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A FIELD ION MICROSCOPE STUDY OF THE POINT DEFECT 
STRUCTURE OF A DEPLETED ZONE IN ION (W+) IRRADIATED TUNGSTEN 

+ Kenneth L. Wilson and David N.. Seidman 
Cornell University 

Department of Materials Science and Engineering 
Ithaca, New York 14850 

Abstract 
A quantitative field ion microscope study was made of the point defect 

structure of a depleted zone detected in a high purity zone-refined tung
sten specimen (an uncorrected resistivity ratio, between 298 and 4.2 K, of 

4 greater than 4*10 as measured on a 1 mm diam. specimen) irradiated in-situ 
_7 

under high vacuum conditions (<5«10 torr) at a specimen temperature of 
473 K with 20 keV W+ ions to a dose of = 9«101:L W+ ion cm"2. The irradiated 
specimen was examined at 25 K by the pulse field evaporation technique and 3 a total of 2.0*10 frames of 35 mm cine were recorded and analyzed in the 
reconstruction of this depleted zone. The depleted zone was found to con
sist of 41 vacant lattice sites clustered in a cubic region of approx-

o 
imately 13A on a side. No contrast effects which could be attributed to 
self-interstitial atoms were found in or near the depleted zone or in the 
lattice surrounding it. If only first nearest neighbor vacant lattice 
sites are considered then the distribution of cluster sizes is as follows: 
(1) three monovacancies; (2) one divacancy; (3) one trivacancv; (4) one six 
vacancy cluster; and (5) one huge cluster of 27 vacancies. It was shown 
that this depleted zone was created by a single incident ion, and a compar
ison of the measured number of vacant lattice sites with the value predic
ted by the Kinchin-Pease model showed directly that this model overesti
mates the number cf displacements created per incident ion by a factor of 

* This work was supported by the United States Atomic Energy Commission. 
Additional support was received from the National Science Foundation 
through the use of the technical facilities of the Materials Science 
Center at Cornell University. 

t John Simon Guggenheim Memorial Foundation Fellow 1972-73. 



approximately five in this case (irradiation temperature of 473 K). A dif
fusion model is also presented which explains the temperature dependence of 
«_he size of a depleted zone in terms of the mean range of a focused colli
sion replacement sequence at a given irradiation temperature. 

1. Introduction .. 
* 

The subject of the point defect structure of a depleted zone is basic 
to our understanding of the damage produced by a single primary knock-on 
atom (PKA). The only techniques presently capable of giving detailed in
formation about the internal structure of a depleted zone are the computer 
simulation method and the field ion microscope (FIM) technique. The com
puter simulation approach has been pursued actively by Beeler(l), Doran(2), 
Doran and Burnett(3) and Torrens and Robinson(4) and has provided us with 
some physical insight into the point defect structure of a depleted zone. 
The detailed results of the computer simulation method are sensitive to the 
interatomic potential employed in the calculations, any simplifying assump
tions made with respect to the many body nature of the problem, and to the 
value of the transferred energy at which the calculations are terminated. 
Alternatively the experimental FIM technique(5,6,7) provides us with a de
tailed picture of the arrangement of vacant lattice sites and self-inter- • 
stitial atoms (SIA's) within and around a depleted zone which is model in
dependent. For a recent review of the application of the FIM to the. study 
of point defects see Seidman(8). 

In a prior study performed in our laboratory [Beavan, Scanlan and 
Seidman(9)] the defect structure of two depleted zones detected in high 
purity tungsten specimens irradiated in-situ under ultra-high vacuum con-
ditions at a specimen temperature (T ) of 18 K with 20 keV W ions was 
studied in detail. The doses employed were low enough such that each de
pleted zone was created by a single incident ion. The structure of these 
depleted zones was compared directly with Beeler's(l) computer simulation 
results. 

The results discussed here represent an extension of our earlier 
work to higher irradiation temperatures. In this paper we present the 

In this paper we will use the term depleted zone in preference to the 
term displacement cascade, but it is noted that they refer to the same 
physical entity. For recent reviews of the fundamental aspects of 
depleted'zones see the books by Thompson(lO) and NelsonCll). 

