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The fast—neutron-irradiation-induced change and subsequent isochronal annealing recovery
of the lattice parameter and electrical resistivity of copper were studied. A wire resistivity
specimen and single crystal were irradiated together in liquid helium and transferred to a
cryostat without warm up. The simultaneous recovery of both properties was measured at
4.2°K following isochronal anneals to temperatures as high as 675 °K. The results of the
three successful experimental runs were in good agreement. An analysis, based on linear
superposition of the effects of the individual defects, is presented as the simplest and most
direct approach to determine the migration mechanism as a function of temperature. The
most significant and unambiguous conclusion of this analysis is that stage-III recovery in
copper (220—-280 °K) is due to vacancy migration. Alternative explanations in terms of more
complex phenomena appear less probable, but cannot be excluded with certainty.

1. INTRODUCTION

The short-range objective of radiation damage
studies is to determine specifically the nature and
behavior of the radiation-induced defects. Since
the defects are generally not directly observable,
their characteristics must be determined from
measurements of changes in some physical proper-
ty of the material.

Much of the work that has been done in the field
of radiation damage has been concerned with the
electrical resistivity change occurring during ir-
radiation or subsequent annealing. Such studies
have been carried out with a variety of materials,
irradiating species, and experimental conditions. !
A great advantage of electrical resistivity measure-
ments is the degree of accuracy that can be ob-
tained. Despite the highest accuracy, however,
there remains a thriving controversy over the ex-
planation of annealing data in terms of migration
of specific defects. ?

It is generally agreed that some correlated re-
combination of interstitials and vacancies takes
place at very low temperatures (in stage I), and
that interstitials migrate freely at slightly higher
temperatures (at the end of stage I, perhaps). The
controversial point is whether a second type of in-
terstitial or a vacancy is the migrating species in
the stage-III region in copper, from about 220 °K
to room temperature.

The reason that this controversy is difficult to
resolve is that almost all of the recovery occurs
by mutual annihilation of vacancies and interstitials,
no matter what the migrating species or its config-
uration. Resistivity measurements effectively in-
dicate the number of Frenkel defects removed from

the lattice, but not the mechanism.

Lattice parameter measurements can be com-
bined with resistivity measurements to give a more
detailed picture of the defect structure. The ad-
vantage of lattice parameter measurements was
pointed out in 1954 by Tucker and Sampson, % who
concluded that, since the effect of interstitials
should be nearly an order of magnitude greater than
that of vacancies, the changes in lattice parameter
would reveal the interstitial concentration.

As in the case of electrical resistivity measure-
ments, lattice parameter measurements alone can-
not distinguish the migrating species, since most
of the recovery is by interstitial-vacancy annihila-
tion. However, if long-range migration of one type
of defect takes place, a fraction of the migrating
defects can reach other sinks (such as dislocations
or surfaces). The nature of the migrating defect
can therefore be determined unambiguously by mea-
suring the annealing of defects that donot anneal by
annihilation; this small effect can be detected by

close comparison of electrical resistivity and lattice
parameter changes.

The first measurements of irradiation-induced
lattice expansion of copper were made by Simmons
and Baluffi, * who investigated deuteron-irradiated
copper foils. The thermal recovery of the expan-
sion was measured during warming to 90 °K (by
correcting for thermal expansion). The results
were compared to the resistivity measurements of
Cooper, Koehler, and Marx, ° and it was concluded
that the ratio Ap/(Aa/a) is approximately constant
(and equal to 700 uQcm, to about 20%) throughout
all stages of damage and thermal recovery, in-
cluding data taken at 227 and 302 °K. However, the
sensitivity was limited by the fact that both the ir-
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radiation and the annealing of the specimens in the
two experiments differed significantly. Further,
the error in lattice parameter measurements was
about 10 ppm (i. e., +3.6x10° ), or about 4% of
the total damage. Because of these limitations,
the question of whether the annealing mechanisms
involved close-pair recombination, interstitial
migration, vacancy migration, or other processes
could not be resolved.

