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Point Defect Studies in Gold by Electron Irradiation at Low Temperatures.
II. Resistivity Recovery Spectrum from 15 to 240'lt
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We have studied the resistivity recovery of 99.999%pure gold after 2-Mev electron irradiation near 13'K.
Combining our observations on the defect-concentration dependence of the recovery with some simple cal-
culations and other relevant experimental results, we have reached the following conclusions. In the tempera-
ture range from 15 to SO'K, the recovery consists of a spectrum of processes characterized by 6rst-order
kinetics, and therefore no random vacancy-interstitial recombination with a measurable resistivity decrease
takes place. In the temperature range from 50 to 240'K, the recovery is almost continuous; long-range mi-
gration of defects is not likely. We attribute most of the resistivity recovery of gold between &S and 240'K
after electron irradiation to the nonrandom recombination of Frenkel pairs.

I. INTRODUCTION
' 'N an earlier paper' (to be referred to as I) on point
~ ~ defect studies in gold, we presented experimental
data related to the cross section for displacement of
atoms by electrons, and to the minimum energy re-
quired to displace atoms —the threshold displacement
energy Tz. We concluded on the basis of these and re-
lated data, and on the basis of some simple calculations,
that for electron energies less than 2 MeV (maximum
energy transferred to a gold atom, T &66 eV), the
production of direct displacements is primarily confined
to the (100) direction in gold, whereas in copper, for the
equivalent energy range (less than 1 MeV), displace-
ments occur in both the (100) and (110) directions.

H different interstitial con6gurations are produced by
displacements in the (100) and (110) directions, one
would expect the recovery of electrical resistivity during
post-irradiation annealing to be diferent in gold and
copper. This assumes that the activation energies of
migration of the same defects in gold and copper are
comparable. We have studied the recovery in gold in
some detail and present our results here. The recovery in
the temperature range from 15 to 240'K is discussed in
this paper, and the recovery in the temperature range
from 240 to 340'K will be discussed in a subsequent
paper. The recovery of damage in gold from 15 to 240'K
has been studied previously after electron'' and deu-
teron4' irradiations of pure gold. The major observa-
tions of these investigations are:
&"': 1. The resistivity recovery from 8 to 220'K in gold
is appreciably less than in copper and silver. In annealed
copper, for example, in stage I (T(60'K) 85 to 90% of
the electrical resistivity increase due to irradiation is
recovered, whereas in gold, only 20% is recovered. The
recovery in stage II (60'K& T(240'K) in pure copper
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is less than 5%, whereas in gold, 30% of the resistivity
recovers.

2. No we11-defined recovery peaks with recovery
larger than 10% are present in gold from 15 to 240'K.
In contrast, the stage I recovery in copper consists of
of a series of reasonably well-de6ned peaks with sub-
stantial recovery.

The experiments described in this paper were per-
forrned to identify the resistivity recovery processes
after electron irradiation. The use of electrons with
energies of 2 MeV in our experiments is dictated by the
fact that the damage produced is particularly simple.
The damage consists almost entirely of vacancy-
interstitial pairs, of varying separation, with very few
multiple displacements, and no thermal or displacement
spikes. Thus, the interpretation of the results is not com-
plicated by the creation of any sizeable concentration
of divacancies or higher order vacancy clusters or di-
interstitials during the irradiation. Similarly, e6ects
due to spikes, created in heavy particle irradiation, are
absent.

The experimental methods are described in part II.
In part III we discuss the characteristics of the recovery
spectrum. Part IV deals with the experimental results
and discussion of the recovery from 15 to 50'K. Part V
deals with the experimental results and discussion of
the recovery from 50 to 240'K.

II. EXPERIMENTAL METHODS

The procedures for specimen preparation and for
irradiation riear 13'K have been described in detail in
I.The residual resistivities of the various specimens are
listed in Table I. In order to anneal simultaneously two
specimens with diferent amounts of damage following
irradiation, one specimen was completely shielded from
the electron beam during part of the irradiation. This
was accomplished by inserting a S-in.-thick copper plate
in front of one specimen. One end of the plate was
soldered to an iron rod which allowed the plate to be
moved magnetically, using a. relay coil. The plate was
free to slide on an inclined bracket so that the plate
slid down the incline, under the action of gravity, when

55



A 256 BAUER AND A. SOSI N

TmLE I. Experimental results.

