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J. Y. Park, H-C. W. Huang, A. S. Berger and R. W. Balluffi 
Department of Materials Science and Engineering 

Cornell University, Ithaca, New York 14850 

Abstract 
High purity single crystal tungsten rods with resistance ratios R(273 K)/R(4.2 K) = 

3 x ] 0 were prepared by electron beam melting. Thin single crystal wires of 63 ym dia, 
obtained from these rods by electropolishing, were then heated resistively in an ultra 
high vacuum manifold and "radiation quenched" by switching off the heating current. 
Initial quench rates as large as ^30,000 K sec" were achieved. No significant changes 
were found in the annealed specimen base resistance at 4.2 K as a result of multiple 
quenching and annealing cycles. We believe, in general, that this quenching method re- ' 
presents an ultra-clean technique which maintained the specimen free of impurities during 
quenching. Appreciable quenched-in resistivity increments were obtained in all cases by 
quenching from temperatures in the range 2700 K — 3565 K. However, the increments 
quenched into one specimen were lower by a factor *A than those obtained in another 
specimen subjected to less initial purification. Furthermore, the increments obtained 
by extrapolation to °° quenching rate were smaller by a factor <3 than those obtained 
previously by Gripshover, et̂  a]_. by a similar extrapolation procedure. It appears that 
these differences are real and cannot be due to intrinsic quenched-in vacancy defects. 
We believe instead that the results are due to the presence of relatively large concen--
trations of quenched-in impurities (along with vacancies) in all of the specimens with 
the possible exception of the most pure specimen used in the present work. The impuri
ties evidently went in and out of solution during quenching and annealing. Field ion 
microscope (FIM) specimens were prepared from the gage lengths of the quenched specimens 
and were examined atom by atom by the method of pulsed field evaporation for the 
presence of quenched-in defects. So far, 778,000 sites have been examined in one 
relatively impure specimen quenched from 3300 K. Eighteen dark spot defects were found 
which could have been either vacancies or impurity atoms. This result establishes an 

-5 >er limit of ^2 x 10 for the concentration of quenched-in vacant sites. We are 
__.rently attempting to produce higher purity specimens in order to establish a possible 
lower limit for the quenched-in resistivity increments. FIM examination of quenched 
higher purity specimens is also in progress. 



1. Introduction 
The investigation of vacancy defects in b.c.c. metals by means of quenching has 

proven to be relatively difficult and controversial when compared to corresponding work 
with the f.c.c. metals [see papers in the recent conference on "Defects in Refractory 
Metals" held at Mol in 1972(1)]. Numerous experiments(1) involving the measurement of 
electrical resistivity after quenching have shown that certain defects (either intrinsic 
lattice defects, dissolved impurity atoms, or combinations of these) are retained by 
quenching under usual conditions. The situation has been complicated by difficulties 
in the preparation of specimens of initially high purity, difficulties in the elimina
tion of contamination during quenching, and a general inability to identify the nature 
of the quenched-in defects by any direct means. In addition, the work has been hampered 
by the lack of a general body of information about the behavior of vacancy defects in 
the b.c.c. metals. 

In the present work further information about the defects quenched into tungsten 
was obtained by means of combined electrical resistivity and field ion microscopy. 
Relatively high purity tungsten wires were first quenched from elevated temperatures 
under ultra clean conditions, and the resistivity of the quenched-in defects was 
measured. Field ion microscope (FIM) specimens were then prepared from the gage lengths 
of the same quenched wires, and were dissected atom by atom in the FIM by the method of 
pulsed field evaporation(2,3) in an effort to observe the defects directly and count 
them individually. This method, which was successfully employed by Berger, et al_.(3) 
in a study of vacancy defects in quenched platinum has the potential of providing 
valuable information about the nature of the quenched-in defects and also measuring 
their absolute concentration. 

~.- Resistivity-Quenching Experiments 

2.1 Specimen Preparation 
Oriented single crystal rods <30 cm long and 1000 um in dia with a <112> direction 

parallel to the rod axis were first prepared by electron beam melting. Thin single 
crystal wire specimens ^3 cm long and 63 ym in dia which were suitable for quenching 
were'then obtained from these rods by electropolishing "in an aqueous NaOH-H^Op electro
lyte. The use of electropolishing to obtain the thin wires avoided any contamination 
which may have been introduced by other reducing techniques such as wire drawing. 

