinney [1981] have observed vacancy jump rates during the
cooling phase which are far in excess of that which would be
predicted from equilibrium considerations. This is thought to
be due to the -energy released by the high degree of
recombination observed (see above). The implications of this
enhanced vacancy motion must be considered in any

investigation of the phenomenon of cascade collapse.
By delaying the initiation of the simulation until the start
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of the cooling phase, Protasov and Chudinov [1982] have Dbeen
able to follow the process further than previous studies. The
most significant results of this study are not only that
local melting, followed by extensive vacancy motion upon
recrystallization is observed, confirming Guinan and Kinney's
observations, but that this motion Dbecomes systematically
directed toward the cascade centre, an observation which has
obvious implications for the understanding of loop production,
"Fast" cooling of the region (6x10'* Ks') results in a
doubling of the vacancy concentration at the centre, whereas
slow cooling (2x10'* Ks ') produces a void which has been
observed to collapse to a Frank dislocation 1loop if the
thermal pressure of the surrounding lattice is simulated. A
similar study by Chudinov et al [1983] has demonstrated that
disordering of the binary alloy Ni,Sn may occur if cooling is

slow enough.

Many of these theoretical and simulation studies have Dbeen
prompted by the extensive experimental work carried out over

the same period and these are briefly reviewed in the next

section.

2.4 EXPERIMENTAL STUDIES

Many me thods have been employed 1in the experimental
investigation of displacement cascades although four in

particular have contributed significantly to the understanding

of the phenomenon. They are: transmission electron microscopy
(TEM), field ion microscopy (FIM), heavy ion sputtering and

residual resistivity measurements. The most important
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contributions of each will be recounted briefly in the

following sections.

2.4.1 EM Observations

Initially such investigations were restricted to observing the
vacancy loops which occur only at the =sites of collapsed
cascades, but more recently the technique of observing
disordered zones in ordered alloys has rel axed this

restriction.

(a) Dislocation loop observations

TEM observation of dislocation loops produced by ion irradia-
tion was initiated in the early 1960s [e.g. Brandon and Bowden
1961] although the first quantitative study was performed by
Merkle [1966]. The most extensive work has been in fcec metals
with bece and hep receiving less attention. In most cases,
loops have ©been observed provided the ion energy exceeds a
threshold value (eg ~5keV for Xe bombardment of Au [Merkle et
al 1970]). The geometry of the loops formed in most cases is
consistent with collapse occurring onto the closest packed
planes, followed by unfaulting if this is energetically
favourable. Thus, in fecec, loops often remain faulted with
b=1/3<111>, but in becec, they generally unfault as the stacking
fault energy is higher in such materials. In the exceptional
case of a -Fe, energetically unfavourable b=<100> loops have
been observed [Jenkins et al 1978]. The reason for this is

unknown, although such loops were only found in cascades of

high energy density. In lower energy regimes, each cascade is
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expected to produce a maximum of one loop, but in the case of
high PKO energies, subcascades are expected to form (Section
2.3.2) and TEM studies [eg Merkle and Averback 1975] have
demonstrated that individual subcascades may contain loops.
Thus, at high energy (E>100keV) several 1loops may result from

each incident ion.

In two separate publications, Merkle introduced the concepts
of <c¢collapse probability, which later became known as the
Defect Yield [1966], and the Cascade Efficiency [1969], and
these two parameters have since been used in most subsequent
studies. The first of these is defined as the fraction of
cascades which have collapsed to dislocation loops, and the
second 1s the fraction of vacancies generated in a cascade
which survive in the dislocation loop. The defect yield 1is
usually determined (although not in this work) by careful
measurement of the loop areal density and incident ion dose:

Areal density of 1loops
Defect Yield =

Areal density of incident ions

whereas the cascade efficiency is found by obtaining the mean
number of vacancies surviving in a loop (from the mean 1loop
diameter) and comparing this with one of the modified Kinchin
and Pease expressions (Section 2.3.4) for the original number

of defects generated:

No of vacancies surviving in loop

Cascade Efficiency =
No of vacancies created in cascade

Variations 1in ion mass and energy have been observed to

produce systematic changes in both defect yield and cascade
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efficiency, and a few results from the many previous studies
carried out at room temperature have been selected to
illustrate this. These are presented in Table 2.1. From this

it is clear that:

(i) Defect yield increases with ion mass,

(ii) Defect yield increases with ion energy. (In most
cases this has been observed to saturate at 1 for
ion energies of 50 to 100keV).

(iidi) Cascade efficiency increases with ion mass.

(iv) Cascade efficiency decreases with ion energy.

Both Eyre [1973] and Wilkins [1975] have attributed the
enhanced collapse produced by heavier ions to the smaller
cascades produced by such ions (as predicted by WSS: Section
2.3.3) generating a higher vacancy concentration at the
cascade centre which in turn increases the "driving force" for
collapse. Additionally, Wilkins suggested that the decrease
in <cascade efficiency observed with increasing ion energy may
be attributed to the lower vacancy concentration occurring in
such cascades. Such qualitative arguments, although valuable,
are based on linear cascade theory and as such take no account
of fluctuations in vacancy concentration within individual

cascades or possible vacancy motion which may occur within the

spike phase.

Another observation which may be made from the table is that
the defect yields in fcc materials exceed those in bec. The

reasons for this are not yet clear although loss of perfect

loops by glide from the higher stacking fault energy bece
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various fcc and bece metals.

Target Ion Defect Cascade Reference
Yield Efficiency

Cu 30keV Cu 0.50 0.36 Stathopolous
30keV W 0.60 0.71 1981
10keV Au 0.25 0.50 Hausserman
20keV Au 0.40 0.40 1972
70keV Au 0.90 0.25

Ni 80keV Ni O.44 0.25 Robinson &
80keV W 0.81 0.28 Jenkins 1981

Mo 60keV Mo 0.16 0.27 Eyre &
60keV Xe 0.18 0.51 English 1982

a-Fe 80kev Fe No loops Jenkins et al
80keV W 0.18 1978

Table 2.1 Defect Yields and Cascade Efficiencies in




materials may play some part. However, the loop geometries
observed by English et al [197T7] suggest that this mechanism
is not solely responsible for the difference. The observation
that self-ion irradiation of a -Fe produces no resolvable loops
(Table 2.1), is an interesting one which sets this material

apart from others investigated.

The effect of ambient lattice temperature on the collapse
process was first investigated by Howe et al [1966] who
observed loops in both Au and Al at temperatures as 1low as
10K. More recent work [Haga et al 1983] has confirmed this
observation with 1loops resulting in Au and Ag from 1ion
bombardment at 10K. Such observations have 1led to the
conclusion that <cascade <collapse 1is an athermal process
although no detailed studies have yet been performed to
compare low temperature defect yields with those generated at
room temperature. Laupheimer et al [1981] have reported no
change 1in defect yield between Cu specimens implanted with
self-ions at both room and low temperature. However, as all
observations in this work were at room temperature, the
possibility of additional collapse on warming cannot |Dbe
discounted. Additionally, no variation in loop size was
reported over the range 6K-295K. It is interesting to note
that Wilkins' explanations for the observed trends in cascade
collapse (described previously) if extended, would suggest
that more loops should result at lower temperatures. This is
due to the longer RCS produced at low temperature (Section
2.3.3) reducing recombination, and thus enhancing vacancy

concentrations and cascade collapse.
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Besides vacancy loop observations, the depths of interstitial
loops have been used to estimate RCS lengths in Cu [Hertel et
al 1980]. These observations suggest that interstitials may

be transported up to 2000 from the cascade.
(b) Ordered alloy observations.

Siegel [1949], having bombarded Cu,;Au with neutrons, was first
to report disordering of an ordered alloy under irradiation,
but the first attempts at examining the damage structure by
TEM were performed by Seiler et al [19T74]. Jenkins et al
[1976] refined this technique which involves the wuse of
superlattice reflections to 1image the disordered zones
produced at cascade sites (Chapter Three), and have since
employed it in the examination of damage produced in Cu,Au by
heavy ions, high-energy protons, fission and fusion neutrons.
[Reviewed by Jenkins and English 1982]. Disordered zones were
observed at the sites of individual cascades, and a detailed
study of those created by Cu ions indicated that every cascade
created by a knock-on of greater than 10keV produced a zone.
Whether this disorder results from collective atomic motion
during the spike phase, or from collisional mechanisms is as
yet unclear. (This is dealt with in detail in Chapter Seven).
Some indication of the structure of individual cascades is
revealed from examination of the shape of disordered zones,

and this has been used to identify subcascades.,

The major advantage of this technique over the conventional
method of TEM observation is that previously inaccessible

information on cascades may obtained from the disordered zone

shapes. (A full interpretation of such information does
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however require a knowledge of the disordering mechanism).
Additionally, defect yields may be determined independently of
ion dose measurements, an advantage exploited in the current

study.

Jenkins and English [1982] observed that subcascades are
produced by high-energy Cu ions, but not by Au ions which were
found to produce much more compact cascades, as expected from
binary collision simulations and the WSS theory. However, the
sizes of zones produced by high density cascades have been
found to exceed that predicted by WSS, in direct contradiction
to the findings of binary models. (Section 2.3.3). The
limited results which are available on cascade <c¢ollapse in
Cu;Au suggest that it does not differ significantly from that

in pure Cu [Jenkins and Wilkins 1976].

In addition to the study recounted above, several 1less
detailed observations have been made on other ordered systems.
These include: Cu,Pd, Fe,;Al [Laupheimer and Wilkens 19791];
Zr ;A1 [Howe and Rainville 1979]; Ni,Sn [Potter and Hernandez
1981]; Nb,Sn [Jenkins et al 1982; Pande 1979]; and in all
cases disordered zones were observed, although the atomic
scattering factors (Chapter Three) are such that the contrast
is not as strong as in Cu,Au. The results in Cu,Pd corro-
berate those from the Cu,Au study as the Cu ion zones are well
described by WSS, but those produced by Au ions are larger
than predicted, a result attributed by the authors to disor-
dering resulting from extensive vacancy motion during 1loop

formation. Subcascade formation has been observed in Cu3Pd

and Fe,Al, but not in Zr,Al or Nb,Sn. It has been reported
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that 35keV Cu ions have produced no visible disordered zones
in either Ni;Mn or Fe,Si [Jenkins and English 1982], although

no possible reason for this observation has been suggested.

2.4.2 FIM Observatjons

In contrast to the TEM techniques described above, which are
restricted to examining the gross spatial characteristics of
cascades, field ion microscopy provides a method of examining
individual cascades with atomic resolution. Early work
employing the FIM was restricted to observing clusters of
vacancies, but more recent use of pulsed field evaporation and
sophisticated data acquisition by the group at Cornell
University has allowed individual point defects to be
resolved. The vacancies present within the central core of
cascades may therefore be analyzed, and the structure of the
so-called Depleted Zones determined [Seidman 1973]. Figure
2.9 displays a visual reconstruction of such a zone. The major
drawback of such investigations is the excessive time required
to acquire data on each zone, which has 1limited the

experiments to very small zone populations.

In an attempt to determine the differences between depleted
zones created by various heavy ions, [Wei et al 1981; Current
et al 1983], W specimens were implanted at 10K with Ar, Cr,
Cu, Kr, Mo and W ions at 30keV. The effect of ion energy was
investigated by implanting Kr ions at 15, 30, 45, 60 and

TOkeV, The relevant observations of this study were:

(1) The number of vacancies was found to be independent
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of ion mass, and increased linearly with ion energy.

(ii) The diameters of the zones were found to increase

with ion energy.

(1i4) Collapse of the vacancy distribution to a

dislocation loop was never observed.

The fact that varying ion mass did not alter the number of
defects produced is in agreement with the analytical models of
defect production as the electronic losses for all ions wused
are similar, resulting in equal damage energies in each case.
Furthermore, the changes with ion energy agree with the NRT
model (Section 2.3.4) if a threshold of 52eV is adopted.
Despite the increase in size with ion energy, the results
demonstrate that the observed diameters are only “40% of that
predicted by WSS. The discrepancy is more pronounced at lower
ion mass and higher ion energy in which cases subcascade
formation was prevalent, as expected from computer models.
That none of the observed cascades had collapsed is rather
surprising when it is considered that the irradiation
conditions employed generated Sigmund energy densities of up
to ~30eV/atom. This indicates that energy density/vacancy
concentration is not the only variable to be considered when

studying cascade collapse.

In a further study, Pramanik and Seidman [1983] 4implanted W
with Ag and W monatomic and diatomic ions to investigate the
effect of high density cascades, The principle behind such

investigations is ~that diatomic ions should dissociate on

impact and produce two cascades which overlap both Spatially
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and temporally, and a comparison of the monatomic and
diatomic <cascades thus allows any non-linear effects to be
detected. The number of vacancies created per-jon in the
diatomic cascades was found to be 55% higher than in the
monatomic case, clearly demonstrating the non-linearity of
such cascades. Further, the diatomic zones were larger than
the monatomic, indicating incomplete overlap between the sepa-
rate damage regions. However, the most significant result of
this work was that void-like contrast was observed in the
diatomic case, but not in the monatomic, which is attributed
by the authors to the agglomeration of vacancies during the
spike phase of the cascade, a conclusion strongly supported by
the simulations of both Guinan and Kinney [1981] and Protasov

and Chudinov [1982] described above.

FIM has also been employed to study RCS lengths in W by
measuring the distance separating interstitial atoms from
depleted zones (measured along close-packed directions). [Wei
and Seidman 1981]. The value of 160A obtained was considered

to represent an upper limit to the length of such sequences.

2.4.3 Sputtering Studies

The ejection of atoms from the surface of a solid under
irradiation - sputtering - has become a useful method of
investigating displacement cascade events. According to the
linear cascade theory [Sigmund 1969b], the number of atoms
ejected from a displacement cascade which intersects the

surface of the irradiated material should be proportional to

the damage energy (ie that lost through nuclear collisions).

26



However, measurements of heavy-ion sputtering yields (which 1is
the number of ejected atoms per incident ion, determined by
dividing the total number of ejected atoms by the number of
incident ions) have suggested that this 1linear relationship
does not describe the situation accurately. Andersen and Bay
[1973] measured enhancements of over 100% in the sputtering
yield per-atom for diatomic bombardment relative to monatomic,
demonstrating the non-linearity of the cascades. Subsequently
[Anderson and Bay 1974, 1975], they were able to show that the
enhancement in yield increased with deposited energy density.
Merkle and Pronko [1974] suggested that the inadequacy of the
linear theory might lie in its failure to account for local
variations within individual cascades, which may 1lead to

regions of energy density greatly in excess of that predicted

by WSS, and this has been corroborated by a recent
investigation [Merkle and Jdger 19811]. In contrast to
previous studies of heavy-ion sputtering, these workers
employed TEM to examine craters created by indjvidual cascade

events. Their findings were that less than one percent of all
cascades created, even by diatomic Bi ions, produced a crater;
but that the sizes of the craters produced suggested that ten
times as many atoms as predicted may be ejected in an
individual event. This was interpreted as implying that only
those cascades with energetic subcascades 1intersecting the

surface produced craters.

2.4.4 Resistivity Studies

Investigation of radiation damage by measurements of residual

resistivity has confirmed both the decrease 1in cascade
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efficiency at high energy, and the non-linearity of cascades.
In a systematic attempt to determine the dependence of K, the
damage efficiency (Section 2.3.4), on both ion mass and
energy, Averback et al [1978] irradiated Ag and Cu with ions
ranging from protons to Bi over the energy interval 20 ¢to
855keV. The efficiency was found to decrease monatonically
with increasing ion mass from 1 for protons to ~0.33 for Bi
(Fig. 2.10), probably indicating increased recombination
within the relaxation and cooling phases of the more dense
cascades. For all masses above Ne(20), the efficiency was
found to lie between 0.3 and 0.4, independent of energy. At
first sight this result may appear to contradict the findings
of Guinan and Kinney [1981] (Section 2.3.4), as they observed
a decrease in efficiency with increasing energy. However,
this is not the case as the simulation study indicated that
the decrease in efficiency should occur well below 20keV, and
that it should level out at approximately 0.4, as observed by

the resistivity work.

Averback [1982] has confirmed the presence of spike effects,
even in cases of very low Sigmund energy density (9 <
0O.1lev/atom), by consecutive proton and heavy ion irradiation
of Ag and Cu, The principle of these experiments 1is that
besides damaging the specimen, the cascade irradiations anneal
some of the existing Frenkel pairs. The degree of annealing
and the fact that it was more pronounced at higher energy
densities suggested that Frenkel pairs outwith the cascade

volume were recombining as a result of energy leakage from the

cascade during the spike.
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Fig 2.10 Dependence of damage efficiency on ion mass.
[From Averback et al 1978].






CHAPTER THREE

OBJECTIVES AND- TECHNIQUES

3.1 INTRODUECTION

From the review presented in the preceding chapter, it is
clear that despite the extensive interest in the phenomenon of
cascade <collapse, a detailed understanding has not Dbeen
obtained of the mechanisms involved. The primary objective of
the current study was to investigate the phenomenon in detail,
considering in particular the influence of ambient lattice
temperature and variations in ion energy and mass. It was
hoped that this would <clarify the vacancy agglomeration
mechanism involved. In this chapter the individual objectives
are outlined, and the principles of the experimental
techniques employed to realize these are described. The
details of the experiments are however, deferred until Chapter

Five.

3.2 OBJECTIVES

The overall objective of the study was to identify the
mechanism by which the vacancies produced in a <collision
cascade agglomerate to form a dislocation 1loop. It was
decided that the best method of realizing this objective would
be to irradiate Cu,Au under a variety of conditions, and to
measure the defect yield and cascade dimensions for each. The

choice of Cuj;Au as the target material was dictated by the

availability of the superlattice technique (Section 3.3) which
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enables the disordered zones present at the sites of indivi-
dual cascades to be observed. As the temperature of the
ambient lattice was considered to be a possible influence on
the collapse process, irradiations were performed at both
liquid helium temperature (i.e. well below the onset of self
diffusion in Cu,Au [Takamura and Okuda 1973]) and at room
temperature. Cascade sizes and energy densities were varied
by employing ions of three different masses (Ar, Cu, Kr) and
two energies (50 and 100keV). It was hoped that insight into
the vacancy agglomeration mechanism would be gained by
correlating any differences in defect yields and cascade
dimensions observed between irradiation conditions.
Additionally, as the observation of 1individual disordered
zones 1s possible by the superlattice technique, it was
intended to identify any systematic differences between
collapsed and uncollapsed cascades within a single population.
In order to fulfil these planned objectives it was essential

that techniques and facilities be available to:

(a) Produce TEM specimens of Cu,Au for irradiation, in
which both disordered zones and dislocation loops
show strong contrast (previously used methods were

unsuitable for careful defect yield determinations).

(b) Implant these specimens with ions of varying mass

and energy at room temperature, and subsequently

observe the induced damage.

(e) Implant ions and observe the specimens in-situ, at

low temperature (T<10K).
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(d) Carefully determine the defect yield for each

condition.
(e) Quantify differences in cascade sizes and shapes.

With respect to (a) above, the constraint that the TEM
specimens show strong contrast for both zones and loops led to
their production by vacuum evaporation. Details of the

process are deferred until Chapter Four.

The room temperature irradiations were carried out on the
Lintott Series 2 ion accelerator at Harwell, with subsequent
observation on the JEM100B transmission electron microscope at
Oxford. The low temperature irradiations and in-situ observa-
tions were performed on the HVEM=-Tandem ion irradiation
facility at Argonne National Laboratory. (It transpired that
specimens survived the low temperature experiments so that
subsequent additional examination in the JEM100B at Oxford was

possible).

The method employed to determine the defect yield at each
irradiation condition involved the matching of disordered zone
and dislocation loop images. By determining the fraction of
zones which contain loops, a direct measure of the yield is

obtained.

The sizing of individual zones was initially intended to be
performed on the Kontron digitizing system at Harwell, but the

extent to which the data required manipulation was beyond the
capabilities of the system. As a result, software was written

for a Hewlett Packard digitizer-microcomputer system which had
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superior control facilities-.

3.3 THE SUPERLATTICE-TECHNIQUE
3.3.1 The—Alloy-€u3Au

Below a critical temperature of ~390K, Cu,Au may exist either
in an ordered or a disordered state. Above this, all order is
destroyed, and only the disordered phase is stable. However,
by careful heat treatment (Chapter Four) it is possible to
produce specimens of Cu,Au which possess a high degree of
order, and it is this property of the alloy which may be
exploited in the study of radiation damage. The degree of
order of the material may be represented by the classical

Bragg-Williams Long Range Order Parameter, S, which is given

by:
S=1-X/M
Where: X is number of copper atoms on gold sites
and: M=3/16N is the maximum number of wrongly sited copper
atoms. (N being the total number of atoms in the

crystal)

Thus, S=1 for a perfectly ordered 1lattice, and S=0 for
complete disorder. The ordered phase of the alloy possesses
an L1, superlattice, which is basically an fcc structure with
gold atoms on the cube corners and copper atoms on the face
centres, as shown in Fig. 3.1, whereas the disordered phase

has a random arrangement of atoms on the fcc sites.

