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DIRECT OBSERVATION OF THE POINT-DEFECT STRUCTURE OF

DEPLETED-ZONES IN ION-IRRADIATED METALS

Ching-Yeu Wei

Cofnell University 1978

- The pointfdefect structure of individual depleted zones
has been.studied systematically, for the first time, invgreat
detail. Four-pass zone-refined tungsten field-ion microscope
(FIM) specimens were irradiated ig-iiigAat 10 K with 30 keV

+

Cr ,-Mo+ or.W+ ions to-a totalvdose of (2 to lO)xlO12 ion em~?
and examlned by the pulse field- evaporatlon technlque at 10 K.
The experlmental condltlons were arranged such that each
depleted. zone was created by a single incident-ion. The

. number of vacant laftice sites withinla depleted zone was -
compared with a modified Kinchin-Pease model. The radial
distribution function was determined for each depleted zone;
it was found that the vacant lattice sites within the volume
of(ééch depleted zone tended to exist in a highly clustered
state. It wés found that the diameter b of each deplefed
zone was described by the equatlon D=<y >l/2 where <y 1/2 is

the second moment of the theoret;cal distribution curve, of

the fraction of incident ion energy deposited in atom motion,
transverse to the direction of the inéident ion-beam. The

spatial distribution of self-interstitial atoms (SIAs) in é

. . . . + ., : s .
specimen irradiated with 30 keV Cr ions and in a specimen

irradiated with 18 keV Au” ions, at 10 K, was determined.




A low bound to the average'range of repiacemeﬁt collision
sequénCes (RCSs) was found to be.l75t 85 A. A detailed FIM
study was also made of the Vacﬁnéy structure of :a (220)
ﬁlafelet created by a single 30 keV W' ion in-é‘platinuﬁ-
4(d'at.% gold alloy;. the specimen was irradiated at 40 X and
then isochronally warmedltb 100 X. The (220) platelét wa§
found to Consist of 31 vécant lattice siteé,‘lying~in four
(220) planeé, andlclusfered in a disc-shabed region which is
v20 A in diameter. It was suggested on the‘basislof our

. observation of this platelet "that frismatic dislocation loops
lying on (220)'type plaﬁés,'observed by transmission electron
microscopy, in ion or fasf'neutron irrédiated‘piatinum can
form as a result of the direct collapse of (220) type |

. vacancy platelets.




I. INTRODUCTION

One of the most per31stent problems in the fleld of ra-
dlatlon damage 'is that of understandlng quantltatlvely the
nature of -the dlsplacement spike; i.e., the total number
and the spatial distribution of vacant lattice sites (VLSs)
and sélf%intefstitial atbms (SIas) produced as the result of
the 1mpact of an energetlc particle in the ‘range of 1n01dent
energies from 25 eV to ‘14 MeV. For many metals the 1rrad1a-
tion with fission neutrons results in the productibn of pri-
Amary kndck-on-atoms (PKAs)Vwith an energy distribution be-
tween wlo'and 100 keV. Hence the study of displécément spi-
kesApréducéd by PKAs in this energy faﬁgé will conﬁribute_to
a_better understanding-of.the damage caused'bylfiséion neﬁ~
~trons.

‘The theoretical evolution of a displacement spike star- -

(1-2)

ts with the'Workvof Brinkman in the mid—fifties. Bri-
nkman suggested thaf a displacement spike occurs ip the.la—
tticé of a heavy metal-When the energy of the PKA falls to

a value such that it displaées almost every atom it encoun-
ters; at this value of'enefgy the.mean free path betﬁeeﬁ
atomic collisions.is of the order of an interatomic distance.
"The. Brinkman displacement,spike conSists of a central void-
like reglon surrounded by a mentle of SIAs, the number of

SIAs 1is equal to the number of VLSs in the void-like region.

In this model all the SIAs are located within a few inter-
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atomic distances4of‘the surface of the centrel voidFlike re;
gion. Subsequently Seeger,(g-ﬁ)'in.the late fifties and
early sixties, pointed out that the pericdicity efathe order-
ed crystal lattice must be considered.and in particular that
Jbofh energy transport by focusons and focused replacement

- collision sequences(RCSs)* in ciose—packed crystallographic
directions could piay a role ih the creation of the displace-
ment spike which.we will refer to as e depleted zone.+ |
In the late fifties and.early sixties Vineyard and co-

workers(7_9)

introduced molecular dynamic calculations, em-
ploying fast.computers, to simulate atomiec collisions in
crystalline'solids. They assembled a small fee crystallite
of copper (~500 or 1000 atoms), employing a reasonable in-
teratomic potentiai,>and introduced a low-energy (<2 keV)
PKA -into this lattice. The eomputer.then solved the many-
body interactions by incrementally integrating the classical
equafions of motion of all the etoms present, The results
of>their simulation experiments were able to show the exis-
tence of both focusons and RCSs in the <100>, <110> and

<111> directions in the fcc copper lattice.. Similar results

‘were also obtained for the bece a-iron lattice. The fundamen-

¥ The focuson(ﬁ) is an energy packet that propagates down a
row of atoms; . it transfers momentum, but not mass. The RCS(6)
involves both the propagation of momentum and mass along a
close-packed atomic row.

The term depleted zone is used in preference to displace-
. ment spike or cascade, although *they are all often used
synonymously in the -literature:




tal problem of their many-body calculation is the size of the
crystallite thaf can be stored and manipulated by the compu-
ter which was then available to'them. Hence, this many-body
calculatidn was primarilj used to simulate a small depleted
zone produced by a low-energy PKA. |

| In addition to the mahy-body computer-simulation.model
of a depleted zone, produéed_by a low-énergy PKA, there is
also a very exténsivelliferature employing the binafy-éolli-

(10-12)

sion computer-simulation technique to treat .a high-

energy (25 keV) PKA. This approximation had been used ex-

(13-16) to study the spatial distribution

tensively by Beeler
of VLSs and SIAs in individual depieted zones produced in a
stationary lattice at 0 K (i.e., no zero-point energy atomic
Vibrétions). After an energetic atom made a coilision with ‘a
stationafy lattice atom, each atom carried~away-a fraction

of the initial incident energy. as determined by the pdirwise
interaction;, while é small displaéement energy (Ed) was - lost
to the lattice per collision. All moving atoms were fdllowed
until further displacement collision were impossible. Any
SIA that was within a 30 site recombination volume around a
VLS was allowed to recombine athermally, but no point-defect
migration was allowed. The results of this simulation showed
the depleted zone to consist of a large vacancy-rich central

core surrounded by an SIA cloud. The same technique, with

certain modificationé, had also been employed by Doran(l7)




4 .
(19-20)

and Doran and Burnett (18)

and-Robinson-and Torrens
to study, among other things, the effects of thermai vibra-
tions, choice of the interatoﬁic potential, inelastic energy
losses and displacement threshold criterion on the point-
defect concentration in a aepleted zone produced in a number
of different metals (copper, iron and gold). Holmes and

(21) have also qonsideréd the problem of RCSs in as-

Robinson
sociation with depleted ‘zones employing the binary-collision
model. The basic probleﬁ'of the binary-collisibn model is
that this model is not apprépriate for the energy'range below
100 eV where. focusons and RCSs could play an important role
in defermining the final spatial érrangement of SIAs around
each depleted zone. Nevertheless, the binary-éollision com-
puter-simulation does provide qualitative physical;insight
into the point-defect structure of a depleted zone.

‘So‘far, only two field-ion microscope (FIM)(QZ) studies,
which cén be directly compared with the computer simulation

(23)

have been performed. Beavan et al. irradiated'pure tung-

sten with 20 keV W' ions at 18 X (below the Stage I SIA long-

range migration peak(24'25)).

‘Two depleted zonesvwere detec-
ted and analyzed in two different specimens. A depleted zone
detecfed in the (222) plane had a vacancy concentration of
v8.7 at.% and the locél SIA concentration was ~0.92 at.%.

The SIAs found locally were located on the peripheral surfacé

of the zone. In the lattice éﬁrrounding this depleted zone

there were 25 SIAs. It was shown that 12 of thése.25 SIAs




.2
could have been propagated aWayffrom-the depleted zone along
<111> directions and li along <011> directions. For <011>
directions the propagation distances were.between 45 and 150 A,
while for the <111> direcﬁions these distances were between
45 and 85 A. This result conétituted direct evidence for‘the
existence of RCSs. The upper and lower lihit in both cases-
was determined by a sampiing-problem'and not. the intrinsic
range of RCSs. The other depleted zone detected ih the (141)
plane had an irrégﬁlar_geometry which was eldngated along the
[lOi]_direction. This depleted zone was found to consist of
81 VLSs and the vaéandy.conceﬁtrétibn was V10 af.%. The SIAs-
were found on the outer surface of this depleted'zone and the
- SIA concenfration was V0.5 at.%. The depleted zone in the‘
(141) pléne was found to intersect the initial surface and
therefore it was not ciear ﬁhether this depleted zone was a
partial of a tota; depletedvzone..

(26)

Wilson and Seidman irradiated pure tungsten with 20
keV W+ ions at 473 K (towardslthe top of Stage.II(27)). The&
detected‘a depleted zone near the (222) plane and found it

to consist of 41 VLSs clustered in a cubic regidn-NIB A on a
side. No contrast effects ﬁhich coﬁld be attributed to SIAs
were found in or near the.depleted zone or in the lattice
surrounding it. If onlyifirst néarest-neighbor VLSs were con-
sidered fhen~the distribution of cluster sizes,waé as follows:
(1) three mono-VLSs; (2) one di-VLS; (3) one tri-VLS; (4) one

hexa-VLS; and (5) one cluster of 27 VLSs. - The depleted zone
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exhibited a definite degreé of.elongatidn along the [110] di--
,rection‘when the VLSs ﬁere.projected onto the (002) plane.
Finally, the Vacancy‘congentration iﬁ this depléted zone was

- ~33 at.%; |

Other FIM expéfiments on vacanéy-type'radiation damage

have been done on the metals tungsten, iridium'and.platinum
(28-30) (31-32)
L (34-37)

‘and Ralph and co-workers. " The em-

by Galligan and co~workers , Buswéll% Pétroff

and'Washburh,(BB)
phasis of most of these studies ﬁad been on'characterizing
the distribution of ‘the vacancy damage produced aﬁ'room tem-
perature and, in a few e#periments, at 78 K. These studies
have been useful in demSnstféting that three basic morpholo_
. gical-types of ?apancy damage exist in the priméry state of
damage. These three basic'types'are: (1) depleted zones;
(2) compact vacancy clusters or voids;‘and (3) dislocation
-loops. The_véids may be considered to be depleted zones with
a very high localvvacahCy goncéntration (cv)*.' The disloca- |
tion loopé were initially depleted zones with a high local -
"value of c& that bave collapsed into thé'lower-energy dis-
location loops.

The important result that emerges from thé.FIM research
.on-both tungsten and iridium is that the -dislocation-loop por-

tion of the damage accounts for only a small fraction of the

¥ It is the author's opinion that it is difficult to diffe-
rentiate voids from depleted zones in the FIM micrographd
" without actually reconstructing them in three dimensions
as -described in sect.V.4.1.




7

vacancy population. The largeaf‘fraction of the vacancy po-
pulation (90%ain the case of tungsten) is in the form of de-
pleted zones (with a-vacancy'cdncentration of batween 1 and
20 at.%) and compact clusters or voids. These observations

offer an explanation of why the yield factor (Y), where

observable vacancy contrast-effects (number per cm2)

ion doSe_(number of ion per cm?)

measured by the transmission electron microscope (TEM) tech-

nique is often considerably less than unity. For example, in
+

-the case of copper irradiated with 30 keV Cu ions at room

(38;)

and in the case of tungsten irradi-
(39-40)

temperature ¥ is 0.3,
‘ated.aﬁlroom temperature it is 0.1. The understanding
of these iow values of Y is extremely important because the
TEM technique'has:been used extensively tb study vacancy da;
mage inlboth ion or neutron-irradiated metals.(4o_44) The
observation of the primary radiation-damage state by TEM de--
pends heavily on the anility of the vacancy-rich core of a
depleted zone to collapse into a dislocation loop with suffi-
cient strain-field contrast to make itself visible in a TEM
image. A vivid illustration of this point comes from some
recent work of English and Eyre(45) on iron. They irradiated
o-iron at room temperature with 40 tQ 240 keV,Fe+, Ni+; Ge+,.
Kr+, Xef and Wf ions. They found that the defect yield is a

strong function of the mass of the incident ions, increasing

from zero for Fe® ions to 520% for W' ions. In particular,
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when iron was irradiated with <240 kéV,Fé+ iﬁns at robm tem-
perature no dislocation lobps‘were observed. An explanation
of thisAobservation is simply that with increaéing ijon mass
the depleted zones becomes more compact, the vacancy supersa-
turation is higher and therefore depieted-zones havé a higher
propability to collapse athermally into dislocation loops.
The high-resolution TEM technique(46) had been extensi-
vely applied to the‘study of the damége state'of irradiated
materials. A relatively weil-developed theory of image for-

(47)

mation coupled with the commercial availability of TEMs
had‘strongly aided theAépplication of this technique to the
study of radiation damage in both metals(4l'43) and non-me-
tals.(48) The TEM results have given us a good deal of phy-
sical ihsight into the character'(i.e., SIA or VLS) and spa-
tiél arrangement of the damage in the irradiated state of
- materials; it is also an extremely useful tech#ique for de-
termining the size distribution and average number density

of the observed damage. Unfortunately, the TEM is not at
present capable of resolving the individual VLSs or SIAs in
ahd around a depleted zone, and therefore the FIM with its
atomic resolution is better suited for a detailed study of
.the spatial distribution of point defects produced as a re-
sult of thé bombardment of solids ﬁith energetic'particles.

| In this thesis‘severgl aspects of work have been perfor-

med and are briefly described as follows:

(1) In Chapter III a novel Faraday cup was described




which allows the simultaneous observation and measurement of
ion-beam currents. The-Fargday cup was constructed around a
Galileo channel electron-multiplier array (CEMA) which served
as the basis of an infernal image intensificatidﬁ system (a
gain of 2104) for the observation of the ion beam: the CEMA
also acted as a collector for.the ion current which was mea-
sured by a Keithley 602 electrometer. The ion current was
integratéd by a simple and'ineXpensivé dosimeter; fhe elec-
Atronic-cirquit for the dosimeter is described. The applica-
tion of the Féraday cup to the observation and measurement

of a 30°keV Ar® ion beam is presented as an illﬁstrative ex-
amﬁle.' We have also employed this Faraday cup to observe

and measure 30 keV Cr+, Mof or W+and 18 keV Au+ ion beams em-
ployed.for the ig-iizg}irrédiation,of‘FIM specimens.:

(2) 1In Chapter IV a detailed FIM study of the vacancy
structure of a4(220)'platelet créated by a single 30 keV wt
ion in a platinum-4.0 at.% gold alloy was described; the spe-
cimen ﬁas maintainéd at 40 K (below substage IIp) during the
in-situ irradiation at‘&2x10'9'T§rr. Priof to the puléed
field-evapdration disséqtion of the specimen at 40 K it Was
warmed isochronally to 100 K (above substage IIC);. The (220)
platelet was_found to consist of 31 VLSs, iyiﬁg in fouf (226)
planes, and clustered in a disc-shaped region which is n20 ‘A
in diameter. ‘If~only"first nearest-neighbor VLSs were consi-

"dered then the distribution of cluster sizes was as follows:
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(1) two mono-VLSs; and (2)-Aone jumbo VLS cluster containing
29 VLSs. The range of the VLS concentration within the (220)
.vacancy piatelet is &35‘t9 44 at.%. Employing the modified
Kinchin-Peasé equation it was calculated that the displaceme-
nt efficienéy (K)»fof this platelet is 0.12. It is suggested
that the prismatic &islocatipn loops lyinngn (220) type pla-
nes, observed by transmission eleﬁtron'microscopy, in ion or
fast-neutron irradiated platinuﬁ can form as a result of the
Adirecf céllapse of (220) fype vacancey plateiets.ll

 (3) In Chapter V we presented a first systéma£ic study
of the point-defect structure of a depleted zone created by
a single 30 keV W+, Mo+ or Cr* ion at 10 K in tungsten. ' The
dependence of the point-deféét structure of a depleted zone
on the mass of the incident ion was studied in great detail.
Firsf, a three-dimensional drawing of eabh'depleted zone
was coﬁsfructed from the FIM micrograpﬁs. Second, the num-
.ber of VLSs within a depleted zoné was compafed,with the mo-
dified Kinchin-Pease model.‘ Third, the radial distribution
fuﬁction.Was determinéd for each depleted zone. It was found
that the VLSs within the volume of the depleted zone tended
to form clusters. Fourth;‘fhe experimental diameter of each

depleted zone was compared.with_the‘Winterbon-Sigmund-Sanders

(107) : - -
(WSS) theory. It was suggested that the quantity <y<>

¥ The quantity <y2>% is the second moment of the elastic
- ion-energy deposition curve along the direction perpen-
dicular to the incident ion.
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is a better estimate of the size of a_éingle depleted zone
2

_ , N . . . A
as opposed to the quantity 2<y®>% originally suggested by

(84) Finally, the observed spatial

Westmoreland and Sigmund.
distributions of SIAs in a specimen irradiated with 30 keV
C:f ions and in a specimen irradiated with 18 keV Au - ions

were determined and a lower bound of the RCS chéin-length'in

tungsten was determined to be 175 +85 A.




II. EXPERIMENTAL DETAILS

II.1. The Ultra-High Vacuum FIM and the Irradiation Facility

| The FIM is attached to the left;hana side of our acce-
lerator system'Via a three-stage differentially-pumped flight
tube(5l-52) (see fig. l).‘ This arrangément allows for the in-
situ irradiation of the FIM specimen at.a backgfoundlpressure
of € 2x10~9 Torr in the FIM with a pressure of Ne, Ar or Xe
ranging between (2 to lO)xlO'é* Torr measuréd above the diffu-
sion pﬁmp which evacuates the Hill-Nelson'sputtered—metal ion- .
source.

After being éccelerated to 30 keV** the ion beam was tran-
slated horizontally-of vertically by,tWO»set§ of_parailel pla-
tes and was chemiéaily'analyzed by an electroﬁagnet in the
hofizontél direction. . This colimated ion beam was made to pass
thrdugh the three-stage différentially-pumped flight tube and
subsequently to enter the FIM to bombard the specimen. A~
_épeciai Faraday cup was then empldyed to simultaneously moni-

-~ tor the profile and intensity of the ‘ion beam. Two sets of
parallel plates seated in the flight tube above the third di-
fferential pump were used td steer ana raster the ion beam.

The horizontal deflection‘plates received a variable dc voltage

¥ All pressures reported in this thesis have been converted
. from guage pressure to real pressure. :

¥*¥ This was the most .common irradiation energy employed in
our studies. '

12
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of 1 XV maximum which carried a 200 V saw-tooth wave form at

2 khz. A variable dec voltage of 1 kV maximum and a 200 V saw-
tooth signal at 2OOAhz were applied to the vertical plates.
This beam—steéring system_waS'found to be extremely useful té
adjust the position of the ion beam relative to the specimen.
Details regarding the design of the Faraday cup are given in

Chapter III.

IT.2. Data Rgcording System and Ciné Film Analysis

The FIM images were observed with the aid of an internal
image-intensification system based on a Galileo 76 mm diameter
channel electron-multiplier array (CEMA) and the FIM images
produced in this manner were reco;ded on 35 mm ciné film with
fhe aid of an Automax ciné-camera equipped with a 1000 ff. film
chamber. Each FIM image was recorded after a field-evaporation
pulse had been initiated. The recorded and developed ciné film
was analyzed with a Vaﬁguard motion analyzer which is equipped
with x-y cross-hairs, a position readout(74) and a zeroing de-
vice. The zeroing device -is capable of zeroing the position
readout of any poiht on the ciné film, this feature allowed us
to directly read the coordinate-of any point on the ciné film
with respect to any zeroed point. The position reédout of the
-motion-analyZer wés-interféced.to a Houston Omnigraphic 2000
X-y recorder via.a unity-gain buffer which is used to lower the
output impedance of the position readout of the motion analyzer.
The positions of any atomic and vacant sites detected in the

FIM micrographs were then transferred to a sheet of graph paper

~.
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by the x-y recorder. The zeroing device on the motion analy-
zer and the x-y recorder was extremely useful for reconstruct-

ing the_point-defect structure of'the depleted zone in three-

dimension from the two-dimensional FIM micrographs.




III. A NOVEL FARADAY CUP-FOR THE SIMULTANEOUS OBSERVATION

AND MEASUREMENT OF ION-BEAM CURRENTS

III.1.. Introduction
| For ﬁhe past few years we: have empioyed energetic (~10-
45 keV) positively-charged metal ion-beams to irradiate metal

field-ion microscope (FIM) specimens. The irradia-

tions have been performed in-situ under ultra-high vacuum
9

(4(0.2 to 2)x10 7 Torr) conditions in a stainless steel FIM;
the FIM specimen is attacﬁed to fhe tail of a cpntinuous-
transfer liquid-helium Cryosfat via a copper FIM specimen
holder that is clamped to a sapphir; piece that serves to

electrically isolate the specimen holder from the cryostat.(58)

The main problems with the in-situ irradiations were the

alignment and observation of the ion beam with respect to the
FIM tip~and the accurate_meaéurement of the ion dose. Prior
to the use of the design described in this chapter we had em- .
ployed a phosphor screen to first align and observe the ion
beam and then a separate Faraday cﬁp to measure the ion dose.
This arrangement had the following deficiencies: (1) it was
cumbersome; (2) it was time con;uming; and (3) the photon
vield per incident heavy-ion on the phosphor is small(59) ﬁa—
‘king it difficult to visually observe a heavy-metal or gas
ion-beam (e.g., 30 keV Ar*, Cr', Mo' or w').

To correct these problems we have designed and constru-

cted a Faraday cup which allows us to both continuously énd

simultaneously monitor the ion-beam cross-section and ion dose.

16
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At the heaft of‘thé ﬁresenf'sysfem isAa Galile§ channel-elec-
tron multipliér'array (CEMA) which ‘serves és the basis of an’
ihternal image intensification system to OBsérve the ion beam
and also as an ion-beam colleptor in the Faraday cup. _This
design oveféomes the major problem inherent to a conventibhal
Faraday cup design; i.e., fhe inability to simultaneously ob-
serve the profile of ‘the ion,béam and to measure the ion dose.
The present papef describes this novel Faraday cup which co-
rrects the above mentioned problem; in addifion,'a simple do-
simeter is.described which gives a direc¢t readout of the in-
 tegrated flux (i.e., the dose). The use of this Faréday cup.
4to measure and observe an ion current of.2x10‘9 amp of 30 keV
Ar? ions is presénted as an illustrative example of the capa-
bilities of the present design.  In addition, we have also
~used the present‘design'to observe and measure 30 keV Cr*, Mo®
or W+ and 18 keV Au' ion beams during the in-situ irradiation
of tungsten FIM specimens. Thefe appearé to be ho fundamental
limitation on the application of this design to the observa-
tion and measurementAof ail the elements in the periodic table
that one can make into positiveiy<or negatively charged ion-

beams.

III.2. Design and Performance of the Faraday Cup

I11.2.1. The Faraday Cup and the Channel Electron Multiplier
Array
Figure 2 shows a cross-sectional top view of the Faraday

cup (right-hand side) -and its relationship to the FIM specimen
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KleftQhahd side). The FIM specimen was in the'fofm_oflan &l cm
long wire (~0.13 to 0.20 mm in diameter) which was sharply po-
inted andAwas mounted on an hexagonal-shaped copper FIM spe-
cimen holder. Th¢ FIM specimeﬁ and its holder are sufréunded
by a cylindrical copper thermal radiation-shield which'con-
tains two apertures; the first aperture defined the croés-
sectional area of fhe ion béam that impinged on the FIM spe-
cimen. The second aperture was made larger in diameter than
the firs{ one to avoid an ion-beam shédowing effect. In
addition, a piece of gold metal was attached to the cylin-v
drical thérmal'copper radiation-shield on thé side of the
first-aperturé to further.shield the Faraday cup from any
" portion of the ion beam whiéh-may have accidentally by-passed
the first aperture. |

fhe ion beam fhat passes throﬁgh the second apefture
.of the.cylindrical copper thermal fadiation-shield next
enters the Faraday cup as itlﬁgsées through an annular stain-
less steel ring that served the role of a secondary-electron
retarder; the latter was biased gt -300 Vde. The secondary-
eleétron.retarder prévents electrons that are produced in-
.side the secondary-electron collection-cylinder, floating
at 0 V, from escapiné from :the Faradéy cup and it also pre-
- vents stray electrons from entering the Faraday cup. The
long stainless steel secondary-electron collection-cylindef
serves to,recaptufe any secondary-electrons that were rélea-

sed by the ion beam. Finally the ion beam(6o) was collected
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on the front surface of the CEMA, which was also floating
at. 0 V, and it 1s measured with a Keithley 602 electrometer.
The incident ion—beém current was also converted to an elec-

(61) The back surface of

tron current by the CEMA.
the CEMA was maintained at +900 Vdc; the voltage drop of
900 Vde across the CEMA produces a gain of %104. The CEMA

(62), deposited on

was separated from a P-1 phosphor screen
a.glass pléte, by a 1.6 mm thick annular ring fabricated

- from Cofning:No. 2598 ﬁachinable glass. . The electron cu-
rrgnt produced by the CEMA Wés accelerated and proximity.
focused onto the phosphor‘scfeenAwhich was maintained at
+1500 Vdc; the glass plate, on which the phdsphor was de-
posited, was ccated with a conducting layer of tin oxi-
de.(63—64) The visible light given off by the phbsphor is
observed through an 2.5 ¢m diameter glass window on the- FIM.
~An example of the observational caﬁability of the CEMA por;
tion of the Faraday cup.ié shown in fig. 3. Figure 3a shows
the cross-sectional image of a 30 keV Ar+ ion beam at a cur-

rent density of '\zlfxlo-9 2,

amp cm~ Figure 3b shows an FIM
specimen Which was biased at 600 Vdc to give aAshadoWgraph
of the tip in the ion:beém; this technique has been found to
.be extremely useful for rapidly-aligning the FIM specimen

with respect to -the ion beam.

III.2.2. Measurement of the Positive Ion Current
The problem of measuring the total ion current‘(Ii) is

best explained with the aid of the approximate equivalent




) (b)

(a) A photograph of the image of a 30 keV Ar' ion beam-with the FIM ti

Figure 3:

at earth potential; the current is 2x10”7 amp on an area of 0.5 cm<.

(b) In this case the FIM tip is at a potential of +600 Vde and the

shadow of conically-shaped tip is readily seen; same Ar' ion current
Both images were recorded on Polaroid 3000 ASA film.

i



circuit, shown in fig. 4, for the irradiation system and the
Faraday cup. The numbered points O to 3, at the top of the
circuit, correspond to the secondary-electron retarder (DY,
the front surface of the CEMA (1), the back surface of the
CEMA (2) and the phosphor screen (3). The total ion current
enters the Faraday cup at the point O from the irradiation
system; the diode used in the irradiation system portion of
the diagram indicates symbolically that a reverse positive-
ion current was not possible in this portion of the circuilt.
The quantity Ii can divide itself into three separate ion
currents Iil’ Ii2 and IiB at the points 1, 2 and 3 respecti-
vely; in general it is expected that (I, + Ii3)<<Iil‘ The
ion currents Iil’ Ii2 and I13 rejoin at point F and flow
through the Keithley 602 electrometer. The electron current
g el Toop JLyig S g V3, V2 and F, denoted Ie, is not measu-
red by the electrometer whereas the leakage currents 121, 122
and 123 flowing from points Vl’ V2 and V3, respectively, to
the earth ground are measured by the electrometer. Therefore

the total current IO measured by the electrometer (EM) is

given by

2 3
: SR 0 IR (1a)

ok T E (Vk/Rzk) (1b)
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Figure 4: An equivalent circuit for the irradiation system and the Faraday cup;

the ion-beam currenf is Ii and the current measured by'the electrometer

(EM) is IO._ In practicé Io is almost equal to Ii since the ieakage re-

R and RQB) is very large (1015 Q)
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where Vk is the voltage at the points Vl’ V2, and V3 respec-

tively and Rzk is the insulation resistance between the point

Vk and the earth ground. Employing eq. (1b) it can be shown

(assuming that 3R2=R21=322=R23) that Rz shguld be greater

14
than 10 £ if the total leakage current (I Ilk) is required
‘ k=1

11

to be less than 10~ amp; this value of lO-“'l amp corresponds

to 1% of a typical minimum value, for our research,- of Ii

= lO-gAamp. In practice the leékage cﬁrrent was minimized
by employing*Cornihg machinaﬁle glass No. 2598'to insulate
the Faraday cup from the-surrounding wall of the FIM; this’
machinable glass has a volume resistivit& of %1017Q-cm at

o}

. . 1
25°C. It was estimated that R, is greater than 10 59.

L
The three required voltages (-300, 900 and 1500 Vdc)
for the Faraday cup (see figs. 2 and 4) were provided by six
Burgess U-200 dry cell batteries which were mounted iﬁ a
specially constructed plexi-glass box. Inside the FIM the
leads from the Faraday cup were spark-welded to four Ceramseal
feedthrough which were mounted on a standard 2-3/4 inch dia-
meter d§ublesided Varian Conflat flange. Outside the FIM we
employed MHV connecters aﬁd poijethylene cable to provide
maximum electrical insulation. Control experiments have‘deQ
monstrated that the total leakage curregt was always less

: -12
12 amp and that a value of 1x10: amp was very ty-

than 3x10°
pical; the latter wvalue was only 0.1% of the minimum ion cu-

-9
rrent of 1x10 amp used in a typical charged particle irra-
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diation in our research.

I1I.3. A-Simple'Dosimeter

The current Io,'which is eééentially equalito the quan-
tity'Ii; wasimeésured by.a-Keithley 602 electrometer. Since
»an'important'physicél Quantity,‘for'every'irradiation, is the
total dqse (i.é., the integrated.flui); a simple and inexpen-
sive dosimeteriWas.constructe& to integrate the I. with res-
pect to.time; The Keithley 602 electrometer converts IO to
‘an equivaleﬁt voltage (Vin);.this glectromefer provided an
output'voltagé'of 1 Vdc:fOr fuli-scale meter.deflecfion on
any current range. N | |

| 'Figureiﬁ shéws'the_échematic diagram for the dqsimete:(65)
which is essentially an analog integrator. An adjustable vol-
"tage Sourqe was éonnected'to the non;invertihg input of the
diffefence amplifier to diminish the self-integration of the
integrator to less.than 10 uv sec;l. The multiplier stage
was used td calibrate théioutput voltage (Vout);‘the quantity .

Vout was given by the equation

o Vo = BV, (t)ds - (2)

3

m whete“6 was an adjustable constant with the dimensions of sec™t
"~ Let us now considér'an>exa@ple of how eq. (2) was used
in préctice. The»object was to obtain a value of Vout'Which
-9

was .proportional to the total dose; for example, for Io

1]

10
amp,. an irradiation time of 600 sec and an ion-beam cross-

) , , ' 1 -
sectional area of 0.5 cm2 the dose is 0.75x10 ’ ion cm 2; thus -
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Figure 5: The electronic circuit for the dosimeter used to measure the integrate

flux during an irradiation. The input voltage Vin is provided by the

Keithley 602 electrometer (see fig. 2)
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we calibrated the dosimeter to obtain V " = 0.75 Vde. For.
: : o .. ou :
IO=1O-9 amp the value of"Vin was 0.33 Vdc using the 33{10-9
~amp range on the electrometer} therefore, employing
-3 - ’ -
v ='3.75x10 SV, (t)dt (3)
out ' ~in -

for this scale of the electrometer and for tﬁe cross-sectional
'area 6fAO.5_am2; we note that Io need not be éonstant for

eq. (2).to be valid. The dosimeter can, oflcourse, be cali-
brated in a similar manner for anj other ion-~-beam cross-sec-
tiopal area or curréﬁt scale of the electrémeter.- The dosi-

meter was found to be particularly useful in terminating the

ion irradiation at some pre-determined dose.




IV. DIRECT OBSERVATION OF THE VACANCY STRUCTURE OF A (220)

PLATELET IN AN ION IRRADIATED PLATINUM-4.0atr% GOLD ALLOY

IV.1. Introduction

The point-defect structure of the primafy state of damage
of irradiated metals can, at'present, only be studied experi-
mentally by the field-ion microscope (FIM) technique. The FIM
'technique provides us with an exact picture of the arrangeme-
nt of vacant lattice-sites and self-interstitial atoms (SIAé)
within and around a depleted zone created by a single primary

(66-67)

knock-on atom. The present chapter represents‘an ex-

tension of our earlier research on the body-centered cubic me-

tal tungsten(23’26)

to a facg-centered cubic platinum-4.0at.%
gold alloy; There is earlier qualitative work on depleted
zones in fast-néutron irradiated platinum by Attardo and

' (28, 68) . (29) .
Galligan ’ and Inal and Galligan; the main emphasis
in this work was in-dépérmining size distributions whereas:
our emphasis is on the épafial distribution of wvacant lattice
sites within andiaround individual depleted zones.

In the research on tungsten we studied the<point-defect
structure of depleted zones created at both 18 XK (Stage I)
and 473 K (near the top of Stage II); see Schilling, Sonnen-
berg and Dibbert(ég) for a discussion.of Stage II 'in-the Pt(Au)

system. The work presented here describes the vacant lattice-

site structure of a depleted zone that had collapsed into a

28
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'four-layor Vacancy‘platelet on a_(220) plane. The (220) vacan-
ey platelet'Was.created in the Pi-4.0 at.% Au alloy by a sihgle
30 keV w' ion at 40 K (below sUbsiage IIB); the specimen was
subsequently annealed'to 100 K (above substage IIC)-prior tol‘
its examination at 40 K. The (220) vacancy platelet feprese—
nts an energy state thatvis intermediate in energy between a

~ three-dimensional compact vacancy cluster and a'dislocation
loop. The possibility of stable multi—iayer vacancy platelets
dose not seem to havo been considered.in the theoretical 1i-
terature on this subjectil It is suggested on tﬁe basis of our
observation of this platelet that prismatic dislocation ioops,
observed in transmission electron microscopy studies of ion

or fast-neutron irradiated Pt, can form direotly from tho co-
iiapse of vacancy platelets on {220} type planes. And-that

the &acancy supersaturation within a piatelet required for
collapse into a disiocation loop can be exceedingly large.
Finglly, we present, foflthe firot time, the application of

the OR TEPlprogram(7O) to provide a stereographic drawing of

the vacancy platelet.

IV.2. Experimental Details

IV.2.1. Specimen Chemistry and Preparation

The Pt-4.0 at.% Au alloy was prepared at Cornell Univer-
sity and the gold concentration was determined to be 4.0%0.3

at.% by the analytical chemistry labofatory of the Materials

Science Center and the U.S. Testing Laboratory (see Table I
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: (71) -
of Chen and Balluffi. - The alloy was drawn into 0.13 mm
diameter wire and eiectropolished in a molten salt solution

of NaNO_; and.~20 % by wt. NaCl, maintained at 350°C, to re-

‘move'ahy surface contamiﬁétion. The wires were next annealed
by résistively heating them in alr at ~1400 K and then air
quenchedAby rapidly terminating the heating current. Sharply-
pointed FIM spedimehé were preparéd by the standard electro-
polishing—technique(72)Aaf 3 to 4 Vdc, in the above described

" molten salt-solution, at 623 K. The procedure consisted of

dipping a wire specimen, at regular intervals, into the salt

bath to a depth of "5 mm and rapidly removing it after 0.2 sec.

Next the FIM specimen was field-evaporated continuously in the
FIM at ~125 K and then pulsed field-evaporated at ; 70 K to

a final end-form at a background presSsure of 1x10_4 Torr Ne.

Iv.2.2. The Irradiation Procedure

The specimens were irradiated in-situ in a bakeable ul -
tra-high vacuum FIM which is ‘attached to a Hill-Nelson spu-
ttered-metal ion-source via a three-stage differentially-pum-
ped fiight-tube (see fig. 1). This arrangement allowed for
an in-situ irradiation at ’\/2x10_9 Torr with a pressuré of
(2 tolﬁ)xlo—6 Torr argon measured above the diffusion pump
which evacuates the ion source. The alloy was irradiated at =
40 K withAa magnetically analyzed 30 keV W' ion beam to a dose
of ’blxlO13 ion cmn2 and the flux of ions at the specimen po-

. 10 -2 -1 :
sition was ~3x10 ecm sec ; at this value of the flux the
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time required to form an adsorbed monolayer was greater.than
the irradiation period. After the 40 K irradiation the spe-
cimen was annealed isochronally to 100 K.(57)
- The specimen temperature was mopitored with a miniature
piatinum resistance thermometer‘(PRT) mounted near the tail of
the cryostat. 'For further details regarding temperature mea-
sufement,'the sputtered-metal ién-source and the irradiation

facility see our earlier publicationé.(73’ 52, 54)

IV.2.3,. Daté Recqrding System anq_Ciné Film Analyzgr

The neon FIM images weré observed with the aid of an in-
ternal image-intensification system based on é Galileo 76 mm
diameter channel~electron-multiplier arréy(él) and the'FIM
images produced in this manner were recorded on 35 mm film
with the aid of an Automax ciné-camera equipped wifh a lOCO ft.
film chamber. The recorded and developed ciné film was ana-
lyzed with a Vanguard motion analyzer which is equipped with

(74)

x—j ¢ross-hairs and a position readout; the motion ana-
lyzer Waé interfaced to a Houston Omnigraphic 200 x-y recorder.
This latter feature was extremely useful for reconstructiﬁg

the point defect structure of the depleted zone discussed in‘
this chapter. Each FIM image was recorded after a field-eva-
poration pulse had been initiated; the pulse height and dura-

tion were adjusted so that one atom, on the average, was re-

moved per pulse on the (420) plane.