Two different quenching specimens (designated hereafter by 1 and 2) were prepared 
__ follows: 

Specimen 1: Electropolished from rod subjected to two successive melting passes 
in a 5 x 10" torr vacuum. 
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Specimen 2: Electropolished from rod subjected to two successive melting passes in 
-4 a partial pressure of 5 x io torr of oxygen followed by a single 

melting pass in a 5 x io" torr vacuum. (This treatment was designed 
to reduce any possible carbon content of the starting material.) 

Resistance ratios, r = R(273 K)/R(4.2 K), where R is the measured specimen resistance, 
were determined at two stages of the electropolishing procedure, and the results are 
given in Table 1. 

TABLE 1 
Measured Resistance Ratios of Specimens 1 and 2 

Spec dia(ym) r 

1 635 -v30,000 
63 4,000 

2 990 • <30,000 
63 5,000 

These r values indicate dissolved impurity contents in the vicinity of 'v/l ppm or less 
in the annealed state when nominal values of the resistivity of the expected impurities 
are used(4). The larger value of r for Specimen 2 indicates a somewhat higher purity 
as might be expected from the melting procedure. 
2.2 Radiation Quenching Technique 

The electropolished wire specimens were mounted in the apparatus shown in Fig. 1 
for purposes of quenchi..<j. This apparatus allowed the specimen to be resistively 
heated to the quenching temperature in an ultra-high vacuum manifold which in turn 
was immersed in liquid helium. The specimen was then "radiation quenched" in situ 
by simply switching off the DC heating current. The specimen quickly reached "A.Z K 
at the completion of the quench as a result of heat losses by both radiation and con
duction to the surfaces of the manifold which were in direct contact with the liquid 
helium. The quenching rate could be decreased under controlled conditions by putting 
various capacitances in parallel with the specimen and allowing them to discharge 
through the specimen during the quench. Measurements of the residual resistance at 

2 K were always made in situ directly after the quench. 

Some of the details of the specimen arrangement are shown schematically in Fig. 1. 
The wire specimen was held on a cradle consisting of two bent tungsten wires which in 
turn were attached to a sapphire mounting block by means of intermediate copper brackets. 
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FIG 1 

Specimen quenching apparatus. 

The sapphire block was itself clamped to a large copper heat sink which was in direct 
contact with the liquid helium. The all-metal pumping system which was connected to 
the top of the vertical specimen manifold shown in Fig. 1 consisted of a bakeable stain
less steel manifold which was rough pumped with a sorption pump and finally pumped with 
an ion pump. Rapid cryo-pumping was also achieved in the specimen manifold as a result 
of its immersion in the liquid helium. This system routinely operated in the low 
10 -9 . orr range (as measured at the top of the vertical manifold in Fig. 1) and un
doubtedly achieved an exceedingly low hydrocarbon vapor pressure at the specimen. 

The specimen resistance was determined by the standard technique of measuring the 
voltage drop across the specimen gage length (AB in Fig. 1) due to a known DC current. 
The current was determined, in the usual manner, by measuring the voltage drop which it 
produced across a standard resistance in series with the specimen. The specimen tem
perature was determined in every case by measuring the specimen resistance and using 
the standard NBS resistances-temperature conversion data(5). The arrangement of poten
tial and current leads at the specimen is shown in Fig. 1. A gage length ^ mm was 
used. 