More recent lattice parameter measurements
have been made on neutron-irradiated single crys-
tals of copper by Himmler ef al.® These measure-
ments were made at 4.2 °K after 10-min isochronal
anneals. Comparison to electrical resistivity mea-
surements led to the conclusion that there was a
difference in the relative height of the annealing
stages for the two properties. It was argued that
this difference in height was a result of annihilation
in the different stages of defects that differ in spe-
cific resistivity and/or volume change. As in the
previous work, however, the results suffered in
detail from lack of precision in the lattice param-
eter measurements (the error was given as +5%
of the measured change, or on the order of 15-ppm
error in the determination of the lattice parameter)
and from the fact that the resistivity specimens
were not irradiated and annealed simultaneously
with the lattice parameter specimen (although in
one case the resistivity damage was measured sim-
ultaneously with the lattice parameter specimen ir-
radiation).

The present experiment was begun at about the
same time as the work of Himmler et al., but dif-
fers in two major respects: First, it was designed
to incorporate a separate specimen for simultaneous
measurements of electrical resistivity, thereby
providing a means of comparing results for speci-
mens having both irradiation and annealing histories
as nearly identical as possible. Second, the lattice
parameter measurements were made by the Bond
method, 7 using a high-precision Compton spec-
trometer, ® with a resultant limit of error on the
order of 1 ppm in the lattice parameter determin-
ation. With this high precision, details can be re-
solved that have not been observable in the earlier
work.

II. EXPERIMENTAL PROCEDURE

Neutron irradiation has the advantage that mea-
surements can be made of the lattice parameter
change of a large crystal, since the damage is fair-
ly uniform throughout the crystal. Problems as-
sociated with bending or buckling of foils are thus
eliminated. A new experimental difficulty is added,
however, since measurements of the lattice param-
eter cannot be made in the reactor environment.
The neutron irradiation at 4. 2 °K must be followed
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by transfer of the samples to the measuring facility
without permitting the temperature to rise.

The general approach in this experiment has been
to irradiate a capsule that is a demountable com-
ponent of the helium chamber in the measuring
cryostat. This capsule, in the form of a double-
walled stainless-steel Dewar, contains the copper
single crystal, a copper wire resistivity specimen,
thermocouples, a carbon resistor, and heaters for
temperature measurement and control (see Fig. 1).
The instrumentation leads pass through the top
(through the liquid-helium chamber), and the single
crystal is enclosed in the vacuum chamber at the
bottom.

The crystal cover, which completes the vacuum
chamber of the capsule, can be removed in the
cryostat under vacuum, so that the capsule can be
irradiated, transferred to the cryostat, and the
crystal exposed to the x-ray beam without warm up
above 4.2 °K. A detailed description of the capsule,
associated equipment, and transfer procedure has
been given previously.® The important factor for
the purpose of this experiment is that the resistiv-
ity specimen and the single crystal are mounted
with good thermal contact in a space that is less
than 5 cm high by 1 cm in diam, so that the irradia-
tion and isochronal annealing histories of the two
specimens are as nearly identical as possible.

The single crystals used in these experiments
were high-purity low-dislocation-density crystals
obtained from Oak Ridge National Laboratory. 1°
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FIG. 1. Cross section of the irradiation cryocapsule.
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However, the mounting procedure used was to sin-
ter the crystals with fine high-purity copper powder
to a copper support by annealing at 900 °C in vacu-
um for 24h. This anneal resulted in an increase in
the dislocation density to about 10® dislocations per
cm?  The wire resistivity specimens were drawn
from high-purity American Smelting and Refining
Co. copper.!! They were encased in Refrasil fiber-
glass sleeving, wound on the copper core, and then
annealed at 700 °K for 1h in vacuum. Resistivity
ratios (20 °C-4. 2 °K) were generally greater than
1000, although in one case (run 9) the ratio was
only 850.

The irradiations were carried out in the Argonne
CP5 liquid-helium facility, Hole VT-53, which in-
cluded a uranium converter and a boron carbide
thermal-neutron absorber.!* The resulting fission
spectrum had a flux of 7x10'! neutrons per cm?
per sec with energy greater than 0. 5 MeV, with
only about 10® thermal neutrons. The nominal ir-
radiation times were 2 weeks for each irradiation,
which resulted in a total dose of ~ 8 x10!" neutrons
per cm?>0.5 MeV. It was possible to monitor the
increase in resistivity during irradiation, and the
total induced resistivity could be compared to the
resistivity measured after transfer to the cryostat
to verify that no annealing had taken place during
the transfer.