Even in the ordered state, disruptions to the regular arrange-
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Fig 3.1 Structure of the ordered phase of Cu,Au. Anti-
phase boundaries introduce the 1/2[110] lattice
shift shown.






ment are common. Individually highly ordered regions may be
Separated by planar faults known as Antiphase Boundaries,
[Fisher and Marcinkowski 1961], which introduce a shift of
R=1/2<110> between the two regions. Examples of such faults
are displayed on the transmission electron micrograph in Fig.
3.2, and show up as the dark lines against the lighter back-
ground of the ordered regions. Such faults have the effect
of displacing copper atoms onto gold sites and vice versa, (as
can be seen in Fig. 3.1), and are introduced at this point
simply to explain their presence on the many micrographs which

will subsequently be presented.

3.3.2 Disordered Zone Imaging

The amplitude of a diffracted beam from a specimen in a TEM is
proportional to the "Structure Factor™" F(h,k,1), of the
employed reflection, where h,k and 1 are the Miller Indices of
the atomic planes producing the diffracted beam [Hirsch et al
19651]. Normal fcec lattices are such that if h,k and 1 are of
mixed parity, the structure factor of the reflection is zero
and no diffracted beam is produced; whereas, if h,k and 1 are
of the same parity, the structure factor is non zero and
electrons are scattered into the diffracted beam. However,
the ordered nature of the L1, superlattice causes departures
from this ©behaviour and diffracted beams result even from
Planes of mixed Miller Indices, So-called superlattice
reflections, The magnitude of the structure factor for a

fundamental (h,k,l1 same parity) and a Superlattice (h,k,1
mixed parity) reflection are given by the formulae (which are

derived in Appendix 3.1):
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Fig 3.2

Fig 3.3

110 dark field TEM micrograph of a well ordered
CusAu specimen showing antiphase boundaries
against lighter background. These faults 1lie
predominantly on {100} planes and are therefore
perpendicular to the plane of the foil. (The
foil normals are [001] - Chapter Four)

Schematic representation of a disordered zone
created at a cascade site, embedded 1in the
ordered lattice.
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F(h,k,1)

fk + 3Q: Fundamental

F(h,k,1) = S (fy - f

C) Superlattice

Where f, and fc are the atomic scattering factors for
electrons [Hirsch et al 1965] for Au and Cu atoms
respectively. From these expressions it is clear that the
amplitude of a fundamental reflection is independent of the
degree of order, whereas that of a superlattice reflection is

proportional to S.

The neutron irradiations of Cu;Au performed by Siegel [1949]
demonstrated the occurrence of disorder within individual
cascades [Seitz 1952; Brinkman 1954]. Thus, if a superlattice
reflection 1is selected to form an image of a specimen with
such locally disordered zones (Fig. 3.3), these should
manifest themselves as local variations in intensity on the

TEM micrographs.

Jenkins et al [1976] irradiated electropolished specimens of
Cu,Au with Cu ions in order to test this hypothesis, and found
that by forming Superlattice Dark Field images the disordered
zones present at cascade sites could be rendered visible as
black dots against the lighter, well ordered Dbackground,
provided suitable 1imaging conditions were employed. An
example of such disordered zones from the present work is
given in Fig. 3.4. By carefully determining the areal density
of disordered zones, Jenkins and Wilkins [1976] were able to
show that every Cu ion of over 10keV produced a resolvable

zone.
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Fig 3.4

rFig 3.5

A 110 dark field TEM micrograph in which
disordered zones present at the sites of 50keV
Kr cascades show up as the dark features.
Antiphase boundaries are also visible, as is a

stacking fault (Chapter Four).

Computed {110} diffracted beam intensities as a
function of the thickness of ordered Cu;Au
specimens containing 10nm and 5nm slabs of
completely disordered material situated at a
depth of 5nm. [From Jenkins et al 1976]. It
is apparent that appreciable contrast from such
disordered regions will only result in thin
areas of foil.
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By image simulation techniques, Jenkins et al [1976] were able
to determine the optimum TEM imaging conditions for disordered
zone observations. They found that of the superlattice
reflections available, the {110} diffracted beam gave the
strongest images, provided foil thicknesses of less than ~350.5
were employed., Fig. 3.5 1is taken from this study and shows
{110} 1image intensities as a function of foil thickness for
two zones of diameters 50 and 1004, situated at a depth of 504
from the upper foil surface. This illustrates that both zones
should show up as dark features against the background (with
the 1larger of the two giving stronger contrast) provided the
foil thickness 1is 1less than “MOOE, but that appreciable
contrast is not expected unless it is below ~300-350A4. They
further determined that for an incompletely disordered zone,
or 1imperfectly ordered lattice, reduced contrast should
result. Special attention was paid in this study to the
expected influence of the dislocation 1loops present in
collapsed <cascades on the disordered =zone image. The
conclusion drawn was that their effect should be negligible in
such thin areas of foil. Because of the particular signifi-
cance of this effect on the interpretation of the results of
the current study, it is dealt with in more detail in Chapter

Six.

The electron microscopy performed in the present study was
done under the conditions recommended by Jenkins et al, i.e.
{110} dark field (110DF) images of foils of less than 3504

thickness.
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3.3.3 Dislocation-Loop Imaging

Besides the imaging of disordered zones, the determination of
defect yields also requires that dislocation 1loops be
identified. The imaging of such features has received much
attention [e.g. Rihle 1969; Jdiger 1981], and image simulation
by computer has been used to confirm ekperimental observa-
tions. More recently however, Katerbau [1976; 1981] has
developed an analytical theory, based on a Bloch wave approach

which accounts for the observed images.

If the diameter of a dislocation loop exceeds the extinction
distance of the operating reflection §g, it will be clearly
resolved. However, smaller loops cannot be resolved by the
diffraction contrast mechanism, and the situation is consider-
ably more complicated in such cases. As theoretical and
computer Simulation treatments have been restricted to
considering "two-beam" conditions (i.e. only one diffracted
beam excited) most experimental studies are performed under
these <conditions. It is convenient at this point to follow
Katerbau and distinguish between "thick" foils (t>3-5§g) and

"thin" foils (t<2&.).
(1) Thick Foils

Under dynamical conditions (s=0), 1loop images <consist of
adjacent black and white lobes, provided the defect is not
further than ~1.5f, from either surface. Such "black-white"
images are well understood and are a result of anomalous

absorption. The direction of the vector 1 (which points from

the black to the white lobe) oscillates with defect depth, and
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may be used to determine the loop nature. However, if the
loop 1is further than ”1.5§g from either surface, the white
part of the 1image 1is attenuated and a "black dot" image
results. (Such images are often weak and care is required to
ensure visibility of small loops which are close to the centre
of thick foils (Stathopolous 1981)). Similarly, if
kinematical imaging conditions (s#0) are employed, a simple
black dot is observed irrespective of defect depth. This has

led to such images being dubbed "kinematical™.
(ii) Thin Foils

In such specimens anomalous absorption is insignificant, and
black-white 1images are never observed, only black dots.
Additionally, the reciprocal lattice spikes in the diffraction
pattern from thin specimens are elongated [Hirsch et al 1965
p98], which may result in several spikes intersecting the
Ewald sphere simultaneously and thus preventing the attainment
of two-beam conditions. As the determination of loop burgers
vectors and habit planes requires comparison of black-white
images obtained under two-beam conditions with theoretical
predictions, the lack of black-white images and well defined

conditions in thin specimens precludes any such determination.

The restriction that very thin foils are required to image
disordered 2zones resulted in the situation described in (ii)
above applying in the present experiments. Black-white images
were rarely observed and black dot, kinematical images
predominated (Fig. 3.6). Additionally, two beam conditions

were never attained, although this may be partially due to

local foil bending (Chapter Five).
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Fig 3.6 Kinematical bright field TEM micrograph showing
"hlack-dot™ images of dislocation loops created

by 100keV Kr ions. In some cases subcascade
formation is apparent.
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It 1is a well established result that dislocation loops in fcc
materials have burgers vectors of the types b=za/3<111> or
b=a/2<110>, and this was also found to be the case in ion
irradiated Cu,;Au by Jenkins and Wilkens [1976]. Also, Mukai
and Mitchell [1982] found only the former type (Frank loops)
in Cu,Au specimens subjected to electron irradiation. A prior
knowledge of these burgers vectors was important since, in
general dislocations may only be imaged if the reflection
employed, g, and the burgers vector of the dislocation, b, are
such that g.b#0, [Hirsch et al 1965 p169]. In view of this,
it was decided that the ion implanted specimens in the present
work should be imaged in g=<220> reflections to reveal the
loops. As the specimens employed had a foil normal of
n=[001], (Chapter Four), the two <220> reflections easily
accessible, (i.e. at the [001] pole), were [220] and [220].
Table 3.1 indicates that by imaging in both of these reflec-
tions, all ¢ten loop types which are expected to be present
should be rendered visible. (As pointed out previously, it
was never possible to ensure the excitation of only one
diffracted beam 1in the present work, but this does not
invalidate the conclusion that both <220> reflections should

image all loops).

Thus, 1loop imaging in the present study was achieved by
recording dark field images employing both [220] and [220]
reflections (ie 220DF and 220DF). Additionally, it was

decided that, as 1in previous defect yield studies, bright
field kinematical (BFK) images employing both <220>

reflections should also be recorded, (ie BFK(220) and
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b 172[110] 1/2[170]1 17201011 17201011 1/2[011] 1/2[011]

)4
[220] 2 0 1 1 1 1
[220] 0 2 1 1 -1 -1
b 17301111 17301111 1/30171] 1/3[7T11]
)4
[220] 4/3 473 0 0
[220] 0 0 4/3 -4/3
Table 3.1 Value for g.b for all ten loop types under both <220>

reflections. g.b=0 indicates that loop is invisible
in reflection.



BFK(220)) to supplement the dark field micrographs.

Jenkins and Wilkins [1976], having electropolished Cu,Au discs
for a defect yield analysis, encountered great difficulty 1in
imaging very small loops. This was due to prominent Moire
fringe contrast on fundamental images, thought to arise from
the deposition of a Au layer on the specimen surface during
electropolishing. To avoid this problem, it was decided that

the sSpecimens for the present study should be produced by

vacuum evaporation.
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APPENDIX 3.1

The structure factor for a given reflection g=(h,k,1l) is given
by [Hirsch et al 1965]:

F = %fjexp{ -2ni(g.2j) }

Where r; is the location of the jth atom within the unit cell,
and f. 1is its atomic scattering factor for -electrons. Given
that %he atomic locations of the four atoms within the unit
cell in an Fcc lattice are (0,0,0); (1/2,1/2,0); (1/2,0,1/2);
(0,1/2,1/2); this becomes:

F = f,+ f,exp{ -2mi( h/2 + k/2 ) } + f,exp{ -2mi( h/2 + 1/2 ) }
+ f,exp{ -2mi( k/2 + 1/2 ) }.

In the case of a fundamental reflection ( h,k, and 1 of the
same parity ), all three exponential factors must be unity.
Thus, the structure factor is simply the sum of the atomic
scattering factors within the unit cell. The stoichiometry of
Cu;Au means that, on average 3 of the 4 atoms in the unit cell
will be Cu, and 1 will be Au. Thus,the structure factor for a
fundamental reflection is simply,

F =f, + 3fc

Where f, and fc are the atomic scattering factors of Au and Cu
atoms respectively. The case of superlattice reflections is
however, more complicated. With h,k and 1 of mixed parity,
two of the three exponential factors must be =1, with the
remaining factor being +1. Thus, the structure factor may be
written:

F=f+f,- -1,
Again, the stoichiometry of Cu,Au simplifies this as three of
the four atomic scattering factors must be identical. Thus
the expression reduces to,

F = f - ¢

1 2

Where the subscripts now refer to any two of the four sites in
the unit cell). Now, the atomic scattering factor of site 1
is that of a Cu atom multiplied by the probability that the
site is occupied by such an atom, added to that for Au. i.e.

F = ( P, fo+ P, £, ) -« pczfc‘“ Pa, £, )

Where p is the probability that site 1 is occupied by a Cu
atom etcy These probabilities must now be expressed in terms
of the long range order parameter S, which is given by:

S 1 - X/M

Where X is the number of Cu atoms situated on Au sites, and
M = 3N/16 with N being the maximum number of wrongly sited Cu
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atoms. S may therefore be given by:

S

1 - 16X/3N

The probability ¢that a Cu atom occupies a Au site must be
given by the total number of Cu atoms, divided by number of Au
sites, if the atoms are arranged randomly. i.e.

P = X/N/4 = uxX/N
1

Similarly, the probability that a Au atom occupies a Au site
is:

p 1 - 4X/N

Ay

and that a Cu atom occupies a Cu site is:

1 - 4X/3N

Q%

and that a Au atom occupies a Cu site:

p, = 4X/3N

2

Substituting these four probabilities into the expression for
F yields:

F={ 3X/N fo + ( 1-8X/N ) £, } - { ( 1-U4X/3N ) f. + UX/3N f, }
Some simple algebraic manipulation gives the result:

for the structure factor of a superlattice reflection in
Cu,Au.
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CHAPTER FOUR

SPECIMEN PREPARATION

4.1 INTRODUCTION

As outlined in the preceding chapter, electropolished foils of
CuAu had the major drawback that images employed for dis-
location 1loop imaging were rarely of a sufficiently high
quality for careful defect yield determinations to be made.
For this reason, evaporated thin films of Cu;Au were produced
in order that the quality of fundamental images could be
improved. For such films to produce TEM specimens which were
suitable for defect yield measurements, they had to be highly
continuous but with a thickness of less than 35nm. Additional
requirements included a high degree of long range order with
large antiphase domain sizes (~100nm), which of course cannot
be obtained wunless the stoichiometry 1is correct. Further
useful attributes for such specimens are a low dislocation
density and large areas free from local bending. In order to
obtain the high degree of order and large antiphase domain
sizes desired, a careful heat treatment was employed sub-
sequent to the evaporation. The production of vacuum evap-
orated Cuj;Au films had been successfully attempted prior to
the start of this work by Yamaguchi et al [1961]. However,
the technique employed, namely co-deposition (see below), led
to the production of films which possessed very few of the

requirements 1listed previously. For this reason, it was

necessary to develop a new technique of Cu Au film production.
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4,2 EQUIPMENT  AND- PROCEDURE

An Edwards 306 vacuum evaporation system was employed to
produce the specimens and is shown schematically in Fig

4.1(a),(b). The salient features are:

(i) A vacuum chamber and pumping system capable of

pressures <10 ¢ Torr;

(ii) Material to be evaporated - the evaporant;
(iii) Evaporation boat or spiral for containing evaporant;
(iv) Substrate, onto which evaporant is deposited;
(v) Current source for heating boat;
(vi) Current source for heating substrate;
(vii) Shutter for substrate shielding.

In essence, the procedure is a simple one. Evacuation of the

chamber to ~10 ¢

Torr is followed by heating of the evaporant
to a temperature at which it can evaporate onto the substrate,

thus producing the desired thin film.

4.3 THEORETICAL CONSIDERATIONS
4,.3.1 The Evaporation

Evaporation of a material will only proceed at a significant
rate if its vapour pressure, at the temperature of interest,
is appreciably higher than the ambient pressure. The lowest
pressures which could be obtained by the Edwards system, in a
reasonable time, were ~10°° Torr. This means that vapour

pressures at the ' source must be ~10? Torr if the evap-

oration 1is to proceed at a rate such that contamination of
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Fig 4.1(a)

Fig 4.1(b)

Schematic representation of pumping system
for vacuum chamber. The rotary pump
allows roughing to a vacuum of ~10 ? Torr,
with  further -evacuation to ~10 ® Torr
facilitated by the diffusion pump on the
backing line.

Schematic representation of vacuum chamber
showing geometry of the evaporations,
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the film by the remaining air in the system is to be kept to a
minimum [Brodie and Muray 1982]. However, it should be noted
that if the evaporation rate becomes excessively high, erratic
evaporation may occur resulting in poor quality films. For
most metals (with the notable exceptions of the refractory
metals), sSuch vapour pressures are achieved at temperatures in
the range 500<T<2000K, as illustrated by Table 4.1. If the
metal 1is such that it achieves a sufficiently high vapour
pressure at temperatures at which it is still solid, heating
may be accomplished by simply passing an electic current
through the solid evaporant and subliming it (e.g. Zn, Mn).
It is however more common that metals melt before their vapour
pressures reach ~10"? Torr and evaporation from the 1liquid
phase was carried out. This method involves placing the
evaporant 1in a holder of another metal which only achieves
high vapour pressures at greatly increased temperatures. For
this reason refractory metals are usually used (e.g. W, Mo).
By resistive heating of the refractory boat or spiral, the
evaporant may be melted and subsequently evaporated. This
method was employed to produce the films used in the current

work, with a tungsten spiral serving as the evaporant holder.

The production of binary alloy films is somewhat more
complicated than the single species case described above.

Depending on the individual constituents, one of two methods

is used:
(1) Evaporation of the bulk alloy;
(ii) Codeposition of the two components from separate
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TABLE 4.1 Temperatures at which vapour pressure reaches 0.01
Torr for various elements [From Powell et al 1966
p224].



sources.

The former 1is generally favoured due to its simplicity
although the preservation of stoichiometry dictates that the
two constituent elements must have similar evaporation rates,
i.e. similar vapour pressures at the temperature of
evaporation. If this condition is not met, stoichiometric
films can only be produced by the second method with each
source at the correct temperature for the element. Since
evaporation rates depend exponentially on temperature, very
precise control is required. Fortunately, Cu and Au do share
similar vapour pressures over the temperature range of
interest (Table 4.1) and evaporation from the bulk alloy was

possible.

4,.3,2 Film Nucleatjon and Growth

Although it is understood in a qualitative sense, a detailed
understanding of thin film nucleation and growth has not yet
been achieved. However the important stages in the process
have been identified and are recognised to be [Brodie and

Muray 1982 P259]:

(i) Evaporant particle adsorption;

(ii) Production of small nuclei (~0.5nm);
(iii) Growth of nuclei;
(iv) Coalescence of nuclei.

Once the evaporant particle has been adsorbed onto the
Substrate surface it migrates until its energy decreases

sufficiently for it to ©be trapped at a nucleation site
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(usually a surface irregularity). Nuclei thus formed, grow
into three dimensional islands of varying orientation. When
two 1islands coalesce, the smaller will usually reorientate
itself to accommodate the larger, provided the substrate
temperature is high enough for this process to occur.
Obviously a high nucleation density favours the coalescence of
smaller islands, increasing the probability of reorientation,
and thus of single crystal films. This process, not
surprisingly, is heavily dependent on the substrate character-
istics. If single crystal films are desired, the substrate
should also be a single crystal with a low dislocation density
Since substrate dislocations tend to be mirrored in the film,
If the evaporant is an f.c.c. metal, alkali-halide crystals

are favoured.

4.4y SPECIMEN-PRODUCTION
§,4,1 Evaporation

Bulk Cu,Au was produced by melting 99.999% pure Cu and Au
(50.82 wt%) in an inert atmosphere. Repeated rolling followed
by 900°C anneals resulted in the production of O0.1mm thick

foils, from which thin strips were cut for evaporation.

The evaporations were carried out in a standard Edwards 306
evaporator employing a rotary backed diffusion pump system
capable of 10’ Torr but more commonly evacuated to ~10°
Torr. The basic system was modified by Dr C.R.M. Grovenor to
incorporate a substrate heating facility which =employed

radiation heating from a high intensity light bulb, allowing

substrate temperatures of ~“400°C to be reached. Fig 4.1(b) is
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a close up view of the source-substrate systemn. The shutter
shown in the figure was used to shield the substrate from the
early stages of deposition when the evaporation rate is very
low. It was removed after the Cu;Au had melted ensuring a
high deposition rate and thus the coalescence of smaller
islands. Early evaporations in which the shutter was not used

often resulted in films of a polycrystalline nature.

To ensure that films of the correct thickness (t~30nm) were
laid, an Edwards FTM2 film thickness monitor was employed.
This instrument uses two quartz crystals oscillating at ~“6MHz.
One crystal is placed in the evaporation chamber close to the
substrate and the other is used as a reference crystal.
During the laying of the film, the resonant frequency of the
first crystal decreases as its mass increases due to the
deposit. The monitor uses this change in frequency, coupled

with the deposit's density to give a thickness readout.

If highly accurate film thicknesses are required, some method
of independent calibration must be used, such as X-ray
absorption. However, in this case such accuracy was not
thought necessary and a simple geometric determination was
used. Assuming that the evaporation proceeds in a spherically

Symmetric manner the following relationship holds:

2 _
anntm_ Mnrfts

Where: r, = source - monitor distance
r, = source - substrate distance
th, = film thickness at monitor
t, = film thickness at substrate
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Since U4mr?t is the volume of a spherical shell of thickness t

at distance r from the sphere's centre,.

So that:

With r

m

measured

thickness

and r being 79mm and 54mm respectively, films of
thickness t _“14nm - 16nm, produced films of ‘true

t. “30nm.

S

This relationship was found to give satisfactory results in

that films laid in this manner produced strong disordered zone

contrast.

Although

individual evaporations varied in detail, the

following procedure was generally adhered to:

(i)

(ii)

(1i1)

(iv)

(v)

The vacuum chamber was evacuated and the W spiral

outgassed at T>2000K for 1 minute.