The temperature uniformity along the gage length at elevated quench temperatures 
was investigated directly by optical pyrometry. The temperature was found to be a 
maximum at the center of the gage length. At an average gage length temperature of 



3300 K variations not exceeding +10 and -20 K were found about the mean. It is readily 
own that to first order variations in temperature AT produce variations in equilibrium 

vacancy concentration Ac given by 

AC_ fZh £l c W T 0) 
where Ep = vacancy formation energy. A variation of 20 K along the gage length would 
therefore produce a variation of vacancy concentration along the gage length of Ac/c = 
0.08, if Ep = 3.6 eV. The quantities Ac/c and AT/T were therefore relatively small, and 
Ac was closely proportional to AT. Since variations in the high temperature lattice 
resistance were closely proportional to AT, and variations in the residual resistance 
at 4.2 K were proportional to Ac, the entire situation was closely linear, and we may 
conclude that the specimen temperature was sufficiently uniform so that the measured 
resistance increment due to the quenched-in vacancies always corresponded closely to 
the increment which would have been obtained from a uniform concentration of vacancies 
characteristic of the average measured quenching temperature. 

The specimen was heated and quenched during each quenching cycle under the complete 
control of a Nova 1220 computer. In addition, the complete thermal history of the 
specimen during the cycle was automatically measured and recorded and then plotted out 
at the end of the cycle. At the completion of each quench cycle the residual resistance 
at 4.2 K was measured manually using standard potentiometric techniques sensitive to 
±0.01 yV. A simplified block diagram of the closed-loop computer system is shown in 
Fig. 2. The computer contained an internal, crystal-controlled, programmable time base 
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FIG 2 
Block diagram of computer controlled quenching apparatus. The arrows indicate the direc
tion of data transmission for the closed-loop control of the thermal cycling of the 
specimen. The teletype and cassette permit real time interaction with the experiment. 



",hich had a dynamic range of 100 ysec to 20 min. The programmable timer synchronized 
:h the updating of the data fed to the digital-to-analog converter (DAC) and the 

frequency of the measurements made by the analog-to-digital converter (ADC), thus con
trolling the heating and cooling rates. The voltages developed across the specimen 
and the standard resistance were monitored by differential inputs, programmable gain 
instrumentation amplifiers (PGIA's). These amplifiers fed a high speed ADC which closed 
the feed-back loop with the computer. ' The programmable gain feature (gain = 1 to 
gain = 1.6 x 10 ) allowed a very wide dynamic range of voltages and currents to be 
measured while maintaining the full scale accuracy of the ADC. Upon quenching, voltage 
pairs were measured at rates up to one e^ery 0.2 msec while the specimen cooled. From 
these pairs the thermal history during the heating and quenching was computed and was 
immediately plotted out. (For more details see the figure caption.) A typical plot is 
shown in Fig. 3. As seen in Fig. 3 the heating and quenching curve consisted of three 
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FIG 3 
typical computer generated plot of thermal history of specimen during heating and 
quenching. Rise time in Region 1 ̂ 1 sec. Holding time in Region 2 usually M sec, 
Time scale in Region 3 differs from that in Regions 1 and 2 (see Fig. 6). 
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"^qions. The specimen was heated to the quench temperature, T , in Region 1, held at 
for a short equilibration period in Region 2, and finally quenched in Region 3. 

The advantages of the present technique may be summarized as follows: 
(1) The specimen is maintained free of contamination during quenching and 

annealing (see Section 2.3 below). 
(2) A rather high maximum quenching rate (i.e., ̂ 30,000 K sec ) is achieved 

near the beginning of the quench in the high temperature regime where defect 
clustering and losses to sinks are of major concern(6). 

(3) A given specimen may be repeatedly quenched, annealed and measured in situ. 
(4) No appreciable stresses are applied to the specimen during the quench. The 

generation of dislocations during each quench cycle is therefore minimized, 
and the vacancy sink structure is maintained essentially constant. By quen
ching a given specimen, containing a constant vacancy sink structure, at 
different rates results are obtained which may be extrapolated to an infinitely 
fast quench rate in order to correct for possible annealing effects during the 
quench such as vacancy losses to sinks(6). 

(5) The computer control of the quenching cycle guarantees rapid and accurate 
heating to the desired quench temperature. Exposure of the specimen to high 
temperatures during the quench is therefore minimized, and corresponding 
shape changes due to surface tension effects and evaporation at elevated 
temperatures are minimized. 

