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DIRECT OBSERVATION OF THE PRIMARY STATE OF DAMAGE OF ION-IRRADIATED
TUNGSTEN: I. THREE-DIMENSIONAL SPATTAL DISTRIBUTION OF VACANCIES+

: o2 3 o e ; 3 i
Ching-Yeu Wei , Michael I. Current , and David N. Seidman
Cornell University, Bard Hall, Department of Materials
Science and Engineering and the Materials Science Center,
Ithaca, New York 14853, U.S.A.

ABSTRACT
The results of an extensive field-ion microscope (FIM) investigation
of the primary state of damage of ion-irradiated tungslen were prcsented.
Two-pass zone-refined single crystals of tungsten were irradiated in situ,
at <15 K, with a magnetically analyzed beam of various ions at a backgruuud

pressure of (S—lO)xlO_lOtorr in the absence of the imaging electric field.

The value of the standard fluence was small enough (5x1012cm_2)

to guarantee
that each derleted zone (DZ) detccted was associated with a single pro-

jectile ion. After an irradiation each specimen was examined on an atom-by-atom
basis employing the pulse field-evaporation technique. The two main experi-
mental programs were: (1) the determination of the effect of the mass of the

l) on the three-dimensional spatial distri&utioi of Zacaniies
in DZs, in specimens which had been irradialed with 30 keV W , Mo e o G

7

projectile ion (M

+ +
Cr , or Ar ions; and (2) the characterization of the effect of the initial

energy ol Lhe projcctile ion (F.) on the vacancy structure of DZs created by

i
15, 30, 45, 60 or 70 keV Kr ions. ‘''hree-dimensional visualizations were

presented of a number of the DZs detected, based on the use of the OR TEP

program. The average number of vacancies (<v>) per DZ was 172 for E. = 30 keV,

1
independent of M, , for the range of ion masses employed. The value of the
average vacancy concentration per DZ decreased from X16 to 2 at.% as Ml was

decreased from 183.85 amu (W) to 39.948 amu (Ar) for El = 30 keV. For the

Kr ion irradiations the value of <V> increased linearly as El was incrcased

from 15 to 70 keV. Many other detailed physical properties of the Dis wcre

presented in the paper.
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§1. INTEODUCTION

The experimental study of the primary state of radiation damage represents an
essential test of the theoretical models and descriptions of this subject that have
evolved slowly, but steadily, over the past twenty—six plus years (e.g., see Brinkman
195k, Gibson et al. 1960, Seeger 1958, 1962, Nelson 1968, Thompson 1969, Seidman 1976).
From the point-of-view of either the experimentalist or theorist one would like to
know, in detail, the fate of a single energetic projectile ion that has been injected
into solid. The field-ion microscope (FIM) with its excellent atomic resolution and
the ability to examine the interior of specimens--as a result of the field-evaporation
effect (Miller and Tsong 1969, 1973)--is ideally suited for the study of the three-
dimensional spatial distributions of point defects, both vacancies and self-inter-
stitial atoms (SIAs), produced by a single projectile ion (e.g., see Seidman 1973, 1976,
1978, Wei and Seidman 1978, 1979, 1980, Seidman, Current, Pramanik and Wei 1980,
Pramanik 1980). The measured three-dimensional spatial distribution of wvacancies,
for a single projectilé ion, is a direct reflection of how the initial energy of
that projectile ion was deposited in a series of elastic collisions. "Thus the FIM
determinations of these spatial distributions represent the most fundamental type of
experimental information presently available on the primary state of radiation damage.

The principle capabilities and advantages of the FIM technique for the study of
radiation damage are as fullows: (1) The resolution of individual vacancies and self-
interstitial atoms; (2) the observation and irradiation of specimens at cryogenic
temperatures ($10 K) which are below the onset of long-range migration of self-
interstitial atoms; (3) the ig;éi&g irradiation of FIM specimens under ultra-high
vacuum conditions with a magnetically analyzed ion beam; and (4) the controlled dis-

section of the FIM specimens on an atom-by-atom basis employing the pulse field-

evaporation technique.

+ In this paper we present results on the spatial distribution of vacancies only. The
research on the distribution of SIAs around DZs ha3d been reported aon by Beavan et al.
(1971) and Wei and Seidman (1980).

‘



The present work represents a major extension (Wei 1978 and Wei and Seidman 1979)
of our earlier research on the vacancy structure of depleted zones (DZs)+ (Beavan,
Scanlan and Seidman 1971, Wilson and Seidman 1973, Wei and Seidman 1978). In this
paper (Part I) we present the main results of the following experimental programs:

(1) The determination of the effect of the mass of the projectile ion (Ml)

on the three-dimensional spatial distribution of wvacancies in DZs, in

tungsten specimens, which had been ion-irradiated in situ, at <15 K, at

+

+ +
a constant initial projectile energy (E.) -- the projectiles W , Mo , Kr ,

1
+ + +
Cu, Cr and Ar were employed for El = 30 keV (see fig. 1); and
(2) The characterization of the effect of E], at constant Ml’ on the vacancy

structure of DZs in twngsten -- 15, 30, 45, 60 or 70 keV Kr lons iwere
+t

employed (see fig. 1).
All of the DZs analyzed were produced at small values of the ion fluence so that each
DZ was created by a single projectile ion. A total of eight different physical pro-
perties of each DZ were determined (see §3). The main emphasés of this paper are on
the presentation of the detailed experimental results and a qualitative explanation
of the observed trends for the two main experimental programs. The more detailed
aspeclys of this work are presented in two subsequent papers (Current, Wei and Scidman
1980 a, 1980 b). It is emphasized that all of the DZs presented in this paper would
not have been observable by conventional transmission electron microscope (TEM) tech-
niques. The TEM technique depends heaviiy on the ability of the vacancy-rich core
of a DZ to collapse into a dislocation 1nnp with sufficicnt strain-field couulrast to
make it "visible" in an electron microscope image.-hL+ Thus the FIM observations
complement the TEM studies of the primary state of damage (e.g., see Eyre 1973,

Wilkens 1975, Jenkins 19Tk, Merkle 1976, Jenking wund Wilkens 1976, Ruzull, Bernas

and Chaumont 1979).

T A -depleted zone (DZ) is the end result of a displacement spike or collision cascade
(e.g., see Nelson 1968, Thompson 1969). That is, it consists of the final spatial
arrangement of the vacancies produced in a displacement spike -- that was created
by a single energetic projectile ion —-- after all the excess energy deposited in
this volume of the crystal has been dissipated.

L

A One data point was obtained for a 45 keV Xe+ irradiation; it was included for com-
pleteness.

THt

effects produced arose from "the difference in the structure factor between the
disordered zone and the ordered matrix". This TEM technique is only applicable
to order-disorder alloys.

In the TEM work of Jenkins and Wilkens (1976), on ion-irradiated Cu,Au, the contrast
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§2. EXPERIMENTAL DETAILS
2.1, - Techniques and procedures

The basic experimental techniques and procedures were presented in detail in a
number of earlier publications (for example, Scanlan, Styris and Seidman 1971 a,
Seidman and Scanlan 1971, Beavan, Scanlan and Seidman 1971, Wilson and Seidman 1975,
Wei and Seidman 1977, 1978, Wei 1978, Current, Wei and Seidman 1980 c¢). Therefore
in this section only the main aspects of the experimental approach are discussed.

