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DIRECT OBSERVATION OF THE
PRIMARY STATE OF DAMAGE IN
ION-IRRADIATED PLATINUM AND TUNGSTEN

Dipankar Pramanik, Ph.D.

Cornell University 1980

The primary state of damage in platinum and tungsten caused by iomns
of varying mass and energy, was investigated using the field ion'microscope
(FIM). The damage could be classified into three morphological types: (a)
depleted zomes (DZs); (b) vqids; (c) dislocation loops. Platinum specimens
of 99.999% purity were irradiated in situ at 60 K with 20 keV Kr+ ions to
a dose of (3 to 5) x 1012 ion cm-2 and examined by the pulse field—evapo—
ration technique at 60 K. The experimental conditions were created such
that each depleted zone was created by a single incident ion. All three
morphological types were observed. The average damage level, given by the
number of vacancies per cascade (v), was satisfactorily described by the
modified Kinchin-Pease expression. The dimensions of the DZs is satisfac-
torily explained by the linear cascade theory. The cumulative damage pro-
file obtained by summing over the damage due to individual DZs very rapidly
approaches the theoretical damage profile as the number of DiZs consideréd
increased. The average structure of the DZs were similar to those produced
in tungsten by ions of the same mass and energy. The dislocation loops
were Fraﬁk loopsland both vacancy and interstitial loops wére observed.
Evidence was obtained that the vacancy type dislocation loops were produced
by the collapse of dense DZs. A detailed study was also made of the damage

produced in four-pass zone-refined tungsten irradiated in situ at 10 K with



20, 45 and 60 keV W' ions to a dose of (2 to 10) x lO12 ions cm-2 and ex-
amined by pulse field-evaporation technique at 10 K. The quantity v in-
creased linearly with increasing projectile ene?gy (El) according to the.
modified Kinchin-Pease formula. However, the dimensions of the DZs did not
increase with E as expected from linear cascade theory and indicated a pos-
sible breakdown of this theory for dense DZs, produced by heavy ions inci-
dent on heavy targets. Evidence of the break up of DZs into subclusters

at 60 keV was obtained. The fraction of DZs that collapsed to dislocation

loops increased with increasing E The effect of nonlinear cascades on

1
the damage in tungsten was determined by comparing the damage produced by

20 keV W' and Ag+ with that produced by 40 keV W * and Ag2+. The value

2
of v for the individual components of the dimer was 1.55 times the v
for the single atom ions, having the same energy. This clearly indicated
the nonlinear effects associated with dense cascades. The fraction of

DZs that collapsed to dislocation loops was also greater in the case of

dimer irradiations of tungsten than for single atom ion irradiatioms.



I. INTRODUCTION

The topic of interaction of energetic ions with solids has led to an
enormous volume of literature dealing with various physical aspects of
the problem. Of immense importance is the damage which is produced when
an energetic particle passes through a solid. The damage that is produced
by a single ion occurs on an atomic scale, and its detailed observation
therefore requires instruments that are capable of atomic resolution. The
field-ion microscope (FIM) is the only instrument that is routinely capa-
ble of. looking at single atoms and it is therefore extremely valuable in
analyzing the damage caused by a single ion. The first application of
FIM to the study of radiation damage was reported by Professor Erwin Mil-

lerl~-3

in 1960; this report was based on the research work of Sinha and
Miiller,4 which was not published until 1964. Since then there have been
numerous other reports on efforts to solve major problems in the field
of radiation damage with the aid of the FIM technique.s_8 Review articles
on the FIM studies of radiation damage through 1968 have been written by
both Mﬁller9 and Galligan.lo An extensive review has also been written
by Seidman in four recent articles.ll-14 Wei15 described a method of
accurately mapping out and displaying in three dimensions the damage
created by a single incoming ion and used it to show the effect of increas~
ing ion mass, on the damage in tungsten (W).

The point defect structure of the damage is dependent on the mass
and energy of the incoming ion, the mass of the target atoms, the material

properties of the target and the irradiation temperature. We are in the

main interested in the pfimary'state of damage, that is, the damage




created by the incoming ion when the point defects that are produced are
immobile. The effect of temperature on the nature of damage is itself a
big subject, and we will not discuss this aspect in any detéil. All our
experimental work was done at low temperatures where all defects are immo-
bile or at a teﬁperature where a single defect type was mobile. 1In this
thesis we used the FIM to study how the damage is affected by:

(i) the nature of the target material by comparing the results in
platinum and tungsten;

(i1) the effect of increasing the energy E, of the incoming ivu fur
self-ion irradiations of tungsten; and,

(iii) the nature of the bombarding ion by comparing the results of
atomic (monomers) and molecular (dimer) ion irradiations of tungsten.

In order to give a perspective of the nature of the problems that
havé been addressed in this thesis, a brief outline of the fundamental
problems in radiation damage is given helaw. We have underlined tcrms and
concepts that are‘impor;ant and are nsed over and over again in the

thesis, when -they are fitrst introduced.

I.1 Energy loss

All the damage that is produced inside a target by ion-irradiatien is
the result of the loss of all or part of the energy of tﬁe projectile
ion inside the targét. The projectile loses energy through a series of
collisione with the target atoms. In‘these collisions, énergy is given
to the target electrons (inelastic process) and momentum_is transferred
(elastic process) to the target nuclei during collisions. The different
energy loss mechanisms, i.e., élec;ronic and nuclear, are generally

treated separatel‘y.m-18



The inelastic energy loss to the target electronic system can cause
structural damége in both insulators and semiconductors,19 whereas in
metals this is not possible because of the very weak coupling between the
conduction electréns and the lattice. In this case, the electronic energy
loss is largely diSéipated as heat. In metals, the exclusive process
leading to damage, which is in the form of point defects, is a result of
nuclear collisions in which elastic energy is transferréd to the atoms
of thé target material.

The spatial distribution of the damage energy is important. The
quantities that determine this are the energy (E;), atomic number (Z,),
mass (M;) of the projectile ion and the atomic number (Z,), mass (Mp) of
the target atom as well as the density (n) of the target material. In
the theory of ion-stopping in solids,18 it is useful to define two dimen-

sionless parameters, the reduced length (p) and the reduced energy (e):

mNa2M M,
p=—"-x (1-1)
M+ Mp)?2

aMp

E (1-2)

™
[l

J—
Z1Zye2 (M;+My)

where x is a length, N is the scattering centers per unit volume, which
is related to n, e is the charge on an electron. The quantity a is the
screening radius given by:

2/3.=1/2

a = 0.8853a(2,2 42,7/ %) (1-3)
where ap is the Bohr radius of the hydrogen atom (0.529 A).
The quantities p and € are convenient quantities to use as it can

be shown by the Linhard-Scharff-Schrott (LSS)18 theory that electronic



and nuclear losses can be expressed in terms of € alone, thus allowing
various scaling laws to be utilized.

The electronic stopping power, (S.) in dimensionless units is:

de 1/2

Se = (dp o = ke

(1-4)
where

0.0793 2,2/32,2/3 (my 1) 32
k = ~
2/3+222/3)3/uM12/3M21/2

(1-5)
(Z4

The variations of electronic and nuclear losses with € is shown in figure
1 and shows that for small values of €, nuclear stopping predominates.
Consequently, the range of the projectile, that is, the distance the ion
penetrates the target, is governed by the nuclear stopping power (Sn).

Winterbon, Sigmund and Sanders (WSS) used the LSS formulation to
obtain the projectile's total path length as a function of energy for ¢
smaller than 0.2. By integrating the nuclear stopping power,

/3

- _ , - 1 e
bn = de/(dppl)n 0.98¢ (1-6)

they obtained:
/3

o,y (8) = 1.53¢2 (1-7)

where pIﬂ is the LSS dimensionless total path length.

I.1.1 Range profiles and damage profiles

. + . s
In fig. 2 we show the path of three 20 keV. Ag ions incident on
tungsten. As pointed out before, the ions come to rest inside the tar-
get after dissipating their energy in a series of collisions with the

target atoms. Due to statistical fluctuations in the dynamics of
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ion-ion collisions, each of the ions loses its energy in different ways
and comes to rest at different points within the target. If we consider .
a beam consisting of many such ions, we can define two distributionms.

The first, called the range profile, gives the distribution of ions as a

function of depth x measured parallel to the direction of the incident ion

beam. The second, the damage profile, gives the distribution of the net

deposited energy as a function of x. These are displayed in 2(b). Both
2(a) and 2(b) were drawn using the TRIM program of Biersack and Haggmark.

Note that the range profile is governed by the series of binary col-
lisions which the projectile experiences along its path. The damage pro-
file should also be determined by this. Thus, the shape of both profiles
ié determiﬁed by the nature of the interatomic potentials which will deter-
mine the cross-sections for energy transfer between the projectile and
target atoms in an elastic collision. The recoil energy transferred to
the target atoms along the projectile pafh will cause these to collide
with other target atoms, which in turn will cqllide with others and so
on. While this process will not affect the range profile, it may affect
tﬁe shapé of the damage profile.

The theoretical method for determining the range and damage profile
are similar and are based on lineér transport theories.21 The damége
profiles are obtained by extending Linhard's Thomas-Fermi description to
include the recoil atoms as well as the primary ion. Again, the nuclear
loss ﬁ (damage»energY) and the electronic loss 6 can be separated with
Ey = ﬁ +‘&. Note that ﬁ is usually 20-30% smaller than the total nuclear
stopping power of the projectile because the energetic recoils éreated

along the track of the primary ion lose some of their kinetic energy



by electron excitation.

I.1.2 Collision caséade

As pointed out, the projectile ion loses its energy through a series
of collisions with the target atoms, until its energy falls below a
certain minimum value and it comes. to rest. If, in these collisions, it

transfers elastic energy greater than a certain minimum threshold dis-

placement energy (Eé) to a target atom, this atom is displaced. 1If this

recoil atom receives a large enough energy, it can itself cause displace-
ments of other atoms and so on. In this process, a large number of atoms

will be displaced and we have what is termed a collision cascade. In fig.

3, we illustrate this process. The thick solid line represents the path
of the projectile ion, in this case a 20 keV W+. The tracks branching
out from it represent the path of recoil atoms in the target which is W.
The target has been assumed to be amorphous, E& = 43eV, and the track of
all recoil atoms has been followed until their energy falls below 10 eV.
The cascade was simulated using the program TRIM of Biersack and Haggmark.
Notice that a large fraction of the recoil atoms are the results of third
or higher order generation collisions.  The collision cascade effectively

ends when the energy of all the recoil atoms falls below E., because no

4’
further displaced atoms can be pfoduced.

The collision cascade gives the manmer in which the energy of a
singlé projectile is distributed spatially. Because of statistical
fluctuations, the cascades due to different projectiles of the same mass
and energy can be very dissimilar. However, the damage profile referred

to in the previous section can be obtained by averaging the results of

several hundred such cascades. This is the basis for obtaining the

20
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Fig. 3: A collision cascade in tungsten produced by a 20 keV W ionm.
The solid line indicates the path of the projectile inside
the target, and the lighter line the path of the recoil atoms.
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damage profile from Monte-Carlo computer techniques. Excellent agreement
is obtained between this approach and the analytical techniques based on

20,23 The reverse process, i.e;, obtaining the depos-

transport theories.
ited energy distribution for individual cascades from the damage profile,
is more difficult. Attempts have been made to do this analytically by
using contraction factors.22 In this respect, the Monte-Carlo computer
calculations are more useful, as they allow the simulation of individual
cageades.,

The important problerm is how this deposited energy manifests itself
physically. In metals, the collision cascade leads to the creation of
vacancies. In the éimplesf picture of damage, it is assumed that a
vacancy is produced every time that a target atom is givén an energy
greater than Ed and the recoiling incident ion has an energy also larger
than Ed. In fig. 4, we show a collision cascade for 20 keV Pt+ on Pt show-
ing only the positions of the vacancies and the ionm path. We have not

shown -the positions of the interstitials. This collection of vacancies

formed from the cullislun cascade %We call a’'depleted zone (DZ).

A measure of the degree of damage is given by the number of vacancies

per cascade (v). ' v is directly proportional to E because the vast major-
ity of cascade atoms are generated from low-energy collisions. The Kinchin-

l)
Pease formula“” gives:

El
d
which can be derived: from simple kinematic considerations, with the assump-

tion of a single Ed and binary collisions. Note that Vg-p is independent

of the mass of the ilon, The spatial distribution of vacancies is,.
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Fig. 4: Depleted zone produced in platinum by a 20 keV Pt' ion. The .
open squares represent vacancies, the colid line the path of
the projectile.
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Fig. 5: (a) Depleted zone produced in tungsten by 20 keV Cu 1on.
' (b) Depleted zore produced in tungsten by 20 keV W' ion.
Sputtered atoms produced in the collision cascade are also shown.
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however, affected by Mj/Mpy. Figure 5, (a) and (b), shows cascades due to
20 keV Cu+ ions on W and 20 keV W+ on W respectively. The total path
length of the Cu ion is greater than that of the W ion. The Cu cascade
.is more spread out than the W-cascade even though both have approximately
the same v. In general, the cascades become smaller in size as M;/M,
increases because the collision cross-section for a large energy trans-
fer decreases with decreasing M;,Z;. As a conéequence, the energy of a
light ion is diséipated in a series of ‘collisions involving the transfer
of small amounts of energy to the target atoms, while that of a heavy

ion is dissipated in a few collisions involving large transfers, which
are spatially close together. The average distance between high recoil

energy collisions is called the meén free path (A*). The value of A%

determines the volume in which the energy is distributed and, hence, the

energy density (06) and the related defect concentration (cv). The quan-

tity, 0, is a crucial factor that can affect the total damage. Figure 6
shows two different ways of how energy may be dissipated by an energetic
particle in a solid via elastic collisions. Figure 6(a) shows a linear-

collision cascade and fig. 6(b) a non-linear cascade. In both cases,

the energy is ultimately shared by a great number of atoms. The differ-
ence between the two situations lies in the fact that while only a small
fraction of all atoms within a certain cascade volume are in motion in
fig. 6(a), essentially all atoms within a certain cascade volume move in
fig. 6(b). The picture of a linear cascade applies when \* is large
whereas, in a non-linear cascade, A* is very small, so that the energy is
shared with all the atoms in a spike volume.

In a linear collision cascade, the approximations of binary
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collisions involved in the analytical theories based on lineaf transport
theory are valid. The recoil energy spectrum, therefore, has an E 2 func-
tional dependence25 and v, which is dependent on the nature of the recoil
spectrum, has the form of eqn (1-8). In a non-linear cascade, these
approximations break down; the recoil energy spectrum probably differs from

the E 2 dependence and the value of v is greater than v

K-P*

The practical difference between the two situations is characterized
most illustratively when two linear cascades (or non-linear cascades) are
generated at the same time on top of each other. This can be realized in
practice by bombardment with a dimer. When two linear cascades are super-
imposed, the statistical nature of the collision eyents will prevent a
strict overlap in the two cascades. Because of tﬁe small fraction of
atoms moving in either case, the two cascades superimpose so that the
total number of mpving atoms is twice as large as iﬁ either cascade, and
the energy distribution among the atoms remains essentially unchanged.
The system is linear. When two non-linear cascades are superimposed, on
the other hand} energy will be dissipated essentially within the same
cascade volume, i.e., the total number of atoms in motion will increase
only insignificantly. Consequently, the available energy per atom must
double approximately. Obviously, such a system is non-linear; hence the
name. The non-linearity should appear in the damage levels. In a linear
system, the net damage should be proportional to the number of impihgiﬁg
particles. In a non-linear system, such a simple relationship is not
expected; for a dimer is expected to differ from the sum of the v of
the constituents.of the dimer.

It is clear from the above pictures that the distinction between a
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linear and a2 non-linear cascade is a matter of minimum energy an atom
must have in order to be called "in motion." If this minimum energy is
sufficiently high, the number of "moving' atoms will always be small
enough that the linear cascade concept applies. Conversely, any cascade
becomes like a non-linear cascade if the minimum energy is sufficiently
small. In the case of radiation damage, this minimum energy will be
characterized by Ed-—the smaller the Ed’ the more likely a non-linear
cascade will occur.

On the basis of existiug‘kuuwledge uf lou ranges, 1t appears chat
the available spectrum of ion/target combinations as well as ion energies
covers the whole range between pronounced linear and non-linear behavior.
Roughly, non~-linear cascades are generated by heavy ions in heavy targets
at not too high ion énergies (<100 keV) and vice versa for linear cascades.

The above distinction between linear and non-linear cascades on the

" basis of the spatial density of atoms set into motion raises the question
of time scales, as it is clear that, in the initial stages of the colli-
sion cascade, only a few atoms will he in motion and the cascade may still
be linear. In the later stages, the number of atoms in motion will be
very large and the cascade is non-linear. The concept of linear and non-
linear effects separated in time originates in earlier work of Thompson
and Nelson.29

It is possible to define four basic time zones that exist when a
heavy ion is implanted into a solid. These zones and their properties
are outlined below.26 |

(1) Prompt collisional regime: (10 !5 - 107 1% seconds). This con-

sists of the first few violent collisions between the incident ion and
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the substrate atoms. Note that the time involved is at least an order
smaller than the time period of vibration of an atom in.fhe target
lattice (10 13 sec.) so that the approximation that the target atoms are
at rest is quite valid. Linear collision cascade theory can adequately
treat this regime and is the reason why it has been successful in
predicting the range profiles of ions in solids.

(2) Slow collisional regime: (10 !* - 10712 seconds). This is the
time period during which the collision cascade develops and energetic
knock-on effects, such as defect production and sputtering, occur. As
mentioned previously, the earlier stages of development of the cascade
should be well described by linear c;scade theory, but the later stages
may aisplay properties of a non-linear cascade.

(3) Prompt thefmal regime: (10 12 - 10710 seconds). This is the
ﬁime zone just after the end of the collision cascade when the energy of

all the atoms has fallen below E so that no more defects are produced.

d’
Leaving aside the interstitials, which in a crystalline material are
transported by Replacement Collision Sequences (RCS's) away from the core
of the DZ, many atoms in the collision cascade (which are therefore

in' the vicinity of the DZ) still possess a large amount of kinetic energy
but probably still oscillate about a lattice site. Thus, we have a local
region within the lattice which is in a highly excited state. The
energy.of this region eventually dissipates to the surrounding lattice.
This transitional regime is by far the most complex and so far a satis-
factory theoretical treatment has not been found. The time scale is too

short for Maxwell-Boltzmann statistics to be applied or for the coupling

between atomic motion and electronic excitation to reach equilibrium.
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Hence, a true 'temperature' cannot be assigned. On the other hand, the
time scale is longvenough for significant atomic motion to become dis-
tributed to all atoms in.the cascade.

(4) Slow thermal regime: (<1071% seconds). Here, the time scale
is long enough for energy sharing between atomic motion (phonons) and
electronic excitation, and normal  thermal conductiyity considerations can
be expected to apply. Unfortunateiy, in most metal or gemiconductor
implantations, the quenching rate is rapid encugh te have already brought
the cascade volume almost back to the sgbstrate temﬁerature before this
stage.

During zone 3, there is the possibility of moveument of atoms within
the cascade volume as long as the kinetic energy of the atoms remain high.
Significant changes in the local structural properties--such as mixing of
components, as well as phase changes in case of allo&s——can occur. The
changes should be significant if the doposited eueryy density is very
high. If the mean energy per atom A ig converted Lu tempetatures by the
thermodynamic relation, 6 = g-kT, then temperatures as high as 10%K. can
be obtained in cascades produced by heavyAions of moderate energy incident
on heavy targets. This region, having a very high local energy density,
is generally termed an "energy snpike." During the period when this
energy spike persists, which is zone 3, there is the possibility of rear-
rangement of vacaucies in the DZ and the vacancy cluster may change its
morphology. Both TEM and FIM results have shown the presence of disloca-
tion loops, which are two-dimensional defect structures, even at very low
temperatures, where the defects are immobile. The loops are caused by

the collapse of DZ's. The mechanism of collapse is not known but it is
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connected with y and v as well as the material properties of the target.
Experimental ohservations are always carried out after time scales that
are far in excess of times during which rearrangement takes place and so
the observed defect distribution may not necessarily be the distribution
stemming from the original collision cascade.

The collapse of the DZ's into loops makes them visible in the TEM,
owing to the large strain fields of the loops. However, as not all the

DZ's collapse, much of the damage is not visible in the TEM. A quantity

called the yield factor (Y) is defined by:

y = Loops (number cm 2)

ion dose (number of ions cm 2)
For most materials, Y is less than ‘1. Thé FIM is superior to the TEM in
this respect that it is capable of resolving all tﬁe defects, including
individual point defects, defect clusters as well as loops.

Other techniques such as resistivity measurements on ion-irradiated
thin films27 and wire specimens, and Rutherford backégcattering (RBS)28
have been employed to study defects. Both measure the average damage
level for many DZ's and are not capable of telling ahything about the
spatial distribution of damage within individual DZ's.

The FIM results on DZ's were the experimental analog Qf'the‘Monte
Carlo computer calculations which simulate the effects of each individual
projectile. The "cumulatiye" effects,‘i.e., the effects of a beam of
ions, was obtained by averaging over the results 6f many ions. The
analytical results based on transport theories deal with this cumulative

distribution. With the FIM, we were able to see the fluctuations in

individual DZ's as well as obtain results for the cumulative distribution
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by averaging over the DZ's.

The cumulative distribution washed out the structural features of
the individual DZ's. In many applications of ion beams, the properties
of the cumulative damage distribution are only desired. However, it must
be emphésized that individual events are very important. As pointed out;
above the nature of the cascade may affect the damage level and also the
morphology of the defect cluster (collapse into loops). The dictinction
between individual Aand cumulative effects are impertnnt as il underliies
the impdrtaﬂce ot many atomic processes that occur during the collision
cascéade process. 'These processes may not be evident, when various gross
properties of the material, representing the average over many events, are
measured.

We end this section with a few comments on the subject of sputtering,
which is closely éonnected with the phenomenon of radiation damage. In
fig. 4 we saw that c¢ertain recoil atoms, near the surface-—-that are
involved in the collision cascade==are ejected, provided thalL they possess
sufficient kinetic energy té overcome the surface potential barrier. On

the basis of this picture it is clear that the sputtering yield (S) defined

by:

g = no. of spurtered ions/ cm?

incident ions cm 2
is determined hy tle diatance of the collision cascade from the surface,
the spatial energy distribution as well as the recoil spectrum of the
displaced atoms within the cascade. Cleafly, the bulk of tlie sputtetred
ions wili‘qomg from caécédes close to the surface and the FIM with its

high depth resolution is capable of analyzing the DZ's resulting from
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these cascades. Note that because S is dependent on the recoil spectrum
it should reflect any non-linearities in the cascade. The only problem
is that S is an average over many cascades and over many quantities such
as the enérgy and direction of the sputtered ibns. The non-linearities
have to be very pronounced to be noticeable in S. Here, once again, the
ability of the FIM to detect individual DZ's allows fluctuations to be

detected more easily than with any other method.
, _

I.1.3 Prospectus of thesis

Chapter III examines the nature of the primary state of damage in Pt
and compares it with that in W, so as to determine the effect of the
material properties of the target on the final state of damage.

