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ABSTRACT 
The m u l t s  ot  an extensive field-ion micmseope (FIM) investigation of the p " m q  

atate ot  damage ot  ion-irradiated tungsten are presented. Two-pass zone-nhed  single 
crystals oftungsten were irradiated inr i tw,  a t  i l 6  K,  with s magnetically a n a l y d  beam 
of various tons a t  a background pressure d(5-101 x lO-" Torr in the absene of the 
imsging electric field. The value ot  the atandard fluence was small enough (5 x 10" 
om-') to gumante  that each depleted zone (DZ] detected was associated with s d d e  
projeotile ion. After en irradiatzon each specimen wae examined on an atom-by-atom 
basis employing the pulse fipld-evaporation technique. The two main experimentsl pm- 
grammes were: (1) the determination ot  the effect oi the m w  ot the projectile ion (dl,) on 
the three-dimensional ~ ~ a t n d  dstribution of vaeancie. in DZs, ~n specimens which had 
been irradiated with ,TO kcV W', Mot, Ktt,  Cu', Cr', or Art  ions: and (2) the charm- 
terizatton d the effect a t  the initial energy oi the projectile ion (&,) on the vacancy 
structure of DZs created by IS, 30. 45. 00 or 70 keV Kr iom. Three-dimensional v m d -  
lzations are presented ot  a number of the DZs detected, b a d  on the use or the OR TEP 
pmgrsm. The average number of vacancies ( ( v ) )  per DZ is 174 f 48 tor E ,  = 30 keV. 
independent of Y,, for the range of ion masses employed. The value of the ave- 
vacancy concentration per DZ deore-s from -16 to 2 at.% a M, is deneased tmm - 184 a.m.". (W) to  -40 a.m u. (Ar) for E, = 30 keV. For the Kr ion trradiations the 
value of (v )  mere-s hnearly a E, is increaeed Imm 15 to 70 keV Many other delliled 
physical propert~esofthe DZs are prenentpd. 

The experimental study of the primary state of radiation damage rep- 
resents an  essential test of the theoretical rnodels and descriptions of this 
subject that  have evolved slowly, hut steadily, over the past 26 plus years 
(see, for example, Brinkman 1954, Gibson, Goland, Milgram and Vineyard 
1960, Seeger 1958, 1962, Nelson 1968, Thompson 1969, Seidman 1976). 
Prom 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  is 
injected into a solid. The field-ion microscope (FIM) with its excellent 
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atomic resolution and its ability to examine the interior of specimens-as a 
result of the field-evaporation effect (Miiller and Tsong 1969, 1973)-is 
ideally suited for the study of the three-dimensional spatial distributions of 
point defects, both vacancies and self-interstitial atoms (SIAs), produced 
by a single projectile ion (see, for example, Seidman 1973, 1976, 1978, Wei 
and Seidman 1978, 1979, 1981, Seidman, Current; Pramanik and Wei 1981, 
Pramanik 1980). The measured three-dimensional spatial distrihution of 
vacancies, for a single projectile 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 damaget. 

The principle capabilities and advantages of the FIM technique for the 
study of radiation damage are (1) the resolution of individual vacancies and 
self-interstitial atoms; (2) the observation and irradiation of specimens a t  
cryogenic temperatures ( 5 1 0  K )  which are below the on.set of long-range 
migration of self-interstitial atoms; (3) the in situ irradiation of FIR1 speci- 
mens under ultra-high vacuum conditions with a magnetically analysed ion 
beam; and (4) the controlled dissection of the FIM specimens on an atom- 
by-atom basis employing the pulse field-evaporation technique. 

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

(1) the determination of the effect of the mass of the projectile ion (MI)  
on the three-dimensional spatial distrihution of vacancies in DZs, in 
tungsten specimens, which had been ion-irradiated i n  situ, a t  5 15 
K,  a t  a constant initial projectile energy (El)-the projectiles W + ,  
Mot, K r t ,  Cu+, Crt and Ar' were employed for E ,  = 30 keV (see 
fig. 1); and 

(2) the characterization of the effect of E l ,  a t  coistant M I ,  on the 
vacancy structure of DZs in tungsten-15, 30, 45, 60 or 70 keV Kr  
ions were employed (see fig. I)§. 

All the DZs analysed were produced a t  small values of the ion fluence so 
that  each DZ was created by a single projectile ion. A total of eight differ- 
ent physical properties of each DZ was determined (see § 3). The main 
emphases of this paper are on the presentation of the detailed experimental 

t In this paper we present only results on the spatial distribution of vacancies. 
The research on the dintribution of SIAs around DZs has been reported by 
Beavan, Scanlan and Seidn~an (1971) and We1 and Seidman (19R1). 

1 A depleted zone ( D L )  is the end result of a displacement npike or collision 
cascade (see, for example, Nelson 1968, Thompson 1969). That is, ~t consists of the 
final spatial arrangement of the vacancies produced in a displacen~ent spikethat  
was created by a single energetic projectile ion-after all the excess energy de- 
posited in this volume of the crystal has been dissipated. 

5 One data point was obtained for a 45 keV Xe+ irradiation; it is included for 
completeness. 

results and a qualitative explanation of the observed trends for the two 
main experimental programmes. The more detailed aspects of this work 
are presented in two subsequent papers (Current, Wei and Seidman 
1981 a ,  b). I t  is emphasized that  none of the DZs presented in this paper 
would have been ohservahle by conventional transmission electron micro- 
scope (TEM) techniques. The TEM technique depends heavily on the ahil- 
ity of the vacancy-rich core of a DZ to collapse into a dislocation loop with 
sufficient strain-field contrast to make it ' visible' in an electron microscope 
imaget. Thus the FIM observations c,omplement the TEM studies of the 
~ r i m a r y  state of damage (see, for example, Eyre 1973, Wilkens 1975, 
Jenkins 1974, Merkle 1976, Jenkins and Wilkens 1976, Rnanlt, Bernas 
and Chaumont 1979). 

5 2. EXPERIMENTAL DETAILS 

2.1. Techniques a d  procedures 

The basic experimental techniques and procedures were presented in 
detail in a number of earlier publications (see, for example, Scanlan, Styris 
and Seidman 1971 a, Seidman and Scanlan 1971, Beavan el al. 197 1, Wilson 
and Seidman 1975, Wei and Seidman 1977, 1978, Wei 1978, Current, Wei 
and Seidman 1980). Therefore in this section only the main aspects of the 
experimental approach are discussed. 