The resistivity measurements were made with
the same techniques and essentially the same equip-
ment described earlier.'’!® Some improvement
may have resulted from the greater length of the
resistivity specimens (~ 20 cm, compared to 7 cm
in the earlier work) and from the fact that the sam-
ple temperature should have been quite uniform
during the anneals because of the heater arrange-
ments. The resulting resistivity measurements
were much more accurate than the lattice param-
eter measurements.

The limitation of accuracy in this experiment, as
in the earlier x-ray work, *¢ is in the lattice param-
eter measurements. These measurements were
made by the Bond method, ” which involves measure-
ment of a characteristic reflection on both sides
of the incident beam and calculation of the lattice
parameter from the difference in the crystal posi-
tion. A number of factors must be considered to
obtain high accuracy, "*!* and these factors were
optimized as much as practicable in view of the
special nature of the experimental requirements
(i.e., high radioactive background and measure-
ments at 4. 2 °K).

One of the most significant advantages in this ex-
periment was the opportunity to use a Compton
spectrometer® loaned by the University of Chicago.
It was possible with this equipment to measure the
lattice parameter with a precision on the order of

2851

1 ppm. The lattice parameter measurements were
not corrected for constant sources of error, such
as axial divergence or refraction, because the ex-
periment was concerned only with changes in the
lattice parameter, not the absolute value.

The lattice parameter was measured by deter-
mining the angular positions corresponding to the
(400) reflection of the Ka, characteristic wavelength
of the cobalt x-ray beam. Details of the procedure
have been reported previously. ®!* The angular
positions were determined by counting for 10 sec at
a given angle, increasing the angle by a fixed in-
crement of 15” of arc, and repeating until the high-
intensity portion of the peak had been mapped.

The data were analyzed with a digital computer by
two techniques as shown in Fig. 2.

First, the midchord angles were determined for
each point on the ascending side of the peak, and a
least-squares line was drawn through the points
and extrapolated to the peak maximum. For uni-
formity only the region from 80 to 98% of the peak was
used for the least-square analysis. The top 2% of the
peak was not used because of the significance of the
background and electrorn.c noise in that region.

The standard deviation of the least-squares analysis
was usually less than 1” of arc, which would corre-
spond to about 0. 4-ppm error in the lattice param-
eter.

Second, the peaks were analyzed by plotting the
derivatives of the peak for the top 5%. A least-
squares analysis was used to determine the angular
position corresponding to zero slope. This proce-
dure is equivalent to fitting a parabola to the peak
maximum. The standard deviation in this analysis
was on the order of 20’’ of arc in most cases, but
comparison to the first method usually gave lattice
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FIG. 2. Illustration of the methods used to calculate
the angle associated with a diffraction peak; [J: mea-
sured intensity, {: calculated slope, A: calculated
midchords,O: endpoints of the least-squares line through
the midchords in the range (0.80—0,98) I ..
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parameter that were about 1 ppm smaller. The
difference results from the slight skewness of the
peak, which is shown by the midchord line in Fig. 2.
It appears that either analysis should give good re-
sults; the first is slightly more accurate, however,
because it includes data from a larger portion of
the peak, and was the method used to obtain the re-
sults discussed in this paper. The second method
was used only as a check on the first; a significant
difference occasionally led to detection of a card-
punching error that might otherwise have been
overlooked.

The lattice parameter was determined as an av-
erage of several measurements. The number of
averaged measurements was two in run 5, three in
run 8, and four in run 9. The number of measure-
ments before and after irradiation and after the
high-temperature anneal was usually greater. The
total spread in the measurements of Aa/agy after a
particular anneal was generally less than 2 ppm,
although in a few cases the spread was 3 ppm or
greater; the average spread for the 49 anneals in
run 9 was 2.1 ppm. The standard deviation was
calculated for the data of run 9 for two cases; for
eight measurements after irradiation and thirteen
measurements after the 675 °K anneal the results
were 0= 1.6 and 1.7 ppm. For run 9, where most
results represent an average of four measurements,
the standard error of the mean is therefore less
than 1 ppm.

The measurements were made at 4. 2 °K before
and after irradiation and after isochronal anneals
to temperatures from 35 °K to 675 °K. The capsule
used in run 5 was assembled with soft solder, so
that the maximum annealing temperature was
440 °K. The capsule was modified for the later
runs to permit annealing to 675 °K, which makes
possible almost complete recovery of the electrical
resistivity and lattice parameter damage.