/ 
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results of a quantitative study of a depleted zone detected in a high 
'urity tungsten FIM specimen which was irradiated with 20 keV W ions at 

* TT of 200°C (473 K). It is shown that this depleted zone was created 
by a single incident ion, that it consisted only of vacant lattice sites, 
and that no contrast effects which could be attributed to SIA's were found 
in or near it or in the lattice surrounding the depleted zone. A diffusion 
model is presented which explains the temperature dependence of the size of 
a depleted zone in terms of the mean range of a focused collision replace
ment sequence at a given irradiation temperature. The results of this in
vestigation are also compared to our earlier work(9) and also to the 
results of the computer simulation experiments. 

2. Experimental Techniques 
4 t High purity zone-refined tungsten specimens (R > 4-10 ; where R is 

the resistance ratio R^go V/^-A ? v a s measured on 1.0 mm diam. specimens 
and it is uncorrected for the specimen size effect) were irradiated in-
situ in an FIM with 20 or 30 keV W ions at a tip temperature (T„) of 200 
co 300°C. The vacuum was <5»10 torr when T was between 200 and 300°C 

-9 
and <5«10 torr when T was equal to room temperature. After the irradia
tion the specimens were allowed to cool overnight and were then examined by 
the pulse field evaporation technique at 25 K. The FIM image was intensi
fied by a Bendix microchannel plate [Turner ej: al_. (13) and Brenner and 
McKinney(14)] and recorded on 35 mm film with the aid of a semi-automated 
cine camera [Scanlan ejt al.(15)]. Between photographs a field evaporation 
pulse [Robertson and Seidman(16)] was initiated and adjusted, so that each 
crystallographic plane had one or two atoms removed per pulse. The resul
tant 35 mm cine film was then scanned on a Vanguard motion analyzer 
[Scanlan et al. (15)]. 

Details concerning specimen preparation, the sputtered metal ion 
source, the ultra-high vacuum FIM, the continuous transfer liquid helium 
cryostat and the question of the measurement of T_ can be found in our 
earlier publications [Scanlan, Styris and Seidman(17,18), Seidman,Sc-.nlan, 
Styris and Bohlen(l)), Petroff and Seidman(PO), and Seidman and Scanlan(21)] 

This value of TT is below the start of Stage III recovery as labeled by 
Neeley, Keefer and Sosin(12). 

t An R value of 4•L0 corresponds to a total impurity content at the very 
low 10-6 at. fr. level. 
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3. Experimental Results 
,1 Depleted zone detected near the (111) plane 

A total of seven FIM specimens were irradiated with 20 or 30 keV W 
ions at T 's ranging from 20 0 to 290°C. The doses (fluences) ranged from 

11 13 + -2 1*10 to 1*10 W ion cm . The depleted zone (called B) presented and 
o 

discussed in this paper was found in a 100A radius of curvature specimen 
that had been irradiated with 20 keV W ions to a dose of 9*10 W ion 
-2 

cm at 200°C or 0.13 of the melting point. The damage was found to con
sist of 41 vacant lattice sites clustered in a cubic region of approximate-

o o 
ly 13A on a side. This depleted zone was centered approximately 30A down 
from the initial surface. Figure 1 shows a series of 15 FIM micrographs 
recorded at various stages of the atom by atom pulse field evaporation 3 process. A total of 2.0«10 frames of film were recorded and analyzed in 
the reconstruction of this depleted zone. The first and last micrographs 
in Fig. 1 show perfect lattice, while the remaining thirteen micrographs 
show the dense "tunnel-like" appearance of the vacancy damage. The atom 
and vacancy positions are represented schematically below each micrograph. 

Figure 2 shows four (002) projections of the depleted zone. The num
ber associated with each vacant lattice site corresponds to the (002) plane 
in which the vacant sites reside. The layers were measured down from an 
origin atom (000) along an [001] direction. (The procedure for obtaining 
this projection is given in Section 4.) The multiple concentric circles 
imply that more than one vacant lattice site projected to the same atomic 
position. Figure 3 is an isometric drawing of the depleted zone constructed 
from the (002) maps shown in Fig. 2. The boundaries of the three slabs 
comprising the depleted zone were constructed by connecting the outermost 
vacant sites by straight lines. The upper two slabs in Fig. 3 represent 
three (002) planes while the bottom slab comprises six (002) layers. A 
total of 126 atomic sites lie within the volume of these three slabs and a 
total of 41 of these sites are vacant, which corresponds to a vacancy con-

* ° 3 
centration of 33 a_omic percent in this vo;ume of approximately 2 00 DA . 