2.3 Resistivity-Quenching Results 
Specimens 1 and 2 were subjected to a series of alternating quenching and annealing 

runs in order to determine resistance increments due to quenched-in defects. Each 
quenching run was of the type_shown Jn-Fig. 3, while each annealing run consisted of 
heating the specimen to an elevated temperature and then slowly cooling it in order to 
anneal out any vacancy defects which were initially present as a result of the previous 
quench. Measurements of R(4.2 K) taken after each annealing run provided a continuous 
monitor of the base resistance of the specimen in the annealed defect-free state. Values 
of the quenched-in resistance increment AR (4.2 K) were then obtained in each case by 
subtracting the base resistance from the resistance measured after quenching. In all 
cases the base resistance stabilized at a low value after a preliminary in situ anneal-
ing treatment and remained constant thereafter as seen in" Fig. 4. Here the base 
" istance as measured by p(4.2 K)/p(273 K) = R(4.2 K)/R(273 K), where p is the specimen 
istivity, is shown after repeated quenching and annealing. The initial rise in the 

base resistance resulting from the very first heating was evidently due to the inward 
diffusion of impurities from the specimen surface. These impurities must have been 
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Fig 4 
Stabilization of the base resistance during repeated quenching and annealing. Each 
point represents a measurement in the annealed state after a previous quench. The 
annealing times varied between 1 sec and 60 sec. 

deposited there during the electropolishing operation and during exposure to the 
laboratory atmosphere. However, they were eventually removed during the next few 
heating cycles, since the base resistance quickly returned to its initial value and 
remained constant thereafter. These results may be taken as evidence that specimen 
contamination must have been quite small in the present quenching arrangement. We note 
that it is difficult to estimate the precise sensitivity of the base resistance to 
impurity pickup because of the relatively large and currently unknown contribution of 
the surface scattering to the total resistance in the present thin specimen(7). Further 
evidence that impurity pickup during successive quenching and annealing cycles was 
small was the result that the quenched-in defect increments which were measured (see 
below) were reproducible and were independent of the order in which they were measured. 

Values of Ap (4.2 K)/p(273 K) = AR (4.2 K)/R(273 K), where Ap is the quenched-in 
istivity increment, obtained for Specimens 1 and 2 quenched at the fastest rates 

possible (zero capacitance) are given in Fig. 5 (Curves A). Specimen 2 was also quenched 
at progressively slower rates by adding 2000 yF, 5500 yF and 10000 yF capacitances to 
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FIG 5 
Quenched-in resistivity versus 1/TQ(K). Data points for Specimens 1 and 2 are given. 
Curves A correspond to fascest possible quenching rates with 0 capacitance. Curves B, 
C and D correspond to progressively slower quenching rates using 2000, 5500 and 10000 
yF capacitances respectively (see Fig. 6). Dashed curve corresponds to values obtained 
by extrapolating data to °° quenching rate (see Fig. 7). Also shown are previous data 
of Gripshover et al.(8) and Kunz(9). 

the circuit, and the results are given by Curves B, C and D respectively. A typical 
set of quenching curves which shows the decrease in quenching rate due to increased 
capacitance is given in Fig. 6. Curves B, C and D show the expected result that larger 

istivity increments were obtained as the quenching rate was increased. The data 
.._. e therefore extrapolated to an infinite quenching rate in order to correct for 
annealing effects during the quench and obtain the defect resistivity increment 
characteristic of the quenching temperature(6). The extrapolation was performed using 
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FIG 6 
Quenching curves for Specimen 2 using different capacitances. 

a semi logarithmic plot of quenched-in increment versu> *he reciprocal of the quench^g 
rate as shown in Fig. 7. The quench rate in each case was taken as the best average 
quench rate over the first few hundreds of degrees of the quench curve in the high 
temperature regime where annealing effects were important. The increments obtained by 
this extrapolation method are represented in Fig. 5 by the dashed curve. 