Temperature control at low temperatures was a
problem, because it was necessary to boil off all
the liquid helium, heat to the desired temperature,
then cool by transferring liquid helium. In both
runs 5 and 8, the first anneal resulted in a brief
temperature pulse sufficiently high that no further
annealing of the resistivity specimens occured be-
low 70 or 80 °K. The isochronal annealing times
were 5 min in run 5 and 10 min in run 8. In run 9,
no such pulse occured; the first anneal was at
35 °K for only about 2 min, then 5-min anneals were
used to 65 °K, and 10-min anneals at all other tem-
peratures through 675 °K. Although the brevity of
the pulses allowed some lattice parameter data to
be obtained for temperatures down to about 35 °K
for run 5 and 50 °K for run 8, because the crystal
does not heat as rapidly as the resistivity specimen,
these data will not be included because of the lack
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of corresponding resistivity data.

1II. EXPERIMENTAL RESULTS

The resistivity recovery data for runs 5, 8, and
9 are shown in Fig. 3. The straight-line segments
connect the data points measured in run 9. Although
minor differences are apparent from run to run,
the recovery is similar in all three cases. The
corresponding lattice parameter recovery data are
plotted in Fig. 4, with the run-9 resistivity re-
covery shown by the solid line for comparison.
Again, there are minor differences in the recovery
behavior from run to run. In addition, comparison
of the recoveries of the two properties reveals dif-
ferences that are relatively small, but consistent
and significant.

It should be emphasized that it is not sufficient to
compare the data directly in this way: The small
differences in the annealing behavior from run to
run are nearly as great as the differences in anneal-
ing of the two properties. This experiment was de-
signed to eliminate the uncertainty because of vari-
ations in irradiation or annealing conditions, by
direct comparison of the two properties in each run.

This comparison can be made in a number of
ways. The simplest is a plot of the residual lattice
parameter change as a function of the residual re-
sistivity change. Figure 5 shows such a plot for
all of the usable data obtained in this experiment.
Run 3 was similar to run 5, except that a great deal
of recovery data was lost because of difficulty with
the low-temperature vacuum seal. The annealing
temperatures indicated at the top of the figure are
approximate, because there are slight differences
in the resistivity recovery as a function of temper-
ature for the different runs.

The major source of error in the lattice param-
eter data is the angle of tilt of the crystal normal
from the horizontal plane. This tilt error is par-
ticularly significant when the crystal is removed
from the cryostat and replaced after irradiation;
if the tilt angles are not identical, the total induced
change in lattice parameter cannot be measured.

A detailed analysis of the tilt error has been re-
ported recently. * This analysis was used to mea-
sure the tilt during the annealing in run 8 and to
correct the data. In run 9, the crystal was posi-
tioned accurately for minimum tilt error, and no
corrections were necessary. However, in runs 3
and 5, it was necessary to estimate the total change
in lattice parameter (by comparison to run 9) in
order to normalize the data plotted in Fig. 5. Ex-
cept for error due to incorrect normalizing (which
may be more important for run 3 because of the
limited data range), the standard deviation of the
data should be on the order of the radius of the
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plotted symbols (or less than 1% of the total dam-
age).

The deviations from the straight line appear to be
reproducible from run to run. Run 9 shows the
one-to-one recovery expected in stage I (below
50 °K); above 100 °K the lattice parameter begins
to recover more rapidly, as the data drop below
the line; then the lattice parameter recovers more
slowly to 200 °K, shown by the return to the line;
and in the range below 300 °K there is a deviation
above the line, indicating a slower lattice param-
eter recovery. The recovery of both properties is
essentially complete after the high-temperature
anneals.

The significance of these results will be dis-
cussed in Sec. IV. It must be noted that the simple
manner used to present the data in Fig. 5 has its
limitations. The deviations are not as evident as
they could be because the vertical scale is set by
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the total damage. Further, the temperature is not
shown as clearly as might be desired. Plots of
damage ratios as a function of temperature over-
come these difficulties to some extent; however,

it seems more desirable to first develop a simple
model, then plot the results in a way that shows
the conclusions that can be based on the model.
This procedure will be followed in Sec. IV.