In the Beavan, Scanlan and Seidman(9) analysis of depleted zones ve in
cluded atomic sites which were outside of the depleted zones in czlcula-
ting the vacancy concentration. This procedure resulted in lower 
vacancy concentrations than the value reported here. 

( 
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FIG 1 3 A series of 15 FIM micrographs (out of 2.0*10 frames recorded) taken at 
;ages of the atom by atom dissection of depleted zone B. The 
circles indicate normal lattice atoms and the open circlec 

vacant lattice sites. Frame numbers 1 and 15 show perfect lattice, while 
the remaining thirteen micrographs show the appearance of the vacant lat
tice sites. 
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FIG 2 
A^series of four (002; projections of depleted zone B. The vacant lattice 
sites are indicated by open circles. The multiple concentric circles imply 
that more than one vacant lattice site projected to the same atomic position, 

composite projection of the depleted zone is shown in Fig. 2d. Note the 
mgation of the depleted zone along the [110] direction in Fig. 2d. 
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FIG 3 
An isometric drawing of depleted zone B constructed from the projection 
maps shown in Fig. 2. 

Figure 4 shows six different photographs of a ball model of the de
pleted zone as constructed from the projections shown in Fig. 2. Each 
ball represents a vacant lattice site. The apparent ion beam direction was 
[111] and the photograph in Fig. 4F was taken along this direction. There 
is one dense pocket of about 30 vacant lattice sites and several smaller 
branches within the volume of the depleted zone. The location of depleted 
zone B on a partial 112 standard stereograpaic projection is shown iu Fig. 
5. A cross-sectioral side view of the FIM tip is shown in Fig. 6. It 
should be noted that a second depleted zone (called A) was also found in 
this tip. Depleted zone A contained at lea?,t 20 vacancies, but was unmap-
able because of its close proximity to the notoriously ill-behaved (002) 

o 
plane. This second depleted zone was approximately 20A from the irradiated 
surface, while dep?.eted zone B was approximately 100A in from the same 



B 

FIG 4 
Six different photographs of a ball model of the depleted zone as construc
ted from the projec4ion maps of Fig. 2. The lattice direction vector^ are 
shown in inset in each photograph. Figure 4F was taken along the [111]+ direction, which was the approximate direction of the incident 20 keV W 
ion beam. 
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FIG 5 
A partial 112 standard stereographic projection showing the location of 
depleted zones A and B and also indicating the direction of the incident 
ion beam. 

surface and was most likely produced by an ion which had channeled along 
_ o 

the [111] direction. The two zones were separated by approximately 135A 
along the [110] direction. A total of 1.1*10 atomic sites were examined 

* 
in this specimen . 

* A total of 1.6*11 frames of film v/ere recorded and analyzed for this 
particular specimen. 
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FIG 6 
A.schematic cross-sectional sideview of the FIM tip which contained deple
ted zones A and B. The growth axis of the single crystal tip is [1.12]> and the incident 20 keV W+ ion beam was approximately parallel to the [111] 
direction. oNote that depleted zones A and B were separated by approximately 135A as measured along a [110] direction. 

If only first nearest neighbor vacant lattice sites are considered 
.then the distribution of cluster sizes is as follows: (1) three mono-
vacancies; (2) one divacancy; (3) one trivacancy; (4) one six vacancy 
.cluster; and (5) one huge cluster consisting of 27 vacancies. This last 
internal cluster demonstrates the very compact structure that this depleted 
zone exhibits. 
3.2 Surface corrosion results from control specimens 

Seven control specimens were heated in-situ to values of T„, between 
— 5 —8 125 and 200°C in vacuua ranging from 10 to 10 torr. They were then 

examined by the pulse field evaporation technique, and particular emphasis 
was placed on the region near the free surfaca. A total of 2.4-10 frames 
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of film were recorded and analyzed in these control experiments. In no 
se was any type of vacant site cluster contrast effect detected beyond 

o 
the first 20A of metal. The specimen heated in a background pressure of -5 10 torr exhibited small etch pits starting at the free surface, while the 
other control specimens showed a total of 5 to 10 vacant lattice sites per 

o 
specimen which were usually located in the first 10A of metal. With the 
above result in mind we did not feel confident in displaying any suspected 
depleted zone in an irradiated specimen if it intersected the initial sur-

o 
face or if it lay within the first 20A of removed metal. This restriction 
tended to eliminate a good deal of the observed damage in irradiated spec
imens, but it was felt necessary as a result of the surface corrosion ob
served on an atomic scale in the FIM control specimens. 