The FIM specimens 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 A. Next they were irradiated 
in situ, in the absence of the electric field, with a ma netically analysed 
beam of ions a t  a background pressure of (5-10) x 10-18~or r .  A standard 
fluence of 5 x 1012 cm-2 was collected in approximately 5 min employing 
a flux of (2-3) x 10'' cm-2 s- ' ;  a t  this value of the flux the time to form 
an adsorbed monolayer was greater than the irradiation period. After an  
irradiation the voltage on the specimen was retunled immediately to best 
image field for helium as  the imaging gas (Miiller and Tsong 1969, Chen and 
Seidman 1971) in order to prevent the adsorption of gases, from the back- 
ground vacuum, on the irradiated surface. 

The temperature of the specimen was maintained a t  1 15 K during and 
after the irradiation period. At  a temperature of 1 1 5  K we have shown 
that the SlAs in tungsten are completely immobile; that is, there are no 
long-range migration effects (Scanlan et al. 1971 a ,  h, Seidman, Wilson and 
Nielsen 1975 a, h, Wei and Seidman 1979, Wilson, Baskes and Seidman 
1980). Thus the observed state of radiation damage is characteristic of the 
defects produced during the slowing down of the energetic projectile ions 
and was not altered by any thermally activated long-range migration or 

t In the TEM work of Jenkins and Wilkens (1976) on ion-irradiatedCu3Au, the 
contrast effects produced arose from ' the difference In the structor~ factor between 
the diaordered zone and the ordered matrix '. This TEM techmque is applicable 
only to order-disorder alloys. 
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recombination processes. In  view of these experimental conditions we be- 
lieve that our observations are characteristic of the primary state of radi- 
ation damage (Seidman 1976)t. 

After an irradiation each specimen was dissected, a t  the irradiation 
temperature, on an atom-by-atom b a s i ~ m p l o y i n g  careful pulse field- 
evaporation experiments. Typically 10 to 50 voltage pulses were employed 
to dissect important {AM) planes-for example, the (1 11) p l a n e e a n d  the 
pulse field-evaporation sequences were recorded on 35 mm cine film ; a total 
of 6400 to 1 9 0 0  frames of film were recorded per irradiated specimen. 
Each field-evaporation pulse was 5 ms wide and the height of the pulse 
was -20% of the best image field for helium gas a t  a specimen temperature 
of 1 1 5  K (Chen and Seidman 1971). 

The film was analysed with the aid of a Vanguard motion analyser 
equipped with zy cross-hairs which are interfaced to  a Houston Omni- 
graphic 200 z y  point plotter (Scanlan, Styris, Seidman and Ast 1969, Wei 
1978). Some of the procedures used to determine the atomic coordinates of 
the individual vacancies contained within DZs were reported el sew he^ 
(Wei and Seidman 1978, Wei 1978). In  the Appendix the procedure used to 
analyse a DZ that extends over several (hkl) planes is presented. The 
position of the vacancies contained within each DZ are displayed employing 
the OR T E P  program (Johnson 1965, 1970); for prior applications of this 
program see Wei and Seidman (1978, 1979), Current and Seidmm (1980) 
and Current, Wei and Seidman (1981 a).  i 

2.2. The mass and energy of the projectile iona 
The values of M I  and E l  were chosen in a systematic fashion so that the 

results could be compared to  the available models of the primary state of 
radiation damage. Figure 1 exhibits the values ofE, (in keV) as a function 
of the Linhad,  ScharfT and Schibtt (1963) reduced energy parameter ( E ) ;  E 

proved to be a convenient scaling parameter for analysing our data. The 
parameter E is given by 

Fig. 1 

lo-' 
REDUCED ENERGY (€) 

The initial energy of the projectile ion (El) as a function of the 
LinhardScharffSchibtt reduced energdy parameter (E); see 5 2.2 for the 
definition of E. The straight lines in ~cate the experimental conditions 
employed (see& 1 and 2.2). 

3.1. Principal quantities determined 
The principal experimental quantities determined from the analyaes 

performed on all the individual DZs observed are as followst. 

= M z E l  ,/zlzzez (1) The direct determination of the absolute number of vacancies (v) 
(MI + M z )  %F ' contained within each DZ that was created by a single projectile ion. 

where M I ,  21, M Z  and ZZ are the masses and atomic numbers of the i (2) Visual representations-with the aid of the OR T E P  program--of ! 
the positions of the vacancies included within every DZ. projectile and target atoms, respectively, e is the charge on an electron and 

a,, is the Thomas-Fermi screening length. The expression used for %, is (3) The measurement of the average diameter ((1)) of an individual DZ 
and the orientation of the DZ with respect to the ion beam and the 

*F = 0.8853a,/J(Z12/3 + z ~ ~ ' ~ ) ,  crystal lattice. ' 

where a" is the Bohr radius (0.529 A). Equation ( I )  represents, physically, i 
(4) A calculation of the average vacancy concentration ((c,)) within 

the ratio of the initial kinetic energy in the centre-of-mass frame of re- each DZ based on v and the adual volume (Wei 1978) filled by the 

ference to the Coulomb repulsion energy evaluated a t  %,. Note that the vacancies. 

experiments spanned almost one order of magnitude in the range of initial (5) A calculation of two different types of radial distribution functions 
valuesof E employed ( -  1.9 x lo-' to 1.2 x lo-'). i' (Wei 1978, Wei and Seidman 1979) for the vacancies comprising 

each DZ. 

7 This paper contain. a complete bibliography of F IM research on the primary t see current, wei and Seidman (1981 a) for details concerning the definitions 
state of damage up to the end of 1976. of these quantities. 
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(6) The determination of the fraction of first-nearest-neighbour va- 
cancies within each DZ, in clusters of size n, whert: n ranges from one 
to several hundred. 

(7) The average depth (L) from the irradiated surface, measured along a 
direction parallel to the incident ion beam, a t  which each DS u7as 
detected and the direction of elongation ( [ h k a )  of each DZ. 

(8) The measurement of the number (v,,) and conccntration ((c.),,) of 
vacancies which were found in the near-surface region (<5  A thick) 
of ion-irradiaterl tungsten specimens (Current and Seidman 1980, 
Current et a 1  1981 a). 

In this paper we present a number of examples of the OR TEP visual- 
ization of DZs. A qualitative discussion of the major properties of the DZs: 
that  were gleaned from these visualizations, is also given. Detailed analy- 
ses and discussions of the principal results-numbers ( I )  to (7) above- -are 
pmsented in two subsequent papers (Current et al. 1981 b, c). A compari- 
son of the properties of DZs which contain vacancies in the near-surface 
region with those DZs which were found in the bulk of FIM specimens was 
given earlier by Current and Seidman (1080) and Curre111 el ul. (1980). 