Chapter IV deals with the change in the nature of the damage in W
as the energy of self-ions is increased. It examines both the properties
of the DZ's as a function of Ej, as well as the change in the defect mor-
phology.

Chapter V deals with the issue of non-linear cascades and non-lin-
earities by comparing the damage state produced in W due to irradiation
with heavy monomers (Ag+ and W+)»with that caused by irradiation with

+
dimers (Ag, and W2+).
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II. EXPERIMENTAL DETAILS

II. 1 Experimental set up

The experimental set up consists basically of two main sections, as
shown in fig. 7--the ion accelerator and the field-ion microscope (FIM) .
The pressure in the accelerator, when in operation, was usually 10 ° torr
while that in the FIM was maintained at <2 % 10" % torr in the absence of
the imaging gas. The pressure differential between the twn seg¢tiona was
maintained by ocparating them by a three-stage differential pumping
system. The FIM specimens were irradiated at tle temperature at which
they were imaged, with the imaging field off, and in the absence of the
imaging gas. fhe time required for the irradiation to the desired dose
was usually less than the time required for one monolayer of CO to be
adsorbed on the surface of the tip.

The accelerator was equipped with a Hill-Nelson sputtered metal ion

1,
source,

which could produce ions of gases introduced into the plasma
chamber, or metallic 1nns produced by the sputtering of the corresponding
metal target in the plasma. The positive ions were extracted through a
small aperture and after acceleration to the desired vultage were mass-
Speétromefrically analyzed Ly an electromagnet in the horizontal directionm.
The ion current was measured with a flag in the flight tube placed before
the entrance aperture to an FIM. By raising the flag the ion bean was
made to impinge on the specimen. The beam current incident on the tip

was measured, while simultaneously monitoring the profile of the beam,

with a specially<designed Faraday cup. The beam was deflected horizon-

tally and vertically by means of deflection plates placed before the

24
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aperture to the FIM.

The accelerator could be operated to give ions, with as low an energy
as 8 keV, although the current was very small compared to that at higher
energies. The highest accelerating voltage which could be applied--
determined by electriéal breakdown in the connections-~-was 55 kV. How-
ever,.by using doubly4charged ions the effective energy range of the
accelerator could be doubled to ilO keV. The use of doubly-charged ious
was also advantageous, as it allowed Lhe use of much lower magnetic
tields than was required to bend singly-charged ions of the same energy.
This was impértant becausg the magnet power supply was not able to pro-
vide sufficient current to bend heavy ioms like W+ having energies greater
than 50 keV. We used doubly-éharged ions for 60 keV and 90 keV self-ion
irradiations of tungsten. The main disadvantage of using doubly-charged
ions was that their intensities were an order of magnitude less than that
of singly-charged ions and as a4 consequence the irradiation tiwe for a
particular dose increased by the same factor. It was poesible Lo ohtain
ion~beans of doubly—éhgrged species, of sufficient intensity (10”8 amps
cm 2) for the various gases (such as Xe, Kr and Ar) as well as for targets
that have a high sputtering yield 1ike Au, Ag aud Ci. However reasonable
intensities (10™ 2 amps cm 2) were also obtaipned for tuﬁgsten which has a
lower sputtering yield.

In fig. 8 we show a characterictic mass spéectrum obtained from the
accelerator for a Xenon plasma and with a Ag target. The intensity of
the beam was decreased to obtain the best resolution. The peaks of the
two. isotopes of Ag are clearly resolved as well as those of Xe, showing

that the experimental set up is capable of a mass resolution (Am/m) better
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than 1/100. The Ag++ peak is also clearly visible and its intensity is 1072
less than the Ag+ peak. The Xe++ peak is also clearly visible, but we
have omitted the Xe+ peak since it is ten times larger than the Ag+ peak.
It was possible to maximize the Ag++ peak by adjusting various parameters
such as are voltage, the extraction voltage, the axial magnetic field in
the plasma, etc. The doubly-charged ion peak was; in particular, sensi-
tive to the arc voltage, which controls the energy of the cxeiting elecrrons.
This was anticipated as more energy is veyulred to create a douhly-charged
ion than a singly-charged one. The yield was also gignifiraatly increased
by increasing the axial magnetic field which constricted the plasma further.
In the duoplasmatron ion source, where a very iﬁtcnse plasia 1s eréated
by tightly constricting it through the use of an intermediate electrode,
very high yields of multiply-charged ions can be obtained, and thus the
effective energy rangé of an accelerator can be further increased.

In order rn carry out irradlatlions with dimers we used the fact that
a fraction of the sputtered atoms forw mmiriatom clusters. While it has
been shown that the secondary ions (charged sputtered atoms) form multi-

4,5 . .
>7?7 various authors have pointed out the presence of

atom clusters,
sputtered multiatom clusters among the neutral particles. A thermoion-
ically, sustained, magnetically cuulined arc discharge in Ar used by
Cooper and coworkers to study neutral sputtering producgs from Cu and

GaAs for the bombardment with Ar+ ions below 100 eV.6’7

Cup molecules
were detected with a fraction up to 6% while for GaAs, aside from the
atomic constituents, only a fraction of 0.6% of GaAs molecules were

found. More recently, mass spectrometric investigations of sputtered

neutrals using post-ionization in a plasma were performed by Coburmn and
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8,
Kay, ?

using a capacitive high frequency discharge at pressures of 6 x 10 2
torr for Ar and 1.3 x 10 ! torr for Ne and by'Oeschnerlo’ll using a low
pressure rédio frequency induced plasma. Oeschner12 showed that there were
multiatom clusters among the sputtered neutréls and that the fraction of
dimers was proportional to Sz; where S was the sputtering yield of the
element. His results gave strong evidence for a étatistical model of the
generation of sputtered molecules. In this model, two or more single atoms
ejected as a consequence of one individual collision cascade may agglom-
erate during'emission when their relative kinetic energy is smaller than
the dissociation energy of the generated molecule. The existence of

such a mechanism is confirmed in particular by the energy distribution
measurements of sputtered diatomic molecules,12 since the formation of
dimers should be enhanced in the low energy region.

Previous irradiations of materials with dimers were done with ée, Te.
or Be which have a high fraction of diatomic molecules in the vapor. This
is the first reported use of the &imérs obtained from the sputtering of
targets, for the purpose of irradiation.

On the basis of the S2 dependenceiof'the dimer current it was obvious
that the best candidates for dimer irradiations were Ag, or Au,.

In fig. 9 we show the mass spectrum obtained using Ag as the target,
employing an accelerating voltage of 20 kV, that clearly shows the Ag2+
peak. We confirmed that this was indeed a dimer peak and not an artifact
caused by the charge exchange of Ag++ in the region between the accelerat-
ing electrodes and the analyzing magnet (which would have led to a peak
at the same position as the Ag2+) by noting that the intensity of the Ag2+

peak was in fact much higher than that of the Ag++ peak. The charge



INTENSITY (arbitrary units)

SPUTTERING GAS: XENCN

+

Xe
ACCELERATING VOLTAGE: 30kV [\

TARGET : SILVER .

MAGNET CURRENT (AMPS)

+ +
Fig. 9: Mass spectrum showing the Az and the .Ag2 peak.

Agt | |
'} Ags
_ (x 10)
)(e++ 1 ‘
II\’ [ f‘K 1 | ) u \l i 1
0 5 35 40 45 50 55 60 65



31

exchange cross-section would have to be very large, given the pressure (p)
inside the accelerator and the distance (1) between the accelerating

. . ++ +
electrodes and the magnet to account for a high conversion of Ag to Ag .
For example, with a typical cross-section of say, 2 x 10 1® cm2, and for

a pressure of 10 ° torr and 1 = 100 cm the fraction conversion is:

Hh
]

3.3 x 1016 plo (2-1)

14

1072
Moreover, the Ag+f peak increased by increasing the arc voltage,
whereas the Ag2+ peak did not increase correspondingly. We also -
bbser&ed the Ag2+ peak increased by varying the gas pressure in the arc
without changing the Ag+ peak. These two observations showed clearly
that the Ag2+ peak was not coupled to the Ag++ current which it would have
been if it were an artifact that depended on it. TFigure 9 shows the mass
spectra obtained for W which clearly indicates the W2+ peak.
We measured the dimer currents for sevgral targets, in order to inves-
tigate the effect of sputtering yield.
Let I; = ion current for monomers; and
I = ion current for dimers.
We can set:
I; = ayS (2-2)
where o is the ionization efficiency of the plasma and y is a transmission
factor that would relate to flag current to the ion density inside the
plasma. Similarly,
I, = aBYS : (2-3)
where 8 would be a factor that represents the formation of the dimer from

two monomers. Hence,
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Iz
Mpy = I—l- = RS (2-4)

i.e., the ratio of the dimer to monomer currents should be proportional
to S if the statistical model proﬁosed by Oeschner is wvalid.

Figure 11 shows the ratio EE plotted versus S. It is approximately
I

a straight line, which is consistent with the fesults of Oeschner.

The FIM images were observed with the help of an internal image-
intensification system based on a Galileo 76 mm diameter channel electron
multiplier array and the FIM images produced in this manner were recorded
on a 35 mm ciné film with the aid of an‘Automan ciné camera equipped with
a 1000 ft film chamber. Each FIM image was recorded after a field evapor-
ation pulse had been initiated. The recorded and developed ciné-film
wés analyzed with a Vanguard motion analyzer which was equipped with x-y
cross-hairs, a position read-out and a zeroing device. The procedure
for reconstructing a depleted zone in three-dimensions from the two-dimen-

sional micrographs is described in reference 14.

IT. 2 Platinum

I1.2.1 Specimen preparation

The EIM'specimens were prepared from platinum wire 0.015 cm in
diameter and 99.999 wt Z pure, obtained from Engelhardt Inaustries. The
wire was given a 9 hr recover anneal -at 450°C by the company, which was
sufficient to cause primary recrystallization of the cold-drawn wire.
Specimens prepared from the as-received wire presented no problems during
the imaging and field evaporation processes--prior to irradiation--but

all of them fractured after irradiation, when the first few layers were
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pulse-field evaporated. Best results were obtained with wire that had
been annealed at 1100°C for 24 hrs in air. At this temperature secondary
recrystallization grain growth takes place and a large fraction of the
FIM specimens were found to have a [111] fiber axis. Specimens with a
[111] fiber axis were preferred for the irradiation experiments as a =
larger number of high index planes were obtained that could be utilized
for analyzing, in atomic detail, the displacement cascade--hereinafter
referred to as depleted zones (DZ's).

Great care had to be taken to maintain the wires in a stress-free
state, after the annealing, since this was found to greatly affect the
fracture rate of the FIM specimens after irradiation and during pulse-
field evaporation. The importance of this became clear when an aﬁnealed
piece of wire was work-hardened by merely straightening a small length.
FIM specimens prepared'from this length fractured at once after bombard-
ment for ion energies as low as 10 keV, before even one or two layers
could be field-evaporated.

Sharply pointed FIM specimens were prepared by the standard electro-
polishing technique at 3 to 4V dc, in a molten solution of NaNOj3 and
207 by wt NaCl at 623K. The procedure consisted of dipping a wire speci-
men, at regular intervals, into the salt bath to a depth of ~5 mm and rap-
idly removing it after 0.2 sec. Next the FIM specimen was field evaporated
continuously at 77K and then pulse field-evaporated at 70K to a final

end-form at a background pressure of 1 x 10"% torr Ne.

11.2.2 Irradiation
All the irradiations were carried out at 60K and the FIM specimens

were maintained at this temperature throughout the pulse-field evaporation
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process. Attempts to field-evaporate platinum at temperatures lower than
60K were made but the rate of fracture was &ery high. so that little infor-
mation on the vacancv structure of the DZ's could be obtained. At 60K,
almost all contrast is lost around the (111) and (001) planes, if He is
used as the imaging gas. Thus, it was necessary to use Ne .as the imaging
gas. The resolution with Ne is lower than for He, but the contrast is

far superior and allows the analysis of tﬁe vicinal planes around 111 and
100 poles. Figure 12 shows a typical FIM image obtained for Pt at 60K, "
using Ne as the imaging gas.

The energy of the irradiating ions was limited to 20 keV as the frac-
ture rate rose sharply as the energy of the bombarding ions was increased.
Almost 100% of the FIM specimens fractured at bombardment energies greater
than or equal to 30 keV. The fracture rate ié intimately linked up with
the nature of defects produced inside the specimen, as discussed later in

this thesis.

TT.2 Tungsten

II.3.1 Specimen preparation

The specimens were prepared from two-pass zone-refined tungsten rods
which were gr6wn from a seed so that the axes of the crystals were along
the [222] direction. They were first reduced to 0.55 mm diameter rod by
electropolishing at 30 V dc in a solution of 20 g NaOH in one liter of
a 60-40 by volﬁme mixture of glycerol and water, with air bubbled through
the eleétrolyte. The thinned rods were then polished and sectioned into
2 cms lengths, 0.1 mm diameter in a 1N NaOH electrolyte at 9 V. A sec-
tion of the rod was mounted in a specimen holder and polished with a

sharply pointed FIM tip by dipping the specimen to a depth of 3-4 mm in
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Fig. 12: FIM micrograph of platinum tip imaged with Ne at 60K.
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a 1IN solution of NaOH and applying a voltage of 4 V A.C. between the speci-
men and a stainless steel cathode. Normally a tip having the desired
radius was obtained when 1 mm of the specimen was removed by electropol-
ishing. Occasionally, certain specimens could not be polished to the
desired radius by this technique. To overcome this problem, we applied
a very low voltage of <1 V A.C., for some time, to thin the specimen down
to a very small diameter (~.005 cm) and then applied sudden pulses of 4 V
A.C. Very sharp tips, suitable for FIM imaging could be obtained. 1In
some cases, etching took place faster at a point above the end of the
specimen aud as a result the lower portion dropped off. The point formed
by this drop-off method was found to be excellent for imaging purposes,
provided that the end was back-polished slightly after the drop-off.
There was no evidence for any strains produced in the material, caused by
the drop off as reported by Miller. The initial end form of the electro-
polished tip was extremely rough on an atomic scale. An atomically smooth
end form was obtained by combining dc and pulsed field-evaporation at /RK.
IT1.3.2 Irradiation

All the irradiations were carried out at 10K and the temperature of
Lthe FIM specimens was maintained at this wvalue throughout the pulse field-
evaporation process. This temperature is below that for trhe long range
migration of the STA in tungsten, so that during the entire experiments
there was no mavement of any defects and Lhe damage distribution repre-
sented the primary state of damage. Helium was used as the imaging gas.

The tungsten specimens were bombarded with 20, 45 keV W+, 60 keV W++
ion or 20 keV Ag+ ions. The typical doses ranged from (5 - 10) x 1012

2

ions cm 2. Irradiations were also performed with 40 keV W2+ and Ag2+
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dimers and similar doses were used. The dimers as well as the 60 keV W+
currents were low and as a result the irradiation period was much greater
than the time required to form one monolayer. However, we ﬁere able to
check that this introduced no artifact vacancies in the image by keeping
the specimen, with the field off, and under the same conditions as during
irradiaﬁion, but with no ion beam incident on it, and then bringing the
voltage back up to the imaging voltage. The exact same image of the tung-

sten surface was obtained as before with no evidence of any corrosion.
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III. DAMAGE STATE OF ION-IRRADIATED PURE PLATINUM

III.1 Introduction

The present chapter represents an extension of the earlier radiation
damage research on body—centered cubic (bec) tungsten to face-centered
cubic (fcc) platinum. Platinum is particularly well-suited for FIM
work as clear images can be routinely obtained and the image éuality
has been well characterized. An added advantage is that it is very
close to tungsten (W) in atomic number and weight, so that it is possible
to compare directly the damage prgduced in the two materials by ions
of the same mass and energy without having to correct for differences
in the target atomic numbers. There is earlier quantitative work on
DZ's in fast neutron-irradiated Pt by Attardo and Galliganl’2 and Inal
and Galligan3; the main emphasis in this work was in determining size
distributions. The firs; work in determining the spatial distribution
of vacancies within and around DZ's was done by Wei and Seidman,4 who
examined a (220) vacancy platelet produced in a specimen of a Pt-47 Au
alloy by a single 30 keV W+ ion at 40K,

in the fesearch on W the point-defect structure of Dz's created
at both'lSKs’6 (Stage I) and 473K7 (neér the top of Stage II) were
studied. See Ref. 8 for a discussion of Stage II (25°K to 400°K) in
pure Pt. 'The work ﬁrésented here describes the nature of defects bro—
duced in Pt during Stage II by 20 keV Kr+ irradiations, and compares
the experimental results with those predicted by various theories of
radiation damage. Finally the results are compared with those»from

irradiations of W in order to determine the contribution of the nature

41
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- of the target material on the damage state. The results are also com~

. o |
pared with those from 20 keV Pt irradiations at the same temperature to
illustrate the effect of increasing the atomic number (Z;) of the projec-

tile on the type of defects created.

I11.2 20 keV Kr+ irradiation of Pt

III.2.1 Results

The experimental details regarding opccimen preparation and irradia
tion were described in Chap. II. The results for 20 keV Kr+ irradiations
of pure Pt showed that the primary state of damage due to 20 keV bombard-
ment at 60K could be classified into 3 morphological types: (a) depleted
zones; (b) compact vacancy clusters or voids; and, (¢) dislocation loops.
The voids can be considered as DZ's with very high vacancy concentrations
and we have classified them as such, pointing ou the void—like nature,
where it was pertinent. We were able to detect seven DZ's (this included
void—iike DZ's) in planes that had'a low point-defect artifact density
and we analyzed them completely. In addition, we have observed other
defects that were classified as loops by virtue of contrast effects
obtained in the FIM images.

Tn all, eight DZ's and threae dislocation loope were detected in
three FIM specimens which had been irradiated with 20 keV Kr+ ions. The
tips had a radius of approximately 300 A which was determined by the
method of Dreschler and Wolf.l.l Their expression for the tip radiﬁs is:

nd

_ nkl _
Y= 1T - cosp) (3-1)

where n is the number of rings between the two poles, d is the step

nkl
height, and 8 is the crystallographic angle between the two poles. The
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local tip radii were measured between the 200 pole and 420, 620, 311

poles and the 111 pole and 202, 313, 642, 311 polés and the average of
these was taken as the radius of the tip. All of the tips had an (001)
orientation. Figures 13 a, b, and ¢ exhibit the partial standard stereo-
graphic projections that show the top view of each specimen. The plane
(dr_blanes) on which a DZ was detected is indicated. The cross~sectional
side views éf the specimeﬁ are shown in figs. 13 d, e, and £. The figures
show the positions of other damaged regions detected in the specimens

but which could not be analyzed in atomic detail. The defects were
labelled as DPKrla and LPKrla, the first letter "D" or "L" indicating
whether the defect is a DZ or a dislocation loop respectively; "P" de-
notes the material of the specimen (in this case platinum), "Kr" indicates
the type of irradiating ion (in this case Kr) and ;he last two characters
indicate the serial number of the tip and the serial number of the defect
in the tip, respectively.

Figure 14 shows FIM micrographs of a platinum specimen before and
after irradiation with 20 keV Kr+ ions. The regions in which damage is
visible is indicated in fig. 14 b by vees.

We analyzed the DZ's and the dislocation loops that were created by
the irradiation.

111.2.2 Analysis of Depleted Zones

Using the method developed by Wei5 we analyzed in atomic detail the
vacancies constituting each DZ. The method required the vacancies to be
situated in planes that possess sufficient atomic resolution for each
atom in the pléné'to be seen and which have low artifact vacancy concen-

trations. Only the regions around the 420-type planes--excluding the
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(200)

Fig. 100 & schematic diagram showing the arrangement of atoms of vari-
ous planes in and around the 420 pole. The solid black cir-
cles indicate the atoms in the zeroth layer and the open cir=
cles indicate the atoms in the first layer.
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{420} and {731} planes--satisfy this requirement. In an FIM specimen
with a 111 pole, there are six such regions while in a specimen with a
002 pole there are four such regions observed in the FIM pattern. Figure
15 shows a schematic diagram of two successive layers for the 420 pole.
The atoms in the zeroth and first layers are indicated by solid black
circles and open circles respectively. The Miller indices for each
plane are shown in the figure. The veétors which are along the inter-
section of two neighboring planes are also indicated. The vectors are
in units of ap/2 where ap is the lattice constant. The diagram was
plotted using the procedure and information given in Nicholas' Atlas.9
Figure 16 is an FIM micrograph showing the location of each plane in
the region of the 420 pole. Figure 17 illustrates a field evaporation
sequence showing the vacancies oﬂ successive planes. Once the atomic
positions of the vacancies were obtained it was possible to obtain a
three-dimensional visualization of the DZ using the OR TEP program.lo
Also the following quantities of interest were determined for each DZ.

(a) Number of vacancies (Vv);

(b) Mean depth of DZ (L);

(c) Spatial arrangement of vacancies;

(d) Mean vacancy concentration (cv); and,

(e) Radial distribution functions.
We briefly describe the manner in which each of these quantities were
determined before presenting the results.

(a) The parameter, v, is the easiest quantity to determine and

was obtained by directly counting the vacancies in the planes. In the

cases where the DZ overlaps several planes and vacancies appeared on



Fig. 16: An FIM micrograph showing the arrangement of planes in the
region of the 420 pole.
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Fig.

17: A series of eight FIM micrographs out of 567 recorded during the atom-by-atom dissection of a
depleced zone. The solid black circles indicate normal lattice atoms and the open circles in-
dicate vacant lattice sites.
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the edge separating two planes, the computer program checks to see
whether a vacancy had been counted twice by comparing coordinates in the
cubic coordinate system of the lattice.

(b) The parameter, L, can be calculated from the follgwing expres-—

sion:

. "nx1%nia
sin® cosB

(3-2)

where (hkl) is the plane on which the center of the DZ was situated,
0 is the number of (hkl) planes from the initial surface, field eva-
porated before reaching the center of the DZ; the angle & is the azimuth-
al angle with respect to the pole and 6 the angle with respect to the
incident beam direction. The derivation of eq. (3-2) can be found in
appendix B, as well as the exact expression. Equation (3-2) is a good
approximation as long as the range L is small compared with the radius
of the tip R, which it was in the majority of the cases we considered.
In fact, the small differences between the actual value of L and the
approximate one calculated from (3-2) are probably less than the uncer-
tainty in pinpointing the exact center of the DZ.