Run

IV

Remarks

0.002-in. -diam wire

Same specimens as run I
(increase in pp due to
slight cold work)
0.00025-in. -thick foil

Same specimens as run III

0.002-in. -diam wire
~pqueneh =2 8X10~ ohm-cm

4.15
4.09
4.71
4.68

1.56
7.29
0.352
2.65

5.33
5.38
5.12
5.65
3.65
3.06

2.22
0.645
1.85
1.50
4.61
5.69

Residual resistivity Damage
Specimen (X10~ ohm-cm) (X10~ ohm-cm)

Range of recovery
studied

15-45'K

15-220'K

15-330'K

15-240'K

15-240'K

the magnet was turned o8, thereby shielding one speci-
men. No resistivity increase was observed in the
shielded specimen during the irradiation.

In-place quenching of one of the specimens before
irradiation was accomplished as follows. The cryostat
was filled with nitrogen gas near room temperature and
the specimen was heated to approximately 680'C by
passing an electrical current through it. Then the current
was shut o8, the nitrogen gas pumped out, and liquid
nitrogen admitted into the lower reservoir. This type
of quench is rather slow in comparison with standard
quenching techniques. Thus, a considerable concentra-
tion of divacancies and larger vacancy complexes may
have been formed during the quench. This, however,
does not inQuence the main conclusions drawn from
the experiment.

Tax.z II. Calculated temperature shifts.

Run

I
II
III
V

Temperature shift
30&T&40
E=0.1 eV

1.6'K
1.9'K
1.3'K
1.3'K~

Temperature shift
150&T&180
E=0.4 eV

9'K
11.8'K
7 3'K
5.1'K.

These values are lower limits since 920 was chosen to be 0.5 of the original
concentration of interstitials for Z =0.1 eV and 0.7 of the original concen-
tration of interstitials for B=0.4 eV.

III. CHARACTERISTICS OF RECOVERY SPECTRUM

It is assumed that the value of a macroscopic quantity
such as resistivity depends directly on the concentra-
tion of defects present in the lattice. As the temperature
of the specimen is raised, a resistivity decrease is gener-
ally observed. Our analysis of recovery data will be
based on the kinetic equation

dn/dt = KnP exp (——E/k T), (1)

where e is the concentration of defects which are
annihilated or trapped in a process characterized by an
activation energy K The function P is the concentration
of sinks for annihilation or of traps. The other quan-

tities are the annealing temperature T, Boltzman's con-
stant k, and a vibrational frequency constant E.

The activation energy for migration of interstitials
to vacancies is eGectively lowered when the elastic
interaction energy, which exists between two centers
of dilatation, is attractive. (An additional factor involv-
ing the orientation should be included and may modify
this simple argument. ) The value of the interaction
energy depends inversely on the third power of their
separations so that the closest Frenkel pairs are expected
to recover at the lowest temperatures in a correlated
manner and first-order kinetics apply (i.e., P is a con-
stant near unity). For processes involving random inter-
stitial-vacancy recombination at higher temperatures,
P=rs. , the vacancy concentration. (In this discussion
we assume that the interstitial is the migrating entity. )
Since electron irradiation results in the creation of an
equal number of interstitials and vacancies, n=n, . For
our experiments we can rewrite Fq. (1) as

dry/dt = KN& exp( —E/kT), —

where y is unity for close pair or correlated recovery and
y= 2 for random vacancy-interstitial recombination.

If an excess concentration of vacancies vo exists during
the random vacancy-interstitial recombination process
(due to pre-irradiation quenching, for example), the
appropriate kinetic equation is

dn/dt= —K(e'+mp) exp( —E/kT).