3.2. Ezamples of depleted zones i n  lungslen 

Results for a total of 39 DZs are reported on in this series of papers (see 
tables i and 3). Since i t  waa found impossible to present all the 

Fig. 2 

- 
30 b V  - 
.w*- 
m 
DIRECTION 
= I 6 1 1 5 1  

(a, C, e) The partial 211 stereographic projections shoring the looations of the 
depleted zones detected for three different 30 keV W+ ion irradiations 
parallel to the ~ [ 8  11 53 direction. (b ,  d, f )  The corresponding crose- 
sectional views of the FM tip.. i i 
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micrographs for all the DZs we only show selected FIM micrographs for the 
pulse dissection of bwo DZs; for other micrographs see Wei (1978). 

Figure 2 exhibits schematically the result,s for three different 30 keV 
W '  ion irradiations of tungsten specimens which had a [211] orientation; 

the ion beam was initially parallel t,o the -[8 11 51 direction. The cross- 
sectional side views of the specimen are shown in figs. 2 (bj, 2 (d) and 2 ( f )  ; 
the position of each DX was projected into the plane of this figure. The 
distances between pairs of DZs am indicated by the letters a, h, c ,  etc.; they 
range from 50 to 140 A. Figurcs 2 (a) .  2 (c) and 2 (e) show the partial 211 
standard stereographic projections for the specimens shown in the bottom 
half of this figure. Thc plane (or plauas) in which a DZ was detected ir 
indicated in the stereographic projection; for example, DZ3a was found in 
the (7i2) and (613) 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 single30 keV W t  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 1.4 x l u3  tiames of 35 mm cine film which were 
recorded and analysed in the reconstruction of DZ3a. The (873) plane and 
Lhe rleighbouring planes are indexed in frame 1 ; the frame number of the 
cine film is shown in the lower right-hand corner below each micrograph, 
and the layer number is given in the upper left-hand c,orner above each 
micrograph-for example, frame number 47 in the n = 2 layert. The posi- 
tion 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 shown in fig. 3 contain 50 vacancies out of the total 
of 242 vacancies deteckd in this DZ. DZ3a was found a t L  1.45 A and it is 
elongated along the [ l o l l  direction; the values of (A) and (c,) for this DZ 
are 13 A and 17 at.%, respectively (see table 1).  The vacancies contained 
within DZ3a are in a highly clustered state. For first-nearest-neighbour 
vacancies the distrihntion of cluster sizcs is as follows: (1) 28 ulono- 
vacancies: (2) two divacancies; (3) one quadrivacancy; and (4) one jumbo 
cluster containing 206 vacancies. 

Figure 4 displays pictorially the results of a 30 keV Mot ion irradiation 
parallel to the -[8 5 111 direction of a tungsten specimen with a [211] 
orientation. Four DZs (DZ4a to DZ4d) plus one dislocation loop were 
detected in this specimeu. A partial 211 stereographic projection, which 
shows the top view of the specimen, is shown in fig. 4 (a); the corresponding 
cross-sectional aide view is shown in fig. 4 (b). The separation between any 
pair of DZs ranges from 90 to 160 A. 

An illustrative example of the contrast effects produced by a DZ created 
by a single 30 keV Ma+ ion is shown in fig. 5 ;  these micrographs are for 
DZ4b. Figure 5 exhibits a series of ten FIM micrographs for ten successive 
(622) planes, n = 1 to 10; they were chosen from among 1.0 x lo3 frames of 
35 mm cine film recorded and analysed in the reconstruction of DZ4b. 
Frame number one shows an atomically perfect 1622) plane in the n = 1 
layer; the other nine frames display (622) planes containing vacancies. 

t Note that n is used in a special sense in figs. 3 and 5: it is different from the n 
used to denote the size of a vacancy cluster. 
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t Fig. 4 
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Note that a void-like cluster appears in the n = 6 to n = 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, how- 
ever, that the value of (c,) is 10 at.% for all the vacancies that are con- 
tained in DZ4b, which extended over both the (411) and (622) planes. The 
arrows in frames 76 and 131 ~ i n ~ o i n t  another void-like cluster observed in 

[2111 (b) 

b r  901 

the (411) plane. DZ4b is locate2 a t  L -- 40 A and it is elongated along the 
[ill] direction; the value of (1) is 15 A. For first-nearest-neighbour va- 
cancies the distribution of cluster sizes is as follows: (1) 37 monovacancies; 
(2) four divacancies; (3) one quadrivacancy; (4) one octavacancy; and (5) 
two junabo clusters containing 27 and 76 vacancies. A comparison of the 
OR T E P  visualizations (see 5 3.3) for DZ3a and DZ4b clearly shows that 
the latter consists of two major subcascades. 

E m CO (a) The partial 211 stereographic projection showing the location of the depleted 
II II 

c zones and dislocation loop detected in a s  cimen which had been irradiated 
C with 30 keY Moi ions ~arallel to thc zg5 I l l  direction. (bl  The corres- 

+ Thc (622) plane exhlb~ted an art~faot vacancy concentration of 0 8 at % (We1 
and Seldman 1981) However, the observation of thls hlgh local concentrat~on f associated w~th the varancles detected ~n the (622) plane could not have been due 

I to artifact vacancies 
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3.3. OR TEP visualizations ojdepleled zones created by 30 keV ions 

In this section we present examples of OR T E P  visualizations of the 
at,omic positions of vacancies contained within individual DZs which had 
been created by singlc 30 keV ionst. The projectile ions employedf for the 
irradiationswerew (-184 a.m.u.), Mo (-96 a.m.u.), Cu (-64 a.m.u.), Cr 
(-52 a.m.u.) and Ar ( - 4 0  a.m.u.); this corresponds to a factor of 4.60 in 
the range of M I  and allnost one order of magnitude in the value of E (see 
fig. 1). Figure 6 illustrates the general effects observed as M ,  was de- 
creased; this figure shows three different DZs (DZla, DZ4h and DZ5a) 
which were produced by 30 keV W', Mo+, or Cr + ions, respectively. Each 
open circle represents one vacancy, and t,he rod connecting two vacancies 
has a length equal to thc first-nearesl-neighhour distance ( ~ 2 . 7 4  A); the 
perfect lattice was omitted for the sake of clarity. This figure shows im- 
mediately that as M I  is decreased the following occurs: (1) the spatial 
extent of the DZ increases; (2) the vacancy concentration decreases; (3) the 
ni~mhrr of isolated monovacancies inc~t lses  and therefore the number of 
large first-nearest-neighbour vacancy clusters decreases; and (4) there is a 
tendency t,o form subcascadcs within the DZ-this is particularly apparent 
in the cave of DZ4b which was found to consist of two distinct subcascades. 