(c) The OR TEP drawings give a direct vismalization of the spatial
arrangement of vacancies. An important quantity that characterizes the
N7 is its dimensions in variOus'diLectiuns. The dimensions of each DZ
were determinéd by calculating teh standard deviations for projections
along the 13 principal <100>, <110> and <11ll>-type directions. The
largest standard deviation was defined as the major axis--dimension, 07,
The average value of the standard deviations for the distributions per-

pendicular to the direction of o; was defined as the minor axis dimension,
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7. An average dimension <A> was defined as the 20 average full width
by the expression:

1/3 (3-3) '

<A> = 2(0‘10’22)
The volume of an ellipsoid with major and minor axes of o; and o, is

then:

V., = —(—== (3-4)

and would include 307% of the total number of vacancies within the DZ.
(d) The determination of the vacancy concentration within an indi-
vidual DZ depends on the definitién of the volume of the lattice occu-
pied by the DZ. We have chosen to calculate the number of atomic sites
included in a volume which was made up of a series of rectangular slabs
which were fitted to the contours of the DZ and which included all
the vacancies in the DZ. The first series of slab-elements are four
atomic layers deep, normal to the [100] direction.of the W lattice with
a lateral extent determined by the largest vacancy conéentration along
the [010] and {001] directions. The vacancy concentration is then:

c, = \)/§AVj (3-5)

where AVj is the number of atomic sites within the jtﬁ slab element and
v is the total number of vacancies in the DZ. 1In order to compensate for
‘the irregular shape of the DZ's, this calculation was repeated for slab
elements normal to [001] and [010] directions. An average of the three
results was Faken as the vacancy concentration <cv>.

In Table 3.1 and 3.2, we have. summarized the various quantities
listed above, for the seven DZ's that were analyzed in detail. 1In figs.

18-24, we exhibit the OR TEP visualizations of the 7 DZ's. Each of the
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TABLE 3.1

Range, number of vacancies and vacancy concentration
for the DZ's produced by 20 k%eV Kr nn Pt

“DEPLETED | RANGE (L) | NUMBER OF e
ZONE (DZ) i VACANCIES (ATV%)
(v)
DPKrla 27.5 154 1.7
DPKrlb 5 155 445
DPKr2a 5 116 2.5
DPKr2b 45 269 7
DPKr2c 5 85 11
DPKr3a 39.6 209 3.7
DPKr3b 15 269 10.8
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TABLE 3.2

Dimensions of DZ's produced by 20 keV Kr+ on Pt

DEPLETED | ELONGATION | A;' Ayt as’
ZONE (DZ) | DIRECTION i @ |

DPKrla [001] 57.8 | 35 41.35
DPKrlb [001] 30.74 | 21.4 | 24.14
DPKr2a [011] 50.3 | 29 34.84
DPKr2b [001] 29.4 | 20.45| 23.08
DPKr2c [101] 14.8 | 10.3 | 11.62
'DPKr3a [011] 36.8 27.16 | 30.05
DPKr3b [001] ' 16.6 | 13.57| 14.51

TSee text and eqn. (3-3) for the definitions of
‘A1, Ag, and <A>.
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Fig. 22: An OR TEP drawing of depleted zone DPKr2c.
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vacancies has been represented by a sphere and the surrounding lattice has
been omitted for clarity. Vacancies that lie on first nearest neighbor
sites on a lattice have been connected by bonds in order to give an indica-
tion of the degree of clustering.

(e) As can be seen from the OR'TEP visualizations, the loc¢al dis-
tribution of vacaﬁcies within the DZ's can be highly non-uniform with a
strong tendency towards the formation of local clusters of vacancies. In
order to characterize these variations within the DZ, we have calculated
two types of average radial distribution functions (RDF's). The first is
a local RDF, R(i)/Z(i), which measures the average fraction of vacant sites
around each vacancy in the DZ out to the 9th nearest.neighbor. Here R({i)
is the average number of vacancies in the ring of the i-th nearest neigh-
bor lattice sites and Z(i) is the coordination number of the ith shell.
The first distribution is a measure of the average local enviromment
around the vacancies.

A second distribution N(i) extends over thé entire DZ and is the
average number of vacancies in an annular shell of thickness ag and
radius rj cente#ed on a vacancy. This second distribution gives a measure
of the separation between major clusters of vacancies within the DZ struc-
ture.

In fig. 25, we show R(i)/Z(i) for the seven DZ's as well as the
average for all the DZ's. The individual R(i)/Z(i) show large variations
from DZ to DZ, which is apparent from the OR TEP visualizations. The
average R(i)/Z(1i) gives the average local distribution around a vacancy
when a Pt target is bombarded with a low dose of 20 keV Kr+ ions such

that the individual cascades do not overlap. This average is therefure
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representative of the eumulative damage profile.

In fig. 26, we show <N(i)> for the seven DZ's. The <N(i)>'s reflect
the difference in the degree of clustering from DZ to DZ. For example, .
DPKrla is a diffuse DZ and its <N(i)> shows no prominent peaks. On the
other hand, the compact nature of DPKr3b shows up in a sharp single peak
at 3A.

Since the atomic positions of the vacancies are knewn, it is possible
to determine the degree of association of vacancies into clusters which
are linked to each other by nearest neighbor ‘distances. This was carried
out with the help of the computer and the following information was ob- .
tained for each of the DZ's.

DPKrlb: There were 33 monovacancies, six divacancies, and one each
of clusters of four, 47 and 68 vacancies.

DPKrla: There were 89 monovacancies, 12 clusters of divacancies,
two clusters of tri-vacancies and one each of clusters of six, 14 and 16.

DPKr3a: There were 69 monovacancies, 11 clusters of divacancies,
four clusters of 3 vacancies, two quadravacancies and one of each cluster
of five, six, seven, 24, 26, and 30.

DPKr2a: The number of monovacancies was 61, there were 9 divacan-
cies, two clusters of six and one each of clusters of seven and 17.

DPKr2b: There were 53 monovacancies, 10 divacancies, one each
of clusters of three, five and eight vacancies-and one jumbo cluster of
182 vacancies.

DPKr2c: There were 19 monovacancies and one big cluster of 65
vacancies.

DPKr3b: There were 41 monovacancies, five divacancies, two.clusters
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Fig. 26: The spectra of the <N(i)>s for depleted zones produced by
20 keV Kr® ion on platinum.
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of three and one jumbo cluster of 224 vacancies.
III.2.3 Discussion

In this section, we will compare our experimental results with the
- predictions of radiation damage theory. In the past, the theory has
followed two approaches. The first, the analytical theory, developed to
a 1a;ge extent to by Sigmupd12d14, is based on transport theories, while
the second approach, using Monte-Carlo methods, utilizes the computer to
simulate the transfer of energy between the irradiating particle and the
target atomsls-ls. It ﬁust be emphasized that both approaches depend very
heavily on knowledge of the interatomic potentials, which ére not very
well known--particularly at values of e<<10 2. Various approximations
are in current use and using these, both theories havg been succéssful in
dealing with the range of energetic ioms in solids. Nevertheless, caution
has to be exercised in comparing the theoretical predictions with the
experimental results. Agreement between the two does not necessarily
indicate the validity of all the assumptions underlyiﬁg fhe theory,
while disagreement definitely will point out various deficiencies in the
theory.

The analytical theories are more diffiecult to apply to éur results

than the Monte-Carlo approach because they deal with quantities that are

the result of bombardment by a beam, i.e., by a lérge number of particles,

whereas we are dealing with quantities due to a single projectile ion.
We shall henceforth refer to quantities related to the beam as "cumulative'.
quantities and those to single ions as '"individual" quantities. For

example, the analytical theories give the width of the cumulative damage

profile which is obviously going to be larger than the individual width.
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Attempts have been made to relate the quantities calculated from analytical

19 In this

theories to individual quantities tﬁrough contraction factors.
respect, the Monte-Carlo siﬁulations are cioser in spirit to the experi-
ments, as they follow the path of a single ion through the solid and
obtain the results for a beam by superposing the results for a large
number of ions. The computer codes wfitten for this purpose differ in
their sophistication. The Monte=Carlo calculations of Rublnson and Tor-
rensl7’18 designation MARLOWE allowo the effeﬁt ol target crystallinity to
be studied--but it is time consuming and expensive. The recent TRIM code
by Haggmark and Biersack20 is far more efficient, though it is restricted
to amorphous targets. Both TRIM and MARLOWE assume binary collisions
between projectile and target atoms, thereby neglecting many-body effects.
In the range of energies above 1 keV these effects are assumed to be insig-
nificant. |

We have adapted the TRIM program to simulate the creation of cas-
'cades within the target by following the trajectories of all thec recoil
atoms with energies above a threshold énergy (Ed)’ as the incident ion
energy is dissipated through a series of recoil events. We then calculated
various quantities of interest that could be comparedndiIEuuly with the
same quantities for the experimental DZ's. We found the computer simula-
tions fo be extremaely uscful as tlhey alluwed for variation of input-para-
meters of the incident ions such as the angle of incidence. The computer
simulations were also capable of taking into account the loss of energy
dne to.recoil atoms leaving the surface or the incident projectile being
backscattered out through the surface, a feature which the analytical cal-

culations were incapable of accounting for. TFor large angles of incidence,



67

and in other céses where the DZ's were formed near the surface this effect
can be important in determining the shape and size of the DZ.

The next few subsections will compare the results of theory with
various experimental quantities.

IIT.3.3a Number of defects

The most useful as well as commonly used measure of the damage rate
due to an inéoming ion is the number of vacancies (v) created per incident
ion. The most elementary theory and the most widely used one for obtain-
ing an estimate of the number of vacancies created iﬁ a cascade is that

of Kinchin and Pease.21 They obtained for the number of vacanecies:

= £ -
vg-p(E) = 28, (3-6)

under the assumption of an amorphous solid, two-body hard sphere atomic
collisions, a sharp displacement fhreshold (Ed), and no inelastic energy
losses. If an energy a is lost during the development of the cascade
through inelastic processeé, the total energy available for elastic col=-
lisions, or damage energy is (E—Q). Also, when a more realistic inter-
atomic potential is used instead of the hard-sphere model, the scattering
cross=section favors low-energy transfers, resulting in a smaller numbes
of displaced atoms per cascade. Equation (3-6) may then be written, as
pointed out by Robinson and Tor.:ren’s:18

. E-0 _

The factor n, known as the displacement efficiency, depends on the scat-
tering law assumed. For a Moliére-type potential n is usually around

0.84. It is independent of the energy E because the vast majority of the
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cascade atoms are generated from low-energy collisions, which would make
v(E) remain directly proportional to E.

For the case of 20 keV Kr+ on ft, we obtained the value <E - 6>
from the tables of Winterbon,22 which were in turn based on a Linhard-
Scharff electronic stopping formalism.24 For Pt, we took Ed = 36 ev23

and from Sigmund13 we assume n= 0.84. Equation (3-7) then gives

v = 172. The modified K-P expression givec thc mean number ul vacan-

R-T
cies but giveé no indication of the spread in the number of vacancies.
There are several sources of fluctuation in v. They are:

(i) fluctuations due to the differences in the kinematic evolutiqn
of the cascade;

(11) fluctuations in the electronic energy loss Q; and,

(iii) fluctuations in the threshold energy Ed'

Leibfried25 has discussed the effects of (i) using hard-sphere
scattering and the K-P sharp displacement threshold model. He found the
scaled Vériance; <Av2>/<v>', to be given by:

(<v2> = <v>2) /<> = 0-15 (3-8)

For <v> = 180 we obtain the standard deviation for the distribution in the
number of vacancles to be Av = 5, Lehman26 showed by an example that
increasing the relative importance of forward secattering over thc hard-

sphere approximation leads to an increase in the scaled variance to 3l.

This increases Av to =77 for <v> = 180.
v

Linhard, Scharff and Schiott27 provided several estimates of the
fluctuation in electronic losses from scattering of the target electrons.

Fluctuations in the electronic loss AQ, results in equal fluctuations in
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(E; - 6) and thus the number v according to the Robinson-Torrens formula.

e AR L Q. AV oo o QL .
According to one estimite, T ”«l4(E1) which gives <v>—,7A for 5 0.25,

Another estimate based on the ratio of electronic to nuclear stopping powers

givéé s 47,

The contribution from (iii) is more difficult to evaluate since it
is not immediately evident how the nature of the threshold energy will
affect the damage in a cascade. Both computer simulations as well as
electron damage experiments-indicate that the displacement energy depends

28-30 It is clear that the assumption

on the crystallographic direction.
of a range of values of Ed will lead to a broader distribution of the
number of defects than a single threshold. However, it is likely that when
an atom is displaced from its lattice position the displacément will be
determined by the minimum threshold energy. In Pt, we have chosen the
minimum threshold energy of 36 eV as the threshold energy. Lucasson31

has proposed an effective threshold energy that is four times the minimum
value. Such a threshold energy gives the number of defects as v = 43,
which is far below the results obtained from our FIM data;

We have also calculated the number of vacancies produced in a cas-
cade from computer simulations. The same assumptions were made for the
production of a vacancy as Kinchin-Pease, namely that a vacancy is created
every time the incident and recoil atoms have energies greater than a

sharp threshold E If at the end of the collision the recoil atom has an

4
energy greater than.Ed—-but the incident particle has an energy less than

Ed—-the number of vacancies is unchanged. The paths of all recoil atoms

having an energy greater than Ed were followed until their energy had
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dropped below Ed. Using the Lindhard-Scharff expression for the electronic

energy loss we obtained <v> = 182, which is close to <v> This was

TRIM R-T"®
not surprising since the same assumptions were contained in both results.

The computer simulation has the advantage of giving the value of <Av> due

to kinematic fluctuations. We obtained <Av>TRIM = 11, so - that
<Av> _ g ‘ A . .
( <v>)TRIM = 6%. Both the analytical as well as the iRIM results indicate

a very narrow spread in v.

The avcrage v observed experimentally was <\)>exp = 184 which agreed

very well with <v>R_T and <\)>TRIM but the experimental fluctuations

<A\)>exp = 79 were several times greater than the theoretical fluctuationms.

In fhe experimental arrangement the ioﬁs were incident on the sur-
face of the specimen at angles greater than.50°. Since a number of the
observed DZ's were very close to the surface thé-effect of loss of energy
through the surface, on <v> was investigated, ueing the TRIM prugram. For

iang incident at 60° tu Lhe surface we obtained Wrerm T 144 and

<Av> = 135,

Aes wa3 expected, due €6 loss of energy through the surface, <v> was
fiuch less for an angle of incidence of 60° than for normal incidence.
The value of <Av> was also three times greater. The cascades produced
near the surface, on the average, have a omaller number of vacancies,
though a large number still possessed the full complement. A caécade with
as few as 12 vacancies and one with 32 were obtained in a sample of 50
~cascades. The cascades that were produced deeper inside the target, had

on the average, the same number of vacancies as those for normal incidence--
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which was to be expected as there was no loss of energy through the sur-
face for these cascades. The larger value of <Av> for the 60° incidence
was a result of cascades with smaller values of v, that is, the distribu-
tion was skewed towards lower values whereas at normal incidence it was
approximately a gaussian. The maximum possible value of v. remained the
same independent of the angle of incidence. On the basis of this consid-
eration, we regarded an observed v which was outside <v> + 3<Av>, calcu-
lated for'normél:incidence to be significant. For 20 keV Kr+ on Pt, if
we obtained an experimental value of v for a cascade that was greater than
182 + 3(11) = 215 we regarded this as an indication of a physical process
that had not been incorporated in the theory.

The small number of vacanciés in DPKrZa‘and.DPKrZC could be inter-
preted as a result of the loss of energy through the surface. The v's

for DPKr2b and DPKr3b were significantly larger than v In each DZ,

R-T"

there were regions With a high local vacancy concentration, which were
large in size as was evident from the distribution of a first nearest
neighbor cluster sizes.

The high'concentration of vacancies indicated that the deposited
energy density in this area was very large. The cascade that generated

32

this DZ was therefore very likely a non-linear cascade. In such cas-

cades v may be very much iarger than v .because the assumptions of binary

R-T
collisions breaks down. Moreover, the large number of atoms that are
set into motion would destroy the lattice structure within the cascade
during the time that it develops, leading to lower values of Ed for

atoms displaced during the later phases of the collision cascade.

A frequently employed measure of cascade energy density is 8g, the
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. + .
mean energy density at the core of the cascade. For 20 keV Kr on plati-
89 represents an average for many cas-

num, we obtained 89 = 7 eV/atom.
cades, but the statistical fluctuations cause the energy density to vary
from one cascade fo another produced by ions of the same mass and energy.
It is therefore ﬁossible for the cascades produced by projectiles with‘
same.Ml,El to spanvthe whole range from "linear" to '"non-linear'. There-
fore, the actuai fluctuations in v will be greater than that expected
assuming that all the cascades were liﬁear‘ It is expected An the bacio

of this reasoning that fluctuations in v should become greater as we ap-
proach the case of heavy ions on heavy targets where the nonlinearity in
the cascades should become more prominent.

It has been commentéd on before that v will depend on the recoil
For the case of a single threshold

spectrum will produce a different functional dependence on Ed. Ohvinusly,
ax = 411.
d

[}
m'r!h

spectrum of the atoms in the cascade.
eqn. (3-6) arises from the E 2 recoil spectrum. A different recoil

Ed’
the largest number of vacancies that can be produced iS“vm

This value is greater than the largest v obtained experimentally, assum-

is a good approximation to the
This

ing E, = 36 ev.
The FIM data indicated that VR-T
average number of vacancies in spite of the large fluctuations.

agrees with other regculta of FIM un lon-ifradiated tungsten for which

more statistics are available, but is in sharp disagreement with the
He used resistivity measurements, on thin filme

conclusions of Averback.
of Copper and Silver, to determine the point-defect production below 10° K

due to irradiation with ion masses between 1 and 209-amu--in the energy
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range between 20 and 850 keV. In the expefiments, v was calculated from
the expression:

Nt ,dAp

= 3t ¢

Ve QF d¢ 0 (3—8).

where N is the atomic density, t is the film thickness, is the Frenkel-

8-

pair fesistivify and (%%g- is the size-effect corrected initial-damage
0

rate. A cascade efficiency factor was defined by the relationship:

ve
£ = — (3-9)
VR-T

They found that & 1 for light projectiles but that for masses >20

£ was approximately 0.4 for both Au and Cu. According to our FIM data,

even for heavy projectiles £ = 1. The low value of & obtained by Averback
may be due to the reduced resistivity:contribution of vacancies in clusters.
A 507% reduction in resistivity per vacancy seems reasonable for clusters
containing several hundred vacancies. The effect of clustering on the re-
sistivity is clearly shﬁwn by the results for Ag and .Au above Stage III,'34
the temperature range in which the vacancies are mobile. TEM data indi-
cates that a large fraction of the vacancies survive as clusters and £=0.4.
However, thg resistivity data showed that £ = 0.1, whereas at low tempera-
tures it was-=0.4. Since the TEM results indicate that there has been
very little decrease in the total number of vacancies in the sample, the
decrease in the resistivity can only have Been caused by the rearrange-
rment of the vacancies. This confirms the fact that the.resistivity con=
tribution per vacancy is dependent on the spatial arrangement of the

vacancies and that the residual resistivity measurements considerably

underestimated the number of Frenkel pairs Iin a cascade. While there
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appears to. be some difficulty in obtaining absolute damage rates from
resistivity measurements; the relative comparisons of damage rates should
be free from these difficulties. Merkle and Averback34 studied the iso-
chronal recovery of electrical resistivity in Ag after irradiatioms with
various ions and found that for heavy ions, the total recovery above

Stage 1, corresponding to long-range interstitial migration was very low.
It was =10% for self-ion irradiations of Ag and ~15% for Au. This agreed
very well with the FIM results for Pt where wc found that v did not changg
much from the value expected for no recombination even though the STA's
were mobile. The result can be understood on the basis of the picture

of damage indicated by the FIM results on W; of SIA's well separated from
the central core of vacaﬁcies, possibly as a result of RCS's along close
packed directions. Wei, Seidman and Beavan42'measured the mean separation
of SIA's from tﬁe ﬁacancy—rich core to be 160 + 120 A. In Pt, we also
expected that the SIA's should havc beeir separated from the vacancies

and ao a consequeuce, during their long-range wmigration, they were anuni-=
hilated mainly at the surface, rather thanm at the DZ's. In the case of
three-dimensional diffpsion it is well known that the probability for an
SIA to return to its origin is 50,35.35

III.2.3b Radiation damage range and prufile

The DZ's were produced at various depths within the sample by incom-
ing ioms. .The stiper-position in space of many such DZ's should givé the
radiation damage profile due to a beam of ions. The mean damage range for
such a profile can be calculated from analytical theories and is tabulated
for various ion-target combinations and energies by Winterbon. Using

these tables we found the mean damage range L = 38 A. Under certain
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simplifying assumptions, it can be shown analytically that the mean depth
of the centers of individual cascades is-equal to the mean depth of thé
overall damage distribution. Benedek36 reports that in the MARLOWE simula-
tions of various ions on Au, the mean of the average damage depth for
individual cascades was very close to the mean damage depth for the overall
distribution. We used this fact to determine L from the TRIM program for
cascades. The:TRIM program gave L = 34.45 A with straggling AL = 23.7 A.
‘All the DZ's, as well as other defects, were found within the expected
limits. fheré is, however, a slight bias to the lower side of the range.

A cumulative damage profile that can be compared with theoretical
results can be obtained by adding the total radiation damage due toé the
seven DZ's. We did this by counting the number of vacancies in 5 A thick
slabs, parallel to thé surface of the specimen for each of the DZ's and
summing up the total number of vacancies for each slab. Note that in this
process the structure of the individual cascades was washed out and was
replaced by a smoother distribution. The total vacancy count was 1285.

We related the vacancy distribution to the damage profile as follows:
Let Av(x) equal the number of vacancies in one 5 A slab at a distance X,
measured normal to the surface, i.e., along the direction [hkl] that was
perpendiéular to (hki). We assﬁmed that:

Av(x) = aF (x)Ax (3-10)

where FD(x)Ax was the damage energy deposited between x and x + Ax (here
we have taken Ax = 5 A) and where o is a constant. If Ax is large
enough we would expect the propbrtionality to be given by a Robinson-Tor-

rens type formula with:
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O.8FD(x)Ag

2Ed

Av(x) = n (3-11)

Since FD(x)Ax is the total energy going into recoils in the volume repre-
sented by Ax, we expect that the recoil distribution within this volume

would be the same as that within the cascade volume as a whole. This

point has been proved rigorously by Sigmuhd.37

1f NV is the total number of vacancies created and E is the total

damage energy, then:

~

_ _ 0.8E
N, =n —ZEd (3-12)

Thus from eqmns. (3-10) and (3-9), we obtained:

) Av (%) ) FD(X?AX

v Nv é

f (3-13)

" That is, if the fraction of vacancies is plotted as a functiou vf distance,
then the curve or histogram would be the same as the damage profile
measured in terms of the fraction of the total deposited. damage energy

as a function of depth. Note that this is not exactly the sauwe as the
damage profile referred to in the analytical theories which consider

the damage depnsited aa a fraction ot the incoming energy, although the

shapce gi tlie profiles will be the same. It is necessary to depict the
damage pfofilc in this fashion'in order to match the calculated proliles

to the experimental damage préfiles measured from the vacancy counts, with-
out ‘using any scaling factors. We obtained the theoretical damage profile
using the TRIM progrém for 103420 keV Kr* ions incident at 60° and 70° to
the surface of an amorphous platinum target, with the damage distance

measured normal to the surface. Figure 27 exhibits the results of the
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calculations as well as experimental results. The peak in the damage pro-
file moves closer to the surface as the angle of incidence is increased.
This is expected from simple geometric considerations, because on the
average the larger the angle of incidence of the incident ions, the

closer is the path of the average projectile ion to the surface and a
larger fraction of the recoil energy is deposited ne;r the surface.