The FIM specimehs were prepared from two-pass zone-refined single crystals of
tungsten by a special electropolishing procedure (Wilson and Seidman 1975). These
specimens were then field evaporated to a final end form with an average initial
radius of 250 Z. Next they were irradiated in situ, in the absence of the electric
field, with a magnetically analyzed beam of ions at a background pressure of (5-10)x
) 10—lO torr. A standard fluence of 5){1012cm-2 was collected in approximately five _
minutes employing a flux of (2—3)xlOlOcm-2sec_l; at this value of the flux the-time E
to form an adsorbed monolayer was greater than the irradiation period. After an
irradiation the voltage on the specimen was returned immediatel& to best image field
for helium as the imaging gas (Miller and Tsong 1969, Chen and Seidman 1971) in order
to prevent the adsorption of gases, from the background vacuum, on the irradiated
surface.

The temperature of the specimen was maintained at <15 K during and after the
irradiation period. At a temperature of <15 K we have shown that the SIAs in tungsten
were completely immobile; that is, there were no long-range migration effects (Scanlan,
Styris and Seidman 1971 a and 1971 b, Seidman, Wilson and Nielsen 1975 a and 1975 b,
Wei and Seidman 1979, Wilson, Baskes and Seidman 1980). Thus the observed state of
radiation damage was characteristic of the defects produced during the slowing down
of the energetic projecfile ions and was not altered by any thermally activated
long-range migration or recombination processes. In view of these experimental

conditions we believe that our observations were characteristic of the primary state
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of radiation damage (Seidman 1976).+

After an irradiation each specimen was dissected; at the irradiation temperature,
on an atoﬁrby—atom basis--employing careful pulse field evaporation experiments.
Typically ten to 50 voltage pulses were employed to dissect an important {hkl} plane
--~for example,lthe {111} planes--and the pulse field-evaporation sequences were re-
corded on 35 cm ciné film; a total of 6,400 to 19,000 frames of film were recorded
per irradiated specimen. Each field-evaporation pulse was 5 msec wide and the height
of the pulse was “20% of the best image field for helium gas at a specimen temperature
ot 215 K (Chen and Seidman 1971).

The film waé analyzed with the aid of a Vanguard motion analyzer equipped with
X~y cross-hairs which were interfaced to a Houston Omnigraphic 200 x-y point plotter
(Scanlan et al., 1969, Wei 1978). Some of the procedures used to determine the
atomic coordinates of the individuval vacancies contained within DZs have been féported
elsewhere (Wei and Seidman 1978, Wei 1978). In.the Appendix the procedure used to
analyze a DZ, that extended over several {hkl} planes, was presented. The position
of the vacancies contained within each DZ were displayedlemploying the OR TEP prégram
(Johnson 1965, 1970); for prior applications of this program see Wei and Seidman
(1978 and 1979), Current and Seidman (1980), and Current, Wei and Seidman (1986 c).

2.2. The mass and energy of the projectile ions

The wvalues of M1 and E. were chosen in a systematic fashion so that the results

1

could be compared to the available models of the primary state of radiation damage.
Figure 1 exhibits the values of E1 (in keV) as a function of the Linhard, Scharff
and Schigtt (1963) reduced energy parameter (€); € proved itself to be a convenient

scaling parameter for analyzing our data. The parameter € is given by

2
M E Z Z e
_ 2 1 2 '
1 (1)

(M1+M ) qpp

t This paper contains a complete bibliography of all the FIM research on the prlmary

state of damage through 1976.



where M., Z

4 1 M2 and Z2 are the masses and atomic numbers for the projectile and

target atoms, respectively, e is the charge on an electron and a is the Thomas-

TF

TF was

- 0.8853aH/9212/3+-222/3 , (2)

o] .
where a, is the Bohr radius (0.529 A). Equation (1) represents, physically, the

Fermi screening length. The expression used for a

i
H
ratio of the initial kinetic energy in the center-of-mass frame of reference to

the Coulomb repulsion energy evaluated at a Note that the experiments spanned

TF"
almost one order-of-magnitude in the range of initial wvalues of € employed
(v1.9x1072 to 1.2x107%).

§3. RESULTS
3.1. Principal quantities determined .

The principal experimental quantities determined from the analyses performed

on all the individuval DZs observed were as follows:+

(1) The direct determination of the absolute number of vacancies (V) con-
tained within each DZ that was created by a single projectile ibn;

(2) Visual representations —- with the aid of the OR TEP program -- of the
positions of the vacancies included within every DZ;

(3) The measurement of the average diameter (<A>) of an individual DZ and the
orientation of the DZ with respect to the ion beam and the crystal
lattice;

(4) A calculation of the average vacancy‘concentration (<cv>) within each
DZ based on Vv and the actual volume (Wei 1978) filled by the vacancies;

(5) A calculation of two different types of radial distribution functions
(Wei 1978 and Wei and Seidman 1979) for the vacancies comprising each DZ;

(6) The determination of the fraction of first-nearest-neighbor vacancies

—— within each DZ -~ in clusters of size n, where n ranged from one to

several hundred;

See Current, Wei and Seidman (1980 a) for details concerning the definitions
of these quantities.
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(7) The average depth (L) from the irradiated surface, measured along a

direction parallel to the incident ion beam, at which each DZ was
detected and the direction of elongation ([hkl]) of each DZ; and

(8) The measurement of the number (vns)‘and concentration (<cv>ns) of

vacancies which were found in thelnear—surface region (<5 Z thick)
of ion-irradiated tungsten specimens (Current and Seidman 1980, Current,
Wei, and Seidman 1980 c).

In this paper we have presented a numﬁer of examples of the OR TEP visuali-
zation of DZs. A qualitative discussion of the major properties of the DZs, that
were gleaned from these visualizations, was also given. Detailed analyses and
discussions of the principal results —- numbers (1) to (7) above -- are presented
in the following two papers (Current, Wei and Seidman 1980 a and 1980 b). A
comparison of the properties of DZs which contained vacancies in'the near-surface
region wifh those DZs which were found in the bulk of FIM spécimens was given
earlier by Current and Seidman (1980) and Current, Wei and Seidman (1980 c).

§3.2. Examples of depleted zones in tungsten

Results for a total of 39 DZs werc rcported on in this series of papers
(see Tables 1 and 3). Since it was found impossible to present all of the micro-
graphs for all of the DZs we have only exhibited selected FIM micrographs for the
pulse dissection of two DZs; for other microgréphs see Wei (1978).

Figure 2 exhibits schematically the results for threé different 30 keV W
ion irradiations of tungsten specimens which had a [211] orientation; the ion
beam was initially parallel to the =[§ 11 5] direction. The cross—seétional side
views of the specimen are shown in figs. 2(b), 2(d) and 2(f); the position of
each DZ was projected into the plane of this figure. The distances between

~

pairs of DZs are indicated by the letters a,b,c, etcetera; they ranged from

S
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50 to 1hkO X. Figures 2(a), 2(c) and 2(e) exhibit the partial 211 standard
stereographic projections for the specimens shown in the bottom half of this figure.
The plane (or planesj in which a DZ was detected is indicated in the stereoéraphic
projection; for example, DZ3a was found in the (7i2) and (813) planes of the third
specimen -- see.-figs. 2(e) and 2(f).