IV.3. The Arrangemént of Atoms in the (75i) plane

The vacancy.platelet (depleted zone A) discussed in this
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chapter was detected in the (75T) plane of an FIM specimen
with a [100] drientafien. This plane is located on the [I12]
zone inbetween the (220) and (53i) planes (see f‘ig.6a.).-’r
The interpianar spacing fer the (751) planelis ao//7?*
there are a series of equally spaced planes betwéen the zeroth
plane and the 75th plane.** ' The atomic arrangement within
the'(75i) plane and the etacking'of the (751)'pianes'is a bit
complicated, hence we-consider this plane in detail.

The crystallography of the (791) plane is not glven in

Nicholas' atlas(78), hence we constructed a ball model of a

T The Miller indices {(hkl) of the physical planes. must be of
unmixed parity for an fcc lattice. If the Miller indices
are of mixed parity it is a s1mple matter to convert them
to unmixed parity.

¥ The lattice parameter of the fce cell %s denoted'by a,; for

the Pt-4.0 at.% Au alloy a, = 3.921 A.

¥%¥ The number of planes in an. 1dent1ty perlod (Nhkl) is given
by the expression Npij = QQ¥ (h + k + l )/2 where Q is one
if h, k, 1 are all odd and Q is 2 if h, k, .1 are of mixed
parity; and Q" is one if h . k + 1" is even, while Q* is 2

if h + k + 1 is odd. It is important to note .that in making
~this cadlculation one must use the Miller indices (hkl) be-

fore they have been converted into unmixed parity. We alao
note that the Jaswon and Dove(77) statement "that the sta-

cking pattern ‘of the prlmltlve cublc ghkl) planes consti-

tutes a congruence modulo h + k + 1 " is not generally
correct.
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A partial 200 stereographic projection showing
the location of depleted zones A, B and C;
depleted zone A is the (220) vacancy platelet.
(b) A schematic cross-sectional view of the FIM
tip which contained depleted zones A, B and C;
the plane of projection is the. (020) plane
This figure is drawn to scale.

Figure 6: (a)
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(751) plane accofding to the procedure developed by Moore and

(75)

Nichdlés; A photogfaph of this ball médel, built on a _
(200) plane, is shown in fig. 7; the dark balls indicate the
atoms in the outermost (zerofh) layer. The visible atoms,
within the primitive unit'cell, from different layers are
indicated by the numbersli, 2, 3, 4 and 5. AThe balls marked
with an x'indiqate cne (111) plané that intersects the (751)'
plane. The ball model Waé used to determine’the primitive
meésh and the #tacking'sequence of planes zero %o five. Figure
8 shows the primitive mesh (plane zero).of the (751) plane
and the positions of the atoms of planes 1 to 5 that project
within.the primitive.mesh;‘the Appendix A and Table 9 give

e
. : . N i
more details concerning fig. 8.

IV.4. Procedure for the Construction of a Depleted Zone

In this section the basic'procedure used to reconstruct

a depleted zone in three—dimensions, from the FIM micro-
graphs, is explained. The steps employed were as follows:

| 1. The posifions of ali atoms and vacant siteé on the
zeroth layer were determined employing the x-y cross-hairs
on.fhe'motion ahalyzer in conjunction with the x-y recorder.
- All the cartesian coordinates were read with respect td a
common fiducial mark which had been engraved. in tﬁe phosphor

screen portion of the internal image-intensification system.

T We have generally followed the scheme of Nicholas(78) in

presenting crystallographic information.




Figure 7:

A photograph of a ball model of the (751) plane built on a (200) plane.
The dark balls indicate atoms which are in the outermost (zeroth) layer;
the visible atoms within one primitive unit cell, from different layers,
are indicated by the numbers 1, 2, 3, 4 and 5. The balls marked with an
x indicate one (111) plane that intersects the (751) plane.
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Figure 8:

The primitive mesh (QABC) of the
the projection of the atoms that
primitive mesh for layers 1 to 5.

(751) plane and
lie within this
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This procedure eliminated all errors in the positions of atoms
caused by the slippage of film in either the ciné camera or
the motion analyzer.

2. An atom or vacant site in the zeroth layer was arbi-
trarily chosen as the origin atom for this layer; the atom
labeled 0(0,0,0) in fig. 9 was taken to be an origin atom. A
schematic diagram showing the positions of the atoms in two
successive (75I) planes, which had been recorded as outlined
in step 1, is shown in fig. 9. The atomic sites in the zero-
th and first layers are represented by solid black circles

and open circles respectively. The vector %? [ilé] which lies
along the intersection of the (751) and (531) planes was cho-
sen as the u-axis. Similarly, the vector_iQ[?Bl]which lies
along the intersection of the (751) and (620) planes was used
to determine the vector 2o [123] which was taken to be the v-
axis (see fig. 9). The vector (ao/75)[75i] which is normal
to the (751) Plane was taken to be the Z-axis (see the Appen-
dix A). All of the vectors used so far are in the standard
orthogonal coordinate system. Next the coordinates of the
atomic sites were indexed with respect to the vectors T, ¥
and 0Z {(as /75 [75i]}; for example, the sites O, A and B in
the zeroth layer have local coordinates (0,0,0), (1,0,0) and
(0,1,0) respectively. The origin for the first layer (0') is
uniquely assigned to the atomic site which is projected with-

in the unit primitive cell of the zeroth layer (see fig. 9);

Og denotes the projection of O' onto the zeroth layer then

&
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A drawing of the atom positions in the zeroth and
first layers of the (751) plane. The figure is
used to explain how the (220) vacancy platelet

was recpnstructed from the FIM image; see sect.IV.:
for the details.
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07T = [001]. Hence, OJD = g 0'D =[odl]+ [II0o]= [III],

so that the coordinates of D are (-1,-1,-1) relative to Oé.
The local coordinates of other atomic sites in the first
layer, relative to Oé, were derived in a similar manner,.
The practical advantage of this local coordinate system was
that all the vacant lattice sites had integral coordinates.
3. Finally the coordinates of an atomic site, such as
D, relative to the origin O in the zeroth layer, were obtain-
ed by adding the shift vector t = [txtyo] to 6;5. The shift
vector is the projection of 00' onto (751) and is given by
¥ = (a,/150) [61 85 2] (see the Appendix A). Extending this
procedure the positions of all the atomic sites observed can
then be transformed back to an orthogonal coordinate system
with O as its origin. In practice all the required transfor-

mations were carried out in our laboratory with the aid of a

Nova 1220 minicomputer.

IV.5. Results

In only one out of three ion-irradiated Pt(Au) specimens
did we find a mapable and isolated depleted zone in the bulk
of a specimen; this specimen had an average radius of curva-
ture of V190 A. We shall momentarily call this depleted zone
DZA; this position in the FIM tip, relative to the two other
depleted zones detected, is shown in fig. 6. It is noted that
DZA is located ~30 A down from the initial surface and 90 A
from the irradiated surface of the specimen. Depleted zone B

is located near the (931) plane and depleted zone C 1s located
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near the (220) plane. Depleted zones B and C were found only
one or two interplanar spacings from the irradiated surface

of the specimen. The DZA detected in the (751) plane was

found to consist of 31 vacant lattice sites* clustered in a
disc-shaped region, 20 A in diameter lying near a (220) plane.
Thus DZA has the morphology of a vacancy platelet with a (220)
habit plane; thus we call it a (220) vacancy platelet.

Figure 10 shows a series of ten FIM micrographs of ten
successive (751) planes; they were chosen from a total of
l.2x103 frames of 35 mm ciné film which were recorded and an-
alyzed in the reconstruction of the (220) vacancy platelet.
The (751) plane and the surrounding planes are indexed in
frame 1; the frame number of the ciné film is located in the
right-hand corner below each micrograph and the layer number
is preceeded by the letter n (e.g., n = 1) in the upper left-
hand corner above each micrograph. Frames 1, 235, 292 and
898 show atomically perfect planes in layers 1, 3, 4 and 10
respectively; the other frames exhibit (75i) planes containing
vacant lattice-sites. The position of each atom in the (751)
plane is indicated schematically below each micrograph by a

solid black-dot and a vacant lattice-site is indicated by an

¥ One contrast effect produced by a gold atom is a single dark

atom site;(7l) this contrast effect is identical to that of
a vacant lattice site. Hence, the 31 vacant sites detected
represent an upper limit to the vacancy population in the

platelet.
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Figure 10: A series of ten FIM micrographs out of 898 recorded during the atom-by-atom
dissection of the (220) vacancy platelet. The solid black dots indicate
normal lattice atoms and the open circles indicate vacant lattice sites.
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open circle. Because of the small size of the (751) plane we
have been forced to include ledge atoms in analyzing the (220)
vacancy platelet; a missing atom in the ledge was only counted
as a vacant lattice site if no atom was detected in this site
during the entire atom-by-atom dissection process of this plane.

Figure 11 shows a projection of all the vacant sites con-
tained in the vacancy platelet on a (220) plane; this plane
was chosen for the projection since the habit-plane of this
disc-like agglomerate of vacant lattice sites is very close
to the (220) plane. The number(s) associated with the open-
circle(s) corresponds to the (220) plane in which the vacant
sites reside; the doubly concentric-circle indicates that
two vacancies project to the same site. An isometric drawing
of the (220) vacancy platelet is shown in fig. 12. The boun-
dary of each slab was constructed by connecting the outermost
vacant lattice sites in each slab by straight line-segments;
the thickness of each slab is two (220) interplanar spacings
(2.77 A). This isometric representation of DZA shows its
plate-like character rather clearly.

Figure 13 exhibits the vacant lattice-sites in the (220)
vacancy platelet in a second way. The vacant lattice-sites
were projected onto the (020), (200) and (002) planes in figs.
13a, 13b and 1l3c respectively. The projection onto the (002)
plane in fig. 13c shows very clearly that the habit plane 1is
a (220) plane. Figureisq is a photograph of a ball-model of

the (220) vacancy platelet; each ball represents a vacant
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Figure 11: The projection of all the vacant lattice sites contained within the
(220) vacancy platelet projected onto a (220) plane.
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Figure 12 : An isometric drawing of the (220) vacancy platelet

constructed from the maps shown in fig. 13.
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Projections of the vacant lattice sites onto the (020), (200) and (002)
planes in figs. 13a, 13b and 13c respectively. Fig. 13d is a photograph
of a ball model taken along approximately a [I00] direction; each ball
represents a vacant lattice site.
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lattice-site and the surrounding lattice atoms have been omi-
tted for clarity. The photograph in fig. 134 was taken along
approximately a [iOO] diredtion.

Pinally in fig. 14 a computer generated* stereographic
drawing of the vacant lattice sites within the (220) vacancy
platelet is exhibited. The open circles represent the vacant
lattice-sites and the length of the connecting bonds between
vacant lattice-sites is equal to the first nearest-neighbor
distance (ao//ﬁ) in the fcec lattice. The viewing direction
is approximately along an [Oil] direction. If only first ne-
arest-neighbors vacant lattice sites were considered then the
distribution of cluster sizes was as follows: (1) two mono-

vacancies; and (2) one jumbo vacancy cluster containing 29

vacancies. This cluster size distribution shows that the (220)

vacancy platelet was, indeed, very compact.

The calculation of the vacancy concentration in a deple-
ted zone involves a degree of uncertainty as one must always .
estimate, in some manner, the number of atoms associated with
the depleted zone. We now discuss two procedures for estima-
ting the vacancy concentration (cv). In the first procedure
we employed the number of atomic sites (80) contained within
the ~1200 A3 volume of the isometric representation shown in

fig. 12; this procedure yielded 3 39 at.%. The value of c,

* The OR TEP program, developed at the Oak Ridge National La-
boratory to provide isometric drawings and stero-displays
of large complex organic and biological molecules, was used
to make fig. 14.
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Figure 1l4: A computer generated stereographic pair of the
(220) vacancy platelet. Each open circle repre-
sents a vacant lattice site and the bond length
conrecting any two vacant lattice sites is egqual

- to the first nearest neighbor distance (a_/vV2).

The viewing direction i1s approximately along an
0I1 direction. -
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was lowered to 35 at g if it ﬁés corrected for the gold solute
atoms which display'the same contrast effect asla vacant latti-
ce site. The_second'procedure involvéd calculating ¢y in each
(001) plane passing through the plételet and then averaging
over all (001) planes contained within the depléted zone.

The number of atomic sites counted in ﬁﬁe calculation of c,
was contained within a rectangle whose 5§rders‘were determined
by the four outermost vacant lattice sites in eaéh,(OOl) Pléne.
This procedure was repeated for the (100) and (010) planes.‘
The average value éf cv'Obtained in this manner is 44 at.%.
Thus the possible range of'_cv is ~v35 to 44 at.% employing theA

above two counting procedures.

IV.6. Discussion

IV.6.1. Probakility that the (220) Platelet was Created by

One Incident Ion

Employing the same gesometric argument as the one used

(23, 26) . ‘ ] ; 4
it was estimated that the maximum number of

-earlier
ion hits én the cross-sectional area of the'platelet (~30 A2)
was 0.03. This valué was an upper bound because the calcu-

lation neglected the spread in the range of the incident ions.
Since the estimated number of ion hits on the cross-sectional

area was approximately 33 times less than unity we concluded

that the vacancy platelet was created by a single incident-ion.

. IV.6.2. The Number of Vacancies in the (220) Platelet

The model used most frequently to calculate the number of
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Frenkel péirsj(<v>) produced by a primary knock-on atom {PKA)

(79)

is the modified Kinchin-Pease amorphous so0lid model. The
modified expression for <y> is given by:

| <> = K<§>/.2Ed (4)
‘where <E> is the average damage energy, K is the dispiaéemenf'
efficiency and Ed is the avérage displacement threshocld ener-
gy. The quantity_<§> is related to the iﬁcident i§n enérgy EO
by the equation ‘
| | E=E, -Q . (5)
where a is the total energy lost fromba collision cascade thr-
ough inélastic,processe§.  In the present situation EO is 30 keV,
a is 7.26. keV and‘Ed is- 44 eV; the value of §~Was calculated
for the Ta' on Au situation employing the reéent extensive
tabulafion of Winterbon(go) The value of fd was taken from the
tables compiled. by Lucasson(8l); we emphasize that this Ed re-
presents an average threshold energy rather tﬁan the minimﬁm‘b
energy (33 eV) required to produce aldisplacement in platinum.
For the (220) vacancy platelet the valuerf <v> was equal to
31, hence Kk was equal to 0.12. This value is consideraﬁly
less than the value of ~0.8 to 0.9 found both from compufer
simulation studies(zo) and analytical s;lutions.(gz) This
factor of.% 7 between the calculated and experimental value
of « can be atfributed to the following causesé (1) the known
(83); (2)

straggling of the damage energy - fluctuations in the

~( 2 :
value of <v> for a given E(*O?; and (3) the enhanced recombi-

nation of SIAs and vacancies due td the fact that the specimen
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‘was annealed to 100 K (end of substage IIc) prior to its ex-
amination at 40 K.

IV.6.3. The Diameter of the Platelet

An estimate of the ‘expected cascade size in Pt-4.0 at.%
AuT was made employing the tabulations given by Winterbon.(8o)
The diameter of the cascade (D

. L
1/2(8
2(<y2>) /2(84) where <y2> is the second moment of the damage

) was taken to be given by

.distribution curve* (i.e., the distnibutidn of the ffaction
of ion energy deposited in atom motion). The value <y2> was
obtained in the following manner: (i) tﬁe mean damage depth
(<x>) was calculated (~35 A); (2) the relative damage stragg--
ling ratio'K<Ax2>/<x>;) was calculated (0.39); and finally
(3) the relative transverse damage straggling ratio (<y2>/<Ai2>)
was calculated using the results df steps 1 and 2 (Oi51)f
Employing the above numbers the value of DL was determined o

be v16 A. This value can be compared to the experimental value
of ~20 A for the (220) platelet. The experimental and theore-
tical wvalues are in reasonable agreementTTQ hence it appeérs
~that Westmoreland and Qigmund"s>method provides a useful app;
roach for obtaining an'approximate estimate of the size of a

(85)).

cascade- (also see Jenkins and Wilkens

t The present situation of 30 keV W' on Pt-4.0 at.% Au was
modeled for 30 keV Ta‘* on-Au.

¥ -This 1is the dzamage dlstrlbuulon waich 1is perpendlcular to
the direction of the incident ions.

TT The agreement is surprisingly good considering that the
specimen was annealed to the top of substage IIc(lOO K).
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We further note that the (220) vacancy platelet was lo-

cated V90 A in from the irradiated surface; this. value is a

factor of 2.6 greater than the mean damage depth of ~35 A and

the quantity.[90 -<x>]A is five times.greater than one stan-

172 . 11 A . Thus the (220) vacancy

dard deviation ,(<Ax2>)
platelet lies in the .extreme tail end of the damage distribu-
tion profile or alternatively'it was produced as a result of

a dechanneling event; note that the incident ion beam was

'approximately parallei to the {OOI] direction (see-fig. 6a ).

In a computer simulation study of depleted zones in copper

Robinson and Torrens(2o) have found that the channeled atoms

are associated with a reduced number of diéplacemenfs and a
large loss of énerwy By inelastic processes; thus this may be
a fourth possible reasorn for the small number of vacancies in

the (220) platelet‘and hence the.small calculated value of K

~in eq. (4) (see sect. IV.6.2.).

IV.6.4.  Stability of the (220) Vacancy Platelet

"The subject of the relative stability of the different
possible morphologies of wvacancy clusters in quenched c¢r ir-

radiated metals has been the subject of sevéral theoretical

(86-87)

treatments as well as numerous experimental investiga-

tions(88’43) by'a_variety of.techniques.

*The FIM technique has been useful in demonstrating that
there are at least three basic morphological types of vacancy
' (67).

b

clusters in the primary damage state of irradiated metals

the simpler primary damage state (a random distribution of
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Frenkel pairs) producéd by MeV electrons is eicluded from this
categorization. The three basié morphological typeé are:

(1) depleted_zdnes; (2) very compact three—dimenéional vacan-
cy—clusters or voids; and (3) dislogation'loops. The above
éategorization.was.based on FIM observations of 10 MeV proton,
fast neutroﬁ or heavy ion (50-150 KeV W+,VW+2, Zn+, Hg+, Ar+

and Xe+) irradiated specimehs of tungsten, iridium and platinum;
the irradiations were generally~performed at either room tem—‘

r
7). . . ..
(67) for the references from which

pPerature or 78 K (see Seidman
the above categorization waec made). The vacanéy cbncentration
stored in'thg‘dislocation loops, in the above metals, only re-
presented a small fraction of the total vacancy concentration
in the irradiated metals; in the case of tungsten it was N10%.
This ie an important result since the traﬁSmission electron
microscope (TEM) studies of irradiated metals depend heavily
on fhe ability of the vacéncy-rich core of a depleted zone to
collapse into a-diélocatiop looﬁ; the latter(defect is imaged

(43)

via strain-field contrast 'in a TEM image. With care it is
also péssible to obSérvebvoids by the TEM technique; althodgh

.the‘voids are best observed in an out-of-focus sﬁate.(89) In‘

conclusion the FIM observations provide a simple explanation
for the lQW values of the yield-factor(4o’46)<determined by

the TEM technique, for a number of ion-irradiated metals; that

fié, of the three basic morphoiogical~types only the dislocation

loops have been, in general, observed by the TEM experiments.

Thus an appreciapble fraction of the radiation damage is often 1
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a‘stafe of aggrégétion that is not fesolved in the TEM image.
. This conﬁlﬁsipn.iS-corroborated, in the case of'platinum, by
Séhindler's TEM obsérvation(go) that the yield-factor for
blatinum irradiated with 60 keV Au™ ions is only 0.1.

The (220) vacancy platelef reported and aﬁalyzed in this
chapterlmust‘represent an energy state thai is intermediate
in energy between a thfeeedimensional cobpact vacancy_éluéﬁer
A(op vdid).and a - dislocation loop. It is interesting to obser-
ve that the plateletFlike structure exists ovef four (220)

planes (see figs. 12 to 14); this possibility does not appear

.
|

to have been considered theoretically in the literature.
On thg theoretical side Johnson(87) has predicted thaﬁ a sin-
.gle-layer vacancy-platelet on a {111} plane, in nickel, is .

stdble to collapée into 4 perfect disldcafion loop up to 180

(91)

vacancies. -While Savino and Perrin have calculated by a
computer simulétion teghnique that a (111) plaﬁar vacancy
aggfegate; in copper, Qf as few as six vacancies can readily
collapse into a more stable configuration. In addition thére .
rhave.been three TEMVstudies of both fast-neutron irradiated

p(92-93)

and 60 keV Au " ion—irradiated(go) platinum. In all
three cases prismatic dislocation loops (i.e;, with an
(ao/2)<110> type Burgers vector) were detected; in Schindler's

research he determined that 90% of the dislocation loops ob-

served had an (ao/2)<llO>'type Burgers vector (the remaining

Tt To the best of our knowledge only the possibility of a sin-
gle-layer vacancy-platelet had been considered in the theo-
retical literature. ‘
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10% of the dislocatiop»lobps wefe(Frank loops). 4Furthermore
in unpublished-research Schindler‘(private cqmmunication)‘had
determined the habit plane of the prismatic dislocation ioops
tb be of the‘{liO} type. Thus we would like to suggest, on
the baéis of our observations in'this Pt-4.0 at.% Au alloy and
the TEM research on'irradiated Pt, that the prismatic ioops
observed, in the TEM studies, formed directly as the result
of the collapse of vacancy platelets‘on the {220} type planes.
That is, the vacancies need not have firsf collapsed onto a
{lll} type plane to form a Frank dislocation loop with an
(ao/3)<lll> type Burgers vector and then unfaulted as a result
of the dislocation reaction(94) |

(a_/3) [111] + (a/6) [112]=(a /2) [110]  (6)
to form a prismatic dislocation loop. ‘

Tﬁe final poinf that we would like to note is the high
degfeé of stabiiity with respect to collapse info a prismatic
dislocatidn‘ioop, of the present vacanc&.platelet, despite the
fact that the local vacancy concentration of 35 to 44 at.%
corresponds to a locél supersaturation, at 100 K, of ~(5 to 6)
xiO74 and therefore -to a chemical potential of V1.5 eV per
vacancy within the platelet. Thus it would appear that even
' greater values oflthe supersaturgtfon,‘Withinla platelet, are

necessary for it to collapse into -a prismatic dislocation loop

in the case of platinum.




V. - PRIMARY DAMAGE STATE OF ION-IRRADIATED PURE TUNGSTEN

V.1. Introduction

Iﬁ.this chépter'we presénf the first éystematic study
of the.point-defectAstructure‘of depleted'zones created by
a single 30 keV‘W+, Mo® or Ccr' ion at 10 K in tungsten. The
4dependepce of_the point;defect structuré-df a depiefed zoné
on the mass of the incident ion was'studied‘ih greét detail.
l,First,.we applied the OR 18p(709) Lrogram to provide a three-
dimensional dfawing of each depleted zone. Second, the num-
ber of VLSs within each depleted zone Waé compared with the .

” .
(20, 79) Third, the radial dis-

‘modified Kinqhin-Peése'model.
tributionlfuhction was determinéd for each depleted zone.

It was found that the VLSs withiﬁrthé volume of a ‘depleted
zone tended to form clusters. Fourth, the experimental dia-
meter of each depleted zone wés.compared with the WSS theo-
ry.(107). Finally, the observed.spatial‘distributions of SIAs
in a specimen irradiated with 30 keV cr’ ions and in a spea'
cimen irradiated wifh 18 keV Au+ ions were measured and a loW—

er bond of the RCS chain length in tungsten was determined

to be 175+85 A,

V.2. Experimental Details

V.2.1. Specimen Preparation’
‘Four-pass zone-refined single crystal rods 1.0 to 1.5 mm
in diameter and 20 cm in length were prepared by.the electron-

beam zone;melting technique at Cornell University. They were

55




56 |
first reduced to 2 0.5 mm diameter rod by electropoliéhing
at 30 Vde in a solution of 20 g NaOH in one liter of a 60-
40 mixture Qf glycerol and water, with air bﬁbbled through

the electrolyte.(95)

The thinnedvrods were then polished
and sectioned into 2 cm.lengths 0.1 mm diameter in a iN NaOH
.eiecﬁrolyte at 9 Vde. A sectioned rod speciﬁen was mounted"
in the specimen holder and polished into a sharplyépointed
FIM tip by the ac drop-off technique. Typically, the spe-
cimen - -was iﬁmersed veftically into a layer of 1 N NaOH aque—
ous -solution floated oﬁ the top of CCl4. A 4 Vac pqtential
was then - -applied to the specimen with respect to a stainless-
steel cathode until - a slightly -necked fegion Wés produced at’
the interface between the NaOH and CCl4. The specimen was
then lifted slightly and the neck was allowed to propagate
inward until the lowef seétion of the wire droppgd,qff. At
this point the specimeﬁ.had a>thin.and long faper. Oncé
again the specimen Was boliShed by the procédure des?ribed
aboﬁe, but.BefOre'the lower section of the wire dropped off
the voltage was swifchéd to V3 Vac pulse controlled by a mo-
mentary push-button switch. The pulse was terﬁinatgd when
thellower sedtion.was observed to drop off.

A specimen produced by thié ac .drop-off teéhnique‘tsually
imaged at a potential of 3 to 4 kv in the FIM; this cgrfes-
pdnded to a tip radius of ~100 A. The initial end;fofm«of
the electropolished tip was extremely roggh on‘the atomic

scale. An atomiéally'smooth end-form was obtained by com-
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bining dc and pulsed field-evaporation at 78 K.

V.2.2. Experimental Procedure

After the épecimen was field evaporafed to a tip radius
of 200 to 400 A, it was cooled down. to 10 K and brought to
" an atomically smooth low-temperature end-form by pﬁlsed figld-
evaporation.” The specimen was then irradiated iﬂ‘iilﬂ at a

background pressure 52,):10'9 Torr, in the absence of the elec-

: + + +
tric field and imaging gas, with 30 keV W , Mo® or Cr ions
to a.total dose of (2-10)x10%1% 2,

ion em” The flux of ions

at the specimen was %loll-ion cm-z sec—l. In addition, one

. sSpecimen was also irradiated with 18 keV Au® ions to a total

dose of 5x1013 ion cm'2

2

; the flux of ions at this specimen
was ~2x10%° ion em™? séc"l. The flux of ions was adjusted

so that the time required to form an absorbed monolayer was
always greatef than the irradiation'period. After the 10 K
irradiation the specimen was re—imaged in the bresence of he-
iium iméging gas of.wlilof4 Torr. The specimen was then sub-
jected to pulsed field-evaporation. Each FIM image was re-
corded photographically éfter a field-evaporation pulse had
been initiated; the pulse height and duration‘were adjusted

so that one atom, on the average, was removed per pulse on

the (222) plane.

V.3. The Arrangement of Atoms in the Regions of the (222)

and (411) Poles

Only the regions of the (222) and (411) poles in the -

image of bcc tungsten specimens possessed sufficient atomic
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resolution for the atomic reconstiruction of depleted zones

and hence they were used for the present investigations.

Two schematic diagram of two successive layers for the (222)

and (411) poles are shown in figs. 15 and 16 respectively.
Thére are sixteen planes in the fegién of the (222) pole;
they are (222), (334), (233), (343), (332), (433), (323),
(424), (244), (442), (543), (534), (435), (345); (354) and
‘(453) planes. There are twelve planes in the region éf fhe
(411) pole; they are (411), (622), (521), (721), (732),
(631), (842), (512), (712), (723), (613) and (824) planes.
The atoms in the zeroth énd first layers'ére indiqated by'
the s30lid black circles and the open circles reépectivély;
The Miller indices for each piane are shown in both figures.
The vectors which lie along the intersection of two‘neigh-
boring planes are also indicated. The vectors are in units

~of a,/2 where a_ 1s the lattice constant+. The diagrams ex-

o
hibitgd in figs. 15 and 16 were plotted by using the proce-
dure and information giveﬁ in Nicholas' Atlas.(78> The cry-
stallography of the (433), (543), (875)%, (11 4 3)*, (765)%,
(521), (631)”énd (831) planes were not given in Nicholas'

Atlas; therefore fhey were determined and the results are

t The value of ay for tungsten is 3.16 A.

* The (875), (765) and (11 4 3) planes were observed only when
the tip radius of the specimen became sufficiently large.
Hence, for clarity, they are not drawn in figs. 15 and 16
but their locations are indicated in Tig. 17.
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o1l

N Figure 15:

A schematic diagram showing the arrangement of
atoms of various planes in and around the (222)
pole. The colid black circles indicate the atoms
in the zercth layer and the open circles 1ndlca+e
the atoms in the first layer.
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Figure 16:

A schematic diagram showing the arrangement of
atoms of various planes in and around the (411)
pole The solid black circles indicate the atoms

in the zeroth layer and the open circles 1ndlcate
the atoms in the first layer.
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given in detail in Appendix B. Figure 17 is an FIM micro-
graph showing the location of each plane in the regions of
the (222) and (411) poles.

V.4. Atomic Mapping Procedures

Vbl Calculation of the Coordinates of a VLS within a

Depleted Zone

The construction of a depleted zone in three dimensions
from two-dimensional FIM micrographs in a very time consum-
ing and tedious process and one which is also prone to error;
thus a procedure which allowed the computer to do most of
the detalled computational work was found to be necessary.
In the procedure that we now employ the position of each
VLS was specified by a set of integers (p, u, v, Z) using a
local coordinate system which is only characteristic of
each layer of each {h k 1} plane. The integer p was the
identification number of the {h k 1} plane in which a VLS
was detected and (u, v, Z) were the local coordinates of
this VLS. Computations which transformed the local coor-
dinates (u, v, Z) of each VLS to the cubic coordinates
(x'", y', 2') in a common cubic coordinate system were
carried out by the computer. Details regarding the atomic
mapping procedure and the BASIC program of the computations
are given in Appendix C.

Vicda 2, Calculation of the Coordinates of an SIA or a

Depleted Zone within an FIM Specimen

The atomic mapping procedure and the computations given




Figure 17;

An FIM micrograph showing the location of planes in
(222) and (411) planes.

the regions of the

c9
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in Appendix C was used to obtain 6nly the coordinatesAof VLSs
(or SIAs) within a depleted zone which was located completely
within a pole and its surrounding plane35 The SIAs were
found normally to locate in or around a pole different from
which a depleted zone was located; for eXemple, the depleted
zZone was found to be located in the (222),.(332) and-(433)
planes around. the (222) pole whereas the.SIAs were found in
the (411) and (521) planes around the (411) pole (see also
fig. 17);A The Cerrelation between theAlocal ceordinate:
system»ef the (411) plane and that of the (222) plane is
normally impracticable as the atomic structure of the (211)
plane can nof be fully resolved.' Thus, a procedure ksee
Appendix F) was developed for the construction of thevposi;
tions of the SIAs as.well as depieted zones' in an FIM tip
specimen. In this‘procedure the position.of aﬁ SIA (or a |
depleted zone) was specified by a set of integers (h4,k4;
14,n) which‘waé'decoded so that the SIA (or the depleted

zone ) was located in the nth

layer of the (h, k, 1,) plane
‘measured from the initial sﬁrface of the specimen. The cubic
coordinates (x, y, 2) of the SIA (or the depleted zone) were
then computed from this set of infegers (h4, k,5 1,5 n).
Mathematical details and the BASiC program of the cbmputa-

tions are given in Appendix F.

¥ It is noted that in this procedure we disregarded the de-
tailed point-defect structure of a depleted zone and em-
phasized only the position of the center of the depleted
zone relative to the positions of the SIAs. -
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V.5. Results

V.5.1. Pure Tungsten Controi-Specimens

Control experiments-were performed on unirradiated pure
tungsten-specimens.to search for possible aftifaéi VLSS ‘and
SIAs. The term artifact VLS or SIA implies ﬂhé presence of
an VLS or an SIA Which was not the~resulf of ah irrgdiation.

An VLS appears as a dafk spdt at the poéition of an atomic
' | (49)

site.A An SIA could produce a contrast pattern consist-
ing of: (a) a bright spot; (b) an extra bright-spot; and
(c)-a vacant lattice site (see also figs. 45 and 46).

Thé.criteria which were employed for counting both ato-
mig and vacant lattice sites are as féllows:

(1) For smaller net planes (<20 atoms), we counted
5oth atomic and vacant lattice siteé within the first ring
(see fig. 18) immediately after the. last atomic site of the
preceding plane was field-evaporated.

(2) For larger net planes (220~atomsj, we counted both
atomic and &acant lattice sites within the fifét ring when
the first two outer rings of atoms became visible even-thopgh
sevefal.atomic sites of'theipreceding:plane still remained
near the center. |

Figure 18_éhows a schematic diagram of an {h k 1} net
plahe, The solid black-dots represent atomic sites and the
open circles represent VLSs. The first ring was taken to be
the so0lid line and only sites within the solid 1line were

counted. In fig. 18, for example, there are two VLSs as
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Figure 18: A schematic diagram of an {h'k 1} net plane. The
solid black circles indicate normal lattice atoms
and the open circles indicate wvacant lattice sites

The first ring of this net plane was taken to be
the solid line.
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indicated by the numbers 4 and 5 and the total number of
atomic sites are 16. The VLSs denoted by the numbers 1 fo 3
on the first ring were most likely created as the resuli of
aﬁ»irrégular.evaporation sequence at the edge of the plane.
This artifact VLS concentrafion of the first ring 1is high
and it is difficult to measure, therefore the artifact VLS
concentration reported in this section do not include the
VLSs which appeared on the first ring of a net plane.

Five families of planes around the (222) pole (i.e.,
the {222}, {332}, {433}, {442}, and {543} planes) and eighf
families of planes around the (411) pole (i.e., the {411},
{521}, {622}, {631}, {721}, {732}, {831} and {842} planes)
wefe examined by the pulse field-evaporation technique. In
a total numbef of 10° atoms counted in the five families of
planes in the (222) ﬁole we found nd evidence of artifact
VLSs and SIAs; the artifact VLS and SIA’concentrations for
these planes must be 5}1}{10"5 at.fr. More éxtenéivé control
experiments on pure tungsten by the pulsed field-evaporétion
experimént have been performed by Park;(gé) he found thatv
for the planes around the (222) pole the artifact VLS'cbp-

-5
centration was <1x10 'at,fr.*

*¥ In a total number of ’\alxlO6 atomic sites counted in the two
well-annealed pure tungsten specimen Park found only one 3
dark-spot contrast effect; a B dark spot is a single -dark-
spot that suddenly appears within a well-resolved net plane
during observation and remains there until all the atoms of
that plane are field evaporated. This B dark-spot contrast,
however, was not counted as a VLS in this thesis work.




67

No artifacthLS aﬁd SIA.cbncehtration measurements have
been reported for the planes aréund the (411) pole and there-
fore they were examined extensively in this thesis work. The
tofél number of atoms and artifact VLSs counted for éach
‘:plane are listed in Table 1. 1In ﬁosf cases thé artifact VLSs
concentration was betWéen 1x10™% and lxlO’3 at.fr. with the
exceptidn of the {622} planes. The total number of atoms
among which the VLSs within a depleféd zone wereAdetected
was typically (1 to 2)xlO3; theref@re.leSS‘than one or two
artifact VLSs may be included in the VLS count of a depleted
zone even if the artifact VLS concentration was of the 6rder
of 1x1072 at.fr: The artifact VLS concentration in the {622}
plane.was high; therefore thlé,plahe was used to observe a
depleted zone only when: (1) a void-like VLS'clus*er-iﬁ this
Plane could be identified clearly, and/or (2) a VLS cluSuer
found in this plane was clearly a part of the. deplnted zone
in an ‘adjacent plane. In addition, no contrast patterns of
SIAs were found- 1n a. total number of '\a7xlO5 atomlé sites
counted in these studies; -the artifact,SIA concentratioh
around the (411) pole must be <1.4x107° at.fr.

V.5.2. Depleted Zones Detected in Pure Tungsten Irradiated

A + o+ + _
with 30 xeV-W , Mo .or Cr 1Ions

V.5.2.1. ‘Definition of the Quantities Ay, An, X, cy, R(1i)
and‘ﬁ(i)

Before we report onlihe results of depleted zonés Obser-
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Artifact VLS concentratios detected in different
planes in and around the-(4ll) pole of unirradi-
ated pure tungsten speéiménS‘
Number of étomic Number of-arti- Artifact VLS
Plane - sites counted . fact VLSs ccunted concentration
: ' ‘ (at.fr.)
{411} 68,582 24 3.5%x107%
{521} 109,655. 3 2.7x1077
{622} 41,815 337 8.0x107°
{631} 88,084 ' ' g 9.1x10°7°
{7217 71,143 42 5.9x10™*
{732} 62,497 120 1.9x1072
{831} 104,074 e 7.9%x1077
(842} 108,793 | ,: 171 1.6x107°
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ved in pureAtungsten irradiated with 30. keV W+, Mof_or Cr+

ions the quantities Ay, A,, X, ¢, R(i) and N(i) associated

v’
with the quantitative description of the depleted zones are
described below.

(1) To first order the shape of'a Aepletéd zone was.
approximated by .an ellipsoid*;Athe diameter parallel to the
méjor,axis ﬁas denoted by Aiand the diameter parallel to the
minor axis was calledvby Xz, The computing procedure used
to obtain the values of A, and A, for a depleted zone was
és follows:

(1a) we defermined the VLS distribution curves
along fhe'thirteenvclosé—packed directions (i.e., thé [100],
[010], [001}, [110], [I10], [o011], [Oil],’[lOl],‘[iOl],_
[111]; [111], [1I1] and [111] directions).

' (1b) - The standard deviation o was caiculated for

each VLS distribution curve.