The version of the TRIM progrvam used to calculate the damage profile
considers the path nf the projectlle alone and calrnlateo the dawage pro-
file from the energy transfer to rhe target atomg along ils pdth. The
damage distribution representing the energy E ultimately left in the motion
of the target atoms is calculated from the theory of Linhard.39 However,
note that the spatial extentAof the damége profile is determined by the
path of the incident projectile~-~the recoil atoms are not considered at
all. In other words; the individual collision cascades will not affect
the cumulative damage profile.

The TRIM results for an angle of incidence of 70° agreed well with
experimental results. The average angle of incidence for the seven DZ's
was =70°. 1In fact, for five out of seven DZ's the angle of incidence was
«70°. In one case, it was 54° gnd in the other case it was =85°.

The excellent agreameul betrween the experimental profile obtained
from summing the damagc associated with individual DZ's with the damage
prufile from TRIM illustrates ghe comments made above regarding the indi-
vidual DZ's and the cumulative damage profile. It shows that the approxi-
mations introduced in the theory of ion stopping are valid for the parti-
cular energy El'and the ion-target combination for wﬁich e = 2.8 x 10 2,

It should be noted that, whereas the theory may be adequate to predict
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the cumulative damage profile it may not necessarily be able to predict
the spatial extent of individual DZ's as the € for the recoil atoms are
very small and in the range where the atomic potentials used are not well
known.

This example illustrates the ability of the FIM to-carry out measure-
ments of the damage profile with very high resolution and complements
the work of Aidelberg40 on the measurement of damage profiles in order-
disorder alloys (Pt3Co and NiyMo) using the change in the degree of long-
range order as a measure of the deposited energy.

We end this section. on damage profiles with a brief note on sputter-
ing which is closely related to the deposited energy distribution. Accord-
ing toASigmund's theory, sputtering is caused by the intersection of a
cascade with the surface and the sputtering yield per ion should be closely
related to the damage energy deposited near the surface. On the basis of
this and the previous comments linking the damage profile to the vacancy
distribution, it was found possiﬁle to obtain aﬁ estimate of the sputter-
ing yield from our fesults.

Following the treatment of Current and Seidman a near-surface region
‘was defined as the set of lattice sites occupied by hard sphere atoms
whose geometric centers were visible, within the two dimensional primitive
unit cell of an (hkl) plane, when viewed along a direction normal to this
(hk1) plane.in a hard sphere modél; that is along the [hkl] direction
for a cubic crystél. According to this criterion the thickness (d) of
the near-surface region was =2.5 A'for most of the planes considered.

The total number of vacancies within this deﬁth [near surface vacancies

sv) ] was'Zvnsl= 373. The yield of vacancies found in the near-surface
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region was defined as:

s = - Vg (3-14)

total number of DZ's detected
in FIM specimens

Since there were seven DZ's, we obtained SV = 53, If it is assumed that
the majority of the sputtered atoms came from the near surface region then
Sv should be close to the value of the sputtering yield S. Experimentally
the value of S has becn determined to be =11 for 20 keV Ky on Pt, whieh
iclalso approximately close to the value obtained from Sigmund's formula.
This yield was for normal incidence. Both experimentally and theoretically
the sputtering yield should increase with increasing angle of incidence

according to the relation

$(8) _ o -f
gég—;—ay = (cos 8) (3-15)

37,38

where £ = 1,7 for 6<70°.  Thus.we would expect that

-

S(e = 70°) 11 x (eos 70°) 1.7
= 68

which is of the ofder of the value obtained from the count of NSV's.

If we count the number of vacancies V4 down to a depth d, equal to
the source depth deflned by $ighmund and which 1s =5 A for Pt, we get
Vg = 481 and if all these vacanciaes were caused by atoms that were sput-
tered, we would obtain a'sputtering.yield of A9, which would be the same
as the theoretical value.

The FIM data gives an indication of the degree of fluctuation
invelved in the number of sputtered atoms per DZ. The highest number of

NSV's--for d-2.5 A-—was found for DPKrlb and was 118. The lowest number

was for DPKrla and was 9.
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III.2.3¢c The dimensions of the DZ's

The dimensions of the DZ's listed in table 3.2 indicated a large

spread in this quantity among theADZ. The average diameter of the DZ was
<A> = 26.36 + 12 A

We have estimated the widths of iﬁdividual DZ's generated. by the TRIM
- program. Since we are dealing with an amorphous solid in this case,
there was no particular preference for any one direcﬁion.and we have cal- .
culated the widths in two directions--in the x direction, i.e., along
the initial direction of the incident ion and in the y direction perpen-
dicular to this direction. The widths have been calculated in these two
directions in the same fashion as for the experimental DZ's in the 13
close-packed directions, so the average dimensions calculated experimen-
tally and theoretically were directly comparable. Note that while in the
experimental results we chose special directions to measure the width, the

averaging over several directions should remove any directional dependence

of the size of the DZ. The mean diameters of the cascades were found to

be
* .
o = 14.66 A
X
* ’
o, = 13.64 A
y
and hence - -
* %
= 2,1/3
Pgmy T 2N Ay 7
=28 A

The variation in the diameters of the cascade along the x and y directions
was

* .
<AA > = 4,81 A
SBAL
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< T> = 3.53 A
*y

. The average size expected from TRIM agrees excellently with the
measured sizes. The limits of the diameters of the TRIM cascades include
all the seven experimental DZ's including the mqstldiffuse one, DPKrla.
Thus, the seven DZ's mirrorAthe spread in cascade sizes expected from
fluctuations in the kinematics of ion-ion collisions.

From Wintcrbons tables, it was possible to calculate the straggling
<Ax>D and <y>D for the damage distributien along the initial direction of’
the ion beam and perpendicular to it, respectively. In order to go from
these numbers to those for a single cascade one can multiply these quan-
tities by a contraction factor §1/2 yhich is an estimate of the difference
between the individual démage diameters and the cumulative damage diameters.

For the case of 20 keV Kr+ on Pt we obtain from these analytical results

an estimate of the spatial extent of a DZ to be
A = 26112 [epx> ey> 21113 (3-17)

From Winterbons table

<Ax>D = 24.6 A; and <y>D = 19.8 A '

Also §1/2 = 0.6 for this particular case. Hence, <A> = 26.16 A which is

also close to the experimecntal value.

III.2.3d Vacancy concentration

The value of the vacancy concentration cy for the seven depleted
zones exhibited a large spread with the largest vacancy concentration
being six times the smallest. The fluctuation in <, mirrors. the fluctua-
~ tions in sizes of the DZ's since v should be approximately constant. The

OR TEP visualizations clearly show the spread of cv. The average wvacancy
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concentration <cv> of the seven cascades was 6%.
) _ .
We calculated the average vacancy concentration c,. from the TRIM

program by using the diameters measured for the cascades. The value of

%
c - 1is given by

v .  (0.30) <v> Qg

- C

» (-19)

= ————
(4n/3) (o, o 2)

where @ is the atoﬁic volume, 4"cx$°y*2/3 measures the volume of the

cascade that encompasses 30% of the total numbef of vacancies. On the

basis of this formula we obtéined cv* = 7.6% which is slightly greater than

the average measured concentration.

It was assumed that the vacancy spatial distribution was given by a
Gaussian distribution in accordance wifh the analytiéal expression for
the deposited energy demsity. For such a distribution the vacancy concen-
tration is higher at the center‘and falls off towards the outer periphery
of the cascade. The cv* calculated from eqn (3-15) represents the aver-
age vacancy conéentration within a one-o radius around the center. A lower-
bound on <cv*> was obtained by considéring an ellipsoidal volume baéed on
axes 60x, 6oy, 60y.that encompassed 887 gf all the vacancies. The net
volume then increased by 27 times that before but the number of vacancies
encompaséed was only three times greater. As a consequence Cv* = 0.85%
for this case.

Comparing <c.> and cv* we see that the eqn (3-15) gives a good esti-
maﬁe of the actual average vacancy concentration, calculated using the
closest fitting volume to the DZ.

Some care must be exercised in the interpretatioﬁs of these vacancy

concentrations as they represent an average over the entire DZ. As the
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OR TEP visualizations indicate the local vacancy concentrations show very
large fluctuations within the cascade volume.

IIT.2.3e Radial distribution functions and clustering

In fig. 26, we have plotted the average R(i)/Z(i) for 20 keV ke "
on Pt and compared it with the values obtained for W for different species
of projectile ions. It was shown by Current gg'gl.al thét the average
R(i)z(i) for different projectile ions on a given target hag nv pronounced
depcndenue oh ion energy but depends only on the projectile mass. As is
clear from fig. 28 there is a consistent trend towards decreased local
clustering of vacancies as the ion mass is increased.

The atomic weight of Pt and W are very close to each other and the
difference in density of the two materials is also very small. As.a
consequence, the spatial distribution of the deposited damagé energy
within the two for ions of same mass and energy should be approximately
the same. Accrording to Lhe simple K~P type vrelatien tlie vacancy distri-
bution should be propo;tional to the deposited damage energy distribution
and the number of vacancies will be proportiénal only to Ed-l. The dif;
ference in Ed bet&een Pt and W i; 20% and hence there should be 20% more
vacancies in Pt than in W for the same deposited energy demnsity. This
would reflect itself in a 20%Z higher R(i)7(i) for Pt compared to tungsten.
In fig. 28, it is clear than the difference between the two curves for Kr
on Pt and W respectively is very small. Thus, it appears that the damage
is the same in both materials. As mentioned before, while a single
threshold energy model gives approximately <v> it does not give a good
indication of the range of fluctuations in <v> and the degree of fluctua-

tion within <v> for either W or Pt is larger than expected difference in
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<v> between them based on the K-P model. It is not surprising, therefore,
that there is very little difference between the local clustering in Pt
and W for the same projectile ions. The results indicated also that the
crystal structure did not play a major role in the spatial distribution
of the damage when the incident ion was directed along a non-channeling
direction. It is now clear why the results for amorphous targets are
readily applicable to the case of crystalline targets, as long as chan-
neling effects have nut to be considered.

‘A comparison of the association of vacancies iuto firsi=ncarest
neighbor clusters for Kr irradiation of W and Pt also shows striking
similarity in the degree of clustering for the two metals. In W for
‘30 keV Kr irradiations 28% of the vacancles are monovacancies and 527 are
in clusters of size larger than or equal to five vacancies. In the case
of Pt, the results of whicﬁ are shown in table 3.3, the corresponding
figures are 2974 and 60%. C(urrent Ek_glﬁ41 showed that there were strong
variations in the number of monovacancies and fractivn of vacancies con-
fained in large clusters with variations in projectile mass. The frac-
tion of monovacancies rose gradually as the projectile mass dccreased
and the fraction of large clusters corregpondingly decreased. Our results
indicated that, on the average, the fraction of monovacancies and clusters
is dependent only on the projectile and target masses, and the pther
properties‘of the target do not affect the cluster distributions. Current
gg_ggzél also pointed out that the distribution & = Nn/(AnENj) was not -
significantly effected by variatipns.in ion mass and energy. Here Nn is
the number of clusters of size n and the sum is fromn =1 ton=n s

max

the largest cluster size; An is a size interval. The results. for DZ's
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TABLE 3.3

Fraction of vacancies in first-nearest neighbor
clusters of size n for 20 keV Krt on platinum

Size of 1 2 3 4 5

cluster (n)

£=nin 0.29 | .083 .02 .009 0.6
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mapped out in W for various ion masses and energy gave

-(2.5 *+ 0.5) A(3—18)

€ = (0.75 * 0.05)n
In the case of Pt for the 20 keV Kr irradiations, the distribution was
given by
= 0.8n 2.2 (3-18)
.which is virtﬁally similar to the one in W. AThe-variation of'g with n is

shown in fig. 29.

I1I.2.4 Dislocation loops

The dislocation loops Qere identified by the contrast patterns
they produced in the FIM micrographs. The contrast pattern expected from
a dislocation loop can be understood on simple terms, using the fact that
the FIM image can be simulated with remarkable success on purely geomet;ic
grounds. The details of the geometric theory are outlined in Appendix A.
Briefly, the effect of a dislocation emerging near the pole of a low
index plane is to chauge the pattern from a concentrié series of circles to
a single or multiple spiral. A pexfect dislocatiou leop can be cunsidered
as 4 pair of single dislocations and the spiral started at one dislocation
ends at the other one. Pléne ringS<enc;osing both dislocations will be
unbroken, since the net Burgers vectur will be zero. A stacking fault
citerging at an aﬁgle to a low index plane shifta the ;1ﬁgs on one side of
the. fault relative to the other so that the rings appear stepped at the
'stacking fault. The contrast expected from a faulted loop such as a
Frank loop can be obtéined by combining the effect of a perfect disloca-
tion and a fault. Thus the FIM pattern from a faulted loop will be a
stepped spiral.

, . . . . > >
An important quantity for a perfect dislocation is p = b'ghki
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~§hk1 is the reéiprocal lattice vector of the plane (hkl) on which the dis-
location emerges. The value of p is an integer that indicates the multi-
plicity of the image spiral caused by the dislocation. A similar quan-
tity, defined for a faulted dislocation loop is q = g°§£kl which may or
may not be an integer. If 1t is net an integer then the image spiral shows
a step at the fault; if it is an integer, instead of a step at the fault,
there will be a kink caused by displacement of atomic rows in the plane.

The habit plane of.a faulted lcop can he obtained from the trace of
the faulr plane on the image plane, if it is visible. The hahiL plane of
a4 perfect loop is more difficult to ohtain, unless it appears on a high
index plane. Once the habit plane of the lonp io knowu 1t is possible to
determine whether the loop is vacancy or inlLerstitial that is whether it
is intrinsic or extrinsic respectively from the sense of the spiral or im
the case of a faulted loop, from the size of the rings on either side of
the fault line.

In fig. 27, we show two loops A and B inside an FIM specimen. The
initial surface with its center at O intersects the top of the loops.
Consider the loop A, whose habit plane (hkl) makes an angle with the
pole of the specimen. After field evapnration, the surface has moved down
to the dotted position with center at 0j and now intersects the‘plane of -
the loop. The trace of the loop on the surface is shown as a solid line
on the dotted surface and its diamters is w; at this stage. w; can be
measured from the FIM micrograph using the local magnification m which
is found as follows. Several high index planes in thé immediatelvicinity
of the loop were chosen and the distance in centimeters between a parti-

cular crystallographic row of atoms was measured on one of these planes.



INITIAL SURFACE

FINAL SURFACE

Fig. 30: A schematic diagram of a FIM specimen, showing the diameters wy and w, measured, for a dis-
location loop.

16
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From a knowledge of the crystallography of the pianes, the actuél distancé
in angstroms was knéwn. The value of m was then determined. By choosing
various rows on these planes the value of m in several directions and
several areas was determined and the average of these values was taken
as m. The distances determined from the.local magnification may be slight
underestimates of the actual distances because the FIM specimen surface
is dilated by the high electric field.

As field evaporation proceeds and the surface of the specimen
moves down throﬁgh the loop, the diamere; W1 varied according to the shape
uf the loop. We took w; to be the maximum diameter of the trace of the
loop. The diaméter ws of the loop in a second direction coﬁld also be
measured from the field evaporation sequence (see figure 30). If the loop
contrast appeared on a (h;kilp) pléne and persisted until n planes were
evaporated, then w, is given by

nd

hiki 1,

Wy TSI (3=20)

N

Where ¢ is the angle between the plane (hkl) and the loop and (hykjl;),

dhlklll is the interplanar spacing of (hj;k;1;). It has been pointed out

hy StolL that the dimcnsivns of the loop determined in this fashion may
overestimate the actual dimensions by as wmuéh as 20% since the contrast
from the loop is visible before the surfacec iutersects the'loop; We
think that the diameters.-that we measured by this method are not over-
estimated by this percentage as the counting of planes is begun only when
the contrast is very strong. It is easier to detect small changes in
computer simulated FIM patterns than it is in an actugl experimental

pattern. Hence, we feel that the loop is at the surface or already
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intersecting it when we begin counting planes.

Two dislocation loops were detected after the 20 keV Kr+ irradia-
tions, both of which were located at the surface just after the irradia-
tion. The Burgers vector g of the loop, its habit plane and whether it
was an interstitial or vacancy loop could be determined in many cases on
the basis of the simple geometric theory of contrast outlined above.

Loop LPKr2a appeared on the (3I1) plane. Successive frames of a
pulse-field-evaporation sequence are shown in fig. 31(a). The last
frame indicates the contrast on the plane when the dislocation loop is no
longer present. The first frame was taken just after irradiation and a
few atoms had been field evaporated (less than one (311) plane was
field-evaporated). The contrast before irradiation was therefore like
that in the last frame and the effect of the loop is immediately evident.
The contrast in frame 1 clearly shows the broken ring structure charac-
teristic of a stacking fault and the dislocation loop is therefore a
Frank loop. The trace of the loop is immediately evident from the break
in the rings in frame 1 and is shown in all the frames where the loop con-
trast is evident. The [12I] direction is shown also in Frame 1 and lies
on the zone line joining the 200 and 111 pole. From the orientation of
the trace with this direction, it was possible to determine which of the
four possible'{lll} planes, (111), (I11), (1I1), (11I) were the habit
planes. The last two are rejected because their trace on the (311)plane
make too large an angle with [121] compared with that observed. The
trace of the other two planes make equal but opposite angles with this
direction. From the orientation of the trace with [121] we deduced that

the habhit plane was (111).
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Fig. 31(b): A schematic diagram of atoms near the dislocation loop for
the sequence shown in fig. 31(a).
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The field evaporation sequences showed the contrast to be a single
kinked spiral indicating that lq! = 1. This is consistent with a Frank
loop on (111). An isometric view of the pole on which the loop emerges
is shown in fig. 32 which indicates the effect of the displacements
caused by the loop on the low index planes. The contrast to be expected
is also shown and it can be compared with several of the frames in the
field evaporation sequence such as 328, 523 etc., to confirm that the
observed pattern was indeed that due to A faulted loop for which Iqi = 1.
Finally, the nature of the loop was determined from the sense of the
spiral which is clockwise. This would require that the planes on the
lefthand side (LHS) of the trace be pushed up relative to those on the
RHS of the trace as indicated in fig. 3?. This fact is coufirmed by
frames 1 and 2. The two-half rings in the center are from the same plane
with one half being pushed up relative to the other as a result of the
loop. This particular pattern appears because sulfLlvient number of
atoms have not been field-evaporated to obtain the end form that is shown
in fig. 32, Field evaporation removes first the half that extends further
outwards and from frame 1 and 2 it is clear that this is the half on the
LHS of the trace. The orientation of (111) with respect to (311) is such
that the plane of the loop will he tilted towards tlie LHS of the trace.
In order for the LHS to be pushed up this requires that the loop be
extrinsic. By the wethod described above we were further able to deter-
mine the diameters of the loop to be w; = 26 A and wp =7 A.

The second dislocation loop LPKr3a was detected on the (311) plane.
The pulse field evaporation sequence is shown in fig. 33. The last

frame indicates the contrast when no loop is present and a comparison with



“T

fe 5 s
Rz
7

Dt
Z 4

Z
<
{77777

TRACE OF
LOOP

Fig. 32: A three-dimensional isometric drawing illustrating the effect
of a dislocation loop emerging on a low index plane and the
corresponding contrast expected in the FIM micrograph.
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Fig. 33(a): A pulse field evaporation sequence showing the contrast
from a dislocation loop emerging on a (311) plane.
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33(b): A schematic diagram of atoms near the dislocation loop for
the sequence shown in fig. 33(a).
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the éontrast is the first eight frames indicates very clearly the effect
of the dislocation loop. The trace.of the loop is deduced from the kinks
in the rings, and is shown in the frames where the effect of the loop 1is
visible. The [151] direction is also shown which lies on the zone line
joining the 200 and 111 poles. As described for the previous case the
orientation of the trace relative to this direction restricts tﬁe habit
plane to (111). The loop is a Frank loop because the rings are kinked.
The contrast pattern is in fact very similay €60 the previous loop except
that the habit plane is shifted further away from the center of the plane.

The field evapofation sequences clearly showed tﬁe contrast to be
a single kinked spiral. This is made clear in fig. 33(b) where the spiral
has been traced out. Thus Iqi = 1 and this is consistent with a Frank
loop on (111). An isometric view of thé pole showing the effect of the
displacements caused by the loop is‘shown in fig. 34. The FIM contrast
to be expected is aléo shown and it can be compared with sevéral of the
frames in the field evaporation sequences such as 287, A08 etqg,, to
confirm that the observed pattern was indeed that due to a faulted loop
for which iqf = 1. The nature of the loop was determiﬁed from the sense
of the spiral and the habit plane. The clockwise sense of the spiral
indicated th;t the planes on the LHS of the trace had bgen pushed up
relative to those on the RHS, and from the orientation of (11I) relative
to (3I1) this required that the loop be intrinsic. The diameters mea-
sured for the loop were w; = 34 A and wy = 10 A.

"Thus both loopévare Frank loops; éne is intrinsic and the other is

extrinsic. TEM data on 60 keV Au2+ irradiation of Pt indicated the

presence of primarily vacancy-type loops, both Frank loops and perfect
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Fig. 34: A three~dimensional isometric drawing illustrating the effect
of a dislocation loop emerging on a low index plane and the
corresponding contrast expected in the FIM micrograph.
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<110> type loops. Unannealed Neutron-irradiated Pt specimens exhibited
both vacancy and interstitial type loops. In the case of gold which is
an f.c.c. metal with almost.tﬁe same atomic number as Pt, both types of
loops are seen for light ion (M; < 85) irradiations. The fraction of
interstitial loops decreased with increasing atomic number and was almost
negligible for 20 keV Kr+ irradiations. Though the fraction of inter-
stitial loops may be, in all likelihood, very small for 20 keV Kr+'irra-
diations of Pt it does not rule out the possibility of their occurence.
The interstitial loop that we have detected could héve been produced by
the‘aggregation of SIA's at the surface; during the long-range migration.
As mentioned earlier, the bulk of the SIA's are separated by comparatively
large distances from the DZ by means of RCS's‘and as a.consequence are
more likely to reach the surface than recombine with the vacanciés-in a
DZ.