An illustrative example of the contrast effects associated with a DZ that
was produced by a single 30 keV W+ ion is exhibited in fig. 3. This figure shows
a series of FIM micrographs of ten successive planes; they were chosen from a total

of 1.hx_103

frames of 35 mm ciné.film which were recorded and analyzed in the recon-
struction of DZ3a. The (813) plane and the neighboring planes are indexed in
frame 1; the frame number of the ciné film is shown in the lower right-hand corner
below each micrograph; and the layer number is given in the upper left-hand -
corner above each micrograph -- for example, frame number 47 is the n = 2 layer.
The position of each atom in the (813) plane is indicated schematically below each
micrograph by a solid black circle and a vacancy is indicated by an open circle.
The ten planes exhibited in fig. 3 contained 50 vacancies out of the total of 2L2
vacancies detected in this DZ. DZ3a was found at L=U5 Z and it was elongated along
thé (101] direction; the values of <A> and <cv>'for this DZ were 13 X and 17 at.%,
respectively (seé Table 1). The vacancies contained within DZ3a were in a highly
clustered state. For firét—nearest—neighbor vécancies the distribution of cluster
sizes was as follows: (1) 28 monovacancies; (2) two divacaﬂcies; (3) one quadfi— T
vacancy; and (4) one jumbo c;uster containing 206 vacancies.

Figure 4 displays pictorially the results of a 30 keV Mo+ ion irradiation
parallel to the =[é 5 11] direction of a tungsten specimen with a [211]. orientation.

Four DZs (DZLka to DZL4d) plus one dislocation loop were detected in this specimen.

A partial 211 stereographic projection, which shows the top view of the specimen,

+

Note that n is used in a special sense in figs. 3 and 5 which is different from
the n used to denote the size of a vacancy cluster.
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is shown in fig.. 4(a); the corresponding cross—sectional side view is shown in
fig. 4(b). The separation between any pair of DZs ranges from 90 to 160 X.

An illustrative example of the contrast effects produced by a DZ created
by aAsingle 30 keV Mo+ ion is shown in fig. 5; these micrographs are for DZUb.
Figure 5 exhibits a series of ten FIM micrographs for ten successive (622) planes,
n =1 to 10; they were chosen from among l.OxlO3 frames of 35 mm ciné film
recorded and analyzed in the reconstruction of DZ4b. Frame number one shows an
atomically perfect (622) plane in the n = 1 layer; the other nine frames display
(622) planes containing vacancies. Note that a void-like cluster appeared in the
n =6 ton = 10 layers of the (622) plane and 20 vacancies were detected among
60 lattice sites —-- this corresponds to a local vacancy concentration of "33 at.%.
Note, however, that the value of <cv> was 10 at.% tor all the vacancies that were
contained in DZUYb, which extended over both the (411) and (622) planes. The arrows
in.frames 76 and 131 pinpoint another void-like cluster observed in the (L411) plane.
DZ4b was located at L = L0 K and it was elongated along the [111] direction; the
value of <A> was 15 X. For first-nearest neighbor vacancies the distribution of
cluster sizes was as follows: (1) 37 monovacancies; (2) four divacancies; (3) one
quadrivacancy; (4) one octavacancy; and (5) two Jjumbo clusters containing 27 and
T6 vacancies. A comparison of the OR TEP visualizations (see §83.3) for DZBé and
DZ4b clearly showed that the latter consisted nf two major subcascades.

3.3. OR TEP visualizations of depleted zones created by 30 keV ions

In this section we present examples of OR TEP visualizations of the atomic

positions of vacancies contained within individual DZs which had been created by

1.

The (622) plane exhibited an artifact vacancy concentration of 0.8 at.% (Wei
and Seidman 1980). However, the observation of this high local concentration
associated with the vacancies detected in the (622) plane could not have been
due to artifact vacancies. ’



single 30 keV ions.+ The projectile ions employed++ for the irradiations were
W(183.85 amu), Mo(95.9% amu), Cu(63.546 amu), Cr(51.996 amu) and Ar(39.948 amu);
this corresponded to a factor of 4.60 in the range of Mi and almost one order of
magnitude in the value of € (see fig. 1). PFigure 6 illustrates the general effects
observed as M1 was decreased; this figure contains three different DZs (DZla,
DZ4b and DZ5a) which were produced by 30 keV W+, Mo+, or Cr' ions, respectively.
Each open circle represents one vacancy, and the rod connecting two vacancies has
a length equal to the first-nearest neighbor distance (=2.74 K); the perfect lat-
tice was omitted for the sake'of clarityi This figure shows immediately that as
M, was decreased the following occurred: (1) the spatial extent of the DZ in-
creased; (2) the vacancy concentration decreased; (3) the number of isolated
monovacancies increased and therefore the number of iarge first—nearest—neighbé}
vacancy clusters decreasea; and (4) there was a tendency to form subcascades +
within the DZ -- this was particularly apparent in the case of DZLb which was found
to cénsist of two distinct subcascades.

Six OR TEP visualizations are now presented in order of decreasing Mi at
constant El' Details regarding the other 23 DZs are presented in Table 1, which
represents a summary of the major effects of M1 on the vacancy structure of Dis.

+
DZ2b (fig. 7): This DZ was created by a W ion and was detected in the

(622) and (723) planes -- see figs. 2(c) and 2(d). The incident ion beam was

parallel to the [8 11 5] direction and the DZ was elongated along the [001] direc-
o .

tion. DZ2b was detected at L = 35 A and it contained 133 vacancies; the values

[e}
of <A> and <c_> were 9 A and 26 at.%, respectively (see Table 1). The distribution

.i.

Employing the same geometric argument as the one used previously (Beavan et al.
1971, Wilson and Seidman 1973, Wei and Seidman 1978) it was estimated that the
maximum number of ion hits on the cross-sectional area of each DZ was always less
than one. This value was an upper bound because it neglected the straggling in
the range of the projectile ion.

tt

» - + . - . .
We also pertormed 30 keV Kr irradiations; however, they were intended mainly

for the El dependence experiments described in §3.L4.
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of first-nearest neighbor vacancy clusters was as follows: (1) eleven mono-
vacancies; (2) one divacancy; and (3) one huge cluster containing 120 vacancies.
Even at a local value of <cv> approaching 30 at.% the remaining tungsten atoms

still formed a recognizable, although somewhat deformed bcc lattice.

DZ3a (fig. 8): This DZ was detected in the (712) and (813) planes --
see figs. 2(e) and 2(f). A partial pulse field-evaﬁoration sequence through DZ3a
is éxhibited in fig. 3 and we presented values for its principal experimental
parameters in 83.2. Note that both this DZ and DZ2b, which were created by 30
keV W+ ions, were extremely compact and contained very few isolated monovacancies.

. . ,
Dz4d (fig. 9): This DZ was created by a Mo ion and it was detected in the

(L1T), (712) and (512) planes (see fig. 4). The incident ion beam was parallel

to the [é 5 11] direction and the DZ was elongated along the [111] direction. DZhd
was detected at L = 35 X and it contained 169 vacancies; the values of <A> and <cv>
were 15 X and 9 at.%, respectively. The distribution of first-nearest neighbor
vacancy clusters was as follows: (1) 29 monovacancies; (2) six divacancies; (3)
one frivacancy; and (L4) three large clusters containing 24, 28 and 72 vacanéies.
The breakup of this DZ into two large subcascades, each of which contained approx-

imately the same number of vacancies, is clear from fig. 9.