Six OR TRP visualizations are now presented in order of decreasing M I  
at  constant E l .  Details regarding the other 23 DZs are presented in 
table I ,  which mpresents a summary of the major effects of M I  on the 
vacancy structure of DZs. 

DZZb (fig. 7 )  

This DZ was crested by a W+ ion and was detected in the (622) and 
(723) p l a u e e e e  figs. 2 (c) and 2 (d). The incident ion beam was parallel 
to the [g 11 51 direction and the DZ is elongated along thc [OOl] direction. 
DZ2b was detected a t  L E 35 A and it contains 133 vacanciea; the values 
of (I) and (c,) are 9 A and 26 at.%, renpct,ively (see table 1). The distri- 
bution of first-nearest-neighbour vacancy clusters is (1) eleven monova- 
cancies; (2) one divacancy; and (3) one huge cluster containing 120 va- 
cancies. Even a t  a local value of (c , )  approaching 30 at.% the remaining 
tungsten atoms still form a recognizable, although somewhat deformed, 
b.c.c. lattice. 

DZda ( j i g  8 )  
Thls DZ was detected in the (7T2) and (8T3) plane- figs. 2 (e) and 

2 (f ). A partial pulse field-evaporation sequence through DZ3a is exhibi- 
ted in fig 3 and we present values for its principal experimental parameters 
in § 3.2. Note that both this DZ and UZ2b, which were created by 30 keV 
W+ ions, are extremely compact and contain very few isolated mono- 
VWancies. 

t Employing the same geometric argument as the one used pmviously (Beavan 
d al. 1971, Wilson and Seidman 1973, Wei and Seidman 1978) it was estimated that 
the maximum number of ion hits on thc crosssectional nnn ofeach DZ was always 
lea than one. This value is an upper bound because we neglect the straggling in 
the range of the projectile ion 

1 We also performed 30 keV Kr' irradiations; however, they we= intended 
mainly for the E, dependence experiments described in 6 3.4. 
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Fig. 6 

OR TEP visualizations of three different DZa in 30 keV W + ,  Mo+ or Cr+ ion- 
irradiated tungsten specimens. The rod connecting any two vacsnciea, in 
the OR TEP visualizations, is equal to the first nearest-neighbour distance 
( ~ 2 . 7 4  A) in tungsten; the surrounding tungsten atoms were omitted for 
the aake of clarity. Each of the DZs is at approximately the same magnifi- 
cation-note the 25 A marker. 

DZ4d (j ig.  9)  
This-DZ was created by aMo+ ion and it  was detected in the (41i), (712) 

apd (512) planes (see fig. 4). The incident ion beam was parallel to the 
[8 5 111 direction and the DZ is elongated along the [ I l l ]  direction. DZ4d 
was detected a t  L -- 35 A and it  contains 169 vacancies; the values of (1) 
and (c , )  are 15 A and 9 at.%, respectively. The distribution of first- 
nearest-neighbour vacancy clusters is (1) 29 monovacancies; (2) six diva- 
cancies; (3) one trivacancy; and (4) three large clusters containing 24, 28 
and 72 vacancies. The break-up of this DZ into two large subcsscades, 
each of which contains approximately the same number of vacancies, 
clear from fig. 9. 

DZSa ( f i g .  10) 
This-D_Z was created by a Cu+ ion. The incident ion beam waa 

to the [I561 direction and the direction of elongation is [110]. DZ6a was 

- 
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An OR TEP visualization of DZib  which was created hy a single 30 keV W' 
project,~le ion This figure was constructed from experimental data with the 
ald of t,he OR TEP pnlgram T!iis program was also used to construct the 
DZs "!,own in fig. 6 arid figs. 8-17. 

detected a t  L -- 220 h and it contains 130 vacancies; the values of ( I )  and 
(c,) are 30 h and 3.4 at.%, respectively. The distribution of first-nearest- 
neighbour clusters is (1) 57 rnonovacancies; (2) four divacancies; (3) one 
trivacancy; (4) two quadrivacancies; (5) one hexavacancy: (6) two 
octavacancies; and (7) one large cluster of 32 vacancies. 

DZ7n (fig. 11) 
TliisDZ was created by a Cu+ ion. The incident ion beam was parallel 

to the [431] direction and the DZ is elongated along the [OOl] direction. 
DZ7a was detected a t  L -- 230 h and i t  contained 243 vacancies; the 
values of ( I )  and (c,) are 27 h and 3.7 at.% respectively. The distri- 
bution of first-nearest-neighbour vacancy clusters is (1) 70 monovacancies; 
(2) 15 divacancies; (3) four tivacancies; (4) two hexavacancies; and ( 5 )  
three large clusters of 15, 22 and 66 vacancies. The break-up of this DZ 
into three distinct subcascades is very evident from an examination of 
fig. 11. 

DZ5n (fig. 12) 
This DZ was created by a Cr' ion and was detected in five c rp -  

tallographic planes-the (512), (723), (824), (411) and (11 3 4) planes. The 
incident ionbeam was parallel to the [?4i] direction and i t  is elongated 
along the [110] direction. DZ5a was detected a t  L - 40 h and i t  contains 
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I Fig. 8 

An OR TEP visualization of DZ3a which was created by a single 30 keV W' 
projectile ion. 

I Fig. 9 

1-25 

An OR TEP visualization of DZ4d whlch wan created by a s~ngle 30 keV Mo' 
pro]ectile Ion 

62 
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Fig. 10 

I I 
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Fig. 11 

5 61 
kev CU+ 

An OR TEP visualization of DZ6a which was created by a single 30 keV Cut 
projectile ion. 