4. Analytical Procedure for Depleted Zone Construction 
The 35 mm cine film was scanned on a Vanguard motion analyzer(15) and 

the following procedure was used in order to construct a depleted zone in 
three dimensions: 

1. A convenient origin atom in the first (222) layer was chosen as the 
origin and given cartesian coordinates (000) . In order to work with in
tegral coordinates the value of a /2, where a is the lattice parameter, 

o o 
was set equal to unity. The cartesian coordinates of all the atomic sites 
in this (222) plane, and the coordinates of a particular first nearest 
neighbor site in the next layer down were then calculated. This procedure 
is given in detail in Nicholas1 An Atlas of Models of Crystal Surfaces(22). 
This site in the second (222) layer became the origin for labeling all the 
vacant sites in that layer. The remaining layers were treated in the same 
fashion. In this manner the cartesian coordinates of all the vacant sites 
in the (222) planes were generated. 

2. All problems involving film positioning between frames on the en
larged negatives were eliminated by the use of the x-y crosshairs on the 
Vanguard motion analyzer. A channelplate defect visible in all photographs 
was chosen as a reference point, and the crosshairs were zeroed on this 
fiducial mark. With this technique, all ambiguities in the choice of the 
correct first nearest neighbor site in successive layers were eliminated. 

3. Since the depleted zone B was found in the (332) and (433) planes 
as well as in the (222) plane, these vicinal planes were analyzed in the 
following way. At the junction of the (433) [or (332)] and the (222) there 
is a row of atoms common to both planes. An atom in this row was chosen as 

/ 
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the origin. Its coordination with respect to the (000) atom in the (222) 
Lane was easily calculated, and all defects in this particular vicinal 

plane were located by the same technique as employed for the (222) plane. 
4. The location of the depleted zone in the FIM specimen necessitated 

a change in the vacancy identification procedure from those used previously 
in our laboratory. An atomic site, even if it was at the junction of the 
(222) and a vicinal plane, was considered vacant if no atom was detected 
during the detailed examination of the 35 mm cine film. These "edge atom" 
sites are not usually considered for point defect analysis because of the 
possibility of their evaporation before being recorded on the film. There
fore, the results from this depleted zone analysis represent an upper limit 
for the number of vacant lattice sites. 

5. When the origin shift vectors and the vacant lattice site coordi
nates are added together, the result is the cartesian coordinates of all 
observed vacant lattice sites. These coordinates were then displayed in an 
(002) plane projection (see Fig. 2). 

5. Discussion 
5.1 Probability that each depleted zone was created by one incident ion 

In this section we make an upper estimate of the number of primaries 
associated with each depleted zone, and show that the probability of each 
depleted zone being created by more than one incident ion was small. This 
upper estimate is a geometrical argument based on the measured cross-sec
tional area which the depleted zone presented to the ion beam. For deple-

°2 
ted zone B this area was approximately 169A and the total dose was .Approx
imately less than 9*10 W ion cm , therefore the maximum number of W 
ions which hit this area was approximately less than 0.015. A similar cal
culation for depleted zone A showed that the maximum number of hits on its 
cross-sectional area was also less than 0.015. This method of estimating 
the number of primaries associated with each depleted zone is an over
estimate because it neglects the spread in the range of the incident ions. 
We also note that che estimated maximum numner of hits on each cross-sec-2 tional area is approximately 10 times less than unity which supports 
strongly our contention that each depleted zone could not have been created 

r more than one incident ion. 
This calculation points out one of the problems inherent in an FIM 

study of depleted zones. With a dose of approximately less than 1-10 W 
-2 

ion cm , there are only one or two hits on the entire region that is 
) 



-13-

studied by the field evaporation technique. The probability that one of 
e resultant depleted zones will be in an area of good atomic resolution 

* is quite low . On the other hand, when the dose is raised to approximately 
13 + -2 1*10 W ion cm , then the possibility that the depleted zone could be 

created by more than one incident ion cannot be discounted. Out of the 
seven specimens that were irradiated in this experiment, only one mapable, 
isolated depleted zone was found. 
5.2 Atomic structure of the depleted zone 