An NaCl substrate was cleaved with a surface normal
of n = <001>. This was subsequently washed 1in
distilled water to remove any gross surface

irregularities.

Having allowed the spiral to cool, the Cuj;Au strip
and NaCl substrate were positioned as shown in Fig

4.1(b).

—6

After re-evacuation to ~10 Torr, the substrate

was heated to 250°C and held there for one hour.

A current of ~20A (at 30V) was passed through the
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tungsten spiral wuntil the Cu,;Au melted. At this
point the <current was increased and the shutter

removed.

(vi) Once the correct reading was achieved on the foil
thickness monitor the shutter was replaced and the

boat and substrate currents switched off.

(vii) After about 2 hours, the substrate and film were

removed from the chamber.

In an attempt to improve specimen quality, many variations on
the above procedure were used, the most notable of which were:
changing substrate temperature over the range 200°C to 300°C
in 20°C intervals, changing deposition rate from ~5hs™' to
100As™' (measured by the film thickness monitor), using
unwashed substrates and neglecting ¢to outgas filament,
However, these changes either had no effect or degraded film

quality.

y., 4,2 Ordering

As explained in Chapter Three, a perfectly ordered super-
lattice will ©possess a Bragg-Williams 1long range order
parameter of S=1. However, as pointed out in Section 4.1, the
antiphase domain size 1is of critical importance for the
Ssuccessful application of the superlattice technique.
Previous authors [Fisher and Marcinkowski 1961] have demon-
strated that ordering procedures which lead to specimens of

perfect order do not necessarily produce large domain sizes.

Ordering procedures in which the specimen is held at ~380°C,
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just below the order-disorder transition temperature for pro-
longed periods (~75 hours) result in less than perfect order
(S*0.8) but very large antiphase domain sizes (~100nm). In
contrast, a slow cool (~2-3°C/hour) through the order-disorder
temperature to about 200°C results in effectively perfect

order with antiphase domain sizes reduced to ~50nm.

In an attempt to produce large domains with as high a degree
of order as possible, an ordering sequence which combines the
above two was employed. Specimens were raised to ~U450°C in
a vacuum of ~“10’7 Torr and cooled to ~380°C over two hours.
Having been held at this temperature for ~50 hours, they were

then cooled at a rate of ~“5°C per hour to room temperature.

4.5 SPECIMENS PRODUCED

On removal from the vacuum furnace the films were scored by a
razor blade into squares of about 2mm?. The NaCl substrate
was then dissolved in distilled water in such a manner that
the Cu,Au squares floated onto the surface. From there they
were scooped onto 3mm, 400 mesh copper grids, thus producing
specimens suitable for TEM. Such a specimen is shown in Fig
4,2, The foil normal is <001> and antiphase domain sizes in
excess of 100nm are common, The long straight features are
stacking faults with displacement vectors R = 1/6<112> or
1/3<112>. (It proved impossible to distinguish these due to
problems associated with achieving two beam conditions in the

thin films; see Chapter Five.) In some cases, the density of
these faults became very high indeed, Fig 4.3. Although it

was not explicitly measured, the long range order parameter is



Fig 4.2

Fig 4.3

A 110 dark field TEM micrograph showing an area
of a good quality film. Antiphase domains of
100nm are common, and the long range order
parameter is estimated at S70.8. The straight

features are stacking faults (see text).

Area of foil with exceptionally high density of
stacking faults.
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thought to be at least 0.8 due to the ordering procedure wused
[Fisher and Marcinkowski 1961]. The relative concentrations
of Cu and Au were measured by a CAMEBAX microprobe and were

found to be consistent with a stoichiometry of Cu,;Au.

Perhaps the most surprising aspect of this method of specimen
production is the variability in quality obtained. Not only
did evaporations of nominally the same characteristics result
in widely differing foils, but variation across a single
substrate and even across a TEM specimen were often observed.
However, a good specimen produced by this method (Fig 4.2) is
of considerably better surface quality than that which can be
achieved by electropolishing techniques. Significantly, the
images obtained by exciting a fundamental reflection were

almost completely free of Moire fringes.

Of the fifty or so evaporations carried out, specimens fron
only six were irradiated and only three of these contribute to
the results discussed in this work. Despite this low sSuccess
rate, the excellent quality of the better specimens produced

is sufficient to justify the technique.

Deterioration of the specimens in air was initially so slow
that none was thought to occur. However, after surprisingly
long times (~1 year) a fairly rapid deterioration occurred
rendering specimens useless, An example of this is shown 1in

Fig 4.4.
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Fig 4.4 110 dark field micrograph showing foil contam-
ination, which precluded the use of such foils.
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CHAPTER FIVE

EXPERIMENTAL TECHNIQUES

5.1 INTROBUCTION

Specimens prepared by the technique described in the preceding
chapter were irradiated under six different irradiation
conditions (50keV and 100keV Ar, Cu, Kr) both at low temper-
ature and at room temperature. As described in Chapter Three,
the object of this was to allow determinination of the defect
yield in each case, and to attempt an explanation of any
differences which may be found between the various cases by
examining the cascades produced under each condition. In
particular, it was hoped to determine whether cascade collapse
occurs at low temperature in Cu;Au and if so, if it differs in

any way from that which occurs at room temperature.

In this chapter, the details of the electron microscopy
performed on both the low temperature irradiated (LTI) and
room temperature irradiated (RTI) specimens is recounted, with
particular attention paid to the various effects which may

influence disordered zone and dislocation loop imaging.

The defect yields for all twelve irradiation conditions were
obtained by a careful comparison of superlattice and
fundamental images and the details of this procedure are also
recounted. Finally, in an attempt to explain the defect
yield observations, the disordered zones in each case were

sSized by a semi-automatic digitizer and the procedure
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followed, along with the computer software written for the

purpose, is presented.

5.2 IRRADIATIONS
5.2.1 Low Temperature Irradiations

The low temperature irradiations were performed on the HVEM-
Tandem facility at Argonne National Laboratory. This unique
system permits in-situ ion irradiation of specimens mounted
in a Kratos HVEM. In the present study, a Texas Nuclear
300keV ion accelerator was employed although the Tanden
accelerator allows ion energies of up to 8MeV to be attained.
The system is schematically represented in Fig 5.1. Ions
leave the accelerator and are electrostatically deflected

through the specially designed ion beam interface onto the

specimen 1in the HVEM. (Electrostatic deflection is employed
in preference to magnetic deflection in order that
interference with the microscope be minimized.) If normal

incidence of the ion beam is desired - as in the present work
- the specimen must be tilted by 33° prior to irradiation. By
means of the ion pump shown in Fig 5.1, the ion beam line is
maintained at a vacuum of ~10"° Torr, although that in the

specimen area is only ~10°¢ - 10° Torr.

As pointed out in Chapter Three, the superlattice technique is
capable of measuring defect yields without ion doses being

carefully determined. However, the dosimetry system (Fig 5.2)

was employed to ensure that doses were ~10'" ions cm? .

This system, described by Taylor et al [1981], employs a skim

cup which measures the ion beam current by stopping a circular
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Fig 5.1 Schematic of HVEM-Tandem facility at Argonne
National Laboratory. (See text).

Fig 5.2 Ion beam dosimetry system on HVEM~Tandem
facility. (See text).
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section of the beamn. The sector plate and 3mm aperture shown
in the figure allow centring of the bean and ensure a
circular cross section. The 2mm aperture on the skim cup
stops a 0.5mm thick annular ring of the beam and integration
of the stopped charge gives the accumulated dose. Calibration
of this system is achieved by placing a Faraday cup in the
specimen position. This cup is screened to reduce the effect
of secondary electron emission. If homogeneous irradiation is
essential, a beam scanning system may be employed, although in
the present work this was not used and no great variation in
dose across the 2mm beam diameter was apparent from the

observed disordered zone areal densities.

By mounting the specimens in a liquid helium cooled specimen
stage, shown 1in Fig 5.3 (details of which are given by King
{1980]), it was possible to irradiate and observe at tempera-
tures as low as 8K. Temperature monitoring was achieved by
means of a platinum resistance thermometer which had ©been
calibrated by the manufacturer (Rosemont Inc.) at four fixed
points, and employing polynomial interpolation. It is expected
that an accuracy of +£1K should be easily attainable by
attaching the thermometer to the specimen block (Fig.5.3(b)).
A soft indium ring was used to firmly secure the specimen in

order to ensure good thermal contact between it and the block.

Irradiations were performed with 50keV and 100keV ions of
Argon, Copper and Krypton (for isotopes used, see Table 5.1)

all to nominal doses of ~10'" ions cm?. In practice, the ion
dose varied somewhat, due largely to errors in the timing of

irradiations which lasted typically 10s, and the true doses
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Fig 5.3(a) Liquid helium cooled specimen stage
employed for low temperature irradiations.

Fig 5.3(b) Close-up of specimen area on stage showing
connections to platinum resistance
thermometer, The indium ring wused to

secure the specimen is also visible.






A E.R.E, HARKELL
PHOTOGRAPHIC GROUP

HR 1526
NOT FOR PUBLICATION



Ion Atomic Atomic Energy Dose at Dose at

No. Mass (keV) Room Temp Low Temp
x10'° ions x10'° ions
Z A cm™? cm™?
Argon 18 40 50 g9
100 6 5
Copper 29 63 50 5 T
100 6 15
Krypton 36 84 50 8 13
100 6 6

Table 5.1 Irradiation <conditions wused, with doses both for
room and low temperature irradiations.




(as measured by disordered zone areal density) are given 1in
Table 5.1. Prior to irradiation, specimens were cooled to ~8K
at a rate of ~15°C min~'. It was found that the residual gases
in the microscope column condensed onto the specimen and began
to affect electron transmission after about 15-20 minutes. 1In
an attempt to minimise this effect, irradiations were carried
out as soon as possible after reaching 8K, and the specimen
was weakly illuminated throughout the cooling procedure. This
was observed to retard the rate of condensation, presumably
due to re-evaporation of the gases by the electron bean,
This specimen contamination was usually the 1limiting factor
which determined the extent of the low temperature analysis.
Subsequent to irradiation, the electron microscopy described
in Section 5.3 was performed with the specimen being main-

tained at ~“8K at all times.

5.2.2 Room - Temperature Irradiatjions

Room temperature irradiations were carried out wusing the
Lintott Series 2 ion implanter at Harwell which is
specifically designed for semiconductor wafer doping, and
therefore has a large beam area at the specimen (30 x 5mm).
Additionally, the required dose is implanted by rotating the
specimen through the beam the appropriate number of times for
the operating beam current. The irradiation conditions were as
for the low temperature irradiations, i.e. Argon, Copper and
Krypton ions at 50keV and 100keV. As the source voltage on

this implanter has a maximum setting of 80keV, post-

acceleration was required for the higher energy conditions.
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The vacuum in the specimen chamber was between 10 % -10"° Torr.
Ion beam dosimetry was achieved by using a pico-ammeter to
measure the total beam current striking the specimen-mounting
plate and by automatically terminating the irradiation once
the accumulated dose reached ~10' ions cm?2 y Which usually
required about 50 passes. Again, actual doses obtained are

given in Table 5.1.

5.3 ELECTRON _MICROSCOPY

The =electron microscopy in the present study was carried out
on two instruments; the Argonne HVEM and the Oxford JEM100B.
The specimens irradiated at room temperature were examined
only in the 1latter, whereas those irradiated at low
temperature were examined in both, under a total of three

different conditions:

(i) At low temperature, immediately after irradiation,

in the HVEM,

(ii) Subsequent to warming to room temperature, in the
HVEM.

(iii) After transportation back to Oxford, in the JEM
100B.

All micrographs recorded on the HVEM were taken at a nominal
magnification of 50,000 times, whereas those on the JEM100B
were at 60,000. As electrons of energy greater than 325keV are
capable of displacing atoms in Cu;Au [Hameed et al 1982] and
thus producing additional wunwanted radiation damage, all

microscopy performéd with the HVEM employed an accelerating
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potential of 300keV, below the damage threshold. The Oxford

instrument was operated at its maximum voltage of 100keV.

A problem encountered with the HVEM analyses was that the
liquid helium cooled specimen stage employed could only be
tilted about one axis, up to an angle of +60°., 1In view of the
discussion presented in Chapter Three, it is clear that such a
"single tilt" restriction, which prevents the excitation of
both <220> reflections, must result in failure to image some

of the loops present in a given area.

The procedure employed for the analysis of irradiated
specimens was essentially the same on both instruments. As
large an area as possible was excited in a 110DF reflection
(at the [001] pole) and several such micrographs recorded to
reveal the disordered zones. Subsequent recording of the same
area in both 220DF and bright field kinematical (BFK(220))
reflections allowed the loops present at some disordered =zone
sites to be imaged (Chapter Three). As the JEM100B possessed
a double tilting facility, the experiments performed on this
instrument also used the orthogonal systematic reflections
170DF, 220DF and BFK(220) in order that all loops be rendered
visible. In a typical experiment on the JEM100B between forty
and sixty micrographs were taken, although at Argonne time

constraints restricted this to about twenty.

It had initially been hoped that the same areas of foil would
be analysed both at low temperature and at roomn temperature

although it transpired that this was impossible. Warming of

the foil resulted 1in extensive bending such that the flat
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areas selected at low temperature were invariably deformed,

and new areas had to be selected.

To 1illustrate the type of micrograph obtained, some of those
from the JEM100B experiment performed on the 50keV Cu LTI
specimen are shown in Fig 5.4. It is clear from these that
bending of the foil on a local scale results in several 220DF
images being required to ensure that the entire area of
interest is excited exactly at the Bragg condition. A conse-
quence of this is that the area is also excited with positive
(s>0) and negative (s<0) deviations from the dynamical
condition, although the extent of the bending makes it
meaningless to assign a single s value to the 1image. A
similar procedure is followed for the kinematical bright field
images with sufficient micrographs being taken to ensure that
the entire area is recorded both with s>0 and s<0 BFK(220)
images. As shown in the figure, the process is then repeated
with the other systematic row. The diffraction pattern shown
is typical, and clearly illustrates that more than a single
reflection is operating. This departure from two-beam
conditions is a consequence of both the local bending, and the
elongation of reciprocal lattice spikes (Chapter Three). This
"many beam" situation has been identified by Hertel [1979] as
being most suitable for the imaging of small loops, since with
several diffraction vectors operating, g£.b=0 will only occur
in exceptional cases. It might be expected therefore that in
the HVEM single-tilt experiments, a higher proportion of loops
Wwill be visible than suggested by the two beam considerations

of Chapter Three.
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Fig 5.4

Low magnification micrographs taken from the
50keV Cu LTI experiment performed on the
JEM100B. The extent to which 1local specimen
bending affected the diffraction conditions is
apparent.

(a) 110DF
(b)r (C)) (d) 220DF
(e), (£), (g), (h)

(1), (j), (k), (1)

BFK(220)
220DF
(m), (n), (o) BFK(220)

(p) Diffraction pattern
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5.4 DEFECT YIELD DETERMINATIONS

5.4.1 Procedure

As described in Chapter Three, comparison of the 110DF
micrographs of a given area with the various 220DF and BFK
images allows the fraction of displacement cascades which have

collapsed to dislocation loops (i.e. the defect yield) to be

determined. In order that the smallest resolvable loops be
visible on the printed micrographs, a high linear
magnification 1is required. For this reason, printing

magnifications of between 9 and 12 were employed, giving total

print magnifications of between 550,000 and 800,000.

Thus magnified, all the available 110DF and 110DF micrographs
were examined, and all disordered zones visible on the 110DF

prints were also present on the 17T0DF and vice versa.

Examples of disordered zones in all twelve irradiation
conditions are shown in Appendix A. All zones identified in
this manner were individually numbered. Subsequently, the

fundamental micrographs of the same area were examined and all
loop images identified. It must be emphasized that the loops
were identified quite independently of the disordered zones,
in order to increase the likelihood of 1identifying only

genuine loops.

By comparing the 110DF print with each fundamental image

sequentially it was possible to match disordered zone images
to 1loop 1images and thus identify, by their number, each
disordered zone which contained a dislocation 1loop. The

fraction:



No. of zones which contain a loop

Total No. of zones identified

is defined as the defect yield. Examples of this zone to loop
matching procedure are shown 1in Fig 5.5 for various
conditions. If fundamental micrographs from only one system-
atic row are used, then it is to be expected that not all
loops would have been imaged and the ratio is known as the
"single tilt defect yield™". If, however, micrographs fron
both systematic rows are employed, every loop should have been
identified and the ratio is known as the "double tilt defect
yield" or simply "true defect yield". In the case of the HVEM
analyses, only the single tilt values could be obtained, but
in the JEM100B case, two single tilt values (one from each
systematic row) and the double tilt value were evaluated. In
all twelve cases the single tilt defect yield was between 70
and 90% of the true value (the fact that this figure is not
100% illustrates that despite the additional diffraction
vectors operating, one systematic row is insufficient to image
all 1loops). Despite this shortcoming of the HVEM analyses,
since the conditions of the experiments were the same in all
cases, the single tilt values are comparable. Thus, if loops
are present both at low temperature and after warming to room
temperature in the HVEM micrographs, comparison of the respec-
tive single tilt defect yields allows any change on warming to
be identified. Of course, the local bending of a given area
must result in contributions from other diffraction vectors

producing contrast from loops which would normally be out of
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Fig 5.5 Matching of disordered zones with dislocation
loops under various irradiation conditions.
Zones are in (a),

With loops in (b) 1in each
case.

100keV Ar low temperature irradiation recorded
on HVEM at low temperature.

100keV Cu low temperature irradiation recorded
on HVEM at low temperature.






A E RE, RARMELL
PHOTOGRAPHIC GROUP

HR 1508
NOT FOR PUBLICATION



50keV Kr low temperature irradiation recorded
on HVEM at room temperature.

50keV Cu low temperature irradiation recorded
on JEM100B.
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50keV Ar room temperature irradiation recorded
on JEM100B.

100keV Kr room temperature irradiation recorded
on JEM100B






50keV Ar room temperature irradiation recorded
on JEM100B.

100keV Kr room temperature irradiation recorded
on JEM100B
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contrast due to g.b=0 (Section 5.3), which in turn must result
in minor statistical fluctuations in the fraction of loops
which are imaged by a single systematic row and this is indeed
observed. However, as great care was taken to ensure that
diffraction <conditions varied as little as possible between
experiments, it 1is considered that the single tilt defect
yields may be legitimately compared with one another. This is
verified by the results given in the next chapter in which no
systematic change in single tilt defect yields is observed on
warming but small random fluctuations are apparent. Also,
comparison of the HVEM single tilt defect yields with those
obtained from the JEM100B using only one systematic row
confirms the wvalidity of this procedure, as no change 1is

observed.

5.4,2 Uncertaintjes

Uncertainty in the defect yields obtained by the above

procedure may result from any of the following sources:

(1) Randon variations in collapse behaviour across the

specimen.

It 1is quite possible that the area selected for the defect
Yield analysis is not typical and that a biased population has
been identified for any given irradiation condition. However,
for the 1low temperature irradiated specimens, several areas
were used in each case and no significant variations in yield

were detected. As a result of this, generally only one area

was analysed on the room temperature irradiated specimens.
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(11) Wrongly identifying some feature as a disordered

zone.

As disordered 2zones generally have fairly distinctive
contrast, identifying some artefact as a zone is considered to
be unlikely. As a precautionary measure, however, several
110DF and 110DF images were usually employed for the identifi-

cation of zones.

(iii) Identifying subcascades as individual cascades.

In cases in which subcascades were present, care had to be
taken to ensure that they were correctly classified as such
and not as distinct cascades, as this would generate an
artificially low value for the defect yield. Obviously, this
situation may only arise if subcascades are produced under the
irradiation <condition in question, and is only expected to
have a significant effect in cases of high dose, as confusion
is likely ¢to occur only if individual cascades are in close
proximity. It is felt that in such cases, the tendency may
have been to identify too many cascades, although it is not
considered that this has significantly affected the results.
Examples of the disordered zones generated under each of the
twelve irradiation conditions are shown in Appendix A, and
from these the conditions under which subcascades may have
introduced uncertainty to the defect yield values can be

recognized.

(iv) Failing to identify a loop.

Failure to image 1loops may have occurred if: (a) the
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loop diameter is below the resolution limit of the technique
(”10-20A); (b) some contrast effect suppresses the 1loop's
visibility; (e) foil contamination swamps the contrast from

small loops.

The technique of 1imaging by diffraction <contrast has the
inherent limitation that very small loops will not be imaged.
However, as most of the 1loops produced in the present study
have diameters well in excess of the resolution limit (Section
6.3.5) it is considered that the measured defect yields should
lie close to the true values. More importantly, as the size
differences between loops produced by different ions are small
(Section 6.3.5), the number of sub 20A loops should be similar
in each case, thus allowing the respective defect yields to be

compared.

The possibility of missing loops for contrast reasons even
when g.b#0 has been indicated by both Stathopolous [1981] and
Hertel [1979]. Each of these workers demonstrated that great
care must be taken if kinematical images are used as these may
fail to image a substantial fraction of the 1loops present.
This is due to interactions between the Bloch waves in the
foil which depend strongly on the excitation error as deter-
mined by Katerbau [1981]. However, Hertel's experiments
demonstrated that this is less critical in thinner specimens
especially if many diffraction vectors operate, as is the case
in the present experiments; and Katerbau's theory indicates

that the problem should be substantially alleviated if both
positive (s8>0) and negative (s<0) deviations from dynamical

imaging conditions (s=0) are employed, as in this work
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(Section 5.3).