245 vacancies; the values of (1) and ( c , )  are 31 A and 3.6 at.%, respec- 
tively. The distribution of first-nearest-neighbour vacancy clusters is (1) 
69 monovacancies ; (2) seven divacancies ; (3) six trivacancies ; (4) one quad- 
rivacancy; (5) three pentavacancies; (6) one hexavacancy ; (7) one hepta- 
vacancy; (8) one octavacancy ; and (9) four large clusters containing 9, 15: 
30 and 50 vacancies. h'ote that although (c,)  is 3-7 at.%, that there are 
several regions within this DZ where the local vacancy concentration is 
three to five times greater than this average value. Local inhomogeneities 
in the vacancy concentration is 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 fimt- 
nearest-neighbour clusters of size n(F,). The expression for F, employed is 

where n is the size of the cluster and N, the number of clusters of size n. 
The value of the sum in the denominator of eqn. (3) is equal to the meas- 
ured value of v. Table 2 lists the average values of F, for the DZs created 

I I I 

An OR TEP visualization of DZ7a which wea cmted by a ningle 30 keV Cu' 
projectile ion. 

1, Fig. 12 

An OR TEP visualization of DZ5a which was created by a single 30 keV Cr' 
projectile ion. 
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Table 2. Fraction of vacancies in first~nearest-neighbour clusters of size n fur 
El = 30 keV 

 MI^ 2 3 4 2 5  

C * by the various 30 keV ions, including the 30 keV Kr+  ions. The general 
trend is that as M ,  decreased the fraction of monovacancies (Fl) increases 
and concomitantly the fraction of clr~sters with n 2 5 decreases. 

3.4. OR TEP uisudizations of depleled zones created by krypton ions 
with energies belween 15 a d  70 keV 

A series of irradiations was performed with Kr ions (-84 a.m.u.) to 
examine the spatial distribution of vacancies a t  constant M1 and varying 
E l ;  the value of E l  was varied between 15 and 70 keV (see fig. 1). The 
principal experimental quantities determined for the DZs obtained as a 
result of these irradiations are listed in table 3. The OR T E P  visualizations 
of five of these DZs is presented in this section to illustrate the changes that 
occur in the properties of the DZs as E l  is increased. The qualitative 
trends that emerged as E l  is increased a t  constant M ,  are that (1) the value 
of (r) increases; and (2) the value of (c,) decreases and then increases-see 
the results for the 70 keV K r t  DZ. 

The descriptions of the OR TEP visualizations (figs. 1%17) are an 

DZl5b (jig.  13) 
This DZ was created by a 15 keV KrC ion. The incident ion beam was 

parallel to the [314] direction and the DZ is elongated along the [lli] 
direction. DZ15b was detected at L -- 60 A and it  contains 109 vacancies; 
the values of (1) and (c,) are 24 A and 5.7 at.%, respectively. The distri- 
bution of first-nearest-neighbonr vacancy clusters is (1) 43 monovacancies; 
(2) three trivacancies; and (3) two large clusters of 15 and 42 vacancies. 

DZI4b (fis. 1 4 )  
This DZ was created by a 30 keV Kr' ion. The incident ion beam was 

parallel to the [413] direction and the DZ is elongated along the [ l l O l  
direction. DZl4b was detected a t  L = 60 A and it cont,ains 238 vacancies; 
the values of (1) and (e,) are 23A and 5.9 at.%, respectively. The distri- 
bution of first-nearest-neighbour vacancy clusters is (1) 54 monovacancies; 
(2) 11 divacancies; (3) six trivacancies; (4) two quadrivacancies; (5) two 
pentavacancies; (6) one hexavacancy; and (7) three large clusters of 23,47 
and 50 vacancies. Note the similarity of this DZ to DZ4d (fig. 9)-which 
was created by a 30 keV Moi ion-and DZ7a (fig. 11) which was created 
by a 30 keV CuC ion. 
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Fig. 13 t,he values of (A)  and <c,) are 16A and 12.3 at.%; respectively. The distri- 
bution of first-nearest-neighhour vacancy clusters is (1) 62 monovacancies; 
(2) 14 divacancies; (3) four trivacancies; (4) two quadrivaca,ncies; (5) one 
heptavacancy; (6) one octavacancy; and (7) a jumbo cluster of 253 va- 
cancies. The highly compact nature of this DZ is consistent with observa- 
tions of DZs created by 60 keV W f  ions in tungsten (Pramanik 1980). 
This very concentrated vacancy distrihut,ion is relevant to the problem of 

I the mechanism of collapse of a DZ into a dislocation loop. 

The results presented in 5 3 constitute the experimental analogue of 
individual displacement cascades which are simulated en~ploying either the 
Monte Ca,rlo (see, for example, Beeler 1966, Robinson and Torrens 1974) or 
molecular dynamics (Gibson et al. 1960) computer techniques. 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 dircct reflection of 
how the energy of a single projectile ion was deposited in a series of elastic 
collisions. This direct measurement of v ,  for each DZ, is as close as anyone 
has come to achieving a simple 'Frenkelometer' that determines an 
absolute value of v.  

Fig. 14 
An OR TEP v~suallzation of DZ15b which was created by a single 15 keV Kr' 

prolect~le Ion 
DZ 14fl 

DZ8a ( j i g .  15) 
This DZ was created by a 45 keV K r +  ion. The incident ion beam was 

parallel to the [ lo l l  direction and the DZ is elongated along the [Oll] 
direction. DZBa was detected a t  L 2 240 A and it  contains 298 vacancies; 
the values of (A)  and (c,) are 32A and 4.3 at.%, respectively. The distri- 
bution of first-nearest-neighbour vaca,ncy clusters is (1) 47 monovacancies; 
(2) seven divacancies; (3) one trivacancy ; (4) one quadrivacancy; and (5) 
seven large clusters of 10, 14, 19, 33,45,46 and 63 vacancies. 

DZ9a (&. 16) 
This DZ was created by a 60 keV Kr" ion. The incident ion beam was 

parallel t o  the [a321 direction and the DZ is elongated along the [ I l l ]  
dirertion. DZ9a was detected a t  L 2 100 A and it contains 375 vacancies; 
the values of (A) and <c,) are 31 A and 2.7 at.%, respectively. The distri- 
bution of first-nearest-neighbour vacancy clusters is (1) 151 monovacancies 
(2) 29 divacancies; (3) four trivacancies; (4) tlwo quadrivacancies; (5) one 
pentavacancy ; (6) one heptavacancy ; (7) one cluster of nine vacancies; and 
(8) a jumbo cluster of I28 vacancies. 

DZl3a (A. 17) 
This DZ was created by a70  keV Kr" ion. The incident ion heam was 

parallel to tlhe [i2i] direction and the DZ is elongated along the [ lol l  *n OR TEP visualization of DZ14b which was created by a single 30 keV Kr' 
direction. DZ13a was detected a t  L - 170 A and it  contains 378 vacancies; projectile ion. 
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Fig. 15 

An OR TEP visualization of DZ8a which was created by a single 45 keV Kr' 
projectile ion. 