Recent modulus measurements (made during the
progress of our experiments) on irradiated gold per-
formed in this laboratory7 indicate that no long-range
migration of interstitials to dislocations occurs below
180'K, further indicating that any interstitial migration
in gold below 200'K is restricted to annihilation of inter-
stitials at vacancies or trapping of interstitials by
impurities. Although a substantial interaction may exist
between impurities and interstitials, in the pure sam-
ples used jn the present experiments, we would expect

P J. D. Kshelby, Acta Met. 5, 487 (1955).
r D. W. Keefer and A. Sosin, Bull. Am. Phys. Soc. 9, 282 (1964).
P A. Sosin and H. H. Neely, Phys. Rev. 127, 1465 (1962).
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TABLE III. Experimental results on copper. '

Damage
(ohm-cm)
at 20'K

3X10 'o

1.8X10
5.5X10

Approximate
temperature
of IE peak

51'K
49'K
47'K

Shift of IJ. peak
temperature with

respect to low-
damage case

0
2'K
4'K

Calculated tem-
perature shift.
See Appendix.

('K)

0
3 20
50

Fractional
recovery at 48'K

75M
81'Po
85'Fo

Damage
(ohm-cm)
at 80'K

0
0.35X10-»
1.35X10 '0

Fractional recovery of
Ap= 2.73X10 "ohm-cm
resistivity introduced at
20'K as measured after

2 h at 52.7'K.

86%
88'Fo
94%

a See Ref. 9.

only a small fraction of the interstitials to become
trapped. Thus, we expect direct vacancy-interstitial
annihilation to dominate the recovery process. The
experiments described here confirm this interpretation
of the recovery processes.

A simple approach toward identifying recovery proc-
esses fundamentally more complicated than close pair
recombination (i.e., to locate a process involving random
vacancy-interstitial recombination) is to examine the
recovery spectrum for evidence of a shift in the tem-
perature of an "annealing peak" with defect concentra-
tion. It is shown in the Appendix that the temperature
T, of a recovery peak, as measured in an isochronal
annealing treatment, and associated with close pair
recombination (y=1), is independent of the concentra-
tion of defects. (T, is precisely defined in the Appendix. )

The temperature of the recovery peak associated with
random vacancy-interstitial recombination (&=2) de-

pends on the concentration of defects. An expression for
the expected temperature shift for the two types of
experiments described here is developed in the Appendix.
In the 6rst type of experiment, differing concentrations
of damage were introduced into two closely identical
specimens. In the second type of experiment, an excess
concentration of vacancies was introduced into one of
the specimens prior to the irradiation; then an approxi-
mately equal concentrations of defects were introduced
in both specimens by irradiation. Numerical values of
the temperature shifts predicted for a recovery peak
associated with random vacancy-interstitial recombina-
tion for the two types of experiments are listed in
Table II.

To demonstrate the reliability of these calculated tem-
perature shifts, we made similar calculations for the case
of copper and compared them with the experimental
results of Corbett et al.' on coppee. They used two
methods to achieve differing concentrations of vacancies.
In the erst method, they irradiated their samples to
differing amounts of integrated flux near 20'K and
studied the subsequent recovery. The second method
consisted of irradiations at 80'K prior to the 20'K
irradiation. This results in an excess concentration of
vacancies because interstitials mobile below 80'K are

9 J. W. Corbett, R. B. Smith, and R. M. Walker, Phys. Rev.
114, 1460 (1959).

annihilated during the irradiation. Their experimental
results and the expected temperature shift as calculated
from the equations of the Appendix are summarized in
Table III. These experimental results in copper are in
marked contrast to the present data in gold, since, as
pointed out in the next section, no temperature shifts
have been observed in gold from 15 to 50'K.