“(le) ‘Thé'largést value among the os was denoted
by 01. The quantity Ai,was then given by 30y. The direction
-along which‘this Al was measured was taken as the major axis
of the ellipsoid. | |

(1d) The‘avérage of the os measured along the
directions which were perpendicﬁlar to the axis of the ellip-

scid was denoted by o Fdr'example, if the axis of the

2°

ellipsoid determined in (lc) was the [011] direction, the

* This approximation was made so that we could calculate some
geometrical properties of each depleted zone.
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value of 02 was given by the average of the os measured along

fhe [100], [Oil]_and [lil] directions. The quantity_)\2 was
then.given by 302.

(le) The effective diameter A of a depleted zone
was given by (X1A22)l/3. It is noted that the volume of a~A
depieted zone thus defined contains ~87% of the total number
of VLéé,within the depléted zone if.the VLS distribution
curves are Gaussian or ~100% if the VLSs are uniformly(dié-
tributed within the depleted zone. |

(2) ‘The standard procedure fof éstimating the average
VLS copceﬁtrationA(cv) within a depletéd zone involved di-
viding the depleted zone into a series of rectangular slabs;
‘each slab consisted of four successive (OOi) planes; The
borders of each slab were determined by the four outermost
VLSs in the four (001) planes. The VLS concentration was
then Qalculated.by dividing.thé total number of VLSs within
the depleted zone by the total number of atomié sites con-
tained in all the siabé. This procedure was repeated for
the (100) and (010) planes. The VLS concentration of the
depleted zcne was obtéined by averaging the three values
of cv described above.

(3) The radial distribution.function R(i) was defined

as the average number of VLSs at the ith nearesv-neighbor

distance measured from any VLS. In fig. 19 the open circles
represent VLSs within a-depleted zone. The concentric
th

circles were drawn .around a J VLS. The radius of the 1
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Figure 19: A schematic diagram showing the calculation of

the radial distribution function R(i). ‘The open
circles represe%g vacant lattice sites. The

radius of the i concentric circle-(ri) is equal
to the ith nearest-neighbor distance.
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sphere (ri) is equa; to the ith nearest-neighbor distance.
The number of VLSs at ri measured from the jth.VLS were
éounted and denofed by A(i,j). The quanfity R(i) was then
i given by ' |

a1y, (7)
A |

&=

R(i) = 1
N
1

[

_where.Nt is. the total number of VLSs within tﬁe depleted.zone.
‘The ratio of R(i)/Z(i) is therefore the probability of find-
ing a VLS at the ith nearest-neighbor distance. The quantity
Z(i).is‘the coordination number at the ;b nearest-neighbor
distance in an infinite crystal. In the limiting case that
the‘VLSs afe randomly distributéd in an infinite cfystal,
“the values of R(i)/Z(i)'apprdach zefo. Since the VLSs within
a depleted zone are highly localized, only positive, none-
zero R(1i)/Z(i)s are expected. The values of R(1)/2(1i) were
taken as ameasure of the degree of clustering for_the VLSs
within a depleted zone. The large values of the R(i)/Z(i)s
indicate the high compactness of a depleted zone. In Prac-
tice, the values of R(i)/Z(i) were calculated out to the
ninth nearest-neighbor distancé. |

(4)}‘In order to display the distribution of'VLSs with-
in'a deﬁleted<zone in'énother way a quantity‘ﬁ(i) was de-
fined as the average number of VLSs in the ith spherical
shell around an VLS; this ith shell was enclosed betwéeﬁ

fhe spheres of radii ri and ri. In fig. 20 the open

-1
circles represent VLSs within a depleted zone. Concentric
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: Lt
circles representing concentric sphere are drawn from a j
VLS. The number of VLSs Withih the ith shadowed annular
ring is denoted by B(i,j). The quantity'ﬁ(i) was then given

by

B(i,j). (9)

MM =
ct

Jj=1

N(1) = 2
. Nt
‘In practice, the thickness of each shell was made to equal
 to aj.
The interpretation of the function N(i) is explainéd in
fig. 21, Figure 2la shows ﬁ(i) for a cluster of 108 VLSs
contained in a Bcc vdlume of 4aox4aoi4ao*;'this cluster

gives rise td.onlyAgﬂg peak at 3ao. Figure 21b shows N(i)
for two clusters of 54 VLSs contained respecfively'in'two
bcc_volﬁmes of 3aox3aox3ao* separated by a distance 6f lan;
theée two clusters gave rise.to a second peak at'12ao at

the egﬁense éf thé firstvpeak at 3&6. The separation be-
‘tween the first and the second peak was equal to the se-
paration of the two clusters. Figure 21lc showé,ﬁ(i)'for
seven cluéters of 16 VLSs‘cohtained respectiveiy in seven bce
volumes qf 2aox2aox2ao* separated by distances of 10, 15 or
20ao; these clusters result in a third broad peak between 15
and 27§O at the expense of the first peak at 2a, and the
second peak at 12a5. | |

It was therefore clear that a depleted zone may contain

only one jumbo cluster if ﬁ(i) showed only one peak at m3ao;

¥ The VLSs in this volume (or volumes) were close-packed.
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Figure 21: (a)

(v)

(c)

20
r; (in units of a,)

N(i)s for a

This shows the values of the
gives rise to

vacancy cluster; the cluster

one peak at ~3a C
This shows the values of itue N(i)s for two

vacancy clusters separated by Ian; the two
¢clusters give rise two peaks at ~3agand 12 aoA

respectively. .
This shows the vlues of the N(i)s for seven
vacancy clusters; these clusters give rise to
an additional broad peak at ~1l5a,. The gquan-
tity a. is the lattice parameter of a standard

non-primitive unit cell.
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a depleted zone may have contained two jumbo clustersvsepa-
rated‘by a disfanceve if ﬁ(i)-showed a first peak at %3ad
and a second peak at m(3+€)ao; and atdepleted zone may have
contained more than two clusters if ﬁ(i) showed a very broad
peak extended to a distance >>3ao. |

V.5.2.2. Depleted Zones in Pure Tungsten Produced by a

Single 30 keV W' Ion

In‘three out of seven pure tuhgsﬁen specimens irradiated
~with 30 keV W+ ioné'we found five depietea zones out of eight
isolated ones which were capable of being atomically mapped.
They were denoted by DZla to DZ1ic, DZ2a té DZ2c¢ and DZ3a to
DZ3b. Depleted.zones DZla.té DZ1lc were found in .a first
Aspecimen ﬁhich had an average tip radius of n200 A;_depleted
zones DZ2a to DZ2c were detected in a second specimen which
had an average tip radiﬁs of'&160 A; and depleted zones DZ3a
~and DZ3b were found in a third specimen of an average tip
radius of ~240 A. All the three specimens had a [211] orien-
tation. Figures 22a, 22c¢c and 22e¢ exhibit respectively three
partial 211 standard stereographic projections which show the
top view of'eagh specimen. The plane (or planes)vin which a
depleted zone was detected is indicated; for exaﬁple; in

fig. 22¢ DZla was found within the (521) plane of the first

- specimen. The crosssectional sideviews of the tip specimen
are shown in figs 22b, 224 and 22f. The seéparations between
any two depleted zones are indicated by the letters a, b, c.

etc.; they ranged from 50 to 140 A.
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Figure 22:

Three partial 211 stereographic projections in’ figs. 22a, 22c¢ and 22e .
showing the location of depleted zones DZla to DZ3b. Figures 22b, 224
and 22f show three schematic cross-sectional views of the three FIM
tip specimens which contain depleted zones DZla to DZ3b.
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As an illustrative example of the contrast of a depleted
zone produced by a single 30 keV wh ion fig. 23 shows a
series of ten FIM micrographs of ten successive (521) planes;

3

they were phosen from a total of 1.4x10° frames of 35 mm ciné'
film which were recorded and analyzed in the reconstruction
of depleted zone DZla. The.(52l) and the surrdunding planes
are'indexed in frame 1; the frame number of the ciné film is
located in the léwef night-hand’corner below each micrograph
and the layer number is preceeded by the letter n (e.g., n=1)
in the upper left-hand corner above each micrograph. Frame 1
shows an afomically perfect plane in layer 1; the other frames'
exhibit (521) planes conﬁaining VLSs. The pbsition of each
atom in the (521) plane is‘indicated schematically below each
micrograph by a.solid black circle and .a VLS is indicated by
an open circle. Because of the small size of the (521) plane
we have been forced to include ledge atoms iﬁ analyzing this
depleted 2zone; a missing atom in the ledge was only counted
as a VLS if no atom was detecfed in this site during the en--
tire atom-by-atom dissectibn process-of this plane.

Other detailed information obtained for each -depleted
zone 1s listed in Table 2 and is now described. |

(1) Depleted zone DZla was found in the (521)-plane of
the first specimen. This depleted zone was 85 A from the
ifradiated surface. Figure 24 exhibits a computer-generated

isometric drawing of the VLSs within DZla. The open circles

represent the VLSs andithe length of the connecting bonds




Figure 23:

A series of ten FIM micrographs out of 290 recorded during the atom-by-atom
dissection of depleted zone DZla. The solid black circles indicate normal
lattice atoms and the open circles indicate vacant lattice sites.

6L
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Table 2: Data for depleted zones in pure tungsten produced

by 30 keV W' ions

DepletedT Damage longa- A A h) V¥ &

: 3 i 2 v
zone No. range tion di-

(4) rection (A) (A) (A) (at.%)

DZ1la 85 [110] 24 14 17 159 27
DZ1b 50 [111] 24 14 1% 5 123 18
DZ2a 40 [10i] 32 21 24 141 13
DZ2b 5 [OOl} 23 =l 14 133 26
DZ3a 45 [101] 26 17 20 s 238" s

¥ The quantity v is the number of vacant lattice sites within
a depleted zone.

+ In addition to depleted zones DZla, DZ1lb, DZ2a, DZ2b and
DZ3a, we also found a depleted zone DZlc in the first
specimen and a depleted zone DZ2c¢c in the second specimen
and a depleted zone DZ3b in the third specimen; DZlc, DZZ2c
and DZ3b were located ~20, 10 and 10 A from the irradiated
surface respectively (see also fig. 22).
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Figure 24:

A computer-generated isoﬁetric drawing of depleted
zone DZla. Each open circle represents a vacant
lattice site and the bond length connecting any

‘two vacant lattice sites is equal to the first
‘nearest-neighbor distance (ao//z).




82

between VLSs is equal to tﬁe first nearest-neighbbr distance
(ao/§/2) in the bcc.lattice; The direétion of the incident
ion-beam is also indicated. DZla was found to consist of.l59
VLSS. As already mentioned DZla was approximated by an
ellipsodid ; fhe diameter Al measured aiong the major axis was
24 A and the diameter A, measured along the minor axis was
14 A, The‘méjor axis Qf'this ellipsoid which‘indicates the
elongation directioﬂ of bZla is also listed in Tablé 2. It
is noted that this depleted zone was elongated along the [110]
direction. The effective diameter A of this depléted zone
is 17 A. The VLS concenﬁration associated with DZla is |
27 at.%. The results of R(i)/Z(i) were calculafed out to
~ the ninth néarest~neighbor distance; the results are shown
in fig. 25a. It is clear that the VLSs-within:DZIa form
elusters. ‘The values of the‘ﬁ(i)s for DZla were also cal-
culated and are plotted in fig. 26a; this figure shows that
DZla contained only one jumbo cluster. 1In addition,_if only
first nearest—neighbor VLSs are considered then the distribu-
tioﬁ of cluster sizes*_was as follows: (1) four ﬁono;VLSs;
(2) one di-VLS; and (3) one jumbo cluster containing‘l53 VLSs.
(2) Depleted zone DZ1lb was found in the (411) and (512)
‘pPlanes of :the first specimen. This‘depléted zone was V50 A

from the irradiated surface. Figure 27 exhibits a computer-

* The distribution of cluster sizes was computed .with the aid
of a computer (see also Appendix D).
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Figure 25: The normalized radial distribution function

[R(1i)/2(1i)] for depleted zones DZla, DZ1b,
DZ2a, DZ2b and DZ3a. -
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Figure 26: The spectra of the N(i)s for depleted zones DZla,
o DZ1b, DZ2a, DZ2b and DZ3a. .




85

Ageﬁerated isometric arawing of the VLSs within DZlB. This
depleted zone was found to consist of 121 VLSs. AThelmeasured
values of }1 aﬁd-kz are 24 and 14 A respectively. This de-
pleted zone was found to be elongated.along the [111] direc-
tion. The effective diaméter A of DZlb.is 17 A. The VLS
~concentration associated with DZ1lb was ~18 at.%. The results.
of thebR(i)/Z(i) are shown in fig. 25b; it is clear that the
VLSs within this depleted. zone form clusters. The values of
the N(i)s for this depleted zone were also calculated and

are plotted in fié. 26b; this figure shows that DZ1lb con-
tains only one jumbo VLS cluster. In addition, if.only first
.nearest-neighbor VLSs are considered then- the distribution

of cluster siées was as foliqws: (1) 14 monOfVLSs§ (2) one
di-VLS; (3) one quédri—VLS; and (4) three jumbb clusters
éontaining 7, 24 and 69 VL3Ss respectively. The fact that
fig. 250 exhibits only onélﬁéak at Vv3a, implies that thesé.
‘clusters muét not be Weil separated.

(3) Depleted zoné DZ2a was found in the (625), (521)
and (735j planes of the second specimen.: This depleted zone
was V40 A from the irradiated surface; Figure 28 exhibits:

. a computer-generated isometric drawing of the VLSs within
DZ2a. DZ2a was found tQ'consist of 141 VLSs. 'The measured
values of.kl and Az were 32 and 21 A respectiveiyr This
depleted zone was found to be elongated along the [101] direc-
tion. AThe effective diameter A of DZZa.is 24 A.' The VLS

concentration associated with this depleted zone was V13 at.%.
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Figure 27: A'computer-genefated isometric drawing for depleted

zone DZ1b. - o
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Figure 28: A computer-generated isometric drawing for deple-.
ted zone DZ2a. .
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The results of the R(i)/Z(i) are shown in fig. 25c; it is
clear that the VLSs within DZ2a form clusters. The values

of the N(i)s for DZZéAwere also calculatéd and are plotted

in fig. 26c; this figure shows that DZ2a contained two or
more jumbo VLS clusters. If only first neérest-neighbor VLSs
were éonsidered then the distribution of clustér sizes was
as4follows:'(l) 34 mono-VLSs; (2) three di-VLSs; (3) one tri-
VLS;'(4) four jumbo clusters respecti?ely containing‘ll, 15,‘

33 and 35 VLSs.

(4) Depleted zone DZ2b was found in the (622) and (723)

planés of the second specimeh{ This depleted zone was @35 A
from the irradiated surféée;- Figure 29 exhibits a computef-
generated isometric drawing éf the VLSs withinlDZéb} DZ2b
was found to consist of 133 VLSs. The measured values of Al
and Aziwere 23 and 11 A_respectivély. It is nOtea that this
depleted zone was elongated along the [001] direction. The

effective~diameter X was found to be 14 A. The VLS concen-

tration associated with this depleted zone was 26 at.%. The

results of the R(i)/Z(i):measﬁrements are shown in fig. 254;
it is clear that the VLSs within DZ2b formed clusters. The
values-of:the ﬁ(i)s for DZ2b were also calculatea and are
plotted in fig. 26d; this figure shows that DZ2b contains
only'one ‘Jumbo VLS cluster. If only first neareSt—neighbor
VLSs wgfe cénsidered then the.distributionlof cluster sizes
was as follows: (1) eléven mono-VLSs; (2) one di-VLSs; and

(3) one jumbo cluster containing 120 VLSs.
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(5) Depleted-zone DZBa'ﬁas found in the (712) and'(8i3)
Planes of the third specimen. This depleted zone wvwas ¢45 A
from the irradiated sﬁrféce; Figure 30 exhibits a computer-
| generated isometric drawing of the VLSs within DZ3a. . DZ3a
was found to consist of 235 VLSs. The measured Valpes of Kl
and.}\2 were 26 and 17>A reépectively.- It is noted that DZ3a
was elongated along the [fOi] direﬁtion. The effective dia-
' meterAX of this depleted zone was 720 A. The VLS ccﬁcentra-
tion associated with DZ3a was il? at.%. The results of the
R(i)/Z(i) measurements are shown in fig. 25e; it is clear
that the VLSs within DZBaAforméd clusters. The-valués of the
N(i)s for DZ3a were also calculated and are plotted in fig.
26e; this figure shows that DZ3a contains only one jumbo VLS
-cluster.v If only first.nearest-neighbor V1LSs were considered
then the distribution of cluster sizes wéslas follows:-(l) 28
mono-VLSs; (2) two di-VLSs; (3) one qﬁadri—VLS; and (4) one |

jumbo cluster containing 206 VLSs.

V.5.2.3. Depleted Zones in Pﬁre Tungsten Produced by a

Single 30 keV Mo’ Ion

in cnly one out of the three pure tungsten specimens
irradiated with 30 keV Mo' ions did we find depleted zones
capable of being mapped; they were denoted as D24a to DZ44d.
Depleted zones.DZ4a'to DZ#d were found in 2 specimen which
had an average tip radius of n220 A;'this sﬁecimen had a [211]
orientation. Figure 3la exhibits a partial 211 standard

stereographic projection which shows the top view of the
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‘Figure 30:

A computer-generated isometric drawin

ted zone DZ3a.
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(a) A partial 211 stereographic projection show-
ing the location of depleted zones DZ4a to
DZ4d and the dislocation loop.

(b) A schematic cross-sectional view of the FIM
tip specimen which contained depleted zones

- DZ4a to DZ44. '




specimen. The plane (or planes) in which a depleted zone
was detected is indicated; for example, DZ4b was found near
the (411) plane of the specimen. The cross-sectional side
views of the specimen is shown in fig. 31b. The separation
between any two depleted zones is indicated by letters a, b,
c etc., they ranged from 90 to 160 A.

As an illustrative example of the contrast effects pro-
duced by a depleted zone created by a single 30 keV Mo+ ion
fig. 32 shows a series of ten FIM micrographs out of ten
successive (622) planes; they were chosen from a total of
l.OXlO3 frame of 35 mm ciné film which were recorded and
analyzed in the construction of DZ4b. The (622) and the
surrounding planes are indexed in frame 1. Frame 1 shows an
atomically perfect plane in layer 1; the other frames exhibit
(622) planes containing VLSs. Note that in frames 76 and T3
the (411) plane also shows vacancy damage as indicated by the
arrows. It is also noted that void-like vacancy clusters
appear in layers 6 to 10 which contain 20 VLSs out of the
total number of 60 atomic sites; this corresponds to a loecal
VLS concentration of ~33 at.%. This high local VLS concen-
tration allows us to state, with confidence, that DZ4b ob-
served in the (622) plane could not have been due to artifact
VLSs although the artifact VLSs in the (622) plane is high
(v0.8 at.%) as mentioned in sect.V.5.1.

Other detailed information obtained for each depleted

zone is listed in Table 3 and is now described.




Figure 32:

A series of ten FIM micrographs out of 145 recorded during atom-by-atom
dissection of depleted zone DZ4b.

76



Table 3: Data for depleted zones in<pure tungsten

95

+
by 30 keV Mo ions

.i.

produced

'Dépleted* Damage Elonga- A, A A v c.
zone No.  range  tion di- - v
: (A) rection (A (A (A) {at.%)
DZia 50 [To1] 30 20 23 216 10
DZ4b s0  [111] L0 17 23 160 10
. DZic 25 [o11] 38 24 28 156 11
nZ4d 35 [111] 45 17 24 168 9

..i.

In addition to depleted zones DZ4a to DZ4d4, we also found

a dislocation: loop in the (411) plane of this specimen

from the irradiated surface.

See also footnotes in Table 2.

a5 indicated in fig. 31; this loop was located ~6C A
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(1) Depleted zone DZ4a was found in the (521), (732)
'énd (652) planes. This depléted Zone was %50 A from the ir-
radiated surface. Figufe jBTexhibits a computer-generated
isometric drawing of the VLSs wifhin DZ4a. Dz4a was found

to.consist of 216 VLSs. The measured values of A, and AZ

1
were 30 and 20 A respectively. This depleted zbnenwas found

to be elohgated albng the [iOl] direction. The efféctive
diameter A of DZ4a is 23 A. The VLS concentratioﬁ associated
with this depleted zone was ~10 at.%.‘ The resﬁlts of the
R(1i)/2(i) are shown in fig. 34a; it is clear that the VLSs
within DZ4a formed clusters. The values of the N(i)s for

DZ4a were also calculated and are plotted in fig. 35a; this
figure shows that DZ4a contains fwo‘or more jumbo VLS clusters.
If only firét nearest-neighbor VLSs are considered. then the
distribution od cluster sizes is as follows: (1) 47 mono-VLSs;
(2) five di-VLSs; (3) four tri-VLSs; (4) one guadri-VLS;

(5) two penta-VLSs; (6) one hexa-VLS; and (7) two jumbo
clusters cbntéining 26 and 101 VLSs respectively.

‘(2) Depleted zone DZZb was found in the (411) and (622)
planes. This depletéd éone was ¢4O A from the irradiated
éurface. Figure 36 exhibits a computef-generated isometric
"drawing of the VLSs within DZ4b. DZ4b was found to consist
of .160 VLSs. The measured values of Al and KZ Were 40.and~
17 A respectively. This depleted zone was elongated along
the [ill] directién. _The.effective diameter A of D245 was

23 A. ThelVLSs concentration associated with DZ4b was_%lo
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. Figure 33: A computer-generated isometric drawing for deple-
ted zone DZ4a.
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Figure 34: Thé normalized radial distribution function

[R(i)/Z2(1i)] for depleted zones DZ4a to DZ4d.
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 Figure 35: The spectra of the N(i)s for depleted zones DZ4a to DZ44 .
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Figure 36: A computer-generated isometric,drawing for depleted zone DZ4Db.
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at.%. The fesﬁlts-of.the R(i)/z(i):are‘showh in fig. 34b;
it is clearAfhat the VLSs Within DZ4b formed clusters. The
values of the N(i)s for this depleted zonelwere also cal-
culated And are plotted in fig. 35b; this figure shows that
DZ4b contains two or moreAjumbo VLS clusters separated by
v20 A. If only first nearest-neighbor VLSs were cénsidered
then the distribution of cluster sizes was as follows: (1) 37
mono-VLSs; (2) four di-VLSs; (3) one quédri—VLS ; and (5)
three jumbo clusters respeétively containing 8, 27iénd 76 VLSs.
(3) Depleted zone DZ4c was found in the (52i)vand (631)
plahes. This depleted zone was N25 A from the irradiated
surface. Figure 37 exhibits a comﬁuter-genefated isometric
drawing of the VLSs and SIAs}within DZ4c. DZ4c was found to
consist of 156 VLSs. The measured values of Al aﬁd A2 were
38 and 24 A respecfiVely.l DZ4c was found to be elongated _
along the [Oll] direction. The effective diameter A of DZ4c

was 28 A. The VLS concentration associated with this depleted'

zone was V1l at.%. The results of the R(i)/Z(1) measurements

are shown in‘fig. 34¢; 1t is clear that the VLSs within DZ4c
formed clusteré. The values of the ﬁ(i)s for DZ4c were also
caiculated and are pl&tted.in fig. 35c; this figure shows
that DZ4c contained two'or‘more jumbo VLS clusters. If onlj
first nea?esffneighbor VLSs were considered then the dis-
tribution of cluster sizes was as f&llows: (1) 28 mono-VLSs;

(2) nine di-VLSs; (3) three tri-VLSs; and (4) five jumbo

clusters respectively containing 6, 8, 9, 35, 43 VLSs.
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Figure 37: A computer-generated isometric drawing for depleted zone DZ4ec.
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(4) Depleted .zone DZ4d was rognd in the (411), (713)
and (515) pPlanes. This depleted zone was @35’A from the
irfadiated surface. -Figure 38 exhibits a cémputer—generated
isometric draWing of the VLSs}within_DZ4d. D24d waé found
to consist pf 168 VLSs. The measured values of kl and‘lz_
were 45 and 17 A respectively. DZ4d was found to bé elon- .
gated along the [111] directiqn. The effective diameter X
of DZ4d was 24 A. The VLS concentration associated with
this depleted zone was 9.1 at.%. The resﬁlts of the R(i)/

- Z(1) are shown in fig; 34d; it is clear that the VLSs within
DZ4d fbrmed clusters. _Tﬁe Values of the N(i)s fqr DZ44d were
also calculated and are plotted in fig.'35d; this figufe

shows that DZ4d contains more than two jumbo VLS clusters.

If only first néarest—neiéhbqr VLSS were considered then the
.distribution of clusteﬁ sizes was as follows: (1) 29 mono-
VLSé; (2) six di-VLSs; (3) one tri-VLS; and (4) tﬁrée clusters
‘respeétively containing 24, 28 and 72VVLSs. '

V.5.2.4. "Depleted Zones in Pure Tungsten Produced by a

Single 30 keV Cr¥‘Iop
in onl& one outAof the four pure tungsten specimens
irradiated with 30 keV cr’ ions did we find two depleted zones
capable of ﬁeing~atomically mapped; they were denoted as DZ5a
and DzZ5b. Depleted zones DZ5a and DZ5b were found in a
specimen which had an aVefage tip radius of ~400 A; this
specimen had a [121] orientation. Figure 39a exhibits a

partial 121 standard stereographic projection which shows the
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A computer-generated iSometric drawing for depleted zone DZ4d.

Figure 38:
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Figure 39:. (a) A partial 121 stereographic projection
showing the location of depleted zones
DZ5a to DZ5Se.
(b) A schematic cross-sectional view of the
FIM tip specimen which contained depleted
zones DZ5%a to DZ5e.
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top view of the specimen.. The plahe,(or planés) in which a
depleted zone was detected is indicated; for example, DZ5b
‘was found near the (222) planelof the specimén. The cross-
sectional side view of the tip specimenAis‘shown in fig. 39b.
The separations between any two depleted zones are indicated
by the‘letters a, b, a etc.; they ranged from 160 to 370 A.
Figﬁre 40 shows‘a series of ten FIM micrographs of ten su-
‘ccessive (824) planes; they‘wereAch0sen from a total of
2xlO3 frames of 35 mm ciné film which were recorded and
analyzed in the reconstruction of DZ5a. The (824 ) and the
sdrrounding planes are indexed in frame 1. Frames 1, 27
and 64 show atomically perfect planés in layers 1, 2 and 3;
the other frames exhibit the‘(824)'planes which contained
VLSs. It is also noted that the void-like &acancy cluster
which appeared in.the’(il 3 4) plane is indicated by the
- big open circles in each miérograph. |

Other detailed information for each depleted zone is
listed in Tablé 4 and is ﬁow described. |

(1) Depleted zone DZ5a wés found in the (512); (723),
(824), (411) 'and (11 3 4) planes. This depleted‘zone was
~40 A from the irradiated sufface. Figure 41 exhibits a
computer-generated isometric drawing of the VLSs within DZ5a.
DZ5a was found to consist of 241 VLSs} The measured values
and A, were 75'and 36.A respectively. DZ5a,was found

1 2
to be elongated along the [liO] direction. The effective

of A

9

diameter A of-DZ5a was 45 A. The VLS concentration associated




Figure 40:

A series of ten FIM micrographs out of 203 recorded during atom-by;atom
dissection of depleted zone DZ5b.

LOT
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Table 4: Data for depleted zone in pure tungsten produced

by 30 ke

oAt T
V Cr ioumns

Depleted’ Damage Elonga- i, o X v c.
zone No. range tion di- v
(A) rection (4a) (4) (4) (at,%)
DZ5a 40 [1I0] 75 36 L6 i 3.6
DZ5b 60 [110] 45 33 37 247 Tl

¥ In addition to
three depleted
DZ5c¢, DZ5b and

t

oy

e irradiated

depleted zones DZ5a and DZ5b we also found
zones DZ5c, DZ5d and DZ5e in this specimen;
DZ5e were located ~10, 106 and 41 A from

surface (see also fig. 39).

T See also footnetes in Table 2.
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Figure 41: A computer-generated isometric drawing of deple-

ted zone DZ5a.
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with this depleted zone was ~3.6 at.%. The results of the
R(i)/Z(1i) are shown in fig. 42a; it is clear that the VLSs
within DZ5a formed clusters. The values of the N(i)s for
DZ5a were also calculated and are plotted in fig. 43a; this
figure shows that DZ5a contained several jumbo VLS clusters.
if only first néarest-neighbor VLSs were considered then
the distribution of cluster sizes was as follows: (1) 69
mono-VLSs; (2) seven di-VLSs; (3) six tri-VLSs; (4) one
quadri-VLS; (5) three penta-VLSs; and (6) seven jumbo clus-
ters respectively containing 6, 7, 8, 9, 15, 32 and 50 VLSs.
(2) Depleted zone DZ5b was found in the (323), (534),
(433), (543), (424), (758) and (576) planes. This depleted
zone was 60 A from the irradiated surface. Figure 44
exhibits a computer-generated isometric drawing of the VLSs
within DZ5b. DZ5b was found to consist of 247 VLSs. The

measured values of ). and 12 were 45 and 33 A respectively.

1
It is noted that DZ5b was also elongated along the [110]
direction. The effective diameter ) of DZ5b was 36 A. The
VLS concentration associated with this depleted zone was

nd .6 at.%. The results of the R(i)/Z(i) measurements are
shown in fig. 42b; it is clear that the VLSs within DZ5b
formed clusters. The values of the N(i)s for DZ5b were also
calculated and are plotted in fig. 43b; this figure shows
that DZ5b contains several jumbo VLS clusters. If only first

nearest-neighbor VLSs were considered then the distribution

of cluster sizes was as follows: (1) 73 mono-VLSs; (2) nine
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Figure 42: The normalized radial distribution function [R(1)/Z2(i)] for depleted
zones DZ5a and DZ5b.
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di-VLSs; (3) three tri-VLSs; (4) one quadri-VLS; (5) two
penta-VLSs; and (6) five jumbo clusters respectively con-
taining 9, 16, 17, 24 and 75 VLSs.

V.5.3. The Spatial Distribution of SIAs within and arround

a Depleted Zone

In the three specimens which were irradiated with 30 keV
W' ions We.found a total of five SIAs; this corresponds to an
SIA concentration of ’\:3}(10-5 at.fr.. In the specimen which
was irradiated with 30 keV Mo® ions we found only two SIAs;

2 Vg At

this corresponds to an SIA concentration of ~4x10~
In the specimen which was irradiated with 30 keV cr’ ions we
found 97 SIAs; this corresponds to an SIA concentration of
~9x107° at.fr..

Figure 45 exhibits a pulse dissection sequence through
a typical SIA contrast pattern detected in an ion-irradiated
pure tung;ten specimen. This SIA contrast pattern extended
through six (732)* planes and a total of 140 frames of ciné
film were involved in the analysis of this contrast pattern;
only 12 out of the 122 micrographs are presented in fig. 46
for the sake of clarity. The (732) plane and the surrounding
planes are indixed in frame 1; the frame number of the ciné
film is located in the lower right-hand corner below each

micrograph. The layer number is indicated by the letter n

in the upper left-hand corner above each micrograph. Thus,

¥ This corresponds to a depth of 2.45 A.




Figure 45:

A series of twelve FIM micrographs out of 122 recorded during
by-atom dissection of an SIA.

atom-

SGTT
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for example, frame 1 corresponds to the n=1 layer and frame
16 to the n=2 layer. The positions of the atoms in the (732)
plane are indicated schematically below each micrograph by
the solid black circles; a vacant lattice site is indicated
by an open circle. Frame 1 shows an atomically perfect plane
in layer 1. Layers 2 and 3 (see frames 16 and 30) exhibit
two VLSs respectively. It is noted that frame 30 also shows
a bright-spot contrast effect (denoted by=*). In layer 4
(frame 52) a weak atomic contrast effect (denoted by @) is
seen to appear in a non-lattice site. This'extra bright-
spot contrast effect increased in size and brightness as

the n=4 layer was inssected (see frames 52, 56 and 57) and

it finally field-evaporated between frames 57 and 64.

Frames 64, 83 and 100 which represent the layers 5, 6 and 7
are seen to contain three VLSs respectively. Finally the

n=8 layer shown in frame 122 was seen to be perfect.

Figure 46 shows one more example of the contrast pa-
ttern of an SIA. The layers 4, 5, 6 and 7 (see frames 229,
300, 358 and 403) contain six VLSs respectively. An extra
bright-spot contrast effect was also seen in a non-lattice
site in layer 5 (see frames 312, 337 and 345). Therefore,
an SIA could produce a contrast pattern consisting of (1) a
bright spot; (2) an extra bright-spot and (3) a vacant

(49)).

lattice site (see also Seidman and Lie This type of
contrast pattern was observed only in the irradiated specimen

and therefore could not have been caused by the artifacts
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Figure 46: A series of twelve FIM micrographs out of 581 recorded showing the
contrast pattern of an SIA.

LTT
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(see also sect. V.5.1.).

A computer-generated isometric drawing of the 30 keV
Cr'-irradiated specimen is shown in fig. 47. The five open
ellipses represent the depleted zones DZ5a to DZ5e and the
solid black-dots represent the SIAs. The mathematical de-
tails of the mapping procedure is referred to Appendix F.

It is noted in fig. 47 that the depleted zones were mainly

on the incident-beam side of the specimen whereas a large
fraction of the total number of SIAs were observed on the
other side shielded from the ion beam. The clear separa-
tion between the depleted zones and SIAs is therefore evident
Pnased ol AT,

A computer-generated isometric drawing of the specimen
which was irradiated with 18 keV Au’ ions is also shown in
fig. 48. In this specimen depleted zones, which were denoted
schematically by the open ellipses, were produced within
<30 A*from the irradiated surfaces. The SIAs which were
injected into the bulk of the specimen are indicated by the
solid black dots; in this specimen we find a total of 33 SIAs.
Figure 48, once again, shows very clearly that the SIAs are
well separated from depleted zones. Further quantitative

discussions are given in sect. V.6.7.

¥ This value was measured from the FIM micrographs.
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Figure 47: A computer-generated isometric drawing showing

: the location of the SIAs and depleted zones

DZ5a to DZ5e in an FIM.specimen which was irradi-
ated with 30 keV Cr™ ions at 10 K. The open
ellipses indicate depleted zones and the solid-
black dots indicate the SIAs. '




Figure 48: A computer-generated isometric drawing showing the location of the
o SIAs in.an FIM tip specimen which was irradiated with 18 keV Au™.

ions at 10 K. The location of depleted zones are also indicated
schematically by the open circles. '

0cT




V.6. Discussion

V.6.1, Probability that Each Depleted Zone was Created by

a Single Ion

The number of ions which may have hit thé vélume of each
dépleted zone was estimated empléying a simple geometric
argument. The cross-sectional area (A) of each depleted
zone which had been exposed to the ion beam afe listed in
Table 5. In'these calculations each depleted zone was appro-
ximated by an ellipsoid as.defined_in sect. V.5.2.1.; the |

*
quantity A was given by

A = ;%;JIZ'Al2sin2a+k2zcosza (10)

where- o 1s the angle betweeﬂ the direction of the incident ion
beam and the major axis of the ellipsoid.. The value of'A.Was
then multiplied by the total dose .of iQns to yield the number_
of ions which crossed this area. The number of ions thus
obtained was most.likely an upper bound because the calcula-
tion neglecfed the apread in fhe range éf the incident ions.

As listed in Table 5 the number of ions which hit each depletedr
zone was always less than 0.6. It was concluded thét each
depleted zone observed had-mosﬁ likely beeﬁ created by only

a single ion.

V.6.2. The Estimated Number of Artifact VLSs that May Have

- Been Included in Each Depleted Zone:

In this section the number of-artifact VLSs which may

¥ See Appendix E for the derivation of eq. (10).

121
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Table 5: The estimated number of ions thaf traversed each

depleted 2zone

Dépleted Irradiation* Cross-sectional Estimated number
zone No. dose - area exposed to of ions travers-
' (1012 ion em™“) +the ion beam " ing this area

(10-16 ¢p?)

- Dzla 9 (w'). 262 0.24
DZ1b o (u*) - 255 | 0.23
DZ2a 2w 463 * 0:09
DZ2b - 2 (wh) 189 0.04

DZ3a st 305 . 0.15
bz4a , - 10 (Mo+) u 341 0.34

Dz4d 10 (Mo*) 267 0.27
DZ4c | 10 {Mo™) 570 - 0.57
DZ4d - 10 (Mo) 574 0.57
DZ5a 4 (ert) 1150 0.46
DZ5b ‘ 4 (cr) 1148 | 0.46

¥ The ion species is indicated in the parentheses.
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have been includéd in eacﬁ depleted zohé Was'estimated.‘ Ba-
sically, there are two types of artifact VLSs. _The.aftifact
VLS which appeared within the first ring of a net plane was
denoted an artifact VLS of fhe first kind such aé VLSs 4 -and
5 in fig. 18. The artifact VLS which appeared in the first
ring of a net plane was &enoted by an artifact VLS of thé
~second kind such as VLSs 1 to 3 in fig. 18. The artifact
VLSs of the second kind éould be avoided only by counting the
atomic and vacant lattice sites coqtained within the first
riﬁg. Unfortunatély, for a depleted zone which was located
in a small plane or in more-than two planes we have been
forced to include ledge atoms (i.e., the atoms in the first
riﬁg) in analyzing this type of depleted zone; in this .case
we may have included artifact VLSs of second kind as Well as
artifact VLSs of first kind in our vacancy count of this
depleted zone.‘ The number of the artifact VLSs of first kind
was éstimated'as follows: (1) in eéch plane the number of
étomic sites which were used to search for the VLSs Withih‘
the depleted zone was cdunted; (2) this number was multiplied
by the artifact VLSs of the first kind concentfatiqn listed |
in Table 1 to yieid the number of artifact VLSs of the fifst
kind for that plane; and (3) the number of artifact VLSs of
the first kind for each plane was then summed to yield the
total number of artifact VLSs of the first.kind which is then

listed in Tabie 6. In most cases the number of the artifact

VLSs of the first kind was <£3% of the.total number of. VLSs
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Table 6: The estimated number of artifact VLSs of first kind

" that may'have been included in each depleted zone

Depleted'::Estimated number Total number of Percentage of the

zone No. of artifact VLSs VLSs within the - total number of
depleted zone . VLSs (%)

DZla - 2 141 A

DZ1b - . 5 133 - .. 3.8

pZ2a 0o 159 0

DZ2b : 1 121 0.8

DZ3a - 1 235 0.4

DZ5b o 5 ' 216 2.3

DZ5¢ s 160 3.1

DZ5d - . 1 - 156 0.6

DZ5e 2 168 1.2

DZ6a . 14 241 - - 5.8

DZ6b 5 o 247 ‘ | 2.0




detécted'within a depleted zone. In no cases did artifact

- VLSs of the first kind ever exceed "6% of the total number
of. VLSs within ﬁhe depleted zone. The number of artifact
VLSs of the second kind was found difficult to estimate.
However, since the number of ledge atoms was only a small
fraction of the total number of atomic sites used to search

- for VLSs within a depleted zone, the number ofvartifact VLSs
of the second kind should have been only a smail fraction of
fhe fotal number of the VLSs detected within the‘depleted zone.
In additidn, the.contrast effects of a deéleted zone as shown
in figs 23, 32 and 40 have never been seen in unirradiated
specimens. - It was therefore concluded that the depletéd
zones we dbéerved in irradiated specimens couid not had been
caused by artifact-VLSsAdf the first and/or secoﬁd kind.