Before discussing the results nre review briefly some elementary theor- 
etical concepts that a.re relevant to this work. Figure 18 is a plot of the 
reduced stopping power (S(E)) a~ a function of E. The total stopping power 
of the ta.rget for a projectile ion is generally taken to be the sum of the 
elastic (or nuclear) stopping power (8,) plus the inelastic (or electronic) 
stopping power (8.) (Linhard et al. 1963 (LSS)). When E l  is expressed in 
terms of E the plot of &(E) as a function of E is a universal curve for all 
combinations of projectiles and targets ( Z l ,  M I ;  2,: M2) and a given 
interatomic potent~al. The quantity So(&) is given by the expression 

where p is the dimens~onless distance 

P = ~ ~ T F ~ C ~ J ~ I M , J ( M ~  + M2)']NdR; 
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Thomas-Fermi interatomic potential (Linhard el al. 1963) and a 
Moliere-like potential (Wilson, Haggmark and Hiersack 1977 (WHB)), 
respectively. The Linhard-Scharff (1961) expression for S, is given by 

i S, = K ~ l i ~ ,  (6) 

where 

was used to calculate S. for the canes of W f  andCr+ ions on tungsten; note 
that the  value of S, , a t  a given E ,  depends on the particular combination of 
projectile and target atoms and, therefore, there is not a universal curve for 
S,(E). For the values of E l  (or E )  en~ployed ill our exprirnents the value of 
S. is always greater than the value of S, for both the LSS and WHB 
interatomic potentials (see fig. 18). Thus approximately 75%, on average, 
of each projectile's energy went into elastic collisions; it is this elastically 
transferred energy that produces point defects. 

Fig. 16 

N, is the number den~ l ty  of atoms in the target and R is the total path 
length of the plojectlle 111 the target The curves labelled I ' ~ ~ ( E )  are for a 

i 

An OR TEP visualization of DZ9a whlch was rreated by a single 60 keV Kr" 
projectile ion. 
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Fig. 17 

An OR TEP visualization of DZ13a which was created by a single 70 keV KT" 
projectile ion. 

Winterbon, Sigmund and Sanders (1970) suggested for the case of 
E I 0.2 that S,(LSS) can be approximatedt by 

S. = 0.9&"3, (8) 

to an accuracy of -20%. These authors also suggested that the corres- 
ponding approximate expression for p(e) in this regime is 

P(E) = 1 . 5 3 ~ ~ ' ~ .  (9) 

For the range of M I  and E involved in the present experiments, the values of 
R and the projected range are approximately the same (Linhard et al. 
1963); therefore, we can take the volume of the displacement cascade (o(&)) 
to be given by (Sigmund 1974,1975, 1980) 

a(&) - constant [p(e)I3 a e2 ; (10) 

t These expressions were calculated for a stopping cross-section that has an 
interato~nic potential of the form V(r) a where r is the internuclear separation 
For values of a 5 10-Z these exgmssions are not expected to he valid (Linhard 
al. 1963, Wilson et d. 1977). owever, we have presented them hecause they 
represent simple first-order expressions for very important quantities. . 
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where p(e) is assumed to be the projected range of the projectile ion. Physi- 
cally eqn. (10) states that o(e) is proportional to the third power of p(e). It 
is not obvious that the radius of a single displacement caucade should 
always be proportional to p ( ~ ) ;  thus the dependence predicted by eqn. (10) 
may not be generally correct (Sigmund 1980). 

4.1. Depleted zones created by 30 ke V ion8 
The experimental variation of v with M,  is not very strung (see table 1). 

The reason for this important result rests with the fact that S, varies 
weakly with ill, (see fig. 18) for the range of values ofMl employed. Thus, 
to first order, v was independent of M I  and (v) is equal to 172 vacancies. 
This value is in good agreement with the well-known Kinchin-Pease 
(1955) expression as modified by Robinson and Torrens (1974). The quan- 
tity (v) is considered in more detail in Parts I1 and 111. However, we 
emphasize very strongly that  the spatial distribution of vacancies within a 
given DZ is a very strong function of M1, as pointed out in 5 3.3 (see 
figs. 6 1 2  and table 1). 

The reasons for the latter observation can be understood from the fol- 
lowing 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 (T,,,) is given by 

T,,, = 4M1M2(M, + M2)-'El = YE, ;  (11) 

Fig. 18 

I 
Y) RANGE OF 

/ 
/ 

10- ' I 

REDUCED ENERGY (€1 

*plot of the reduced stopping power (S(E)) as a function of the reduced energy ( E ) .  

The curves labelled S, (LSS) and S, (WHB) are the nuclear (elastic) stop- 
ping power functions according to Linhard el al. (1963) and Wilson d al. 
(1977) respectively, The curves laheled S.(Cr+ on W) andS.(W+ on W) are 
the electronir (inelastic) stopping power curves according to Linhard and 
Scharff's (1961) equation-see eqns. (6) and (7). 
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thus, T,.. decreases as M I  is decreased. Also, the mean free path between 
collisiorls that involves the transfer of large energies (A*) increases as &I, is 
decreased. This conclusion is based on the fact that A* is inversely pro- 
portional to the total elastic cross-section (a,,,,,) for an energy transfer with 
a given impact parameter and a,,,,, decreases as M I  is decreased a t  a con- 
stant E l  (Winterbon el al. 1970). Similarly, the quantities involving length 
increase as M I  is decreased; that is, R(E,) and p ( ~ )  (Winterbon el al. 1970). 
Hence, an approximately constant number of vacancies is produced in a 
volume that grows as M I  is decreased-see eqn. (10). This implies that 
(c,) must decrease as MI  was decreased. And, indeed, this is 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 variation of A* with M I .  For a self-ion irradiation (MI = M,)  
the values of A* are so small that the different recoil branches of each 
displacement cascade are highly localized in space, thus there is a very high 
probability that many of the branches overlap one another. As kf1.11 is 
decreased A* increases and the probability of overlap decreases. The above 
qualitative physical description is illustrated in fig. 19 for $5" , Mo+ and 
Cr+ projectiles impinging on a tungsten target. The angle between the 

Fig. 19 

COLLISIONS IN TUNGSTEN: E,=0.5Tm,,, 

A achematic diagram to illustrate the qualitative differen- in the vacancy 
structure of DZs created by different projectile iona; see 1 4.1 for details. 