DZ6a (fig. 10): This DZ was created by a Cu' ion. The incident ion beam
was parallel to the [156] direction and the difection of elongation was [110]. DZ6éa
was detected at L = 220 K and it contained 130 vacancies; the values of <A> and <c >
. were 30 X and 3.4 at.%, respectively. The distribution of firsl-nearesl neighbor
clusters was as follows: (1) 57 monovacancies; (2) four divacancies; (3) one
trivacancy; (4) two quadrivacancies; (5) one hexavacancy; (6) two octavacancies;

and (7) one large cluster of 32 vacancies.



=11-

: ) + ,
DZT7a (fig. 11): This DZ was created by a Cu ion. The incident ion beam

was parallel to the [L31] direction and the DZ was elongated along the [001]
direction. DZT7a was detected at L = 230 Z and it contained 243 vacancies; the
values of <A> and <cv> were 27 K and 3.7 at.%, respectively. The distribution of
first-nearest neighbor vacancy -clusters was as follows: (1) 70 monovacancies;
(2) 15 divacancies; (3) four trivacancies; (4) two hexavacancies; and (5) three
large clusters of 15, 22 and 66 vacancies. The breakup of this DZ into three
distinct subcascades is very evident from an examination of fig. 11.

+
DZ5a (fig. 12): This DZ was created by a Cr ion and was detected in five

crystallographic planes —- the (512), (723), (824), (411) and (11 3 4) planes.
The incident ion beam was parallel to the [?hi] direction and it was eloﬁgatéd along
the [110] direction. DZ5a was detected at L = L0 Z and it containea 245 vacigcies;
the values of <A> and <év> were 31 K and 3.6 at.%, respectively. The distribgtion
of first-nearest-neighbor vacancy clusters was as follows: (1) 69 monovacancies;
(2) seven divacancies; (3) six trivécancies; (4) one quadrivacancy; (5) three
pentavacancies; (6) one hexavacancy; (7) one heptaﬁaeancy; (8) one octavacancy;
and. (9) four large clusters containing 9, 15, 30 and 50 vacancies. Note tha?_al—
though <c > was 3.7 at.%, that there are several regions within this DZ wheré the
local vacancy concentration was thfee to five times greater than this average value.
Local inhomogeneities in the vacancy concentration was a general feature of the DZs
created by lighter projectiles (also see DZ7a in fig. 11).

The degree of clustering within the DZs created by different 30 keV ions

was further quantified by calculating the fraction of vacancies in first-nearest-

neighbor clusters of size n (Fn). The expression for F  employed was

F_=nN_ /(%: nNn> , (3)

where n was the size of the cluster and Nn the pumher of clusters of size n. The

value of the sum in the denominator of eqn. (3) is equal to the measured value of
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v. Table 2 lists the average values of Fn for the DZs created by the various 30 keV
+ .

ions, including the 30 keV Kr ions. The general trend was that as M1 decreased

the fraction of monovacancies (Fl) increased and concomitantly the fraction of

clusters with n25 ( ) decreased.

FnZS .
3.4. OR TEP visualizations of depleted zones created by krypton ions with
energies between 15 to TO keV

A series of irradiations were performed with Kr ions (83.80 ému) to examine
the spatial distribution of vacancies at constant Mi and varying El; the value of
El was varied between 15 and 7O kcV (gee figy. 1). The principal experimental quan-
tities determined for the DZs obtained as a result of these irradiations are listed
in Table 3. The OR TEP visualization of five of these DZs are presented in this
section to illustrate the changes that occurred in the properties of the DZs as
El was increased. The qualitative trends fhat emerged as El was increased at
constant M, were as follows: (1) the value of <V> increased; and (2) the value
of <cv> decreased and then increased -- see‘the results for the T0 keV Kr+ DZ.

The descriptions of the OR TEP visualizations (figs. 13-16) are as follows:

o+
DZ15b (fig. 13): This DZ was created by a 15 keV Kr ion. The incident ion

beam was parallel to the [31L4] direction and the DZ was elongated along the [111]
direction. DZ15b was detected at L = 60 X and it contained 109 vacencies; Lhe
values of <A> and <cv> were ok K and 5.7 at.%, respectively. ''ne distribution of
first-nearesl{ nelghbor vacancy clusters was as follows: (1) 43 monovacancies;
(2) three trivacanciecs; and (3) two large clusters of 15 and L2 vacancies.

DZ1Llb (fig. 1L4): This DZ was creéted by a 30 keV Kr+ ion. The incident

ion beam was parallel to the [413] direction and the DZ was elongated along the
o]
[110] direction. DZ1llb was detected at L = 60 A and it contained 238 vacancies;

(o]
the values of <A> and <Cv> were 23 A and 5.9 at.%, respectively. The distribution



-13-

of fifst—nearest neighbor vacancy clusters was as follows: (1) 54 monovacancies;
(2) 11 divacancies; (3) six trivacancies; (4) two quadrivacancies; (5) two penta-
vacancies; (6) one hexavacancy; and (7). three large clusters of 23, L7 and 50
vacancies. Note the similarity of this DZ to DZ4d (fig. 9) -- which was
+

created by a 30 keV Mo ion (95.94% amu) -- and DZTa (fig. 11) which was created by

+
a 30 keV Cu ion (63 amu).

+
DZ8a (fig. 15): This DZ was created by a 45 keV Kr ion. The incident ion

beam was parallel to the [101] direction and the DZ was elongated along the [011]
direction. DZ8a was detected at L = 240 X and it contained 298 vacanciés; the
values of <A> and <cv> were 32 Z and 4.3 at.%,.respectively. The distribution of
first-nearest neighbor vacancy clusters was as follows: (1) 47 monovacancies;
(2) seven divacancies; (3) one trivacancy; (4) one quadrivacancy; and (5) sevéﬁ

¥

large clusters of 10, 1k, 19, 33, 45, 46 and 63 vacancies.

+
DZ9a (fig. 16): This DZ was created by a 60 keV Kr 2 ion. The incident

. ibn beam was parallel to the [532] direction and the DZ was elongated along the
[111] direction. DZ9a was detected at L = 100 K and it contained 378 vacancies;
the values of <A> and <cv> were 31 X and 2.7 at.%, respectively. The distribution
of first-nearest neighbor vacancy clusters was as follows: (1) 151 monovaqancies
(2) 29 divacancies; (3) four trivacancies; (L) two quadrivacancies; (5) one penta-
vacéncy; (6) one heptavacancy; () one cluster of nine vacancies; and (8) a jumbo
cluster of 128 vacancies.

' +
DZ13a (fig. 17): This DZ was created by a TO keV Kr 2 ion. The incident

ion beam was parallel to the [121] direction and the DZ was elongated along the
[101] direction. DZl3a was detected at L = 170 Z and it contained 378 vacancies;
the values of <A> and <Cv> were 16 X and 12.3 at.%, respectively. The distribution
of first-nearest neighbor vacancy clusters was as follows: (1) 62 monovacancies;
(2) 14 divacancies; (3) four trivacancies; (L4) two quadrivacancies; (5) one hepta-

vacancy; (6) one octavécancy; and (7) a jumbo cluster of 253 vacancies. The
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highly compact nature of this DZ was consistent with observations of DZs created
by 60 keV W' ions in tungsten (Pramanik 1980). This very concentrated vacancy dis-
tribution is relevant to the problem of the mechanism of collapée of a DZ into a
dislocation loop.