Stathopolous also found that the number of loops observed in a
given area depended on the pole at which the micrographs were
taken. This is a manifestion of the 1loop's visibility
altering as the effective foil thickness and defect depth are
altered by foil tilting. However, he did report that the
largest number of loops was observed when the pole coincided
with the foil  normal (i.e. when the foil is effectively
thinnest), as in the present experiments. Despite this, some
loops were invisible under these conditions and it cannot be
excluded that this may also affect the present experiments,
although with thinner foils its effect is expected to be much

reduced.

Although it cannot be guaranteed that all loops present in a

given area have been imaged by the procedure employed, it does
seem that the conditions prevailing, (i.e. thin foil with many
dynamical and kinematical images recorded in both bright and
dark field) are such that all loops above ~20A are likely ¢to
have been imaged. Thus, the defect yield values given in the
next chapter are <considered to closely reflect the true
fraction of collapsed cascades. Even if some loops are missed
by the adopted procedure, the fact that the same procedure has
been followed for all irradiation conditions should result in

comparison of the various defect yields being meaningful.

It is considered possible that in contaminated areas of foil,
or in cases in which Moire fringes are present on fundamental

images, that smali loops may have been missed. This effect
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will obviously be more significant in foils of poorer quality.

(v) Wrongly identifying some feature as a loop.

Again, the erroneous identification of "loops"™ is expected to
be more prevalent in contaminated areas of foil as under such
conditions the density of artefacts, which may be mistaken for
loops 1is 1increased. Additionally, it is possible that
residual structure factor contrast from the disordered zones
may be present in the fundamental image, and that this may
mistakenly be identified as a loop. This situation may arise
due to the fact that the attainment of two beam diffraction
conditions 1in the present experiments is impossible (Section
3.3.3) and that some superlattice reflections may contribute
to the fundamental image. However, if such a situation
arises, it is easily detectable due to the presence of
residual antiphase boundary contrast in the image. If such
conditions arose, the particular fundamental micrograph was

excluded from the analysis.

In an attempt to ensure that only genuine dislocation 1loops
were included in the analysis, it was decided that only those
loops present in two or more fundamental images should be
classified as genuine. In cases 1in which a 1loop was
identified by only one fundamental image, it was critically
re-examined and a decision made about its validity. In fact,
such situations were fairly rare and on average a loop was
identified by five fundamental images. It is appropriate to

mention at this point that in all nine cases in which the

disordered zone size was measured (Section 5.5), it was found

65



that those zones which had collapsed to loops were invariably
larger. Irrespective of the reason for this, it does indicate
that 1in general, those zones which were identified as having
collapsed had in fact done so. This provided a most satis-
fying independent check on the procedure for defect yield

determination.

Despite this corroboration, the procedure must still be
subject +to the errors outlined above. The fact that such
uncertainties are considered to depend largely on specimen
quality has led them to be dubbed "specimen dependent™" errors.
Since the "quality" of a specimen is a fairly subjective
concept, it was found to be rather difficult to estimate the
magnitudes of these specimen dependent errors. However, two
methods were adopted for this estimation. In the first of
these the 2zone population was split into batches of twenty
zones and the defect yield for each batch evaluated, so that a
distribution of yields was obtained. The mean value of this
distribution was in all cases exactly the same as the defect
yield obtained by simply dividing the number of collapsed
zones by the total number. The standard deviation of this
distribution is therefore a measure of the variations in
defect yield across the area of interest, and may be used to
estimate the uncertainty in the defect yield value. It was
interesting to note that the specimens which produced wide
distributions were generally of poorer quality than those with
smaller standard deviations. The second method of estimating

the specimen dependent errors was as follows, As described
above, if a loop was identified by only one fundamental image,

it was carefully re-examined and only then «classed as
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collapsed or otherwise. However, 1if all such 1loops are
excluded, a lower limit to the defect yield is obtained and if
all such 1loops are included, an upper limit to the yield

results. Thus, the likely limits of error may be determined.

Generally, the difference between the two methods was small
although the first tended to give marginally higher values
(typically between 5 and 20% depending on the specimen), and
it 1is these standard errors which are quoted as the 1likely
error limits in the next chapter. Two exceptions to this were
the 50 and 100keV Kr ion low temperature irradiated specimens.
In these cases the first method gave fairly large spreads, but
the second method produced slightly higher values and it is

these which have been used.

5.5 ZONE_AND_LOOP-SIZING

5.5.1 Method

As described in Chapter Three, it was hoped that correlation
of defect yields with disordered zone sizes would provide
insight into the vacancy agglomeration mechanism which
produces <collapse. In particular, it was hoped that any
systematic difference which may exist between those disordered
zones which had collapsed to dislocation loops and those which
had not, would be identified. To this end, the zones produced

at each condition were measured.

In order to reduce the errors which must inevitably be
incurred in the sizing of such small defects, high

magnification prints were prepared. Again, linear
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magnifications of between 550,000 and 800,000 were used, only
in this case the magnifications were much more carefully
monitored by means of recording objective lens currents and
calibrating the microscope. All prints used were produced
from negatives taken in the JEM100B microscope as these were
generally of higher quality than the HVEM micrographs. The

disordered zone sizes on such prints were typically “1cnm.

The sizing was performed by tracing around the zone
peripheries with the cursor of a Hewlett Packard 98744
Digitizer which has a spatial resolution of 25}1m. A
coordinate pair was recorded every 0.1 secs such that a 504
diameter 2zone wusually required about 100 points for its
periphery to be traced. The parameters determined for each

zone were:

(a) Area

(b) Maximum Diameter

(e) Mean Diameter

(d) Elongation Ratio (Mean Diameter/Max Diameter)
(e) Shape Factor

with the first three quantifying zone size and the last two,
zone Shape. Having obtained this information for each zone
individually, it was a simple matter to determine the
distribution and mean value of each parameter for all zones at

the irradition condition.

The acquisition of coordinates by the digitizer and subsequent

manipulation of the data was controlled by a Hewlett Packard
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86 Microcomputer for which three programmes were written. The
peripheral <coordinates acquired by the digitizer were trans-
ferred via the computer to floppy disc by a programme know as
"DIGITIZE™". A listing of this programme complete with exten-
sive remark statements is given in Appendix B and it 1is not
proposed to consider it in any further detail. The coord-
inates were subsequently withdrawn from disc and each of the
five parameters calculated for every zone individually by a
programme, "AREA", which is also 1listed in Appendix B.
Finally, the mean value and frequency distribution for the
population of 2zones in each irradiation condition 1is cal-
culated by a third programme, "DISTRIBS", (again in Appendix
B). By carefully noting if a particular zone has collapsed
(from the defect yield analysis) it is possible to split the
total population of zones into those which have collapsed and
those which have not, Thus, comparison of the mean values and
distributions in the two <cases allows any systematic
difference between collapsed and uncollapsed 2zones to be

identified.

Under selected irradiation conditions, sizing of dislocation
loops from kinematical bright field micrographs has also been

performed by the above procedure.

5.5.2 Uncertainties

As the resolution of the digitizer 1is 25Uum and the distance
between consecutive coordinates is typically 100 to ZOOpm it

is not considered ;hat this will limit the results obtained.

This was confirmed by comparing the results obtained using the
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specially written software with those generated by the
commercially available KONTRON digitizer. The mean diameter
in each case was found to agree to within 19%. It is much more
likely that the subjective assessment of where a zone
periphery lies will determine the uncertainty in the results
quoted in Chapter Six. However, as the digitizing was
performed 1in as consistent a manner as possible, it 1is
considered that although the disordered zone sizes obtained
may be in error in an absolute sense, they are comparable

relative to each other.

Even monoenergetic ions will <create a range of knock-on
energies in a crystal lattice resulting in a random variation
in 2zone size and shape, which is apparent from the distri-
butions shown in Chapter Six. The standard deviations of
these distributions thus provides a measure of the uncertainty
in the mean values quoted and it is these values which are

given as the errors in the next chapter.

5.5.3 Subzone Frequency

In the 50keV irradiations, distinct subcascades were rare
although at 100keV they were somewhat more common. In an
attempt to supplement the data on zone shapes obtained from
the digitizing procedure, the presence of such subcascades or
lobes was identified on each of the disordered zones at room
temperature, and the mean number of subzones per zone
evaluated for each condition, the results being presented in
the next chapter. Examples of such subzones or 1lobes are

shown in Fig 5.6.
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Fig 5.6 Disordered zones created by 100keV Kr ions,

comprising:
(a) a single zone
(b) two subzones

(c) three subzones.
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CHAPTER SIX

RESULTS

6.1 I DUCTI

In this chapter quantitative data, obtained by applying the
analyses described in the preceding chapter, are presented and

the major results are identified.

As described in Chapter Five, ion irradiations of Cuj;Au thin
films were performed under twelve irradiation conditions. Ar,
Cu and Kr ions of energy 50keV and 100keV were implanted both

at low temperature (T~10K) and at room temperature, always at

1 2

nominal doses of ~“10 ions cm “. TEM micrographs of the low
temperature irradiated (LTI) specimens were taken in the
Argonne HVEM both at low and room temperature and again in the
Oxford JEM 100B, giving three sets of micrographs in all. The

room temperature irradiated (RTI) specimens were analysed only

in the JEM100B.

Defect yield determinations were attempted in twenty-one of
the twenty-four cases, with disordered zone sizes and shapes
computed for nine of these. Additionally, dislocation loop
sizes were measured in three cases. Table 6.1 summarises the
various analyses which were performed in each —case. The
disordered zone and dislocation loop sizes were always
obtained from micrographs taken in the 100keV instrument as

these were generally superior to the HVEM micrographs.
It was considered wunnecessary to measure all six of the
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LTI 50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr

Defect Y1ld

Low Temp P I P P P P

HVEM

Defect Y1ld

Room Temp P I P P P P

HVEM

Defect Y1ld

Room Temp I P P P P P

100B

Disordered

Zone N P P P N N

Sizing

Loop

Sizing N P N N N N

RTI 50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr

Defect Y1ld

Room Temp P P P P P P

JEM100B

Disordered

Zone P P P P I P

Sizing

Loop

Sizing N P N N N P

TABLE 6.1 Types of analyses carried out under each of the

twelve irradiation conditions.

LTI
RTI
P
I

N

Low Temperature Irradiation
Room Temperature Irradiation
Analysis performed

Analysis impossible for experimental reasons
Analysis not attempted



disordered zone populations produced at low temperature, or
indeed to measure dislocation loop sizes in all cases. Table
6.1 indicates that in the 50keV Ar LTI and 50keV Cu LTI cases,
the defect yield data sets are incomplete for experimental
reasons, Also, the 100keV Cu RTI zone sizes could not be
obtained. The reasons for these deficiencies are indicated at

the appropriate points below.

6.2 DEFECT YIELD RESULTS
6.2.1 Low_Temperature Irradjation Results

The procedure for determining defect yield values outlined in
Section 5.4 was applied to micrographs of specimens irradiated
under all six conditions at low temperature. The results of
this study are given in Table 6.2. The first two rows contain
the single tilt defect yield values obtained from HVEM micro-
graphs. The values displayed in row 3 are means of the two
single tilt values available from the JEM100B analysis. It is
worth re-emphasising that since a single g=<220> reflection is
incapable of imaging all loops, these "single tilt yields" are
not true defect yields. The limits of error quoted for each
defect yield value were obtained by considering local spatial
variations in the yield, as described in Section 5.4.2. The
other figures given in this table are the sizes of the 2zone
populations wused to determine the defect yield in each case.
Initially, 300 to 400 zones were examined at each condition
although it was found that variations in the yield were rare

after 150 to 200 zones had been examined. For this reason,

later analyses were performed on reduced populations. In-situ
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50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr
Single Tilt +0.02 +0.08 +0.02 +0.02 +0.07
HVEM
245 223 420 351 244
Room Temp 0.22 - 0.50 0.22 0.32 0.42
Single Tilt +0.04 +0.10 +0.02 +0.03 +0.08
HVEM
128 211 335 358 237
Room Temp - 0.43 0.38 0.22 0.37 0.42
Single Tilt +0.04 +0.08 +0.02 +0.04 +0.08
JEM100B
190 130 342 323 248
TABLE 6.2 Single tilt defect yield values for specimens
irradiated at 1low temperature. (The larger
figures given are zone population sizes.)
50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr
220 - 0.39 0.39 0.20 0.33 o.u47
Single Tilt - 0.43 0.38 0.22 0.37 0O.42
Mean
Doublie Tilt (0.31) 0.53 0.48 0.32 0.49 0.52
+0.05 +0.1 +0.02 +0.04 +0.1
190 130 342 323 248
- 81¢% 69% 75% 82%

81%

JEM100B defect yield values for specimens
irradiated at low temperature.

() =

Estimated value;

see text.




values for the 50keV Cu case are not available due to this
particular low temperature experiment being badly affected by
mechanical vibration of the stage. This problem of course did
not affect the irradiation itself and the JEM100B experiment
was possible. In contrast, the 50keV Ar in-situ experiment

was successful but subsequent specimen contamination prevented

any further analysis of this condition.

Three significant conclusions can be drawn from Table 6.2:

(i) Cascade <collapse occurs even at 1low temperatures

where vacancies and interstitials are thermally

immobile.

(ii) No significant <change in the number of <collapsed
cascades is observed on warming to room temperature,.
(In the 50keV Kr case, the room temperature defect
yield obtained at Argonne seems to be somewhat
higher than the low temperature value. In view of
the fact that the JEM100B value is exactly the same
as that obtained at low temperature in the HVEM, it
is concluded that in the room temperature HVEM case
the 1local diffraction conditions were probably such
that the single axis of tilt was sufficient to image

almost all the loops present in that area (Section

5.4.1)).

(iii) Observations made in the JEM100B at Oxford are

entirely consistent with the HVEM values obtained at

Argonne.
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It may have been expected that in all conditions more 1loops
would be seen with the 100keV instrument due to its superior
resolution, but this does not appear to be the case, probably
because the incidence of very small loops (i.e. between the
resolution 1limits of the two instruments, 15-304) is 1low

(Section 6.3.5).

Having established that no change in defect yield is observed
on warming to room temperature, or indeed on transporting
foils to Oxford, the obvious corollary is that the defect
yields measured by using the double tilt facility of the
JEM100B are true reflections of the collapse occurring at low
temperatures. These results are shown in Table 6.3. The
individual single tilt values are shown in the first two rows
simply to give an idea of the spread involved. Inspection of

row 4 illustrates that:

(i) No change in defect yield was observed due to the

change of ion energy from 50 to 100keV.

(ii) 100keV Ar ions produced a significantly lower defect
yield than either of its Cu or Kr counterparts which

were virtually indistinguishable.

Finally, the last row in Table 6.3 expresses the single tilt
defect yield as a fraction of the double tilt value. The
small spread in these values indicates that the relative
proportions of loop types are probably similar in each case.
By wusing the mean value of 78% in conjunction with the HVEM
50keV Ar defect yields, a rough estimate of 0.31 can be

obtained for the double tilt value under these conditions.
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Again, this Ar estimate is appreciably lower than either the

Cu or Kr values at 50keV.

6.2.2 Room-Temperature Irradiation Results

In general, the specimens irradiated at room temperature were
of a superior quality than their low temperature counterparts;
the respective estimated errors reflect this. (See Section

5.4.2.) The defect yield values obtained from the room temp-
erature specimens are given in Table 6.4, the layout being as
for Table 6.3. On average, the mean single tilt defect yield
is 82% of the double tilt value and in most cases, the two
single ¢tilts are fairly similar. The important points which

can be drawn from this set of results are:

(i) A systematic increase in defect yield with
increasing ion mass 1is observed at Dboth ion

energies.

(ii) Again, no significant change in defect yield on

increasing ion energy from 50 to 100keV is evident.

Additional support is given to these results from a previous
study [Jenkins and Wilkins 1976] in which bombardment of Cu,Au
with 50keV and 100keV Cu ions produced defect yields of 0.65
+0.1 and 0,70+40.1, in agreement with the results in Table 6.4.

6.2.3 Comparison of Room_ and Low_ Temperature Irradiations

For ease of inspection, the double tilt defect yields have

been extracted from Table 6.3 and 6.4 and are shown in Table

6.5. From inspection of this table it becomes obvious that:
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50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr

220 0.27 0.48 0.67 0.30 0.52 0.73
220 0.32 0.49 0.64 0.32 O.44 0.69
Single Tilt 0.30 0.48 0.65 0.31 0.48 0.71
Mean +0.03 +0.03 +0.03 +0.03 +0.03 +0.03
Double Tilt 0.40 0.61 0.74 0.38 0.63 0.78

+0.04 +0.03 +0.03 +0.04 +0.03 +0.03

181 193 173 178 176 200

75% 79% 8 8% 82% 76% 91¢%
TABLE 6.4 Defect yield values for specimens irradiated at

room temperature.

50keV 50keV 50keV 100keV 100keV 100keV

Ar Cu Kr Ar Cu Kr

Low Temp - 0.53 0.48 0.32 0.49 0.52
Irradiation +0.05 +0.03 +0.02 +0.04 +0.04
Room Temp 0.40 0.61 0.74 0.38 0.63 0.78
Irradiation +0.04 +0.03 +0.03 +0.04 +0.03 +0.03
Difference - 15% 5T% 19% 29% 53%
TA - Comparison of low temperature and room temperature

irradiated specimens,

analysed at room

temperature.




(i) In all cases, the defect yields obtained from the
room temperature irradiated specimens are signifi-
cantly higher than those obtained from their 1low
temperature counterparts after warming to room

temperature.

In some cases this difference is most striking, being over 509%
in both Kr ion results. In addition, the ratio of
single/double tilt defect yields is similar in each case,
probably 1indicating the presence of similar distributions of
burgers vectors although it was impossible to confirm this as
the diffraction conditions were not well defined, (Section

5.3).

6.2.4 Errors and Limitatjons

The sSuperlattice technique employed in this work has the
strong advantage over other methods of defect yield
determination that it is completely independent of both ion
dosimetry and microscope magnification calibration. Errors
which do occur, however, may be split into two categories;
technique dependent and specimen dependent. Specimen
dependent errors have already been considered in Section 5.4.2
and it is these which give rise to the error bars quoted 1in
Tables 6.2 to 6.5. Technique dependent errors on the other
hand, are not considered to have had a major influence on the
results although their effect was potentially great. Possible

sources of such errors which have been considered include:
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(1)

(ii)

Loss of "perfect™ b = a/2<110> loops to foil surface

It has long been appreciated that dislocation 1loops
containing no stacking fault - perfect loops -~ which
lie close to a surface will be attracted along their
glide cylinder towards that foil surface. This
effect 1is thought to be more prevalent in b.c.c.
rather than f.c.c. metals [Eyre 1973] and has been
theoretically investigated [Jdger et al 1975]. How-
ever, this is not thought to be significant for the
following reason. A b = a/2<110> loop in an L1,
lattice 1is not perfect, but contains an antiphase
boundary (APB). Thus, although not sessile in the
true sense, such a loop would leave a tube of APB in
its wake on gliding from the foil. As no such tubes
have been observed, this possibility can be

excluded.

Point defect mobility induced by electron beam

heating of specimen.

Although unlikely, it 1is just possible that the
loops observed at room temperature result from a
thermally activated cascade collapse process, and
that those observed at low temperature are due to
local beam heating of the specimen. This possi-
bility has been investigated using the model of Gale

and Hale [1961] which has been expanded by Fisher
[1970]. The calculations are shown in Appendix 6.1.

The temperature rise of 9.2K was obtained by

T7



(iii)

neglecting radiation 1losses and assuming a fully
focused electron beam. In fact, since dislocation
loops were still observed if a heavily defocused
beam was used [Fig. 6.11], which would lead to a
reduced temperature rise, it is concluded that
beam heating <cannot be responsible for the 1loops

observed at low temperature.

Point defect mobility induced by sub-threshold

electron beam effects.

Despite the fact that 300keV electrons are not
sufficiently energetic to produce vacancies and
interstitials in Cu,Au, they may transfer sufficient
energy to a lattice atom neighbouring a vacancy to
cause vacancy migration. This 1idea was first
suggested by Nelson [1964] and more recently
investigated by Urban [1979]. Urban has shown that
a sub-threshold electron irradiation can cause
agglomeration of pre-existing isolated defects to
occur even at temperatures below the onset of
thermal mobility, provided sufficient irradiation
times and electron fluxes are employed. However,
the simple <calculation in Appendix 6.2 <clearly
demonstrates that this effect could not produce the
loops observed under the experimental <conditions

used in this work.
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Fig 6.1

BFK(220) micrograph recorded at low temperature
Wwithin 60 seconds of illumination of the area
with a diffuse electron beamn. Dislocation
loops (created by 100keV Ar ions) are visible
indicating that neither beam heating nor beam
induced defect mobility are responsible for
collapse at low temperatures. (See text).
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6.3 ZONE AND- LOOP SIZES

The primary objective of the zone Sizing procedure was to
investigate any correlation which may exist between zone size/
shape and collapse probability. As a natural consequence of
this the dependence of zone size/shape on ion mass, ion energy
and irradiation temperature was determined. Three of the zone
populations produced at 1low temperature were sized (from
micrographs taken at room temperature in the JEM100B) and
five produced at room temperature were measured. As explained
in Chapter Five, five parameters were evaluated from the
digitized periphery of each zone. The area, maximum and mean
diameters quantify zone size, whereas the shape factor and
ratio (of the two diameters) parameters describe zone shape.
Supplementary data on zone shapes is provided by the mean
number of sub-zones (as illustrated in Fig. 5.6) present in

each zone for each of the five room temperature irradiations.