deflected projectile atom and rpcoiling target atom (8, + 8,) was calculated 
under the assumption. that the transferred energy (El) is given by 

Thus the recoil angle in the centre-of-mass frame of reference (4 )  is 90°, 
indepelrdent of the value of M I .  The angle through which the projectile 
atom is deflected in the laboratory frame of reference (8,) is given by 

tan 8, = sin 4/[cos 4 + (Mljbf,)] ; (13) 

therefore, el is equal to 45', 62.44' and 74.21" for W, Mo and Cr on tung- 
sten, respectively. The recoil angle of the target atom in the laboratory 
frame of reference (8,) is given by 

tan QZ = sin &(I - cos 4) .  (14) 

Equation (14) predicts that 8, is equal to 45" independen,t of the mass ratio 
hfl/M,. Thus the angle (8, + 8,) is equal to 90", 107.44" and 119.21" for 
W, Mo and Cr impinging on tungsten, respectively. The increasing value of 
(8, + 8,) implies that the target and projectile atoms are more effectively 
separated from one another as M I  is decreased. In  addition, the value of 
T,,, conconlitantly decreases so that the number of vacancies produced per 
major recoil branch also decreases. This implies that a larger number of 
elastic collisions is required for the projectile to give up all its initial energy; 
therefore, the total number of major recoil branches increases as M ,  is 
decreased a t  constant E l .  Figure 19 shows schematically all the physical 
features discussed above. 

4.2. Depleted zones crea.ted by 15 Lo 70 keV KT+ iona 
The main experimental results for the 15 to 70 keV Kr+ irradiations are 

summarized in 5 3.2 and table 3 and they can be understood qualitatively 
on the basis of the ideas presented earlier in this ~ection. However, there 
are problems in understanding all the details of these observations based 
~olely on the physical picture outlined in the preface to 5 4. 

First, the value of (v) is linearly proportional to E l  (or E) ;  this is ex- 
pected on the basis of either a Kinchin-Pease or a Robinson-Torrens type 
model. Second, the average value of L increases as E l  (or E )  is in- 
creased-see table 3. Equation (9) predicts that the projected range @(&)) 
is proportional to e2I3 for the preseilt 6 regime; thus, the observed increase 
in L with increasing E l  (or E)  is also expected. Third, the values of (A) also 
increase with increasing E l  (or 6)-with the exception of the DZ created by 
the 70 keV Kr+  ion. This result is consistent with the idea that (A) is 
Proportional to p(&) and therefore (A) is proportional to E. Fourth, the 
value of ( c , )  decreased with increasing E l  (or €)-with the exception of the 
DZ created by the 70 keV Kr+  ion. This last result is in agreement with 
the concept that (c,) is proportional to ( v ) /w(&)  and hence tot - ' .  

The major inconsistency observed, that went against the predicted 
trends, was for the one DZ produced by a 70 keV Kr+  ion. For this case 
(A) is smaller than the values of (A) observed at  all the lower energies. I n  
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other work, in our laboratory, Pramanik (1980) found that  for self-ion 
irradiation of tungsten the fraction of aggregate defects? that are dib- 
locallon loops increases with increasing E l .  Thus, DZ13a may have been 
frozen-in in a state that was on the verge of collapsing into a platelet or 
dislocation loop. This point is discussed further in Part 111 (Current et al. 
1981 c). 

5 5. SUMMARY 

The most important results and conclusions are as follows. 
(1) The value of the number of vacancies (v) contained within each DZ, 

created by a single projectile ion, is essentially independent of the mass of 
the  projectile ion ( M I )  for the case of 30 keV W', Mot, Kr', Cu t ,  Cr' or 
Ar' ions on tungsten. 

(2) The value of (v) is 174 _f 48 for an initial projectile energy (E l )  of 
30 keV and the ions listed above in (I).  

(3) The value of (v) of 174 is in good agreement with the Kinchin-Pease 
(1955) expression as modified by Robinson and Torrens (1974)-see 5 3.1 in 
Par t  11. 

(4) The average diameter ((1)) of the DZs increases as MI is decreased 
a t  a constant E l  of 30 keV. 

(5) The value of the average vacancy concentration (c,) of a DZ de- 
creased from ;z 16 to 2 at.% as MI is decreased from - 184 a.m.u. (W) to 
-40 a.m.u. (Ar) a t  a constant El of 30 keV. 

(6) The spatial arrangement of vacancies within the DZs is a strong 
functlon of M I  a t  a constant El of 30 keV-in general, the number of 
subcascades within each DZ increases as M 1  is decreased. 

(7) The fraction of monovacancies contained within each DZ increased 
as MI is decreased-at a constant El of 30 keV-and concomitantly the 
fraction of vacancies contained within large clusters decreases (see table 2). 

(8) For the K r  ion irradiations the value of (v) increases linearly as E l  
is increased from 15 to 70 keV. 

(9) The value of (1) increases as El is increased from 15 to 60 keV for 
the K r  Ion irradiations. 

(10) The value of (c,) decreases as El is increased from 15 to 60 keV for 
the K r  ion irradiations. 

(1 1) For the case of the 70 keV K r  ion irradiation the value of (1) is 
smaller and therefore the value of (c,) is greater than the values observed 
a t  all the lower energies. 

(12) I t  is suggested that the DZ observed 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. 

f 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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A P P E N D I X  

Procedure for the construction of a depleted wne which extends 
over more than one (hkl) plane 

In this Appendix the procedure employed to construct a DZ in three 
dimensions from the FTM micrographs is described in detail. The positions 
of the vacancies found within the specimens are determined by employing a 
Vanguard motion analyser equipped with z-y cross-hairs and interfaced to 
a Houston Omnigraphic 200 x-y recorder (Scanlan et al. 1969, Wei 1978). 
The relative coordinates of the vacancies are first recorded in terms of a 
local coordinate system determined by the unit-cell vectors within a given 
(hkl) plane in which the defects are found (Wei and Seidman 1978). As 
many of the DZs extended over more than one (hkl) plane, a procedure was 
developed to mesh the results from neighbouring {hkl) 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 is first indexed for those (hkl) planes in which 
a DZ 1s found. The Miller indices of the vectors which lie along the intersec- 
tion of any two neighbouring (hkl) planes are also calculated. The Miller 
indices of the planes and the vectors determined on the micrograph are then 
compared with the schematic diagrams of these planes. 