The highly distorted lattice structure which characterizes a depleted 
zone is readily seen from Figs. 2 and 3. The qualitative aspects of the 
isometric drawing of the depleted zone B shown in Fig. 3 bear a similarity 
to the depleted zones detected in our earlier work (9) performed at T equal 
to 18 K, and also to Beeler's(l) computed isometric drawings of depleted 
zones produced in iron by 5, 10, 15 and 20 keV primaries (see Figs. 12 to 15 
in Beeler's paper). Depleted zone B exhibits some elongation in the [110] 
direction. The elongation of the depleted zones along <011> directions was 
also observed in our earlier experimental work (9), as well as in Beeler's 
computer simulations(1). Beeler attributes this <011> elongation effect to 

t the existence of quasi-channeling events. 
The vacant lattice site concentration in depleted zone B was 33 atomic 

per cent. This high value results from the manner in which we calculated 
the concentration of vacant lattice sites. In the absence of any other 
detailed physical information we counted only the atomic sites that lay 
within the volume of the isometric drawing shown in Fig. 3. This method 
yields an upper bound to the vacant lattice site concentration. Beeler has 
calculated vacant lattice concentration employing a volume of "collided 
atoms." He defined a "collided atom" as one which had received a non-zero 
energy transfer as a result of a collision event. It is clear that this 
quantity cannot yet be determined experimentally, hence from an experimen
tal point of view our procedure is a reasonable one. 

* Only the {222} and its vicinal planes, and the {114} region can be ex
amined in detail for point defects. 
Quasi-channeling refers to channeling of shorter range than the channel
ing that may occur along the <100>, <110> and <111> tunnel-like ceres in 
the b.c.c. structure. Beeler states that quasi-channeling trajectories 
"exhibit intermittent low-index channeling and are confined between tv/o 
closely adjacent atom planes". 

/ 
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• The distribution of cluster sizes presented in Section 3.1 shows that 

he most frequent cluster is one (i.e., a monovacancy) and that very large 
clusters of vacant lattice sites are possible. This is in qualitative 
agreement with an empirical result found by Torrens and Robinson(4) which 
shows that if N. is the number of clusters of i vacant lattice sites in a 
depleted zone there exists a constant cluster factor f where 

c 
f = 1 + 1 
c N. * l 

2 
Thus if there are N, monovacancies there will be f N, divacancies, f INL 

1 c 1 c 1 
trivacancies and so on. They performed their computer simulation exper
iments on copper, iron and gold, but did not perform it for tungsten un
fortunately. 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 for
mation of large clusters. In this sense our results on tungsten are sim
ilar to their computer results on gold. 

It is emphasized that in this specimen no isolated SIA's or SIA clus
ters were found in or near depleted zones A and B in the lattice surround
ing them. Since the experiment was performed at T„ equal to 47 3 K the fast 
or Stage I SIA was highly mobile during the irradiation (17,18). The ab
sence of SIA clusters within the depleted zone in our experiment differs 
from the computer simulation results obtained by Doran and Burnett(3) where 
the 0 K depleted zones simulated by Beeler(1) in iron were temperature cor
rected by means of a short term anneal at 800 K. This difference may be 
attributed to the fact that the final structure of a depleted zone is most 
likely history dependent. Hence, a depleted zone created at 0 K and then 
annealed at some elevated T above Stage I, may differ from the one crea
ted directly at T . On the contrary the computer simulation results of 
Torrens and Robinson(4) show that SIA clusters are a rare event, as they 
detected only one cluster of four SIA's in over 1000 depleted zones and 
even tri-SIA's were a rare occurrence. 
5.3 The number ot atoms displaced per primary knock-on atom 