Table 6.6 gives average values for all five size/shape para-
meters computed for each room temperature irradiation condi-

tion using:

(a) total zone populations;

(b) only collapsed 2zones (i.e. zones containing
loops);

(e) only uncollapsed 2zones (i.e. 2zones not

containing loops).

Units are A for lengths and A? for areas. Table 6.7 shows

analogous results for the 1low temperature irradiation

conditions with data on sub-zones presented in Table 6.8,
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TABLE 6.6 MEASURED ZONE PARAMETERS FOR ROOM TEMP-
ERATURE IRRADIATED (RTI) SPECIMENS.

(a) For total zone populations.
(b) For collapsed zone populations.
(e) For uncollapsed zone populations.

Footnote:

The 100keV Cu zones were not sized simply because they
did not show as strong contrast as the other conditions,

(probably due to the foil being slightly thicker), and it
was feared that this may affect the results.



76

110

[TABLE-6,6(a) 50KeV Ar 50keV Cu 50keV Kr 100keV Ar 100keV Kr
AREA 4540 5840 6020 6780 9900
+220 +250 +280 +370 +440
MAX DIAM 104 +3 113 +3 114 +3 125 +4 155 +4
MEAN DIAM 75 +2 85 +2 86 +2 90 +2 112 +3
RATIO 0.748 0.768 0.769 0.T46 0.743
+0.006 +0.006 +0.006 +0.006 +0.006
SHAPE 0.263 0.242 0.238 0.269 0.266
+0.007 +0.006 +0.006 +0.007 +0.007
181 193 173 178 200
TABLE-6.6f{b) 50keV Ar 50keV Cu 50keV Kr 100keV Ar 100keV Kr
AREA 5560 6415 6390 9460 11210
+360 +340 +320 +690 +510
MAX DIAM 117 +5 119 +4 117 +4 153 7 16T +5
MEAN DIAM 84 +3 90 +2 88 +2 109 +4 120 +3
RATIO 0.741 0.774 0.771 0.733 0.740
+0.01 +0.008 +0.007 +0.009 +0.006
SHAPE 0.271 0.236 0.235 0.283 0.271
+0.01 +0.008 +0.007 +0.01 +0.008
72 117 127 68 156
TABLE-6.6(c) 50keV Ar 50keV Cu 50keV Kr 100keV Ar 100keV Kr
AREA 3870 4940 5030 5120 5270
+250 +270 +230 +280 +240
MAX DIAM 96 +4 105 x4 106 +3 108 +3 110 £3
MEAN DIAM 70 #2 78 +2 78 +2 79 +2 81 +2
RATIO 0.753 0.759 0.763 0.755 0.757
+0.01 +0.008 +0.006 +0.006 +0.006
SHAPE 0.259 0.253 0.248 0.261 0.251
+0.01 +0.01 +0.006 +0.007 +0.007
109 Lé 4y




TABLE - 6.T MEASURED ZONE PARAMETERS FOR LOW
TEMPERATURE IRRADIATED (LTI) SPECIMENS.

(a) For total zone populations.
(b) For collapsed zone populations.
(c) For uncollapsed zone populations.

Footnote:

The =zone population sized in the 100keV Ar case was

different from that used to determine the defect yields.
Thus, the collapsed and uncollapsed zones are unknown.



TABLE 6,7(a) 50keV Cu 50keV Kr 100KeV Ar
AREA 4230 +220 3220 +180 6270 +370
MAX DIAM 97 +3 84 +3 118 +4
MEAN DIAM 72 %2 63 +2 87 +2
RATIO 0.761 +0.006 0.768 +0.007 0.763 +0.007
SHAPE 0.249 +0.007 0.239 +0.008 0.249 +0.007
188 130 161
TABLE-6,7(b) 50keV Cu 50keV Kr 100keV Ar
AREA 4940 +360 3940 +320 -
MAX DIAM 105 +4 94 +5 -
MEAN DIAM 78 +3 70 +3 -
RATIO 0.761 +£0.007 0.764 +0.01 -
SHAPE 0.246 +0.008 0.242 +0.01 -
97 61
TABLE-6.T7(¢c) 50keV Cu 50keV Kr 100keV Ar
AREA 3470 +250 2590 +200 -
MAX DIAM 90 +3 76 +3 -
MEAN DIAM 66 +3 57 +2 -
RATIO 0.761 +0.00T7 0.771 #0.01 -
SHAPE 0.253 +0.008 0.237 +0.01 -
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From these tables, correlations between zone size and ion
mass, ion energy and irradiation temperature can be identified
and these are presented in Sections 6.3.2 to 6.3.4 below.
However, the most interesting correlation found is that

between zone size and collapse probability.

6.3.1 Correlation between Zone Size and Collapse
Probability

In all of the seven cases where the comparison was possible,
the average size of a collapsed zone was significantly larger
than that of an uncollapsed zone. Table 6.6 illustrates this
quite clearly. If zone mean diameters are used as a measure
of zone size, this effect ranges in magnitude from 13% for
50keV Kr up to 48% for 100keV Kr, As a further means of
illustrating this point, distributions for Dboth total
populations and collapsed populations for three irradiation
conditions are illustrated in Fig 6.2. (Total populations are
used 1in preference to uncollapsed populations as the 1latter
distributions, containing fewer zones, are less smooth.) 1In
all cases the collapsed distributions are shifted to higher

diameters.

6.3.2 Correlation between Zone-Size and Ion Mass

An increase in zone size with increasing ion mass is evident
from Table 6.6(a) and Fig 6.3. The effect appears to be more

pronounced at lower ion masses with 50keV Ar 2zones being much
smaller than 50keV Cu, but Cu and Kr being almost indistin-

guishable. There 1is a small difference between Cu and Kr
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Fig 6.2

Mean diameter distributions illustrating that
collapsed 2zones are larger than wuncollapsed
zones. (If the black histograms were for
uncollapsed 2zones only, the effect would Dbe
more pronounced but such populations are gene-
rally too small for meaningful distributions to
be presented.)

(a)

(b)

(c)






Fig 6.3 Mean diameter distributions illustrating that
heavier ions <c¢reate larger disordered zones
than lighter ions.

(a)

(b)

(c)






which, although not obvious from the mean values can be seen
more clearly from the distributions, shown in Fig 6.3(c). 1In
addition, this mass dependence of zone size is more obvious at
100keV than at 50keV where Ar and Kr zones have a 24% and

154 difference in mean diameters respectively.

A small change in zone shape may be seen at 50keV (although
not at 100keV) as the ion mass changes. Ar zones have lower
ratios and higher shape factors than either Cu or Kr zones
(Fig 6.4(a),(b)) illustrating that they are somewhat 1less
regular in shape. This effect is also evident from Table 6.8
which shows that Ar zones have a greater number of subzones

than either Cu or Kr zones, indicating more irregularity.

This observation that heavier ions produce larger disordered
zones, coupled with the fact that defect yields are also
greater for heavier ions, is entirely consistent with the
observation made in Section 6.3.1 that within any single
irradiation condition, the larger disordered zones tend ¢to

collapse more readily.

6.3.3 Correlation between-Zone Size-and-Ion- Energy

In both cases where the direct comparison can be made between
zones produced by the same ion at 100keV and 50keV, the higher
energy zones are substantially larger. Again, Table 6.6(a)
and Fig 6.5 illustrate that the mean diameter of Ar zones
increases by 20% and of Kr 2zones by 36% on doubling the

energy. In addition, the zones produced at higher energy have

smaller ratios (Fig 6.4(c)), greater shape factors and greater
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Fig 6.4 Ratios of mean to maximum 2zone diameters
illustrating:

(a) That lighter ions are less regularly shaped
than heavier ions at 50keV.

(b) That ion mass has no noticeable effect on
zone shape at 100keV.

(¢c) . That higher energy zones are less

regularly shaped than those produced by
lower energy ions.






50keV Ar 50keV Cu 50keV Kr 100keV Ar 100keV Kr

Mean number

of subzones 1.40 1.23 1.31 1.46 1.43
per zone
TABLE-6.8 Incidence of subzones for each room temperature

irradiation condition.

Low Temp Room Temp Room Temp
Irradiation Irradiation Irradiation
50keV Cu 50keV Cu 100keV Kr
Mean Image
Width 51 +2 52 +2 64 +2
Maximum
Image Width 64 +3 64 +2 81 +3
TABLE-6.9 Kinematical image widths of loops
50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr
(a)
<X%) 90 103 91 158 179 150
\<Ax 2> 62 66 56 109 115 92
V<Y 2>, 48 45 36 8 4 78 60
(b) <X, 97 170
V<Ax?>, 62 106
V<2, 46 77
TABLE 6.10 Mean damage distribution depths (<X>;) and widths

parallel GJ<AX2>D) and perpendicular CJ<Y2>D) to
the ion beam. Using (a) a mean atomic weight for
CujAu and, (b) a true diatomic calculation.



Fig 6.5 Mean diameter distributions illustrating that
higher energy zones are larger than those
produced by lower energy ions.

(a)

(b)






numbers of subzones than their 1lower energy counterparts

indicating less regular zones at 100keV.

In view of this result that higher energy ions produce larger
disordered zones, it may be regarded as a little surprising

that no change in defect yield is observed on doubling the

energy. This point will be investigated further in the next
chapter.
6.3.4 Correlation between-Zone Size and Irradjiation

Temperature

In each of the three cases where zones produced at room
temperature and those produced at low temperature (though
imaged at room temperature) by the same ions could be
compared, the room temperature zones were larger. This
effect, though present, was not particularly pronounced in the
100keV Ar case although it is significantly greater for 50keV
Cu and Kr, as can easily be seen by comparing Table 6.6(a)

with 6.7(a) and from Fig 6.6.

Interestingly, the 50keV Kr low temperature zones are smaller
than the 50keV Cu low temperature zones in contrast to the

room temperature trend.

Again, this effect, coupled with the respective defect yields

is entirely consistent with the observation that larger

disordered zones are more likely to contain loops.

As far as zone shapes are concerned, no consistent trends with

irradition temperature are obvious.
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Fig 6.6 Mean diameter distributions indicating that
zones produced at room temperature are larger
than those generated at low temperature.

(a)

(b)

(c)






6.3.5 Loop-Sizes

Loop populations from the 50keV Cu RTI, 50keV Cu LTI and
100keV Kr RTI irradiation conditions were sized from kine-
matical micrographs, shown in Fig 6.7 and the results are
given in Table 6.9. As the procedure for obtaining the real
loop diameter from its kinematical image width is a somewhat
unreliable one [Jdger 1981], the values quoted are uncorrected
image widths. The most obviously striking result is that the
loops produced by 50keV Cu ions are independent of irradia-
tion temperature, in agreement with the observations of Laup-
heimer et al [1981]. This makes the result that disordered
zone 8Sizes differ in the two cases (Section 6.3.4) even more
interesting and removes any possibility that this is due to

some imaging artefact.

Additionally, the loops produced by 100keV Kr ions have ~23%

larger mean diameters than those produced by 50keV Cu.

6.3.6 Errors-and Limitatjons

As discussed in Section 5.5.2 the disordered zones examined in
each population had a spread of sizes and shapes due to the
range of knock-on energies produced by the ions. The errors
given in Tables 6.6 and 6.7 are simply the standard deviations
of the distributions measured. In addition to these randon
errors, three possible sources of systematic error have been

identified:

(i) Assessment of zone perimeter.

When the digitizing process described in Chapter
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Fig 6.7 Examples of the kinematical loop images wused
for sizing:

(a) 50keV Cu LTI
(b) 50keV Cu RTI

(e¢) 100keV Kr RTI

Fig 6.8 Examples of (a) collapsed and (b) uncollapsed
zones from the 100keV Kr RTI condition.
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(i1)

Five is effected, a subjective assessment of where a
zone perimeter 1lies must be made. This must
inevitably 1lead to some uncertainty in the values
given 1in Tables 6.6 and 6.7. However, as this
assessment was carried out in as consistent a manner
as possible for all irradiation <conditions, its
effect should be similar in all cases. Thus, the
relative differences in zone size which have been

identified are 1likely to be independent of this

effect.

Displacement cascades intersecting the 1lower foil

surface and thus not being wholly contained.

This may result in a smaller size distribution being
obtained than would occur in Dbulk specimens.
However, inspection of Table 6.10 indicates that
this is unlikely to occur. The figures given in the
first three rows of this table have been calculated
from the W.S.S. analytical theory by wusing a
weighted average of Cu and Au to obtain the effec-
tive mass of Cu;Au, (The last three rows give the
dimensions obtained by using a true diatomic
(Winterbon;  Private Comm.)
calculation based on W.S.S.," illustrating tnat the
averaging procedure applied in the other cases is a
good approximation.) Of the five cases analysed,
the 100keV Ar ions are expected to produce the

deepest damage layer and even this should not pene-
trate beyond ~2604 (<X>D +\/<AX2>D ). For this reason

it is believed that no systematic error has resulted
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(1ii)

from this effect.

The possibility that 1loops present in collapsed

cascades produce an increase in image width of the

disordered zone.

If the presence of a loop in a disordered zone were
to produce a large increase in disordered zone image
width, the significance of the result given in
Section 6.3.1 (i.e. that larger zones collapse more
readily) must be questioned. Additionally, the
results that heavier ions produce larger zones and
that room temperature irradiations produce larger
zones than low temperature irradiations could con-
ceivably be attributed simply to differences in
defect yields. (The ion energy effect identified in
Section 6.3.3 should not be affected since defect

yields do not vary between 50keV and 100keV.)

However, if uncollapsed populations are investigated
(i.e. only those zones which do not contain a loop)
the previously identified trends are still present,
Table 6.6(c) illustrates that 50keV Ar zones are
still over 10% smaller than 50keV Cu or Kr and
that 2zones produced at low temperature are still
much sSmaller than their room temperature counter-
parts. It is concluded therefore that the ion mass
and irradition temperature effects identified in

Sections 6.3.2 and 6.3.4 respectively are genuine

effects and not artefacts due to the presence of
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loops.

With respect to the effect reported in Section
6.3.1, it 1is unlikely that an increase of almost
509 in the mean diameter of a zone (as is the case
in the 100keV Kr room temperature irradiation case)

could be produced by the presence of a loop without

altering the zone appearance appreciably. Fig 6.8
demonstrates that the collapsed zones, though
larger, show no evidence of loop-produced strain

contrast.

Support for the conclusion that loops do not signi-
ficantly affect disordered zone images has already
been reported. Jenkins et al [1976] wused a Bloch
wave approach to compute g=<110> image intensities
for disordered =zones containing dislocation 1loops
and also carried out various contrast experiments in
the TEM. The conclusion drawn was that under the
conditions of the current experiments, the structure
factor contrast dominated the image and that the
effect of small dislocation loops within disordered

zones can be neglected.

By using some unpublished calculations kindly
provided by Dr M. L. Jenkins (displayed graphically
in Fig. 6.9), it was possible to estimate the size
of the effect in the 100keV Kr case. The result of
this 1is given in Appendix 6.3, from which it is

clear that a loop present in a disordered 2zone is

unlikely to cause an increase in image width of
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Fig 6.9 {110} dark field image intensities for:

(A)
(B)

(a)

(b)

Disordered zones alone

Disordered zones containing loops.

A 100A diameter zone containing
diameter, edge-on Frank loop.

A 75hF diameter zone containing
diameter, edge-on Frank loop.

a

504

504
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6.4

greater than 10% and can in no way account for the
484 observed. This demonstrates that the effect
reported in Section 6.3.1 is a real one, and not an

artefact due to the presence of loops.

SUMMARY OF RESULTS

The significant results contained in the preceeding sections

may be summarised as follows:

(1)

(i1)

(iii)

(iv)

(v)

(vi)

(vii)

Collision cascades produced at low temperature
collapsed to dislocation loops with moderately high
probability even when no thermally activated point

defect mobility is possible.

No further increase in collapse is observed with

subsequent warming of the cascades.

Collision cascades produced at room temperature are
more likely to collapse than those produced at 1low

temperature.

Collision cascades produced by heavier ions are more
likely to collapse than those produced by 1lighter

ions.

A change in ion energy from 50 to 100keV does not

alter the likelihood of collapse.

Within any single irradiation condition the larger

disordered zones are more likely to have collapsed.

Increases in ion mass, 1ion energy and irradiation

87



temperature all result in larger disordered zones

being produced.

(viii) Despite disordered zone diameters increasing,
dislocation loop diameters are unaffected by

increases in irradiation temperature,.
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APPENDIX 6,1

The Magnitude of Beam Heating Effects

Fisher [1970] derives an expression for the maxjmum rise in
temperature which may be encountered in a thin foil subject to
an electron bean.

2
I,a

AT {Vv, + log_(b/a)?}Q

Lk

Where Q 1is the energy loss of the electrons per unit pene-
tration and is given by:

Z E(E + mec?)’p?
Q = 0.153P ——-jlog, + (1 - Bz)
AB 21%m, c?

-2 - (1 - p*)7%- 1 + B’ Il0g.2 + 17801 -(1 - B2)21*| MeVen

Where: P = Foil density = 12.38gcm 3
k = Foil thermal conductivity = 0.63Wem 'K '(at 83K)
Z = Atomic number
A = Atomic weight Z/A = 0.44
I = Excitation energy = 856eV
I,= Electron beam flux = 2.2 x 10" ecm™ 25"
a = Beam radius = 2.8um
b = Distance to heat sink = 30um
E = Beam energy = 300keV
9 = v/c = 0.78
m,c‘ = Electron rest energy = 0.512MeV
V, = Euler's constant = 0.577

Pand k are taken from Gmelins Handbuch.
Z/A and I are interpolated between Cu and Au for Cu,Au.

I, was experimentally measured by intercepting
the beam with a faraday cup.

a was found by photographing a low magnification
image of a fully focused beam.

b is taken as the maximum possible distance between
any point on the specimen and the nearest bar of
the Cu grid supporting it.

Thus, Q reduces to:

16.04MeVem '

2.57 x 10 Jenm

giving a value of:
T = 9.2K
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APPENDIX-6.2

The magnjitude of electron beam induced vacancy mobility,

Micrographs showing the presence of dislocation loops were
obtained from areas of specimen which had been exposed to only
a very diffuse electron beam for less than 60s [Fig 6.1]. The
purpose of this calculation is to demonstrate that these
loops cannot possibly have been formed by beam induced vacancy
motion within the vacancy rich cascade core.

The number of electron-atom collisions within the cascade

volume in which the atom receives over a certain kinetic
energy T is given by:

N = nI Vo(T)

Where: n = Atomic density of specimen
O(T) = Cross section for such collisions
I, = Electron flux
V = Cascade volume

So that if the cross section for all collisions imparting
energies above the vacancy migration energy is used, a rough
estimate of the number of vacancy jumps expected in the
cascade region may be made. Allowance must be made for the
fact that not all such collisions will cause vacancy movement

since not all the atoms in the cascade region have vacancy
nearest neighbours.

Thus the number of vacancy jumps is given by:
N = nI,Vpo(T)

Where: p = Probability that an atom has a vacancy nearest
neighbour in the cascade region.

A 100keV cascade contains ~1000_vacangies (modified Kinchin &
Pease) 1in a sphere of diameter ~100A. Such a sphere will
contain ~10° atoms. So, since the co-ordination number is 12
in f.c.c.:

103
x 12 70.1

10°
(The inherent assumption that an atom receiving the vacancy
migration energy can move into all 12 of its neighbouring sites

is obviously erroneous and will probably lead to an over-
estimate of p.)

Now, for a defocused beam of measured diameter d ~ 100 um,the
electron flux is approximately:

I, -~ 10'% ecm?s'
Urban [1979] gives a value for the cross section for Cu atoms

at 300keV as:
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o~ 4 x 102 cm?

(As the ocross section for Au is ~ 1 x 102" cm?® this will

overestimate N.)

The volume of a cascade of diameter 100i is:
V "~ 4 x 10'% em’

and the atomic density in Cu,Au is:

n 3

7.6 x 10> atoms cm

Thus, the number of vacancy jumps in the cascade region per
second is:

N =7.6 x 10°2x 4 x 102 x 10 x 4 x 10'® x 0.1

Therefore:

N ~ 1 jump sec'

Given that the formation of a vacancy loop from the diffuse
vacancy core of an uncollapsed cascade must require consider-
ably more than 60 vacancy jumps, the loops imaged within 1
minute of the electron beam being applied cannot be accounted
for by this mechanism. This same conclusion was reach by Howe
et al [1966] operating under similar experimental conditions.
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o) train Contras on Disordered Zone Imagin

The model of Jenkins et al [1976] assumes a sSpherical
disordered zone comprising two distinct regions. The central
core 1is considered to be completely disordered with the zone
periphery linearly increasing in order up to the perfect order

of the 1lattice. The scattering matrix method is used to
obtain the <110> diffracted beam intensity which 1is then
plotted as a function of Dposition. Fig. 6.9 shows two
examples of such contrast profiles for a 100F and a 754
disordered zone. Inspection of this figure indicates that

although the contrast profile may be influenced by the
presence of a dislocation loop, it maintains the size and
shape of the structure-factor contribution fairly well.