IV. RECOVERY FROM 15 TO 50'K

A total of five irradiations near 13'K were carried
out. The various resistivities and temperature ranges of
recovery are summarized in Table I. In each irradiation,
two specimens were irradiated simultaneously. Dif-
ferent defect concentrations were produced in the two
specimens irradiated (and annealed) simultaneously, as
described in part II of this paper. This method elimi-
nated artificial differences in recovery between the
specimens due to temperature or time variations and,
therefore, comparison between the different specimens
in each run are more meaningful than between speci-
ments of different runs. In runs I, II, and III (Figs. 1, 2,
and 6), a different amount of damage was introduced by
the shutter method. In run V (Fig. 3), one of the speci-
mens was prequenched, as described in part II. In run
IV (Fig. 5), approximately equal amounts of damage
were introduced to investigate differences in recovery
due to intrinsic differences in the specimens. In these

experiments the fractional recovery was measured after
10-min pulses at successively higher temperatures.

The recovery measurements from 15 to 50'K of runs

I, II, and V are shown in Figs. 1, 2, and 3. The slope of
the fractional recovery of run I, together with the
experimental results of Ward and Kauffman, 2 is shown
in Fig. 4. Although they used 2.5-MeV electrons, the
average energy of the electrons was only 2.2 MeV since
they used 0.008-in. -diam gold wires. The most impor-
tant results to be observed are:

1. The maximum difference in recovery between
pairs of specimens is a few percent. This difference is
larger than the experimental error, which is of the order
of a few tenths of a percent. We attribute this mainly
to intrinsic differences in the samples (see Fig. 5). For
example, different crystallographic orientations in the
individual grains of the polycrystalline specimens,
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FIG. 1.The resistivity recovery as a function of annealing tem-
perature in run I of a pair of specimens irradiated to differing
integrated electron fluxes (the irradiation damage is indicated in
box}. The specimens were annealed simultaneously for 10 min at
each temperature.

45

coupled with a strong dependence of the displacement
process upon crystallographic orientation, could result
in different populations of various Frenkel pair con-
figurations. Thus, one cannot attach any significance to
the small differences in the recovery pattern between
15 and 30 K of run II.

2. There is no significant increase in recovery with
more damage in runs I and II; indeed, the more heavily
damaged specime'ns recovered slightly less. This sup-
pression of close pair recovery with a larger concentra-
tion of defects could be due to long-range interaction
between interstitials tending to decrease the e6ects
to vacancies.

3. There is no meaningful shift in the temperature of
any recovery stage as a function of defect concentration,
as can be seen in Fig. 4.

4. The excess concentration of vacancies produced by
the prequenching of one of the specimens seems to have
no effect on the recovery, as can be seen in Fig. 3,
although the temperature shift expected in run V is
1.3'K (Table II). The amount of recovery associated
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FIG. 3. The resistivity recovery as a function of annealing tem-
perature in run V of a pair of specimens irradiated to approxi-
mately the same integrated electron Quxes. One of the specimens
was quenched prior to the irradiation. The irradiation damage
and quenched-in resistivity is indicated in box. The specimens
were annealed simultaneously for 10 min at each temperature.
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FIG. 4. The slope of the resistivity recovery as a function of
annealing temperature. The data points of run I in which the speci-
mens were annealed simultaneously are indicated as triangles and
squares. The experimental results of Ward and Kau8man plotted
to ~4 scale are shown as circles. The irradiation damage of the speci-
mens is indicated in the box.

with random interstitial-vacancy annihilation should
depend strongly on the concentration of vacancies. This
is especially the case if there is interstitial clustering or
some trapping of interstitials by impurities. %e note
that in copper (see Table III) an excess concentration of
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FIG. 2. The resistivity recovery as a function of annealing tem-
perature in run II of a pair of specimens irradiated to differing
integrated electron fluxes (the irradiation damage is indicated in
box). The specimens were annealed simultaneously for 10 min at
each temperature,

FIG. 5. The resistivity recovery as a function of annealing teIn-
perature in run IV of a pair of specimens, irradiated to approxi-
mately the same integrated electron cruxes (the irradiation damage
is indicated in box). The specimens were annealed simultaneously
for 10 min at each temperature.
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vaca'ncies comparable to' the radiation-induced amount
resulted in an enhancement of the recovery by 8%.