Also, shown in Fig. 5 are previous results obtained by Gripshover, e_t al_.(8) and 
Kunz(9). In both of these investigations the specimens were'quenched in superfluid 
helium. This method achieves somewhat higher maximum quenching rates than the present 
technique. However, the rates achieved by the two techniques do not differ by more 

n about a factor of two in the important high temperature regime. Gripshover, e_t 
o_i_. (8) quenched at different rates using the same capacitance method as employed in 
the present work. The results they obtained at their fastest quenching rate (zero 
capacitance), and by extrapolating their data to an infinite quenching rate, are 
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FIG 7 
Extrapolation of the quenched-in defect increment to infinite quench rate. The fo"** 
points on each curve were obtained using 0, 2000, 5500 and 10000 yF capacitances suc
cessively in the quenching circuit (see Fig. 6). 

indicated by solid and dashed lines respectively in Fig. 5. It is interesting to note 
that the increase in the increments obtained by the extrapolation to infinite rate are 
almost the same in both the present work with Specimen 2 and that of Gripshover, et al. 
Very similar behavior was found in both investigations as the quenching rate was varied. 
For example, the shapes of the extrapolation curves in Fig. 7 are quite similar to 

ise found by Gripshover, et al_. These curves tend to become progressively steeper 
as T is raised because of the increased annealing which is able to occur at the higher 
temperatures(6). 
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The most important result evident in Fig. 5 is that widely different results have 
en obtained for Specimens 1 and 2, and that these results also differ considerably 

from those reported earlier by Gripshover, et̂  al_. and by Kunz. For example, the in
crements obtained in Specimen 2 are about a factor of 4 smaller than those obtained in 
Specimen 1. Also, the present results for Specimen 2 obtained by extrapolation to 
infinite quenching rate are lower than those obtained by Gripshover, et al_. by extra
polation to infinite rate by about a factor of 3. These differences appear to lie well 
outside of expected experimental error and also cannot be explained by postulating 
different specimen sink densities, since in such a case all of the results should con
verge when extrapolated to an infinite quenching rate. (We note that in the case of 
quenched gold it has been shown(6) that the quenched-in increments obtained in five 
independent investigations by extrapolation to infinite rate converge to a common curve 
with a mean deviation of only 4.4%.) It therefore appears that the differences in 
Fig. 5 are real and cannot be explained on the basis of intrinsic quenched-in vacancy 
defects. We believe instead that the results are most likely due to the presence of 
relatively large concentrations of impurities (along with vacancies) in all of the 
specimens with the possible exception of the present Specimen 2. This point is dis
cussed further in Section 4 after the presentation of the field ion microscopy results 
in the following section. 

3. Field Ion Microscopy Experiments 
3.1 Field Ion Microscopy Technique 

A number of FIM specimens were prepared from the gage lengths of quenched speci
mens. The needle-shaped specimens were prepared by electropolishing at room temperature 
in an aqueous solution of NaOH and glycerin, and care was taken to use low current 
densities in order to avoid any specimen heating which could conceivably have caused 
a loss of vacancy defects. The exceedingly small FIM specimen essentially samples a 
point in the specimen volume, and there was concern therefore that the average defect 
distribution would not be observed because of the temperature gradient along the gage 
length discussed in Section 2.2. In order to minimize this possibility care was taken 
to obtain FIM specimens from regions of the gage length corresponding to the average 
temperature. 

The specimens obtained in this way were next mounted in a FIM and were searched 
for defects using essentially the same FIM technique described previously by Berger, 

aj_.(3). The main features of the technique consist of the following: 
(1) The FIM specimen is maintained at ^25 K in an all-metal bakeable UHV system 

-9 
with a background pressure of M O torr. A He imaging gas pressure of -5 ^3 x 10 torr is employed. 
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(2) The specimen image is intensified with an internal Bendix channel plate 
multiplier system. 

(3) The specimen is dissected by pulsed field evaporation at a relatively slow 
rate corresponding to the removal of 2-3 atoms per high index net plane per 
pulse. The image is automatically photographed after every pulse on 35 mm 
cine film. With this procedure every atom on every high index net plane is 
strongly imaged and recorded at some stage of the dissection process. 

(4) The resulting 35 mm cine film is finally scanned for the presence of defects 
using a Vanguard motion analyzer. 