The fact that each depleted zone was created by one incident ion 
eans that we have an experimental measurement of the number of atoms dis-

tlaced per primary knock-on atom. The crudest and most commonly used 
model to estimate the average number of displaced atoms per incident atom r 
or ion [v(E)] is the Kinchin-Pease (23) amorphous solid model in which 
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vCE) « E/2Edf 
rhere E is the energy of the primary atom initiating the depleted zone 
(20 keV in this case) and E, the displacement threshold energy (50 eV for 
tungsten (24 ,25). The Kinchin-Pease model has been criticized by a number 
of people [for example see Sigmund(26) and Nelson (27)J and it is well-
recognized that the value of v (E) calculated from this model in the case 
of fast neutron or heavy metal ion damage is an upper-limit to the actual 
value. In the present case the Kinchin-Pease equation predicts that we 
should have observed 200 vacant lattice sites in the depleted zone, where
as we detected only 41 vacant lattice sites. Hence, the Kinchin-Pease 
model is in error by a factor of approximately 5 in this case (T^ was 
equal to 473 K). However, in our earlier research we found that for T 
equal to 18 K the error was only a factor of 1.25. It is emphasized that 
at 18 K in tungsten the SIA is completely immobile, whereas at 473 K the 
Stage I SIA is very mobile. 

The computer simulation work of Torrens and Robinson (4) has taken in
to account the effect of thermal vibrations on the number of vacancies that 
survive in a depleted zone (see Table 11 in their article). They find, for 
example, that in the case of gold that there is only a 10% decrease in the 
number of vacancies that survive when the irradiation temperature was var
ied from 0 to 600 K. In addition, Torrens and Robinson found no evidence 
for focused collision replacement sequences in their computer simulation 
model. Our previous work (9) on depleted zone structure in tungsten at 18 K 
showed direct evidence for focused collision replacement sequences. Hence, 
two of the results of their computer simulation model are in contradiction 
with our findings. 

The absence of focused collision replacement sequences in the Torrens 
and Robinson simulation model is most likely a result of the fact that they 
terminated their calculations when the energy of a cascade atom dropped be
low 2E,, whereas the calculations should have been carried out to the re
placement energy [s^e for example Chadderton (28) ] . It is worth notii.g that 
in the many-body computer simulation calculations of low energy irradiation 
events performed by Erginsoy et al. (29) on i::on and Gibson et al_. (30) on 
>pper that focused collision replacement sequences were detected. Hence, 

future computer simulations of the structure of a depleted zone should in
clude the low energy many-body aspects which give rise to focused colLision 
replacement sequences. 
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5.4 The temperature dependence of the size of a depleted zone 
In this section we present a model which allows us to estimate the in

tegrated diffusional flux of SIA's which return to a single depleted zone 
by a diffusion controlled mechanism. In the process of the creation of a 
depleted zone SIA's are shot out by the focused collision replacement 
sequence mechanism as well as by the simple displacement of lattice atoms 
from their normal sites. When the specimen is at an irradiation temperature 
which is below the onset of long range migration (both correlated and un
corrected) then the distribution of SIA's within the lattice around the 
depleted zone can be detected by the pulse field evaporation technique 
[Beavan, Scanlan and Seidman(9)]. On the contrary if the specimen is at 
an irradiation temperature where the SIA's are mobile then the depleted 
zone can act as an internal sink for SIA's. The initial distribution of 
SIA's around the depleted zone is temperature dependent, since the range of 
a focused collision replacement sequence is a function of temperature(31). 
The physical effect of this integrated diffusional flux of SIA's to a de
pleted zone is, of course, to decrease its mean size. The decrease in size 
that we calculate in this section is in addition to the recombination 
events that occur within a depleted zone, and which have already been con
sidered in the computer simulation calculations. 

To model this diffusion problem we made the following assumptions: 
1. The FIM tip was approximated by a sphere of radius b (see Fig. 7). 
2. The depleted zone was approximated by a sphere of constant radius 

a (a < b) which was concentric with the sphere of radius b (see 
Fig. 7) . 

3. Both the surface of the depleted zone and the surface of the 
specimen behaved as ideal sinks for SIA's. 

4. The diffusion of SIA's occurred via a single thermally activated 
process. 

5. There were no SIA clusters or SIAimpurity atom clusters formed. 
6. The concentration gradient had no angular dependence. 
7. All the SlVs produced were located in an annular volume of thick

■k 

ness Ar located at a distance r from the center of the depleted 
m 

The distance r is taken as a measure of the mean range of a focused 
collision replScsment sequence at a given irradiation temperature. 

( 
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zone (see Fig. 7) a.nd the concentration of SIA's in this volume 
was c..* (number cm ). 

^-— 
Ar 

rm 7% 

1 w w ^ 1 8 r21 \a 7 

' / r m s r i + r 2 
Tb / 2 

Ar = r2-r, 

FIG 7 
The model used for the calculations presented in Section 5.4. The radius of 
a spherical depleted zone is equal to a, and the radius of the spherical 
FIM tip is equal to b. The SIA's are concentrated in an annular shell of 
the thickness Ar which is located at a distance rm from the center of the 
depleted zone. 