In order to estimate the likely increase in image width which
results from the presence of the dislocation 1loop, two
procedures have been followed:

(a) The region of maximum contrast gradient is detected on
either side of the profile, and a linear extrapolation
from this point to the background 1level is effected.
(The line has the same gradient as the maximum gradient
of the curve.) The distance between the two points at
which these lines intercept the background level is then
taken as the image width.

(b) The depth of the contrast profile is measured and a
cutoff 1level of 15¢9 (of the depth) determined. The
distance across the profile at the 159 level is then
taken as the image width.

The first of these is designed to estimate the effect assuming
the eye 1is sensitive to contrast gradients with the second
assuming sensitivity to relative levels above background.

In the case of a 50A loop in a 100A zone (Fig 6.9(a)) these
two procedures lead to (a) 2% and (b) 4% increases in image
widths. For a 604 loop in a 1004 zone, the values increase
slightly to (a) 4% and (b) 10%.

In the 100keV Kr room temperature irradiation case loops of
image width 64A were measured which probably corresponds to a
real loop diameter of ~50-60A [Rihle 1969]. Also, the
measured zone sizes ranged from 81A (uncollapsed) to, 1204
(collapsed) with a value for the total population of 112A.

It 1is felt that the two loop/zone configurations used above
describe the real situation reasonably well. However, even if
an unrealistically 1low value for zone width is used (A 504
loop in a 754 zone produces an increase of ~20% in zone image
width; Fig 6.9) the 48% observed cannot be achieved.

If the same calculations are applied to the 50keV Cu case
(784 zone, U40-50A4 loop) an increase in image width of ~8% is
found, whereas the observed difference is ~15%.
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CHAPTER SEVEN

DISCUSSION

7.1 INTRODUCTION

In Chapter Two it was indicated that the time evolution of the
cascade has been established as occurring in four phases.
These have been identified as: point defect production by
collisions; the attainment of local thermal equilibrium; the
cooling of the cascade volume to ambient lattice temperatures
and the annealing of remaining defects if the ambient lattice
temperature is sufficiently high. Their durations are

considered to be of the order:

Collision Phase ~10

Relaxation Phase ~5 x 10 °s
Cooling (Spike) Phase 1072« 107'%
Annealing Phase 100° - 107 s

Although the identification of these four phases has been made
by several authors, the end of each phase and beginning of the
next 1s somewhat nebulous and overlap is known to occur, In
the present experiments, the annealing phase does not occur
for the low temperature irradiations and since in Cuj;Au,
interstitials are mobile at 75K and vacancies at “330K
[Takamura and Okuda 1973; Gilbert et al 1973], no appreciable
thermally induced vacancy motion is expected to occur even in

the room temperature irradiations.

As cascade collapse has been observed even at low temperature,
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where all point defects are frozen, it must be concluded that
collapse 1is occurring at some point during the first three
phases, i.e. within 10 '°s of the initiation of the cascade.
The problem associated with this conclusion is that even at
temperatures around the melting point of CujAu, the thermally
induced vacancy Jjump rate is expected to be orders of
magnitude Dbelow that required to produce significant vacancy
agglomeration within 10 '°s from the vacancy configurations

known to exist at the end of the collision phase.

In the subsequent sections it is proposed to explain the
observed disordered zone sizes and cascade collapse behaviour
by considering the atomic motion which may occur during the
various phases of the cascade. The observations which require

explanation are:

(i) For all irradiation conditions studied, disordered

zones are produced by the incident ions.

(ii) Increases in ion mass, ion energy and irradiation
temperature all result in larger disordered 2zones

being produced.

(iii) Cascade <collapse occurs at temperatures at which

vacancies and interstitials are unable to undergo

long range migration in the lattice.

(iv) Increases in ion mass and irradiation temperature

increase the probability of collapse.

(v) A change in ion energy from 50 to 100keV does not

alter the probability of collapse.
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Points (i) and (ii) are examined in Section 7.2 under the
heading of "Disordering" whereas (iii), (iv) and (v) are

postponed to Section 7.3 under "Cascade Collapse™".

Before embarking on this, some insight can be gained from
consideration of theoretical cascade parameters. The relevant
parameters, as given by the WSS analytical theory (which deals
with cumulative average cascades - Chapter Two) are presented
in Table T7T.1. The predicted cascade diameter (perpendicular
to the ion beam), volume, energy density and lifetime are
given. The first two having been calculated using Winterbon
et al [1970] and the remaining two from Sigmund [1974]. The
relevant points which should be noted from this table are that

WSS predicts:

(1) Cascades produced by heavier ions are spatially more
compact, have higher energy densities and shorter

lifetimes than those produced by lighter ions.

(11) Cascades produced by lower energy ions are smaller,
have higher energy densities and shorter 1lifetimes

than those produced by higher energy ions.

The first of these trends, has been confirmed both by Field
Ion Microscope (FIM) studies [Wei et al 1981], and by binary
computer simulations [Walker and Thompson 1978]. In the FIM
work, tungsten was bombarded with ions from Ar to W and a
monatoniec decrease in cascade dimensions was observed with

increasing ion mass. In the computer simulations, various

20keV ions were "implanted™"™ into Si and the same trend was
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50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr

Observed Zope

Diameter (A4) 75 85 86 90 - 112
WSS Cascade.

Diameter (A) 95 90 73 168 156 120
WSS Cascade )

Volume (x10°A3) 5.8 5.6 3.1 32 29 14
WSS Energy

Density (eV/atm) 0.23 1.43 3.72 0.06 0.29 1.15
WSS Cascade

Lifetime(x10 "s) 4 0.6 0.2 35 5 2

TABLE 7.1

Measured and calculated cascade parameters

50keV 50keV 50keV 100keV 100keV 100keV
Ar Cu Kr Ar Cu Kr
Number of
Vacancies 740 800 820 1480 1600 1640
(NRT)
Vacancy conc.
(NRT/WSS) 1.7 1.9 3.5 0.6 0.7 1.6
at ¢.
Cascade
0.37 0.29

Efficiency

TABLE 7.2

Data on vacancies in each case




observed. With respect to the second trend identified, the
FIM and simulation studies have confirmed that cascade

dimensions increase as the ion energy is increased.

However, as pointed out in Chapter Two, the fact that WSS
predicts the behaviour of cumulative average cascades, and
must therefore overestimate cascade dimensions, requires that
care be exercised when considering Sigmund energy densities.
This overestimation is more significant in cascades of 1low
energy density such as are produced by high energy or 1light
ions, as in such cases simulations have indicated that sub-
cascade formation is more common. Thus, in 100keV cascades it
is expected that there will exist local regions, within which
the energy density 1is comparable to that of the 50keV
cascades. Similarly, in the diffuse cascades produced by such
light ions as Ar, regions of energy density much in excess of

that predicted by WSS may be expected.

Besides the quantities related to zone size, other relevant
parameters are related to the number of vacancies created in a
given cascade. Norgett et al [1972] derived a method for
estimating the number of vacancies produced for a given
ion/energy configuration, and this has been calculated for
each of the conditions used in this study, (Table 7.2). A
slight dependence on ion mass is observed, with heavier ions
producing slightly greater numbers of vacancies due to reduced
electronic stopping. Additionally, both computer simulation
[Stuart et al 1976] and electron irradiation studies [Yoshida

and Urban 1980] have demonstrated a systematic decrease in the

displacement threshold energy, E; as lattice temperature
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increases. The work of Yoshida and Urban revealed a 35%
decrease of E, in Cu (from 17.5eV to 13eV) as the 1lattice
temperature increased from TOK to 300K, which may result in
around 35% more vacancies being generated in the low temper-
ature cascades relative to the room temperature, provided a
similar reduction in Qi occurs under cascade producing

irradiation.

By combining the NRT predicted numbers of vacancies with the
WSS volumes it is possible to obtain the average vacancy
concentrations which are also given in Table 7.2. It is to be
expected that these will be underestimates of vacancy concen-
tration as WSS overestimates cascade volumes. Nevertheless,
the trend predicted is observed by FIM observations [Wei et al
1981], in which 30keV W ions produced cascades with a vacancy
concentration of 16 atomic ¥ whereas Ar ions only resulted in

2 atomic %.

In summary, it may be said that under those <conditions in
which the Sigmund energy density is high (i.e. low ion energy
or high ion mass) compact cascades tend to form, with the
energy density probably being close to the Sigmund value. 1In
the other extreme of low Sigmund energy densities (i.e. high
ion energy or low ion mass), cascades are produced which,
though on average more diffuse than those of nominally high
energy density, tend to be smaller than predicted by WSS, and
may contain subcascade regions of true -energy density

comparable to those which exist 1in cascades of nominally

higher energy density.

It should also be mentioned at this point that the cascade
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lifetimes given in Table 7.1 are likely to be underestimates,
and that in fact the cooling phase of the cascade may 1last
much longer than suggested by these figures. As outlined in
Chapter Two, Chudinov et al [1977] have demonstrated that
energy loss from cascades will not occur by such a group
motion as heat conduction until the atomic velocities approach
that of sound. This reduction in initial "temperature™ leads
to an 1increase in cascade lifetimes by up to an order of
magnitude over the Sigmund values. However, the trends
exhibited in Table 7.1 should still be correct. More compact
cascades should lose their energy to the surrounding lattice
at a higher rate than diffuse cascades, resulting in shorter

lifetimes for high energy density cascades.

7.2 DISORDERING
T.2.1 Possible Mechanisms

The production of antisite defects (i.e. disordering) during a
cascade may result from several mechanisms. The first of these
is purely collisional in nature and as such, will only operate
during the collision phase. The remainder would be expected

to operate during the cooling or spike phases of the cascade:

(i) Production of replacement collision sequences along
<110> directions resulting in rows of antisite

defects.

The propagation of replacement collision sequences
(RCS), in which each atom replaces its neighbour,

along the <110> directions of an L1, lattice will
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(11)

(iii)

(iv)

result in disorder as nearest neighbours along half

of the <110> rows are of opposite types.

Random recombination of vacancy-interstitial pairs

produced during the collision phase of the cascade.

The <close proximity of vacancies and interstitials
in <cascades results in extensive recombination
during the relaxation and cooling phases as observed
by Guinan and Kinney [1981]. If such recombination

is random, antisite defects will be produced.

High energy densities resulting in local melting (or
at least appreciable atomic interchange) in

the cascade during the cooling phase.

Provided the local atomic kinetic energies in the
cascade region are high enough, atoms may leave
their 1lattice sites, +thus producing local melting.
If subsequent recrystallization is random, a local
disordered 2zone will result. Even if the atomic
energies are below that required for melting,
disordering may sStill result if they exceed those

required for disordering in Cu,Au.

Vacancy migration producing atomic motion which

results in disorder.

The extensive vacancy migration which has been

observed to occur in simulations (Chapter Two)
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during the relaxation and cooling phases must result

in atomic rearrangements and must therefore
introduce disorder,. It should be pointed out that
if mechanism (iii) occurs, extensive vacancy

migration may be expected to produce additional

disorder after recrystallization.

The extent to which each of these four mechanisms may be

expected to produce disorder will now be examined.

As replacement collision sequences are low energy events which
occur at cascade peripheries, if the disordering were a direct
result of RCS propagation, it would be expected that 1larger
cascades would result in the production of larger disordered
zones, However, the opposite of this has been observed with
the Kr disordered zones being considerably larger than those
produced by Ar ions. As the Ar cascades should be larger, it
appears difficult to reconcile this observation with an RCS

disordering mechanisn.

Additionally, the fact that the disordered zones are larger at
room temperature where the lengths of RCS will be reduced
[Kapinos and Kevorkyan 1983], is not consistent with disord-
ering by RCS. This is true even in the 100keV Ar condition,
which, having the lowest Sigmund energy density, is the case
where RE€S disordering would be expected to have its greatest

effect relative to mechanisms (iii) and (iv).

The observation of disordered zones in Nb,Sn [Jenkins et al

1982], ©produced by T70keV Au ions which create cascades of

energy density comparable to the lowest in the present study,
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adds further weight to this argument, since the A15 structure
of Nb,;Sn is such that nearest neighbours along <close packed
directions are of the same type. Thus, antisite defects cannot
be produced by the passage of RCS. This has been confirmed by
a fully dynamic computer simulation of the collision phase of
a cascade in Nb,;Sn [Chudinov et al 1981], 1in which no reduc-

tion in long range order below S0.9 was produced.

The second method proposed which may introduce disorder is the
recombination of vacancy-interstitial pairs outlined in (ii)
above. Disorder produced in this way must be confined within
the Dboundaries of the <collision phase of the cascade as
insignificant recombination is expected beyond this. Again,
the observation that heavier ions produce larger disordered
zones, but are expected to have smaller cascades, indicates
that such a recombination mechanism cannot account for the
observed trends in disordered zone sizes. Furthermore, as the
disordered zones produced by the 50keV Kr ions are larger than
the cascade dimensions predicted by WSS (which is expected to
overestimate cascade dimensions), there seems no way that
recombination induced disordering can account for this. Such
unexpectedly 1large disordered zones were also observed by
Jenkins and English [1982] who found that zones produced by

7T0keV Au ions in Cu,Au exceeded the WSS predicted dimensions.

The observation that =zone sizes 1increase with increasing
energy density, has led to the suggestion in (iii) above that
the disordering may be attributed to the occurrence of local

melting and subsequent recrystallization during the spike
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phase of the cascade. As thermal disordering of Cu,Au may
result from several atomic interchange mechanisms including
direct exchange, whereby two atoms change positions by
employing interstitial 1locations [Brebec 1983], it is
conceivable that disorder is generated at temperatures below
the melting point. It is also expected that vacancy migration

may play some role in the thermal disordering of Cu,Au, S0

that overlap occurs between mechanisms (iii) and (iv).

Chudinov et al [1977] have considered the likelihood of local
melting occurring in the cascade region. The conclusion drawn
is that provided the region cools slowly enough, melting will
result. The two major factors they identify which should slow
the cooling rate, thus increasing the chances of melting, are
increases 1in ambient lattice temperature, and increases in
cascade size., A similar observation to the zone sizes exceed-
ing the predicted cascade volume has been made by Averback
[1982], who used resistivity measurements to monitor annealing
of damage by cascade producing irradiation. He attributed the
observed high annealing rates to leakage of energy beyond the
cascade boundaries in the case of high energy densities.
Furthermore, the observations that sputtering yields are often
greatly in excess of that predicted by WSS [Chapter Two] have
demonstrated that the energy deposited in the cascade 1is
shared amongst many more atoms than the linear theory indi-
cates. In particular, Merkle and Jager [1981] wused TEM
observations of surface craters in Au, produced by Bi ions, to
examine the sputtering from individual cascades. Their

conclusion was that within regions of the cascade, energy

densities often exceeded that required for local sublimation
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of the Au specimen. Even though Bi ion cascades in Au have a
higher Sigmund energy density than any of the conditions used
in the current experiments (6.7eV/atom at 100keV), the
energies required to sublime Au are of the order of 5ev/atom,

far in excess of those required to disorder Cu,Au.

Given that the melting point of CujAu is ~1250K, which corres-
ponds to an atomic energy of ~0.11eV/atom, the energy
densities given in Table 7.1 suggest that local melting of the
cascade region 1is quite 1likely, especially when it 1is
considered that these Sigmund values must be wunderestimates
and are probably greatly exceeded in regions of the diffuse
cascades such as 100keV Ar. In the work mentioned above, 1in
which the disordered zones were observed by Jenkins et al 1in
Nb,Sn, the Sigmund energy density of 0.13eV/atom (70keV Au
ions) is comparable to the lowest employed in the current
study. Since it is unlikely that these zones can be produced
by either mechanism (i) or (ii), it must be concluded that
this energy density is sufficient to produce disorder in
Nb,Sn. It is possible therefore, that the whole of the
cascade region may be melted in the case of a compact cascade
such as 50keV Kr, and that those parts of the more diffuse
cascades which exceed the M"melting energy"™ may also be
melted. Furthermore, the fact that Cu,Au disorders at 660K
(0.06eV/atom) suggests that disordering in the cascade may
proceed without melting, provided these energies are main-

tained for sufficiently long times.

The production of disordered zones in a binary alloy has Dbeen

demonstrated by fully dynamic computer simulations of the
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cooling phase of cascades in Nb,Sn carried out by Chudinov et
al [1983]. 1In these local melting was assumed to occur and it
was shown that upon recrystallization the atoms adopted a

random configuration, thus producing a disordered zone.

The final mechanism which may induce disorder is the
production of antisite defects by the migration of vacancies
as suggested in (iv) above. As explained in the introduction,
thermal equilibrium vacancy Jjump rates are such that no
appreciable vacancy motion should occur during the cascade
process. However, the formation of vacancy loops even when
computer simulations indicate that at the end of the collision
phase the vacancy arrangements are still fairly dilute, is
evidence that such migration must occur. In addition,
computer simulations by Guinan and Kinney [1981] and Protasov
and Chudinov [1982] indicate that vacancy jump rates well in
excess of the thermal equilibrium rate may occur (~5x10'? jumps
') for surprisingly long times (~10 ''s). This suggests that
each vacancy in the region may execute up to 50 jumps during
the cascade lifetime. Even at a vacancy concentration of 2 at
%2, this still suggests that every atom in the region may be
expected to move once on average. Given that only 50% of the
atoms need move to completely disorder the region, it is quite

possible that the observed disorder is produced in this way.

The above discussion on each of the four possible mechanisms
indicates that the disordered zones observed at cascade sites

are unlikely to have resulted from either the collisional or
recombination mechanisms, even in the cases of the lowest

observed energy densities. This does not mean of course that
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no disorder is introduced by these mechanisms, merely that
they are not the dominant ones. With respect to the remaining
two, namely that extensive atomic interchange occurs during
the spike phase either by local melting (or by some other
atomic exchange mechanism), or by interchange induced by
migrating vacancies; the trends in zone sizes, the energy
densities and computer simulations all indicate that these are
the most 1likely cause of the observed disorder. However,
distinguishing between these mechanisms, which both occur
during the spike phase, would appear to be an impossible task.
Even the disordering which may be introduced by vacancy-
interstitial recombination (again, occurring during the relax-
ation and spike phases) must be inextricably linked with the
other spike mechanisms. In view of this, it is proposed to
explain the observed trends in disordered zone sizes by a
model based on this spike induced disordering, without being

specific as to which mechanism dominates.

T.2.2 The Model

In view of the conclusion of the preceding section, that the
observed disordering is most likely to have occurred during
the spike phase, a model will be proposed in this section
which provides a framework, within which the observed trends
in disordered zone sizes may be understood. Irrespective of
whether the disorder is due to local melting or vacancy
migration, it is expected that local energy density, and the
time for which that density is maintained must be 1important

factors. If disorder may only be introduced by local melting

of the region, it cannot occur unless local energy densities
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exceed ~0.11eV/atom (corresponding to the 1250K melting
point). However, the fact that Cu,Au disorders at 660K
suggests that densities of “0.06eV/atom may suffice. On the
other hand, if disorder is introduced by the migration of
vacancies, neither of these values may have to be achieved as
computer simulations by Protasov and Chudinov [1982] indicate
that migration continues at temperatures below 500K. This is
also supported by the work of Guinan and Kinney [1981] which
suggests that vacancy movement is much more significant than

predicted by thermal equilibrium calculations.

It 1is therefore proposed that there exists a critical energy

density, E above which the atoms in a local region have

C ’
sufficient energy to interchange positions and produce
disorder. The value of E. will of course depend on the

C

mechanism (or combination of mechanisms) which 1is producing
the disorder, although it is expected that it should lie in
the range 0.05-0.1eV/atom. It seems reasonable that the time
for which the atoms retain an energy in excess of E. must also
be important. If the local energy density exceeds E. for only
a short time, disordering must be limited in its extent. For
this reason, it is further proposed that there exists a
critical time, t., for which the atoms in a region must have
energies in excess of E., for disordering to result,
Furthermore, the degree to which the local energy density
exceeds E. must also play a part. In regions in which E_ is
greatly exceeded, it is expected that disordering will occur

even if cooling is rapid. Thus, the critical time required

for disordering must ©be some function of the 1local energy
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density which exists at the start of the cooling phase, 0.
i.e. t (@) must be short for high energy density regions, but

longer for low density regions.

From the discussion on cascade dimensions presented in the
introduction, it 1is expected that cascades of high Sigmund
energy density (ie heavy ion, low energy) should have a fairly
constant energy density and should disorder uniformly
throughout their volume, and may even transmit sufficient
energy to the surrounding lattice to induce its disorder. On
the other hand, it is expected that cascades of nominally low
energy density may only disorder in those regions in which the
density exceeds E.. This accounts for the fact that 2zones
produced at the sites of nominally high energy density
cascades are of a size similar to that predicted by WSS for
the cascade dimensions, whereas those at the sites of nomin-
ally 1low density cascades occupy volumes smaller than WSS

predicts.