§4. DISCUSSION

The results presented in 83 constitute the experimental analog of individual
displacement cascades which have been simulated employing either the Monte Carlo
(e.g., Beeler 1966 and Robinson and Torrens 1974) or molecular dynamics (Gibson
et al. 1960) computer tcchniques. The reason for this is that each DZ was
created by a single projectile ion. Hence, the distribution of vacancies within
each DZ represents.a direct reflection of how the energy of a single projeétilelion
was deposited in a series of elastic coilisions. This direct measurement of v,
for each DZ,constituted as close as anyone has come to achieving a simple Frenkelo-
meter that determines an absolute value of V.

Before discussing the results we review briefly some elementary theoretical
concepts that are relevant to this work. TFigure 18 is a.plot of the reduced
stopping power [S(e)] as a function of €. The total stopping power of the target
for a projectile ion is generally taken to be the sum of the elastic (or nuclear)
stopping power (Sn) plus the inelastic‘(or electronic) stopping power (Se)

is expressed in terms of €

[Linhard, Scharff and Schigtt (LSS) 1963]. When E,

the plot of Sn(s) as a function of € 1is a wniversal curve for all combinations of

projectiles and targets (Zl, FH; yA M?) and a given interatomic potential. The

23

quantity Sn(e) is given by the expression

de
s,(e) = - (5 (1)

where p is the dimensionless distance
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- 2 2 .
p= aTFA[hM1M2/(M1+M2) ] N.R; (5)
N, is the number density of atoms in the target and R is the total path length

d

of the projectile in the target. The curves labeled Sn(s) are for a Thomas-Fermi
interatomic potential (Linhard, Scharff and Schigtt 1963) and a Moliére-like po-
tential [Wilson, Haggmark and Biersack (WHB) 1977)], respectively. The Linhard-

Scharff (1961) expression for S, is given by

s, = ke¥/? | ' (6)

where
0.07932, 2/3, 1/2 (M, + M, y3/2

2/3 2/3 3/k 3/2 1/2

(zl +Z, M M,

K =

was used to calculate Se for the cases of W and Cr+ ions on tungsten; note tgatv
the. value of Se’ at a given €, depends on the particular combination of projegtile
and target atoms and, therefore, there is not a universal curve for Se(e). For
the valués of E; (or €) employed in our experiments the value of 8 was always
greater than the value of Se for both the LSS and WHB interatomic potentials
(see fig. 18). Thus approximately 75%, on the average, of each pfojectile's .
energy went into elastic collisions; it was this elastically transferred energy
that produced point defects. |

Winterbon, Sigmund and Sanders (1970) suggested for the case of

e £ 0.2 that Sn(LSS) can be approximated+ by

5. = 0.98; i ‘ (8)

+

These expressions were calculated for a stopping cross-section that has an
interatomic potential of the form Vir )<Ir'3 where r is the internuclear
separation. For values of € < 102 these expressions are not expected to be
valid (Linhard et al, 1963 and Wilson et al. 1977). However, we have presented
them because they represent simple first-order expressions for very lmporlaut

quantities.
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to an accuracy of V20%. These authors also suggested that the corresponding
approximate expression for p(e) in this régime is

oe) = 1.536%/3, (9)

For the range of M. and € involved in the present experiments the values of R

1
-and the projected range are approximately the same (Linhard, Scharff and Schigtt
1963); therefore, we can take the volume of the displacement cascade [w(eg)] to be

given by Sigmund (1974, 1975, 1980)

w(e) n conatant [D(E)]3 o 32; (10)

where p(eg) is assumed to be the projected range of the projectile ion. Physically
egn. (10) states that w(e) is proportional to the third power of p(e). It is not
obvious that the radius of a single displacement cascade should always be pro-
portional to p(e€), thus the dependence predicted by eqn. (10) may not be generally
correct (Sigmund 1980).

4.1. Depleted zones created by 30 keV ions

The experimental variation of v with M, was not'very strong (see Table 1).

1

The reason for this important result rests with the fact that Se varied weakly
with M (see fig. 18) for the rangc of values of Ml employed. Thus, to first

order, V was independent of M, and <v> was equal to 172 vacancies. This value

1
was in good agreement with the well-known Kinchin-Pease (1955) exprcooion as
modified by Robinson and Torrens (19T4). The quantity <v> is considered in more
detail in Parts I and IIT. However, we emphasizc very strongly thal the spatial

distribution of vacancies within a given DZ was a very strong function of Ml’ as

pointed out in §3.3 (see figs. 6-12 and Table 1).
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" The reasons for the latter observation can be understood from the following
qualitative discussion, which is based on an elastic hard sphere model. First,
the maximum energy which can be transferred to a lattice atom in an elastic binary

collision (Tmax) is given by

)2

(M. + M (11)

o\My + M) "E) = YE

T = hMlM 1

max 1’

thus, Tmax decreased as Ml was decreased. Also, the mean free path between colli-
sions that involved the transfer of large energies (A¥) increased as Ml was de-
creased. This conclusion was based on the fact that A¥ is inversely proportional

to the total elastic cross-section ( ) for an energy transfer with a given

total

decreases as M, is decreased at a constant E ‘(Winterbon,

impact parameter and Ototal 1 1

Sigmund and Sanders 1970). Similarly, the quantities involving length incre?sed
as Ml was decreased; that is, R(El) and p(e) (see Winterbon et al. 1970). Hénce,
an approximately constant number of vacanqies was produced in a volume that grew és
Ml was decreased -- see eqn. (10). This implied that <cv> must decrease as Ml was
decreased. And, indeed, this was the situation observed.

The change in the degree of clustering within the DZs created by the *
different 30 keV projectiles can also be understood qualitatively on the basis
of the varlalion of A¥ with M, - For.a'self-ion irradiation (Ml =,M2) the values
of A¥ were so small that the different recoil branches of each displacement cas-
cade were highly localized in space; thus there was a vefy high probability that
many of the branches overlapped one another. As Ml was decreased A¥ increased
and the probability of overlap decréased. The above qualitative physical des-
cription is illustrated in fig. 19 for W+, MoI and Cr+ projecﬁiles impinging on

a tungsten target. The angle between the deflected projectile atom and recoiling

target atom (6, + 6

1 2) was calculated under the.assumption that the transferred

energy (E2) was given by
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E, = O°5Tmax = o.syEl . (12)

Thus the recoil angle in the center-of-mass frame of reference (¢) was 90°,

independent of the value of M The angle through which the projectile atom

1

was deflected in the laboratory frame-of-reference (6.) is given by

1

fanel = sin¢/[cosd + (Ml/Mz)]; (13)

therefore, ., is equal to 45°, (2.Lhk° and T4.21° for W, Mo and Cr on tungsten,

1
respectively. The rccoil auple uf thé target atom in the laboratory [rame-of-

reference (62) is given by
tand, = sin¢/(1l-cos¢) . (1h)

Equation (14) predicts that 62 is equal to 45° independent of the mass ratio
Ml/Me. Thus the angle (el + 62) is equal to 90°, 107.44° and 119.21° for W, Mo
and Cr impinging on tungsten, respectively. The increasing value of (61 + 92)
implied that the targét and projectile atoms were more effectively separated from
one another as Ml was decreased. In addition, the value of Tmax concomitantly
decreased so that the number of vacangies produced per major recoil branch also.
decreased. This implied that a larger number of eléstic collisions was requnired
for the projectile to give up all its initial energy; therefore, the total number
of major recoil branches increased as Ml was deéreased at constant El' Figtre 19
exhibits schematically all of the physical fcatures discussed above.
L.2, Depleted zones created by 15 to TO keV Kr+ ions
The main experimental results for the 15 to 76 keV Kr+ irradiations are

summarized in. §3.2 and Table 3 and they can he understood guulitatively on the

basis of the ideas presented earlier in this section. However, there are problems
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in understanding all of the details of these observations based solely on the

physical picture outlined in the preface to §h.