In summary, no meaningful temperature shift or
change in fractional amount of recovery can be associ-
ated with any recovery peak for differing concentrations
of damage in gold. Similarly, an excess concentration of
vacancies has no effect on the amount of recovery.
These results are in marked contrast with the corres-
ponding results in copper. Thus, we conclude that it is
very unlikely that a defect configuration exhibiting re-
covery kinetics characterized by an order of reaction
greater than one and producing a measurable resistivity
contribution annihilates in the temperature range 15
to 50'K.

V. RECOVERY FROM 50 TO 240'K

The recovery studies in this temperature range were
conducted in the same manner and with the same ob-
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FIG. 8. The resistivity recovery as a function of annealing tem-
perature in run V of a pair of specimens irradiated to approxi-
mately the same integrated electron Quxes. Qne of the specimens
was quenched prior to the irradiation. The irradiation damage and
quenched-in resistivity is indicated in box. The specimens were
annealed simultaneously for 10 min at each temperature.
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FIG. 6. The resistivity recovery as a function of annealing tem-
perature in run III of a pair of specimens irradiated to differing
integrated electron tluxes (the irradiation damage is indicated in
box). The specimens were annealed simultaneously for 10 min at
each temperature.

jective as those described in the last section. In pre-
senting the results in a separate section, we do not want
to imply that there is basically a different mechanism
responsible for the recovery than there is below 50'K.
Indeed, we propose that the recovery of gold from 50
to 240'K is due to the same basic mechanism as the
recovery below 50'K. The division into these tem-
perature regions is retained to conform to the stage I
and II divisions generally observed in other metals
(e.g., copper).

The results of the recovery studies are shown in
Figs. 5—8. The slopes of the fractional recovery curves
(in arbitrary units) as a function of temperature are
shown in Fig. 9. One can make several observations
from the experimental results:

1. In Fig. 5, the recovery, after irradiation to almost
equal damage in both specimens is shown. The differ-
ences in the recovery of the two specimens are con-
siderably larger from 70 to 240'K than below 70'K.
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FIG. 7. The resistivity recovery as a function of annealing tem-
perature in run II of a pair of specimens irradiated to differing
integrated electron fluxes (the irradiation damage is indicated in
box). The specimens were annealed simultaneously for:10 min at
each temperature.

FIG. 9. The slope of the resistivity recovery as a function of
annealing temperature. The data points of run II, in which the
specimens were annealed simultaneously, are indicated as circles
and squares. The data points of the unquenched specimen of run V
are shown. as triangles. The irradiation damage of the specimens is
indicated in the box.
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This suggests that the dependence of the recovery on
intrinsic differences in the specimens (such as diferent
orientations of the grains of the polycrystalline material)
is more pronounced from 50 to 240'K than at lower tem-
peratures. Such diRerences in recovery cannot be traced
readily to differences in impurity content or cold work
between the two specimens since the specimens were

prepared from the same starting ma, terial and the
annealing procedure for both was identical.

2. There is no significant dependence of the amount of
recovery on the concentration of damage as can be
seen in Figs. 6 and 7. Although differences in recovery
between the two specimens exist in each run, the
dependence of the amount of recovery on the concentra-
tion of defects is reversed in runs II and III. We can
only attribute this somewhat anomalous behavior of the
recovery to intrinsic differences in the two specimens.

3. The recovery after irradiation of the unquenched
and prequenched specimens is shown in Fig. 8. One
notes that the recovery of the prequenched specimen is
rmt significantly enhanced; indeed, the recovery of the
unquenched sample seems to be larger.

4. The slopes of the fractional recoveries observed in
run II and in specimen 1 of run V are shown in Fig. 9.
One notes that, while a spectrum of minor recovery
peaks is evident, there are no well defined peaks which
can be readily identified in the recovery of the various
specimens. The recovery associated with any one

annealing peak is less than 10% and the error in the
magnitude of the slope is approximately 20%%u~. Thus,
although the expected temperature shift of a recovery
peak associated with random migration is typically
12'K for run II (see Table II), we cannot resolve any
significant shift in temperature of any one recovery
peak.