The trends in zone sizes which must be accounted for by the

model are:

(i) Zones produced at room temperature are larger than

those produced at low temperature.

(ii) Zones produced by higher energy ions are larger

than those produced at lower energy.

(iidi) Zones produced by lighter ions are smaller than

those produced by heavier ions.

The first of these observations may be explained by
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considering the rate of cooling in the two cases. The higher
ambient lattice temperature in the room temperature case must
be expected to slow the cooling of the cascade region. Given
that the collision phase should not be greatly altered by the
change in ambient lattice temperatures, and so the average
atomic energies within the cascade should initially be similar
(which in turn means that t_ (@) should be similar in each
case), the decreased rate of cooling in the room temperature
case will result in more atoms remaining above E. for longer
than t. 1i.e. result in a larger disordered zone. This 1is
confirmed in the study by Chudinov et al [1977] referred to
above. In this work it was found that provided the initial
temperature at which energy is extracted by a conduction
mechanism is taken as ~“3000K (see previous), surprisingly
small changes in ambient lattice temperature (7200-300K) could
result in significant changes in the volume melted. Thus,
given that atomic energies at room temperature are
~0.03eV/atom and that E_. is around 0.05-0.1eV/atom it appears
quite feasible that the difference between room and 1liquid
helium temperatures may be sufficient to account for the

observed difference in zone size.

The observation that zones produced by 100keV ions are larger
than those at 50keV may again be accounted for by considering

the respective cooling rates. It is expected that there will

exist subcascade regions within the 100keV cascade which have
energy densities similar to those at ©50keV. Those in the
100keV case will however, bDe surrounded by excited regions of

lower energy density whereas those in the 50keV case are 1in
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much closer proximity to the ambient 1lattice. This should
result 1in the 50keV regions cooling at a higher rate, and so
fewer atoms remaining above E. for 1longer than t.. In
contrast, it 1is expected that the high density subcascades in
the 100keV cases will lose their energies relatively slowly
via the low density regions and maintain those regions above
E. for longer than t.. The outcome of this will be that the

disordered zones in the 50keV case will be smaller than those

at 100keV.

The final observation, that heavier ions produce 1larger
disordered zones than lighter ions despite generating smaller
cascades may be attributed to the greater initial atomic
kinetic energies in the dense, heavy ion cascades. In such
cases E. may be exceeded over most of the WSS cascade volume,
whereas in the more diffuse light ion cascades it will only be
exceeded within the higher density subcascades which are
expected to arise (Section 7.1). As these subcascade regions
in say, the Ar cascades are unlikely to exceed the dimensions
of Kr cascades, it is not surprising that the disordered zones
in the latter case are larger, Of course, <cooling in the
heavy ion <cases will be accelerated relative to the more
diffuse cascades as a result of both the proximity of the
ambient lattice and the higher atomic energies, and this must
partially offset the effects of the more rapid disordering.
In fact, the observation that the 50keV Kr zones are larger
than their 50keV Cu counterparts at room temperature, but not
at low temperature may indicate that the increased rate of

cooling in the heavy ion case is enhanced sufficiently at low

temperature to outweigh the effect of the 1initial energy
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distribution. However, the energy densities given in Table 7.1
suggest that disordering should still occur over most of the
WSS volume. This argument is supported by the observation that
in the 50keV Kr case (and in the 70keV Au 4irradiations
(Jenkins and English 1982]), the disordered zone sizes exceed
the predictions of the WSS theory indicating that the energy
density is sufficient not only to disorder within the cascade
volume, but also to transmit sufficient energy to the surroun-
ding lattice to precipitate its disorder. This observation
is in complete agreement with the findings of Averback [1982]

who also observed leakage of energy from the cascade region.

The Jjustification for the model used to explain the results
lies not only in the corroboration it has from the various
other experimental and simulation studies, but also in its
ability to explain, in a self consistent manner, all the
observations of disordered zones in this study. It is now
proposed to extend the model to explain the defect yield

results.

7.3 CASCADE- COLLAPSE

As described in Chapter Two, the previously observed variation
in defect yields with ion mass has been attributed by ©both
Eyre [1973] and Wilkens [1975] to the increased vacancy
concentration at the centre of a cascade created by a heavy
ion, producing an enhanced driving force for further vacancy
agglomeration. In a study of ion irradiation of a-iron,

Jenkins et al [1978] invoked a similar mechanism to explain

the fact that self ions produce no collapse, but 80keV
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tungsten ions result in a defect yield of 0.2. However, as
this idea predicts less collapse at room temperature relative
to that observed at low temperature (Section 2.4.1), in direct
contradiction to the results of this study, it is clear that

other factors must also be important.

The <cascade <collapse observed at low temperatures in the
present study suggests that enhanced vacancy migration,
coupled with a systematic drift to the cascade <centre must
occur at some point in the cascade evolution, and recent fully
dynamic computer simulations have proposed physical mechanisms
by which this may occur. Guinan and Kinney [1981] simulated
cascades from their initiation until well into the spike phase
and observed that vacancy motion proceeded at a surprisingly
high rate (~5x10'%jumps s™') for as long as the simulation
continued (2x10 '’s). This was attributed to stimulation from
the recombination of vacancy-interstitial pairs which was also
observed. In another study, Protasov and Chudinov [1982]
simulated a cascade from the start of the spike phase in order
that this phase <could be followed further toward its
conclusion than had previously been attempted. As discussed
in Section 7.1, these workers argue that energy loss from the
cascade region cannot proceed by thermal conduction mechanisms
until the "temperature"™ has dropped to ~3000K, at which point
phonons may remove the energy. By attributing to the atoms in
their cascade, velocities corresponding to this temperature,
they have, not surprisingly, observed local melting followed
by recrystallization. Upon recrystallization, which occurs at

“1000K, random vacancy motion is observed to be extensive, As
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the temperature drops to around 500K-800K, this motion ceases
to be random and vacancies migrate in a systematic manner
towards the centre of the region (i.e. up the "temperature"
gradient). 1In cases in which the energy is rapidly extracted,
the vacancy concentration at the centre is observed to double,
relative to its initial value, before the vacancies become
frozen in. However, if the energy is extracted at a 1lower
rate (corresponding to a cascade lifetime of ~10 '°s) vacancy
agglomeration has been observed to proceed until a void forms
at the centre of the region after ~2x10 "'s. Due to the
computing time constraints it proved impossible to follow the
process to its conclusion after ~10_]°s, but by increasing the
anharmonic terms in the atomic interaction potential to
simulate the increasing thermal pressure of the surrounding
lattice on the void, they observed collapse of the void to a
Frank dislocation loop. Despite the fact that this work must
be treated with caution due to the assumptions made, it has
demonstrated a mechanism by which vacancies may migrate to the
cascade centre to form a void and possibly even a 1loop. As
such it must be regarded as an important contribution to the

understanding of cascade collapse.

This simulation suggests that the formation of a void, and
hence collapse probability, should be dependent on two main
factors. The first of these is the rate of cooling of the
cascade region, with rapidly cooled cascades having
insufficient time to allow such vacancy agglomeration as is
required for void/loop formation. The second factor is the
initial configuration of vacancies existing after the

collision phase has occurred, with cascades of high vacancy
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concentration forming voids/loops even if they are rapidly
cooled. In view of this it is proposed that there exists a
critical vacancy concentration, C,, which must be achieved if
cascade <collapse is to occur. It is not suggested that this
concentration must be achieved by the end of the <collision
phase, but instead by the end of the spike phase by which time
no further vacancy motion is possible, To account for the
differences in the cooling rates of cascades, a critical time,
t, , must be introduced into the model. This is the time
required for the critical vacancy concentration to be achieved
under any given circumstances, and must therefore be a
function of initial vacancy concentration, C,, (i.e. t,(Cy));
such that cascades of high initial vacancy concentration
should require 1less time to form a void or loop and so t,
would be 1less under such circumstances than if the initial
concentration were 1low. The observations which must Dbe

explained by this model are:

(i) Within any single irradiation condition, cascades
which produce 1larger disordered zones are more

likely to collapse to loops.

(idi) Cascades produced at room temperature are more
likely ¢to <collapse than those produced at 1low

temperature.

(iii) Cascades produced by heavier ions are more 1likely

to collapse than those produced by lighter ions.
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(iv) Cascades produced by ions at 100keV are equally
likely to collapse to loops as those produced by

50keV ions.

It is worth pointing out again at this stage that point (i) 1is
not considered to be due to an imaging artefact caused by the

presence of loops (Section 6.3.6). However, even if this were
the case, the fact that larger disordered zones are observed
after room temperature (as opposed to low temperature) and
heavy ion (as opposed to lighter ion) irradiations, cannot
simply be dismissed as originating from the same artefact.
These must be genuine effects as they are also present in the

uncollapsed zone populations.

The observation that cascades associated with 1larger dis-
ordered zones are more likely to collapse to loops is entirely
consistent with the model proposed for the origin of the
disorder. Section 7.2 indicated that a large disordered zone
should result from a cascade in which either cooling has been
slow enough to allow extensive disordering to occur, or in
which the deposited energy density is sufficiently high that
disordering has resulted very quickly. If the first of these
is correct, the slow cooling rate should also allow vacancy
migration to continue beyond t,, thus producing extensive
agglomeration and collapse. On the other hand, if a high
energy density 1is responsible for the high degree of
disordering, it 1is expected that the high initial vacancy
concentration which accompanies a high energy density (Tables

7.1 and 7.2) will result in a reduction in t, , thus allowing

agglomeration to be sufficient for C, to be achieved and
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collapse to occur.

Observation (ii), that room temperature cascades collapse more
readily than their low temperature counterparts, is not at all
surprising when viewed in terms of the preceding discussion.
Room temperature cascades have larger disordered zones
associated with them, due to their reduced rate of cooling,
and as such fall into the first of the two categories outlined

above, with vacancy migration extending beyond t,, and

collapse ensuing.

The possibility of fewer vacancies being generated at 1low
temperature owing ¢to the increased displacement threshold

(Section 7.1), must also be considered when examining this

result. It 1is conceivable that this might lead to a reduced
vacancy concentration in the cascade, and therefore an
increase in t,. However, the observation that the loop sizes

for the 50keV Cu condition are independent of irradiation
temperature suggests that the number of vacancies generated in
each case 1is the same, As 35% more vacancies at room
temperature would result in a 16% increase in loop diameter,
it 1is considered most unlikely that such a difference would
not have been revealed by the sizing procedure employed.
It 1is therefore concluded that the number of vacancies
produced in a cascade at room temperature is the same as that
generated at low temperature. This conclusion is supported by
Laupheimer et al [1981] who observed no change in the diameter
of loops created by 30keV self ion irradiation of Cu over the

range 6-295K. Since loop diameters remain constant but dis-

ordered 2zone diameters increase with increasing temperature,
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this may indicate that the time required for disordering (t.)
exceeds the time required for agglomeration (t,) such that
all vacancies surviving recombination may agglomerate in both
cases, but that in the low temperature case insufficient time

is available for disordering on the peripheries of the region.

The reason for observation (iii) is also <contained in the
above discussion as cascades produced by heavier ions are
associated with 1larger disordered zones due to their high
energy densities. As described previously, such zones also
have high vacancy concentrations and therefore small values of

t, which leads to enhanced collapse.

The fact that changing the ion energy from 50keV to 100keV has
no effect on the <collapse behaviour may be explained by
again considering the variations in density which occur within
the higher energy cascades. As collapse occurs in 50keV
cascades it is clear that the critical vacancy concentration
required for formation of a visible loop C,, must be attained
in such cascades. As pointed out in Section 7.1, subcascade
regions will occur 1in 100keV cascades which have similar
energy densities/initial vacancy concentrations to those 1in
the 50keV cascades. It is therefore expected that t, for such
regions should be similar to that in a 50keV cascade, and
given that cooling of the subcascade regions in the 100keV
case sShould proceed at a reduced rate relative the 50keV case,
collapse must also be expected in such subcascade regions.
The larger observed loop diameters in the 100keV cascades

(Section 6.3.5) imply that additional vacancies from the more

diffuse regions also join the loop despite the fact that they

116



are not required to precipitate the initial collapse. The
lower cascade efficiencies in the 100keV case may indicate
either that not all vacancies reach the loop in this case or
that more recombination results as a consequence of the

increased distances they must migrate over.

The observation that a reduction in defect yield occurs below
50keV in Cu,Au [Jenkins and Wilkens 1976] as has been observed
in other materials [Chapter Two] is —consistent with the
proposed model if it is assumed that cascades of energy below
50keV are so dense that they cool before t, has elapsed, i.e.
that the cooling rate dominates over the vacancy concentration
at such small cascade sizes. Alternatively, this may be due
to clusters resulting from such low energy bombardment being
too small for resolution by the diffraction contrast

technique.

7.4 SUMMARY

The superlattice technique has enabled the independent inves-
tigation of both cascade collapse and cascade disordering
under a variety of irradiation conditions. The experimental
results obtained from these investigations are consistent with
extensive atomic interchange during the so-called spike phase
producing disorder, and collapse resulting from the systematic
vacancy migration which occurs during the same phase of the
cascade -evolution. A model based upon this spike motion has

been proposed which accounts for the observations that:

Cascade collapse occurs at low temperatures, and that
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subsequent increases in the ambient lattice temperature induce

no further collapse;

Cascades produced at higher temperatures will result in larger

disordered zones and a greater collapse probability;

Cascades produced by heavier ions will result in 1larger

disordered zones and a greater collapse probability;

Cascades produced by more energetic ions will result in larger

disordered zones but not a greater collapse probability;

In any irradiation condition, the cascades associated with

larger disordered zones are more likely to collapse;

The major factors which determine the extent of this motion
and hence the degree of disordering and collapse probability
have been identified as the rate of cooling of the cascade
region and the initial elastically deposited energy density

and vacancy concentration.

An interesting experiment would involve the investigation of
both disordering and collapse behaviour at elevated
temperatures to monitor whether or not the observed trends
continued. In particular, irradiating above the vacancy
migration temperature (~420K) and just Dbelow the order-
disorder transition may yield further insight 1into the
relative importance of the various mechanisms proposed in this
work. Additionally, extending the range of energy densities
beyond that studied in the present study would provide an

interesting test of the limits of applicability of the model.
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APPENDIX 7.1

Number of vacancies in loop "Volume"™ of loop x Atomic Density

Volume of loop

Area x Depth

Area md 2 /4

Depth {111} plane spacing

2.3A

Atomic Density = 7.57 x 10° 243

From Table 6.9:

50keV Cu loop image width 514
100keV Kr loop image width 644

Likely range of loop diameters: [Riuhle 1969]

]
U
L Y
>
1
=
N

]
(9}
—
=]

50keV Cu: 51/1.2

100keV Kr: 64/1.2 - 64 A

]
Ul
w

]
N
3=
=

Thus, likely numbers of vacancies are:

50keV Cu: 240 - 360 : 300 is mean

100keV Kr: 380 - 560 : 470 is mean

Given that the expected (NRT) numbers of vacancies in each
case are 800 and 1640 (Table 7.2), the cascade efficiencies are:

50keV Cu: 0.37

100keV Kr: 0.29
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APPENDIX A

Examples of disordered zones created under all twelve irradia-
tion conditions. All micrographs were recorded on the JEM100B
microscope except for the 50keV Ar LTI condition shown in Fig.
A1, upon which no analysis was performed at Oxford. For this

reason, an HVEM room temperature image is presented in this
case.



Fig A.1 50keV Ar LTI

Fig A.2 50keV Cu LTI
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Fig A.3 50 keV Kr LTI

Fig A.4 100keV Ar LTI
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Fig A.5 100keV Cu LTI

Fig A.6 100keV Kr LTI
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Fig A.7 50keV Ar RTI

Fig A.8 50keV Cu RTI
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Fig A.9 50keV Kr RTI

Fig A.10 100keV Ar RTI
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Fig A.11 100keV Cu RTI

Fig A.12 100keV Kr RTI
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APPENDIX B

Listings of the programmes DIGITIZE, AREA and DISTRIBS which
were written for the HP86 microcomputer. These facilitate the
data acquisition and manipulation required to obtain the
results on zone and loop sizes presented in Chapter Six.
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710 NEWJ=J-FJ+1

720 BEEP

730 ¢ Visual reminder of Zone
740 DISP "ZONE";K;"ATTEMPT";P

TS0 !

760 OUTFUT 306 ;"CN 100"

770 !
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1250 FAT MelIpX=IgFR
1720 MeT MEIiy=IER

i 2y o



1390
1400
1410
1420
1470
1440
14350
1460
1470
1430
1490
1500
1oL

]
e ved am L

IR
1540
15540
15360
18579
1580
1590
1600
14510
1aZo0
1650
1&d0
1850
1660
18670
1580
1690
1700
1710
1720
1720
1740
1750
1760
1770
1780
1790
1800
iglo
182D
1870
1840
1850
1860
1370

1380

MAT IMAX=ZEK
MAT IMSUM=ZER
INFO$=""

RETURN

E TRANS transfers coords from DIGx/Y 1nto appropriate locatians
‘ in MAINX/Y. Attempts are stored s=equentially m MAIMNL/Y us1ng
: IMAX and IM3UM to determine whicn locations =houw.S 02 LSEd

! for each attempt.

TRAMS: :

IF NEWJ>1 THEN GOTO 13520

MAT MAINX (L1: IMAX (NEWI) ) =DIGX (1: IMAX (NEWJ))

MAT MEINY (1: TMAXNEWT) ) =DIGY (1: IMAX {HEWI))

5070 LT8G

MET RN CL+ TMSUM CMEWI -1 2 IMSUM GHEWT ) =DIGa v L [FB X ANEAT )
Mia T MAINY (1+IMSUMNEWS—-1) s IMSOMNEWI ) »=DIGY (L IMAX (NEWJ)
RETURN

DISC stores coords .and other data required 0
; retrieval) on disc in drive |
DISC: :
ASSIGNHE 1 7O  "LENGTHS:D7O1"
FRINT®# 1 3 “T™AX()
FDSIONE 1 TC ¥
AEZIGN# Z T "XDATA:D7OLM
FRINTH 2 3 flAIRHR O
ASSIGEN# T T0O %
A55IGHE T TO  "YDATHR:DT7OLY
SRINTH T 3 MAINY O
GESIGHE 7 TO X
HSSIGN# 4 TO  "SUMS:D701"
FRINTH 4 ; IMSUMO)
ASSIGN# 4 TO X
ASSIGN# S TO "INFO:D7O1"
FRIMT®# S ;3 INFO%O)
ASSIGN# S 70 X
! Clears arrays for next zones. (Mew disc must be loaded) .
GOSUE ZEROE
GOSUER ZERGC
RETURN
! Subroutine RESTART aborts current attempt and allows user to restar
! digitizing at any prior rone.All arrays are reset accordingly.
RESTART:
DISE "AT WHICH ZONE SHOULD DIGITIZING RESTART"
INFUT K

J=(k~1) %I+

MEWI=J-FJ+1

F=1

MAT IMAX (NEWJ:IT0) =ZERC (NEWJ: 3T0)
MAT IMSUM GIEW : 370) = ZERD(NEWJ : T30)
GOSUE ZEROA

RETURN



KEXXKKXKKKKKKRKKKRKKKKKKRKKXKKKRKKK THIS IS AREA XAXXXXAXXKXKKKXRXKAXXXXRXK XXX XK

This program retrieves the coords stored orn disc by DIGITIZE.They are

again_stored in arrays MAINX,MAINY.with coords from each attempt being
transterred i1n tuwn to DIGX DIGY for

S om s ER s analysis. The FO3ITI0MMAXY DInMZTIR,
MEAN DIAMETER, ELGNGAT I CM RATID,ARES and SHASE FLCTOR of =zach attzrot

i3 calcuioted,with the average ot the 7 atteupts tor all £ caranetsrs
being obtained +or =ach zone. These Averages ar<e “hen storsag on disc.

t

OGPTION BASE |

SHIRT MATAY  1oulS) LAY (180750, Ima, 570, L DHSUM T30 WD I5€ Do, DiGe T
CIM ARESS CIT0 0 DLAM TG, BE0I0S T, L o058, T . S am T, L TAieEo =
LI PRADTAMAOZ RS  MEnMD LAM {720, B3TAGDEY v T 00 L Sl &40 oy

SEURT RICMEFOS (1100, FIOHEFDS (L0 .20 T, FEa. 1 00, ZOHEMAXDT (L1

SEORT ZONEMEAMDI (140 L ELOMGSTION L1 L STLEL L

SHOGET MASTER (L LD, &2) , COLLAFSE (2 10)

DI COMD® (2 D205, IHFOSs4) 000 )

im_ FLLCLEAR sets all eslements of all arrays to zero
GLsSUE ALLCLEAR

BEEF

! fhis sectian retrieves all coord data from disc
s LGN IR s TLENGTHS DT

e l# ] R TEE4
: {

e

fon3 R T 1P

—

T

li

[

T oA o~

b1 o s

S5 IO Slidbs 001!
AEwDH O Sur g

He5 IEN# TO %

ASS IGN# TO  "XDATA:D701"
READH = MAINX ()

ASSIGNH TO X%

ASSIGNH# T3 "YDATA:D7OL"

e

C
I

Lf b2

e e

FEDE 34 3 MAINY ()

FooIGHE 4 TO %

~ESSIGN#E S TO "INFO:D7OLY

FEADH D 3 INFO%()

ASSIGNE S TO %

BEEF

! COND$ contains information on 1rradiation condition

COND®(1)=INFO% (1)
COND® (Z)=IFO% (2)

! MAG 15 the print magnitication
MaG=vaL (INFO$%(3)) i

{ The mext sectiomn getermines the number of
! cones/attempts retrisved +from dicsc

! FZ 135 number ot first cone to be analysed

t LZ 13 number o+ last zone to De analyoed

+

M 1353 nunber o —onesz to Dbe anal-s=4d

! TO7TJd i3 numo2r of attemptis required +or N zZon=z

TOTC
1SR VICTES Sl T iolitaRE VO OEE enebLesED, STy TIZOMEST
T oE
Lol

i1 L.o0p regqulrss lnput from keyoozrd vor =ach zone. 1+ core
' woomas coliapsed, a 1| oshcouwld ze entzrasd into COLLAFEE W,
Otnerwisz & 2@ should b antered.

o153 “—he current -one numcer

FMEWE 13 a dumnmy variables wnicon airds arrav manipulat:ar
! b oruns trom -2 to LZ. MEWE rarm=z o from 1oto M.