It is very 1ikely that the vacancy type loops are caused by the
collapse of very dense DZ's. In the case of platinum or any otﬁer f.c.c.
metals, Frank loops are formed by the collapse of vacancies onto the (lil)
piane. Perfect loops could be formed by the unfaulting of Frank loops
through the reaction

ag . ap 2
3 [111] + ra (112] ~» 7 [110] (3-20)

or directly (which would leave the loops on (111) planes) or by the col-
lapse of vacancies onto {220} planes. The existence of ‘a (110) vacancy
platelet in Pt-4 at % alloy indicated that the second possibility is
very likely; We have examined the width.of the individual DZ's that ﬁave

a high e In DPKr2c, the width was a minimum along. the [110] direction
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and the projection of the positions onto the (001) plane showed that the
bulk of the vacancies (78) lay on seven (110) planes. In DPKrlb, a total
of 120 vacancies lay on eight [110] planes. The existence of these multi-
layer plate-like structures indicated the possibility of a defect struc-
.ture intermediate between that of a DZ and a loop. On the theoretical
side Johnson44 has predicted that a single layer vacancy-platelet on a
{111} plane, in nickel, is stable to collapse into a perfect dislocation
‘loop up to 180 vacancies. On the other hand, Savino and Perrin43 have
calculated by a computer simulation technique that-a (111) planar vacancy
aggregate, in copper of as few as six vacancies can readily collapse into
a more stable configuration. A point which has to be kept in mind is
that a collection of defects existing in a configuration of a much higher
energy than a second configuration may not necessarily transform to the
second configuration because of a kinetic barrier.

The formation of loops at low temperatures evidently requires the
rearrangement of vacancies that have been created by the above—thresﬁold
recoilé éenerated within the target by the incoming ion. The time scale
involved in creating the DZ is 10 !3 sec. After the creation of the DZ,
the atoms within the vicinity of the DZ will have energies below the -
threshold, (in this case, 36 eV) but which can still be very large com-
pared to the normal energy of the atom. This energy will be dissipated
to the surrounding lattice. During this process, vacancies and SIA's in
the vicinity of the DZ can apparéntly undergo a few jumps. The diffusion
process can cause recombinations and clustering. The effect can be sig-
nificant in DZ's having a high defect demsity. It has been customary to

use Bp, the effective maximum deposited energy per atom, which can be
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estimated from analytical theories as a measure of the "fhermalAspike”
effect. The’quantity 8¢ describes an energy deposition average while the
collapse process involves individual cascades and it is not immediately
obvious how to relate the two. The results we have obtained for 20 keV
Kr+ on Pt indicates a whole range of caScadé sizes and clustering of vacan-
cies, a fact which is also confirmed by TRIM. The possibility exists
that due to statistical fluctuations, the deposited energy demsity may be
very high in some of the cascades that generated hy ions of a particular
mass and energy. The DZ's produced in such a cascade will also have a
high vacancy concentration. In these high density DZ's, the vacancies
can undergo further rearrangement to platelets or further collapsé to
loops. In the more diffuse cascades the energy is deposited over too
large a volume to cause further‘;earrangements.

In one of the DZ's, DPKr2b, we noticed that in a region where there
was a high density of vacancies, the field evaporation sequence indicated
very severe distortions of the lattice and in some cases the arrangement

of atoms on successive planes showed a spiral-like structure. This is

0o

illustrated in fig. 35. TFrame A shows the (531) plane before irradiationm.
The atoms are arranged in regular rows and successive planes are concen-
tric with each other. 1In a typical field evaporation sequence the outer
atoms on the plane field evaporate first and the planes shrink in size,
but always maintaining the concentric pattern. Frames 1 to 665 display
the field evaporation sequence for the same plane in a region. encompassing
part of DPKr2b. Frame 167 to 254 illustrate the field evaporation for

one plane that is complete in 297, Note the spiral-liké appearance of

the planes, instead of the concentric pattern in frame A. Because of this,



Fig. 35: A pulse field evaporation sequence illustrating a partially
collapsed region in a dense DZ produced by a 20 keV Kr® ion
in platinum.
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it becomes difficult to associate atoms to a particular plane just by
glancing at a single frame. For example, the atoms observed in the upper
part in 297 do not belong to the plane which is observed to field evapo-
rate in 340 and 418 but to the plane in the center in 468. In such cases,
the necessity of fine field evaporation, whereby only a few atoms are
removed per pulse and the recording of the pattern after each pulse becomes
evident. In frame 1773 the vacancy concentration has become low enough
that successive planes now appear concentric again. The sequence can be
compared with fig. 16 which showed the vacancies in a diffuse DZ on
successive (513) planes. The results indicated the possibility that in
part of the DZ a partial collapse to a loop-like structure may have

occurred.

III.3 20 keV pt’ irradiation

20 keV Pt+ irradiation of pure platinum produced the same three
morphological types of defects as 20 keV Kr+. In all, we were able
to detect four DZ's and one dislocation loop.

III.3.1 Depleted zomes

0Ot the four DZ's we were able to obtain an approximate count of
the vacancies in only two of the DZ's. Both had approximately 160
vacancies. We were unahle tn map the varancies hecanse in certain regions
encompassing the DZ the field evaporation of the planes containing the
vacancies became very irregular and it was difficult to keep track of the
coordinates of the remaining atoms. In the other two DZ's, experimental
difficulties prevented completion of the pulse-field evaporation before
the entire DZ had been pulse-field evaporated. The pulse-field evaporation

sequence of planes within the DZ as well as the bending of the atomic rows
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adjoining the DZ appeared to indicate a strain field that could be ascribed
to a partially collapsed DZ.

ITI.3.2 Dislocation loop

The field evaporation sequence for the loop is shown in fig. 36a.
The loop appeared on the (513) plane and the contrast due to the.loop is
clear when comparing it with the contrast on the equivalent plane (513)
also shown in the frame. The trace of the loop was deduced from the break
in the rows of atoms in frame 28, and is illustrated by the broken line
in fig. 36b. The trace was consistent with a habit plane of (111). This
plane is tilted towards the LHS of the trace. Since the sense of the
spiral is clockwise the planes on the LHS have been pushed down relative
to those on the RHS of the trace. This implies that the loop is an intrin-

sic loop. The diameters of the loop are w; = 20 A and wy = 3.5 A.

IIT.4 Summary

1) The irradiation of platinum by 20 keV Kr+ ions produces depleted
zones, voids and dislocation loops.

2) The structure of the DZ's shows wide variations but the average
properties are satisfactorily described by the current theories of
ion-stopping. The damage profile obtained by adding the damage of the
individual DZ's is very close to that calculated from these theories.

3) The average number of vacancies per DZ (<v>) is approximately
given by the modified Kinchin-Pease value. The fluctuations in v are
larger than that expected from linear cascade theory and is believed to
be due to the occurence of non-linear cascades.

4) The dislocation loops have been analyzed as Frank loops. Both
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Fig. 36(a): A pulse field evaporation sequence showing the contrast
' from a dislocation loop emerging on the (513) plane of
platinum.
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Fig. 36(b): A schematic diagram of atoms near the dislocation loop for
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interstitial and vacancy type loops were detected. Evidence was shown to
indicate that the vacancy type loops were caused by the collapse of DZ's

having a high vacancy concentration.
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IV. SELF-ION IRRADIATION OF TUNGSTEN

In this chapter we present thé results of experiments on radiation
damage produced in tungsten by tungsten ions whose energy ranged from
20 keV to 60 keV. These experiments are important for understanding the
radiation damage created by fast neutrons, where the damage is caused by
energetic recoil atoms of varying energy. The main aim of the work was to
determine the change in morphology and point-defect structure of the
radiation damage as the energy of the 1ncoming ion was increased. The
FIM is especially suited to this pucpogc aad it is able to detect Loth
uncollapsed clusters of vacancies and dislocation loops whefeas the trans-
mission elec¢tron microscope (TEM) technique is capable of seeing only
dislocation léops and ‘in some cases dense clusters and voids.

Weil reported the results of 30 keV W+ irfadiations of W and analyzed
four DZ's. Beavan gg_él.z mapped out two DZ's in detail for 20 keV W
incident ions. We have added some more data to the 20 keV W+ irradiatlions
as well as new information for 45 and 60 keV wt irradiations.

The experimental details were described in Chapt. II. The method of
analysis was the same as the‘one described in Chapt. III forIPt and has
been described in great detail for tungsten in ref 1. Hence we will
present the results directly without further elaboration of how the various

quantities were calculated.

IV.1 Depleted zones

Iv.1.1 gg}keV'Ei irradiations

We were able to map out two DZ's for 20 keV W+ irradiations. The

positions of the DZ's are shown in fig. 37. Together with the two DZ's

114
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Fig. 37: (a) Partial 110 stereographic projection showing location of
depleted zones DWW2a and DWW2b. :
(b) A schematic cross-sectional view of the FIM tip specimen.
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mapped out by Beavan gg_gl.z; this gives a total of four DZ's mapped out
for 20 keV self-ion irradiations of.W. The number of vacancies (v) and
the vacancy concentrations c, are given in table 4.1, and the range L,
maximum and minimum dimenéions and average dimensions are given in table
4,2,

The average number of vacancies expected for normal ion incidence,

calculated from the TRIM program based on E, of 43 eV is. 146 + 20, For

d

ions incident at 60°, the average qumber of vacancies decreased to 121:29,
Displacement cascades with as few as 30 vacancies were obtained in the
computer simulation. The number of vacancies observed in the experimental
DZ's were greater than expected but not significantly greater.

The range of the DZ's. are within the limits expected from TRIM of
34,37 + 13.43. TFrom Winterbon's table,5 however, we obtain L = 21 A.

The average size of the DZ's on the basis of TRIM is X = 27 £ 8 A; The
average size of the experimental DZ's appeared to be much smaller than
this, though they are within the 3¢ limits.

The radial distr¥ibution functions N(i) and R({i)/Z(i) have been
plotted in figs. 38 and 39. The plots for <N(i)> exhibit a sharp single
peak which indicated a single large cluster of vacancies. In figs. 40 and
41 we show the OR TEP visualizations of the two DZ's, which indicate the
compact nature of the two DZ's,

Analysis of the degree of clustering reveals that DWW2a has 30
monovacancies, three divacancies, three trivacancies and one each of 72
and 82 vacancies. DWW2b hés 25 monovacancies, two divacancies, two quad-
ravacancies, one cluster of 20 and one jumbo cluster of 133.

Comparison of the average R(i)/Z(i) for the three fully developed



Number of vacancies and vacancy cogcentration

117

TABLE 4.1

in DZ's produced by 20 keV W on W

DEPLETED NO. OF VACANCY
ZONE VACANCIES | CONCENTRATION
(p2) v (c,) at %

DWW2a 199 15.4

DWW2b 190 13.63

DZ0a” 172 14.33
%*

DZOb 85 13.9

* 2
From Beavan et al.
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TABLE 4.2

Range and dimensions of DZ's produced
by 20 keV wt on'W

DET'LETED RANGE DIAMETER DIAMETER MEAN ELONGAT ION
ZONE L A by DLAMETER | DIRECTION
(bZ) i A A <A> [hk1]

A
DWW2a 10 A 21.4 15.3 17.11 [101]
DHW2b 30 A 16.85 14.32 15.12 [110]
Dzoa" 40 A 29.6 11 15.36 [111]
2

*From Beavan et al.




119

DWW2a .
20 keV W on W

30k DWW2b .
NG 20 kev W*on W

20

10

° 75 10 15 20 25

30+ DZ0a DZOb

20 keV W' on W 20 keV W' on W

| N 1,

b

e

5 10 15 5 10 1B
r. (IN UNITS OF a,) ‘

Fig. 38: The spectra of «<N(i)»>s for depleted zohes produced by 20 KkeV
W' irradiations of tungsten.
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Fig. 39: The normalized radial distribution functions [R(i)/Z(i)] for

DZs produced by 20 keV W" irradiations of tungsten.
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- Fig. 40: An OR TEP drawing of depleted zone DWW2a.
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Fig. 41: An OR TEP drawing of depleted zone DWW2b.
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20‘keV W+ DZ's with that for 30 keV W+ DZ's showed them to be virtually
identical. This confirmed the observation made in Ref. 3 that there was
no pronounced dependence of R(i)/Z(i) on ion energy, only on the mass of
the mass of the projectile ion.

IV.1.2 45 keV Ei irradiations

Four specimens were irradiated but only in one of them did we obtain
a DZ which could be mapped out in atomic detail. The position of the DZ
in the specimen is shown in fig. 42.

The number of vacancies in this DZ was 298 which was close to the
expected value of 329 * 20. This DZ had an average vacancy concentration
of 14.2%. 1Its L value was 213 A, which is very much larger than the TRIM
calculated range of 52 * 20. The largest diameter (A;= 24.48 A) was along

[1I0] and <A> = 18.32 A, which was smaller than <A> 38 £ 11 A,-but

TRIM
still within the 3¢ limits. The radial distribution functions are plotted
in fig. 43. They indicated that most of the vacancies were in one single
large cluster. This was confirmed by the analysis of the degree of clus-
tering. - There were 33 monovacancies, two aivacancies, two trivacancies,
one heptavacancy, one octavacancy, one cluster of 21 vacancies and one
jumbo cluster of 215 vacancies. The ORTEP visualizations clearly showed
the clustering of vacancies (fig. 44).

A second DZ was deﬁegted in another specimen but could not be mapped
in atomic detail because portions of it lay on the outer rings of a low
index plane. A rough estimate of the number of vacancies was =300, and

the appearance of the DZ in successive frames of the micrographs indicated
that the vacancies were practically in one big cluster. Near the center

of the DZ the contrast was similar to that of a void. A rough estimate
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Fig. 42i (a) Partial 222 stereographic projection showing location of
depleted zone DWW9a.
(b) A schematic cross-sectional view of the FIM tip specimen.
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Fig. 43: (a) The normalized radial distribution function [R(i)/Z(i)]
for depleted zome produced by 45 keV W' irradiation of
tungsten.

(b) The spectra of <N(i)> for depleted zone produced by 45
keV W' irradiation of tungsten.
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Fig. 44: An OR TEP drawing of depleted zone DWW9a.
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of the size of the DZ was obtained by counting the number of planes over
which the majority of vacancies extended--this procedure gave <A> equal
to 16 A.

Iv.1.3 60 keV Ei irradiations

Out of three irradiated samples, only in one specimen were we able
to find DZ's that could be completely analyzed. They were denoted as
DWW7a and DWW7d. The DZ's were detected in a specimen with radius of
=500 A, which had a [111] fiber axis. Fig. 45a exhibits the 111 standard
stereographic projectioné-which show the top view of each specimen. The
plane (or planes) in which a DZ wasAdetected is indicated. Unanalyzed
DZ's are also included. The cross-sectional side view of the specimen is
shown in fig. 45. The separations betweeﬁ any two DZ's were indicated
by the letters a,b,c, etc.

DWW7a was detected in the (534) plane. It contained 453 vacancies,
which is élose té the value of 410 * 63 expected from the TRIM simulation.
It was found =200 A from the surface along the direcfion of the incident
ion beam. This range is somewhat greater than the TRIM value of
76 + 28.4 A but not significantly different to ascribe it to channelling.

DWW7a was extremely dense and this was reflected in the very high c,
of 25%, which was comparable with the c, of DZ's produced at much lower
projectile energies. The compactness of the DZ was reflected in its
dimensions. The diameter (A;) measured along the major axis was 17 A and
the diameter Ap measured along the minor axis was 13.32 A. The major axis
of the ellipsoid enclosing the DZ was along the [100] diréction. The
average diameter <A> was equal to 14.44 A. This value was very much

smaller than the expected mean diameter of 52 * 20 A calculated from the
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Fig. 45: (a) Partial 222 stereographic projection showing locativu of
depleted zones produced by 60 keV W' irradiation of tung-
sten.

(b) A schematic cross-sectional view of the FIM tip specimen.
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TRIM program.

R(i)/Z(1i) and <N(i)> are plotted in fig. 46(a) and 47(a) and indicate
a high degree of clustering. This was confirmed by the distribution of
cluster sizes which were as follows: 37 monovacancies, one divacancy
and one jumbo cluster of 414 vacancies. The ORTEP visualization of the
DZ is shown in fig. 48.

DWW7d was found in the (i27) plane. It contained 200 vacancies.
This value was small compared to the number detected in DWW7a and it was
definitely outside the limits expeéted from fluctuations around the mean
value. Moreover, it was well within the sample, at a distance L = 52 A
from the surface and it was unlikely that the small number was due to loss
of energetic recoil atoms through the surface or baqkscattering of the
incident ion. Close to the DZ, 70 A, was another damaged region on the
boundary between (013).and (149). The contrast from this region indicated
that it was a dislocation léop and when it crossed the (I149) plane, vacan-
qies were seen on successive planes. It was very probable that DWW7d
was a subcluster of a single DZ with the remainder of the vacancies col-
lapsed into a dislocation loop. The formation of subclusters was expected
at these enérgies on the basis of the kinematics of ion-ion collisions
which predicted that_the distance between energetic recoils along the
path of the incident ion should increase with increasing projeétile eﬁergy.
Thus DWW7d is probably caused by an energetic recoil atom having an energy
=20-25 keV based on the v of DWW/’d. An analysis of the various other quan-
tities for this DZ and comparison with the 20 keV DZ's was useful in con-
firming this conclusion.

The value of c, was 11.87%. This was about the same <, as for 20 keV
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Fig. 46: The spectra of <N(i)>s for depleted zones produced by 60 keV
W' irradiations of tungsten.
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Fig. 47: The normalized radial distribution fumetions [R(i)/2Z(i)] for
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Fig. 43: An OR TEP drawing of depleted zone DWW7a.
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Fig. 49: An OR TEP drawing of DWW7d.
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irra&iations. The diameter A; measured along the major axis was 17;61 A
and the diameter A, measured along the minor axis was 14 A. The major |
axis was along [1I1] direction. The value of <A> was 15.09 A, which
"is similar to the 20 keV DZ's. |

The radial distribution functions are plotted in fig. 46b and 47b and
they indicated a single cluster of vacancies. This was confirmed by
the distribution of cluster sizes. There were 28 monovacancies, six di-
~vacancies, thrée trivacancies, one pentavacéncy aqd one junmbo ¢luster nf
146 vacancies. Thus the DZ is identical with the 20 keV DZ's contirming
the conclusion that it had been caused by a 20 keV recoil W atom produced
by the 60 keV incident ion.
IV.1.4 Discussion

IV.1l.4a Number of vacancies

In fig. 50 we plot the number of vacancies per DZ as a function of
the initial energy of the incident.w+ ion. We have included the data from
(1] and [2]. TFor the 60 keV irradiations we have estiméied the number of
vacanciec in DWW7d as 350, by adding the number of vacancies in the
dislocation.loop close to the DZ, which we estimated to be =150. (This

may be a lower estimate.) Shown on the graph are <> for a single F

TRIM d
value of 43 eV. These values are close to VR-T' Also shown are Ve p and
VT. There is enough data at the lower energies to show that the experi-

wental value vl v 1s well estimated by VR-T’ whereas the.vélues‘expected

from Lucasson's model are too low. The v at 45 keV and 60 keV confirm
this trend.

As in the case of Pt, the scatter in Vexp was far greater than that
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expected from theory for a single Ed value. This implies, as pointed out
in Chap. III, the possibility of various other physical phenomena that
have not been incorporated into the simple model of radiation damage,
such as: (a) subthreshold displacements; and (b) the breakdown of the

simple binary-collision approximation in dense displacement cascades.

The FIM results for W stand in contrast to the vexp determined in

various other metals by resistivity measurementsé as well as those deter-
mined by TEM.8 When experimental and theovwlleal damage rates are com-
parea it is useful to introduce an efficiency factor £ that gives the
ratio of the experimental to theoretical number of defects:.

Vo = 8Vpip (4-1)

Our FIM results as we-l as previous FIM data indicated that & = 1, with

Vp_T calculated using the minimum value of Ed (Edmln)

. In the case of
tungsten,'this is 43 eV.6 "The reéiscivity experiments give £ = 0.4 for

self-ion irradiations of the fcec metals Cu, Ag, Au4 with v calculated

R=T
with an average threshold energy, Edan, that is, 1.4 Edmln for fcc

and 2.2 Edmin for bcc metals. These factors come frem Lucasson's model.
Thus, the resistivity measurements give a damage rate that is $1/3 that
of Lhe FIM measurements. As mentioned in Chapt. III, we believe that this
discrepancy is due to the assumptions dnderlying the calculation of absos
lute damage rates from measured resistivity changes.

The issue of close-pair recombination of SIA's with vacancies has
been raised to account for‘the lower damage rates obtained by resistivity

measurements. However, in our experiments carried out at temperatures

below that at which SIA's migrate,. only a small fraction of the expected
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SIA's were detected in the immedia;guvicinity of the DZ. Experiments by
Wei7 indicated that the STIA's were separated from the DZ's by means of
Replacement Collision Sequences (RCS{s). The average distance was calcu-
lated to be 160 * 120 A. Thus, the ‘issue of recombination of SIA's and
vacancies does not appear to arise at all.

The value of Ve has been obtained from TEM observations of defect
clusters,; employing the geometry and 51ze of the observed black spots.
Unfortunately, the geometry and size- of very small black-spot defect
clusters are not well-defined. The‘meésured diameters is dependent to
some extent on imaging conditions. 1In Au, Ag and Mo,g_12 cascade effi-
ciencies of the order of 0.5 or,méfé’&ére observed, though--once again--
these efficiencies were calculated on the basis of the average threshold
energy. A possible explanation for these low efficiencies is that the
clusters observed by the TEM technique may not include all the vacancies
that have been produced in the aisplacement cascade. A large number of
vacancies may be present as smallet;plusﬁers or single vacancies and
would not be visible in the TEM. Even for a single incident ion energy,
there can be a large variation in Fgé.épatial distribution of wvacancies
from one displacement cascadc to gﬁgégexr; Consequently, the fraction of
the total number of wvacancies in a displacement cascade that collapse
to an observable‘cluster will also ﬁafy from cascade to cascade. There-
fore, not only will the average vTEM be less than Voot but the observed
variation of v will also be much bréader than the actual variation. The
distribution of v has been measured fqr 250 kev Ag self-ion displacement

cascades at 523K.13 Some of the caécades were seen to contain as many or

more vacancies than expected from tﬁé’ﬁodified K-P theory. Incidentally,
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while the defect structure of elevated temperature irradiations have a more
regular appearance compared with room-temperature irradiations, it was
found that the yield and efficiencies stay rather constant up to the point
where the cascade clusters begin to dissolve by thermal evaporation of
vacancies., The activation energy for this process is the self-diffusion
value. Thus, the distribution of v measured at 523K caﬁ be considered

to be représentative of the distribution that would be observed in the

TEM at lower temperatures also. At the same time this fact ahowa frhat

cthe mechanism for separating vacancies and SIA's also works very effec-

tively at. temperatures where both SIA's and vacancies were highly mobile.