V.6.3. The Number of VLSs Produced by a Single 30 keV W™,

_Mo+'or Cf+ Ion

This thesisvwofk provided a direct measurement of the
number of Frenkel pairs produced by a single ion with a gi&én
amount of incident energy; we denote the value of this
quantity v. The obéerved values of Vexp p;oduced by a 30 keV
WY ion is 158; this nuﬁber is an average for five depleted
zones (see Table 2). The value of vexp produced by a 30 keV
Mo* ion is 175; this number is an average for four depleted

zones (see Table 3). Finally the value of vy produced by

xp

a 30 keV Cr® ion is 244; this number is an average for two

depleted zones (see‘Table 4).

The theoretical estimate of the number of VLSs (and an
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4equal number of SIAs)-produced'by a single ion with a given
dmount of incident energy was made according to the modified
Kinchin-Pease amorphous solid model. The modified expression

for v is given by

(11)

whére'the'quantity v is the theoretical value of v, E the

4 th
- damage energy, k the displacement efficiency which is equal

to 0.8 according to'bbth.the computer»simulations<21) and

(99) and Ed the average dis-

placement threshold energy which was taken to be 42 eV in
(100)

the analytical calculations,
tungsten. The quantity E is rélated to "the incident
ion enefgy.Eo by the equation |

| E=E, -0 |  (12)
.where.a.ié the total energy lost.froﬁ the incident ion through
all‘inelastié processes. In the present situation theAvalues
of a for 30 keV W+, Mo* and Cr” ions were,caiculated fér the
Ta® on Ta, Ag+ én Au and A1Y on Zr situations employing the
recent -extensive tabulations given by Winterbon;(80) they
were 6.9, 8.1 and 9.6 keV respectively. Thus employing eq.

(11) the values of the guantity Vv for a single 30 keV W+,

th
Mo’ and Cr” ions are 220, 210 and 195 respectively; it is
noted that the three valués are not a strcng function qf the
mass of the incident ion. | |

Figure 49 shows the experimental values of Vexﬁ and the

calculated values of re . also indicated by the dash line

Vin




127

for comparisoﬁ. Figufe 49 seems to indicate that the value

of vexp increases as decreasing the mass of the incident ion;

we were, however, unable to conclude for certain this depen--

dence of Vexp on the'mass'of the incident ion because of the

limited number of observations. Alternatively, to first .

order we may assume that the value of Vay is independent of

P
the mass of the incident ion in this range of mass; we then

obtained a value of <v> 180i44 which represents an

exp
average of the total eleven depleted zones. It should be
noted that the deviation befWeen the values of<v> and v

exp th
'can'not; at present, be over-emphasized since the value of
A.vth is not well known.

(lOI)Iemployed thin-film re-

Recenfly, Averback et al.
sidual—resistivity measurements to determihe poiﬁt—defect
production below iO K in both copper and siiver irradiated
Awith.ioq masses between 1 and 209 amu in the eﬁefgy range
between 20 and 850 keV. The number of Erenkel pairs NF»
produced by ah incident ion.was calculatea from the expre-

. (102-103)
sSs1ion

Ng = Neto(ddp )

: (13)
F
op do °

where N is,the atomic density, t is the film thickness, p

is’ the Frenkel-pair resistivity and (-@AE)o is the size-effect-

d¢

corrected initiali damage rate.

They then defined a cascade efficiency Eavas

_ t
ga - NF/NF




Figure 49;

NUMBER OF VACANCIES PRODUCED BY A SINGLE 30keV ION

300
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'The experimental value of the number of vacant,lattice sites produced by
a single 30 keV W', Mo* or Cr* ion. The dash line indicates the theore-
tical curve estimated from the modified Kinchin-Pease model.
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where the quantity N; is the theoretical value(101) of the

number of Frenkel-pairs; their values of N; are almost the

same as the wvalues of vth calculated from the Winterbon's

tabulations.(So)

They found that the cascade efficiency
- decreased with ion mass for light projectilés, whereas at
masses >20 the cascade efficiency reémained rather constant
apd assumed a‘value of £a=0.3 for both Ag and Cu. This
small cascade efficiency.was explained, in part, as a result
of the reduced resistivity contributisn_from VLS clusters
within a depleted zone and, in psrt, by dynamic close-pair
recombination effects.(104f106)

It;has been shown(106) that residual resistivity mea-
surement give a lower value of’€a=0.l above stage III*_in
Au and Ag{ compared to'£b=Q.4‘from TEM-meaSuremégts; above:
stage III a cdnsiderablelfraction of the defects survived'
in the form of clusters. A possible explanation for this.
low valge bf Eavin residual resistivity measureménts is
simply the low scattering probability pér VLS for the VLS

* %

clusters. Thus the residual resistivity measurements

could have considerably underestimated the number of Frenkel
pairs within a cascade.

(104)

On the other hand, Averback et al. studied the

isochronal recovery of electrical resistivity in silver

¥ OStage III starts at ~500 K.

% A 50% reduction in resistivity seems fiasanable'for clus-
ters containing several hundred VLSs. 09
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after 200 keV H*, 225 keV Ne® and 720 keV Bi*** irradiations.
They found that the fraction of the total recovery in Stage I
was 60, 29 and <5% for proton, neon and bismuth irradiations;
respectively. 1In addition, they found no close-pair reco-
very belﬁw stage I (T<23 K) for bismuth irradiations; this

compared with 7% close-pair recdvery for proton irradiations.

I3

This result indicates that the cascade energy density* or

the local defect concentration played an important role in

- determining the amount of recovery in stage‘I. They also

studied the isochronal redovery in copper after proton, he-
lium, argon.and bismuth irradiation to two different dose
levels. -The fraction of the total recovery in stage I for
the low dose case was 65; 62, 32 and i5% for proton, helium,
argon and bisﬁuth respectively. After high-dose irradiation,
the fraction of the total recovery in stage I wés reduced to'
42, 29,'11 and 5% for proton, helium, afgon and bismuth re-
spectively. However, even after fhe high-dose proton~irra-
diation with a radiétion induced resistivity increment

7

(4.8x107'Qem) that is close to the value reported for the

saturation resistivity for fast neutron damage (4.7x10'7

)(110) they found that the fraction of the total recovery

flem
in stage I (42%) was much greater then the recovery after

the low-dose bismuth bombardment (15%). Therefore they con-

* The cascade energy density is %éfined as the mean energy
deposited per target atom. (111
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cluded that, compared to the inflﬁence'of the local defect
concentratioh, the cascade energy density.had a much greater
‘effect on determining the fraction of. the total recovery in
'stage I.

The obsefyed decrease in the fraction‘qf the-total‘re-
covery in_stage.l as the caécade energy density increased,
was believgd to be caﬁsed, in part, by the instability of
close-pairs in thelVicinity_of'energetic.displacement cas-
.cade. This dynamic,close—pair recombination effect reduced
the number of Frenkel pairs'which céuld have héd survived
from recovery within a cascade even though the caédade was
produced at a low témperature; i.e.; a temperature at which
no point defects wefe mobile. This dynamic c¢lose-pair re-
cqmbination'effect seem to bé shown also in our FiM experi-
ment,if the observed dependehce of Vexp OF the masé of ion
was not a resuit of'Statistical fluctﬁation."It is, hoWéver,
notéd that no final decision .can be made, at present, re-
garding the importance bf the dynamic éloée~pair recombina-
tion effect in our FIM experiments because neither the theo-

retical value of v nor the experimental value of Vo.p 2T®

th Xp

known well enough to reach a firm conclusion.

V.6.4. The‘Pointhefect'Structuré of a Depleted Zone Produced

by a Single 30 keV W', Mo® or cr” Ion

Figures 50a to 50c show three computer-generated isome-
tric drawings of DZla, DZ4b and DZ5b respectively; they are

plotted approximately to scale for an easy comparison. Figure
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50 shows very clearlylthat the depleted zone producéd by a

30 keV W+ ion consisted of mainly one jumbo vacancy clustér;

- that produced by a 30 keV Mo+ ion splited into two subcascades;
and that produced by a BO'keV Cr* ion éxhioited the formation
of several subcascades. The significant difference in the |
cascade structure is further explored in fig. 51 which shows
the values of R(i)/2(1i) for each,depléted zone., Figufe 51
shows clearly that the.distribution of VLSs within each deple-
ted zone exhibited clustering and the degree of clustering
decreased as the mass of incident ion was decreased; it is
noted that the values of R(i)/Z(i) approach zero if the VLSs
are distributed randomly in an infinite volume of crystal.

In addition;-figp 52 shows ihe N(i)s as a funection of ry for
each depleted zone. As one oén readily see for the case of

the depleted zone produced by a w* ion that thefe is only one
narrow peak at ri=lo A; for that produced by a'Mo_+ ion a

second peak at ri=30 A grows~at the'expense of the first(peék;
and for that produced by a Cr+ ion the second peak dominates
and a third peak shows up at ri=45 A. Figure 52‘ciearly
indicates that the depleted zone becomes more extended as the
mass of incident ion’is decreased and the formation of subcas-
cades became more evident for.the lighter ion; these can be
understood at.least qualitatively by noting that between colli-
sions the.mean-enefgy traosfer decreased while the mean free
path'incregsed as the mass of the incidenf ion becahe decreas-

ed, because of the greater mass mismatch between the incident
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Figure 51:
- DZ5b.
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Figure 52: The spectra of the N(i)s for depleted zones
DZ2la, DZ4b and DZ5b. :
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ion'and the targef atom. This increased volume as the mass
-of the incident ion was decreased is consistent with the
measured values of ¢, as shown in fig. 53. |

The only other technigue which is compafable‘to thie
“present resulte in regard to the deteiled point-defect struc-
ture of the depleted zone is the computer simulation techni-
que. The results of the point;defect structure of depleted
zone for‘the bece metal by ihe computer simulation technique

"have been obtained for a-iron(17)" and tungsten<108)

0 K;
the primary knqck-on atom (PKA) energy was in the range 0.5
to 20 keV. Although the energy range of the PKA was not the
same as the one we used in the present studies, seyeral sig—_
-nificant qualitative comparisons can still be made. First,.
we observed for seven out of elzven depleted zones an elonga—
tion along a <110> type direction which was first cbserved

by Beeler in the computer simulation and was atributed to the
quasichanneling* along a '<110> type direction. Secondly, the
present results elso show clearly that the depleted zone

consisted of a vacancy-rich core surrounded by a mantle of

SIAs; the separation of SIAs from the vacancy-rich core was

¥ Quasi- channellng refers to channeling of shorter range than
the channeling that may occur along the <100>, <110> and
<111> tunnel-like  cores in the becc structure. Beeler(l7
stated that quasi-channeling trajectories exhibit intermit-
tent low-index channeling and are confined between two
closely adjacent atom plianes.
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138

discussed in detail in sect. V.6.7. Thirdly, the major di-
fference betweeﬁ.the computer simulation.results apd the
present work is the'distribution_of VLS cluster sizes; the
computerAsimulation(108> showed that the majority of the VLSs
within the depleted zone are in the form of moﬁo4VLS or VLS~
cluster of size £5 whereas in Table 7 the FIM results show
~that most of VLSs within the deplefed zone actually formed

(20)

qlustersAof size >10. Torrens and Robiﬁson also Showed,
employing the computer simulation technique, that if Ni is
the number of clusters of i yacant 1gttice sites in a depleted
léone there exists a constant cluster factor fc where

fo = Ny, /N;. | - (15)
Thus if there are Nl monovacancies‘there will be chl.divacan-
cies, ngl trivacancies and so on. They pefformed their com-
puter simulation -experiments on copper, iron and gold, but
did not perform it, unfortunately, for tungsten. In the case
of gold they found that this empirical rule was less well
obeyed than in the case of copper and iron, because of the
formation -of large clusters. In this sense our results on
tungsten are similar to their computer results on gold;

It should be noted that the computer simulations are
sensitive to the interatomic potential employed and therefore
are model-dependent. Thus fhe ﬁresent FIM studies present
the only experimental technique which. can reveal the point-
defect struciture of a depletea zone created by an energetic

ion.
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Table 7: Distribution of VLS cluster sizes for 'a depleted
. + + o
zone produced by a 30 keV' W , Mo cor Cr+Aion

Fraction of the total number of VLSs

Cluster size

(n) | Wt Mo cr’
1 0.13 0.19 0.28
2 0.02 0.06 0.06
3 .01 0.03 0.05
. 0.01 0.01 0.02
5 " 0.00 S 0.01 0.05
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V.6.5. The Size of a Depleted'Zone

In this section a comparison is made between the measured
and the calculated.size of a depleted zone in pure tungsten

created by a single 30 keV W', Mo* or Cr* ion. The effective

. . ' + + .
diameters of depleted zones produced by 2 W', Mo™ and Cr ion-

were respectively given by'the average value of A as listed

in Table 2, 3. and 4. The expected diémeter of a depleted

zone was taken to be given by 2<y2>l/2(84) where <y‘2>l/2 is

the‘secdnd moment of the elastic ion-energy distripution
curve which is perpendicular to the direction of the incident
ions. An estimate of the quantity <_y2>l/2 was made employing

(80)

Winterbon's tabulations which is based on the WSS theo-

ry(lO/) (see also sect. IV.6.3). Table 8 gives a comparison

between the experimental values.of Xex‘ and the calculated

, Xp
2>l/2. It is apparent that the calculated

values of Xth,z 2<y
values of Xth are consistently greater than the observed
Qalues of Xexp‘by‘a faétor of ~2; this disagreement is not
too surprising because the WSS theory calculates the»ﬁofal
disfribution cf the fraction of ion energy elastically de-
posited in atom mbtion which bears no simple diject relation-
ship 'to the size of a single depleted zone. Jenkin and
Wilkens(85) studied the displacemgnt cascades in ordered
CdBAu irradiated with 5-100 keV Cu® ions; they found that
each incident ion of energy =210 keV created, at the core of

the resulting displacement cascade, a zone of reduced long-

range order which was imaged in the TEM. The diameter of the
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Table 8: Comparison with the WSS theory

%
Mq /M,

* %

Irradiating Xth .Aexp Xéxp/xth
ion (4) (A)
Wt 1 32 18 0.56
Mo 0.52 50 25 0.5
. .
Cr - 0.28 84 42 0.5

(80),

(107)

theory.

and the target atom 4respectively.

¥ The quantities M1 and M2 are the mass of the incident ion

*¥%¥ The value of the quantity Ath is given by 2<y2>% which
was calculated according to the tabulations giVen by

Winterbon ; the tabulations were based Qn'the'WSS
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disordered zones as a function of ion energy were measured

and compared with the values of the quantity 2<y’2>l/2

cal-
culated from the WSS theory. The measured diameters agreed
reasonably well with the theoréticai calculations, except _
thét at hiéh energies (40 keV) the experimental values fell
below the theoretical values. It was, however, felt that
this agreement might be éomewhat fortuitous as far as. the
absolute scalebis'éoncerned.(85) It should be noted that
the disordered zone created as the résult of replacements

~ between Cu and Au atoms‘is different from the region of
_vacéncy damage which we referred to as the depleted zone.
Hence, their result should not be taken.as an absolute
measurement of the sizerf a depleted zone. It is therefore

2 1/2 is a better estimate of

suggested that the quanulty <y
the size of a 81ngle.depleted zone as opposed to the quantity
2<;\;2>1/2 originally éuggeéted by Westmoreland and Sigmund;(84)

V.6.6. The Number of SIAs

The number of SIAs detected in all the speciﬁens'was
always much less than the total number bf VLSSvobserved!
Possible physical reasons, iﬁ combination, for the SIAs un-
counted for are: (1) only a small fraction (n0.1 to 0.2)* of

the total tip volume was em?loyed to search for SIAs; (2)

¥ This value was extimated from the total number of atoms which
was scanned and the total number of atoms within the tip
volume. 'The tip volume (Vt‘p) was given by

tlp—(n/})(rf ry )(1 31nw)2/31nw s (16)

where the quantities ry and rj are the initial and final tip
radii and w is the shank angle of the tip specimen.
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SIAs were most likely not distributed randomly in the specimen
and we did not search the volume in_which.the‘majority Of'SIAs
were located; (3) if the average RCS chain length was - -greater
than the tip's radius not ailifhe RCSs would have been obser-
ved in the FIM image; and (4) the RCS produced on the incident
beam side of the specimen were most likely shot out of the
specimen, hence these RCSs would not have been detected in
thé'FIM imagep 'The fact that the‘low SIA concentration found’
in the W' or Mo'-irradiated specimen of-small tip radius

(200 A) and the high SIA concentration observed in the cr'-
‘irradiated specimen of large tip radius (~400 A).is consis-
tent of reason (3). Reason (4) is also evident in fig. 47
that only.few.SIAs'were detected in the half of fhe specimen
which has been exposed to the ion beam.

V.6.7. The Range of Replacement Collision Sequences

" In this section the mean sepafation between the SIAs and
depleted zones (see figsf'47 and 48)-ére discussed respeciive-
ly in a quantitative manner.

In fig. 47 the distances between each'SIA-and depleted
zones DZ5a to DZ5e were‘measured resﬁecti?ely. The close-
packed directions (i.e.), <100>, <110> and <111> directions)
pointing'from each'SIA:to the cross-sectional area of each
depleted zone was also"determined; the direction was mea-
sured simply from theASIA to the centef oflthe depieted zone -
if no cloée-packed diréction was foupd. The distances be-
tween each SIA and the specimen's surface on the beam side

were also measured along all the possible <100> , <110> and
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<111> directions.* Wé also included the specihen's surface
on the beam side because a deﬁleted zone might not be re-
conizable in .the FIM imag¢ if this depleted zone located
near the surface of the shank of the specimen; this dépléted
zone-waé,most‘likely_imaged near the edge of the total FIM
image where a élane (or planes) might not be fully resolved.
Since for all these measuréd distahces we .do not know which
one was actually traversed.by‘a given SIA, we were forced to

take whnichever distance was shortest as a lower bound of the

.1.
n)'

propagation distance (deﬁoted by Rmi The results of the
measured Rmin for the. total 97 SIAs are plotted in fig. 54 ;
they ranged up to 400 A and the mean ValueAis <R>min = 175
| ,tlld A. It should be noted that the spectrum in fig. 54 is
a result of the way of analyzing data and therefore may not
represent the actual RCS rangé distribution curve. Figure 54,
'hbwever, does indicate that fhé actual spectrum must De
shifted to the right. Tﬁe most striking result in fig. 54
is that almost 50% of the total number of SIAs must have
propagated a distance of =200 A.

The long RCS chain length indicated in fig. 54 was also

observed in a specimen irradiated with 18 keV Au+ ions (see

also fig. 48). In this specimen depleted zones were created

¥ TheARCSs most likely %ropagated along the <100>, <110> and
<111> directions.(7-9 .

T A depleted zone was excluded occasionally if the direction
pointing from this depleted zone to the SIA was not a
close-packed direction.




145

30— ‘
. & .
30 keV Cr' ON' W

28~ NUMBER OF S1As=97
w 20 . S
-z <R>. =175 A
7} min~ '
M - .
O 154
o _
“had
o]
=
3 10—

5 a——

| I I | l
0 100 200 300 - 400 500 600
Rmin (A) S
Figure 54: The spectrum of Rmin in a specimen irradiated
with 30 keV Cr  1ions. |
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withiﬁASBO,A-from the irradiatéd sufface.l Thus,bthejdistaﬁces
between each SIA and the specimen's surface on the beam side
were measured along the possible [100], [110] and [111] tyﬁes
of crystallographig'direction. Once ‘again, we took which-
ever distance was shortest és the value of the quantity Rmin

for this SIA. The results for a total of 33 SIAs are plotted

in fig. 55; they ranged up to 500 A. The value of <R> was 175

min
130 A. It is noted that "V40% of the total nuﬁber of SIAs
prdpagated a distance of 2200 A. -ii_should<be emphasized
that in this experiment we employed a smaller kinetic energy
and'a bigger atomic mass of the incident.ion to ﬁihimize the
channeliné of the,incidenflion. Thus, the possibility that
the long RCS chain 1engths_(2200 A) were caused by the de-
channeled ions can be neglected. It was concluded on the

basis of the results in figs. 54 and 55 that the lower bound

for the average RCS chain length is n175%85 A.
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AppendixAA: The Crystallography of the'(75i) Plane of the

FCC Lattice

The vectors OR = (ao/2) [OIE], 038 = (ao/2)[0il] and
- - - . )
w = 01 = (ao/2)[llO] define a primitive unit cell in the fcec

lattice. The unit mesh exhibited in fig. 8 was shown from

s

the model (fig. 7) to be determined by ‘the vectors T = OR - 0

E — - - - — — —r —p - )
+ 01 = (ao/z)[uz] and v = 0B = 0S + 01 -20R = (a,/2)[123];

the vectors T, V and w also define a primitive‘unit cell. The
shift vector t which is the‘projection of W onté_the (751)
plane is given by

T-w- 7
where the ?ectorlg'is perpendicular to the (751) plane and has

a magnitude equal to the spacing between (751) planes. For

" the (75I1) plane 4 = (ao/75)[731] and t = (ao/150)[€i 85 2].

In fig. 8 f lies in the (751) plane and it connects O with the
projection of 1 in the (75i) plane; similarly -the vector 2?
connects O with the préjection.of 2 in the (751) plane. The
positions of atoms A'and B'and l'to 5 relative to the cubic
axeé and also relative to 0 X Y Z were calculated following the

approach developed by Niéholas (1965) and are listed in Table‘9.

This crystallographic information is given for COmpleteneSS,

it is not available elsewhere in the literature for the (751)

plane.
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" Table 9: Table of atomic positions for the (751) plane

of the fcc lattice

Co-ordinates of Position”

Atom Relative to Relative to 0 X Y Z

Cubic Axes

//6 VIS0 /VT5

A -1 1 -2 6 0 0 2.4495 o o0

B -1 2 3 -3 75 0 -1.2247 2.5355 o
1 -1 1 o 2 24 -2 0.8165 1.1314 -0.2309
2 2 2 0 4 48 -4 1.6330 2.26?7 ~0.4619
3 -2 .2 2 o 7z -6 : 0 3.3941 -0.6928
4 -2 1 -1 5 21 . -8 2.0412 0.9899 -0.9238

5 -2 1 1 1 45 =10  0.4082 2.1213 -1.1547

* The coordinates are gi&en in terms oflthe length ag/2,
where a, 1is the lattice-parameterAbf'the standafd non-
primitive unit-celi.' The coordinates relative to O XY Z
are given both in exact form and also numerically to four
significant figures. The axes OX and OY are indicatéd in

fig. 8 and 0Z is the unit vector normal to the (751)

plane.
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Appendix B: The Crystallography of Various Planes of the

BCC Lattice

The crystallography of the (521), (433), (543), (875),
(765), (631)) (831) and (11 4 3) planes in the bcec lattice
WereAnot given inlNicholas' Atlas(78); therefore we first:
constructed a ball moael for each plane‘according to the pro-

cedure developed by Mooie and Nicholas.(75)

Figures 56, 58,
60, 62, 64, 66, 68 and 70 respectively show'phbtographs of
~ball models for these planes which'are built on a (200) plane.
'The_dark balis indicéte the atoms in the outmost (zéroth)
layer and tHe visible atoms, within the primitive mesh defined
bj’the dark balls 0, A, B and C,ifrom different layers are
~indicated by-the numbers,l,-Zg 3, 4 ete. The ball model for
each plane was used to determine the unii mesh an& the sﬁack—
Aing‘sequence of layers Zéro.tp at least four. Iﬁ thé example
of the (521)Aplane, the vectors OR = (aO/Z)[O§O], Eg =
(ao/2)[ill], and w = 01 = (aO/Z)[OOQ] define a primifive unit
cell. The unit mesh exhibited in fig.‘57 Was shown from the
ball model (see fig. 56) tb Be determined by the vectors U =
0 = 01 - 05 = a_[113] and V = GB 51+ 53 - oF - ,(ao/2.)[]-.3]-.];‘
the vectors 3; ¥ and W also define a primitive unit cell. The
shift vector ?,Which is the'projection of W onto the zercth
layer éf'fhe (521) plahe-is given by T=v- E; where the

>

vector t is perpendicular to the (521) plane and has a mag-

nitude. equal to the spacing between (521) planes; for the

(521) plane E = (50/3)[551] and 1 = (ao/30J[5 2 29]. in
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.

'figf-57-t'1ies ih’the (521) plane; it éonnects the atom O
with.theAprojection ofAthe atom 1 onto the zeroth layer of

thé (52l) plaﬁe. The-positions of atoms A, B and 1 to 4
relative to the ‘cubic axes and 0 X Y 2 were.éalculated fol;ow—
© ing tﬁe‘approach dévelbped by Nichoias(78) and are listed in
Table lO which isféiveh for completenesé; Reéults for the
(433), (543), (875), (765), (631), (831). and (11 4 3) are ob-
taineq‘inié similar manner and aré shown in figs. 59, 61, 63,

65, 67, 69 and 71 .and Table 11 to 17.




66T
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Figure 56: A photograph of a ball model of the (521) plane built on a (

A

200) plane.




Figure 57:

The primitive mesh (OABC) of the (521) plane and
the projection of the atoms that lie within the

primitive mesh for layers 1 to 4.
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Table 10: Table of atomic positions for the (521) plane

of the bce lattice

Co-ordinates of Position®’ *¥
Atom Relative to : Relative to O X Y 2
Cubic Axes
(A1 /Y330 /Y30
A 1 -1 -3 11 0 0 3.3166 0 0
B -1 ol -1 60 O =0.3015 ¢ 3. 3029 0
3 0 0 =2 6 14 -2 L..8091  0O.7707"~0.3651
2 -1 B i 28 -4 0. 3015  1.8413 -0,7303
3 -1 1 -3 7 42 -6 2eld06 2. 3120 =1.005.
4 -2 2 =2 2 56 -8 0.6030 3.0827 -1.4606

* The coordinates are given in terms of the length ao/2,
where a, is the lattice parameter of the standard non-
primitive unit cell. The coordinates relative to 0 X Y Z
are given both in exact form and also numerically to four
significant figures.

*% The axes 0X and OY are indicated in fig. 57 and 0Z is the

unit vector normal to the (521) plane.




GO

Figure 58: A photograph of a ball model of the (433) plane.

R e W ST AN i e




163

BCC (433)

Figure 59:

The primitive mesh (OABC) of the (433) plane and

the projection of the atoms that lie within this
primitive mesh for layers 1 to 4.




Table 11: Table of atomic positions for the (433) plane

of the bce lattice

Co-ordinates of Position ’
Atom Relative to Relative to 0 X Y Z
Cubic Axes
IVE TINET . IR

A 0 -2 2 4 0 0] . 8284 0 0
B 3 -3 -1 2 17 0 <4142 4.1231 0
i 1 -3 1 4 i -2 .8284 1.6977 -0.3430
. 2 -4 0 4 14 -4 +8284 3.3955 -0.6860
3 gl g Ay 2 e s s 4142 0.9701 -1.0290
4 1 =3 2 11 -8 chih2 1 2.6679 «1.3720

¥ The axes 0X and OY are indicated in fig.

unit vector normal to the (433) plane.

*¥*¥See also the first footnote in Table 10.

59 and 0Z is the




Figure 60:

A photograph of a ball model of the (543) plane.

¢9T



166

BCC (543)

Figure 61: The primitive mesh (OABC) of the (543) plane and
the projection of the atoms that lie within this
primitive mesh for layers 1 to 5.
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Table 12: Table of atomic positions for the (543) plane

of the bece lattice

Co-ordinates of Position*’ ks
Atom Relative to Relative to 0 X Y Z
Cubic Axes
/Y19 /Y950 /V/50
A 3 -3 -1 19 0 0 4.3589 0 0
B 1 1 -3 385100 0 0.6882 3.2444 0
il il -1 -1 7 18 -2 1.6059 105840 ~-0,2828
2 2 -2 =2 14 36 -4 3.2118 1.1680 -=0.%5657
3 0 o =2 2 54 -6 0.4588 1.7520 -0.8485
4 L -1 -3 ) 72 -8 2.0647 2.3360 ~1.1314
5 2 -2 -4 16 90 -10 3.6707 [ 249200 -1.4142
¥ The axes 0X and OY are indicated in fig. 61 and 0Z is the
unit vector normal to the (543) plane.
¥*¥ See also the first footnote in Table 10.




Figure 62: A photograph of a ball model of the (875) plane.
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BCC (875)

Figure 63: The primitive mesh (0ABC) of the (875) plane and

the projection of the atoms that lie within this
primitive mesh for layers 1 to 9.
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Table 13: Table of atomic positions for the (875) plane

of the bece lattice

Co-ordinates of Position*’ i
Atom Relative to Relative to 0 X Y Z
Cubic Axes
/V11 /Y1518 /V/138.

A -1 -1 = 11 0 0 3.3166 0 0
B & -5 -1 -3 276 g =-0.9045  7.083% 0
1 2 -4 2 8 166 -2 2eA12l | 4.2606 =0.17Q3
2 0 -2 2 8 56 | -4 L4121 1.4373 =0.3405
3 3 -5 X % 228 -6 1.5076 5.6979 -0.5108
4 i -3 & e Bl -8 1.5076 2.8746 =0,6810
5 -1 -1 1 5 2 -10 1.5076 0.0513 -C.8512
6 2 -4 0 2 168 -12 0.6030 4.3119 -1.0215
7 0 -2 0 2 58 -14 0.6030 1.4886 -1.1918
8 3 -5 -1 -1 224 -16 -0.3015 5.7493 -1.3620
¥ The axes 0X and OY are indicated in fig. 63 and 0Z is the

unit vector normal to the (875) plane.

¥%¥ See also the first footnote in Table 10.




Figure 64:

A photograph of a ball

model of

AR

the (765) plane.

TLT
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BCC (765)

[T2T7]
\ ‘—('r[l— 36 25]

Figure 65: The primitive mesh (OABC) of the (765) plane and
the projection of the atoms that lie within this
primitive mesh for layers 1 to &.
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Table 14: Table of Atomic Positions for the (7565) plane

of the becec lattice

Co-ordinates of Position*’

* %

*¥%X See elso the first footnote

in Table 10.

Atom Relative to Relative to 0 X ¥ Z .
Cubic Axes
/¥19 /V/2090 /vV1I10
A 3 =1 -3 19 0 0 4.3589 0 0
B -2 4 -2 -4 220 0 -0.9177 4.8123 0
1 1 i) -3 3L 98 -2 2.5236 2.1436 <0.19207
2 -1 3 -3 3 196 -4 0.6882 4.2873 -0.381%
3 -1 it -1 -1 ez -6 -0.2294 1.6187 -0.5721
4 0 2 -4 10 iLye -2 2.2942 3.7623 -0.7628
5 0 0 -2 6 50 -10 L3765 1.0937 " <0.9535%
6 -2 2 -2 -2 148 -12 -0.4988 3.2373 <1.1442
74 1 =i -3 153 26 -14 2.9824 0.5687 -1.3348
8 -1 1t -3 5 124 -16 Il AR IR0 B 2 A RS T2 5 5
¥ The axes OX and OY are indicated in fig. 65 and 0Z is tae
unit vector normal to the (765) plane. :




VLT

graph of a ball model of the {631) plane.

Figure 66: A photo
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B

—

Y

CC (83l)

T[é 19 3] /{Ts

3]

§=6977
T=0A=2[I73]
v=08B:= % [133]

Figure 67:

OABC) of the (631) plane and
€ atoms that lie within this
ayers 18to 5.

The primitive mesh (
the projection of th
Primitive mesh for 1
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Table 15: Table of Atomic Positions for the (631) Plane

of the bee Lattice

%, *%
Co-ordinates of Position
Atom Relative to Relative to 0 X Y Z
Cubic Axes
/Y11 /V/506 /V%6

A d -1 -3 11 0 0 3.3166 C 0
B -1 3 -3 5 B 0 1.5076 4.0899 0
18 0 0 -2 6 18 -2 1.8091 0.8002 -0.2949
2 0 0 -4 12 36 -4 3.6181 1.6004 -0.589¢8
3 -1 1 -3 7 54 -6 2.1106 12,4006 -0.8847
4 -1 1 -5 13 72 -8 3.9196 - 3.2008 -1.1795
5 -2 2 -4 8 920 -10 2l 2187 4,001.0 -1.4744

¥ The axes O0X and OY are indicated in fig. 67 and 0Z is +he
unit vector normal to the (631) plane.

*¥% See also the first footnote in Table 10.
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Figure 68: A photograph of a ball model of the (831) plane.
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BCC (831)

Figure 69: The primitive mesh (OABC) of the (831) plane and

the projection of the atoms that lie within this
primitive mesh for layers 1 to 6.
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Table 16: Table of atomic positions for the (831) plane

of the beez lattice

Co-ordinates of Position ’ Ee
Atom Relative to Relative to 0 X Y 2
Cubilc Axes
/Y11 /Y450 /Y75

A 1 -3 i g 0 0 3.3166 0 0
B 1 -1 -5 -1 148 0 -0.3015 5.1874 0
i 1 -2 -1 9 54 -2 2.7136 .1.8927 -0.2325
2 1 -3 =3 7 108 -4 2,1106 327854 -0.4650
3 0 -2 e 6 14 -6 1.80¢1 0.4907 -0.6975
4 0 -2 =2 4 68 -8 1.2060  2.3894 -0.9300
> 0 -2 =4 2 122. -10 gL.60307 4.2761 -1.1625
6 -1 -1 -1 1 28 -12 0.3015 0.9814 =1.3950

¥ The axes 0X and OY are indicated in fig. 69 and OZ is the
unit veector ncrmal to the (831) plane.

¥%¥ See also the first footnote in TablelQ .




Figure 70:

A photograph of a ball model of the (11 4 3) plane.
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BCC (Il 4 3)

8
G=0A=q[IZ7]
v ——r

=oe=%[1 15]

Figure 71: The primitive mesh (OABC) of the (11 4 3) plane
and the projection of the atoms that lie within

this primitive mesh for layers 1 to 8.
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Table cof atomic positions for the (11 4 3) plane

of the bec lattice

Co-ordinates of Position ’ &
Atom Relative to Relative to 0 X Y Z
Cubic Axes
/Y6 /V219 /VIL6

A 2 =4 =2 15! 0 0 4.8990 0 0
B i i A= 4 73 0 1.6330 4.9329 0
1 1 -1 -3 6 33 -2 2.4495 2.2299 -0.1655
2 2 -2 -6 12 66 -4 4.8990 44999 -0.3310
3 0 0 =2 2 26 -6 0.8165 1.7569 -0.49¢€6
4 =1 =5 8 59 -8 3.2660 3.9869 -0.6621
5 1 ~=3,"=3 10 19 -10 4.0825 1.2839 -0.8276
Gy R p SN VR 1 aag Wit se il Conon
7 SRR & 12 - =1% 2.4495 0.8109 -1.1586
8 T =3 =5 2 45 =16 4.8990 3.0408 -1.3242

¥ The axes 0X and OY are indicated in fig. 71 and 0Z is the
unit vector normal to the (11 4 3) plane.

*¥%¥ See also

the first

footnote in Table 1.
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Appendix C: Procedure for the Construction of a Depleted

Zone Which Occupied More Than One {h k 1} Plane

(55}
=

Mathematical Details of the Mapping Procedure

In this appendix the procedure employed to ccnstruct a
depleted zone in three dimensions from the FIM micrographs is
described.

(1) The FIM micrograph was first indexed for those
{h k¥ 1} planes in which a depleted zone was found. The Miller
indices of the vectors which lay along the interse&tion of any
two neighboring {h k 1} planes were also calculated. The
Miller indices of the planes and the vectors determined on
the micrograph were then compared with the schematic diagrams
in fig. 15 or 16 for consistency.

(2) The positions of all atomic and vacant lattice sites
(VLSs) in each layer of each {h k 1} plane were fransferred
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 VLSs were plotted with respect to
one of the common fiducial marks which had been engraved in
the phosphor screen portion of the internal image-intensifi-

: 5 . ¥
cation system. The choice of the common reference point

¥ It generally requires two reference points to correct errors
in the positions of the atoms caused by the two-dimensional
slippage of film. In practice, it was found Ihat only one

reference point is required in order to correct the errors
in the position of the atoms; this implies that the slippage
of film was essentially one-dimensionszl.
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eliminated all errors in the positions of atoms caused by the
slippage of film in either the ciné camera or the motion
analyzer.