IV. DISCUSSION OF RESULTS

The simplest model of the damaged crystal is that
in which the damage is assumed to be related di-
rectly to the density of vacancies and interstitials.
This model will be referred to as the linear super-
position model, since it is based on the approxima-
tion that the effects on the lattice parameter and on
the electrical resistivity can be represented as a
linear superposition of the effects due to single
isolated vacancies and interstitials.

R
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FIG. 4. Lattice parameter
recovery. The solid line shows
the run-9 resistivity recovery
for comparison. The 5-ppm er-
ror bars are shown in the key for
different runs. The total changes
were 152, 139, and 130 ppm, re-
spectively, for runs 9, 8, and 5.
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FIG. 5. Lattice parameter recovery as a function of
resistivity recovery. The vertical scale is 20% per
division.

This model permits a simple analytical expres-
sion of the radiation damage in the form

AP=p;n;+PyNy, (1)

where Ap is the increase in electrical resistivity,
p; and p, are the specific resistivities (uQ cm per
unit concentration of isolated interstitials and va-
cancies, respectively), and »; and n, represent the
concentrations of defects.

A similar expression can be written for the lat-
tice parameter increase

Aa/aﬂ:aini+aunv7 (2)

where a;, @, are the fractional changes in lattice
parameter per unit concentration of interstitials
and vacancies, respectively. It is convenient to
define the ratios of the damage parameters, which
are assumed constant, as

kr:pu/pi (3)
and

ka=_av/ai' (4)

Equations (1) and (2) can then be solved readily to
obtain the following expressions for the vacancy
and interstitial concentrations in terms of the mea-
sured damage,

o Bp/pi=(ba/a)/a; (5)

v k,+k, ’
niszAD/Di"-kr(Aa/ao)/ai . (6)
k,+k,

Because of the small differences, it is useful to
have a direct measure of the difference in concen-
trations, relative to the total concentration of de-
fects. This ratio is given from Egs. (5) and (6) by
(1-k)Ap/p;—(1+k)(Aa/ag)/a; 0
(1+k)Ap/0;- (1 ~-k)(Aa/ag)/a;’

Ny—N;
n,+n;

Before these relations can be evaluated from the
data, values must be assumed for the constants.

A reasonable approximation for the resistivity is
pi=p,=150 uQcmper unit concentration; that is,
the resistivity of a Frenkel defect is taken as 3 uQ
cm/at.%, and the resistivities of vacancies and in-
terstitials are assumed equal.

Calculations of the effects of point defects on the
lattice parameter have been reported by Tucker
and Sampson, 3 who reported for copper a;=1.0 and
a,=-0.2.

The recovery data for run 9 have been used to
calculate the vacancy and interstitial concentrations
as a function of temperature; the results are plotted
in Fig. 6. This particular choice of constants leads
to the result that the vacancy concentration exceeds
the inferstitial concentration throughout the range;
while this is not impossible, it is unlikely that the
direct consequence, that vacancies are removed
faster in all stages than interstitials, is true. In
particular, it is expected that the numbers of va-
cancies and interstitials annealing in stage I are
equal.

If the value of ¢, is changed to — 0. 5, the concen-
trations following irradiation are essentially equal;
further they remain equal through stage-I anneal-
ing, as shown in Fig. 7. A brief scrutiny of Fig. 7
also shows that the recovery of interstitials is
slightly faster than that of vacancies in the first
part of stage II, but then becomes slower until
stage III is essentially complete, and that the re-
coveries above about 350 °K are nearly equal.
These differences in recoveries are small, how-
ever, and difficult to distinguish clearly in this
plot.

A more useful plot of all of the data is given in
Fig. 8, which shows the excess vacancy fraction,
calculated from Eq. 7, as a function of tempera-
ture. The significance level of the data is indicated
by the 1-ppm error bars plotted along the tempera-
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FIG. 6. Calculated vacancy (+)
and inerstital concentration (x) as
a function of annealing temperature
for run 9, assuming o; =1, o,
==0.2.
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ture axis. The zero level for each run is indicated

by a horizontal line. The discrepancies between
the data and the zero lines for runs 3 and 5 are
caused by a lack of accurate data concerning the
total lattice parameter change. However, the curve
shape is insensitive to this normalizing value; in
fact, it is not very sensitive to the values of the
constants used in Eq. (7). If the values in Fig. 6
were used in this plot, the only changes would be a
vertical shift and a 25% increase in the vertical
scale.