IV.1.4b Size and structure

In fig. 51, we have plotted the quantity <A> of the DZ's as a fune-
tion of E; and €. For the case of 45 keV W' ions one of the values has
been estimated and not determined rigorously, as was mentioned before. In
the case of 60 keV W+ ions, the dimensions of onc of the DZ's was deter-
mined on the basis that it coulains two suhclustere having appruximarely
equal number of vacaucles, separated by a distance of 70 A. Shown on the
graph are <\>'s expected from TRIM and those expected from analytical
models, In the case of thc analytLlcal models, we have shown the dimcn-
sions:

D> = 2[(<tw> )t/ <y2>D11/3 (4-2)

expected for the cumulative damage distribution as well as the contracted

dimensions:

<D.>» = 261/ /2

s <}72>D].1/3 (4—3)

SIS,

where § is a. contraction factor that should take into account the decrease

in width from going from the cumulative diameter to individual diameter.
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The value of <y2>D and <Ax>Dvwere obtained from Winterbon's tables while §
was obtained from [14] and is 0.6 for our case. The three curves shown

for TRIM indicate the mean diameter and one standard deviation on either

side of this diameter. The large variations in»<A>TRIM is due to the

irregular shape of the D2's and the fact that the directions in which the
dimensions were measured, namely x.and y, were fixed whereas the DZ
itself can have almost random orientation.

Both TRIM and analytiral modelc predicted LhatAthe average dimensions
should increase with increasing projectile emergy Ey. In the range of ¢
that we covered, collision theory indicate that the radius of the DZ shall
be proportiopal to E12(3.15

The FIM data do not appear to be well-described by either the TRIM
or analytical models, at the~higher energies. In fact, <\A> appears to be
almost constant after 30 keV, The large <)> obtained in the case of one
of the 60 keV N7's was duc to the Lreak-up 1nto two separate subcascades,
each of which has relatively small dimensions. A sudden decrcase in the
‘dimensions of the DZ with energy was also noted for Kr+ irradiations of w3
The dimensions of the DZ increased with energy until =60 keV but at 70 keV
the DZ was extremely compact.

TEM data exists on the oige of defect clustéers produced by irradia-
tiOﬁ- However,'the TEM measurcments on pure metals sutters from the dis-
advantage that the TEM can detect only those clusters that exhibit strain
field contrast; It is extremely likely that only part of the DZ may col-
lapse and hence that the observed cluster will appear to be smaller than

the actual DZ. The questions of collapse, the appearance of defect

clusters in TEM, and their correlation with the actual distribution of
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clusters were discussed in more detail in the section on dislocation loops.
Cluster size distributions have been studied in Au and Cu by

16,9 Thomas gg_gl,,l7 Pronko and Merkle,18 Haussermann,ll and Wil-

Merkle,
son.19 In Au an increase in the meéﬁ'cluster size with mean cascade
energy was observed. 1In self-ion irradiations of Au, the cluster size
increased rapidly up to =50 keV. Above 50 keV, only a slight increase

in mean cluster size with energy occurred. This was due to the splitting
into subcascades which proceeds ra#héx linearly with damage energy.
Therefore, the size of the individual‘subcascade stayed almbst constant
with increasing cascade energy.

In copper self-ion bombardmentlg*found no significant change in the
size distribution when going from 30 to 90 keV, which is in agreement with
other observations. For Au+ ion bombardment of Cu, an increase in
cluster size was found in the region up to 70 keV.ll

The uncertainty in the sizes of the DZ's invol§ed in the TEM imag-
ing of irradiated pure metals can be pvercome by the use of ordered alloys
as targets. Disordered regions are produced inside the cascade volume,
because of the displacement of atoms from their normal lattice sites.

20,21 have recently dﬁggrved the regions of disorder asso-

Jenkins et al.
ciated with the displacement cascades in CuzAu; in addition, they observed
the cascades by the standard strain field image contrast effects. They

used superlattice reflections to image local regions of disorder associated

TN

with DZ's. The size of these regions directly relates to the size of the

regions within a cascade that contains a significant change in the long-
+ .

range order parameter. The diameters, of the cascades produced by Cu ions

with energies ranging from 5 keV to Qﬁd‘kev, were measured and compared
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with the transverse dimensions 2(<y2>)1/2 calculated from the analytical
models. The observed sizes agreed well with theory for low energies

(540 keV) but at higher energies they were much lower. The value of <>
showed indications of levelling off at higher energies. The behavior
qualitatively resembled what we have observed for W.. Detailed comparison
of the work on CujAu and our results is complicated by the following
reasons: (é) the mass of the target and of the projectile are different
and as a consequence the deposited energy curves are different for the
twu cases; and (b) in the case of CuzAu, the dimensions of the wvolumc
over which disorder extends is measured, while in our case, these are
measured over the volume containing vacancies. The two volumes will be
different if the energy necessary to cause replacements (disorder) is very
different from that necessary to causé displacements (vacancies). More-
over, it is unlikely that the disordered volume will change, due to resi-
dual movement of the lattice atoms after the cascade has heen produced,
unlike the case of vacancies, where rearrangement may occur, after they
have béen created, due to this residual motion: We expect that the
volume containing the vacancies be contained within the volume encompass—
ing the disorder.

The spatial extent of the cumulative damage profile will be determined
in theAmain by the collisions of the projectile with the target atoms in
the process of slowing down. The lattice is not very highly disturhed
during this time period and the assumptions of linear cascade theory are
valid. In the case of heavy ions incident on heavy targets, where the
collision energy is deposited in a very small volume, the subsequent deve-
lopment of the collision cascade will lead to a large number of atoms

being set into motion in a small volume. The transport of energy will no
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longer be given by the linear cascade theory and as a result the spatial
extent of the cascade can no longer:gé“predicted by these theories. More-
over, in such high energy-density caécades, the DZ that is created during
the collision cascade, the DZ that;ﬁéacreated during the collision cas-
cade may collapse to a smaller volume subsequently. This implies that
while the dimensions of the cumulative damage profile may be satisfactorily
predicted by linear-cascade theories, it is not possible to infer the
width of individual DZ's by alsimplélcéntraction factor. Thus, the width

/3 Lut this would not be the

of the cumulative profile may increése as E2
case for the DZ's. This aspect will obviously have consequences for the
vacancy concentrations in the DZ's tH%f is discussed in the following
section.

The structure of cascades has been investigated by several authors.
The splitting of cascades into subcascades has been extensively studied
in Au, by Merkle18 and Thomas g£_§£.17 Subcascade formation is an uni-
versal feature of energetic cascadéslgnd comes from the fact that nuclear
collision cross-sections increase wi£ﬁVé decrease in energy. The densest
cascades are therefore always produced at low energy. Secondary recoils
of keV energies usually produce daﬁégé regions that strongly overlap
and therefore do not give rise toviﬁdividual subcascades. But as the cas-
cade energy increases, the mean free path between energetic collisions
also increases. This eventually leads to well separated DZ's. Since
subcascade formation is a consequeﬁégtéf ion-ion collision process, the
results on subcascade formation in'seif—ion irradiated Au can be compared
directly with that of self-ion irréﬁéation in W, as the atomic members
and masses are very similar. Distiﬁéﬁiy separated regions of the

o 2
displacements have been found in binary collision cascade calculations. 2
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The separation into subcascades is aided by the process of channeling.
Beeler23 defines quasi-channeling as channeling over distances <1000 A.
In such an event, the PKA or an energetic secondary atoms is scattered
into a chanel and travels a small distance in the channel. Upon dechan-
neling, a subcascade is formed. Attempts to correlate the spatial posi~-
tions of subclusters to crystallographic channeling trajectofies were
made in ion-irradiated Au,17 but have not been conclusive to date,

Thomas Eﬂ_ﬁlwly give 15 keV as the threshold for subcascade forma-
rion in selt-ion irradiated Au when irradiating along [001]. 1In contrast
to this, the self-ion irradiations of Au in a random direction, carried'
out by Merkle,24 showed that a finite probability for observation of at
least two clusters exisfs above 30 keV-and a probability of 0.5 for
more than one cluster is observed at =100 keV,

We have not observed any subclusters at either 20, 30 or 45 keV.

Oue Instance 6t subcluster formation was obtained in the case of 60 keV W+
irradiations. These observations were consistent with the probabilities
listed by Merkle for Au, given the number of ubservations made in the FIM
for each oflthese energies.

The distance between the subclusters in the 60 keV cascade was 70 A.
Two views of the net DZ are shown in figs. 48 and 49. We concluded Lhat
one of the clusters was due to a self-ion (either an energetic recoil or
the deflected primary ion) having an energy <40 keV. The average range of
a 40 keV self-ion in W incident in a random direction is 55 A, and that
of a 20 keV ioﬁ 30 A, so that if the two clusters originated in a collision
that gave rise to two recoil atoms of 40 and 20 keV respectively then from

simple kinematics the average distance should be =60 A. This was close
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to the observed separation of 70 A.

Thomas gg;gl.l7bstudiéd the subclusters formed by 120 keV self-ion
irradiation of Au. In the two subcluster cascades, the subclusters were
approximately of equal size and were caused by ions having an energy |
=46 keV. The average distance between the subclusters was 128 A which
was significantly greater than the expected random collision range of
46 keV gold ions in amorphous gold. This was taken as evidence of qua;i—
channeling, even though the directions of the lines joining the two clus-
ters did not show preference for lying in any particular crystallographic
plane and in particular in the (111) planes, which would be the most
effective planes for planar channelling. In the case of the subcluster
observed in the FIM the line joining the two clusters made an angle of
=30° to the [010] direction. For our one example the concept of quasi-
channeling is not required.

The formation of subcascades has been observed in W, using the FIM,
for lighter incident ions, and it has been shown that these can be
explained on the basis of the kinematics of ion-ion collisions.

IV.1l.4c Vacancy concéntration

*
The estimated vacancy concentration (cv ) for the different energies
was calculated from the expression:

% (0.30) \Y QO

= R-T"
(4n/3)(D6/2)3

c (4=4)

v

where Qg is the atomic volume for tungsten and the other quantities have
been defined in the preceding sections. In table 4.3, a comparison is

*
made between the average vacancy concentration in a DZ, (<cv>) and cV s

for different energies of'W+. The actuél cv’s for the different DZ's are
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Fig. 52: First view of DWW7d showing the position of vacancy cluster
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TABLE 4.3

Experimental and estimated,vacancy concentrations
of DZ's produced by W ions on tungsten

Energy of Estimated Experimental

ion vacancy concentiation vacancy concentration
in keV (E ) in at % (cv ) in at 7 ( cy )

20 32.4 14.3

30 ‘ 22 ©20.2

45 14.2 14.2

60 9.46 17
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shown in fig. 54, with a curve showing the variation of cv* with E;. .It'
is clear that cv* decreases as E-l, while the <cv> remain almost constant
with energy. The E"! dependence of cv* follows from linear cascade theory
which predicts that D (and hence DS) should increase as E2/3, whereas v
should increase as E. It is highly unlikely that for the case of W+ on
tungsten, the results of linear cascade theory will hold and hence the
deviation of <c,> from the expected behayior is not surprising.
IV.1.4d Clustering

Iu Lable 4.4, we liave suumarlzed. the data vn clustering of vacanciles
into nearest neighbor clusters of size n, for the DZ's produced by W+ of

different energy. The quantity f = nNn is the fraction of vacancies in
v

clusters of size n, where Nn is the number of such clusters. The table
reveals that the degree of clustering appears to be unchanged with energy.
The majority of the vacancies are either in the form of monovacancies or
in clusters containing more than five vacancies. Approximately 80-85%

of the vacancies are in clusters of five or greater and 10% are in the

form of monovacancies.

IV.2 Dislocation loops

As the energy of the irradiating particle increased the number of
defects showing a loop-type contrast increased. No dislocation loops
were seen in 20 keV irradiations; a single dislocation loop was reported -
for 30 keV irradiations. We observed two dislocation loops in the 45 keV
irradiated samples and four loops in the 60 keV irradiated samples. Dis-
location loops were first reported in ion-irradiated tungsten by Buswell25
using the TEM technique in conjunction with FIM but a systematic study

of the habit planes and Burgers vector (83 was carried out by Hausser-
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TABLE 4.4

Fraction of vacancies in £irst—nearest neighbor clusters
of size n for W' ions on tungsten

n

1 2 3 4 5

f = n'Nn

v
20 keV 0.12 | .023 .019 .019 0.81
30 keV 0.12 | .02 .00 .01 0.85
45 keV 0.11 | .o014 .02 .013 0.84
60 keV 0.10 | .02 .014 .00 0.85
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mann26—28 and Jaeger gg_éi,zg for tungsten irradiated with 60 keV Au’ ions.
They found that the majority (=99%) of the loops were perfect loops with

b= %<lll> which lay on {110} planes. In a few cases pure edge loops of

the type b = %~<110>‘and i =

plane, were found.

<110> where i is the unit normal to the

(TS

Haussermann28 and Jaegerzglintefpreted their results as follows:
(i) Dislocation loops of vacancy type are nucleated in the core of
the DZ as pure edge loops on {110} planes with ge = %<110>;

(ii) TIf a loop reaches, during its growth, a critical radius Pes
estimated to be in the range 9 A < pc'< 20 A the stackiqg fault in area
of the loop is eliminated by a shear over the area of the loop. The shear
is described by a shear Burgers vector gs = ¢%<001>. This ge is converted

back into a perfeﬁt Burgers vector gp' Assuming,-as a particular case

i =-§[110], ge =-%[110], and gs = %{llI] respectively we have:
b+ g = g =-%[lll] or %{lli] respectiVely.
e s p 2 2
Thus, for a particular (110) plone there cun exist ewo pusslble Burgers
vectors corresponding to the two shear directions. If the vacancies
can nucleate on the six pnssible (110) planes witli eyual probabilicy there
are altogether 12 different possible perfec£ loop types:

,(111) Not all the 12 types appeared with equal probability in the
TEM otudy and this was explained by the fact that the two shear directions
may lead to different total energies of the resultant sheared loops because
of differeﬁces in the interaction energies with the surfaces. The critical
loop size at which shear takes place, was assumed to be first reached

for that shear direction which resulted after the shear--in the lower

total energy. After the shear, the Burgers vector of the loop is perfect.
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Then the loop may slip out of the foil if the image force by which the loop
is attracted to the surface exceeds a critical value.

We have attempted to analyze the dislocation loops in a low index pole
should convert the concentric rings into a spiral. The possible Burgers
vector (or vectors) of the dislocation can be determined from the multi-

plicity p of the spiral defined by p = K.ghkl where §£k1 is the reciprocal

lattice vector to the plane (hkl) on which the dislocation loop appears.
The ends of a loop at the surface can be determined from the points at
which the spiral starts and finishes and the habit plane from the trace
on the FIM.

Because of the multiple combinations of possible f and i possible,
in many cases the observed contrast pattern seen in the FIM may be satis-
fied by a number of combinations. We will therefore restrict ourselves
to the possibilities determined from the TEM data and use a combination
of arguments to determine the exact plane and Burgers vector.

IV.2.1 45 keV irradiations

The first dislocation loop was detected on the (101) plane. The
pulse field-evaporation sequence is shown in fig. 55. The region of inter-
est has been boxed in the figure and the frame numbers are shown in the
upper right hand cormers. In frame 1554 there is nor more any indication
of the loop and comparison of this frame with the preceding omnes clearly
shows the spiral nature of the ring pattern. The ends of the spiral have
been marked by vees.

We had for this case p = 1. The possible Burgers vectors which can
give this are b = %{lll] and %{lli]. The possible habit planes for a

B = %[111] are (110), (101), (0l1l) and for b = %[111] they are (101), (11I0),
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Fig. 55(a): Pulse-field evaporation sequence showing the contrast due
to a dislocation loop emerging on a (101) plane.
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Fig. 56: A three - dimensional isometric drawing showing the effect of
a dislocation loop emerging on a low index plane and the cor-
responding contrast expected in the FIM micrograph.
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(0I1). The trace of the loop indicated that the plane was either (011) or
(110). It is difficult to distinguish between these two possibilities.
Measurement of the diameter of the loop gives w; = 30 A; wy = 40 A.
It is clear that the diameter of the loop increases as the pulse field
evaporation continues. In frame 1 it extends over only two (101) ledge
widths; in frame 1010 it extends over three. Eventually it decreases
(though not shown in the evaporation sequence).

A second small dislocation loop was detected on the outer rings of
a (211) plane. The field evaporation sequence is shown in fig. 57(a).
The region of the rings in which the contrast effect appears is boxed
and in frame 1 is pointed out with vees. The contrast due to the loop
no longer exists in frame 2149 and the rings in the region are unbroken
or distorted. The arrangements of the atoms in the boxes are shown in
fig. 57(b), and the dotted lines have been drawn to help to see the con-
trast. An isometric drawing of the pole, with the displacements produced
by the loop would be very similar to fig. 56.

We had for this case p = 1. The possible Burgers vectors which

can give this value are b =-%[lli] and %{lil]. The possible planes for
%[111] are (110), (10I), (0I1) and for %[111] they are (101), (1I0) (0Il).

The trace of the loop is difficult to determine because it extended over
only a small distance; approximately three to four rings of the (211)
plane; for some frames (1-860) the trace extends over the (723) plane,
that adjoins (211), and the atomic resolution on this plane is sufficient
to indicate the trace as a row of vacancies that was approximately in the
[121] direction. This was consistent with a habit plane of (101). After

the habit plane was determined it was clear that the only possible Burgers
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Fig. 57(a): Pulse-field evaporation sequemnce showing contrast due to
a dislocation loop emerging on (211) plane.
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A schematic diagram of atoms near the dislocation loop

for the sequence shown in fig. 57(a).
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vector was %[lli]. Thus for this loop b = %{lli] and i = %[101].

The diameters measured for this loop are w; = 20 A; wp = 35 A. It
is possible to see the diameter of the trace increase and then decrease as
the pulse field evaporation continues. In fact near the end of the loop
(frame 1648) the trace does not extend beyond a single ledge width of
the (211) plane and is visible only as a gap (pointed out with a vee in
frame (1648)) in one ring.

For 60 keV Au+ bombardment of tungsten Jaeger measured an average
diameter of 55 A. If it is assumed that the number of vacancies is pro-
portional to the area of the loop and to the energy E; then the diameter
d of the loops should be proportional to JE; . TFor 45 keV ions we expect
an average diameter, based on Jaegers results of 48 A. Thus, the diameters
we measured was smaller than expected.

IV.2.2 60 keV Ei irradiations

Four dislocation loops were detected after the 60 keV irradiatioms.

The first dislocation loop was detected on the outer rings of the 013
plane. As mentioned earlier the dislocation loop was part of a single
cascade consisting of a single large cluster that appeared on the (127)
plane and this loop.

The field evaporation sequence is shown in fig. 58a. The region
around the (013) plane where the loop contrast appears is put in a box
and the atom positions in this box are shown in fig. 53(a). Frame 1 shows
the appearance of the plane before the loop contrast appears. In frame
104, the first contrast effects appear and the region is indicated with
a vee. In later frames the contrast is very evident. An isometric

drawing would be very similar to fig. 56.
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Fig. 58(a): Pulse-field evaporation sequence showing contrast due to
a dislocation loop emerging on a (013) plane.
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We had for this loop p 1. The possible Burgers vectors are

i =-%[lil] and %{iil]. For b = %{lil] the possible habit planes are (101),

(110), (0I1), and for b = 2{I11] they are (10D), (110), (01I). For part
of the pulse field evaporation sequence the trace of the loop is visible
on the (149) plane which is adjacent to the (013) plane (e.g., frames 1164
and 1505) and vacancies were visible on the plane confirming the loop is
of vacancy type. The trace of the dislocation loop is along the direction
[331] which makes the habit plane (1I0). Thus the only possible Burgers
vector consistent with this was g = %{lil]. The diameters of the loop
are w; = 30 A and @, = 31 A.

The second loop was detected on the (2I1) plane. The contrast was a

double spiral as seen in the field evaporation sequence in fig. 59(a).

Thus we had p = 2. The only possible Burgers vector is b =-%[1li]. The

possible habit planes are (101), (1I0) and (01I). The trace was difficult
'to determine because the loop appears to stay within the 211 pole so that
only one end of the spiral can be determined with precision. However,

the direction of movement of the point at which the double spiral began,
indicated the trace to be that of a (01I) plane. Hence the loop has a
Burgers vector-%[lil] and it lay on the (01I) plane. The diameter w=45 A.
wo could not be determined as the field evaporation process was stopped
and the specimen irradiated again before the contrast effects had disap-
peared fully. Approximately 11 (211) planes were evaporated for the
period when contrast effects appeared; this gave a diameter of 17 A until
the point at which pulse field evaporation was ceased. After the irradia-
tion the double spiral contrast effect no longer existed, indicating that

the disturbance created by an incident ion close to the dislocation caused
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showing contrast due to

Pulse-field evaporation sequence

Fig. 59(a):

a dislocation loop emerging on (211) plane.
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a rearrangement of the atoms. If we assume that the dislocation loop con-
tained the full complement of vacancies expected from a 60 keV ion, i.e.,
=400, then before the second irradiation there should have been about
one-half the vacancies remaining in the portion of the dislocation loop
that remained just below the surface. The above result indicated that
the loop was removed by the second irradiation.

The third dislocation loop was found again on the (2I1) plane, and
the field evaporation sequence is shown in fig. 60(a). The contrast is a
single spiral showing that p = 1. The possible Burgers vectors that can

give rise to such a contrast are b= %{111] or-%[lii]. For b = %{lll]

the possible planes are (110), (101) and (01l). For g = %{lii], they are
(01I1), (101), (1I0). The trace of the plane appeared to be consistent
with a (110) plane. This would make the only possible Burgers vector to

be g

%[lll]. The diameters of the loop are w; = 30 A and wp = 26 A.

The fourth loop appeared on the plane (101). The field evaporation
sequence is shown in tig. 6l(a). The region of interest is within the
boxes. In fig. 61(b) we show the positions of the atoms and the spiral
contrast seen. The last frame shows the same region in the absence of
any loop contrast.

We had for this case p = 1. The possible Burgers vectors are

g =-%[111] and %{111]. The possible planes for g =-%[1Il] are (101), (011),

(110) and for b =-%[lll] are (101), (110) and (011). The trace of the loop

would be consistent with the plane (101) which would make B =-%[1i1] as

the only possible Burgers vector. The diameters for the loop were w; = 31 A

and wy = 28 A. The diameter of the loop can be seen to decrease with the



Fig. 61(a): Pulse-field evaporation sequence showing comtrast due to
a dislocation loop emerging on the (101) plane.
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the sequence shown in fig. 61(a).