We have shown previously [Petroff and Seidman(20)] that the pressure 
gradient inside an FIM tip is not large enough to make an appreciable con
tribution to the flux of SIA's at any point within the specimen, hence the 
governing diffusion equation is 

3c 
J , irs\ r ii. 4- £ I 3C li 

9t D, , (p) 1 - ^ li li + 2 , 
3 r ^ r 3r n ( i ) 

aere c,. is the concentration of SIA's (number cm ), D^Cp) is the pres-
_ure (p) dependent diffusivity of an SIA, t is time and r is the radial 
variable. 

The initial and-boundary conditions for this diffusion problem ai e: 

I 
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c(r) - c ^ (x - |^l £ r £ (r + |£) at t = 0 . . . . (2) 

c(r) = 0 at r = a all t (3) 
c(r) = 0 at r = b all t . . . . . . . . . . . . . . (4) 

The solution of eqn. (1) subject to eqns. (2) to (4) is given in the 
Appendix. The instantaneous flux of SIA's (J,.) to the depleted zone and 
the free surface are given by 

2 acl " J1± (depleted zone) = -4ira D1± (p) {-%—) r = a . . . . . . . . . (5) 
and 

Jli(free surface) = -47rb D±i (p) ( a r . 1 ) r = b . . . . . . . . . (6) 

The integrated flux of SIA's arrived at the depleted and the free surface 
were then calculated from the expressions 

Q . (depleted zone) = / J . (depleted zone)dt . . . . . . . . (7) 
o 

Q,. (free surface) = / J, . (free surface)dt (8) 
o 

The solution to eqns. (7) and (8) are independent of D,. and are a function 
only of c,. and geometric factors (see Appendix). The constant c,. was 
defined by the requirement that the total number of SIA's in the volume 
between r, and r„ be equal to the number of vacant lattice sites in the 
depleted zone. This is, of course, an overestimate of the number of SIA's 
that would be shot out of the depleted zone by the focused collision re
placement sequence mechanism. Hence, the numbers we obtain are upper 
bounds. If we let this number of SIA's be N,., then c,. is given by 

Cli = 3N°i/4Tr(r2 - rj) (9) 

This expression for c. . was then substituted into the solutions for eqns. 
(7) and (8) and the resultant integrated flux was normalized by dividing 
by N. . . The final equations [(A8) and (A9)] are given in the Appendix and 
it is emphasized thet these solutions are a function only of geometric 
parameters. 

Figure 8 is a plot of the fraction of the SIA's that return to the 
depleted zone versus' r as calculated from eqn. (A8). The calculations 

m 0 0 
were performed for a = 10A and Ar = 20A as fj.xed parameters and with b and r as variables. Ir Fig. 8 the outer surface of the depleted zone is at m 3 
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FIG 8 
A plot of theo"Fraction of the SIA's that return to the depleted zone1 
versus r in A for a depleted zone with a radius (a) of 10A. The calcula-

>ns were performed for constant values of^a and Ar and variable values of 
and b. 
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r =• 10A. The general effects of the variable parameters are made quite 
"■■"ear.by this diagram. The effect of increasing the range of the focused 
llision replacement sequence at constant b is to decrease the number of 

SIA's that return eventually to the depleted zone. The effect of increas
ing b at constant values of a, Ar and r is to increase the number of SIA's 

m 
that return to the depleted zone. If we take the mean range of a focused 

o 
collision sequence at 18 K to be approximately 80A (9), and assume that 
this range is decreased by a factor of approximately two(31) at 473 K then 
20% of the SIA's shot out of the depleted zone by the focused collision re
placement sequence mechanism could have returned to it by a diffusion pro
cess at this elevated temperature. If all the SIA's are placed in a shell 

o 
between r equal 10 and 30A, then this model predicts that at least 40% of 
the ejected SIA's will diffuse back to the depleted zone. The above model 
demonstrates clearly the diffusional role that the SIA's, which are shot 
out of the depleted, zone as a result of focused, replacement collision 
sequences, can play in determining the final size of a depleted zone and 
the intimate connection between this final size and the temperature de
pendence of the mean range (r ) of a focused replacement collision sequence. 
5.5 General remarks 