This automated technique allows us to scan a total of ̂ 10 atomic sites lying in 
high index planes for the presence of defects in each quenched specimen. A typical FIM 
specimen image is shown in Fig. 8. The net planes which were scanned for defects in 
the present specimens were the following: {111}, {334}, {233}, {122} and {345}. 
3.2 Field Ion Microscopy Results 

So far in our work, we have searched only one quenched specimen for defects by 
field ion microscopy, i.e., Specimen 1 quenched from 3300 K. In the course of examining 
^778,000 atomic sites in two different FIM specimens obtained from different regions of 
the gage length of this quenched specimen we observed a number of different point defect 
contrast patterns. Several of these patterns were multiple in nature. However, all 
of the patterns consisted of various combinations of the following elementary contrast 
effects: 

g-dark spot: This contrast effect is a single dark atomic site lying in a net 
plane and is visible during all stages of the imaging of the plane during field eva
poration (see, for example, frames 969-1005 in Fig. 9). Such a dark spot can be due 
to a missing atom in the surface layer which results ^ m either the uncovering of a 
quenched-in monovacancy in the bulk during the pulsed field evaporation process(3) or 
else the preferential field evaporation of a substitutional atom from a surface site. 
In the latter case the substitutional atom can be either a host atom or an impurity 
atom. It is also possible that such a dark spot can be due to a substitutional impurity 
atom which occupies the site but which appears dark because of a redistribution of 
charge around the atom(10-12). 

g-dark spot: This contrast effect is a single dark.atomic site which suddenly 
appears in a well-resolved net plane during observation (see, for example, frames 

'-933 in Fig. 9). This defect must be caused by the sudden field evaporation of an 
atom from the observed site causing it to become dark. Work currently in progress in 
our laboratory with platinum based alloys(13) indicates that host atoms in close 
juxtaposition to impurity atoms are often preferentially field evaporated to produce 
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FIG 8 
FIM image of annealed tungsten specimen. A number of net planes are identified, 
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FIG 9 
Pulsed field evaporation sequence showing dissection of three successive {345} planes in 
quenched Specimen 1. Removal of first plane and formation of g-dark spot (open circle 
with cross) in frames 900-923. Removal of second plane containinq a-dark spot (open 
circle) in frames 928-969. Removal of third plane containing a-dark spot in frames 
972-1005. 
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FIG 10 
Pulsed field evaporation sequence showing dissection of three successive {233} planes 
in quenched Specimen 1. Removal of first plane and formation of £-dark spot (open 
circle with cross) in frames 686-695. Appearance of bright spot (star) in frames 695 
and 696. Removal of second plane containing a-dark spot (open circle) in frames 715-
723. Partial removal of third plane in frames 734-756. 
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8-dark spots. 
bright spot: This contrast effect consists of a highly localized bright spot 

(see for example, frames 694-715 in Fig. 10) and is known to be associated with either 
the presence of a self-interstitial atom(2) or an impurity atom(12,13). 

All in all, the following five types of defect contrast patterns were observed: 
1) [a-dark spot]: Single isolated a-dark spot. 
2) [a-dark spot + a-dark spot]: Two a-dark spots observed together in close 

juxtaposition.* 
3) [a-dark spot + a-dark spot + B-dark spot]: A g-dark spot formed in close 

juxtaposition to two a-dark spots (see field evaporation sequence in Fig. 9). 
4) [a-dark spot + B-dark spot + B-dark spot]: Two B-dark spots formed in close 

juxtaposition to an a-dark spot. 
5)< [a-dark spot + B-dark spot + bright spot]: An a-dark spot and a B-dark spot 

appearing in close juxtaposition to a bright spot (see field evaporation 
sequence in Fig. 10). 

A listing of the numbers of these defect patterns which were observed on the 
different planes is given in Table 2. 