Fig. 61(b): A schematic diagram of atoms near the dislocation loop for
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field evaporation. In frame 2062 it appears only as a break in one ring.

(Indicated with an arrow.)

IV.3 Discussion on dislocation loops

The FIM results show that the fraction of defects, caused by a single
ion, that are dislocation loops, increased with increasing ion energy. This
agreed with TEM observations on self—;gnAirradiated gold, silver and cop-
per, where the.yield increased withqiﬁéreasing energy of the self ions.30
In table 4.4, we show the fraction qf'observed defects in the FIM specimen
that were dislocation loops, for gaqh of the different energies. It is
not possible to relate this fractioﬁ éirectly to the TEM yield, though it
is expected that there should be some proportionality between the two.

It is generally assumed that the dislocation loops are formed by the
collapse of vacancy-rich center of a DZ. The fact that in our FIM speci-
mens both dislocation loops and DZ's were observed certainly indicates
that this is the mostly likely théucasé but the exact mechanism of collapse
and the factors responsible for it have not been investigated.

TEM studies of metals irradiatedrwith ions of the same energy but
different mass, showed that the yielé:increased with increasing projectile
mass.3l’32 The main difference between the cascades produced by ions of
different mass is the average size of the cascade and hence e Heavier
ions produce on the average, DZ's'withbhigher <cv> than lighter ions. If
<, is the crucial factor then the'aEQVé:ﬁentioned results can be explained.
It has been suggested that the quantity 6g5, the average energy deposited
per unit volume at the center of the'c33cade is a useful parameter for
determining whether collapsé willlsééﬁr or not. The quantity 89 was calcu-

. L. _ . 34
lated from analytical .theories based-on linear cascade theory. However,
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TABLE 4.5

FIM loop fraction and nbhserved TEM vield
for various energies

Buwrgy iIn :
keV and No. of Total no. FIM loop Observed
species of loops | of:defects fraction TEM yield
projectile : oo (B ‘
20(Ag + W) 0 - 8 o *
30(W + Mo) 1 10 0.1 *
45(W) 2 6 0.3 *
.l..
60 (W) 4 9 0.44 0.2
%
No data.
-t.

Ref. 26.
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if 8 was the governing parameter;‘fﬁen the yield should drop off with
increasing E;, as 8 decreases és_Elfi, which. is contrary to experimental
observations. The difficulty in using 89 is due to the reasons stated
before, namely that linear cascadé'tﬂéory cannot predict the size of the
DZ's for the case when non-linear effects are predominant.

The FIM results on DZ's in W indicate that Cyo alone cannot be the
parameter determining collapse, sinqe at low energies (530 keV) DZ's with
high c, are produced, and yet a neéligible number of dislocation loops are
observed. The number of vacancies in the DZ, v is also crucial. From a
knowledge of the self-energy of dislocation loops and voids it can be
concluded that for a sufficiently large v, the dislocation loop should
be the lowest-energy configuration for the set of v vacancies. Hence,
it is expected the larger the v, the greater will be the probability of
collapse of a DZ»into a loop. Thé critical number of vacancies, Vo for
which the dislocation loop will be_the lowest energy configuration is
obviously very much dependent on tﬁé self-energy of a loop and a void. The
self-energies are not at all known precisely--calculations by different
authors give values that differ by.oFders of magnitude.

The collapse process is geneféiiy called "athermal' because disloca-
tion loops are detected even at very low temperatures of irradiationms,
where vacancies are not mobile. The term "athermal" is in our opinion
a misnomer as it implies that there exists no energy barrier for the col-
lapse process, which is not the cé;é} In order for a DZ to change its
configuration, there has to be moveﬁent of the vacancies. Any movement
of vacancies occurs after the DZ hgéibeen pfoduced; during the short
time that it takes for the energy résiding in the collision cascade (that

encompasses the DZ) to be dissipated to the surrounding lattice. The

T
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number of jumps (n) that atoms can make during this time can be calculated
following the procedure first outlined by SeitzAaﬁd Koehler35 to explain
the physical processes in an '"energy spike," a microscopic region with a
high energy density; such as that produced in a cascade generated in

36,37 have

heavy ion irradiations of heavy targets. Subsequent papers
added various modifications to the basic steps of Seitz's method. First,
a temperature T is assigned to-a region on the basis of the mean energy
per atom. Next, the dissipation of energy is calculated from the bulk
heat conduction equations. An anal?tical expression for the tremperature

- ->
at a particular point r at a time t, T(r,t) is obtained. Finally, n is

calculated from the expression:

n =_£];e -A/T(r’t)d3rdt (4-5)

where the integration is carried out over the entire volume and time; w

is the attempt frequency which is approximately the Debye frequency and

of the order of 10!3 gece™! and A is the activation energy for migratiom.
For incident eﬁergies in the range of 10 keV and for A = 1.5 eV the number
of jumps turns out to be of the order of unity, indicating a small like-
lihood of rearrangement. However, there are several difficulties in these
arguments. The most obvious one is the assumption that the dissipatinn

of energy can be described by the heat conduction equations using the bulk
thermal conductivity. The small volume of the cascade encompasses so

few atoms that the use of bulk properties become meaningless. Also,; the
calculated temperature gradients are so enormous that linear response
theory (inhe;ent in the assumption of thermal conductivity) would break
down.. Secondly, the assumption of the bulk activation energy A would not

be valid in a region containing a high c, In all likelihood, A would
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be depressed to very low values and. this would drastically change n since
A appears in the exponential in eqn. (4-53).

The assumption of a kinetic process in the collapse of DZ's would
explain why DZ's, voids and loops;é}e‘observed simultaneously. Owing
to statistical fluctuations, some cascades will have a higher energy den-
sity and hence higher vacancy concentration than others. In the denser
cascades, the vacancies will be closer together, and the net kinetic
energy will also be concentrated in”;;smaller volume. The DZ's arising
from these cascades would have a high probability of collapsing in the
time that it takes for the energy to be dissipated to the lattice. It
is also likely that in_this time oooie, only partial collapse may occur
or vacancies aggregate into voids. In more diffuse cascades, the rear-
rangement of vacancies would be very small, and the DZ's would remain
diffuse.

The movement of vacancies within the DZ volume would be governed by
an activation energy that would befoépéndent on the material. Hence, the
degree of collapse of DZ's will be determined by the target material. An
illustration of this point is providod by comparing the radiation damage
in tungsten, gold and platinum which;hooe atomic numbers close to each
other. The cascades produced inside these materials by ions of the same
M;, E; should be similar. The morphology of damage is however quite dif-
ferent. Gold has the highest yield, platinum the next and tungsten has
the lowest yield. This indicates oioa;iy that the collapse is kinetically
limited. Gold had the lowest bulk vacancy migration energy and tungsten
the highest and the case of collapse, is probably linked with this. The
lower bulk vacancy migratioo ooerg§: the more likely is a DZ to collapse

in the marterial.
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Iv.S Summary

1. The number of vacancies per DZ (v) increases linearly with energy
of the inéident projectile (Ey) and can be predicted by the modified Kinchin-
Pease formula.

2. The size of the DZ's did not increase with E;, as expected from
linear cascade theory. This was attributed to the pfoduction of nonlinear
cascades in tungsten by the tungsten iomns.

‘3. The vacancy concentratiou iu the DZ's remained almost constant

1 as predicted by linear

with inereasing Bj, iustead of decreasing as By
cascade theory.

4. The fraction of defects that were dislocation loops, increased
with increasipg Ei. The contrast from these loops was consistent with a
Burger's vector of %-<lll> and a habit plane {110}. The dislocation
loops in tungsten were produced by the collapse of dense DZ's, as in
other materials. The ease of collapse is dependent on the nature of the

material of the target and may be linked with the bulk vacancy migration

CUELEY .
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V. NONLINEAR EFFECTS IN IRRADIATED TUNGSTEN

In this chapter we consider effeéﬁg of bombardment on tungsten by
energetic dimers which consisted of two heavy atoms, with a total energy
of E;. On impact with the target{s:sﬁfface the dimer breaks up into two
single projectile atoms of equal energf E1/2, which then proceed to make
independent collisions with the target atoms. For a large fraction of
their total path the projectile atoms will be very close to each other so
that the collision cascades generateafby them will to some extent overlap
during the time period of formation‘bf.the cascades. The significance of
heavy ion dimer irradiations.become clear when we look at the way in which
the energy may be dissipated by én;eﬁ;rgetic particle in a solid via
elastic collisions.l Figure 62 shows two different views, based on Sigmund's
model.1 Figure 62(a) shows a collision cascade and fig. 62(b) a spike.*
In both cases energy is ultimately shared by a great number of atoms. The
difference between the two situations lies in the fact that while only a
small fraction of all atoms within a certain cascade volume are in motion
in fig. 62(a), essentially all theAétoﬁs within a spike volume move in
fig. 62(b). The picture of a cascade applies when there is a long mean
free path between significant collisi@ﬁ'events-—as in the case of light
ion-bombardment--such that the energy is spread out over a large volume.
Conversely, in a spike, energy is dissipated at a high rate, within a
small volume. The difference between the two situations is characterized
most illustratively when two cascades'kpr spikes) are generated at the
same time on top of each other, as in the case of bombardment with a dimer.

When two genuine cascades are superim?bsed, the statistical nature of the

* N : - L

The term "spike" has a long history, and it has been involved in many
different concepts over the years. In this chapter, the term will be
used only to characterize the situation sketched in fig. 62(b).

’
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collision events will prevent a_striétonerlap in the two cascades. Because
of the small fraction of atoms mbviég in either case, the two cascades
superimpose so that the total numbg:iqf moving atoms is twice as large as
in either cascade and the energy di;ffibution is essentially unchanged.
This is to say that in each energy interval there will be twice as many
atoms as there was in the case of monomer irradiation. The system is
linear. When two spikes are superimppsed on the other hand energy will be
dissipated essentially within a singlé spike volume, that is the total
number of atoms in motion will increase only insignificantiy compared to
the case of monomer irradiation. Consequently, the available energy per
atom must approximately double. Tﬁé énérgy distribution will be different
from that for monomer irradiation. The system is nonlinear. Since the
number of vacancies produced <v> depends significantly on the energy dis-
tribution of the atoms, the non-linearity should reflect itself in <v>,
that is, the <v> for a heavy ion dimgr isaggpgpted to differ from the sum
of the <v>'s of the constituents of ﬁhe dimers. Moreover, as we have
pointed out in previous chapters, the collapse of DZ's to loops is depen-
dent on the depositgd energy dens;ty;and hence the yield may be signifi-
cantly enhanced. The sputtering jiéid, also is very closely tied to the
energy distribution of atoms and the differénce between linear and non-
linear systems should reflect itself in the sputtering yields. In a lin-
ear system, one expects the sputterigg yield to be proportional to the
numbey of impinging particles regé;diésé of their correlation in space

and time. In a nonlinear system such a simple relationship is not expected.
The sputtering yield of a dimer is-expected to differ from the sum of the

sputtering yields of the constituents of the dimer. An illustration of
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these features was observed by Anderson and Bay2;<they compared the sput-
tering yields due to molecular ion bombardment with those for atomic ions
at the same velocity. Approximate linearity was observed for light-ion
bombardment while a drastic ‘enhancement was observed for heavy-ion bom-
bardment.

We have attempted to-deteét the effects of nonlinearity on the nature
of the damage prodhced in tungsten by comparing the damage pro&uced by
heavy-ion dimers with that produced by atomic ions having the same velo-
city., TIM specimens were bumbarded with 40 keV Agz* and W2+ dimers and
thg results compared with those from the bombardment with 20 keV Ag+ and
W+ ions. The nafure of the DZ's produced by 20 keV Ag+,W+ ions were not

very different and we therefore consider the results for Ag and W together.

V.1 Depleted zones

V.1.1 20 keV ion irradiations

The details of the 20 keV W+ ion irradiations have been given in
Chap. IV. Three tungsten specimens were irradiated with 20 keV Ag+‘ioné
and three DZ's were analyzed in detail. A vacancy count was done for
another DZ which was not completely analyzed. Figure 58 exhibits the
standard stereographic prnjections that show thc top view of each spwclimen.
The plane (or planes) in whiéh'a DZ was detected is indicated. The cross-
seétional gide vicwo of the specimeus are also shown. ''he vacancy count
and vacancy concentrations fqr the DZ's are given in Table 5.1 and the
range, maximum and minimum dimensions and average dimensions in Table 5.2..

We obtained <wv> 143 * 12. The number of wvacancies observed in

TRIM

the experimental DZ's was much greater than this and in the case of DWAS5Sa

it was significantly larger. The discrepancy is commented on later in the
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TABLE 5.1

Number of vacancies and vacancy concentration
of DZ's produced by 20 keV Agt on W

DEPLETED NO. OF -VACANCIES VAGANCY

ZOND v CONCENTRATIUN
| ( cv) at 7%
DWA3a 269 10.8
DWA4a "~ 155 4.9
*

DWA4B =150 ——
DWA5Sa 201 12.1

*

only vacancy count available.
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TABLE 5.2

Range and dimensions of DZ's produced by 20 keV Ag+ on W

DEPLETED | RANGE | ELONGATION 'DIAMETER | DIAMETER | MEAN DIAMETER
ZONE (L) | DIRECTION Mt Aot <>
(p2) A [hk1]. (@A) (&) (A)
DWA3a 50 [101] 26.38 16.03 18.9
DWA4a 60 [111] '32.45 21.8 24.9
DWAS5a 47 [I11] 16.54 13.02 14.1

TAI,AZ are defined in the text.
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chapter.

The range of the ;ascades were within the limits expected from the
TRIM program L = (35.3 * 14.84 A). From Winterbon's tables L = 43 A. The
average size of the vacancy clusters on the basis of the TRIM program was
<A> = 31 A. The average size of the DZ's was smaller than this value.

The radial distribution functibns are plotted in fig. 64 and 65;

They show a sharp single peak indicating a single cluster. Though the
R(1)/Z(i) for the indi{ridual cascades fluctuated, the curve representing
the average of the three cases is almost identical to the average for

30 keV Mo+ on W. The atoms Ag and Mo have almost the same atomic number
and the similérity is therefore not surprising. As mentioned before,

and in [3], the average R(i)/Z(i) curves depend on M; but do not appear

to be particularly sensitive to E;. 1In fig. 66-68, we show the ORTEP
visualizations of the 3 DZ's'which indicate the compact nature of the DZ's.

An analysis of the degree of cluatering revealed thalL DWA3a contained
48 monovacancies, 11 divacancies, four trivacéncies, one pentavacancy,
one hexavacancy, and one jumbo cluster of 176 vacancies.. DWA4a had 56
monovacancies, 13 divacancies, two tfivacancies, one quadravacancy, one

pentavacancy, one heptavacancy, one octavacancy, one cluster of 19 and one
of 24 vacancies. DWASa‘has 34 monovacancies, 5 divacancies, two trivacan- -
cies, one quadravacancy, one hexavacancy and one jumbo cluster of 141

vacancies,

V.1.2 Results for 40 keV dimers

Four sets of irradiations with dimers were carried out, two each for
+ + ' +
Ag, and Wy, . In all four DZ's were analyzed, two for Ag, and two for
+ .
Wy, . One of the DZ's for W2+ was a surface cascade and contained only a

small number of vacancies relative to the other three. . Figures 69 and 70
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show the standard stereographic projections that éhow the top view of
each specimen. The plane (or planes) in which a DZ was detected is indi-
cafed. We have also shown in the fig. 69 and 70 the positions of DZ's
that were detected but not analyzed. The cross-sectional side views of
the specimens are also shown.

The vacancy count. and vacancy concentration for the DZ's are given in
Table 5.3 and the range, maximum and minimum dimensions and average dimeﬁ-
sions are given in Table 5.4. .

The radial dietribution funetions <N(i)> aud R(1)/Z(1) are plotted
in figs. 71 and 72. The <N(i)> for DWW3a and DWW4a indicate a single clus-
ter for these DZ's while that for DWAla indicates the presence of two
clusters, and that for DWA2a indicates that the DZ is sdmewhat diffuse.
These features are also reflected in the R(i)/Z(i) graphs. The W2+ DZ's
formed far tighter clusters than the Ag?_+ DZ's. The ORTEP visualization'
of the DZ's shown in figs. 73 to 76 confirm the above conclusions.

An analysis of the degree of clusteringlrevealed the following:

DWAla has 155 monovacancies, 12 divacancies, four trivacancies, three
quadravacancies, three pentavacancies, two clusters of 9, one cluster of
110 and one cluster of 329. DWA2a has 111 wunuvvacancies, 23 divacancies,
four trivacancies, four quadravacancies, one pentavacancy, two hexavacancy,
two heptavacancies, one octavacancy, one cluster of 15, one cluster of 19,
one cluster of 43, one cluster of 64, one cluster of 80.

DWA4a has 54 monovacancies, 17 divacancies,. one trivacancy, two
quadravacancies, three pentavacancies, one hexavacancy, one cluster of nine,
one cluster of 36 and one jumbo cluster of 428.

DWA3a has .19 monovacancies, one trivacancy, one péntavacancy, and one
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TABLE 5.3

Number of vacancies and vacancy concentration
in DZ's produced in dimer irradiations of W

DEPLETED NUMBER' OF VACANCY
ZONES VACANCIES CONCENTRATION
(DZ) v o (¢.) at %

. ' v

DWAla 675. - 9

DWAZa 446 7.3
*

DWAZ2b =650 —

DWW3a® 190 12.2

DWWha 593 8.13

*

Vacancy count only “available.

T Surface cascade.



Range and dimensions of DZ's produced by dimer irradiations of W
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TABLE 5.4

DEPLETED | RANGE | ELONGATION | DIAMETER | DIAMETER | MEAN DIAMETER
ZONES (L) . DIRECTION M A2 A>
(N7) A [hiel] (A) (&) (A)
DWAla 30 [111] 44,52 27.7 32.4
DWA2a 36 [100] 31.3 . 24,28 26.4
DWW3a 5 [101] 25.3 - 15.8 18.48
DWW4a 25 [110] 33.08 |  24.06 26.76
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Fig. 71: The spectra of <N(i)>s for depleted zones produced by 40 keV

Ag2+ and Wz* irradiations of tungsten.
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Fig. 73: An OR TEP drawing of depleted zone DWAla.
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Fig. 74: An OR TEP drawing of depleted zone [WA2a.
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Fig. 75: An OR TEP drawing of depleted zone DWA4a.
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Fig. 76: An OR TEP drawing of depleted zone DWW3a.
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jumbo cluster of 163. It is clear that in the Wy irradiations the majority

of the vacancies were formed in a single big cluster.

V.1.3 Comparison of monomer and'diiér irradiations

Spike effects should be pron&ﬁﬁ?ﬁd for heavy ions on heavy targets
at not too high ion energies. One criterion of whether an ion will pro-
duce a spike or not is given by the quantity 6y, the effective maximum
energy density.4 For 20 keV Ag+ on W, 8y = 7.5 eV/atom and for 20 keV W+,
8g = 15 eV/atom. The sublimationléﬁergy of W is 8.7 eV so that we can
expect the spike effect from Ag+ and:W+‘to be quite pronounced.

In the case of 20 keV heaQy iong'(Ag+ and W+) irradiation of W,
<v> = 190 for seven DZ's (four Ag+2;n&'three W+). This is somewhat
greater than the expected value of <v> =145 obtained from TRIM program or
from the modified Kinchin-Pease theory using a single threshold value of
43 eV. The fluctuations were also very large with a count of 269 vacan-
cies being made for one of the DZ's--this value is even greater than the
unmodified Kinchin-Pease estimate.. If this DZ is left out then <v> falls
to 177 for the six remaining Dé's...

The possibility of very large number of vacancies is due to the spike-
like nature of the cascade. As a §5%;§quence of this, statistical fluc-
tuations may lead to much higher enéféy densities in some individual cas-
cades than in others. The high energy density would lead to an energy dis-
tribution that is different from that calculated assuming simple binary
collisions, or to various physicaifﬁiééesses, such as the lowering of the

threshold energies within the volume of the cascade. Both of these would

lead to an enhancement of point defecﬁ'production. A point to note is

that the spike-like nature may appear only in very few individual cascades
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and an average over a large number of cascades may not necessarily exhibit
this behavior.

Excluding DWW3a, which was a surface cascade--and therefore not fully
developed--the average number of vacancieé for the'DZ's detected in the
dimer irradiations were <v> = 590. This is far greater than twice the <v>
for the monomers and clearly indicates nonlinearities in the defect pro-

duction rate. TIf V> 4 er is the number of defects produced per incoming

ion Eqr the dimer then

(V) 4imer 295

(<v>) ~ 190
monomeyr

= 1.55

It is instructive to compare these results with the ratio of sputter-
ing yields of monomers to dimers. The sputtering yield § and the damage
level <v> are connected to the same physical process, namely the dissipa-
tion of energy of an incident projectile ion in a cascade. The sputtéred
atoms come from cascades close to the surface. As the properties of
the cascades are independent of the depth at which they are produced,
various propertiés of the sputtered atoms should reflect what is occurring
inside the'cascade, Since only thase atoms that pOBSSess GNergy greater
than the sublimation energy V (within a distance § - <5 A ~ from the sur-
face) are finally eputtered, it is clear that thé energy discribution
inside the cascade will critically affect the sputtering yield.. The
same is true for the damage level according to the simple threshold
model, where all thc atoms having energy greater than the threshold energy
Ed are displaced. Thus spike effects that are observable as nonlinearities

in S should also be observable as nonlinearities in the damage level.
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Andersen and Bay2 measured the dimer to monomer yield ratios for Se and Te
irradiations, where the atomic andf@;iecular ions had the éame velocity for
each species. The collision cascades produced by Te on Au should be very
similar to that of Ag on W. AAndérséﬁ and Bay measured a dimer to monomer
yield ratio of =2.2, showing very sﬁrong nonlinearity. Our damage levels
for Ag and W monomer and dimer irradiations also show strong non-lineari-
ties.

The extent to which the cascades .caused by the individual atoms of
the dimer superimpose should be éi?éh by»é comparison of the average dimen-
sions of the 20 keV monomers and that of the dimers. The value of <A> for
the six fully developed cascadeé dué'tb 20 keV monomers (Ag and W) is
17.5 A. That for three fully developed cascades due to the 40 keV
dimers is 28.5 A. The cascades due to the dimers are much larger than
that due to the single atoms, but not twice as large, indicating that the
cascades overlap to some extent. However, the degree of overlap is most
likely to be a very stronglyﬂfluctua;ing quantity.

The average concentration ofvvécéncies <, is much less for the dimer
DZ's than it is for the monomer DZ's. However, the cv's that are calculated
are not representative of the loca?}ébncentrations in different regions of
the cascades, which can fluctuate‘éons£derably. This is clear from an
examination of the ORTEP visualizations. The formation of large clusters
in DWAla and DWW4a indicétes very high vacancy concentrations in certain
regions of the DZ's and these mayﬁﬁ@itbe regions in which the cascades
due to the individual atomé of éhexA£ﬁérs overlapped.