(3) A procedure was then defined to determine the coordi-
nates of any atomic sites or VLSs. As a demonstration we first
consider the upper portion of the disgram in fig. 72 which
shows the positions of the atcems in two successive layers of
the (222) plane. The atomic sites in the zeroth and the first
layers are once again represented by solid black circles and
cpen circles respectively. The atomic site O was chosen arbi-
trarily as the origin for the zeroth layer. The vector ao[ilO]
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) (see also
fig. 15) 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 comnsisting
of the u-, v-, Z-axes and point O as the origin was then used
to specify the positions of any atomic sites in the zeroth
layer of the (222) plane in terms of the integers; 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 is projected

[0

within the primitive unit cell of the zeroth layer 1s dencted

by 0'. The point Oﬁ denotes the projection of O' onto the

zeroth layer. The coordinates of any atomic site in the fir
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B(0,!,0)

®o0 %F20
\\\ Ol(o ,O,-{)\\\ B

e o -9 Ll
@ L@l ® [Ti0]
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v T3] (332)
D(G,1,0)
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Figure 72: A schematic diagram showing the zeroth and the
first layers of the (222) and (332) planes.
This figure is used to explain how a depleted
zone was reconstructed from the FIM image; see
sect. C.1 for the detalls.




186

layer determined by using the local coordinate system which
consists of the u-, v-, Z-axes and point O' as the origin

For example, the site C has the coordinates of (-2,-1,-1)

!

—_ — - - o
by noting that olfjc = o::)o' + 0r¢ = J001] % {210] = {211}.

The coordinates of any atomic site in any layer of other
{h k¥ 1} planes were determined in a similar manner. In the
lower diagram of fig. 72, for example, the sites D and E in

the zeroth layer of the (332) plane have coordinates of (0,1,0)

and (1,0,0) which ar

[

described in the local coordinate sys-

tem consisting of th

()

vector a [110] as the u'-axis, the vector
o}

i

a [1

. 3] as the v'-axis (a /22)[113] as the Z'-axis and the

"0

atomic site O" as the origin. Similarly, the site F in the
first layer of the (332) plane has the coordinates of (1,0,-1)
which are described in a local coordinate system the same as
that for the sites D and E but having Oé" aghdts origin. IThe
point Op is the projection of the atomic site 0O onto the zero-
th layer. The site 0 in the first layer of the (332) plane is
projected within the primitive unit cell of the zeroth layer.
The use of the local coordinate system for each layer of each

(h kX 1) plane has the advantage that the coordinates of all

atomic sites are given by the integers.

¥ The choice of the point 0' instead of any atomic site Q as
the origin for the first ayer of the (222) plane eliminates
the accurate measurement of 0Q as required in the approach
used by Chen and Balluffi(gil; the benifit of this choice is
obvious 1f one notes that [OOélis equal to the magnitud
the shift vector as defined in step (4).
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In +he following the transformation from‘tne local co-
ordinate systems to a bommon cubic coordinate system‘is de-
scribed.A In practice, the transformation'was programmed in
BASIC language and*compute& with the aid of Nova 1220 miqi—
computer; |

(4) The cocordinate of the atomic site C relative to the

— -
origin O was obtained by adding the shift vector OOﬁ.E t =
[t t. 0 lto OL8. That is 0T =030 + 06 =10t + ol + [éii]
v P = o) P u v v :
[tu-Z tv—l -1]." The shift vector t is the projection of 00

onto the (222) plane and is given by [.333333 .666567 0] (see
ATablé 18). Hence, the site C has the coordinates-of (-1.66667,
-0.333333, -1) relative to the origin O. In’a.Siﬁilar-manner
the site F has the coordihates of (1.5, 0;727272;;-1) relative
tovthe origin 0" by noting that OF = 676; + Sg? 5[0;5 0.727272
0ol +[10 i]‘= [1.5 0.727272 1]. The vector 5T62 given by
[0.5 0.727272 0] (see Table 18) is the shift vector of the
(332) plane. The coordlnates of any other atomlc 81tes in
other layers of plane-were determined in the same manner des-
cribed in the above. |

(5) The coordinates of the atomig sifes observed in the
(222) plane were then transformed to a local cubic coordinate
.system with O as its origin while these observed in the (332)
- plane were transformed to another ldcal'cubic coofdinate sys-
tem with O" as its origin. It is noted that the two local

cubic coordinate systems are related only by a translation

vector.
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Table 18:

Table of thé local coordinate system

for an
"{h kx 1} plane of the bee lattice
‘Plane E* v¥ Z* tu** tv**-
222) [320] [032] [111] 0.333333  0.666667
332) [220] [(II3] [664] 0.500000 0.727272
433) [922] [313] [@66] 0.794118 . 0.411765
442) [220] [024] - - [442] 0.388888 Q.777777
543)- [331] - [113] [10 8 6] 10.340000 0.180000
875 ) [113] [551] [16 14 10]- 0.891304 0.601449
765 ) (313] [242] [14 12 10] 0.672727 0.445455
411) [l}}] ;[QZQ] [822] 0.555556 0.277778
521) (113] [I31] [10 4 2] 0.5666%56 0.233333
622) [022] [224] [311] 0.181818 0.363636
732) [I3I] [224] [14 6 4] 0.161290 . 0.306452
721) [131] [024] [14 4 2] 0.259259 0.425926
631) [llg] [133] [12 6 2] 0.456522 0.195652
824) [2Z2] - [042] [824] C.595238 0.857143
831) [131] [115] [16 6 2] 0.851351 - 0.364865
1 4 3)[242] [115] [22 8. 6] 0.349316 0.452054
! o > >
¥ The Miller indices for the u-, v--and Z-axes are given
sﬁch that the magnitudes of the vectors E, ; and’% are in
units of ao/é, where-aO is the lattice paraméter of the
standard non-primitive unit cell.
%% The values of the quantities t and-tv are given in the
fraction of the magnitudesof the veétprs-ﬁ.and.$ respec-

tively.
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(6) Finally, we have to interlink the two local cubic
cdordinate systems. In order to transform'the coordinates of
an atomic site in the local cubic coordinate system of the
(332) plane to the local cubic qoordiﬁate system of the (222)
plane‘the coordinates of ggg* atomic site R which lies at the
intersection of the (222) and (332) planes were determined
according to steps (3), (4) and (5). The coordinates of the
atomic site R in the local cubic coordinate system of the (222)
plane is denoted by (&', z',n') and that in the (332) plane is
given by (£,z,n). The coordinates (x,y,2) of an atomic site in
the local coordinate system of the (332) plane wére finally
transformed to the coordinates (#,y,z) in the local cubic co-

ordinate system of the (222) plane according to the equations.

x' = x - £ + & . (c1) -
.y« =y - g + CIA (02)
z' =2z -n + 7' 4 ' (CB)

Exténding this procedure all atomic sites observed in all

{h ¥ 1} planes can be transformed to a commoﬁ cubic coordinate
system. In practice, the computations in steps (4) to (6)
were pfogrammed in BASIC language and excuted with the aid of
a NOVA 1220 minicomputer in conjunction with a Tetronix 4010

~

graphic display terminal, a three cassette tape-transport and

¥ Since the two local cubic coordinate systems are related
only by a translation vector, only one atomic site is needed

in determining the transformation equations of the two coor-
dinate systems. In practice, two atomic sites were used; the
first atomic site was used to solve the egs. (Cl) to (C3) and
the second atomic site was used to check the. solutions.
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.an ASR 33 teletype; this'program is denoted by Subprogram A.
The flow chart of Sﬁbprogram A is shown in sect. C.3. The
detail of Subprogram A is given in sect. C.g. An example of
the input‘étateﬁents is also given in sect. CLZ.

C.2. Input Statements for Subprogram A

In this section typical input statements are given as an
example to demonstrate how to enter the'daﬁa for Subprogram A.
Comments are given after each data statement. In this demon-
strative exémplelit was assumed that a depletéd'ﬁone consisting
of fiﬁe VLSs and three SIAs in the (622), (512) and (723) pla-
nes (see also figs. 16 and 17); two VLSs were found in the
(622) plane, one VLS and-oné SIA ih the (512) plane and two
VLSs and two SIAs in the (723) plane. Each VLS (or SIA) was
specified by an integer p and the local coordinates (u, v, Z);
the'integer’p is the identification number of the (h k 1) plané
in which the VLS (or SIA) was detected.‘_The values of p are
equal to 1, 2 and 3 for the (622), (512) and (723) planes re-l
spectively. For example, the fourth VLS which was fouﬁd in
the (512) plane had coordinafes (2, -1,'-2, -7) which can be
decoded as p=2 and (u, v, 2)=(-1, -2, -7). The details of
the input statements are deséribed in the following:

8000 DATA 2

Enter Y6=l.for a fcc lattice or Y6=2 for a bec lattice.
8010 DATA 3 | | |

Enter I¢=3 for the total number of the {h k i} planes in

which the VLSs and SIAs within a depleted zone were de-

tected.




8020

8030

8040

8050

191

'DATA 0.181818, 0.363636, 0, 1, -1, -1, 2, 6, 2, 2

Enter sequentially the values of tuaﬁd tv and the Miller
indices of the u-, v- and Z-axes of the (622) plane {sece
Table ) for variables A(Il),.B{Il) and Bl to BO.

DATA 0.767676, 0.433333, 1, 1, -3, -1, 3, 1, 5, 1, 2

See comment in statemenf 8020 except that this is Tor
the (512) plane. ,

DATA 0.838709, 0.306451, 1, 1, -3, -1, 2, 1, 7, 2, 3

See comment in éiatement 80é0_except'that tris is for
the (723) plane.

DATA 5

- Enter Il=5 for the total number of the VLSs.

8060

8070

8090

DATA 3

Enter I2=3 for the total number of thé SIAs.

In thé following each set éf coordinates ﬁillAbe stored
in veriables Vv, V1, V2 and V3. |

DATA 1, O, 1, -1, 1, 2, -1, -

AWS)

Enﬁer the coordinates of the twb VLSsldeteéted in the
(622) plane. |

DATA 2, -1, -2, -7

Enter the coordinates of the VLS'¢étected in the (512)
plane. |

DATA 3, 0, -2, -43, 3,71, 1, -56

Entef the cbordinateé‘bf.the two VLSs detected in the

(723) piane.

8100 DATA 2, C.6, -0.2, -3.8

’




8110

8120
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Enter the cobrdinates‘of the SIA detected in the (512)
plane:‘ |

DATA 3, -3.2, 2.6, -20.5, 3, 4.7, -0.8, -31.5

Enter the coordinates of the two S3IAs detected in the
(723) plane. -

DATA 1, -2, -2, -9, 2, 1, 1, -1

Enter the two seéts of‘coordiﬁates of ‘the first selected

atomic sites which lies at the intersection of the (622)

(512) planes. This atomic site had coordinates (1, -2,

=2, -9) as specified in the local‘coordinate‘system‘of

£130 .

the (622) plane and coordinates (2, 1, 1, -1) in the
local éoordihate system of the (512) plane. The twd sets
of coordinates éf the first selected aﬂdmic site were
used td soclve the transformation equations between the
(512) and the (622) planes.

DATA 1, -2, -2, -9, 2, 1, 1, -1

Similarly, enter the two sets of cdordinates.of the second

"selected atomic site Which lies at the intersection of

£140

8150

the (622) and. the (51:) planeé. These two sets of coor-
dinates were used to check the transformation equations
determined by statément 8120.

DATA 2, -2, -1, -4, 3, -3, -3, -14

See cdﬁment‘in statement 8120 except that this is for
determining the transformatibn equations between the
(723) and the‘(512)bplanesi

DATA 2, -1, -1, -4, 3, -2, -3, -14
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See comment. in statement 8130 except that this is used
to check the transformation equations determined by
statement 8140.

DATA 99, 0, 0, O

. This is a signal to stop reading the coordinaies. Enter

8170

"999, ¢, 0, O" if there is only one (h k 1) planes,

.otherwise enter "99, 0, G, O"..

DATA 3, 3, 6, 6

Since the coorcdinates of the VLSs and SIAs were entered

~in sequence as shown in statements 8070 to 8110, we

"assigned any VLS (or SIA) a serial number according to

the sequence in which the VLS (cr SIA)'WaS“entered.

For example; atomic site No. 3 is a VLS in the (512)

plane and had. coordinates (2, -1, -2, -7) and the ato-

mic site No. 6 is an SIA in the (512) plane and had
coordinates (2, 6, -0.2, -3.8). Statement 8170‘was
uséd to cémmand the computer to transform the coordi-
nates of atoﬁic sites No. 3 andi6 in the (512) plane -
to the coordinate system of the (622) plane_accordihg
to the transformation equétions deterﬁined by state-

ments 8120 and.8130.

8180 DATA 4, 5, 7, 8

See comment in statement 8170 except that -this is for

the VLSs and SIAs in the (723) plane.




C.3. Flow Chart for Subprogram A

v ] A — 1}
7 weAn Vo, V1 ,V2,V3 1 | ransiorM (U(3%59-2),u(3%59-1),
(Vg,vi,v2,V3)={p,u,v,2) ?&f*sg)&§§gz.c3.n2) 10 _
Cogrre o] b [ enee] | REmEREET N
N O ' ~ Y - » K ) o
l ' . (Utékl§9§;L“229¥2'$A'Ls ‘ WHERE (0{3%5-2) ,0(3%S-1) it
| iy o -1), U(3*S))=(€5. ¢ nd) ’ ERROR
- - U(3*13)) WilICH ARE EQUAI. £2: 62402
READ 1§, HOW MANY : 10 (x,y,2) . —
LKL} PLANES? 1 YES

17

READ 16,

READ A(11),B(11) ves 1 :
—"{TA(II)=|fu|,B(ll)=|fv| —————15 _1Is AN s1A?)- : »
1! : ) . TRANSEFORM (x,y,z)s FOR VLS

NO - | Ne. I6 TO No. 17 TO (x*,y*,
2')s :

READ K1 1O B
[B1 B2 u3)
(pa BS B6|
(17 u8 B9}

9.
5
1

7

g U(3*13-2)=INTEGERT
; U(3*13-1)=INFEGER?
W(3%I3) =INVEGER?

READ (6,

TRANSFORM (x, y, z)s FOR SiA
No. 16 T0 No. 17 TO (x',y',z')s

761

YES

COMPUTE F(11) 10 1 Yis/” 13<11002+4%T9-37
011}, e eLeMents |}  ANY MORE COORDINATES
OF THE TRANSFORMATION | | \_TO READ? 3
MATRIX BETWEEN : VES TS<lg-17

(u,v,2) AND(x,y,2) NO I | ANY NORE PLANES?

USTING (U(3%*S2-2),U(3*S2-1),
U(3*S2))= ey, ¢y, m) AND |
YES : ;(u(3*S]—2),6(3 §1-1),U(3*51)) : - NO NO [ PRINT
f1<1g? ‘ | =(e), 0y ,ny) TO COMPUTE C1,C2 DO ALL THE VISs OCCUPY YERROR™
ANY MORE PLANES? 1 €3, (x,y,2) WERE TRANSFORMED CRYSTAL LATTICE S¥TES? -
4 TO (x*,y',z') bY . . - - -
NO R )ﬂ:xv(:] . . )
TITH, yi=y 2 “ YES Yis[ PRINT
READ y - [ GRERRORY
,.:Nuéﬂﬁﬁzég ViSs _J ; 2'=z+C3 TS ANY VLS OR STA COUN- [ ERROR
12=NUMBER OF SAs — ANLED twick? -

CONT I NUL
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C.4. Subprogram A

9032 REM A

@934 REM SUBPROGRAM A . -

. @036 REM . -

banaa REM MAXTMUM NUMBER OF ATOMS = 300
= 209

0050 REM MAXIMUM SIZE OF CLUSTER
9068 REM R : .
0870 DI™ FC161,GC1631,HC161,JC161,XKC16)1,LC161,MC161,N0161,0C161
2030 DIM UC19971,AC3001,8(222] ’
2¢92 DI~ £03,3]

71008 DIM PCL6]Y. : i )
@11a [NPUT "YO% MANY DEPLETED ZONES, ONEC1) OR MORE THAN ONE(2)?%,43
8120 [NPUT “D0 YOU WANT TO PRINT COORDINATZS, YESC1) OR MO(2)?*,Ya
2130 READ Y6 ’ :
9148 RZAD I@

#1590 FOR [1=1. TD 1@

0160 READ ACI11,2C111 .

o179 READ 'Bl0v82:83)84':85:36:B7)8R_:89

2189 LET C1=SOR(S1=21+R2+B2+83+83)

2190 LET C2=SOR(Pa=BAa+55235+86236)

2209 LET C3=SQR(87=B7+B3*S8+B9*xB9I) )

2218  ON Y6 THEN GOTO 922@, @399 -
9228 IF B1+B2+83= 2sr~r<<ax+se*93)/2‘ #@1) THEN GOTO @259

0230 LET X@=2=C!
82ag EOTO 9260
9250 LET Xx@=C1t
926@8. IF Ba+3S+Bés= 2-rvr<c544es~ss)/2¢.ee1) THEN GOTO @299
2270 LET Y@=2xC2 :

2280 GOTO @30e

9290 LET Y@=zC2

2300 IF B7/2=INT(87/2+.021) THEN GOTO @34@ _
e3te 143 BR/2><INT(88/2¢-G@1) THEN [F B9/2><INT(89/2+.7@a1) THEN GOTO @3
70 . : .

9320 LET £021/C3

. 83390 - GOTO 23Re :

9349 IF BS/2=(NT(83/2+.201) THEN IF B9/2=INT(B9/2+.291) THEN GOTO 2372
23590 LET 2a=1/C3 :

2368 GOTO @38e

9379 LET Z9:2/C3

23809 GOTO Q600

939@ IF B1/2=INT(51/2+.001)> THEN GOTO 2430

@408 IF B2/2><INT(32/2+.@01) THEN IF B3/2><[INT(33/2+.291) THEN GOTO 34
&9

2419 LZT X@=2=C1

@420 GOTO @470 N '
2430 {F B3/2=INT(B2/2+.001) THEN IF B83/2=INT(B3/2+.801) THEN COTO 2469 -
0440 LET X@8=22C1 : .

@ase COTO 9479 - .

@460 LET Xa=C1
2479 COTO @480
@4s@ IF Ba/2=INT(24/2+.201) THEN GOTO 9520
249a IF BS/2><INT(BS/2+.AR1) THEN [F B&/2><INT(R&/2+.AQ1) THEN CATO aS
1) :
9509 LET YR=2=2C2
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B8S1@ COTO MSéA o

ps2e IF BS/2= INT(ES/2¢.001) THEN [F Bé&/2=INT(B6/2+.0a1) THEN GITO 8550
9530 LET YP=2=xC2

©54@ GOTO @Sé@

@55@ LET va=C2 : oo

BS6A IF BT+BR8+R9=2«INT((B7+BR+B9)1/2+.AA1) THEN GOTO @599
257@ LET Z¢=1/C3 ) :
. @589 GOTO Q2é4ae

2590 LET £@=2/C3 ,

86A0 LET FCT11=XA=B1/C1 ’

8610 LET GCL11=Y@x24a/C2

‘@629 LET HC111=£9=B17/C3

2630 LZT JCI11=X0~82/C1

2642 LET K[111=Y@=B5/C2
. @650 LET LCI11=2@*28/C3

9660 LET MCI11=X@2=B3/C1

8670 LET N(I1)=Y@=*B4/C2

9633 LET 0C11)=20%89/C3

9699 NEXT I1

870@ PRINT

9718 PRINT

272¢ READ It
. 8738 ON Ya THEN GNTO @74@, @820,

9748 PRINT '"(U,V,%)S ARE COOED[NATES BASED ON Tw0 COPLANAR AXES anD THE

8750 PRINT "AXIS PERPENDICULAR TO THE PLANE."

8760 PRINT

8778 PRINT ‘ ~ o
@788 PRINT “DEFECT NO.™,"(HKL) PLANE™," U™, V', "W"
879@ PRINT :

@820 FOR Y2=1 TO I0

#81@  LET P{Y21=-9999

@828 NEXT Y2

@830 READ .12

8840 FOR I13=1 TO (I1+12+a*(1@-1>+1)
"@858  READ V@,V1,v2,V3

@860 IF v@=999 THEN CGOTO 1530

2878  IF Vv@=99 THEN COTO 118@

2888 ON Y4 THEN GOTO 2899, 9969

9890  IF I3=<(2+[1 THEN GOTO 9920 : .
9948  PRINT I33"CR>*“,VvA,V1,V2,V3

2918  GOTO 9964 ,

9920  IF 13=<!2 THEN GOTO 09590

8939  PRINT I3:CI)>",v@,Vv1,Vv2,V3

#9490  €0TO 0960

9950  PRINT I33%CV)",V@,V1,V2,V3

2968  IF V3>P(V@] THEN LET PLV@]=\3

@978 LET Vv3=v3-P(Vv9)

89828  LET wasA(VA1*ABS(VI)

8999 LET WS=8(Vv@J+ABS(VI)

1008  LET %4=Wa-INT(ka+.821)




1010
1929
1033
Qeaa
1ase
1960
1970
1080
1890
11ee
1110
1129
1130
1140 .
1150
1160
1170
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LET WS=WwS=INT(W5+.0@1)

LET UL32[3-21=F(VAIa(V]I+wa)+C(VATX(V2+u3S)+H{VAI=V]

LET UC3*I3=-13=JlVOIx(VI+Wwa)+K(VAI=(V2+WwS)+_ (V@123

LET UC3=I31sM{VO 1% (V1 +Wwa)+NLVAI*(V2+k3)+0(VvOI1*\3

IF I3>72 THEN [F [3=<[1+[2 THEN GDTO 1997 .

[F ABS(UC3#I3-2)-INT(UC3*13-21+.99))>.81 THEN GOTC 1109
17 ABSCUCI*I3-11-INT(UC3*13-11+.991)>.a1 THEN GOTO 112@
IF ABS(UL3=I3]- INT(U(3*13]0-99))>-21 THEN GOTO 119@
GOTQ 1119

PRINT 13;"EREOR", U(J'[S 21, U(3=I3-l]oU(3'[3 21

[r [3=<[2 THEN GOTOD 1149

13>11+12 THEN GOTO 1144
coro 1172
LET UC32013-21=INTCUCI*13-21+.05)

LET UL3#I13-1)=INT(UCI®[3=11+.25)
LET UC3'I3J‘TVT(U[3=!3]¢-GS)
NEXT 13 .

118@ FOR 15=1 TO ¢L@-1)

1190
12¢9
1210
1229
1239
1240
1259
1260
1270

1282

1299

LET S1=(l1+12)+4=¢[S5=1)+1

LET S2=([1+12)+4*(1S=])4+2

LET S=(l1+[2)+4%([S=1}+3

LET S9=C11+12)+4=([5~-1)+4

LET C1=U{3451-23-UY(3=*S2-2)

LET C2=UC3#S1=1]~UL3x52-1)

LET C3=UC3%S11-U(32521 ~

LET wW1=UC3259-21+Cl

LET W2=U(3#59-11+C2

LET W3=U(3=59]1+C3 :
TF INT(W1+.3@1)=INTCUC345-2)+.001) THEN IF INT(w2+.901)= NT(U(J!S

"=11+4.A01) THEN GOTO 131e

139¢@
1310
1329
D3

1330
1349
135¢

1379
1380
139¢
14900
1410
1429
1439
1440
1450
1469
1470

. 1480

1499
1500

GOTO 1329

IF INT(RSO-GG!)=[NT(U(3fSl¢,ﬁﬂl)_THEN GOTO 13354

PRINT "ERRQR=-~~- SECOND REFERENCE STTE IS NOT CORRECTLY TRANSFORME =
PRINT "-=ew- ~-~ CHECK DATA FOR NO.")[S'"(HKL) PLANE"

SToP . : .

READ I6,17

. 1360 IF 16=0 THEN IF [7=@ THEN GOTO 145a
FOR 18=16 TO 17

LET Wwi=UC3=[3-2)+C1

LET %2=U[3=[8-11+C2

LET w3={U(3=181+C3

LET UC3=IZ3-2]1=INT(wl+.l)
- LET UL3»18-11=INT(42+.1)

LET UCI*I8I=INT(W3+.1)
NEXT 18
READ 16,17 : )
"IF 16=9@ THEN IF I7=9 THEN GOTO 1522
FOR [8=T6 TO 17

LET w1=U{3=18-21+C1

LET w2=U(3*{8-1)+C2

LET %3=UL3=*[31+C3 "
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1519 NEXT 18

1520 NEXT (S :

1530 ON Y4 THEN COTO 154@, 1622

1548 PRINT . .

1558 PRINT "(X,Y,E)>S ARE COORDINATES BASEZD ON AXEZS (1 @ ™, (@ 1 @), AND
(8 0 1) ' )

156@ . PRINT

1579 PRINT , :

1588 PRINT "DEFECT NO.','as®, X", Y, "g"

1592 PRINT T

16088 FOR Y2=1 TO I1+12 »

161¢ ON Y4 THEN GOTO 1629, 1630

1629  [F Y2>[2 THEN €OTO 174@

1638 ON Y6 THEN GOTO 164@, 1668

1648 [F (UL3sY2- 2]+U(3tY2-1]+U[3*Y2J)/2-KNT<(U{3-Y2 234U Y21 )+UL3 Y

21+1)/2) THEN GOTO 1729

11658 “GOTO 179@ : .

1660 IF UC3*Y2-21/2=INT(LUCI*Y2-21+1)/2) THEN GITO 1690

1673 [F UC3#Y2-1172<INT(CUCI=Y2-11+1)/2) THEN IF UC3*Y21/2<INTCCUL3=Y2

J+1)/2) THEN GOTO 17290 : '

1639 GOTO 17290 ' .

169@ 1F UC3ay2-1i/2= [NT((U(Jth-lIbI)/Z) CTHEN IF UC3%xY21/2=INTCCULI*Y2

1+1)/72) THEN CGOTO 1720 !

1790 PRINT Y2,"ERRAR™,U[3=Y2- 2].UC3!Y2-1].UC3*Y2]

1710 GOTO:177@

1722 ON Y4 THEN GOTO 173@, 1774

1730 . IF Y2=<[2 THEN GOTO 1760

1740 - PRINT Y235"(I)", " %", Ul3*Y2-2],Ul3I4Y2-11,UC32Y2]

175@  GOTO 177@

1762 PRINT Y23 ¢V, "**".U[Jth 2].U[3tY2-l].U[3*Y2]

1770 NEXT Y2 .

1730 PRINT "DELETE THE COORDINATE OF THE VACANCY uurcw HAS BEEN DOURLY *

H

1798 PRINT “COUNTED IN THE DATA LISTING"

18@@ FOR Yi=1 TO [2-1

181@ ° FOR Y2=Y1+1 TO 12

1829 IF UC3*Y11><UC3*Y2] THEN GOTO 1860
1839 IF Ul3=Y1-11><y(3=Y2-11 THEN GOTO 1860
1840 . IF UC3*Y1-21><U(3*Y2-2]1 THEN GOTO 1860
1859 PRINT "VC'"3Y1:°) = VC™3Y235')"

18692 NEXT Y2
1870 NEXT Y1 ’
188@ PRINT "CHECK INPUT DATA IF THE AEOVE RESULTS SHOk ERROR W-'SSACES"'
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Appehdix D: Programs for the OR TEP Plots and the Computations

of Quantities ¢y, R(1)/2(1), N(i), Ay,A,

D.1. Introduction

In this appendix the three progréms denoted by DZPl, DZP2
and DZP3 are describéd:. |

DZP1l was used to arrange the'coordinates of VLSs and SIAs
in'a format acceptable for the OR TEP program.which was wri-
tten in FORTRAN lanéuage and stored in a PRIME computer in
the Materials Science Center at Cornell University. The OR
TEP program at Cornell University is.capable of plottiﬁg a
maximum of only 168 atomic sites at one time. Therefore, any
depleted zone whiéh conéisted of more thén 168 VLSs (and SIAs)
had to be divided and plotted in two.or more separate plots;
these separated plots were then put toéether to make one
singlé plot.

DZP2 was used to»caldulate: (1) the average VﬁS'concen-
tration (cv) within a depleted zone; (2) the values of
R(i)/Z2(i)s out to the 9th nearest-neighbor distance; (3) the
values of ﬁ(i)s; and (4) the distribution of VLS cluster sizes
of a.depleted zone.

DZP3 was used to compute the VLS distribution curves along
the [100], [010], [ool], ([110], ([Iiol, [o11], [o0I1], [101],

[Io1], [111], [I11], and [111] directions and to calculate the

standard deviation o for each curve. The values of the quan-

tities Xl and AZ were then determined from the values of Os.
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A flow chart for programs DZPl, DZP2 and DZP3 ‘is shown
in-séct.D.Z. The details of the programs are listed in
sects.D.3. to D.5. The input statements for these three pro-

grams are the same as those for Subprogram A described in

sect.C.3 of Appendix C.

/

N




D.2. Flow Chart for Programs DzZPl, DZP2 and DZP3

_ | ‘ ‘ AAJ
lim - ez - bzrs

READ 16,

17 k

READ L6,

READ 16, 17 7

nZp1 n:ZI»‘Z pZpP3 PUN( It ON PI\PFR |I\|" C()“"UTE AND 3 C RI“.‘A'ERAN(Z'F. Vl.'S.S .
: ‘ THE COORDINATES OF | PRINT ¢ - | [ALONG ONE OF T
! FvLss anp stAs rorn | CPERMRTEEN CLOSE -
SUBPROGRAM A {11E o TER Prov PACKED DIRECTIONS
i :
[] - -
i | [cowuT ARD _ | JCoMPUTE AND PRINT]
: 1 YRANGALTY biLivig ~ : PRINT R(1)/2(i)s e FOR THE V.S
~ 4 no N PAPER ThbL Yo | , : CImstrisurion
A >167 atoMiC siTES? ) : b Lcurve
. "MATERIALS SCIENCE ¥ . ' ‘ -
: . LCENTER" AT CORNELL | o '
JYES ; 'HN[VIRQ!IY J B
}' } COMPUTE AND
! : A PRENT N(i) 1 .
forvine tie verrgrsn || 1 : | - . Vo aNY MoRE miric- :
{ZoNE INTO THO OR T READ PAPER TAPL- L Urionse s
MORE GROUPS. Till: | | INTO PRiME 1 : . :
FIRST AND THE LAST ] - COMPUTER B No
ATOMIC STTES IN EACH : - COMPUTE AND
GROUP ARE DENOTED BY : FeRINT THE DISTRY -
16 AND 17 RESPECTIVELY : - Ivurion: oF vis f ( 16=07 ANg 17= ogj:>______
PRINT Tii OR TED} 1 [custir sizis ANY_MORI:
JrLors 1 ’
T6=07 AND 17-07
ANY MORE?

: 16=07 AND 17207 YES
: ANY MURL?
NO : : 4 .

102
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D.3. 'Program DZP1l

.A212 REM
2@29 REM DEP1
203@ REM INSERT SUBPROGRAM A
2A31 REM ) ) ] .
89@ [NPUT :“*ARE YOU READY TO PUNCH DATA DN PARER TAPZ. YESCI) OR NO(2)?"
~:K5 ) ' . ' ’ .
19@@ INPUT "WHAT 1S THE LATTICE CONSTANT IN ANGSTROM?",DR
1912 ON KS THEN GOTO 1929, 19¢€0 _ :
1929 INPUT *"wHAT COOR. SYSM. DO YOU 2NT TO.TRANSFORM™ TO, Al TO A92",Al,
AZ,A3,A4,A5,A6,A7,AR,A9 ’
193@ LET [é=1
1940 LZT [7=11+12
1953 GOTO 294@ | U
196@ INPUT DO YOU NEED THEZ FIRST OFAFT OF THIS DEPLETED ZONE, YES(1) OF
NO¢232",Y4
1972 LET 16=1 -
1989 LET 17=12+11
199¢@ ON Y4 THEN GOTO 2029, 204p.
2000 GOSUB S610 :
2@19 GOSuUB 5770
2020 GOSUR 4880
2930Q CGOTO 1968 '
2040 INPUT "WHAT COOR. SYSM. DO YNU wWANT TO TRANSFORM TO, Al TO a92",Al,
P21A31A43A51A6:A7:A3'99 N .
2054 INPUT "FROM WWICH TO ®HICH VACANCY DO YOU WANT TO TRANSFORM,FROM 16
TO 17 2",16,17 ’
2060 GOSUB 3940
2272 COSUR 4apg@
2¢8@ FORK Y2=16 TO I7T . ‘
2099 GOSUE 4299 .
T 2100 NEXT Y2
2110 LET B7=2«INT((AT+1.2)/2)
2120 LET B8=2«[NT((AS+1.2)/2)
213¢ LET B9=2+«INT(CA9+1.2)/2)
2140 LET Bé6=2+«INT((AT+A8+A9+1.2)/2)

" 2150 LET BS=SGR(AT#AT+AB«AR+A9=A9)

2168 ON Y& THEN GOTO 217@, 2209 ’ -
2178 IF AT=87 THEN IF A8=BR THEN IF A9=89 THMEN CGOTO 2222 )
2180 IF A7=B7~1 THEN IF AR=zE8-1 THEN [F A9=R89-1 THEN GOTO 22292

- 219@ GOTO 224¢@

2204 [F- AT+A%+A9=86- THEN -GOTO 222¢

2213 GOTO 224@

2229 LET S=2/85

2230 GOTO 225@

224@ LET S$=1/85

22S@ FOR Y2=16 TO 17 .

2269 LET UC3#Y21=INTCUL3*Y23/S+..1)
2278 NEXT Y2

2280 LET 2@=UL3+16)

2299 LET 29=UC3+16)

239@ FOR Y2=16+1 TO I7 X .
2310 IF UC3=Y21<Z3 THEN LET ZA=U(3*Y2]
232¢° IF UC3*Y2]>F9 THEN LET £9:=U(32Y2}
2330 NEXT Y2 - '

2349 LET 29=INT(Z®

2350 LET £29=INT(Z9+.9)
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Pasa FOR Y2=16 TO 17

2379 LET Ut3tY2] uc3:Y21 -Z2R+1

23890 NEXT Y2

2390 FOR Y2=1 TO 229

24990 LET ACY21=0

2418 NEXT Y2

2429 LET C3=SQR(A7t2+4812+0912)

243@ ON Y6 THEN COTO 244@, 2539

2449 IF AT/2=(NTCAT/2+.001) THEN GOTO 2ar-m

245@ IF AB/2><INT(AB/2+.7A21) THEN IF A9/2><INT(A9/2+.Qd1) THEN GOTO 2512
2460 LET 15=1/C3

247¢ GOTO 2529 ,
2489 [F AS/2=INT(AS/2+.221) THEN [F A9/2=[NT(A9/2+.0@1) THEN GOTO 2519
24909 LET (5=1/C3

2509 GOTO 2520 . .

2519 LET 1S=2/C3 : .

252¢ GOTO 2570 :

2S3@ IF A7*°8¢A9-2ttNT((A74A8¢A9)/2¢-EG!) THSN GOTO 25406

2549 LET 1S=1/C3 .

2558 GOTO 257@

2560 LET 15=2/C3

2578 LET x2=1

2583 ON X2 THEN GOTO 259@, 2724

2599 LET [4=INT(2.82842/15+.5) .

2609 FOR Y2=16 TO 17

2618  LET BA=INT(UL3*Y21/[4=.1)+}

2629 LET A(BAal= ALBal+l

2630 NEXT Y2

2649 LET $9=9 , .

2650 PRINT "THE THICKNESS OF THE SLAB I[S";3[4«[S=D8/2:" A **

266@ PRINT "SLAB NO.'","VAC. NO.',"SUm*"
2679 FOR-Y2=1 TO INT((Z9-ZP+1)/1a=.1)+1
2680 - LET S9=S9+a(Y21

2699 . PRINT Y2,ALY21,S59

2708 NEXT Y2

2710 GOTO 2879

2729 FOR Y2=16 TO 17

2738  LET Ba=U(3aY2]

2740 LET A(B4l=A(BAal+t

2750 NEXT Y2

2769 LET $3=9

277@ LET S9=9

2780 FOR Y2=1 TO INT(Z9-29+l+.1)
2799 LET S8=53+Y2=5(Y2)

2300 LET S9=5S93v2r2«a(Y2)
2818 NEXT Y2

2828 LET S8=(¢S8/(¢17-16+1))r2
2830 LET S$9=59/(¢17-16+1)

2849 LET S9=S0R(S9-53»

2853 LET $9=S9+[5=08/2
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286A PRINT '""THE DAMAGE wIDTH ALOMG ("'A7 ARIA9 ;"] = "-59:" A
2878 GOSUB 37790 :
2g88@¢ FOR Y2=16 TO 17.
89@ LET ULJ3&Y2)1=UC32Y2]+Z0~ 1
29900 LET UC3#Y21=5sUC3xY2)
2910 NEXT Y2
2929 GOSUB 4@80 -
2938 FOR Y2=[6 TO 17
2949 GOSUB- 4299
2950 LET Y4=aBS(UC3=Y2-2]- INTcucs-Yz 21+.21))
2960 LET YS=ABS(UC3*Y2-1J)=-INTCUCI#Y2-11+.01))
2970 LET Y7=ABSCUL3sY21-INT(UL3I*Y21+.31)) .
2980 IF Y4<.201 THEN IF7F YS5<.991 THEN [F Y7<.2a1 THEN COTO 3Ga0
2999 GOTO 23@22
39e9 LET UC3=Y2-21=INT(U[3*Y2-23+.1)
3018 LET UC3=xY2-1]= INT(U(J*Y?-!]#-I)
30290 LET uca~121-1~r<uz3xyez¢.1)
383@ NEXT Y2 -
304@ REM . . . .
3050 REM DETERMINATION OF 16 aND 17 o o —_
3063 REM. . . : o ’
3970 GOSUB 5618
3080 GOSUB 5778 : c :
3898 INPUT “WHAT ARE YOU GOING TO DO NOW? OLD PLOT(1), NEW PLOT(2), OR P
UNCH PTR(33)2?",Y4
319@ ON Y& THEN GOTO 3110. 2849, 313a
311¢ GOSUB 4883
3120 GOTO 3@99
3130 GOTO 3179 . '
3140 REM ’ ) ’
3156 REM ARRANGE AND PUNCH DATA ON PTR FOR ORTEZP PROGRAM IN MSC CENTER
.3160 REM .
3170 FOR Y1=16 TO 17
3189 LET Y4=ABS(UCL3=*Y1-21-~ tNT(U(StYl-ZJO-GI))
3198 LET YS=ABSCUC3aY1=-11-INTCUC32Y1=13+.01))
3290 LET Y7=ABS(UCL3=Y1J=-INTCU(3*Y11+.01))
3210 IF Y4<.81 THEM IF YS5<.@! THEN IF Y7<.@1 THEN GOTO 3239
- 322¢ GOTO 3390
3239 FOR Y2=a4 TO 2

3249 "LET Vvi=U{3aY1-Y2) -

325¢ IF V1=@ THEN LET U[32Y1-Y2]1=.222222 .
3269 IF Vi/1@=>.099 THEN [F Vi/1@=<.95 THEN LET UFS‘YI-Y2]=V1*.22222
3279 IF V1/120@=>.295 THEN IF V1/100=<.99S5 THEN LET U(3=Y1-Y21=Vv1+.22
22 : :

3280 IF V1/1000=>.0995 THEN [F V1/12€0=<.9995 THEN LET UC3aY1-Y21=zVl
+.222

3294  NEXT Y2

3300 NEXT Y1 ~ :

3310 INPUT "“FROM WHICH TO WHICH VACANCY D0 YOU WANT TO PUNCH ON PTR.I T
O 172", 16,17

3320 FOR Yl=1 10 1009

3330 GOTO 3349 :

3340 NEXT YI

3350 PRINT "DEPLETED ZONE - ;123 ¢ 3[7-16+23')"

.