NEWR=F-FZ+1 o _
DISF "HAS ZONE":bv: CCLLAFSELD","1=v23 O=NO"

IMPUT CCLLAFEZE (MEWED

NEXT K

i



710 !

720 F=F+1

720 IF FZ THEN P=t
740 kE=(J+2.9) DIV 3
750 1

Va0 REDIM DIGX (IMAX (J))
T70 OREDIM LIGY(IMAaX{(J))

F 13 current attempt at zone

FRedimernsioning DIGX/Y ppropriately tor ezcb attzmpt

;zg i ThlS :ect;ab L anstsrs C:;f:i Z- att=rzt
A ' rrom MAINX/Y 1nto DIGK/7 for cZalzualaticn
300 IF J-1 THEN 340

=210 MAT DIGX=MAIMNX (1: IM&X T

=2CG MAT D¢Jr—MﬁINY(l:IMAX(J))

oS0 s0TO 270

Sau HAaT LrasErg I IMSUM L J LitalM o3

S5O AT DI =MaiNy (IMSUMY u‘i Ly lmsUmtod s

ff? 1_ 4_'“EQT cohverts from grgltiZer unmits Lo s JELTDUE
S7C CGzUR TOMNVERT

3280 KEEXAXAAARXEK FOSITION XEXXLEXKAKK XK

8?? : Coordes of zone pe=zition, FOSX/Y., are detined &3 tne
F00 ! mean ot «all coords onm the periphery of the zone

P10 SMX=5UM (DIGX)

P2G 3UMY=5UM (DIGY)

FIZC POSSS ) =3UML TMAaX (J)

A4 RS0 =T UMY IMAX (T

Fo5O Frrkfch ek ik k DIACVETE 5 LER S ESRERE S

Fa ! FADIUS(S) 13 toz distance bLestwesen the zone Zontre, -USA/Y anag
7G0! trmE point o on troe coripher . \There are IMAX«J) po1r s, Trm2
Tg0 ¢ mzan radiuves of the zons 12 the average value of thes zlemarnts
750 1 ot RADIUS, MEAMRAD.The mean diameter, MEANDIAM 15 couble

1000 ! MEANRAD. |

010 ! DIAM(S) i3 the distance from the point 5 to OUTFNT.The maximun
1020 ! The furthest point from the centre, FO5X/Y is OUTFENT. The
10720 ! point which lies +uwrthest from the centre 1s OUTFNT.

16040 ! adistance from OUTFMT to point 5 is DIAM(S).The meaximum diamete
10500 ! of the zone 13 taken as the maximum el2ment of array LDIAM.
10560 ! The elongation ratic of the -crne, ELONG 15 the ratio of the
1070 ! mean To maximum dilameters.

1080 FREDIM RADIUS(IMAX(J)),DIAMIIMAX (J))

1090 REDIM MAXDIAMA(TOTS) MEANDIAMI{ITOTI) ,ELONG(TOTJ)

1100 FGR 5=1 TO IMAX(J)

1110 RADIUS(S)I=530R ((FOSX(J)-DIGX (5) ) 2+ (FOSY (J)»-DIGY (5)) "2,
1120 NEXT &

1130 MAXRAD=AMAX (RADIUS)

1140 OUTPNT=AMAXROW

1150 FOR S=1 TO IMAX{J)

1160 DIAMS)=80R ((DIGX (OUTFNT)-DIGX (5)) "2+ (DIGY(OUTFNT) -DIGY (5)) " 2)
1170 NEXT 5

1180 MEANFRAD=SUM (RADIUD)/ IMAX ()

1190 MEANMDIAM (J)=2%xFMEANRAD

1200 MaxXxDIAM(J)=AMAX (DIAM)

1210 ELONG(J)=MEANDIAM(I) /MA&XDIAM{J)

ZTo ! AKXKAKKKKKKKR ZONE SHAFE ® X KX KKK HKOKK KX

! STAMNDEY :J) 15 the starmdard deviation ot tThe =lzmernts of =HDIUS
‘ for attemnpt J. Thus a large STARNLEV zi1gnitiez an 17r=2gular,
snaped Tons.
P2 rlq:t:i'\i[JFM {RADIUS:

LIT SUMEQ=ATE
Cae e ANDEV (D) =S0R ¢ (SUMS0-.AMEANFADKSUM (FADIUS)) /IMAX (31 +MEANRAD i/ EALAAL

fom;

PUsF0 FERKEXKENKAKEAKRK GREA AXXXAXKIKXXKKX XX

1700 Zone 4FREA 15 calculated by summing ar=2asz 0t small
M I ~riangles which have points I.I+]l ang the cr:i3i1n
AL & azs vertices.

SO0 AREA=O

{40 FOR I=L1 TO IMAX{I) -1

L2500 EUBQREQ=(DIGY(I+1)*DIGX(I)—DIGY(I)*DIGX(I+1))/2
1760 AREA=AREA+SURAREA

LT 11E T I

e SuRalEs={(DIGoY vl KDTGEXY CIFr v d - =DInyYy (IMAX(T. 1 kDTG 1y 0o o

- T r s T eI BAREL
TE



1410
1420
1430
1440
1430
14a0
1470
1480
1490
1500
13190
1oz
LOow
L340
1330
1Z&0
570
1530
1570
1600
1610
1520
SRR
1650
L&50
1580
1470
1&80
1620
17600
1710
1720
1730
1740
1750
1760
1776
1730
1790
1300
i8i0
1820
13Z0
1840
1850
1860
1870
1380
1890
1900
1910
1920
1220
1940
1550
1960
1770
1280
1990
TO00
2010
2020
2070
=040
2050
TO60
DO70

negative and must be 1nvert
IF IMFO$(&)="A" THEN 1450 -
AREA=-GREA
! SREAS () 1S
AREAS (J) =AREA
? AL the osrnd o+ ths —hir-a
: calculat=zs tmne m=an ~al
: for all I ctremprs at =
ON F GOSUB DUMMY ,DUMMY ,MEGNS
IF F=2 THEN DISF ¥
MEXT J
! MASTZA 1= the
‘ The ~arlous parameters ars =730 80 L Do
SuCch that daca From a partl il ar oone oo
MET MASTER v, 1) =COLLAFZE
MAT MASTER Y, 2) =xZ0MNEFTS
M T MASTER(, I =Y ZUNEFRCS
MaT e TER . 4 = J0MNEAREA
MAT MASTER(, S, =Z0NEMEXDI
MAT MASTER (, 9) =Z0NEMEANDI
MaT MASTER(, 7)) =ELCNGATION
MAT MASTER(,3) =3TDEV
fi@at s@ctian trarmst
! Data 12 sitracted from M&ETER oy rows
{ exC0h Zone nay be stored on disc it 1ts
! 1f Ccome nuaabers 30 to 1480 have bzen an
! wilil be stored in recorce munosred S0
FOR kE=FZ TO LZ
MEWE=K-FZ+1
M&T ZONEINFO=MASTER (MHMEWEK ,)
ASSIGN# 1 TO "ZOMKEDATA"
FRINT®H 1,k 3 ZOWEINFOCQO)
AZoIGN# 1 TO %
MEXT K
ASSIGN® 2 TO  "CONDITION"
FRINTH# 2 3 COMD®(O)
ASSIGNE & TO X
EnND
i
ALLCLEAR:
MAT AREAS=ZER
MAT DIGX=IER
MAT DIGY=ZER
MAT FOSX=ZER
MAT FOSY=IER
MAT MAINX=ZER
MAT MAINY=ZER
MAT IMAX=ZER
MAT IMSUM=ZIER
MAT DIAM=ZER
MAT RADIUS=ZER
MAT XZOMEFCGEZ=ZcR
MAT YZONEFOS5=I=ZR
MAT ZONEAREA=IER
MAT MAADIAM=ZIER
MAT ZONEMAXDI=IER
MAT MEANDIAM=ZER
MaT STANDEV=ZER
MAT ELONG=ZER
MAT ZONEMEANDI=IER
MAT STLEV=IER
MAT COLLAFSE=ZER
MAT MASTER=IZER
MAT ELONGATION=LER
MAT ZONEINFO=ZER
DIAMCLEARK:
MAT DIAM=IER
CETLIRMN
yvERT:

ed

a2rs
Lie
Qwrni
alveed,
to &0,

{

et o N

v

Ty L itE T =

the area of attempt J

n Dmt":_«.;‘ﬁ&&?.ér‘

% o~

iy o

ot

n o
+ 0N

T

L
At

-

-

it
s

i
—

in

w1

-

ALLCLEAR sets all array elements to zero



2110
2120
2130
2140
2150
2160
Z170
2180
2120
2200
Z210
2020

—IT0

g o

ey
i)

LIE

MAT DIGX=( 250000/MAG) xDIGYX
MAT DIGY=( 250000/MAG) XDIGY
RETURN
DUMMY s
RETURN

MEAMNS calculatess mean or
! tor all S parameters <or
MEAMS:

ZONEAREQ(K)=(AREAS(J)+QREQ5(J—1)+AREA5(J—E))/3
XZDNEFDS(K)=(POSX(J)+PGSX(J—1)+FDSX(J—E))/Z
YZDNEPDS(H)=(PDSY(J)+PDSY(J-l)+FGSY(J—E))/3
ZDNEHQXDIfHW=(N@XDIQM(J)+MQKDIAH(J—1F+MQXDIHM\J—:) z
ZONEMEANDI (K = (MEAMD IS ) FMEANDIAM =1 »lEfD [t a=20 s 0 T
ELCNGQTIDN(H>=(ELDNGRJ)+ELUNG(J—1)+ELUN5(J—2)),3
STODEV () = (STAMD MG =STHENDEY ©J=1) #+2THNDE/ (J-27 5 . =
~ETURN



1O | FXXHKAKEARKXKKKXRKKAKKK THIS IS DISTRIES HKAXXKAKRREXKKXKRARAXKLERKAXKK

- ! : -
;g ; This program takes the data of each zone produced by AREA calculating

=0 zgfigfa?rva%?? ior_t?e <one DDpUlgtiDn and creating a frequency distri-
P 1 for all 5 parameters, for both total and collapsed populat:ons.
oo Note that 1t 13 assumed that all zanes are being snalss=d enc non SUEt
70 1 data trom one disc (ie assuned ' )

S0 = that the +1r=t Zorne 3 nuanbsr L.
foe 1V ) - o o — . . R o . . - e -
S Columns 1 to 3 of MASTER contaln aata on COLLAFSE, A—COCRES, r-CCIFIE,

AREA,MAX DIAM,MEAN DIAM,ELONGATION FATIO and SHAFE FACTORS reszpecti =y

100 Ci '
/ Cimensiconing atl a"ra- s
110 OFTION BAZE 1
1 ~o - 10 — P4 ~ _ P 3 B ~y — - — - . —— . - pangg .
129 ?ﬁgﬁi ng1EF§4QU.8'.LJDF:\4QU.,l,vLMS\BJ.LuuPSuMS(7} ZONETIMFO 3D
potd AT FOEL GO0 FPORY (4000 (EGFSEES LA D, TORMAAD 300, BOSEFEMMD 00
4w 20T FOrRalI0oa)) | FIOF SRS a4

T

Doy o GUA DD ,LC0r 03O0,

13w SHORT LOUAREA (100) , LEDHAAD (400 L LIOMEAND (4000 LOORATIO (402
) eGET Lm0 SRR i tntet s g
ow SRURT LoOBMeF I (4000 . om0 Gl FRZ00190 , 1015 ,RELFAED 13)

LT BRIRT MEANX, SDEVX
180 308UE ALLCLEAR
150 EBEEF

[ VIR .

%UQ ! Redimensiconing all arrays o wr=
clo ! correct population size.

220 LISF "HOW Mably ZOMES RE TO BE AnNALYSEDM

200D IMFUT Ll Z

L0 RETIM MARTER(LI. S

220 FEDIM FORX (LT

Zs0 REDIM SO KL

270 REIIM FOFAREA LI

280 REDIM FiIOFRiRsD LI

270 FEEDIM FORMESMD (LZ)

Z00 KEDIM FOFFATIOLZ)

10 REDIM POFSHAFE(LZ)

Z20 FEDIM WORE (L)

SO This section reads data stored by AREA from 21szC
2440 in drive i, and stores i1t i1in array MASTER.

50 FOR kE=1 TO LZ

Te0 ASSIGN# L TO "ZONEDATAM

70 READ# 1.8 3 ZONEINFOCG,

Z80 ASS5IGN# 1 TO X

T30 MAT MASTER (K, =ZONEINFO

400 NEXT K

410 ! This section transfers data on zones which have
420 ! collapsed from MASTER to LOOFS

470 ! Array SUMS contains column sums of MASTER

440 MAT SUMS=C5UM (MASTER) -

450 ! Since each collapsed zone has COLLAFSE(h) =1,
350 ! SUMS(1: 13 the number of collap=zed zons=s
470 REDIM LOQF3(3UMS(1) .7

480 REDIM LOGCYX:SUMS (1))

490 REDIM LOOY (3UMS (1))

500 REDIM LOOARREAQ (SUMS (L))

510 REDIM LOOMAXD(SUMS 1))

520 AEDIM LTOMEAND (SUMS 1))

570 SEDIM LOGRATIONSUME (1))

S0 SEDIP LOOSHAFE (SUMB L)

=30 =0

=80 FOR o=l T0LY

=G L MESTER (k. 1y =0 THEN 200

530 o Suproutine SELECT tramsrers data on coillapsed fornsSs To o ooor @
530 GOSUBR SELECT

Aoy MNEXT b

210 LOCCFZUME contalns the column sums o+ Lius:s
570 (1AT LOCF3UMS=C3UM (LOOFS)

o Subroutine ARRAYS transters columns of MRSTER. _COrFs © 2
=30 appropriate arrays for manipulation. Frefti:=zs rFIOF ar2
=50 ! LOOF refer to total and collapsed populations r=zscect:
550 GOSUE ARRAYS

570 Subroutine CI3TFIER creates a ftrequency distriouti i
=T Felsvaent parameter. wliRP contains the array -oo LT

- - - .- - [N, [ L L - =

e =~ -



710 be transferréd.

720 RN=0O

720 MAT UWORK=FOFAREA

740 GOSUEB DISTRIR

730 MAT WORK=FOFMAXD

750 GOSUR DISTRIR

70 MAT WORE=FOFMEARND

7380 GOSUER DISTRIB

750 MAT WORE=FOFRATIO

300 GOSUR DISTRIE

810 MAT WORE=FOFSHAFE

220 GCEUE DISTRIE

; ! Since the aunber of zofes waico o &
?40 f o+ tne total population, WORE must be
S50 L I=3UMS (1)

2sC FEDIM WORE (LLZ)
270 MeT WORE=LIOARES
380 GUSUER DISTRIER

D90 "AT WIRKE=L_J0MA&XD
F00 S05UER DISTRIER

210 MAT WORKE=LOCMEAND
720 LOZUR DIZSTRIR

FE0OMAT WORE=_0OCR&TIO
S0 GOSUR DISTRIB
S50 MAT HORE=LO0SHAFE
F&0 GOSUE DIZTRIE
T ERD
§
770 ALLCLEAR:

1000 MAT MASTER=ZER
1010 MAT LLOOFS=ZER
1020 HMAT SUMS=ZER
LOZCG MAT ZONEINFO=ZER
1040 MAT FOFX=ZER
1050 MAT FORPY=ZLER
1060 MAT FOFAREA=ZER
1070 MAT FOPMAXD=ZER
1030 MAT FOFMEAND=ZER
1090 MAT FOFRATIO=IZER
1100 MAT FOFSHAFE=ZER
1110 MAT LOOX=ZER
1120 MAT LOOQY=ZER
1130 MAT LOCAREA=ZER
1140 MAT LOOMAXD=ZER
1150 MAT LOOMEAND=ZER
1160 MAT LOUORATIO=ZER
1170 MAT LOCQSHAPE=ZER
11380 MAT WORE=ZER
11720 RETURN

1200 ! SELECT transfers data on col.apsed zones to LIOFS
1210 SELECT:

Z20 TOM=TOM+1 :

1270 MET LOOFS(TOM.)=HASTER (K, 2:3)

1240 RETURN
150 ! HREAYS transters rows of ASTZR Lo working arv o, s
250 ARRAYES:

270 MET FORPE=MASTER(,2)

280 MAT FOFY=MASTER (. Z)
17390 MAT FOFAREA=MASTER (., 4)
1300 MaT FOFMAXD=MASTER(,3)
1710 MAT FOFPMEANMD=MASTER{.5)
L2200 MAT FOFRATIO=MASTER{(,7)
12750 MAT FOPSHAFE=MASTER (,8)
134¢ MAT LOOX=LO0OFS{(, 1)
1250 MAT LOOY=LOOFS(,3Z)
17460 MAT LOCAREA=LOOFE(,Z)
170 o~aT LAOMAXD=LO0OFS(, 4)
LTaG MAT LCOMEAND=LO0FS (.

HLLCLEAR clears all arravs.

Il o N = T A W e TU S o=

~e e U

S eIz
e T TN I S



1410 RETURN

1420 DISTRIB:

1430 RN=RN+1
{

terval for =ach parameter

= ci1mitsCw=Class Hidok

~ This section =sets range and class in
1430 ! UCL=Upper Class Limit;LiL=Lower Clas
1420 IF RM=1 OR RN=4& THEM Ci=1300

14790 IF RN=1 OR RN=6 THEM LOWX=0

1430 IF EN=2 CR RN=3 OR RN=7 OR RN=8 THEMN CWw=Z3
1470 IF RN=2 OR RN=3Z OR RN=7 OR EN=3 THEN LOWX=1D
1500 I7 FN=4 OR RN=7 THEMN CW=.O75

1310 IF RN=4 OR RN=% THEM LOWX=.5

90 IF RHN=3 CR RN=10 THEN CW=.005

220 IF BN=3 OR AM=19 THEN LOkA=0

152

1500 DizF RN

350 ! C L oa ' i

}ift : ‘ Lalculatimg mean value of paramec2r
1380 MEAMA=SUM (WORK /L7

1570 1

S Caloulating =tandard deviation of distrioutiso
1580 4A=FMORM (WORK)

1520 SUMs0=a"2

1500 SLEVX=50R ({(SUMSO-LZ¥MEANY D) /LZ)

L1 1 ‘ . ‘
1”19 ‘ MID contains the class midpoints
LM . »
1520 FRECG conta:nms the frequency for each -lass

16570 HMAT MID
14630 MAT FREO=ZER
=y |
16sC FOR M=1 TO 15
1670 LCL=LOWX+CWk (M=1
1630 UCL=LCL+CW
1590 MF=(UCL+LCL) /2
1700 MID (M) =MP
1710 FOR k=1 TO L2Z
1720 IF WORK (E) = UCL THEN 1770
1720 IF WORK (E)<LCL THEN 1770
1740 ! Warning given 1+ parameter exceeds range
1750 IF M=15 AND WOREK (k) *UCL THEN DISF "~ARAMETER BEYOND DIST LIMIT ON"j3;RN
1760 FRER(M)=FRER (M) +1
1770 NEXT K
1730 ! This normalizes frequenci=2s to % of population
17790 RELFREG (M) =FREQ(M) /LZX100
1800 NEXT M
1810 HIGHX=UCL
1820 HIGHY=AMAX (FREQR)
18Z0 ! This section stores data required for plotting
1840 ASSIGN# 1 TO "MIDFOINTS"
1850 FRINT# 1.,RN 3 MIDCQO)
1860 ASSIGN# 1 TO X
1370 ASSIGN# 2 T4 "FREGQUENCIE"
1880 FRINT# Z.RN ;3 RELFREQ()
1890 ASSIGN# 2 TO X
1700 ASSIGN# 2 TO  "CDOORDS"
1210 FRINTH# Z,RN 3 MEANX,SDEVX HIGHY ,HISHX,LOWX,CW, LT
1220 ASSIGN# 2 TO
19720 RETURN

This locop creates treguency distrisut.cr