Other values of the constants a; and @, were also
considered. It can be shown from Egs. (1) and (2)
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that the assumption »;=#, leads to the result

Ap _pitpy
ala, a;+a, (8)

The experimentally determined value of this ratio
was 605 uQcm (+2%). Therefore, for the assumed
resistivity of a Frenkel defect (3 uQcm/at. %), the
sum a;+a,~0.5. A range of values satisfying this
relation was used, with a; varying for 0. 6-2.0.
There were no observed differences in the plotted
results except in over-all magnitude; the shapes of
the curves plotted in Fig. 8 are independent of the
choice of parameters within the stated limits.

FIG. 7. Calculated vacancy (+)
and interstitial concentrations (x)
as a function of annealing tempera-
ture for run 9, assuming @;=1.0,
a,=-0.5.
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FIG. 8. Calculated excess-vacancy fractions for runs
3, 5, 8, and 9, with @;=1.0, @,=—0.5. The error bars
indicate the significance of an error of 1 ppm in the mea-
sured lattice parameter at various temperatures (calcu-
lated for run 9).

The results of run 3 are included only for com-
pleteness, and to show the general agreement with
the later, more accurate, data. Note that above
about 330 °K, the deviations from the zero line are
only of the order of the 1-ppm error bar, and are
not considered significant.

There are three dominant features exhibited by
the data in this figure. First, there is no signifi-
cant deviation from equal numbers of vacancies
and interstitials in stage I. This observation is in
agreement with the generally accepted interpreta-
tion that stage I recovery is primarily a result of
correlated vacancy-interstitial recombination.

Second, the excess-vacancy fraction begins to in-
crease at temperatures below 100 °K, reaching a
maximum of slightly less than 2% near 150 °K.
Again, this observation is consistent with earlier
observations?!® that interstitials become mobile,
undergoing long-range migration, at temperatures
at the high end of stage I. The implication is that
interstitials are migrating freely throughout this
temperature range; as the concentration of va-
cancies decreases, a larger fraction of the inter-
stitials reach other sinks (surfaces or dislocations,
for example). These sinks will be referred to as
“secondary sinks” to distinguish them from the

GRUBER, TESK, BLEWITT, AND BLACK 2

primary sinks associated with vacancy-interstitial
annihilation. Since the stage I recovery is about
30%, and the recovery at 150 °K is about 50%, about
21% of the original interstitials have been annealed
out, along with about 20% of the original vacancies.
In other words, about 5% of the interstitials anneal-
ing out in this temperature range have not recom-
bined with vacancies; they have migrated to sec-
ondary sinks.

Finally, in the range 150-280 °K, the recovery
shows a complicated behavior but a definite de-
crease in excess vacancy concentration. The ob-
vious conclusion is that, if vacancies migrate at
any temperature, it is in this range. The most
dramatic feature in this range is the continuous re-
duction in excess-vacancy concentration shown
from 220 to 280 °K. This reduction is very sharply
defined and accurately reproduced in runs 5, 8, and
9. The total recovery in this range is about 15%,
but the excess-vacancy fraction decreases from
about +1% to about - 3 or — 4%. Thus while the to-
tal recovery in this range is about 15%, about 1%
of the original vacancy concentration is annealed
out at secondary sinks. The conclusion from this
model is clear: Vacancies undergo long-range mi-
gration in stage III in copper.

There are also some less significant features
that should be mentioned in regard to Fig. 8. First,
there is a sharp increase in the apparent excess-
vacancy fraction in the small temperature range
200-220 °K. This feature is reproduced in runs 5,
8, and 9 to a sufficient degree that it is considered
a real effect. Possible sources of this peak are,
in terms of the present model, the removal of in-
terstitials or the addition of vacancies. If intersti-
tials are suddenly released from traps or clusters
in this range, some of them could migrate to sec-
ondary sinks and this result might be expected.

The fact that this increase in excess-vacancy con-
centration follows a decrease should also be con-
sidered, for it implies that vacancies are mobile
at temperatures down to about 160 °K. These mo-
bile vacancies may be present in the form of diva-
cancies, of course; the present model does not
distinguish cluster sizes.