In summary then, the recovery of electrical resistivity
in gold proceeds in an almost continuous fashion from
50 to 240'K. One would expect that, if the free migra-
tion of the interstitial occurred in this temperature
range, there would exist a recovery peak (or several,
as is the case in copper near 45'K) with which a sub-

stantial fraction of the total recovery was associated.
The absence of any well-defined, major recovery peaks
is consistent with the free migration of an interstitial
only if the interstitial is trapped by impurities or clus-

ters rather than being annihilated, or if it has a negligi-
ble resistivity contribution and annihilates at sinks
other than vacancies.

As mentioned in Sec. III, recent modulus measure-
ments on irradiated gold performed in this laboratory7
indicate that no long-range migration of interstitials
to dislocations occurs below 180'K. Similar measure-
ments on copper clearly indicate long-range migration. "
The simplest interpretation of these results, previous
resistivity data for copper, and the present resistivity

'~ D. W. Keefer and A. Sosin, Appl. Phys. Letters 3, 185 (1963).

data. in gold is that no free interstitial migration occurs
in electron-irradiated gold below 240 K," while such
migration does occur in copper. The simplest explana-
tion consistent with the resistivity recovery data pre-
sented here is to attribute the recovery up to 240'K
to the annihilation of close pairs. Since the recovery is
almost continuous, this explanation requires that these
(first order) a,nnealing processes, characterized by a
spectrum of difII'erent activation energies, overlap in
temperature. If one assumes that the half-width bT of
a first-order annealing peak is 2'/10, as is typically ob-
served experimentally, the minimum number S of
first-order annealing processes is roughly

240

10
=28. (4)

It has been shown" that in the split interstitial re-
covery spectrum there may be 23 difI'erent annealing
processes associated with Frenkel pair separations of less
than 2.5 lattice constants. It is not obvious, a priori,
that these 23 processes are all energetically diferent,
and that they span a range of activation energies from
0.05 to 0.6 eV."However, there is a sufhcient number of
possible ~inherent Frenkel pair configurations within a
slightly larger sphere, of radius 15 A say, such that
although not all configurations are energetically distinct,
the condition of Eq. (4) may easily be fulfilled.

The recovery spectrum of gold below 60'K after
irradiation with 10-MeV deuterons' is similar to that
after electron irradiation with the exception that a
recovery peak occurs near 33'K, which is not present
after electron irradiation. Clearly, enough energy is
available for the production of crowdions in deuteron
irradiations, but the amount of recovery associated with
the 33'K peak is only a few percent. Thus, if crowdions
are mobile below 60'K, they are produced only in small
concentrations at high values of T, if at all.

In conclusion, we feel that in gold, most of the resis-
tivity recovery below 240'K after 2-MeV electron
irradiation is due to the annihilation of close Frenkel
pairs, and that random interstitial-vacancy migration
occurs in the temperature range 240 to 340'K (stage
III).This topic will be discussed in a subsequent paper.

"The temperatures corresponding to pinning stages in modulus
measurements may be considerably lower than the corresponding
stages in resistivity recovery."J.S. Koehler and G. Leibfried, J.Phys. Soc. Japan, Suppl. III,
18, 266 (1963).

"The activation energies 0.05 and 0.6 eV correspond to proc-
esses annealing near 15 and 240'K, respectively.
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APPENDIX

One identi6es the temperature at which the rate of
recovery in a particular process is a maximum as T,.
This is determined by locating the infiection point of
the fractional recovery curve as a function of tempera-
ture. Using the notation of Eq. (2),

(don(T)/dTP]r v,——0. (A1)

Assuming that the temperature is varied simply with
time, we take time as the independent variable.