(2) The positions of all the atoms and vacancies in each layer of each 
{hkl) plane are transferred to a sheet of graph paper with the aid of the 2-y 
cross-hairs on the motion analyser in conjunction with the x-y rpcorder. 
The positions of atoms and vacancies are plotted with respect to one of the 
common fiducial marks which are engraved in the phosphor-screen portion 
of the internal image-intensification system (Wei 1978). The choice of a 
common reference pointt eliminates all errors in the positions of atoms 

t In general two reference points are required to correct errors in the positions of 
the atoms caused by the Lwo dimensional slippage of film. In practice, it wna found 
that only one reference point was required in order to correct thr errors in the 
Positions of the atomfi, this implied that, the slippage of the film was emntially 
one-dimensional. 
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Fig. 20 

[oil1 ZEROTH LAYER 

\? 0 FIRST LAYER 

A schematic diagram showing the zeroth (solid circles) and the first (open circles) 
layers of the (222) and (332) planes. This figure is used to explain how a 
depleted zone was reconstructed from the FIJI images; see the Appendix for 
details. 

caused by the slippage of film in either the cine camera or the motion 
analyser. 

(3) Now consider the upper portion of the diagram in fig. 20 which 
shows the positions of the atoms in two successive layers 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 0 is chosen 
arbilraril?/ as the origin for the zeroth layer. The vector ao[TlO] (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 deternuned in step ( l ) ,  are taken as the u and 
v axes respectively. The vector (ao/6)[l11] which is normal to the (222) 
plane is taken as the Z axis. This local coordinate system consisting of the 
u, v and Z axes and point 0 as the origin is then used to specify the positions 
of any atomic site in the zeroth layer of the (222) plane in terms of integen; 
for example, the sites 0, A and B have coordinates (0, 0 ,  0), (1, 0, 0) and 
(0, 1, 0 )  respectively. 

The atomic site in the first layer which projects within the primitive 
unit cell of the zeroth layer is denoted by 0'. The point O', denotes the 
projection of 0' onto the zeroth layer. The coordinates of any atomic site 

1 in the first layer are determined by using the local coordinate system which 

consists of the u, v and Z axes and point O', as the origint. For e x a e ,  

the site C has the coordinate_s@(-2, - 1, -1) by noting thatO',F = O',O' 
+ 8 = COOT] +  TO] = [2 1 I] 

Thecoordinatesof any atomic site in any layer of other (hkl) planes are 
determined in a similar manner. In the lower half of fig. 20, 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 are described in the local coordinate 
system consisting of the vector a,[110] as the u' axis, the vectorao[Ti3] as  
the L.' axis, (ao/22)[332] as the Z' axis and the atomic site 0" as the origin. 
Similarly, the site F in the first layer of the (332) plane has the coordinates 
(1,0, - 1) which are described in the same local coordinate system as sites D 
and E but with 0 ,  as its origin. The point O', is the projection of the 

site 0"' onto the zeroth layer. The site 0"' in the first layer of the 
(332) plane projects within the primitive unit cell of the zeroth layer. The 
use of the local coordinate system for each layer of each (hkl) plane has the 
advantage that  the coordinates of all atomic sites are given by the integers. 

(4) Sow 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 are obtained by adding the shift 
vector t = [ly t D O l  to 0 T .  That is, m= OX+ KE= 1 t,0] 
+ [lii] = [t. - 2 tv - 1 I]. The shift rector fin the projection of &f onto 
the (222) plane and is given by C0.333333 0.666667 01 (see table 4). 
Hence, the site C has the coordinates of ( -  1.66667, -0.333333, -1) re- 
lative to the origin 0 .  In  a similar manner the site F has the coordinates 
(1.5,27272, - 1) relative to the origin 0" by noti?g that  m= 0"0": 
+ 0 , F  = C0.5 0,727272 01 + [lei] = C1.5 0.727272 11. The vector 
0"OT', given by L0.5 0.727272 01 (see table 4) is the shift vector for the (332) 
ulane. The coordinates of any other atomic site in other layers of the 
planes are determined in the manner described above. 

(5) The coordinates of the atomic sites observed in the (222) plane are 
then transformed to a local cubic coordinate system with 0 as  its origin 
while those observed in the (332) plane are transformed to another local 
cubic coordinate system with 0 as  its origin. It is noted that the two local 
cubic coordinate systems are related only by a simple banalation vector. 

(6) Finally, we have to  mesh the two local cubic coordinate syatems. In  
order to transform the coordinates of an atomic site in the local cubic 
coordinate system of the (332) plane to the local cubic coordinate system of 
the (222) plane the coordinates of one$ atomic site R§, which lies a t  the 

/ 

The choice of the point 0' instead of any atomic site, such as Q, as th origin 
for the first layer of the (222) ;lane eliminates the necessity to measure d acru- 
rately, as required in the approach used b y a n  and Balluffi (1975 a, b). The 
benefit of this choice is clear if one notes that 100',1 is equal to the magnitude of the 
shift vector as defined in step (4). 

1 Since the two local cubic coordinate systen~a are related only by a translation 
vector, only one atomic site is needed in determining the transformation equations 
of the two coordinate systems. In practice, two atomic sites are used; the first 
atomic site is used to solve the eqns. (A 1) to (A 3) and the second is to check the 
solutions. 

§ The 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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Table 4. Table of parameters pertinent to the local coordinate system and trans- 
lation vectors for a number of planes in the b.c.c. lattice. 

Plane 37 dt Zt  t,% 1,$ 

t The Miller indices for the 3,  I and axes are given such that the magnitudes 
of the vectors 6, d and .?? are in unite of ao/2, wherea, is the lattice parameter of the 
standard non-primitive unit cell. 

$ The values of the quantities 1, andt, are given in fractions of the magnitudes 
of the vectors 3 and d respectively. 

intersection of the (222) and (332) planes, are determined according to steps 
(3) t o  (5). The coordinates of the atomic site R in the local cubic coordinate 
~ y s b m  of the (222) plane are denoted by ( r ,  (', 7') and in the (332) plane by 
(C, [, q ) .  The coordinates (x, y ,  z )  of an atomic site in the local coordinate 
system of the (332) plane are finally transformed t o  the coordinates 
(z', y', 2' )  in the local cubic coordinate system of 

and 

By extending this procedure all atomic sites observed in all {hkl}  planes 
can be transformed to a common cubic coordinate system. In  practice. the 
computations in steps (4) to (6) are programmed in BASIC and executed 
with the  aid of a Data  General Nova 1220 minicomputer in conjunction 
with a Tetronix 4010 graphic display terminal (see Wei 1978 for details). 
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