33é@ COSuB
3379 cOsue
333A GOSus
3394 cosus
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449¢
4790Q
4533
4734@

3469 FOR Yi=16 TO0 17
Jata GOSUB 45807

gaaa IF Yl=<I7-1 THEN GOTQ 3440

430 PRINT '1*;
3449 CGOSUB 4629
345@ NEXT Y1
3468 LET X1=131

34708 GOsSuB

437@

3480 LET x1=201

3492 GOSUB

4370 . . . '
TAR(&);5"301"s TAB(12)3"16.Q2@08'" 5 TAB(21)1"11.369"; TaBcl@)r:"$S

3529 PRINT

00.980"; .

3510 PRINT TAB(39):"0.5000"; TAS(48);"2.7@908" 1 TaB(S57);"2.0002"; TAB(66
Y3;'"0.0820" :

3520 LET K1=2303

33530 GOSUB 4379

3549 LET K1=491

355A GOSUB 4640

3362 LET K1=501

3570 GOSUB ag8ag@ L ) .

3388 PRINT TAB(6):"S@A2"5 TaBC17):"1"; TAB(C24)35"30."3 TAS¢3IS);" 25 TAB(a

2)3'308."3

"359@ PRINT TABCS3)3*3*; TaB(&d);"3@." . ) ]
36Aa PRINT TAB(6);:"6Aa"; TAB(12);'0.299a"; TAB(21):"0.90R8 ;. TABC3IZF): "0
.3208'"; - :

3618 PRINT TAB(39)35.9208"; TAB(43)3"7.2000"; TA3(S571:"2.3800"; TAB(&6
¥3“Q.089d0" ‘

3620 PRINT TAB(&Y;*611'; TABC12);:"R.0403"; TAB(21);90.d000"; TAB(33):"3
+3000"; ' ’ ' S

3630 PRINT TAZ8(39)3"2.0000"; TABRC4R):"9.0020"; TABCST)I;"A.AA02*;: TAB(4S
Y3*9.9009"

3640 PRINT TAB(6)3" 79245 TABC12)392.90320";3 TAB(21);"R.A0@A"; TAB(3A) ;7
. 3000 | .

3658 PRINT TAB8(¢39)3"72.0082* 3 TAE(4AB):"2.1802";: TAB(ST);:0.950@"; TAB(&E
)378.05808°" o

3663 LET x1=802

3670 COSUB 4413

3638 GOSUB q4Se@

393 LET X1=222

370Q@ GOSUB 4370

3710 LET x1=202

3720 GOSUB 4379

3738 LET Kl==1

374Q GOSUB 4699

375@ END :

3760 STOP

-3778 FOR Y1=17 TO 16 STEP -1

378€8° FOR Y2=16 TO Yi~-1.

3790 IF UC3«Y231>UC3=Y1] THEN COTO 3810 .
3809 GOTO 3990 ) -
3310 . LET wi=ut3=yv2-21

3320 LET W2=U(3=Y2-11

3839 LET ®3=UC3=Y2) v

3840 LET UC3%Y2-21=U(3=Y1-2)

3858 LET UC3*Y2-121=UC3sY1-11]



RETY)
3370
3ssa
3390
3900
3910
3920
393@
3949
39sa
3960
397¢@
3980
3990
49009

4ag19-

4A29
. 4039
4949
4959
4060
4970
4989
4299
4109
4119
4129
4139
4149
4150
4168
4170
at1se
419¢
429049
4218
4229
4230
42490
4250
4260
4279
4289
4299
43909
4310
43293
4339
‘4349
4350

LET
LET
LET
LET

206

UC3+Y21=UC3aY1)
SUC3I*Y1-21=wl

UC3=Y1-1)=%2

UL3*Y13=k3

NEXT Y2
NEXT Y1
RETURN

STOP

LET
LET
LET
LET
LZT
LET
LET
LET
LET
LET
LET
LET

C1=SQRCA1~A1+A2+a2+43%43)
C2:=SCR(A4~Aa+85245+A62A6)
C3=SCR(AT~AT+AB ~AR+AI=AT)
EC1,131=A1/C1
£02,11=A2/C1
€03, 11=a3/C1
EC1,2)=A4/C2
E(2,21=A5/C2
EC3,21=A6/C2
EC1,31=A7/C3
£02,31=48/C3.
£03,331=A9/C3

RETURN

STOP

LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET
LET

B1=£(2,21%E(3,31-E€(2,31+€(3,2]
B2=£(2,31*E£(3,1]1<E£(2,112E(3,3
B3=E£(2,11*E(3,21-E(2,21*E(3,1]
Baz=E(1,31*E(3,21-S(1,21=E£03,3]
BS=E(1,11*E(3,331-EC1,3]*E(3,11]
B6=E(1,2)=E(3,1)-E(1,11=EL3,2].
B7=E01,21+E£(2,3)-EC1,31#E(2,2]
B8=£(1,31+E(2,11~-EC1,13%E£[2,31
B9=E(1,1]=E(2,23-2(1,21*E(2,11."
CA=EC01,11%B1+E(1,21282+E(1,31+83
EC1,13=B1/Ca’ .
Ef1,21=84/Ca

£01,31=B7/CA4

££2,13)=82/Ca

£C2,21=8S/Ca

£{2,31=88/Ca

E£(3,11=83/Ca

EC3,231=86/Ca

-EC3,31=89/Ca

RETURN

sSToP

LET
LET
LET
LET
LET

LET

WlzEC[1,1)2U(32Y2-21+E01,21*UC32Y2-11+E(1,31+U(3=Y2]
W2=E(2,112U(32Y2-21+E(2,21=U(3=Y2-11+E£(2,31xU(3=Y2)
W3=EL3,112UC(32Y2-21+E(3,21+UC3I»Y2-11+E(3,31%«U(3*Y2]
Ul3*xY2-21=wt

Ul3=r2-11=42

UC3=Y21=w3

RETURN
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436@ STOP .

4372 PRINT TAB(S)Y3X13 TAB(12)350.8000"; TAR(21);'2.2320"";: TAB(32):"2.00
Ba'"s E

4389 PRINT TAB(39):"2.3R2@°: TAB(AaR);"2.3G02"; TASC(ST)I;"2.2000a"; TAB(&&
Y31Q.20@0"

4390 RETURN

4409 STOP '

4419 PRINT TAB(2)3i2'; TAB(S)I;K13 TAB(11):"A.090008"; TAB(22)33.A00Q3"";
TAB(29)33.A000a'"; ' ’

42@ PRINT TAB(38);'0.00000°; TASC47):"3.007320";: TAB(S6):'2.00@Aa"; TAB
t65)3"0.900008"*" :

4430 RETURN

444Q@ STOP

4450 PRINT TAB(2);:7a*; TABC11)3'2*; TABC13);:28°; TABC1TYs"2"; TAB(I19);
"30°': TAB(23)3' 1%y . :

4460 PRINT TAB(25)31.5a03 TAB(31):*°1.900™3 TAB(37);"3.0a49"

4478 RETURN

448@ STOP . :

4499 PRINT ~ TAB(2):2.00209'; TAB(11);"2.0802220"; TAB(22):''2.0882@0";

4500 PRINT TAB(29);23.90002"; TAB(38)1"3.0Q20A"; TABRCA7);"3.3A20a"

4510 RETURN

4529 sTOP -

4538 PRINT 13 TAB(6):'0.0000090": TABCITY;'1"; TAB(23>;:"9"; TAB(23):"9
"3 TAB(38)31"2.0000880%; : -

45490 PRINT TABCA131"3*";3 TA2(C44)3' 13 TAB(47);3"3'; TAB(SA);"2.Q20300¢3' ;

4559 PRINT TAB(65):2""3 TAB(S8);*2'"3 TABCT1)Y;"1"

4563 RETURN

4579 STOP

4589 PRINT TAB(11)3'0.90000"s TAB(22);:"3.00000'; TAB(28);Ul3=Y1-21;

4590 PRINT TAB(37)3UC3I#*Y1-11; TABCA4);;UCI=xY11s TABCSEL1);"2."

4600 RETURN . : -

4619 STOP .

462% PRINT TAB(2);0.50029"; TASC11)3;"0.dA@02"; TAB(29);"2.93908"; TABC

291:;9.000@93"; ; . o ' :

463% PRINT TAB(38);'0.00000'; TAB(47)1."2.0A0308"3 TABCE1)Y;3"6."

4640@ RETURN' - .

4653 STOP . o _

4668 PRINT TAB(S):K13 TAB(12)32555A2*; TABCI8);3'~ sssez2*

4678 RETURN : .

46393 STOP ' .

46993 PRINT TAB(7Y:K1;: TAB(12);"9.00€0%"; TAB(21>:"2.39GQ"; TAB(30):"A.AR

00°'"; :

4700 PRINT TAB(39);72.0068'; TASC48);'2.90008"; TAB(S7)3:"@3.030%'; T[AB(&64
3"0.2000°°

4719 RETURN

4728 STOP ) )

4730 PRINT TAB(11);"8.080000"; TAB(23);'9.00020"; TAB(29);:"2.3220A0";

4749 PRINT TAB(38):''0.d0060';: TAB(47);*3.020a0* ;s TABC61);"2." :

4750 PRINT TAB(2);0.50€90"; TASC1'1);"@.30000; TAB(27):"9.020Aa' ; TAB(

29)3"2.00000";

4760 PRINT TAB(38):"0.000@0"; TAB(47)372.000@0*; TAB(61)5"6."

4779 RETURN -

478@ STOP; : . ‘

4799 PRINT TAB(46);*3.0000090";: TABC17) ' 1; TAR(28):"C"; TAR(23Y;:;"a"; T
AB(3@);:''0.00002C0"; :

4800 PRINT - TABC41);"0;3 TAB(A44)3"1'3 TAB(AT);"23"; TARE(SA)3"2.RPQGQRA";

TABC 65);5@"; '

4810 PRINT TAB(68)3'3'; TABCTULY3*"1*"

4823 RETUEN .

4830 STOP ) : a .

4840 PRINT TAB(S)3K13 TABC12);*1555a2* 1 TAB(21);:'1555@2*; [AB(3@)3"1£55
@23 TABR(39)3'1555@9"; . '

48S@ PRINT TAB(48);' 156508 ; TAR(ST7):8.8008"; TAR(T1);"1*
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486 RETURN .
870 STOP - . ] S

1880 INPUT "wHAT IS THE VIEW DIRECTION , (1) OR (2) ?%,x7

4899 INPUT “FRONT(1), R-M SIDEC(2), OR TOP VIEW(3) ?2",ve -

4900 INPUT "%HICH VACANCIES DO YOU LIKE TO LABEL » HC(1) TO HCA)Y?",H(11,HK
(21,H(31,HC4) ’
4910 ON K7 THEN GOTO 4950, 492¢@

492¢ LET S1=0

4930 LET Ss2=¢

4949 GOTO 4970

495@ LET S1=2/3

49¢@ LET S2=1/3

497@ LET va=15@

498@ LIT \V5=8@

4999 1F Yé=1 THEN LET vé=2

5008 7 Y&=2 THEN LET v6=3

S@1@ ON v@ THEN GOTO 5122, 5822, Sa@7¢

S@20 LF 97S5/¢Y9+S51sX9)>780/ (Z9+S2+X9) THEN COTO 5850
S@3@ LET wé=950/7(Y9+S12X9)

S@43 GOTO 5168

S@S@ LET w6=700/(Z9+S2+X9)

S@60 GOTO 5169

5@79 IF 975/(X9¢Sltc9)>78@/(Y9¢52tc9) THEN GOTO Sige
5686 LET w6=950/(X9+S1229) :

S@90 GOTO 5168

S198 LET %6= 7naz<v9«sz:=9>

$S110 GOTO 5169

5120 IF 975/<x9+sx:v9>>7ao/<=9+saave) THEN GOTO 5150
S130@ LET %W6=2950/(X9+51=Y9)

5140 GOTO S514@ - -

S150 LET 62780/ (29+52%Y9)

5168 LET w6=.8+k 6

S170 PRINT "<27><12>*

S18Q@ ON X7 THEN GOTO S24@, S19@

S190 CALL 20,45,8,102@,¢

S2¢@ CALL 26,102¢,9,1829,730

$S210 CALL 20,1020¢,7890,45,780

5229 CALL 29,45,780,45,90

$23@ GOTO 540¢

S24@ CALL 26,45,8,638,8 .

$2S@ CALL 29,639,9,639,585

S248 CALL 29,630,585,45,58%

" 5270 CALL 2@,45,585,45,3

$280 CALL 29.,639,9,1029,19S

529@ CALL 20,102@,195,1029,789

$300 CALL 22,1020,780,435,780

S310 CALL 29,10290,789,639,585

S320 CALL 20,435,789.,45,58S

5330 FOR Y1=0 TO 38 STEP 2

$S3490 CALL 29, 45*398*Yl/39,195!Yl/39.450396*(Y1»l)/39,l95t<Yl¢1)/39

S358 NEXT Y1 -




5360
§370
5380
5390
5200
Sa19
. Sa29
5430
5440
5459
S46@
3479
5480
5499
$soe

3519

5529
ss3e
5540
ssse
sséa
5570
5580
5590
5600
s610
- 5620
5638
S 649
5658
5669
S670

-5689

5699
S700
5719
s72@
5730
© 5749
5750

5760

5770
5780
s790
sgee
sg1g
5829
5830
5840
5850
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FOR Y1=0 -TO 44 STEP 2
CALL 20,435+Y1%585/45,195,435+(Y1+1)2585745,195
CALL 28,435,195+Y1%585/45,435,1954¢Y+1)«585/45

NEXT Y1 .

FOR Y2=16 TO .17
ON V@ THEN GOTO 548@, 5429, Sa5¢@

LET Ww1=wé«U(3aY2-1)+Va+h6aS1a(UTI*I2-2]+1-UC32Y2-21)
LET W2=w6aUL3*Y2]+V5+hbxS2%(UCIal2-21+1-UCI*sY2-21)
GOTO SSé9
LET wl=w6sU(3+Y2-2)1+VAa+kb6xS14(UCI=L2]+1-UC3xY2])
LET w2=Wb«U(3aY2-11+VS+uwb6xS2*(UC32[21+1-Uf3*y21) .
GOTO 559@ : . :
LET W1=sW6aULI*Y2-2)+V4+h6aS1+UL3xy2-1])
LET w2=wé*UL32Y21+VS+h62S2+U(34Y2-11]
GOTO S519
CALL 22,w l;;k_2.'~ 1,W2
FOR Y3=1 TO a4

IF Y2=H(Y31 THEN PRINT Y2
NEXT Y3

NEXT Y2

FOR Y1=1"TO 4@
PRINT

NEXT Y1

RETURN

sToP

LET X@=U(3=6-21

LET X9=UC3*»[6-2]

LET YO=UL3=x16-<1]

LET Y9=UC3*16-1]

LET 20=UC3=167..

LET Z9=UC3+161

FOR Y2=16 TO (7

" IF UC3=Y2-21<X@ THEN LET X@=U(3sY2-21
IF UC32Y2-21>X9 THEN LET X9=U[3=Y2-23
IF-UL3*Y2-11<Y@ THEN LET Y@=UC3=Y2-1)
IF UC3=Y¥2<-13>Y9 THEN LET Y9=U(C3#Y2-1]
IF UC3%Y21<29 THEN LET 2Q=UC3xY21]

IF UC3*Y21>29 THEN LET 29=UC32Y2)

NEXT Y2

RETURN

sToP .

IF X2/2><INT(X9/2) THEN LET X@=xa-t

IF YO/2><INT(Y®/2) THEN LET Y@=Y@d-1

IF 28/2><INT(29/2) THEN LET Z@=39-1

FOR Y1=16 TO 17
LET UC3I*Y1-21=UC34Y1-21-X3
LET UC3=Y1-11=UC3*Y1-11-YQ

- LET UL3»Y1)=UC3sY1]1-20

NEXT Y1

LET X9=2X9-X@




S8 &4
5870
sg88na
S890
sspge
S910

210

LET Y9=Y9-Y0
LET 29=29-29
LET X9=9

LET Y8=9

LET z@=2
RETURN
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D.4. .Program DZP2

P13 REM
@N29 REM DEP2
2232 _KEX )
- 71899 0N K3 THEN GOTO 1992, 1939
- 199@ LEIT [6=1
1919 LET 17=12
1928 GQTO 27790
193@ READ A1,A2,83,34,A5,A6,A7,R8,A9
1948 COSUB S160
195@ GOsSuUe 5399 - ’
96@ FOR Y2=] TO l1+12
970 GOSWB S5S519
1988 NEXT Y2 ) )
199@ LET B7=2+INT(CAT+1.2)/2) ' . . ‘
2972 LET BRz2«INT((AS+].25/2) _ . ~-
2019 LET B9z2* INT((A9+1.2172)
2020 LET D6=2+INT(CAT+AR+A9+1.2)/2)
2030 LET BS=SER(AT*4T+aq+2AR +A9=A9)
20492 ON Y& THEN. GOTO 20@Sa, 2989
2954 1F AT7=87 THEN [F asg=83 THIN I'F A9=89 THEN GOTO 2120
2260 IF A7=87-1 THEN IF AB=BS-1  THEM IF A49=89-1 THEN COTO 2100
2979 GOTO 2129 ’
2980 IF AT+A3+09=R6 THEN GOTO 212@
2@9@ GOTO 2129
""2199 LET S=2/85
2119 GQTO 2130
2129 LET S=1/85 : ‘
2130 FOR Y2=1 TO T[1+12 : : —_
2143 LET UC3=Y2]=INTCU(3Y21/5+.1) :
2158 NEXT Y2
2160 LET 22=UC3]
2178 LET 29=UC3)
2180 FOR Y2=2 TO [1+12
2190 IF UC3*Y21<E3 THEN LET 20=U(3aY2)
2279 IF UCJ=xY21>29 THEN LET 29=U(3=Y2]
2218 NEXT Y2 -
222@ FOR Y2=1! TO I1+12 :
223¢ LET UL3#Y21=U(3=Y2]- ~2o+l
2240 NEXT Y2
o 2250 FOR Y2=1 TO 200 v
: 2269 LET A(Y21=9 _ -
2279 NEXT Y2 :
2280 LET C3:SORCAT*2+A812+2912)
2290 ON Y6 THEN GOTO 2304, 2396
2380 IF A7/2=INT(A7/2+.@@1) THEN GOTO 234@ )
2310 IF AR/2><INTC(AR/2+.001) THEN [F A9/2><INT(R9/2+.3G1) THEV GOTO 2374
2329 LET 15=1/C3 :
233@ GOTO 2289 - ‘ ’
2348 IF A8/2=INT(AB/2+.801) THEN [F A9/2= [NT(A9/2¢-801) THEN GOTO 2379
2359 LET 15=1/C3
23€@ GOTO 2389
2379 LET 15=2/C3
© 238@ GOTO 2433
2399 IF AT+AS+A9= 2*!NT((A7~A8¢A9)/26.0G1) THEN GOTO 2a2¢
2420 LET 1S=1/C3
2419 GOTO 2439
2429 LET 15=2/C3
2430 LET T4=INT(2.823842/15+.5) .
2449 FOR Y2=1 TO [1+12 -
-245@ LET -B4=INT(U(3+Y2)/T4a=.1)+1
24¢a LET A(B4l=AL34)+!
2479 NEXT Y2
24803 LET $9=0
2498 PRINT *SLAB NO.',"VAC. NO.',"SUm*
2580 FOR Y2=1 TQ INT((Z9-2@+1)/14a=.1)+1
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2510 LET S9=59+A(Y2)

S20 PRINT Y2,A(Y21,S9

538 NEXT Y2
2549 LET [6=1 .
2558 LET 17=[11+12
2560 GOSUB 4839
2579 FOR Y2=1 TQ [1+12
2588  LET UC3aY21=UL3*Y21+2A-1
259@  LET UC3#Y21=5#U(32Y2]
26@@ NEXT Y2
2610 GOSUB 532¢
2620 FOR Y2=1 TO I1+12
2639  GOSUB 5519
2648 LET YA=ASS(U(3*Y2-21-{NT(U(3=Y2-23+.91))
2650  LET YS=ABS(U[3«Y2-1]1-INT(U(I*«Y2-11+.01))
2668 LET Y7=ABS(U(3=Y2)-INT(UC3*Y21+.21)) : .
2670 IF Y4a<.@@1 THEN IF YS<.@@1 THEN [F Y7<¢.281 THEN GOTO 2690
26889 GOTO 2729 :
2690 - LET UC3sY2-2)=INTCUL34Y2-21+.1)
2700  LET UC3*Y2-1I=INTCUC34Y2-1]+.1)
27190  LET UC3*Y21=[NTCU(3«Y2]+. 1)
2729 NEXT Y2 :
273@ REM "
2740 REM VACANCY CONCENTRATION
2750 REM
2760 READ 16,17 |
2770 IF 16=0 THEN IF 17=0 THEN CGOTO 4634
2786 GOSUB 465@
'279@ GOSUB 5000
2398 LET S@=4
281@ FOR Y3=l TO '3
‘2829  IF Y3:! THEN LET A1:=X@
2830  IF Y3=1 THEN LET A2=x9+1
. 284@° IF Y3=2 THEN LET A1=Y9
2850 . IF Y3=2 THEN LET A2=79+1
T 2868 IF Y3=3 THEN LET a1:=29
287@ IF Y3=3 THEN LET A2=29+1
2888 LET S9=2 .
2898 FOR Y1=Al TO A2 STEP SO

29¢9 FOR Y2=16 TO 17

2919 -GOSUB '5598 . . . :
2929 IF UCA31=>Y1 THEN [F UCA3)=<Y1+S8-1 THEN GO0 2954
293@ NEXT Y2 L -
2949 GOTO 3230

2950 LET Bl=zUCa4)

294a " LET B2=U(A4]

2978 LET B83=U(sS)

2989 - LET Ba=UCAS]

2999 FOR Y2=16 TO 17

3909 GOSUB 5399 - . LT




3e1g
13929
383@
30490
3059
3060
3819
3080
3¢90
J1ee
3119
3129
3130
3149
3150
3160
317@
3180
3190
32ag
3210
3e2e
3230
'324@
3254
32¢e
3270

3289.

3290
3aeé
3319
3324

333@.

334¢
33se
J3¢e

337e:

3380
3390
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IF UCA31=>Y1 THEN IF UCA31=<Y!1+5a-1 THEN GOTO 3230

€oTO 3@70
IF UCA21<B1 THEN LET E81=UCA4)

IF UCA4)>B2 THEN LET B82=UCA4)
1F ULAS1<B3 THEN LET B3=U(AS)
IF UCAS1>B4 THEN LET .Ba=UCAS)
NEXT Y2
LET BS=82-31
LET 59=84-33
[F 28=0 THEN LET B83=2
IF B9=0 THEN LZIT B9=2
ON Yé THEN COTO 3132, 319¢ .
IF 88= 2:r~.<c=3+1)/2) THEN IF 29=2+[NT((E9+1)/2) THEN COTO 31¢A
LET Ya=9 . o
GNTO 317¢
LET Ya=1
LET S= xu*'c<aaon>-<s9o1>+1>/2):se INT(S@/2)*Y4Q
GOTQ 3229 .
LET AB=INT(B8/2+1)
LET A9=INT(S59/2+1)
LET S= AR %A9*SA - INT(SO/2)~(#8*G9 (AR - 88/2#»‘\’?-1)*(#9 59/24»:-9-1))
LET $9=59+5
NEXT Y1
LET ss-.narvr<|a@e*<r7 [6+131/59)
LET GLY31=65
PRINT "CC¢"3Y33)=";BS;" 2"
NEXT Y3 .-
LET GCAl1=(GL11+G(21+G(31)/3¢0
PRINT **THE AVERAGE VACANCY CONCENTRATION IS "-cr41~xae-" ze
REM S
REM RCII/RANCD)
REM -
FOR Y1=1 TO 9

LET JtY1l=0
NEXT Y1 -
FOR Y1=16 TO 17

FOR Y2=16 TO 17

1F Y2=Y1 THEN GOTO 35@@
LET R= <uc3-v1-°1 ura-yz 2J)e2»<uc3:Y1-|J ucaxve-ll)r2~<Ut3xY11-

Uf3=y21 2

3a@9
3419
34292
3430
Jaae
Jasa

3468

3Ja7@
3480
3499
350@

ON Y6 THEN GOTO 3410, 3434 .
- IF R=<19 THEN LET JOINTCR/2+4 1) 1= J[[VT(R/Z'-l)]Ol
GOTO 35@@

IF R=<«25 THEN GOTO 3450 N

GOTC 3saa

LET Y3=INTC((R/S-INT(R/S-.1))%3+.1)

LET Y4=3=INT(R/8=~.1)

UF ¥3=3 THEN LET JLY4+11=JCY4a+13+1

[F Y3=4 THEN LET JCY&+¢21=J0Ya+21+1

[F Y3=8 THEN LET J(Y4+31=J(Ya+31+!

NEXT Y2




* ———

3510
3529
3530
3549
3550
3568

357a

3539

' 3599

. 600

3Ne

3619

3623
3630
3 64@
3450
3660
3679
3680
3699
379¢

1728
373¢
3740
3750
3760
3779
3789
3796
3800

3819

3829
3839
3849
383
3860

Utlay21)12

3379
338a
3890
3909
39108
3929
3930
3940
39se
3960
397@
3980
3999

4999

~
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NEXT Y1

ON Y6 THEN GOTO 3539, 3439
LET F{11=12

LET F(21=6

‘LET F(31=2a

LET FCal=12

LET F(S1=2a

LET F(61=8

LET FC7)=48

LET 7F(31=56

LET Ft91=36

GOTO 3723

LET Ft11=8

LZIT FL21=6

LET F(331=12

LET F(a3=24

LET F(S51=8

LET F(61=6 . - .
LET FC71=24 , .
LET F(81=24 - C

LET F(91=24

FOR Y!=1 TO 9
PRINT "RC"™3Y13"™)","RC™3Y13"I/RANC ;Y13

PRINT JCY11/¢17- Ié*l):J[Yl)/(17-[661)/FCY11/C54]
NEXT Y1
REM
REM RADIAL DISARISUTION FUNCTION OF FIRST KIND
REM

FOR Y1=1 TO Se

LET ACY13=Q

LET 8CY1)=0
NEXT Y1 ‘
FOR Y1=16 TO 17

_FOR Y2=16 TO 17

IF Y2=Y1 THEN GOTO 3949

LET R=CUC3=Y1-21-UC3#Y2-21) 12+CUCIaY1-11- UE3*Y2-I])'2*(U(3*Y1]-

LET R=S8R(R) .
IF ABS(R/2-INT(R/2+.03091))<.3@@1 THEN GOTO 391@
LET ACINT(R/2)+11= A(INT(P/Z)*I]*!
GOTO 3940
LET B1=INT(R/2+.0001)
LET. A{B11=A(B11+.5 .
LET ACBi+1)=A(B1+11+.5
NEXT Y2
NEXT Y1
PRINT “THE RADIAL DISTRIBUTION FUNCTIONS OF FIRST KIND ARE s
FOR Y12t TO S@
LET Al=2=Y!
LET V1z4a%3.14159%CA113-CA1-2)133/3
IF Yé=1 THEN LET Aa2=V1/2




iamia
14920
4930
4049
4050
4960
4079
4@89
4999
4199
‘aitre
4128
4139
41409
4159
4168

4179

4188
4199

4229

a21.9
4229
4239
- 4249
a259
4259
4279
4288
4299
4309
4312

4329

4330
- 4349
- 4359
43 6@
4379

. 4389 .

4399
4499
‘4419

4429
4430 -

4449

VLT

4469
4479
4480
4499
45909
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IF: Y622 THEN LET A2=V1/4
IF ACY11=0 THEN GOTO 4@4@

PRINT “CC™3Y13%) = "3ACY11/C1T-16+1)/42
NEXT Y1

GOSUB .465@

COSUB 4839

‘cosuB sgea

GOSUS 5739
REM

‘REM S{ZT DISTRIBUTION OF CLUSTERS

REM
FOR Y1=16 TO 17
LET AcY11=0
NEXT Y1
FOR Y1=16 T0 17
LET -YS=1
LET Al=Yl-
GOSUB 5968
IF ABSCACY11-.21)<.80d01 -THEN GOTQ 4229
LET atY1l=1 S
GOTO 4230
LET ACY11=9
NEXT Y!
FOR Y1=16'TO I7.
LET vS=2 .
IF ACY11>.9@001 THEN GOTO 43@@
LET al=Y! .
GOSUB 5968
GOTO 4329
NEXT Y1
GOTO 4519 . . B
FOR Y3=1 TO 280 .
FOR Y1=16 TO 17
IF ACY11=>1 THEN GOTO 4383 . ‘
IF ABSCALY1]-.71)>.00@@1 THEN GOTO 438@

LET Al=Y1
GOSUB 596a
NEXT Y1 :

LET B(Y3]=9
FOR Y1=16 TO 17 )
I[F ABSCA(Y1]-.21)>.08081 THEN GOTO 443@
LET B(Y31=8(Y31+1 ‘
NEXT Y1
IF BLY31=8(Y3-11 THEN GOTO 4469
GOTO 4509
"FOR Y1=16 TO 17
IF Aas<AcY11-.al)<.@eeel THEN LET ACY11=8(Y3)
NEXT v! | '
GOTO 4240

NEXT Y3 .
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4519 LET S9=0a- _
Psae FOR Y1=2 TO 200
453@ LET S=0
4549 FOR Y2=16 TO 17 - ’
FELY) IF ACY21=Y! THEM LET S=S+1
4569  NEXT Y2
4573 1F S=@ THEN GOTO 4629 ;
4588 PRINT "NG. OF VACANCY CLUSTER OF SIZE ";v!
130y
4599 ° LET S9=59+S A
460 IF S9=17-16+1 THEN IF [7=[2 THEN €OTO 4639
4618 IF S9=17-16+1 THEN GOTO 2760
4629 NEXT Y1
4630 END
4640 STOP
4650 LET X@=UC3+16-21
. 4660 LET Y@=UC3*16-11
4670 LET 2@=U[3=I€]
4686 FOR Y2=16+1 TQ 17
4699  IF X@>UC3*Y2-2)1 THEN LET X8zU(3+Y2-2)
4708 1F Y2>UL3%xY2-1] THEN LET Y@=UL3*Y2-1]
471@ " [F 20>UC3xY2) THEN LET 20=U(3xY2]
4729 NEXT Y2
4730 LET X9=UL3x16-21
4740 LET Y9=UC3*[6-11
47S@ LET 29=UC3+16]
479 FOR Y2=16+1 TO 17
. 4779 LF X9<UC3#Y2-21 THEN LET X9=U(3=Y2-21
4788  IF Y9<UC3xY2-1] THEN LET Y9=U(3aY2-1]
4799  IF E9<Ul3*Y2) THEN LET 29=U(3=Y21
48@0 NEXT .Y2
4813 RETURN
4823 STOF
483® FOR Y1=[7 TO 16 STEP -1
4848  FOR Y2=16 TO Y1-1i

4859 [F UL3+Y21>UC3=Y1] THEN GOTO 4870
48 4606 . GOTO 4969

4879 . LET Wwi=sU(3=Y2-2]

4880 LET W2=UC32Y2-11

"489@ - LET w3=Ul3=Y2)

4909 LET UC3=Y2-21=U(3aY1-21
4919 LET UL3=Y2-11=UC3aY1-1]
4929 LET UC3=Y21=UL3=Y1]
4930 LET UC3=Y1-21=Wt

4949 - LET UC3=Y1-11=W2 °

4950 - LET UC32Y11=w3"

4969  NEXT Y2

4970 NEXT Y1

4989 RETURN

499@ STOP :
Seag IF x9/2><INT<xa/2> THEN LET X@=Xx0-1

3e=3SsYL s

"'S/(I7 [é+




isete
5020
"sa3e
se4

58sa

Seé0
SQ@7@
5039
Sa99

51900

5119
s120
s120
5140
5158
5168
5170
S189
S199
5290
s219
5220
S23@e
5240
s2sa
5260
5279
5289
5299
. 5308
5319
s329
$339
5349
‘5350
5349
5378

5380

5399
Sa9@
Sa10
5429
5430
5449
S45@
'S5469
S479
Sa82
S499
5509
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IF Y3/2><INT(Y®/2) THEN LET Y@=Y3-1
IF Z9/2><INT(Z20/2) THEN LET EA=Z0-1

FOR Y1=16 TO 17

LET UC3#Y1-23=UC3*Y1-27-X2
LET UC34YL-11=UC3sY1-11-Y0
LET UC3*Y11=UC3#Y11-22

NEXT Y1

LET X9=X9-X9

LET-Y9=Y9-Y2

LET 29229-20

‘LET Xg3<=@

LET Y9=3

LET 22=0

RETURN

sSTOP

LET C1=SQR(A1*A1+A2+A2+43%A3)

LET C2=SQRCA4%A4+A5285+46x46)

LET C3= SQR(A7*A7*§8’A8+Q9'A9)

LET £€1,11=A1/Ct

LET E€2,11=02/C1

LET E€£3,11=A3/C1

LET EC1,21=4a4/C2

LET ££2,23=A5/C2

LET EC3,23=A6/C2

LET E£01,31=A7/C3

LET £(2,31=088/C3

LET £03,31=A9/C3

RETURM :

sT0P :
LET B1=£(2,21%E£3,31-£02,3)*E£(3.,2]
LET B2=E(2,31+E£(3,11-E(2,1131+£(3,3
LET B3=E£[2,1)2E£(3,2]-E02,21=£(3,1]
LET B4=E(1,3)+E(3,21~-EC1,21=E(3,3)
LET BS=E(1,11#£03,31-E01,31=£03,1)
LET B6=E(1,21+5(3,1)-EC1,11=E£(3,2]
LET B7=E£(1,21«£(2,31-201,31=E£(2,2)
LET B8=£01,314E(2,11-201,11*££2,31
LET B9=E£(1,11*£(2,21-E01,2)=E72,1)
LET CAZZ(1,11%81+E£1,21%82+£(1,31=83
LET EC1,11=8B1/C4 .

LET EC1,21=84/C4a

LET EC1,33=87/Ca

LET ££2,11=82/Ca

LET £(2,21=85/Ca

LET EC2,31=88/C4 "

LET EC(3,11=83/C4

LET E(3,21=86/C4

LET E(3,31=39/Ca

RETURN

STOP




5519
FS20
5530
S3540
5559
S540
- 5579
5580
5599
5680
5619
5620
S 630
5640
5650
S 660

S670.

5630
S690
5700
S712
5729
5730
5740
S75@
S760
S770
578@
5790
5800
5810
5829
5830
5849
5859
S868
5870
58180
589@
5990
5910
5929
5939
3940
5950
S96@

S597¢

598¢@
5999
62499

1218

LET W1=£(15,11*UL3aY2-21+E01,22=UC3*Y2-131+Z(1,3)=UC3=Y2]
LET w2=E(2,114UC3*Y2-2]+E(2,2)aUCI=Y2-1]+£(2,31aUl32Y2)
LET W3=E£(3,11%«UL3«Y2-2)+E£(3, 2]*Ut3tY2-l]05[3.3]tUt3*Y2]
LET UL3=Y2-21=Wl
LET UC3#Y2-11:2k2
LET UC3=Y21=3
RETURN
STOP ’
ON Y3 THEN GOTO 5628, S649, S630
LET A3=3sY2-2 i :
LET A4=3aY2-1
LET AS=3=Y2
GOTO 5719
LET A3=3xY2-1
LET A4=3«Y2 .
LET AS=3=Y2-2 , v
GOTO S719. :
LET A3=3sY2
LET A4=3a2Y2-2
LET AS=32Y2-1
RETURN :
sSToP
LET S=0
FOR Y1=2@ TO 29
LET ACY11=0
FOR Y2=S+1 TO 17
IF UL3=Y21>Cl+.4 THEN GOTO S810@
IF UC3*Y2]<Y1-.5 THEN GOTO S819
LET ACY11=aCY11+l . -
GOTO 583¢ .
LET S=S+ACY1]
~ GOTO S840
NEXT Y2
NEXT Y1
LET ACZ9+11=0
LET A[29+21=0
LET ACZ29+33=8
LET I3=ACZB1+ACZ@+11+A(ZA+2]
FOR Y1=28 TO 29
IF I3>ACY1+11+ACY1+21+ALY1+3] THEN GOTO $929
LET I3=ACY1+11+ACY1+2]+ALY1+3]
NEXT Y1
RETURN
sToP
STOP
IF A1-13<1 THEN coro $999
LET I5=A1-13
GOTO 6807@
LET I5=1
IF Al1+13>17 ragu GOTO é6@34@




6010
@20
" 6038
6040
- 6050
6060
6870
6030
6099
6100
6118
6129
6130
6140

_ 219 .