TABLE 2 
Defect Patterns Observed by Field Ion Microscopy in Specimen 1 Quenched from 3300 K 

Defect Plane 
Totals Pattern {111} {334} {233} {122} {345} 
Totals 

[a-dark spot] 1 4 2 1 0 8 
[a-dark spot + 
a-dark spot] 1 0 0 1 3 5 
[a-dark spot + 
B-dark spot + 
g-dark spot] 

0 0 1 0 0 1 

[a-dark spot + 
a-dark spot + 
B-dark spot] 

0 0 0 0 2 2 

[a-dark spot + 
B-dark spot + 
bright spot] 

0 0 1 0 0 1 

Sites Scanned 69,270 115,714 239,250 188,064 165,363 777,661 

It has been confirmed that the a-dark spots in several [a-dark spot + a-dark spot] 
defect patterns were nearest neighbors of each other. They could therefore havebeen 
divacancies or di-impurity atoms. A detailed investigation of the atomic geometry 
of the defect patterns listed in Table 2 is in progress. 
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•In order to establish whether the defect patterns listed in Table 2 were actually 
uosociated with quenched-in defects a large number of sites were scanned in well annealed 
specimens using exactly the same field ion microscopy techniques and net planes as those 
employed in the study of the quenched specimens. The results yielded a total concen
tration of defect patterns <3 x 10" per atomic site.' This concentration is consider
ably lower than the concentrations of the [a-dark spot] and [a-dark spot + a-dark spot] 
defects listed in Table 2, and we may therefore conclude that the majority of these 
defects resulted from the quenching. The concentrations of each of the three remaining 
more complex defect patterns are of the same order as the density of defect patterns 
in the annealed control specimens, and no conclusion about the origin of these defects 
is therefore possible. However, it is interesting to note that all four of these 
defect patterns include B-dark spots (and in one case a bright spot) in close juxta
position to a-dark spots. Since B-dark spots and bright spots are often associated 
with impurity atoms, it is tempting to conclude that the more complicated defect con
trast patterns may have been due to quenched-in vacancy-impurity pairs or higher order 
complexes. However, considerably more sampling would be required to establish this 
point. 

The major result of the FIM work which we have completed to date is therefore that 
a total concentration of approximately 2 * 10" a-dark spots (appearing either singly 
or in close pairs) appeared as a result of quenching Specimen 1 from 3300 K. Un
fortunately, however, it is impossible to conclude whether these dark spots were due 
to quenched-in vacancies or impurity atoms which were quenched-in in a dispersed state. 

4. Discussion 
At present the most likely explanation of the quenched-in resistivity experiments 

summarized in Fig. 5 is that relatively large concenti ations of impurities (along with 
vacancies) were quenched into all of the specimens with the possible exception of the 
present Specimen 2. These impurities could have clustered in the annealed state in a 
form which did not contribute substantially to the resistivity. However, upon heating 
and quenching they could have been retained in a dispersed form which produced the 
resistivity increments measured. An impurity content of the order of 10" would be 
required to explain the results at T = 3300 K. The writers are not aware of any 
chemical analyses which disprove this possibility. 

We note that in at least the present relatively clean vacuum experiments with 
;cimens 1 and 2 it is unlikely that the results could have been caused by impurities 

which entered and left the specimens during quenching and subsequent annealing. Fur
thermore, a model in which relatively large numbers of vacancies were formed at 
equilibrium at T as a result of a large binding energy to a relatively small 
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•concentration of impurity atoms seems unlikely. Simple calculations using the Lomer-

diard nearest-neighbor binding model(14) for this situation indicate that unrealisti-
v.~lly large binding energies in the range 1.5 —2.0 eV would be required. 

Since the observed a-dark spots may very well have been quenched-in vacancies, the 
-5 FIM work yields an upper limit of ^2 x 10 for the total concentration of vacant sites 

quenched-in from 3300 K. This value is in good agreement with the estimate of Kunz(9), 
but this result'is most likely fortuitous. No lower-limit is established, since many 
of the a-dark spots may have been due to impurities as explained previously. In our 
opinion the most convincing demonstration that vacancies are indeed quenched into 
tungsten is the experiment of Kunz(9) in which Stage I in irradiated tungsten was 
found to be enhanced in previously quenched specimens. However, it should be possible 
to obtain more direct and critical information by the continued application of the 
present combined resistivity and field ion microscopy method. Of major interest is 
whether it will be possible to produce specimens which are purer than Specimen 2, and 
whether a lower limit to the quenched-in resistivity can be found. Examination of such 
specimens by field ion microscopy would then yield further information about possible 
quenched-in vacancy concentrations. Work along these lines is currently in progress. 
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