This paper and our earlier publication (9) on depleted zones in irra
diated tungsten demonstrate the power of the FIM technique in determining 
quantitatively the point defect structure of depleted zones. The main 
drawback of the technique is that it is difficult to determine an average 
density and size distribution of depleted zones because of the small vol

— 16 3 
ume of metal (approximately 10 cm ) that can be presently examined con
veniently. Alternatively, the transmission electron microscope technique 
is best suited for the latter measurements [for example see Wilkens(32), 
Eyre(33) and Howe and Rainville(34)] since this microscope is able to 
examine larger, volumes of metal. However the transmission electron micro
scope studies have not yielded the type of information that we have ob
tained by the FIM technique. Hence there is no technique presently avail

For values of rm less than 20A, the following extrapolation was employed. 
The portion of the annular SIA volume that was inside the r = 10A de
pleted zone boundary was assumed to have been annihilated by the deple
ted zone and the remainder of the SIA's were allowed to random walk 
according to the diffusion equation. 
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able which a'llows one to determine a.11 of these physical properties simul-
mebusly. Therefore the FIM remains the only instrument presently capable 

.E determining quantitatively the point defect structure of a depleted zone. 
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Appendix 

The solution [Carslaw and Jaeger (35)] of the governing diffusion equa
tion [eqn. (1)] subject to the initial condition [eqn. (2)] and the boundary 
conditions [eqns. (3) and (4)] is 

2C;. ^ (r-a) frjcos (dxr1+d2)-r2cos (V 2+d 2) 
cli^r; r(b-a) Z_w L (b-a) Jl Cl 

n=l L 

2 2 
sin (d;.r2+d2)-sin (d,r1+d2) D,.(p)n -n t 

+ 5 ]*exp[ 3 ] (Al) 
c{ (b-a)2 

where 
rl = rm " T- (A2» 

r2 " rm + T- <A3) 

d1 = mr/(b-a) (A4) 

and 
d 2 = -nira/(b-a) (A5) 

The values of J,, (depleted zone) and J,, (free surface) [eqns. (5) and 
(6)] were then generated and used to evaluate the integrals in eqns. (7) 
and (8). The expressions for Q,. (depleted zone) and Q,. (free surface) 
are given by 

" (b-a) [r^os ( j ^ ( r -a) )-.r2cos (g^(r2-a) ) ] 
Q1 . (depleted zone) = 8c,.a > { ~ 

n=l 
(b-a) 2 [sin (gl-(r -a) ) -sin (SI-(r -a) ) ] + n } (A6) 

n ir 

and 

I 
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* s o o K v (-nn r (b"a ) [ r i c o s ( b ^ i ( r r a ) ) - r 2 c o s f e ( v a ) > ] 

surface) = 8c,.b / j— { 2  

* ».rf ™ /, % r /nir / . x x _ _ ,mr 
^ . (fr.ee si 

L ; n" n rr 
n=l 

(ba)
 2 [sin (gl_(r a) ) sin (g~(r, a) ) ] 

+
 b

"
a
 3

2
2
 b

"
a X } (A7) 

n IT 

The final equations for the normalized integrated flux (see Section 5.4) to 
the depleted zone and the free surface are thus given by 

ea \h» (b"a ) [ r i c o s (b^i" ( rr a ) ) ~ r 2 c o s ( b ^ ( r
2

_ a ) ) ] 
Q' . ( d e p l e t e d zone) = ^ j - 7 X 2 

7 7 ( r 2 " r l ) n = l ' 

( b - a ) [ s i n ( ^ — ( r - a ) ) - s i n (£^— ( r , - a ) ) ] 
+ b — * ■ — 2 - r - 5 S z a — 1 j ( A 8 ) 

n TT 

and 

6 b v "> / _ ~\\ ^ 
Q i i ( f r e e surface) = 3 3 ^ 2~ ' 

i r ( r 2 - r l ) n=l n 

| (b-a) [ r ^ o s (^Z^^i - 6 1) ) " r
2

c o s ^5^a"^r2~a^ * ^ 
_ 

i n TT 

( b - a ) [ s i n (£^— ( r „ - a ) ) - s i n ( ] ^ — ( r , - a ) ) ] ) 
+ ^ — f ~ 2 £-*■—± (A9) 

n IT J 
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