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Radiation-annealing effects due to energetic displacement cascades have been studied in copper, silver, and
gold using electrical-resistivity measurements of thin-film specimens. It was found that close Frenkel pairs
are unstable in the region of an energetic cascade. This was shown by doping the specimens with Frenkel
pairs using a 150-keV proton irradiation at low temperature and measuring the damage rate during a
subsequent heavy-ion irradiation. For ~ 500-keV self-ion irradiations the volume around the cascade in
which close Frenkel pairs are unstable is 5 X 1076, 2 X 1076, and 4 X-10~!7 cm® for silver, gold, and copper,
respectively. Moreover, it was observed that the volume increased with increased energy density in the
cascade. The implications of these results on defect production, defect saturation behavior, and isochronal
recovery for damage produced in energetic cascades are discussed.

INTRODUCTION

Significant progress has been made in recent
years in understanding both defect production in
metals due to electron irradiations and the prop-
erties of the isolated vacancies and interstitials
produced.! In energetic displacement cascades
however, defect production and the interaction of
the defects within the cascade are not nearly as
well known, despite the technological importance
of such information. For example, experimental
values for the number of defects produced in en-
ergetic cascades are considerably lower than those
from theoretical calculations.?*® Furthermore,
the theoretical value for the saturation concentra-
tion of defects is higher for fast-neutron irradia-
tions than for electron irradiations,*® although
this is not found experimentally; moreover, for
copper and platinum the opposite has in fact been
observed.”™® One mechanism that can qualita-
tively account for these observations is the possi-
bility that close Frenkel pairs are produced in
energetic displacement cascades but are unstable
to recombination. Earlier self-ion bombardments
gave indications that the energy density in cas-
cades of silver and gold may be sufficiently high
to anneal close pairs.'® In addition, recent com-
puter calculations have shown that the residual
agitation in the lattice following the displacement
spike induces close-pair recombinations in tung-
sten.! The present experiments show clearly
that close pairs are in fact unstable in the vicinity
of energetic cascades in copper, silver, and gold.
A preliminary account of the present work has been
presented in Ref. 12. The effective volume around
each cascade in which recombinations take place
is determined from the experimental results using
a model for radiation annealing that includes sti-
mulated close-pair (SCP) recovery.

To show the effect of energetic cascades on a
preexisting population of Frenkel pairs, the
following experiment was performed. First, speci-
mens were doped with Frenkel pairs by irradiating
with 150-keV protons below 10 K. This type of

“irradiation produces predominantly isolated
Frenkel pairs and few clusters. When a given de-
fect concentration was reached, the proton irradia-
tion was terminated, and without warming the
specimens were irradiated with energetic heavy
ions (self-ions and other heavy particles). The
change in electrical resistivity Ap was measured
during the irradiations as a function of ion dose ¢.

~ For specimens doped to a sufficiently high defect
concentration, the resistivity decreased with dose
at the beginning of the heavy-ion irradiation, in-
dicating more defect annihilation than production
[Figs. 1(a)-1(c)]. By comparing the damage rates
dAp/de of the doped and undoped specimens-as a
function of Ap, the number of doped-in Frenkel
pairs recombining per incident ion was deter-
mined. That these differences between the dam-
age rates were in fact due to close-pair recom-~

" binations was shown by repeating the experiment,

but with the doping irradiation carried out at 50 K.
In this case, the doped-in defects were produced
similarly to those at low temperature, but, as the
irradiation took place above stage I, close pairs
were removed by thermal annealing. No reduc-
tion in the damage rate relative to the undoped
specimen was observed upon subsequent heavy-
ion irradiation for this doping treatment.

An experiment similar to the present one was
performed by Brinkman and Gilbert in 1953."° In
that study, thorium was irradiated to saturation
with 9-MeV protons at 133 K. Subsequently, the
specimen was irradiated with 18-MeV deuterons,
also at 133 K. 18-MeV deuterons induce fission
in thorium and as a result, the recoil spectrum
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FIG. 1. (a) Resistivity change vs dose in copper. The
first portion of the curve shows the resistivity change
for a 150-keV proton irradiation below 10 K. The second
portion shows the resistivity change for subsequent
self-ion irradiation of the same specimen. (b) Same as
(a) for silver. (c) Same as (a) for gold.

is on the average substantially higher in energy
compared with that of a 9-MeV proton irradia-
tion. Brinkman and Gilbert found that Ap de-
creased upon deuteron bombardment of pure
thorium but increased when a Au-3-at.%-Th

alloy was irradiated. Since these irradiations were
performed well above stage I (<50 K in Th),** the
observed reduction in resistivity upon deuteron
bombardment cannot be due to the recombination
of close pairs. Similar differences in the satura-
tion behavior at 78 K between 1- and 2.9-MeV
He'-bombarded Au were, in fact, observed by one
of us (K.L.M.). The saturationin radiation-induced
resistivity at temperatures at which point defects
are mobile is necessarily a rather complicated

process, including effects from the kinetics of
defect migration, cluster formation, trapping at
impurities, and changes in the resistivity per
point defect that occur due to the formation of
large clusters at high doses. Although it may be
argued that the reduction in induced resistivity
upon introduction of more energetic cascades is
likely to be due to the release of interstitials
from impurities, the origin of the radiation an-
nealing effects observed above stage I remains
highly speculative.

In present work all damage-production measure-
ments were performed at low temperature and
therefore the complications that arise from kinetic
effects do not have to be considered.