LET I8=A1+13

GOTO 6049

LET 13=17

FOR Y2=1S TN I8 . o i

. LET R=(UL3=A1-21-UC3aY2-2))12CU(3*A1-21-UC3=Y2-21) -

LEZT R=R+(UCJI*A1-11-U(3+Y2-11)=C(YlIxAl-1 J.-l'J‘C3#Y2-'l,]) _

LET R=R+(UL34A11-UL3*Y21)=(UL32A1]-UC3*Y2])
[F Y6=1 THEN IF ABS(R-23>>.30Q! THEN COTO 6134
[F Y6=2 THEN IF ABS(R<3)>.@291 THEN GOTO 6134
LET ACAl1=.21 _ : '
I[F YS=1 THEN LET ACY21=0
IF Y52 THIN LET AC(Y21=.01

NEXT Y2

RETURN



D.5.

9919
029
bo3e
2040
1899
1900
1919
1929
1930
1940
1950
1960
1970
1989

1999 . .

29090
2910

2420

2939
2040
2050
2968
2979
298¢
29090
2190
21108
2120
2130
2149
2150
2160
2179
2180
2190
2200
2210
2229
2230
2249
2250
2260
2279
2289
2299

2309

2310
23209
2339
2349
235¢
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Program DZP3

REM
REM
REM
REM INSERT SUBPROGRAM A

LET Ké6z=8

INPUT " WHAT IS THE LATTICE CONSTANT. IN .ANGSTROM?',DR

0ZP3

FOR KS=1 TO 14
IF XS=1 THEN IF Ké=1 THEN GOTO 43@@ :
ON XS THEN CGOTO 1954, 204@@, 2158, 2258, 235@, 245@, 2550

"ON KS-7 THEN GOTO 2650, 275a, 285a, 2953, 38Sa, 3152, 3252
LET 16=1 '
LET 17=1I2
READ A1,A2,A3,A4,A5,36,A7,88,A9
IF %3=1. THEN GOTO a3ae
GOTO 3349
"READ - 16,17
1F [6=3 THEN
PRINT
PRINT
PRINT
LET A129
LET a2=l
LET A3=9
- LET A4=9 -
LET AS5=93
LET As=1
LET A7=1
LET ag=a
LET A9=0Q
‘GOTO 3340
LET Al=1
LET Aa2=9 -
LET A3=2
LET Aa=@
LET AS=0
LET Aé=-1 T -
LET. AT=@
"LET A8=1
LET A9=9
GOTO 3340
LET al=1
LET A2=@
LET A3=0
LET A4=9
LET asS=1
LET A6=90
LET A7=9
LET A8=2"
LET a9=t
GOTO 33490
LET Al1=0

[F 17=8 THEN GOTO 4334

“THE FOLLOWING RESULTS ARE FOR VACANCIES NQ.'"3[é6;" TO ;317




kSéG

2379
2330
2399
240@
‘2419
242¢-
2432
2449 .
2454
2460
T 2479
2480
2499
25¢@
2519
2529
2530
2540
2550
2560
2s7@
2580
2599
‘2409
2619
2629
2430
2640
. 2659
2660
2670
2689
2699
27890
271@
272¢
2730
2740
2758
27¢@
2170
2789
2790
2800
28149
2829
2830
2g84@
2850

LET
LET
LET
LET
LET
LET
LET.
LET

A2=0A.
AJ=1
A4q=1
AS=-1
A6z
AT=1}
Ag=1
A9 =@

GOTO 3340

LET
LET
LET
LET
LET .
LET
LET
LET
LZT

LET
LET
LET
LET
LET
LET
LET

Al=2
A2=2
A3z}
A4=1
AS=1
Ab=Q
AT=1
A8 =-1

A9 =@

GOTO 334@
LET ’
LET

ar=e
A2=1
A3=2
As=-1
as=@
Aé=1
AT=1
Ag=9
A9=}

GOTO 334e

LET
LET
LET
LET
LET’
LET.
LET
LET
LET

Al=0

aA2=1
A3=9
Aa=]
AS=9
Ab=1
AT=1
A8 =@
A9=-1

GOTO 334@

LET
LET
LET
LET
LET
LET
LET
LET
LET.

Al=1
A2=@4
A3=2
A4=3
AS=]
Abz-]

aA1=zg

A8=1
A9 =]

GOTO 3344
Al=-1

LET
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kssa
‘28170
28g@
2990
29¢¢

2914

2929
293a
2949
2959
2969
2979
2989
299¢
3gee
3910
302¢@
3030
30409
3954
3060
32790
3080
33992
3100
3118
3129
3130
3149
3150
3160
3170
3188
3198
32¢9
32190
3220
3239
3249
3250
3260
3270
3289
3290
330e
3310
3328
33390
3349
3359

LET A2=2
LET A3=@
LET A4=0"
LET AS=1
LET Aé=1
LET .A7=0
LET Ag=1

LET A9=-1
GOTO 3340

LET Al=1

‘LET aA2=-1

LET A3=9
LET Aa=1
LET AS=0Q
LET Aé=-1
LET aA7=1
LET A8=1
LET A9=1
GOTO 3340
LET Al1=9
LET A2=1
LET A3=1
LET Aa=i
LET AS=@
LET Aé=1
LET A7=1
LET Ag8=1
LET A9=-1
GOTO 334¢
LET Al=t ~
LET A2=1
LET A3=0
LET Aa=¢
LET AS=1
LET Aé=1
LET A7=1

‘LET A8=-]

LET a9=1
GOTO 3349
LET Al=1
LET A2=1
LET a3=@
LET A4=-1
LET AS=¢
LET Aé=-1
LET AT=-
LET -A8=1
LET A9=1
GOSUB 4524

GOSUB 46&9
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3360
bs7e
3389
3399
34900
3alg
3429
3430
3449
3450
3460
3479
3489
3499
3509
3510
3522
3530
3549
35509
356@
35709
3589

-3 600

3618
3629
3639
3640
3650
3660
3679
3680
3690
3700
3710
3729
3730
3749
3750
3760
3770
3789
3799
3829
3818
3829
3839
"384¢
' 3858
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FOR Y2=16 TO 17
GOSUB 4879
NEXT Y2’ . :
LET B7=2+INT(CAT+1.2)72)
LET 88=2=INT((A8+1.2)/2)
LET B9=2xINT((A9+1:2)/2)
LET B6=2%INT((AT+28+A9+1.2)/2)
LET BS=SQR(AT*AT+28*48+A9249)
ON Y6 THEN GOTO 3452, 3ase . :
IF A7=87 THEN [F A8=253 THEN IF A9=89 THEN GOTO 3500
IF A7=B7-1 THEN IF A8=88-<1 TMEN [F A9=39-1 THEN GOTO 3523
GOTO 3520 : : . .
L7 A7+AB+A9=86 THEN COTO 3509
GOTO 3529
LET  $=2/8S

‘GOTO 3S3@

LET S=1/8S _ _ ) . .
FOR Y2=16 TO 17 . ——
LET UC3#Y2)=INTCUC3*Y21/S+.1) '
NEXT Y2
LET 20=U(3=16]
LET 29=U(3*16].
FOR Y2=[6+1 TO 7 -
3sse IF UC34Y21<2d THEN LET ZA=UC3=Y2)
IF UC3=Y21>329 THEN LET 29=Ul3=2Y2)
NEXT Y2
FOR Y2=I6 TO 17 ’
CLET UC3#Y21=U(3aY21-22+1
NEXT Y2 . . T
FOR Y2=1 TO 2990 . . .
LET A(Y21=2 ' '
NEXT Y2
LET C3= 59R(A7f2+A8?2+A9r2)
ON Y6 THEN GOTO 3790, 3799
IF AT/2=INT(AT/2+.801) THEN GOTO 3749 . )
[F A8/2><INT(A8/2+.291) THEN IF A9/2><INT(A9/2+.201) THEN GOTO 3779
LET I5=1/C3
GOTO 3789
IF AB/2=INT(A8/2+.241) THEN IF A9s2= IVT(A9/2¢.301) THEN GOTO 3772
LET IS=1/C3
GOTO 3789
LET 1S=2/C3
GOTO 3839
1F AT+A8+A9= 2*INT<(A70A8¢A9)/20.281) THEN GOTO 382@
LET 15=1/C3 .
GOTO 3839
LET 1S=2/C3
IF KS=1 THEN GOTO 3asa
GOTO 3994 - -
LET l4=INT(2.82842/15+.5)

~




3860

870
‘3888
3899
3999
3910
. 3929
3939
3949
3950
3962
3979
3930
3999
4009
4919
40290
49338
4949
4059
4362
40379
49849
439¢
4108
at19
4129

. 4130

4140
4150
41460

" al171e
4180
4199
4290
4219
4229
4239
4240

@L59
4260
4279

4289 -

4298
4300
a31a.
4329
4330
4349
a3se
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FOR Y2=16 TO 17
LET B4=INTCUL3#YZ21/14~.1)+1
LET -A(Bal=A(B4al+1
NEXT Y2
LET S9=@¢ . :
PRINT “THE THICKNESS OF EACH SLAB IS ":31axI[S=D8/2;3" A *
PRINT "SLAB NOQO.'",*VAC. NO.',"SUM*"
FOR Y2=1 TO INT((29-2Z0+1)¥/14~-.1)+1
‘LET S9=S9+A(Y2]
PRINT Y2.,A(Y21,59
NEXT Y2
GOSUB- 43590
GOTO 4140
FOR Y2=16 TO 17
LET Ba=UC3=*Y2)
LET A(Bal=Af841+]
NEXT Y2
LET SB=90
LET S5=0
FOR Y2=1 TO INT(E9-Z2+1+.1) : )
LET SB8=S8+Y2=A(Y2) : : -,
LET S9=S9+Y2t2+A(Y2]
NEXT Y2

LET SB8=(S8/(I17-16+1))2

LET S9=8S9/(¢(17-16+1)
LET S9=5SA@R(59-S8)

LET S9=59#[5+D8/2.

PRINT ' THE DAMAGE WIDTH ALONG ["3A73A83A9;:"1 = '1593" A
FOQR Y2=16 TO 17 . '
LET U(3*Y21=U(3*Y21+Z3~-1
. LET UL3*Y21=S«U(3xY21
NEXT -Y2
GOSUB 4640
FOR Y2=16 TO 17
"GOSUB 4879 o
LET Y4a=ABS(U(C32Y2-2]-INT(U(32Y2-21+.01))
LET YS=ABSCU(3xY2-11-INT(U(3*Y2-11+.21))
LET Y7=ABS(UL3*Y2]-INT(UL3=Y21+.01)) )
IF YA4<.801 THEN IF YS<.201 THEN IF Y7<.091 THEN GOTO 4263
GOTO 24299 o .
LET UL3=Y2-21=INTC(U(3I=Y2-21+.1)
LET UC3*Y2-11=INTCUL3*Y2-1]+.1)
LET UC3#*Y21=INTCUL3*Y21+.1) -. .
NEXT Y2
NEXT KS
LET Ké=1
GOTO 1910
END -
STOP ) '
FOR Y1=[7 TO 16 STEP -1
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A360 FOR Y2=16 TO Y1-1

37@ - IF UC3%Y21>Ul3xY1]l THEN GOTO 4394
'4238¢@ GOTO 4489

4399 LET W1=UC3xY2-2]

4400 LET W2=U(3=Y2-1]

4412 LET w3=UC3=Y2)

4429 LET UC32Y2-21=U(3ay1-2]

4433  LET Uf3=Y2-11=UC3aY1-1)

4440 LET UT3*Y21=UC3aY1]

4459 LET UC3xY1-23z4Wl

4460 LET UC3*Y1-1)=W2

4472 LET UC3+Y11=%3

4483 NEXT Y2

4499 NEXT Y1
- 4599 RETURN

45198 STOP , .

4520 LET C1=SQR(A1*xA1+82%A2+A3%A3)

4530 LET C2=SQR(A4%A4+AS*AS+A6xAL)

4549 LET C3=SGRCAT*A7+AB2AZ+A9*A9)

453@ LET £CL1,11=A1/C1
4568 LET EL2,1)=A2/C1
4579 LET E(3,11=A3/C1
4S89 LET .E(1,21=84/C2
459@ LET E(2,21=A5/C2
4600 LET E(3,21=A6/C2
4612 LET E(1,31=A7/C3
4629 LET EL2,3)=A8/C3
4630 LET £03,31=A9/C3
464@ RETURN

4635@ stoP

4660 LET 81=£(2,2148(3,31-5(2,31*£(3,2)
4678 LET B2=E[2,31*£(3,13-E02,11%£(3,31
4680 LET B3=E(2,11+£(3,21-E(2,2)*£(3,11
"4699 LET BA=EL1,31«E(3,231-E(1,21+E£(3,3}
4708 LET SS=£(1,11*2(3,31-5C1,3)=£03,1]
4718 LET B6=SC1,21+E(3,13-EC1,1312%E(3,2)
4729 LET B7=E(1,2)+£(2,31-201,3)=£(2,2)
4739 LET B8=E(1,314EC02,11-EC1,11%E(2,31
4740 LET B9=E(1,11+£(2,21+501,21*E(2,1}
4750 LET CA=Z(1,11+B1+E£C1,2)482+2(1,31483

476@ LET EC1,11=81/C4

4778 LET EC1,21=84/Ca

4788 LET E(1,31=87/Ca

4798 LET E££2,11=82/Ca

4800 LET E(2,21=85/C4

4819 LET EC2,31=88/Ca

4829 LET €r03,11=83/Ca

4830 LET £(3.,2)=B6és/C4

4849 LET £(3,31=89/C4a )

485@ RETURN -




4369
4878
4339
4390
4900
4912

4922

49390

sSTOP
LET
LET
LET
LET
LET
LET
RETU
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W1=EC01,13*U(3*Y2-21+42(01,2)1=U(3*Y2-11+E(1,3)1=U(3*Y2]
W2=E(02,131«Ul3%Y2-21+2(2,2]«U(3=xY2-1]+2(2,31+U(3*Y2]
wW3=203,11=U(3=Y2-2)+£03,21=UC3*Y2-11+E(3,312U(3*Y2)]
UC3xY2-2]=Wwl ' '
Ul3=Y2-11=%2

UlJ=Y21=w3

RN
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Apﬁendix E: The Derivation of the Cross-sectional Area A

~In this’appendix fhe derivation of the-cross-sectionai
area A is described. fn fig; 73 the ellipsoid represents a.
depleﬁed zone; the diameter along the major axis is Al and
the diameter along the minor axis is AZ.‘ The directionAof
the iﬁcident ions is indicated by an arrbw. The angle be-
“tween thé méjor axis of the ellibsoid and the direcetion of
the incident ions is denoted by a.. |

4An orthogonal coordinate system was first chosen so that
the z-axis was parallel to the major axis of the ellipéoid'
and the x-z plane contained the vector which was parallel to
the direction of the incident ions. The equation governing

the surface of the ellipsoid was therefore given by

2 + y2 52 .
—_— =1 (E1)
(=22 (e
2 . 2

- It was found to be more convenient to describe the sur-
face of the ellipsoid in a new orthogonal coordinate system
which was obtained by rotating the z-axis through an angle
equal to a. The z'-axis of the new coordinate.system Wés
therefore parallel'to the dirégtion of the incidént ion-beam.
The transformation ‘equations between the old and the new co-
'ofdinate systems were given by

x'cosg + z'sing : (E2)

X
y =y

z = -x'sino + z'cosa
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DIRECTION OF

/ ION BEAM

"Figure 73: A drawing showing the derivation of the shadowed
' area (A). The €llipsoid represents a.depleted
zone. - : ‘
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The substitution of eqgs. (E2) to (E4) into eq} (E1) yielded
-, 2 - 2 . 2
(x'cosa + z'sina) + y'", (-x'sina + z'cosa) _ 1 (E5)

Ay 2 Ay 2
(=) (=D

2

Equation (5) was then re-written as

X’Z(Aicos;a+k§sin2a) + 2sz'(Ai~A§)sinacosa + z'2(Xisin2a+

. ) 2.2 .

.AZCosza) +A2y'2 = AiAp ' (E6)
2 -2 7z |

Ig this new coordinate system the cross—sedtional areé A lay
in the x'—J':plane. It is noted that the projections of any
point on the surface of the ellipsoid onto the x'-y' plane
is confined.within the cross-sectional area A. The cornitour
. of -this area.A was obtained by noting that any poinf (xg v
zé) which was on the-sgrface of the ellipsoid and was pro-
jected ontb ﬁhé outérmost boundary of this area A satisfiéd
the equation. |

o 3.x! : - ;
Tz Jxtexy, yreyy 0 (E7)

or

Ay

gz’A)X'zxé"y'zyé =0 (E8)
Solving eq.‘(E7)_or (E8) we obtained
(A2 - AZ)’sinacosa
- S S | (E9)
Zo S - X(’)
A2sin2a+A2cos?
1 1n o 2COS (o2

The substitution of eq. (E9)_into eq. (E6) yielded -
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2 | 2
. Xo ) ) YO ' .
(Ay/2)%sin a+(k2/2) cos o (Xy/2)
Equation (E10) is an equation for an ellipse. Thus the area

A-is an ellipse; the length (a) of the semi-major axis is

' giVeh by

a = —%QJ;%sin2a +A§coé?a ' f (E11)

and tne length (b) of the.semi-minor axis is given by
Y | ) | |
b2 o2 . ' ' (E12)
2 ‘

fThe quantiiy A = 7ab was therefore given by

A = _%— Xs Q&%sinda * A%cogza | (E13)

As a check on the validity of eq. (E13) note that egq. (E13)

reduces to

A= (m/4) Ai | for a=0 - (E14)

A

(m/4) XAy . for a=m/2 - (E15)

as it is obvious in fig. 73,
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Appendix F: .PrOCedure'for the Mapping'of the Positions of

the SIAs and Depleted Zones in an FIM Specimen

F.1. Mathematical Details of the Mapping Procedure

In this appendix the details of the procedpfe for mapping
the positions of the SIAs with respect to depleted zones in an
FIM tip specimen is described. It was assumed that the end
form of the FIM specimen could be approximated by a hemisphere.
Figure 74 shows a sehématic diagram of a specimen which has

an average tip radius r, initially. As the specimen was su-

o
ccessively'field-evaporated layer-by;layer, a final énd-form
of an average radius of curvature r, was obtained. Points O
and O' are respectively the centers of the initial énd'the
final hemispheres of the tip. A

From-the FIM ﬁicrographs we knew the.(h kx 1) plane and
the number of layers n in which a given SIA was found; the
numbef of layers WasrmeaSured from the initial surface. For
example, an SIA at C was found in the nth layer of thé
(h4 k4 14) plane méasufed from the initial surface at B. It
was then a problem to determine the coordinates of point C if
l k

‘one knows the Quantities h 1l ,and n.

A

In fig.7, we first chose the beam direction as the u-axis,
the orientation of the specimen [h3 k3 13] és the w-axis and
the.vector-[h2 k2 12] as. the v-axis; the vecto? [h2 k, 12]
was determined from the cross-product,

[h.2 k, “12] =[h3 kg 13]x [hl kg 11] o (F1)

The u-, v-, w- axes énd the origin O therefore constituted a
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"rectangular coordinate system. The coordinates of point C
‘were given by_(u, v, w) in this'recténgular coordinate sy s~
tem. However, it 'was found eaéier‘to employ g,spherical co-
ordinatglsystem.' The spherical coordinates (5,6,¢) of point
C are shown in fig. 74.

Iniﬁially) the center of the'(h4 k, 14) plane was at
B. As the specimen was field-evaporated layef;by—layer to

the final end-form the final location of the (h4 k 14) plane

4
~was at point D. In general, the vector §5 is tilted from the
w-axis byAén anéie AD. The angle AB Was determined by notihg
fhelﬁriangle BDF;'point F defined by the‘expression IETF|=rO.
The length lifl was estimated by counting‘the number of layers

(m) of the (h3 k 13) plane which had been field-evaporated as

3

the specimen reached its final end-form; that'is

g E_IKEI = mdh3k313 | (F2)

where the quantity d'h3k313 is the interplanar spacing of the
(h34k3 13).plane,

In the triangle BDF we have

[BF| = 00| =& + ) - x, o (F3)
|DF] = Ty T (F4)
and 4 BFD = 90, (F5)

. hence the quantity A6 was given by.

" + +rl-ro)2 L (rq-r,)?

) :
2q (g+ry-r_) (Fé)
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W = [hykyl,]
[hakda] _ .
B INITIAL HEMISPHERE
< .
A
AN
N <
: _;_;_L_f-»(eo‘-~~;_,_ V=[hyk,ly)
/,/(’ CII,‘;LP 8\¢ \\\\\\\ - |
[ ZN N T=lhkyy]
L4 |0 |
TP
[hsksls] [ = FINAL
5’ I E____ HEMISPHERE
[hakdsPr '
|
i
'D\:
\
F&\ '
/
\ (90 |
N
\
\
\
\\4
10,

A schematié dfaw1ng of an FIM tip specimen illu-
strating how the coodrdinates of an SIA (or a de--
pleted zone) at point C within the tip spec1men

" was determlned

Figure 74:
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‘Whefe the quantity q was given by

-—

| B

. - - 2 2 - - \" .
! | ‘«(rl—ro),+(g+rl-ro) —2(rl-ro)(g+r1—ro)coseO (F7)

The quantity 6,, the angle between the normal vector [h4 k4 14]

of the (h4 k4 14) plane and the w-axis, was given by

0, = cos™t ( (§3h4:k3k4f,??l4 ) ' (F8)
n2ex5+15 "nde ke 13 ’
In the t}iangle BCO we have'
[8] = ro, | (F9)
4 CBO = 8, + A0, | | ~ (F10)

. . . ndh.kl.
S v 4244 ' .
‘and s_]Bc[ cos (8,+08) , (Fli)'

where the quantity,dh4i{4l4 is the'interplénar spacing of the

(hz k, 14)‘plane. Therefore, the Quantity p was given by

q' : n - - - .. -
p EIOC|='/h;2+r2 -2sr cos(8_+A8) _ (F12)
o) ‘ =} o i .
 2,.2 .2 :
o r<+pc-s<. :

and X COB = cos 1 (-2 ) ' (F13)

' 2r,P

Thé angle 6 was given b
g g y L e2ep2ls? |

—_—) (F14)

68 = 8 + XACOB = 6 + cos v ~
o 4 . K] 2ryp

The projection of point B onto the u-=v plane is denOted‘By

ai,was therefore given by

point P. The vector [hy k5 15]

— — — B
QP = OB + BP L , (F15)
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. : r a 8
Ih, x. 1.] = o h x 1,]1-- 02057 [h3 ks 13] (F16)
vh Z 2 3 L T4 T4 /h§+k§+l§ .

. . ‘
Since the projection of the vector OC onto the u-v plane is
parallel to the vector {h kg 15] , we obtained

1 b, k4k5 1,0

/h2+k 112 /2 +k§+1§

) i (F17)
4

The spherical coordinates (p,8,¢) of point C determined by
‘eqs. (Fl12), (Fl4) and (F17) were then transformed to the rec-

tangular coordinates (u, v, w) acecording to the relaticnship

u o= osin6008¢, ‘ (r1g)
v = psinfsing, . ' , ' (F19)
and w = pcosH. | ‘ - (F20)

The rectangular coordlnates (u, v, w) were flnally transformed

to the standard cubic coordlnates (x, vy, z). Thus, in egs. (F1)
to (F20) we could calculate the cubic coordinates (x, Y z) for
any SIA by knowing the values of the quantities Tqys Ty, h]J ki 11,

h4, 47 4, m and n which were measured from the

by, ks, 13,
micrographs. In practice, the above computatiéns were carried
out with the aid of the NOVA 1220 minicomputef; the program
for these computations ié denoted by DZP4. An-example of

input statements, the flow chart and the BASIC program for

DZP4 are given in sect. F2, F3 and F4 res?ectively.

F.2. Input Statement for Program DZP,

In this section typical input statements are given as an
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exaﬁple‘toVdemonstrate‘how to enter the data for pfcgram~DZP4;
Commeﬁtsvare given after each daﬁa statement. In this demoh-
‘strative example itiwas assumed ithat 2 depletéd zone Was‘fo}
und to locatelin the 45th layer of the (323) plane and two
SIAs wére detected respectively in fhe 47thvlayer of the:(222)
plane and the l42nd'layér«9f-the‘(433) plane.v The FIM tip
specimen had a [l2l] orientation. The initial and the final
tip radii were 375 and 420 A respectively. 'The number of
layers of -the (121) planes wﬁich were field-evaporated was 200.
The direction_of the incident ioﬁs is_[aéi].A Only the region
around the (222) pole was ﬁsed:in the search for SIAs. The
details .of the input statements is described as follows:
9000 DATA 2

Enter Y6=1 for a fecc lattice of Y6=2 for a becc lattice.
9010 DATA 3.16 .

Enter D8=3.16 A for the iattice consfant of'tungsten.
9020 DATA -7, 4, -1, -1, -1, -1, 3, 1, 2, 1~

| Enter the Miller indices 6f‘the u-, v- and w-axes for

variables H2, K2, L2, H3, K3, L3,'Hl,‘K1 and L1,
9030 DATA 375, 420, 200

Enter the initial tip radius, the final tip radius and

.the ﬁumber of layers df;the'(l2l) piane which have been.

field—evaporéted;for variables S, SO and I4.
9040 DATA 1

Enter V4=1 for the number of poles which have beenAused
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to search for:theASIAs.
9050 DATAA2, 2, 2
Entér the Mil;ef indices of the poles which have been
used to search for the SIAs. |
9060 DATA 1 | | '
Entér I1=1 fbr the number of the depleted zones deteqted.
9070 DATA 2 | | |
Enter I3=2 for the number of the SIAé detected. Iﬁ the
follpwing the coordinafes are sfored in.variablé H4, K4,
‘L4 and I2, | |
9080 DATA 3, 2, 3, 45
- Enter the coofdinates Qf.the depleted zone.
9090 DATA 2, 2, 2, 47, 4, 3, 3, 147
Enter thé coordinates of the twa SIAs.
9100 DATA 25 |
-Enter_H(Yl)=25 A for the effective radius of fhe depleted

zone.




'F.3. Flow Chat for Program DZP4

"READ Y6, FCC |
OR_BCC?

( READ U8, LATTICE
CONSTANT?

READ 12, X2, L2,
H3, K3, L3, ML,

KL, L1 )
(2 k2 L2} =
(N3 k3 13] = v

1

ML K1 L1

/ READ S, S¢, 14
- S=<rg, S¢=r), ld=mf

READ V4
1IOW MANY (111) AND
(411} POLES WERE

USED FOR THE SEARCUHYT
OF SIAs . :

I

.COMPUTE AND PRINT TIHE
FRACTION OF THE TOTAL
CTIP VOLUME USED FOR

THE SEARCIL OF SlAs

kﬁ‘\\\\____,

/READ 11, 13

[1=NUMBER OF DEPLI-

TED ZONES

13=NUMBER OF SiAs

READ 114, K4, L4, 12

THIS SIA (OR DEPLETED

ZONE) WAS FOUND IN

THE 128N LAYER OF THE |

(114 K4 L4) PLANE

i

1-1),U(3*v1))s WIHTCH ARE

PRINT (U(3*Y1-2),0(34Y1}

| PRINT 114, K4, 14, 12

GOSUB 7000 TO COMPUTE }
THE RECTANGULEAR COOR -

TDINATES (u,v,w)

l GOSUB 7540 TO TRANS-
FORM (u,v,w) TO CURIC

COORDENATES (x,y,z)

READ (H4 K4 1.4)
ENTER THE MILLER
INDECIES "OF ALL THE

POLES WIHICH WERE USED]

FOR THE SEARCI Of
S51As .

<:ANY MORL S1As OR DI-

PLETED ZONES?

NO

EQUAL 10 (x,y,z)s

GENLERATE 88 CO-
ORDINATES (x,y,z)s
WHICH WERE THEN :
USED TO PLOT THE

| EIM TFLP END-FORM
JAND THE DIRECTION
OF ' INCIDENT [ONS

READ H(YL)s
W(Y1)=THE EFFECTIVE
RADIUS OF A DEPLETED

—®1 SIA AND THE CENTERS

ZONE:

CALCULATE THE DIS-
TANCES BETWEEN AN

OF ALL THE DEPLETED |
ZONES .

PRINT THE DISTANCES
AND THE DIRECTIONS
ALONG WHICH THESE

DISTANCLS WIRE MEA-

SURED _
N

YES

TTUE TRRADEATED SUR-
T FACE ALONG THE <100>

CALCULATE AND PRINT
THE SHORTEST DISTANCE

CALCULATE AND
PRINT THE .
CdsnortisT nis-
JTANCE BETWEEN
THE STA AND
THE IRRADIATED .
SURFACE ALONG
THE <110> 0y~

"RECT10N§‘\\\~\—J

CALCULATE AND
PRINT THE

FSHORTEST D1S-

TANCE BETWEEN. TIIE
SIA AND THE [R-
RADIATLER SURFACE
ALONG THE <11}~
DIRECTION

—_—

YES.
( ANY MORFE

BLETWEEN THE SIA AND -

DIRECTLONS

( SIASY:)
‘ MO

JDEPLETED ZONES
TAND T OTIER 88

PUNCH ON PAPER
TAPE THE COOR-
DINATES OF SIAS,

POINTS

”\\\;\\\_5;»

8€2
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e @
2029
6030
0409
950
2960
2070
2280
Qa9
Aa1a9
2110

2129

@13e
@140
a1sa
2160
g17@
2180
9190
9230
2210

a22q’

a23e’
. @2a0
9259
260
2279
2292
290
a3ae
2310
2329
2330
A3aq
A3sa
2360
237@
aisa
939@

ga9@ .

2419

412 .
g4a14’

2416
@422
@430
PaagQ
045@
8aso
gale
@4g@
2492
2509
@59s
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. Program‘DZPA

REM .
REm DEP -4
REM
DIM U(9201,£(3,3),H(101,FL(161,A(200]
DIM™ CL3R1,GC1@1, etanl
READ Y6
READ DS
READ H2,x2,L2,93,%3,L3, AI,KI.Ll
LET GC11=M2
LET Gr21=x2
LET CGL31=12
LZT GL4l=H3
LET G(51=«3
LET G(é&1=L3
LET GC71=H1
LET G(81=«t
LET GC91=L1
READ §$,50,14
LET S12SOR(H1t2+x1e2+1112)
LET S2=SQE(H212+u2124+1 212). .
LET S3=SOR(HJI*12+«312+1372) : : .
ON Y& THEN GOTO a23a, a3z R _ : —_
1F H1/2=INT(H1/2+.9A1) THEN coro 2279 : )
TIF K1/72><INT(K1/2+.201) THEN IF L1/2><INT(L1/2+.221) THEN COTO @340
LET Y2=1/S1 )
€O0TO m31¢@
[F KI/2=INT(K1/2+.801) THEN [F L1/22INTCL1/2+.@a1) THEN GOTO A30@
LET Y2=1/51
GOTO 2319
LET va=2/51
GOTO 23¢a ~
IF Hl’KI*LI‘2*[NT((H!¢K1¢L1)/2# 291) THEN €GNTO easo
LET Y9=1/51
GOTO @3¢a
LET Y@=2/51
LET vi=za.
LET v9=Y3
READ Va4
FOR Y1=1 TO va
READ H4,%a,L4
LET V2= (44tH16K41K1*L4tL])/SQR(H4t20K4'20L4r2)/Sl
ON Y6 THEN COTO @414, 3429
LET Y2=.05985S
GOTO 24éd ,
IF ABS(HA4)»=ABS(X4) THEN IF Ass<w4>-nes<La) THEN GO0 @a5a
LET Y2=.216435 :
GOTO 9460
LET Y2=.3@391¢
LET v2=3.14159%S12%., 25*[4*?2*08* Say2=y2
LET Vvi=visy2
NEXT Y1 :
IF 3=S@ THEN GOTO @539
LET vO=(14a=YQ3=DR/2+52-51/¢(SA-S) -
LET v@=c1-v@)rr2/va
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PSIA LET V0=3.14159=(SAr3-S13)2.333333«\Va
529 GOTO @540 : ' :
8530 LET Vv@=3.14159+5r2+[a*YP=DR/2 .
9540 PRINT *"THE PERCENTACGE OF THE TOTAL TIP VOILUME EXAMINED IS"3INTC(VI/V
G=1900)/ @32 = :
2550 RELD 11,13
2569 PRINT :
@578 PRINT "DEFECT NO.'"," PLANE (HXL)'","LAYER NO.*
ASRA PRINT
2S99 FOR Y1=1 TO T1+13
a6na READ H4a,xa,L4,12
261@ GOSUB 7@@9
2622 GOSUE 7549
2630 FOR T2=1 TO 11

2640 IF Yl=<I1 THEN CGOTO 0699

0650 - LET W1=U(3*Y1-21-U(3xT2-2]

0668 . LET W2=UlC3=Y1-11-U(3#*72-11 ) .

0670 LET W3=UC32Y11-UCJ*T2] .

630 LET ACCY1=1)*[1+T21=(H42%1+KA4+W2+La«h3)/SESR(HAT2+Ka12+4123/5@AR

(W1 12+k272+W3r2)

0690 NEXT T2

2700 NEXT Yi

8712 LET 19=19

@72@ FOR Y3=1 T0 2 : :
2730 FOR Yt=1 T0 19 L

2749 LET HAa=H1+C=-1)rY34H2=(Y1=-11/19
‘@759 LET Ka=Kl+(-1)rY3xK2«(Y1=1)/19
2768 LET LAa=L1+4C¢-1)rY3*L2%CY1=1)/19
2770 LET 12=0 .

@786 [F Y3=1 THEN LET Y1=11+03+YT )
n790 IF Y3=2 THEN LET Y1=[1+[3+19+Y1
2809 Gosus 799 . :

2310 COSUB 75490 ‘

982@  IF Y3=1 THEN LET Yi=Y1-11-13
2839 . IF Y3=2 THEN LET Yi=Y1-11-13-19

@340  NEXT Y!

. @35@ NEXT Y3

@860 FOR Y3=1 TO 2
@878  FOR Y1=1 TO 19

A88@ LET HA=(-1)rY3xH2+H12C¢Y1=1)/19
2890 LET KasC¢-1)rY3aK2+KlI=(Y1~1)/19
29¢e LET LA=C=1)rY3«L 2+ 12(Y1-1)/19
2919 LET I2=9 : :
2929 . IF Y3=1 THEN LET Y1l=Y1+[1+13+2%19

. @930 IF Y3=2 THEN LET Y1=Y1+I1+13+3=19
0940 " GOSUB 7009
3959 . GOSUB 7544 .
2960 IF Y3=1 THEN LET YI=Y1-11-13-2=19

8979 - IF Y3=2 THEN LET Yl=Y1-I[1-13-3«[9
9988  NEXT vl ' ' .
8992 NEXT Y3

108@ LET I8=5




1210
1929
i193@

‘1958
1360
187Q
1R 7
12960
11@¢e
1114
1129
1139
1140
115@
116@
11792
118@
1199
1200
121@
1229
123e
1240
1254
1260
1270
1289
1290
1300
13@s
1310
1329
1330
1349
135@

1365

1370

1389

1399

1409

D

1419

1 42¢

14302

144a

1459

1460

1470

1480

o . 1a9@
b 150

1949 -

1360

241

FOR Y3=1 TO a
FOR Y1=1 TO 18
LET Ha= (-l)?(INT(Y3/2--2))tHJb(-l)?(YJ*I)'H2*(Y1-1)/TR
LET K4= C=1)r CINTCY3/2-.2))aK3+( =117 (Y3 +1)aWw24(Y1-1)/18
LET LA=C-1) tINTCY3/2-.2)2L34C-1)1(Y3+1)=L2%(Y1=-1)/18

LET 12=9
LET Yl-Yl~r1«ra+4*r9o(Y3-1)tla
GOSUB 72@q
GOSURB 754@
" LET Y1SY1-CT1+03+4%[9+(Y3«1)%13) )
"NEXT Y1
NEXT Y3
FOR Y3=1 TO 4
FOR Y1=1 TO 18

LET Ha= (-l)'([VT(Y3/2-.2))*H2*(-I)'(YJ#I)*”3*(YI-l)/YR
LET KAsC(=1)r(INT(Y3/2-.2))2%2+( =) r(Y3+1)+xIxCY1-11/1]%
LET La= (-l’f(IVT(Y3/2--2))!LZ*(-I)'(YJ*!)*L3*(Y!-1)/[R

LET 12=0
LET Y1 Yl+t1»t3¢4rt9¢<4¢¥3-l)-lﬂ
cosue 1nea- ¥ )
GOSUB 7540 ‘ ) . _
LET Yl-Yl-(I10[304tt9¢(3¢Y3)*18) ) : :
NEXT Y1
NEXT Y3

LET Y3=11+13+4+19+8#1(8
LET va=S=2/D8

‘FOR Y2=Y3+1 TO Y3+5

LET \UC32Y2-21=Vax(=-1)=(. 9+cY2- Y3-l)' A6
LET UC3=Y2-11=0 .
LET UL3=Y2)=Vv4x.R

LET v1=y2
GOSUB 7540
NEXT Y2

FOR Y2=Y3+6 TO Y3¢ll
LET UC3#Y2-21=svax(<1)=(. 93*-@3*[V1((Y2 -Y3- 6)/20.1))
LET UCJ*Y2-11=0
LET UC3*Y2]= 'BtVA%(-I7'(Y26Y3—6)*~Q15~b4¥<INT((Y2-Y3-6)/2+.l)bl)
LET Y1=Y2 .
GOSUB 7540 .
NEXT Y2 )
PRINT ’ ) O : . :
PRINT (X, Y, 2)S ARE COORDINATES ZASED ON AXES (1 & @i, (@ 1 A1 aN

PRINT (3 @ 11°

PRINT

PRINT

PRINT "DEFECT NO.™," X", Y",” z*

PRINT ,

FOR Y121 TO T1+13 :
IF Yl=<[1 THEN PRINT "DZEC*s5(1:")",UL32Y1-21,UC3%Y1=1),U(3Y1]
IF Yl=>[t+] THEN PRINT "tc"-vl:")".ucaavl-zl,uca:Yx-l1.uc:~v11

NEXT Y1

PRINT
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13510 PRINT "DEFECT NO."," ","P.D.(H K L1"," ","RCANGS.)"