Then,

Equating the ldt sides of Eqs. (A7) and (A6), we have

('np) (nc+vp)
vo '»

l

—
ll

—
l

=(2n.+vo) ' (AS)
kn.j 4c,+v,J

~f
Ãg—gSp ~ (A10)

We now consider the two limiting cases of Eq. (AS): (a)
pure second-order kinetics (vp ~0), (b) pure 6rst-order
kinetics (vp»n, ). For condition (a), Eq. (AS) reduces to

In(1+ (vp/n )]—InL1+(vp/np)]=vp/(2n +vp) . (A9)

Expanding the natural logarithms and simplifying,
we have

Ld n/ dt]g= r,

=[dn/dt]v v, tt(dTj dt) ']r v,P—d'T/dt']v r, . (A2)
For condition (b), Eq. (AS) reduces to

n, = (1/2. 7)np. (A11)
Combining Eqs. (2) and (A2), we have

—pn ~ VC exp(-E/kT )—+ (E/kT ')PT/dt]. ..
= $(dT/dt) '(d'T/dt')]v r„(A )3

where e, is the concentration of those defects responsi-
ble for the particular recovery stage characterized by
the unique activation energy E existing after the anneal
at the temperature T,. For purposes of illustration, we

assume a typical annealing schedule T= To+At. Then
Eq. (A3) becomes

Yn, ~'K exp( ——E/kT, )+ (E/kT, P)A =0. (A4)

As can be seen readily from Eq. (A4), the value of T,
is independent of n, for first-order processes (y=1).

For y& 1, the value of T, will be some function of e,.
To simplify the comparison with experiment it is neces-
sary to relate n, to ep, the initial concentration of defects
of activation energy K

We derive an expression relating np to e, for the case
of free interstitial migration to vacancies in the pre-
sence of an excess concentration of vacancies vp. We
assume a constant heat-up rate dT= ddt. From Eq. (3),
we have

dn/dT= —(E'/A) (n'+vpn) exp( —E/kT) . (A5)

Integrating Eq. (A5), and using the results of Meechan
and Brinkman' with the approximation E/kT, )1, we

get

-hanoi tn.+vpi- E kTP
exp( —E/kT ) (A6)4,ikn, +v,) a E

In order to relate the right side of Eq. (A6) to n, and

np, we differentiate Eq. (A5) with respect to T and eval-
uate the condition at the inQection point. This results in

(2n,+vp) '= (E/A)(kT. o/E) exp( —E/kT, ). (A7)

'4 C. J. Meechan and J. A. Brin%man, Phys. Rev. 103, 1193
(1956).

We now develop an approximate expression relating,
the shift in temperature hT of the annealing peak associ-
ated with random interstitial-vacancy recombination
for the following cases:

(a) Different initial concentrations of damage and no
excess concentration of vacancies in one specimen, and
(b) approximately the same initial concentration. of
damage, but an excess concentration of vacancies in one
specimen. For case (a) we quote the results of Meechan
and Brinkman, '4

E/kT '=2(E/A)n, exp( —E/kT, ). (A12)

Combining Eq. (A12) and Eq. (A10) with differing
initial concentrations of damage, spy and sp2 we have

BT~(kT,'/E) In(noi/nap), (A13)

where 4T= T,&
—T,j and T, T,&T,2. This is the equa-

tion used to calculate the values of dT in Table II for
runs I, II, and III, and the values of hT for copper in
Table III.The values of AT for copper are in reasonably
good agreement with the observed values of AT.

In case (b) the temperature at the inflection point of
the recovery of the specimen without the excess con-
centration of vacancies is given by (A12):

(E//A)2n, p (E/kT, p') exp——(E/kT, p).

The temperature at the inRection point of the recovery
of the specimen with the excess concentration of vacan-
cies is given by (A7):

(IC/A) (2n, i+vp) = (E/kT, io) exp(E/kT, i) . (A15)

The subscript 1 refers to the prequenched specimen and
2 to the unquenched one.

Dividing Eq. (A15) by Eq. (A14), and using the
approximation n, i=n.2=no/2, which is valid for our
experimental results, we have

/no+vo) kT,'
Inl -

I
—~T (A16)

no

Equation (A16) was used to calculate the values of DT
for run V in Table II.