First, the value of <v> was linearly proportional to E, (or €); this was

1

expected on the basis of either a Kinchin-Pease model (1955) or a Robinson-Torrens

(1974) type model. Second, the average value of L increased as E (or €) was

1
increased -- see Table 3. Equation (9) predicted that the projected range [p{e)]

2/3

is proportional to € for the present € régime; thus, the observed increase in

L with increasing E. (or €) was also expected. Third, the values of <A> also

1

increased with increasing E. (or €), —- with the exception of the DZ created by

1
+ .
the 70 keV Kr ion. This result is consistent with the idea that <A> is proportional
tovp(e) and therefore <A> is proportional to €. Fourth, the value of <c;>decreased

with increasing E

1 (or €) -- with the exception of the DZ created by the TO keV ke

ion. This last result is in agreement with the concept that <cv> i; proporfional to
<v>/w(e) and hence to E;l.

'The major inconsistency observed,'that went against the predicted trends,
was fof the one DZ produced by a T0 keV Kr+ ion. For this case <A> was smaller
than the values of <A> observed at all the lower energies. In other work, in our
laboratofy, Pramanik (1980) found that for self-ion irradiation of tungsten the
fraction of aggregate defectsJr that wefe dislocation loops increased with increas-

ing E Thus, DZ13a may have been frozen-in in a state that was on the verge of

1

collapsing into a platelet or dislocation loop. This pdint is discussed further in

Part III (Cwrrent, Wei and Seidman 1980 b).

This term includes: (1) compact vacancy clusters or voids; (2) depleted zones
- and (3) platelets or dislocation loops; see Seidman (1976) for a discussion of
this classification. :
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§5. SUMMARY
The most important results and conclusions are as follows:
(1) To first order the value of the number of vacancies (V) contained

within each DZ, created by a single projectile ion, was independent of the mass

+ + + + +
of the projectile ion (Ml) for the case of 30 keVW , Mo , Kr , Cu+, Cr or Ar

ions on tungsten;

(2) The value of <v> was 172 for an initial projectile energy (El) of
30 keV and the ions listed above in (1);

(3) The value of <V> of 172 was in good agreement with the Kinchin-Pease

(1955) expression as modified by Robinson and Torrens (1974) -- see §3.1 in Part II;

(4) The average diameter (<A\>) of the DZs increased as Ml was decreased at

a constant El of 30 keV;

(5) The value of the average vacancy concentration <cv> of a DZ decreased

from 16 to 2 at.% as Ml was decreased from 183.85 amu (W) to 39.948 amu (Ar) at a

constant El of 30 keV;

(6} The spatial arrangement of vacancies within the DZs was a strong

function of Ml at a constant El

within each DZ increased as Ml was decreased;

(7) The fraction of monovacancies contained within each DZ increased as Ml

of 30 keV —- in general, the number of subcascades

wag decrcased == at a constant El ot 30 keV -- and concomitantly the fraction of

vacancies containced within large clusters decreased (see Table 2);

(8) For the Kr ion irradiations the value of <v> increased linearly as El'

was increased from 15 to 70 keV,

s

was increased from 15 to 60 keV for

(9) - The value of <A> increased as El

the Kr ion irradiations;

(10) The value of <cv> decreased as El was increased from 15 to 60 keV for

the Kr ion irradiations;
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(11) For the case of the 70 keV Kr ion irradiation the value of <\> was
smaller and therefore the value of <cv> was greater than the wvalues observed at
all the lower energies; and

(12) It was suggested that the DZ obéerved in the case of the 70 keV ion
irradiation may have been frozen-in in a state that was on the verge of collapsing
into a platelet or dislocation loop.
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APPENDIX
PROCEDURE FOR THE CONSTRUCTION OF A_DEPLETED ZONE WHICH EXTENDED OVER MORE THAN
ONE {hkl} PLANE.

In this appendix the procedure employed to construct a DZ in three diﬁen—
sions from the FIM micrographs is described in detail. The positions of the va-
cancies found within the specimens were determined employing a Vanguard motion
analyzer equipped with x-y crosshairs and interfaced to a Houston Omnigraphic 200
x-y recorder (Scanlan et al. 1969, Wei 1978). The relative coordinafes of the
vacancies were first recorded in terms of a local cobrdinate system determined
by the unit cell vectors within a given {hkl} plane in which the defects were
found (Wei and Seidman 1978). As many of the DZs extended over more.than one
{hk1} plane, a procedure was developed to mesh the results from neighboring fhkl}
planes into a common cubic coordinate system based on the principal directions of the:
tungsten lattice. The procedure is described below, in step-by-step form for a
specific case, to illustrate the principles involved.

(1) The FIM micrograph was first indexed for those {hkl} ﬁlanes in which
a DZ was found. The Miller indices of the vectors ﬁhiéh laid along the intersection
of any two neighboring {hkl} planes were also calculated. The Miller indices of
the planes and the vectors determined on the micrograph were then compared with
the schematic diagrams of these planes.

(2) The positions of all the atoms and vacancies in each layer of each {hk1}
plane were transferred to a sheet of graph paper with the aid of the x-y cross-hairs
on the motion analyzer in conjunction with the x-y recorder. The positions of
atoms and vacancies were plotted with respect to one of the common fiducial marks

which had been engraved in the phosphor screen portion of the internal image-
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intensification system (Wei 1978). The éhoice of a common reference point
eliminated all errors in the positions of atoms caused by the slippage of film
in either the ciné camera or the motion analyzer.

(3) Now consider the upper portion of the diagram in fig. 20 which shows
the positions of the atoms in two successiveAlayers of the (222) plane. The atomic
sites in the zeroth and the first layers are represented by solid black circles
and open circles, respectively. The atomic site O was chosen arbitrarily as the
origin for the zeroth layer. The vector aU[-J__lO.Iv(aO is the lattice parameter of
tungsten) which lies along the intersection of the (222) and (332) planes and
the vector ao[Oil] which lies along the intersection of the (222) and (233) planes,
as determined in step (1), were taken as the u- and v- axes, respectively. The
vector (ao/6)[lll] which is normal to the (222) plane was taken as the Z-axis.