1528 IF [1=<@ THEN GOTO 1590 .
530 FOR Yi=1 TO 11

1540 READ H(Y11}

1553 NEXT Y1 - -

1568 FOR Y1=1 TO It

-1570 LET FCY11=HCY!) -

1580 NEXT Y1 :

1599 FOR Y@=[1+1 TO.11+I3

1620 PRINT -

1610 IF [1=<@ THEN GOTO 2240

1623 FOR v2=[ TOQ I1

1630 . LET Cl1=19 ) :
1 649 LET H{(Y21=F(Y2]+Cl*AESCAL(YA-1)%x[1+Y2)
1659 LET v4=@
166@ LET 42=9 v
1670 LET H1=U(JIxY@-2)-U([3=xY2-2]
1639 LET K1=UC3+Y2-11-UC3=Y2-1]
1690 LET L1=U(3*Y@)-U(3=Y21"
1700 - LET R=SER(H112+K1t2+L1t2)
1719 LET Wi=H1
1729 LET w2=Kl-
1730 LET wW3=L1
1740 LET X@=99
175@ FOR Y1=1-TO 26
1760 GOSuUB 56272
1779 . GOSUB 6709
1730 GOsSuB 6339
1790 CNEXT YL . : :
180990 IF H2=9 THEN PRINT "IC"3Y2:")-D3C¢*"3Y2;5")> 2" TABC28):;"("3HI1: KT
5L13°%3"3 TAB(S4);INT(S1+.5) : ) .
1810 - IF H2><9 THEN PRINT "I(*";Y8;")-DE(*:Y2;')- @"; TAB(28);:"(*;H2:K
2312313 TAB(S&)YINT(S1+.5) -
1315 ‘GOTO 2239
1829 " LET v4=% .
1830 FOR Y3=1 TO 2
1849 - R LET W1=@
1859 LET H2=9
1360 © LET K2=9
1879 LET L2=9 ’
1380 LET Ww2=C=1)tY3xL] .
1890 LET W3=(~-1)r(Y3+1)=Kl
19902 LET Al1=H[Y2]=2/08/(SQR(W2r2+w312))
1913 LET WizWl+H! :
1929 LET Ww2=zw2=Al+X1 :
19392 . LET wW3=sWw3=Al+L!
1940 LET X90=90
1959 . FOR Y1=1 TO 26 . - :
1969 GOSUB 56249 ’ . -
1979 GOSUB 6720 ’
- 1988 GOSuUB 4939
1990 NEXT Y1 :
2000 IF H2=9. THEN PRINT "I(™;Y@;3")-DE(";3¥2;:")=-"53Y3; -TAB(28);"[""5H!

3KIsLES"Y; TAB(Sé);[NT(sl#.S)
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2Q1Q [F H2><9 THEN PRINT "l1C"3YQ3")=DSC";Y2:")="5Y3;: TABC28)»;"("iH2;%2 ;L
3°3*"3 TAB(S&EIINT(S1+.3)
@20 NEXT Y3

293® FOR Y3=1 TO 2

2240 LET H2=9 '

245@ | LET w2=9

2062 LET L2 9

2972 LET l-(-l)v(Yabl)-(xlf¢+L172)

298@ LET w2=(=1)rY3eH]=uwl

2099 LET w3=¢-1)ry3a-arL]

2107 LET 61-H'Y2]~2/DR/sﬂﬁfrl'9¢k2v2*b3'2)

2112 LET Wl=at«h]s+d)

2127 LET “2=a1+«W24+K1

2139 LET W3=al*u3+L1

214@ LET X@=9a

215@ FOR Y11=t TD 2¢

216@ GOSLB S622
2170 COSUB 47n@a

2180 GOSuUB 6930
2198  NEXT Y1 - : _ )
2299 [F 42=9 THEN PRINT "t<"-vn-">-oa<"-ye-">-";73»2; TAB(28);* ("MK
1301515 TABCSE)FINT(S1+.5)

2210 IF H2><9 THEN PRINT PLCTIYASTY SDECTIY25 ) 5 Y 3425 TABC28) 5 5H2s
230231 TAB(S56);INT(S1+.5)

2222 NEXT Y3

2230@ NEXT Y2

224@ LET Y2=Ye |

225¢ FOR Y1=1 TO 26

2260  GOSUB 5420

227q GOSUB 7797

2280 NEXT Y1

229@ LET C1=CC11}

2367 FOR Y1=2 TO 6 -

2310 IF CLY11<C1 THEN LET C1=CCY1)

2329 NEXT Y1~ : T
2334 FOR Y1=1'TO 6

2349 IF ABS(CI{Y11-C1)=<.081 THEN LET VI=INT(SCY!)Ixla@)/ 100

‘2353 NEXT Y1

. 2360 LET Cc2=C(71

2370 FOR Y1=8 TO 18

2386 [F CCY11<C2 THEN LET C2=CCY!]

2399 NEXT Y1

2409 FOR Y1=7 TO 18 - :

2410 [F ABS(CLY11-C2)=<.081 THEN LET V2=(NT(QLY!1l=1@@)/10@

2420 NEXT Y1

243@ LET C3=CC(1912

2449 FOR 'Y1=28 TO 256

© 2458 IF CLY11<C3 THEN LET C3=CCY1]

2460 NEXT Y1.

2470 FOR Y1=19 TO 26 .

248Q° IF ABSCCCY!1-C3)=<.0d@! THEN LET V3=INT(QCY!11x1821/1020

2499 NEXT Y1

250@ LET v1zABS(V1) : -




2519
2529
2539
25a2
Bsse
2560
1 .
2570
2
2580
3
2599
2690
2610
2629
2630
2640
2650
2660
26798
2639
2699
2700
2710
2720
2130
2740
2750
2760
2710
2780
2799
2860
2319
2829
2830
2840
22
2850
+.222
2860
2870
2888
. 2899
2900
2919
2928
2930
294@
2950
2960
2970
2938
2999
3eee

R4

LET v2=ABS(V2)

LET v3=A8S(Vv3)

LET C1=sINT(Cl+.5)

LET C2=INT(C2+.3)

LET C3=INT(C3+.5) . - )

PRINT "1¢*3Y23*)=-IRR.SUR. ("™3V13°)*"s TAB(2%):*°C 1| @ @ 13 TAB(S56);C

PRINT "T€"35Y23)~-1RR.SUR. (*3Vv2;3°)'; TAB(28):3"C 1 1 @ 13 TAR(S4):C

PRINT ""1C¢"3Y2;'")-1RR.SUR. ("3Vv331')'"; TAB(QS)'"[ 1 1 1 3" TAaB(S6):C

NEXT Y@
STOP
LET [6=1
LET 17=11+13+a*19+3 =18
LET 17=17+11
GNsSUB Sane
GOSUB 5469 : : :
INPUT ""PLOT AGAINC1) OR PAPER TAPE(23)?',Y4 ' .
ON Y4 THEN GOTO 2689, 2709 . :
GOSUB as7e :
GOTO 2648
GOTO 2740
REM™
REM ARRANGE AND PUNCH DATA ON PTR FOR ORTEP PROCRAM IN MSC CENTER
REM .
FOR Y1s16 TO I7 . :
LET Y4=ABSCUL3I*Y1-21- IVT(U[3*Y\-2]¢ a1
LET YS=ABS(UCL3#Y1-131-INTCUL3=xY1~11+.01))
LET Y7=ABSCU{3*Y1I-INT(UL3=Y11+.01))
IF Ya<.@! THEN IF YS<.01 THEN IF Y7<.9l THEN GOTO 23@@
GOTO 287¢@ . ‘ :
FOR Y2=9 TO 2 ) ] . ’
LET V1=UC3=xY1-Y21 T .
IF v1=0 THEN LST U(3#Y1-Y21=,.222222
IF V1/10=>.899 THEN [F V1/18=<.95 THEN LET UC3=Y1-Y2]1=v1+.22222
IF V1/100=>.095 THEN IF V1/100=<.995 THEN LET UC3xYl-Y21=\1+.22

IF V1/1000=>.0995 THEN IF V1/10008=<.9995 THEN LET UC3*Y1-Y21=\]

NEXT Y2 :
NEXT Yt ) .
FOR Yi=1 TO 1090
GOTO 29@@
NEXT Y1 . .
PRINT “DEPLETED ZONEC'™311;*) - -STAC"3I13;5')"
COSUB 4180 .
GOSUB 4489
GOSUB - 42290 .
GOSUB 4429 : C o
FOR Y1=16 TQ 17 '
IF Yl=<I1 THEN PRINT "DEC"1Y13")":
IF Y1=>11+1 THEN IF Y1=<I1+[3 THEN PRINT Yi=[13
GOSUB 427¢ .
IF Yi=<I1 THEN GOTO 3920
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3212 ¢nTo
3@29 PRINT

Jrsa
TaBC 1) 1. 6%xF(CY1);
303@ PRINT TABrll1)Y:"9a.aeea@";
3049 PRINT TAB(38):"0.2@09e";

3959 COTO 3099
Q6@ IF Yi=elT=-])
. 3879 PRINT '"1's-
3@¢8@ GOSUB 4314
3099 NEXT Y1 . : ' .
3100 LET X1=101 i -
3112 GOSUR anrép : ’
3129 LET x1=2@1
. 3130 CGOSUB 4@é@
3140 PRINT TABC&)Y;:*"3Q1';
22.29;
315@ PRINT
);"0.73049"
3160 LET x1=303
3170 GOSUB 4a¢q
3189 LET K1=401
3190 GOSUR a43s5d

TAR(27);:"2.00000";
TAB(AT7)Y;"2.029802":

TAB(29)1:2.40a2Qa°*;

TABC&1Y;5"6."

THEN GOTO 3084@ -

TAB(12);"16.202"; TAB(21):'11.300';: TAB(3A)I:"S

TAaB(397:°0+5aA9a; TAB(48)31''2.22020 ;5 TA8¢ST)1“2.2@AA'; Tag8(és

)5;'0.00093"" .

3280 PRINT
«@a@09°";

3299 PRINT
)3"0.2508"

3209 LET «1=5a1

321@ COSUB 4539 . —_
3222 PRINT TAB(6)5'°5A2"; TABC17):"1'; TAB(24);3@."; TAB(35);:*2*"; TAB(4
2)35°°30.'"; : :

3230 PRINT  TAB(S3);"3*3 TAB(&AY;3'3@." o

3240 PRINT  TAB(6):604"3 TARC12):1°9.0000"; TAB(21):"0.2€20"; TAB(32)3"90
- 3009°"; . - :

3259 PRINT TAB(39):'S.900@'3s TAB(48);"2.3722";: TAB(S7);:'"2.002a'; FABC¢6
):"9.90Q0090"

‘3263 PRINT _TAB(é)x"sll"; TAB(12)3°8.2223°'"; TAB(21):"2.29e7"; TARB(3@)Y:"n
«8000°; : c i :

32768 PSINT TAB(39);"0.3080"; TAB(4%):"2.a00@""; TAB(ST);'"3.0200"; TAB(66

TABC6)3"704""; TAB(12);'2.9080"; TAB(21);*2.23@20"; TAB(3@);"7

TAaBC 6¢é

"TAB(39);'0.2002"; TAR(48);"0.10806"; TAB(S7);:"9.35Q23";
3302 LET X1=892

33190 GOSUB 4109

3329 GOSUB 4149

3338 LET Kt1=292

3340 GOSUS 4069

33S@ LET x1=202

3360 CGOSUB 4969

3370 LET Kl=-1

33388 GOSUB 4389

339@ END

3409 STOP

3419 FOR Y1=I7 TO 1é STEP
3420 FOR Y2=16 TO Y1~
3439 IF UC3=Y2)>UC3»Y1] THEN COTO 3453
3449 GOTO 3540

3459 LET wi=U(3xY2-2)

3460 LET %2=U(3*Y2-1)

3470 CLET w3=UC3=»Y2)

3489 LET UC3=Y2-21=UCa*Y1-21]
3499 LET UC3»Y2-13=UCI%Y1~-1]
3590 LET UC3+Y21=U(3=Y1)

-1
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3519 LET UCL3aY1-2])c
352@ LET UC3#*Yl-11=k2

S30 LET UC3=Y11=43

S4@ NEXT Y2
35358 NEXT. Y1
3548 RETURN
3579 STOP :
3583 LET C1=SCR(AI*A1+A2«A2+283%A3)
3598 LET C2=SGRCAA*A4+A5%8S5+06%A6)
36890 LET CI=SCRCAT*AT+A8*2R +A9xA49)
3618 LET £C1,11=A1/C1
3620 LET E£[2,11=02/C1
3632 LET £(3,11=A3/C1
364@ LET £C1,231=84/C2
3630 LET £(2,21=a5/C2
3660 LET £(3,21=A6/C2
3878 LET E(1,31=A7/C3
368@ LET EC2,31=48/C3
369¢ LET £03,31=49/C3
370@ RETURN
3710 STOP B
372@ LET B1=£(2,23%£(3,31-8(2,31*£(3,2]
3736 LET B2=£(2,31*E(3,11-2(2,11«£(3,31
3740 LET B3=E(2,112E£(3,2]1-E(2,21«E(3,1]
3750 LET BA=Z(1,3)*E03,21-E(1,21%£(3,3
376# LET BS=£(1,112£(3,31-E01,31%T(3,1]1
3770 LET B6=E(1,2)+E(3,11-EC1,11*E(3,2]
3783 LET B7=E£(1,21+£(2,31-E(1,31=£(2,21
3798 LET B8=E(1,31*E(2,11-EC1,11%£02,3]
3809 LET B9=EC1,1)+E(2,21-E(1,21%E(2,1)
3810 LET C4=E(1,11=B1+E[1,21%B2+E£(1,31+83
38208 LET £C1,11=81/Ca
383@-LET £(1,21=84/C4
3840 LET E[1,31=87/C4a
3850 LET EC2,11=82/C4
386@ LET £(2,21=85/Ca
38790 LET E[2,31=88/C4- RS
3830 LET £(3,11=83/C4
389@ LET E(3,21=86/C4
3996 LET £(3,31=89/Ca
3912 RETURN
392@ STOP S ’ :
3930 LET Wl=Z(1,11«UL3%Y2-2]+EC1,23I+UC3%Y2-131+E01,31«U(32Y21
3943 LET W2=E(2,11xUC32Y2-21+2(2,2)*U(3%Y2-11+E(2,31=U(32Y2}
3950 LET W3=E£(3,11*UC3=Y2~-21+E[3,21«UC342Y2-11+E(3,31*U(I=Y2]
3968 LET UC3=Y2-2]=41
3970 LET UC3sY2-13=Ww2
3980 LET UC3*Y21=w3
3999 RETURN
40Q@@ STOP
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4010 LET VI=EC!1,11+%1+501,214w2+5C01,3 1«43

4720 LET V2zE(2,1 14wl +£02,2)1a02«E02,3 1543

4930 LET V3=EL3, 1 }%%1+502,21+52+503,31+k3

40a@ RETURN

495@ STOP , _ .

4063 PRINT TAB(S):iKl; TAB€12);3°9.9920"; TAS(21);°2.A009"; TABCIZ);"7.qQ
20’ ;

§07@ PRINT TAB(39);3"2.2@0a"; TAB(48):"2.AAAA"; TABCST);"0.2000"; TABC&E -
30.0000" ) : :

4889 RETURN .

4099 STOP :

419@ PRINT TAB(2)3"2"; TAB(S);X1; TABC11)31"0.2A009°"; TABC29):"0. 23030 ;
TAB(29):"0.00000"; .

4110 PRINT TAB(33);'0.30008"3 TAB(47);:"0.03002"; TARBCS6):"2.20A0A"; TAB
€65);:°3.20300"". ' ’ : :

4129 RETUERN

4130 sSTOP | . :

4140 PRINT TAB(2)3;"9"; TAB(11);:"2";5 TAZC13);:"Aa"; TABC1T7Y;72 3 ToB(19)Y;
"998""3 TAB(23)1* 1" ' :

4159 PRINT TAB(25);"1.52@"; TAB(31):'"1.9aa"; TRAE(3T)Y"A.040"

' 416@ RITURN

417¢ STOP : »

418@ PRINT TAB(2);"2.A00@@";: TAB(11):"2.20200"; TAB(22);"2.30000";

4190 PRINT TAB(29);"0.00062"; TAB(3R);"0.00000; TAB(AT);"3.anaan"

@290 RETURN -

4210 sTOP : :

4229 PRINT "1"; TABC6);"2.0000007"; TABC17):"1"; TAB(28):"9"; TAB(23);:"2
"; TAB(30);"0.0000000" ;. ' ‘
4230 PRINT TABC41);"8"; TABCA4);:"1; TAB(47)3"3"; TAB(S4);"d.2000A00";
424@ PRINT TABC6S)3"3"; TABC6R):"3"; TABCT1)3" 1" '
4258 RETURN ‘ :

14260 STOP

4279 PRINT TAB(11)30.d0009"; TAB(28):"2.300aa"; TAB(28);UCL3*Y1-21:
428@ PRINT TABC3T);UCL3*Y1-~113 TAB(A6);UC3=Y11; TABCK1)3"2.*

4298 RETURN

43@@ SToP ) o ' i .

4319 PRINT TAB(2)3"8.50000"3 TABC(11);"9.20003""3 TAR(27);"2.28308%;: TA8(
29);:°°2.00029""; . : .

43293 PRINT TAB(38)r"0.080920"; TABCA7);:"2.007A309%; TABCEL1);"6."

4a330@ RETURN . .

434@ STOP ’ . : ’

4352 PRINT TAB(S):Kl13 TARC12);"2535@2*; TABC18)3"- 355m2°

4360 RETURN . :

4379 STOP , '

438@ PRINT TAB(7);X1; TAB(12)579.40Aa"; TAS¢C21):A.22@3""3 TAB(32)3;"3.3@
29 ’ . ’
4399 PRINT TAB(39);'9.72008°; TAB(48);"0.0800'; TAB(S7):2.9304"; TAB(&
)3"2.0089°

4492 RETURN

4419 STOP o . ‘

4429 PRINT TABC11);:0.00829*; TAB(29);:"0.0A003"; TAB(29);3.00223";
4439 PRINT TAB(38);70.90090°°3 TABC(A7);"3.00070"; TABC&1)I:"2." .
444@ PRINT TAB(2):"0.54@00": TABC11)3"3.00229"; TAB(20):"R.24A9Q""; TA3¢
29):''2.98230°; . '

4450 PRINT TAB(J8)3'0.0202Q"; TAB(AT):3"2.9R2000"; TABCE1)35"6."

4460 RETURN )

4478 STOP .

4480 PRINT TAB(6)3'2.2000700°; TABC17Y:"1"; TAB(27);*@"; TAB(23);:"e"; T
AB(30):"2. 207022093 . . :
4492 PRINT TABCA1Y32"; TABC44);:"1"; TAB(471;:"2"; TAB(S4);"0.A00A0AAR";
TABC 65): 0" , o : ‘
45A9 PRINT TAB(68)1"Q"™3 TAB(T1)3'1"
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4519 RETURN

4529 STOP

zssg,PﬁrNT TAB(S)Y3K13 TABC12);'155502°'"; TAS(Z!)'"!SSSG@": TAB(3@13°° 16355
93 TAB(39)3'1555@8; .
4549 PRINT TAB(48):3"156509";3 TAB(ST);'0.2680'3 TAB(T1)Y;s"1”

4550 RETURN

4560 STOP

457@ INPUT “WHAT IS THE VIEW DIRECTION , (1) OR (2) 2% ,x7

4588 INPUT "FRONT(1), R-H SIDE(2), OR TOP VIEW(3) 7,0

459¢ INPUT "wHICH D.z. OR S1Aa DO YOU LIKE TO LABEL, HC1) TO HC(4a)?2*",H(11},
H{2)1,HC31,HC4) -

4600 ON K7 THEN GOTO 4649. 4619

4619 LET S1=0

4627 LET S2=a

4632 GOTO ac6@

464Q. LET S1=2/3

4633 LET $S2=1/3

4662 LET va=15@

4679 LET Vv5=30

4687 IF Y6=1 THEN LET Vvé= 2

4699 IF Y6=2 THEN LET Vvé6=3

4790 ON VvQ THEN GOTO 4819, 4719, 4740

4710 IF 975/(Y9+S14X9)>782/(Z9+S2+X9) THEN GOTO 4747

472¢ 1LET Wé=958/¢¢3+51%X9) - :

4730 GOTO 485@

A74@ LET W6=TQ@/(29+52+49)

47S@ GOTO 4858 .

476@ IF 97S5/(X9+S1*£9)>730/(Y9+52*29) THEN GOTO 4790

4770 LET wé=95@/(X9+S1%29) .

4789 COTQ 4858

4790 LET wé=700/(Y9+S52+29)

4808 GOTO 4850 .

4819 1F 9:S/(X9¢SI-Y9)>:Rﬂ/(=9*s2tY9) THEN GOTO 4849

4829 LET %6295@/(X9+51=Y9) '

4839 GOTO 4850 -

484@ LET W6=703/(Z9+522Y9)

4850 LET wé=.824%é i
4860 PRINT "<27><12>"

487@ ON X7 THEN GOTO 493@, 4u%0
48%@ CALL 2@,45,9, L@a2¢,0

4899 CALL 2%,102¢,4,1029,782

49900 CALL 29,1020,780,45,78@
4919 CALL 29,45,780,45,@ :
4922 GOTO S@99

493@ CALL 2€,45,0,632,0

4943 CALL 20,630,0,630,58S
4950 CALL 26063@:5851451585
4960 CALL 28,45,585,45,0

4978 CALL 20,639,0,1922,19S

4980 CALL 2@,1822,195,1220,78@
4999 CALL 2¢,10329,780.,435,789
S@09 CALL 29,1020,78¢,62@,535
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SA1@ CALL 22,435,73@,45%,58S
922 FOR Y1=@ TO 38 STEP 2
039 CALL 2@,45+3903%Y1/39,195=Y1/39,45+390«(Y1+15/39,195%¢Y1+1)/39
5040 NEXT Y1 :

SAS® FOF Y11= TO 44 STEP 2 )

5060 CALL 20,435+Y1%585/45,195,435+(Y1+1)%585/45,195

S079  CALL 22.435.195'Y!t385/45,435,19S¢(Yl*l)tSRS/AS

SC82 NEXT Y1

5898 FOR Y2=16 TO 17

Si1aa ON v@ THEN GOTO S179, S511@, Staa .

S119 LET Wil=hé#U{I4Y2-1]+VaskéaSI=U(I2Y2-2]

5129 LET ~2-we~ur3av2J+v5¢k6~52~Ut3-Y2 21

S130 GOTO 5198

S1a@ LET Wlz=wéeU(JaY2-21+Va+hg=S1%xU[3aY2]

S150 LET Ma-*étut3tY2-l]’V:+k6t52 =UC3=Y21

S1¢é@ GOTO 5199

S1790 . LET W1=k44aUL32Y2-21+VA+Ws*S1«UL32Y2 1)

5189 LET W2=k6=2U(32Y21+VS+Ws2S2+UL3#Y2-11]

S190 GOTO S5292¢

5209 CALL 20,W1,w2,k1,%2

s219 FOR Y3=! TO 4 .

S220 IF Y23H(Y31 THEN PRINT Y2

S239 NEXT Y3

S240 NEXT Y2 .

S25@ FOR Y1=1 TO a9

5260 PRINT

5279 NEXT Y1

S280 RETURN

S299 STOP .

S300 LET X@=UC3*16-21

5319 LET X9=U(3=[6-23

S$328 LET Y@=U(3=[&-11" -

S33@ LET Y9=UCJI*16-1]

S349 LET 20=UC32161

535€ LET 29=U(3%2[6]

5368 FOR Y2=16 TO 17 . .

S370 IF UC3+Y2-27<X8 THEN LET X3=sUC3xY2-2)

S38@ - IF UL3=Y2-21>X9 THEN LET X9=U(3=Y2-2)

5399 [F UC3xY2-11<Y® THEN LET Y@=U(3=xY2-11

5409 [F UC3%Y2-11>Y9 THEN LET Y9=U(3=Y2-1]

_SaiQ IF UC3%Y21<20 THEN LZT £0=UC3=Y21

5429 IF UC32Y21>29 THEN LET 29=U(3=Y2]

$439 NEXT -Y2 , .

5449 RETURN

5450 .sTOP

3468 I[F X0/2><INT(X0/2) THEN LET X@=X@-1

54790 IF Y@/2><INT(Y®/2) THEN LET Y@=YQ-~!

5480 1F 28/2><INT(Z2/2) THEN LET 20=20-1

5498 FOR Y1=16 TO 17

SS50@ . LET U{3=Y1-21=UC3*Y1-2]1-X0 : .




sie
;Sed
- §53@
" 554@
$559
55 6@
5570
S589
5599
5609
S619
5622
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LET UC3=Y1-13=UC3*Y1-11-Y0

LET UCJ3aY11=UL3xY11-Z0

NEXT Y1 . o : :
LET X9=Xx9-XQ . L S
LET Y9=Y9-Y@Q '

LET 29=29-20

LET X@=0 -

LET YOQ=8

LET z@=9

RETURN

sToP .

ON Y1 THEN GOTO 5650, 369a, 5734, S779, S817, S8S@, SR9A, $934, 597

2, sal@ 4 .
563¢ ON Y1-18 THEN COTO 6A5@, 60708, 6139, 6170, 6219, 6252, €299, 6330,

6379,
5640
S 650
5660
5679
5630
5690
S7009
5710
5729
5730
574@
5750
S768
‘5779
S780
57990
S8Q29
S81@
S820
sg3e
S840
S350
S8 69"
S870
s3se
SR9Qa
5939
S910
5929
5939
5940@
'59s@
5960
s97@
$9809
5990
6009

6410

ON Y1-2Q THEN, GOTO 645@, 6499, 6530, 6578, 6613, 6650
LET H=! .

LET x=2 ) .

LET L=9 , ) ) , —
‘GOTO 6680 - '
LET H=-1

LET X=0

LET L=0

GOTO 6680

LET H=8 '

LET K=1

LET L=0

GOTO "6682 - , : ' o o
LET H=0 » '

LET K=-1

LET L=@

GOTO 6630

LET H=0

LET k=0

LET L=1

‘GOTO 66832

LET H=92
LET X=2
LET L=-1 N

‘GOTO 66392

LET H=1

LET K=t

LET L=9

COTO 66380

LET H=-1 : .
LET K=-1 T
LET L=9

GOTO 648@

LET H=-1

LET K=t

LET L=0

GOTO 6689



e

40818

020
6030

6049

6050

- 6060

6070
6082
6999
6109
6110
6129
6130
6140
6150
6163
6179
5180
619@
6290
6210
6220
6230
6240
6250

' 6269

6270
6280
6290
6300
6319
6329
6339
6340
6350

6360

8370

- 63809

é398@
6409
6410
64293
6430
6449
645@
6468
647@
£a8@

6499

6590

LET H=1
LET K=-1
LET L=@
GOTO 6689
LET H=0
LET K=1
LET L=1
GOTO 6630
LET H=9
LET K=<1
LET L=-1
GOTO 66840
LET H=@
LET X=-1
LET L=1

GOTQ 6680

LET H=9
LET =1
LET L=-1
GOTO 4680
LET H=1 _
LET K=9
LET L=t
GOTO 6689
LET H=+<1
LET X=¢

‘LET L=-1

GOTO 64383
LET H=-1
LET K=@
LET L=1
GOTO 66RO
LET H=1
LET K=@~
LET L=-1

"GOTO 64890

LET H=1
LET k=1
LET L=1
GOTO 6480
LET H=-1
LET K=-1
LET Lzet
GOTO 6689
LET H=-1
LET K=1
LET L=1
GOTO 6633
LET H=1
LET x=-1

251




6510

6520
6530
6549
6559
6569
6570
€530
6590
6600
6610
6629
6630
6649
&650
6660
6670
6680
6699
6700@
6710
6729
6730
6740
6750
6760
6770
67139
6799
6300
6310
6329
6830
é8 490
6850
68 60
6379
6380
689¢@

- 69@0

6910
6929
6930
640
6952
69 6@
6912
6980
6990
7000
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LET L=-1
GOTO 6480
LET =1
LET K=-1

LET L=1

COTO 6680
LET H==-1 -
LET K=1
LET L=~
GOTO 6630
LET H=1
LET K=1
LET L=-1{"
GOTO 6689
LET H==-1
LET K=-1

LET L=1

RETURN . ~

STOoP

LET S1=SCR(WIt2+w272+W3t2)
LET S2=SQR(Ht2+Kr2+L12)

LET R=SQRCHI12+K1124+L1¢2),

LET Wa=(Wl*H+W2eK+Ww32L)/S1/52
IF V4=3 THEN LET wé= R/SQR(R'2¢(2*HCY2]/DS)?2)
IF Va><@ THEN LET Wé=(WiaH1+Ww2=K1+k3xL1)/SI/R

LET WS=(H*HI+K*K1+LxL1)/S2/R

IF waz<@ THEN GOTO 6910

IF WS=<g THEN GOTD 6919

LET YS=SQR((1-WS)/C1+w5)) .
LET %S=2+ATNCYS)*180/3.14159
LET YS=SERCC1-W6)/C1+W6)),
LET W6=2+ATN(YS)*180/3. 14159
IF WS-w6>S THEN GOTO 6918
LET YS=SQR((1-Wa)/(1+Wa))
LET wa=2+ATNCYS)

LET wa=wa*x180/3.14159

IF Wa<X@ THEN LET H2=H

IF wa<X@ T4EN LET K2=K

IF Wasx@ THEN LET L2=L

IF Wwa<Xg THEN LET X9=W4

"RETURN

SToP
LET WwS= (HZ*H]+KI*K2+L1*L2)/SQR(Hlf2*Klf20Ll?2)/SGn(H2'2+K2 2¢L272)
LET wa=Xx3
1F H2=9 THEN LET St= 51*08/2
IF H2><9 THEZN LET Sl-R*08/2/hS
LET St=INT(S1+.5)
ETURN
STOP
IF Yi=<I1 THEN PRINT MDECTIY LY, (A KA 45,12




210
329
7030
7040
7059
1063
7270
79380
7399
7100
71190
7129
713@
T149
7150
1160
7170
7180
7190
7200
7210
7229
7230
7240
7250
7260
7279
1280
7299
7309
7310
7329
7330
7349
7350
7360
7370
7389
7390
7400
7418

7429

74390
T 449
7458
74460
7470
7489
‘7499
7500
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[F YI>T1+I3 THEN - GOTO 7430 : )

IF Y1=>[1+1l THEN PRINT “TC™3Y1:")", " C"3HAa;KA5L43")", 12

LET S9=SQR(HMA12+K 41241 412)

LET Al= (HltH4+Kl*K4+Ll*L4)/SI/S9-

LET Bl=l4sYp )

LET B2=(S@-5)=2/08

LET B1=31+B2

LET A9=SQR(3112+8212-24«21+«R22=*A1)

LET A9=(¢A912+B8112-2212)/2/29/81.

ON Y6 THEN GOTO 7119, 7200

IF Ha/2=INT(44/2+.301) THEN GOTO 7154

tF K4/2><IN1(K4/2*-901) THEN 1F La/2><INT(L4/2+.3@1) THEN GOTO 7122
LET £8=1/59

GOTO 71903 ) .
I[F K4/2=INT(K4/2+.001) THEN IF LA/2=[NT(L4s/2+.291) THEN GO3TO 718@
LET 2@=1/59 » : :
GOTO 7199

LET 20=2/S9

GOTO 7240

[F HAa+KA+LA=2«INT((HA+KAa+L4)/2+.231) [HEN GOTO 7239

LET 29=1/59

GOTO 72a@

LET Z2@=2/5%

LET 87=5%2/D3

LET 29=A1+A9-SQR(1~A172) *SQR(1-A912)

IF 12=9 THEN LET BS=9

IF [2><2 THEN LET 3S= 12*=a/ z9 -

LET A7=87+A1/S1 -

LET A8=87/59 ] . .

LET H=A8*HA-AT*K1 B -

LET K=a8%xK4-AT*K] E

LET L=ASsL4a~AT*L]}

‘IF At=! THEN CGOTO 7350

IF ABS(H=H1+KaKl1+LaL1)=>.01 THEN STOP
LET B9=SOR(H12+K12+L12)

IF Al=1 THEN LET A2=|

IF Al><! THEN-LET A2= (HZ*H#K?*K*LZ*L)/S2/89
IF 89=0 THEN LET A4=l

[F B9><@ THEN LET A4= (H*HJ*K*KJ*L'LJ)/S?/S3
IF A4=>Q THEN LET 32=SQR(1-A212)

IF A4<@ THEN LEZT B82=-SQR(1-A212)

LET B6=SQR(BS12+8712-2%85+87+E9)

LET A3=(B612+87+2-8S12)/2/87/86

LET A6=A1=A3-SQRC1-A172)2SIR(1-A312)

LET B8=SQRC1-A612)

LET UC3+Y1-21=B6#38+A2

LET UC3=Y1-11=B6+88482

LET UC3xY11=86x86 .
LET A9=INTC(UC3%Y1- ~2)%08/2+5QR(B7r2~ UE3’Y|-1]12 ~UC3xY11r2)%DR/2+.5)
IF Y1=<[1 THEN PRINT "THE DAMACE DEPTH [S';Aa9;'"a"




i7S18
529
7530
7542
7550
7560
7570
758¢@
7590
7690
7610
7629
7630
7649
7650
7668
7679
7639
7699

7700

7110
7728
7738
1740
7759
7760
7170
7780
779@
7800
7810
7829
78390
1849
7850
7869
7870
7839
7890
1909
7919
7929
193¢
7949
795@
7960
7979
7980
7990
agee
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LET Y2=Y1
RETURN
STOP

‘LET Al=H2 . ‘ :

LET A2=K2

LET Aa3=L2

LET A4=43

LET AS=K3 ’

LET Aé6=L3 -

LET AT=H1

LET Aag=x1

LET A9=L1}

GOSUB 3S8a

GOSUB 39392

LET UC3=Y1-2]=INT(ULI*Y1-2]+.5)
LET UC3*Y1-11=INTCUCI*Y1~11+.5)
LET UL3*Y11=INTCUL3*Y11+.5)
RETURN

sSTOP

LET H2=H

LET K2=K

LET L2=L

LET S1=SQR(H212+K2123{ 212)

LET S52=SQRCUC3*Y2-2112+U(32Y2~12112+U(32Y2]r2)

LET S$3=SQRCGCTIt2+GLBI12+GC9It2)

LET A2=UC3xY2-21+H2+UC32Y2-11#K2+UC32Y2]#L2
LET A2=a2/S2/51

LET A3= seacx-sa'eac1-4272>/<s~2/os)v2>
LET CCYI1=S=A3+52+D8202/2

LET W1=UC3#Y2-21-CCY1 1%HM2/5]1

LET W2=zUC3#+Y2-11-CCY11%K2/S1

LET W3=UC34Y21-ClY1I*L2/S1

LET Al=GC1)

LET A2=G(2]

LET A3=GC3]

LET A4=6[4a]

LET AS=G(S)

LET A6=GC6)

LET A7=GC71

LET A8=G(8]

LET A9=G(9)

GOSUB 3589

GOSUB 3729

GOSUB 4019

IF Vi=<@ THEN IF vsonetcoscs.14159/3)/os->e THEN GOTO 7989
LET CLY11=299999

GOTO 8150

LET Sas= seR<~1v2ow2r2»w312)

1F Vi=A THEN IF v2 @ THEN LET A9=t

IF V1><@ THEN LET A9=V1/SQRC(VI*2+v222) "




010
029
8030
30490
385@
.RQ&D
29079
g98@
3399
3108@
3110
8122
8139
8142

8159
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IF V2><@ THEN LET A9=VI/SGR(VIt2+v212)

LET
LET

Al=(WI*GLT71+w2+CG(BI+W3I*G(91)/SasS3
A2=(SO-SYACLA%xV9=DB/2+50-S)

IF Al<A2 THEN GOTO 3070

LT

QLY1I=SCR(1=-A112)=x0a9

GOT0 2159 -

LET
LET
LET
LET
LET
LET
LET
LET

OCY11=SER(1-a212)=a9

"A3=SARC1-A112)#SER(1-a212)+Aa1 %22

A4=5SxSQR(2%x(1-23))

AS5S=S*30QR(1-A312)/A4 .

Abs( -1 )« (H2«G(T1+v2«G(81+L2=G271)/53/81
AT=SER(1~-R£r2)x3QR(1-p212)+4a2%2 &
A8=A4xAS/AT .

CLY11=C(Y1)+p8

RETURN