The alternate explanation for the peak, as evi-
dence of an increase in the vacancy concentration,
can only be considered by an extension of the mod-
el to include clustering effects. For example, the
effect could result from a break up of vacancy
clusters (including divacancies) if clustering affects
the lattice parameter and the resistivity differently.
In particular, if divacancies were to become un-
stable, there is in all probability a unique binding
energy associated with the break up into single va-
cancies. Thus the rather sharp increase in appar-
ent excess-vacancy concentration might be expected
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if this process were to occur; in fact, the decrease
in excess-vacancy fraction in the lower tempera-
ture range would also be expected if the migration
energy of a divacancy (or cluster) is less than the
binding energy.

It has been assumed in the preceding discussion
that the dominant process detected in the compari-
son of the two properties during annealing is that
some small fraction of the migrating defects reach
secondary sinks (i. e., sinks other than the opposite
type of defect). It has been stated elsewhere® !®
that all recovery is due to recombination of inter-
stitials and vacancies, and the variations in the
recoveries of the measured properties arise from
different defect configurations.

Some quantitative data can be provided to aid
further consideration of this interpretation. Table
I shows the result given by Himmler et al. ® for
neutron-irradiated copper, along with the results
of the present experiments. Variations in the re-
covery ratios can be noted in the different temper-
ature ranges selected by these workers, and these
variations tend to be reproduced in the different
experiments. However, a much more dramatic
difference in these ratios is observed if the temper-
ature ranges are defined for the different experi-
mental runs in terms of the observed extremes.
The results are shown in Table II for the data ob-
tained in these experiments. The ratio R is the
ratio of resistivity recovery to lattice parameter
recovery in the temperature range indicated in the
left-hand column for each run. The last value rep-
resents the total recovery from 4. 2 °K to the high-
est annealing temperature; for run 3, this value is
only an estimate.

The most complete data are for run 9, which
will be used as the basis for this discussion. The
remaining data are considered as confirmation of
the general features of the annealing spectrum of
copper. First, it should be noted that the ratio
for 4.2-60 °K is very nearly the same as for 4. 2-

TABLE I. Incremental recovery ratios R=Ap/(Aa/
apkf cm) for the temperature ranges reported by Himm-
ler et al.

T Himmler et al. Present work
(°K) run I run II run 5 run 8 run 9
4.2
373 408 575 591 587
60
506 570 610 620 663
300
515 538 o 582 495
670
457 506 583 604 606
4.2
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TABLE II. Incremental recovery ratios R=A4p/(Aa/
ay) for the temperature ranges defined by the extremes
shown in Fig. 8.

Run 9 Run 8 Run 5 Run 3
T R T R T R T R
(°K) pem)  (°K) uQem)  (°K) ©Qem) (°K) (uQcm)
4.2 4.2 4.2 4,2
615 557 574 e
60 80 60 e 513
494 404 461 e
160 124 130 190
948 911 719 e
211 200 210 v 784
360 402 508 e
220 219 230 220
996 911 743 711
280 265 295 270
480 553 394 260
675 675 440 105
606 604 583 530
4.2 4.2 4.2 4,2

675 °K (the last value in the column). Since recov-
ery is essentially complete after the 675 °K anneal,
this value is in excellent agreement with the ratio
observed for the irradiation damage at 4. 2 °K.
Thus the recovery in stage I is apparently due to
recombination, with the relative properties of the
combining defects the same as the average proper-
ties of the induced defects. The significance of
this ratio in stage I should not be disregarded,

for it provides additional support for the assump-
tion of the linear superposition model.

The ratios in the remaining temperature ranges
alternate between low and high - below 500 uQcm
and above 900 uQcm. In the interpretation of the
above workers, '€ then, there must be at least
three configurations of combining defects, and these
combine in six different temperature ranges. If
the number of configurations is limited to three,
then the low-ratio configuration anneals in three
separate temperature ranges. These speculations
seem unduly complicated in comparison to the lin-
ear superposition model, and will not be considered
further.

One further possiblity that must be considered
is the effect of defect clustering. Since the defects
are certainly not produced as a random distribution
of isolated defects, the influence of clustering
should not be ignored. The difficulty in interpreting
the observed effects in terms of clustering arises
from the lack of theoretical information concerning
the effect of clustering on the properties of the
material. In the absence of such information, it
has simply been assumed in the linear superposition
model that there is no effect (or at least that the
effects is unchanged).