This local coordinate system consisting of the u-, v- and Z-axes and point O as
the origin was then used to specify the positions of any atomic site in the zeroth
layer of the (222) plane in terms of integers; for example, the sites O, A and B
have coordinates (0,0,0), (1,0,0) and (0,1,0), respectively.

The atomic site in the first layer which projected within the primitive
unit cell of the zeroth layer was denoted by 0°. The point 05 denotes the brojec;
tion of 0”7 onto the zeroth layer. The coordinates nf any atomic site in the firct

layer was determined by using the local coordinate system which consists of the

T In general two reference points are required to correct errors in the positions
of the atoms caused by the two-dimensional slippage of film. In practice, it
was found that only one reference point was required in order to correct the
errors in the positions of the atoms; this implied that the slippage of the film
was essentially one dimensional.
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u-, v-, Z-axes and point O; as the origin+. For example, the site C has the coor-
dinates of (-2, -1, -1) by noting that d;% = 033’ +0°C = [001] + [310] = [BI1].

- The coordinates of any atomic site in any layer of otheéer {hk1} planes were
determined in a similar manner. In the lower half of fig. éO,for example, the
sites D and E in the zeroth layer of the (332) plane have the coordinates (0,1,0)
and (1,0,0) respectively; they &ere described in the local coordinate system con-
sisting of the vector ao[ilo] as the u -axis, the vector ao[iiB] as the v -axis,
(ao/22)[332] as the Z -axis and the atomic site 077 as tbe origin. Similarly,
the site F in the first layer of the (332) plane has the coordinates of (1,0,-1)

which were described in the same local coordinate system as sites D and E but

P PR

with 0777 as its origin. The point O; " is the projection of the atomic site O
onto the zeroth layer. The site 0°°” in the first layer of the (332) plane pro-
jected within the primitive unit cell of the zeroth layer. The use of the local
coordinate system for each layer of each (hkl) plane had the advantage that the
coordinates of all atomic sites were given by the integers.

(4) DNow we consider the problem of the transformation from the local
coordinate systems to a common cubic coordinate system.: The coordinates of the.
atomic site C relative to the origin.0 were obtained by adding the shift

= [tutVO] + [211] =

—.}/ > — . —_ .
vector 007 =t = [t t 0] to 0°C. That is, OC = 00~ +
P uv P P

-
0°C

—

[tuNQ t -1 T]. The shift vector 1+ is the projection of 00” onto the (222) plane

' and is given by [0.333333 0666667 0] (see Table 4). Hence, the site C has the

coordinates of (-1.6666T, -0.333333, -1) relative to the origin 0. In a similar

manner the site F has the coordinates of (1.5, 0.727272, -1) relative tn the

A > > . -
origin 0 by noting that 0°°F = o’fgé’ + oé:r = [0.5 0.727272 0] + [101] =

+ The choice of the point 0~ instead of any atomic site, such as Q, as the origin
for the first layer of the (222) plane eliminated the accurate measurement of
0Q as required in the approach used by Chen and Balluffi (1975 a, 1975 b). The
benefit of this choice is <c¢lear 1if one notes that IBB;I is equal to the mag-

nitude of the shift vector as defined in step (L).
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[1.5 0.727272 1]. The vector O"O;' given by [0.5 0.727272 0] (see Table U4) is
the shift vector for the (332) plane. The coordinates of any other atomic site
in other layers of the planes were determined in the manner described above.

(5) The coordinates of the atomic sites observed in the (222) plane were
then transformed to a local cubic coordinate system with O as its origin while
those observed in the (332) plane were transformed to another local cubic coordin-
ate system with O;’ as its origin. It is ﬂoted that the two local cubic coordin;
ate systems are related only by a slmple Lranslation #cctor.

(6) TFinally, we have to mesh thé Lwo local cubic coordinate systems. In
order to transform the coordinates of an atomic site in the local cubic coordinate
sysfem of the (332) plane to the local cubic coordinate system of the (222) plane
the coordinates of Qggf atomic siéef{rt which lies at the intersection of the (222)
and (332) planes, were determined according to steps (3) to (5). The coordinates of
the atomic site R in the local cubic coordinube system of the (222) plane was denoted
by (§°, €7, n”) and in the (332) plane by (£,2,n). The coordinates (x,y,z) of an
atomic site in the local coordinate system of the (332) plane were finally trans-

formed to the coordinates (x7, y 7, z7) in the local cubic coordinate system of

x  =x-&+ &, (A1)
vi=y -5+, (A2)
- and g =z -n+n". (AR)

Eincc the twe loral euhic coordinate systems are related only by a translation
vector, only one atomic site is needed in determining the transformation equa-
tions of the two coordinate systems. In practice, two atomic sites were used;
the first atomic site was used to solve the egns. (Al) to (A3) and the second
atomic site was used to check the solutions.

HThe letter R is used in a special sense in this Appendix and should not be

confused with the R defined by eqn. (5).
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By extending this procedure all atomic sites observed in all {nk1} planes
can be transformed ﬁo,a common cubic coordinate system. In practice, the compu-
tations in steps (4) to (6) were programmed in the language called BASIC and
executed witﬁ the aid of a Data General Nova 1220 minicbmputer in conjunction

with a Tetronix 4010 graphic display terminal (see Wei 1978 for details).



mabZe 1: The effect of the mass of the projectile ion (Ml} on the principal experimental quantities determined.

Pro%;c;ile ion Initial ion Name of Number of Jepth of LZ from Average diameter (<i>) Direction of Average vacancy
1 }energy (El) depletes vacancies '_:rrat.ilated surface of a DZ in & elongation concentration
in keV zone (D%) per DZ L) in & [hk1] <c_> in at.%
(v) : v '
Wt 20 6
W : Oa 160 33 15 [110] h
1. l -3
4 20 Ob 81 19 11 [101] 13.9
t’l 30 la 159 85 11 (110] 27
30 1b 121 50 11 [111] 18
W 30 lc -— 20 - S -
W 30 2a 1k} ko 16 f101] 13
3 30 2b 133 35 9 [001] 26
. 30 2¢ 123 10 14 {0112} 9
" 30 3a 2k2 45 13 [TIo1] 17
30 3b 127 15 22 {o10] L.}
Mo 30 La 216 50 15 [T01] 10
Mo 30 4o 160 40 15 [I11] 10
Mo 30 4e 156 25 19 [011] 11
Mo 30 4d 168 3E 15 [111] 9
Mo 30 loop — 6C - -_— -
Cu 30 Sa 130 220 30 [110) 3 L
Cu 30 5b — 30 - — _—
Cu 30 Ta 243 230 27 ’ [0011 3.7
Cu 30 T 200 20 25 [100] 5.5
Cu 30 Tc 1k 10 26 [111] L.6
Cu 30 =4 150 100 49 (100] 1.1
Cu 30 ~e _— 30 - _— _—
Cr 30 ca 2l Lo 31 (130] 3.6
Cr 30 ) 247 60 24 [110] L.6
Cr 30 e — 10 - - —_—
Cr 30 cd — 106 - —_— -—
Cr 30 Se -— Lo - - -
ﬁr 30 10a 162 25 38 [111] 1.8
r 30 10b —— 25 — — ——
.t

DZ0a ani DZOb were fi-st repdrted on by Beavan et al.;

on for —ompleteness.

they were reanalyzed in Zhe present work and reported

_OE_
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Table 2: Fraction of vacancies in first-nearest neighbor clusters of size n

for E. = 30 keV

1
n

My 1 2 3 b 25
W 0.20 0.05 . ‘ 0.02 0.01 o.Té
Mo | 0.21 0.07 0.04 0.01 0.66
Kr 0.28 0.12 0.06 0.02 0.52
Cu 0.L2 0.11 0.07 0.06 - N 0.33
Cr 0.29 0.06 0.06 0.05 : 0.54
Ar 0.47 0.12 70.05 | 0.00 0.36




Table 3: The =ffect of the iritiel energy (El) of the projectile ion on the frincipal quantities determined.