In fig. 77, we have plottgd <R(1)/Z(i)> for the dimers and monomers,

separately for the case of Ag-hnd#WfﬁzThe curve for 20 keV Ag+ on W. Now
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<R(1)/Z(i)> measures the a&erage logal environment around the vacancies

in a DZ. When an average is takgﬁ:éker several DZ's, the averages should
represent the local enviromment around vacancies for the cumulative damage
distribution, that is, it should givé an idea of the nature of the vacancy
distribution when a beam of ions is impinging on the target. It was
pointed out earlier that, although the deposited energy should be the

same for dimers and two monomers the damage level should be higher in the
first case due to nonlinear effectsg. As a consequence, we would expect
that R(i)/Z(i) should be higher in.the case of dimers. The fact that

this was not the case for our Ag+ results appeared to be the result of

the small number of DZ's examined‘which may not have been enough to pre-
dict the general trend. The degree to which the cascades due to the

atoms of the dimers may overlap is also subject to statistical fluctua-
tions and this would affect the degree of non-linearity. For example, in
the two experimental Ag2+ DZ's the difference in v is very large. It was
clear that.in one of the DZ's with Fhe large v there were very large
clusters indicating a high degree 6f”o§er1ap while in the other for which
v was not so large, the DZ was diffuse indicating possibly that there was
little overlap of the individual'ééézades.

In the case of the W2+ irradiations the average R(i)/Z(i) was much
greater than the wh irradiations but in light of the above comments no
definite conclusions could be reached.

In table 5.5, we have sumﬁari?gé'the data on clustering of wvacancies
into nearest neighbor clusters of si%é n, for the DZ's that are produced
by both Ag and W monomers, and by Ag;and W dimers. The fraction of vacan-

cies in the form of monovacanciesb'féfﬁthe case of Ag is 0.22 and the



208

TABLE 5.5

Fraction of vacancies in first-nearest neighbor
clusters of size n for monomer and dimer
irradiations of tungsten

n
1 2 3 4 >5
nNp
AV]
Ag 0.22 0.09 0.04 0.001 0.63
Ag, 0.237 0.06 0.02 0.025 0.65
W 0.12 0.023 0.019 0.019 0.81
Wo 0.09 0.04 - 0.00 0.00 0.84
Mo 0.2 0.07 0.035 0.00 0.68
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fraction in the form of clusters having five or greater number of vacan-
cies is 0.63. The corresponding fractions for Ag, are 0.24 and 0.65,
which is virtually identical to that for Ag. Comparison of the data for
W and Wp in table 5.5 reveals that the degree of clustering was again
identical, for W and W,. The results indicated that the degree of clus-
tering of the vacancies was unchanged by irradiating with dimers instead
of monomers, though it was sensitive to the M,. The fraction of vacancies
in the form of large clusters (25) increased with M;, while the fraction
of monovacancies correspondingly decreased. The dependence of the degree
of clustering on M, was further emphasized on comparison of data for Ag
and Mo irradiations of tungsten. The degree of clustering was almost
identical, which was to be expected since M is almost equal for the two

elements.

V.2 Dislocation loops

No dislocation loops were detected in the case of 20 keV Ag or W
irradiation of tungsten. Several examples of dislocation loop contrast
were obtained in the case of dimer irradiations. The analysis of a few
of them is given below.
V.2.1 Results

The 3 examples given below are from 40 keV Ag, irradiation of tung-
sten.

The first example is of a dislocation loop appearing on a (141) plane.
The pulse-field evaporation sequence is shown in fig. 78a. Frame 1 shows
the contrast when the effect of the loop is not yet very evident. The
break in the second ring indicated with a vee indicates that the loop is

about to appear. The subsequent frames clearly show a single spiral. The
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Fig. 78(a): Pulse-field evaporation sequence showing contrast due to
' dislocation loop emerging on the (141) plane.
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spiral has been outlined in fig. 78b. The trace of the loop is indicated
in 228 and was taken to extend from where the spiral begins and where it
ends.

The only possible Burger's vector that can give p = 1 is g =-%[Ili].
For this b, the possible habit plames are (110), (0I1), and (101).

From the direction of the trace which is along [115] the habit plane was
determined to be (1I0). The diameters of the loop were w; = 20 A and
wy = 15 A.

The second example is of a dislocation loop appearing on a (I41)
plane. The pulse field evaporation sequence is shown in fig. 79a. Frame
1 shows the contrast is the absence of any effect of the dislocation loop.
The subsequent frames clearly show a single spiral, which is outlined in
fig. 79b. During part of the sequence the loop intersects the (172) plane
and this is evident as a row of vacancies cutting across the plane as
well as in the bendiné of the row of atoms (Frame 1023 onwards). The
trace of the loop can then be determined very easily and is drawn in 1203.

Since the contrast due to the loop is a single spira, p = 1. The
only possible Burger's vector is b =-%[111]. For this g, the possible
habit planes are (101), (110), (011). The trace lies in the direction
[511] on the (I72) plane which required that the habit plane be (011).

The diameter wj; = 50 A; the value of wp could not be determined as the
field evaporation was stopped before the contrast due to the loop disap-
peared.

The third example is of a dislocation loop on (141) plane. The
pulse field evaporation sequence is shown in fig. 80(a). Frame 1327 shows
the contrast when the loop has been evaporated through and the effect of

the loop no longer exists. The loop initially intersects the (141)
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Fig. 79(a): Pulse-field evaporation sequence showing contrast due to
dislocation loop emerging on the (141l) plane.
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Fig. 80(a): Pulse-field evaporation sequence showing contrast due to
dislocation loop emerging on the (141) plane.
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plane as shown in frames 1 to 427 giving rise to a double spiral, which
is shown more clearly in fig. 80(b). As the field-evaporation continues
the loop moves towards the (130) plane causing a distortion of the rings
as is evident in frames 427 to 1066. The loop cuts across the (271) plane
as a result of the atoms on the plane do not appear in regular rows as
long as the effect of the loop persists. This is clear in frames 1 to
1065. In 1327, the plane appears very regular again. The position of the
trace is shown in frames 41 and 1065.

Since the contrast due to the loop is a double spiral p = 2. The

possible Burger's vectors are 4 =-%[lll] and b =~%[ili]. The effect of

the loop on the rings of (130) is also to éreéte a double spiral. Oﬂly
one end of the spiral can be seen, where one end of the-loop intersects
the (130) plane. The other end of the spiral is not visible as it lies
on a different plane. Thus we have p % 2 for the effect of the loop on
the (130) plane which means that only b =-%[111] can be the Burger's
vector. The possible habit planes corresponding to this Burger's vector
are (110), (101), (0l1). The trace of the loop on the (141) plane lies
along the (SIlj direction which restricts the habit plane to (011). The
diameters of the loop were wj = 53 A and wp = 22 A.
V.2.2 Discussion

The difference in morphology of the damage between the monomer and
dimer irradiations is quite striking. While no dislocation loops were
detected in the cése of 20 keV Ag and W irridations, almost ‘half the
defects in the case of 40 keV Ag, and W, irradiations were dislocation
loops. The close spatial and temporal correlations between the cascades

generated by the components of the dimer was believed to be responsible
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for the greater degree of collapse. As pointed out earlier; the average
recoil energy of an atom in the collision cascade generated by a heavy
dimer will be almost twice that of an atom in the cascade generated by a
monomer. As a consequence we would expect that the time taken for the
energy of the cascade to be dissipated to the surrounding lattice to be
larger for the case of dimers than for monomers. Assuming that the col-
lapse of the DZ to a loop involves the motion of vacancies, this greater
time will increase the likelihood of collapse.

‘The nonlinear effects in the DZ's and the collapse of DZ's to loops
for dimer irradiations clearly points out the importance of considering
the development of the cascade produced by theAindividual prbjectilesr
Note that the shape of the damage profile is expected to be the same for
a beam of 20 keV Ag ions and a beam of 40 keV Ags ions, since the latter
breaks up into a beam of 20 keV ions inside the target. But the level

of dawmuge and thc morphology of damage will be different in the two cases.

V.3 Summary

1. The number of vacancies produced per component luu of a heavy
dimer projectile is 1.55 times that produced by a projectile having the
same energy and momentum as each of the compuneil ilons, indicating the
nonlinear effect in cascades having a high energy density.

2. The fraction of defects that are dislocation loops increase

dramatically on bombarding with dimers instead of monomers.
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APPENDIX A: FIM CONTRAST DUE TO DISLOCATION LOOPS

A.1 Perfect loops

The dislocation loops were identified by the contrast pattefn observed
in the FIM micrographs. The contraét expected from a dislocétion loop
can be understood on simple geometric grounds using the fact that the FIM
~ image can be simulated with remarkable success on purely geometric grounds.
This was first demonstrated by Moore1 in a computer simulation of images
of a perfect crystal based un two simple ideqs. The first one is that thé
surface of a field-ion microscope specimen can be atomically smooth and
approximately spherical, and the second one following an observation by
Mi.iller,2 that the imaged atoms are those that protrude most from the sur-
fare. The image of the region surrounding a pole. of a field-ion specimen
can be understood if the region is thought to conform to a smoothly curved
surface as illustrated in Fig. A-1(a). The diameter of the consecutive
crystal planes building up this region is limited by the surface. If
only the atoms at the plane edges are considered'to protrude enough to
image, the projeéted image of this reglou is cléarly a écriec of concentric
rings, as shown in Fig. A-1(b). Images of faulted crystals are analyzed
by first considering the possible surface displacements caused by the
fault and thereafter imposing a smooth envelope on the faulted surface as
above. Disiocation contrast is derived from the fact, first pointed out
by Cottrell,3 that a perfect disloéation line intersec¢ting a stack -of
lattice plangs will convert this stack into é helical ramp. This is true
both for screw dislocations and for any dislocation.as long as the Burgers
véctor (g) of the dislocation has a component along the normal to the

planes. The pitch of the helical ramp is, by the definition of a perfect
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dislocatibn, an integral number of spacings. If this integer is greater
than one, the stack of planes is actually converted into several inter-
leaved ramps, each of the same pitch. The effect of a dislocation line
emerging from a plane of a FIM specimén is illustrated in figs. A-1(c),
(d), and (e). 1In figs. A-1(c), a dislocation line has converted the
stack of planes into a helical ramp and in fig. A-1(d), the effect of
field evaporation is indicated. The latter is realized by imposing a
smooth surface upon the ramp. The projected image of this.configuration
is a continuous spiral is sbown in fig. A-1(e).

" The pitch of ﬁhe_helical ramp can be determined analytically as
follows; the pitch is the magnitude of the projection of location onto the
plane normal. If the unit-normal of the plane is ;, the pitch (p) is
given by:

p=bn (A-1)
The reciprocal lattice vector ghkl of a plane (hkl) is in the direc-

tion of the normal to the plane so,

> >
n = ghkldhkl (A=2)
and therefore
> >
P = (ghkl’b)dhkl (A-3)

N _
For a perfect dislocation b must be a lattice vector and hence,

Eﬁkloﬁ = integer (a-4)
It is convenient to omit dhkl and to write
¥ >

The value of p, i.e., an integral number, indicates the multiplicity of

the image spiral caused by the dislocation. A case where p = 2 is
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Fig. A-l: Geometrical Image formation of -
(a) - (b) perfect tip
(¢) - (£f) tip containing the dislocation
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schematically illustrated.in fig. A-2. It would correspond to, e.g.,
2= §-|113) and b = %[Iou

Perfect dislocation loops and dipole pairs are treated simply by
combining the effects of single dislocations. The two dislocations in
a dipole pair have. equal but opposite Burgers vectors. Hence they will.
cause spirals of opposite sense when emerging in the same pole, and the
spiral started at ome will end at the other. Plane'rings enclosing
both dislocations will be unbroken sipce the net b is zero. Figure
A-3 illustrates two cases with lpl = 1. In fig. A-3(a), the two dislo-
cations emerge on the same plane and in fig. A-3(b) on different plane
ledges. Dislocation loops obviously>behave to first order, in the
same manner. If p > 1, a similar system of multiple spirals is ex-

pected.

A.2 Faulted loops

A planar fault in a crystal is characterized by a displacement
vector ﬁ, which is defined as the displacement of one side of the crys-
tal relative to the other. WEere the fault plane cuts the surface of
the crystal a step will result. The height of the step normal to the

surface plane, is the projection of R on the plane normal. A parameter

q analogous to p of (A-1) can be defined for the fault.

where-the unit of q is again the lattice spacing dhkl' Since R des-

cribes a fault it must not be a lattice vector of the primitive lattice
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and q may not necessarily be an integef, though‘it can also be. For
stacking faults on {111} in fcc crystals the value of q is always of
the form n/3, where n is an integer (including zero).

The image contrast expected when a stacking fault intersects a
pole in a field-ion tip is a series of broken plane rings as illustrated
in figs. (A-4). Figure A-4(a) and (b) illustrates the pattern obtained
for the case of an intrinsic and extrinsic stacking fault, respectively.
An intrinsic stacking fault in fcc cortesponds to the remvval of one
(111) plane, the extrinsic to the insertion of one extra (111) plane.
This will introduce one fault in the regular stacking sequence (ABCA),
in the intrinsic case, and two consecutive faults in the extrimsic
case. The broken ring contrast results because the surfaceldf the
sheared stack of planes must conform to an approximately hemispherical
shape. ‘he case illustrated in fig. A-4 corresponds to the case for
which Iql = 4/3. The shaded region represents the portion of the
plane that io removod by field evaporation in order Lo obtain a hemi-
spherical surface. Thereafter as the field evaporation continues,
the smallest ring will alternately appear on either side of the
fault.

Partial dislocations bound stacking faults. The Burgers circuit
used to define the Burgers vectar of a partial dislocation must start
and end on the associated stacking fault. Hence, the Burgers vector
of a partial dislocation will be the same as the displacement vector
of the stacking fault, or differ from it by a lattice vector. Equa-

tion (A-6) is valid for partial dislocations with R replaced by 3p.
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(c)

Fig. A-2: FIM image for a dislocation loop for which p = 3.
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(b)

Fig. A-3: Effect of perfect dislocation loop on stack of planes (after
Ref. 6).

(a) both dislocations emerging on same ledge
(b) dislocations emerging on different ledges.
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Fig. A-4: Image formation of pole cut by stacking fault. (after Ref. 7)
(a) intrinsic fault
(b) extrinsic fault.
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We will be interested primarily in Frank particles which occur only in
loops since these are the partials expected from ion irradiations of Pt.
The loops are fbrmed by the collection of point defects into disks on the
{111} planes. A disc of vacancies, and the collapse of planes above and
below.the plane of the disc creates an intrinsi¢ loop. A disk of inter-
stitials between two {111} planes constitutes an extrinsic loop. The
disiocation bounding the Frank loop is of pure edge chéracter, and its
Burgers vector 1s of the form a/3 <111>.

The image contrast from partial dislocations is a combiﬁation of
dislocations and stacking fault contrast. The spiral contraét of a dis-
locatiop will be stepped if q is non-integral. If q is integral a kink
will develop at thie faull, Lecause the row of atoms on the plane will be
displaced by the projection of R onto the plane and will not be contin-
uous across the fault.

When both partials of a dlslocation loop emerge in the same pole,
rings enclosing none ot both of the partials will be uubroken. Rings
enclosing ome partial will be stepped. This case is illustrated in
fig. A-5.

It is pussible to distinguish between intrinsic and extrinsic fanlts
in certain cases, provided that the habit plane of the loop is known. The
clearest case is of a Framk loop with partials emerging on the same pole.
The image in this case consists of two sets of half-rings divided by a
fault. A ring enclosing the loop will be unbroken, and it is possible
using the plane corresponding to the ring to determine which side of the
tip relative to the fault has been pushed up. The side with the smaller

rings will be the side that has been pushed up. For example, in Fig. A-6
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Fig. A-5: Geometrical Image formation of faulted dislocation loogp
emerging in one pole

(a) stack of planes intersected by one loop
(b) resulting image.
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Fig. A~6: (a) Image of a pole intersected by a Frank dislocation loop.
(b) Geometry of the situation in (a).
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_side 1 of the tip has been pushed up. If the loop'is on the (111) plane

it must be an interstitial loop because the strain field due to the extra
disc of atoms will bush side 1 up. If the loop is on (111l) it is a Qacancy
loop as this will cause side 2 to move downwards compared to side 1. A
similar sort of argument can be used to determine the nature of a loop
showing a spiral contrast--from the sense in which the spiral unwinds--

if the habit plane is known.

So far we have considered the case of dislocations emerging on low
index planes. In higher index planes the same type of spiral structures
are expected but the spiral will stand out less prominently because of the
small number of rings encompassing the plane. However, the strain field
of the dislocation loop will cause the atoms to be displaced from their
normal lattice positions. As all the atoms are visible in high index
planes, a fact that was utilized to map out the vacancies the displace-
ment of the atoms will ;eflect itself in a field evaporation sequence that
will be different from that observed from a perfect crystal. Figure A-7
shows a section of the crystal containing a vacancy loop. The loop lies
in the (111) plane. We shall consider the evaporation sequence of suc-
cessive (llQ) planes. Though (110) is a luw index plane, the arguments
presented subsequently are equally valid for a high index plane, and we
have chosen this plane merely for convenience. Since a high index plane
normally covers only a small portion of the specimen’s surface, we can
approximate the spherical envelope by a plane surface in the immediate
vicinity of the plane. Successive positions of the tip surface are indi-
cated by dotted lines and as the field-evaporation proceed, the surface

moves from right to left. In position 1, the atoms on the plane are
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Fig. A-7: View of a plzre cutting through a vacancy loop on (111).
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hardly affected by the strain field of the loop, and all the atoms on the
plane will be imaged. In position 3, the atoms close to the loop are
already being sufficiently displaced and the atoms in the middle may not
be imaged simultaneously as those at the outer edges. In position 7, the
plane intersects the loop. The lower part of the plane will be imaged
first and éhen the upper half. It is clear that at this stage the field
evaporation sequence will show an unwinding spiral rather than a series
of parallel planes. If track is kept of the atoms in a plane it is pés-
sible to detect the vacancies that comstitute the loop. As the surface
approaches the plane? the positions of the atoms will in all likelihood be
changed from their original position, i.e. when the loop was inside the
crystal. -As the field evaporation proceeds through to 11, the FIM micro-
graph should stay very much the same. Once the surface has passed through
the loop, -the field evaporation sequence should once more indicate a
series of parallel planes. Thus, a change in the field evaporation
éequence of high index planes caused by the strain field of lobps, can be
used to detect the presence of loops. Uncollapsed clusters of vacancies
do not have a long-range strain field, and hence do not greatly affect the
field evaporation sequence, a face that allows Lhe mapping of vacancies
in the DZ's by the method outlined previously.

The simple geometric model is useful in explaining the contrast
expected from dislocations but restricts the configuration to simple
types .and the positions of the loops to low index poles. It gives the
gross features of the contrast and allows in many cases the determination
of some of the parameters of the loop but it is not capable of dealing

with the finer features of the contrast. Computer simulation should be
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more useful. In this method a three-dimensional point-l#ttice is defined
with respect to some coordinate system. This iattice is interested by
two concentric hemispherical surfaces so that a thin hemispherical shell
is enclosed. The computer is instructed to find those latticé points
which lie within the shell, and to plot their coordinates in orthographic
projection. The resulting patterns bear a striking resemblance to FIM
images. Defects such as dislocations can be incorporated into the lattice;
the displacements of lattice aroms caused by thém cun Le computed and the
shell model applied to the strained crystal. Several results of computer
simulations of dislocations in FIM tips have been reported, which confirm
the simple geometric picture outlined before. A more thorough investiga-
tion of the contrast expeéted from small dislocatlvins in f£.c.r. metals—
such as we would expect to observe in ion irradiated platinum--has been.
reported by Stolt and Washburn. In principle it should be possible to
obtain more information on the nature of the loops observed in FIM by
compéring the experimental fiéld evaporation seédquence with computer simu-

lations for different configurations fo the dislocation loop.
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APPENDIX B: DERIVATION OF RANGE OF ION IN FIM SPECIMEN

Assume that the tip is represented by a hemisphere of radius R. The
X,y,2 axes are chosen as shown. The equation of the hemisphere is:
x2 + y2 4+ 22 = RZ' (B-1)

We choose the polar angles 8 and & as shown. Then:

X = R sind sin®
v = R sind cosH (B-2)
2 =~ R cos®

If the DZ's due to the incoming beam are created at a distance L, along
the beam direction, measured from the surface, then the ions will be on
the surface of a hemisphere given by:

(y + L) + x2 + z2 = R? ' (3-3)
We shall assume that the process of field evaporation causes the hemi-
spherical surface of(the tip to move down a distance A, without a change
in the radius R. We are interested in the distance 4 at which the gpeci~
men surface will intersect the center of the DZ.

We will have for the new surface:
(z - )2 + y2 + x2 = R? (B-4)

and then from (B-3) and (B-4):

A= [(RZ =(x2 +y2)11/2 = [(R2 - x2) - (y + L)2]

B

R cosd - [R2 cos?d - 2yL - LZ]I/Z B-3

R cosd[1l - ( Ligz—i;Lgﬁllzl

R2 cos2%
expanding
(1 - L(2y + L))1/2
R? cos?e
we get:
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Fig. B-1l: Schematic diagram showing quantities used to calculate range

of ion in FIM specimen.
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: 2 2 2
A =R cos@[L ;ani ;ose +.% L _4c 4y ]
' ‘ cos R?2 cos2¢ 8RY cos'®
' 2 - 2 2 2 2
=R cos@[L ;ani ;ose + L _ L% sin“® cos e] .

cos 2R2 cos20® 2R2 cos*o®

= L tan® cos8 + ——LE———~(1 - tan2¢ cdsze) + . (B-6) -
2R cos?d ot

The second term can be neglected compared to the first if,

2

A 3 D) ——
L tand cosb >> 7p0s0

or, sind cosf >> IR
d << 2R sin® cos8 (B-7)
Usually in the FIM, the micrograph only covers
® g 45°

sind = S
2

d << 2R cos6 (8-8)
If (B-8) is satisfied then,
A =1 tand cos8 (3-9)
If n, |hkl] planes havc been evaporated then from the diagram in the

inset we have

A=n dhkl/cos¢ : (B=10)

and substituting in (B-9), we get

n dhklmz L sin® cos6

nd
" %
L= sind cos® (-10)

If condition (B-8) is not satisfied, the exact expression derived from

(B-3) and (B-4) by eliminating z is:



]
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R[1 - (sin26 sin26 + (cosd + a/R)2)1!

- R s8ind cos6

A

' 1/2
R[sin?¢ cos?8 + 2 cosd: + (%92] /

R

/2

- R sind qose

(B-11)