In general, however, clustering could conceivably
lead to the observed deviations. The possibility
that the positive slope in the curves of Fig. 8 in the
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range of 200-220 °K can be attributed to divacancy
break up has already been discussed. Similarily,
other aspects of the annealing curves could be at-
tributed to interstitial or vacancy cluster formation
or dissolution. Such an analysis at the present
time, however, would be based entirely on specu-
lation.

V. CONCLUSIONS

It has been shown that, by comparison of the
simultaneous recovery of the lattice parameter and
electrical resistivity induced by low-temperature
neutron-irradiation of copper, significant and re-
producible variations occur in the ratio of the re-
coveries of the two properties.

These variations can be explained by considering
that the migrating species has a finite probability
of removal at sinks other than defects of the oppo-
site type. This explanation leads to the following
conclusions:

(a) Stage-Iannealing is primarily due to recom-
bination of vacancies and interstitials.

(b) Interstitials become mobile at relatively low
temperatures and are the migrating species to
about 160 K.

(c) The recovery above 160 °K appears to be dom-
inated by vacancy migration; the migrating species
may be the divacancy. Stage-II recovery, ingen-
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eral, is quite complex.

(d) The most pronounced deviation observed is
in the range 220-280 °K, where the migrating
species is in all probability the single vacancy.
This behavior in stage III appears to be quite uni-
form and uncomplicated.

(e) There appears to be no advantage or justifica-
tion in attempting to describe the data in terms of
various defects configurations. However, more
complex explanations in terms of clustering effects
may be possible.

ACKNOWLEDGMENTS

This paper would not be complete without a state-
ment of our gratitude to Dr. B. D. Sharma, pres-
ently at Trombay, Bombay, India, for his efforts
in the initial stages of this experiment. Our thanks
are also extended to Dr. C. S. Barrett and the
University of Chicago for the extended loan of the
high-precision Compton spectrometer, to the mem-
bers of the Metalurgy Design Group and Janis Re-
search Corp. for the design and construction of the
special-purpose cryostat, and to Dr. L. Guttman
of the Solid State Science Division, ANL, for help-
ful discussions. This work was performed under
the auspices of the U. S. Atomic Energy Commis-
sion.

ISee for example, T. H. Blewitt, Radiation Damage
in Solids, Pvoceedings of the Intevnational School of
Physics, “Envico Feymi”,Course XVIII, edited by D.

S. Billington (Academic, New York, 1962), pp. 630-716.

%J. W. Corbett, in Solid State Physics, Suppl. 7 (Aca-
demic, New York, 1966).

5C. W. Tucker and J. B. Sampson, Acta. Met. 2, 433
(1954).

‘R. 0. Simmons and R. W. Baluffi, Phys. Rev. 109,
1142 (1958).

H. G. Cooper, J. S. Koehler, and J. W. Marx, Phys.
Rev. 97, 599 (1955).

Sy. Himmler, H. Peisl, A. Sepp, W. Waidelich, and
H. Wenzl, Phys. Rev. Letters 19, 956 (1967).

'W. L. Bond, Acta Cryst. 13, 814 (1960).

A, H. Compton, Rev. Sci. Instr. 2, 365 (1931).

E. E. Gruber, T. H. Blewitt, J. A. Tesk, B. D,
Sharma, and R. E. Black, Rev. Sci. Instr. 40, 1429
(1969).

%R, W. Young, Jr., and J. R. Savage, J. Appl. Phys.
35, 1917 (1964).

113, A. Horak, ANL Report No. 7185, 1966 (unpub-
lished).

27, C. Klank, T. H. Blewitt, T. Scott, and J. Min-
arik, in Puve and Applied Cryogenics, Vol. 6: Liquid
Helium Technology (Pergamon, New York, 1966), pp.
373—-381.

35, A. Horak, T. H. Blewitt, and M. E. Fine, J.
Appl. Phys. 39, 326 (1968).

Ug. E. Gruber and R. E. Black, J. Appl. Cryst. (to
be published).

5p, 0. Thompson, T. H. Plewitt, and D. K. Holmes,
J. Appl. Phys. 28, 742 (1957).

18y, Peisl and W. Waidelich, in The Intevaction of
Radiation with Solids, Pvoceedings of the Caivo Solid
State Confevence at the Amevican University at Caivo,
Egypt, 1966, edited by A. Bishay (Plenum, New York,
1967), p. 489.