Projectile ion In-tial ion llame of Number of Depth of DZ from Average diameter (<A>0 Direction of. Average vacancy

(Ml) energy (El)- depleted vacancies jrrediated surface of a DZ in R elcngation concentration

: in keV zone (DZ) per DZ (LY in & [hx1] <c” in at.%

(v) -

+ v .
Xe lis 123 159 50 31 {o01} 2.1
Kr 15 15a 117 90 21 1111] 5.8
Kr 15 15b 109 60 2k [111] 5.7
Kr 3 1ba 103 10 1 [130) 5.5
Kr 30 1o 238 60 23 {110] 5.9
Kr 30 1Lz - 110 - -— —
Kr L5 8a 298 2ko : 32 - [o11} 4.3 1

w

Kr €0 9a 378 100 31 [111] 2.1 v
Kr €0 95 398 120 ) 27 [101] 3
Kr 70 13a 378 170 16 [101] 12.3

* This was the omly exampls obtained cf a LZ created by an xenon ion. We include this result for completeness.
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Table 4: Table of parameters pertinent to the local coordinate system and trans-

lation vectors for a number of planes in the bcec lattice

Plane o s A tu++ tv++
(222) [220] [022] (111] 0.333333 .0.666667
(332) [220] [113] [66L] 0.500000 0.727272
(433)  [oz2] [313] [866] 0.794118 0.411765
(Lk42) [220] [02k4] [hh2] 0.388888 0.7TTTTTT
(543) [331] [113] [10 8 6] 0.340000 0.180000
(875) [113] [551] [16 1L 10] 0.89130k 0.601L4k49
(765) [313] [2L2] [14 12 10] 0.672727 0.LL5L55
(411) [131] [022] [822] 0.555556 0.277778
(521) [113] [131] [10 4 2] 0.566666 0.233333
(622) [022] [224] [311] 0.181818 10.363636
(732) [131] [224] [14 6 4] 0.161290 0.306k452
(721) [131] [02k] (14 4 2] 0.259259 0.425926 |
(631) (113] [133] 112 6 2] 0.456522 0.195652
(824) [253) [ok2] [824] 0.595238 0.8571h3
(831) [131] [115] [16 6 2] 0.851351 0.364865
(11 4 3) [2L2] tllé] [22 8 6] 0.349316 0.k452054

.'

- > > >
The Miller indices for the u-, v- and Z-axes are given such that the magnitudes
> >
of the vectors u, .v and E are in units of ao/2, where a, is the lattice parameter
of the standard non-primitive unit cell.

+

The values of the quantities tu and tv are given in fractions of the magnitudes

-> >
of the vectors u and v, respectively.
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FIGURE CAPTIONS
The initial energy of the projectile ion (El) as a function of the-
Linhard-Scharff-Schigtt reduced energy parameter (€); see §2.2 for
the definition of €. The straight lines indicate the experimental
conditions employed (see §81 and 2.2).
(a), (c) and (e) The partial 211 stereographic projections showing
the locations of the depleted zones detected for three different
30 keV W' 1on irradiations parallel to the ;[g 11 5] direction. (b),
(1) and (1) ‘the corrcsponding cross-gectional views of the FIM tipc.
A series of ten micrographs out of T1l3 recorded during thé atom-by-
atom dissection of a portion of DZ3a; this DZ was created by a single
30 keV W+ projectile ion. The solid black'dots indicate normal lattice
sites and the open circles indicate vacancies in the (813) plane.
(a) The partial 211 stereographic projection showing the location of
the depleted zones and dislocation loop detected in a specimen which
had been irradiated with 30 keV Mo ion parallel to the =(8 5 11]
direction. (b) The corfesponding cross—-sectional view of the FIM tip.
A series of the micrographs out of 145 recorded during the atom—by—étom
dissection of a portion of DZUb; this DZ was created by a single 30 keV
Mo" projectile ion. The solid hlack dots indicate normal lattice sites
and the open circles indicate vacancies in the (622) plane.
OR TEP visualizations of three diffecrcnt DZs in 30 keV W+, Mo+ or Cr+
ion-irradiated tungsten spécimens. The rod'connecting any two vacancies,
in the OR TEP visualizations, is equal to the first nearest-neighbor
distance (=2.T4 X) in tungsten; the surrounding tungsten atoms were
omitted for the sake of clarity. Each of the DZs is at approximately

o]
the same magnification -- note the 25 A marker.
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W projectile ion. This figure was constructed from experimental data
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with the aid of the OR TEP

construct the DZs shown
An OR TEP visualization
+ . -
W projectile ion.
An OR TEP visualization
+ . .
Mo projectile ion.
An OR TEP visualization
+ . .
Cu projectile ion.
An OR TEP visualization
+ - .
Cu projectile ion.
An OR TEP visualization
+ . . -
Cr yprojectile ion.
An OR TEP visualization
+ . . .
Kr projectile ion.
An OR TEP visuvalization
+ . .
Kr projectile ion.
An OR TEP visualization
+ . ,
Kr projectile ion.
An OR TEP visualization
+2 , .
Kr projectile ion.
An CR TkP visuallzation

Kr+P projeclile ien,

in

of

of

of

of

of

of

of

of

of

of

An OR TEP visualization of DZ2b which was created by a single 30 keV

program. This program was also used to
fig. 6 and figs. 8-1T.

DZ3a which was created by a single 30 keV

o

DZUd which was created by a single 30 keV
DZ6a which was created by a single 30 keV

DZT7a which was created by single 30 keV

o

)
v,

bZSa which was created by a singl§;30 keV
DZ15b which was created by a single 15 keV
DZ1hb which was created by a'sing;e 30 keV
DZBa which was created by a single L5 keVv
DZ9a which.was created by a single 60 keV

DZ13a which was created by a single TO keV
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Figure 18: A plot of the reduced stopping power [S(€)] as a function of the
reduced energy (e€). The curves labelled Sn (18S) and Sn(WHB) are
the nuclear (elastic) stopping power functions according to Linhard,
Scharff and Schigtt (1963) and Wilson, Haggmark and Bismarck (1977),
respectively. The curves labeled Se(Cr+ on W) and Se(W+ on W) are
the electronic (inelastic) stopping power curves according to Linhard's
and Scharff's (1961) equation -- see eqns. (6) and (7).

Figure 19: A schewaliv dlagram to illustrate the qualitative differences in the
vacaney structure of DZs created hy dAifferont prejectile lonsy sée
§L.1 for details.

Figure 20: A schematic diagram showing the zeroth (solid circles) and the first
(open circles) layers of the (222) and (3325 planes. This figure is
used to explain how a depleted zone was reconstructed from the FIM

images; see Appendix for details.
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