RADIATION-ANNEALING MODEL

The damage rate for irradiation with heavy ions
is written

(%), (&), w

The subscript » indicates the “normal” case of
no doping, and s indicates the SCP recovery that
occurs in the doped specimens. To a first approx-
imation, the normal damage rate for energetic
ions stopped within the specimen is given by

d N |
(di¢p->n=pFN_:a[l'(cin+chT)]’ (2)

where py is the Frenkel-pair resistivity per unit
concentration, N% is the number of defects pro-
duced in the undamaged crystal by each ion, N,
is the atomic concentration, a is the specimen
thickness, C; and C, are the concentrations of
interstitials and vacancies, respectively, and V,
is the spontaneous recombination volume for
vacancies and interstitials.® C;V, is therefore
the probability that a newly produced vacancy is
within the recombination volume of an already pre-
sent interstitial, and C,V, is the probability that
a new interstitial is in the recombination volume
of an old vacancy. Since C;=C, =C and Ap=ppC,
the damage rate can be rewritten

dsp  Ne (1_2V.
d¢ pFNoa 1 oF Ap). (3)

Implicit in Eq. (3) is the assumption that the spon-
taneous recombination volume is independent of

the defect concentration. For the present case, it
is also assumed that the recombination volume

per defect is the same for the Frenkel pairs pro-
duced by the proton irradiation as for those pro-
duced by the heavy-ion irradiation. These assump-
tions are not strictly valid, °*** however, for the
purpose of evaluating SCP annealing; it is suffi-
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cient that the “normal” damage rates be linear
with defect concentration over a relatively short
range of defect concentrations. This point will be
discussed later.

SCP annealing is incorporated into the model by
assuming all close pairs of concentration Cp re-
combine within a volume V, around the cascade by
SCP events. This assumption seems reasonable
at least for silver and gold since recovery below
50 K, which is primarily due to close-pair re-
combination (i.e., substages,~Ip), is small for
these metals after heavy-ion or fast-neutron
irradiation.’*” The SCP annealing term is there-
fore

(&), o (=), @

where V, is the total annealed volume in the speci-
men, and V is the total specimen volume. For a
homogeneous defect distribution in the specimen,
the fraction of the annealed volume is equal to the
fraction of the annealed resistivity increment, i.e.,
V,/V=ap,/5pl, where Ap, is the resistivity in-
crement recovered during the irradiation due to
SCP events and Ap] =pgCp represents the total
resistivity increment from annealed close pairs.
Equation (1) is rewritten

dsp (_EYL )
d ’Nal ppAp
CV< Ap,
ooV (y p) 5
[ Aot (5)

Since the volume around a cascade in which SCP
annealing occurs is presumably larger than the
volume in which defects are produced, the second
term in Eq. (5) is expected to go to zero faster
than the first term., The quantities in the first
term can therefore be obtained from the damage
rates at high dose. The damage rates at low dose
are then used to determine Cp and V,. The close-
pair concentratioanP is determined from

Ap f
Cp
Pr <I> d¢
N, 2V
—pp—t—[1 -2t A 6
Pr Na ( Pr p) ©

and the annealing volume V, is given by

_lap/dp - anp/dg), )ia_

Ve ap;

(M

where the subscript i refers to the initial damage
rates. Using this method, the evaluation of SCP
annealing does not depend on the detailed model for
normal radiation annealing and requires only that
the normal damage rate (dAp/dqb),, be a linear
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function of Ap over the short range of Ap in which
SCP annealing occurs,

EXPERIMENTAL

To measure the electrical resistivity, standard
four-probe dc measurements were made. With a
30-mA measuring current, the sensitivity was
2x107! Q@cm. The range of heavy ions with en-
ergies ~ 500 keV in the noble metals is ~ 1000 f\
consequently, it was necessary to use thin-film
specimens. Gold, silver, and copper specimens
were grown by vapor deposition onto cleavage
surfaces of rock salt which were masked in the
shape of resistivity specimens. The specimen
geometry allowed four segments to be irradiated
separately by selectively blocking the ion beam,
The pressure in the ion-pumped vacuum chamber
during evaporation was <3X107" Torr. The films
were transferred onto either aluminum or tanta-
lum substrates that had first been oxidized to
provide electrical insulation from the films. The
specimen thicknesses were determined gravi-
metrically, The ion beam was produced by a
300-kV accelerator using a Dan-Fysik ion source.
Ions with energy >300 keV could be obtained by
using maltiply charged ions. -The ion dose was
measured with a Faraday cage that intercepted
an annular portion of the ion beam. The beam was
swept in the x-y plane during irradiation to en-
sure a homogeneous beam over the Faraday cage
and specimens. The maximum beam power used
was 0.2x1077 A at 150 keV, on a 0.1-cm? area
of the specimen holder (~107* W/em? in the speci-
men). Measurements of the resistivity with the
beam on showed no detectable beam heating of
the specimens.

For 500-keV heavy ions, the projectiles were
expected to penetrate from 0.2 to 0.6 of the speci-
men thicknesses.”® Thus, most of the cascade
energy was deposited within the bulk of the speci-
men, although somewhat inhomogeneously. This
damage inhomogeneity can affect the analysis of
radiation-annealing experiments in two ways.

“First, the relationship between the resistivity and

the average defect concentration may become non-
linear, and in a thin film the relationship is un-
doubtably complicated as a result of the elec-
trical size effect. Second, if the ion beam de-
posits its energy inhomogeneously, then the local
concentration of defects in certain regions will be
greater than the average concentration in the
specimen. However, it is the average defect con-
centration that is monitored by the resistivity,
and consequently, the damage rate for such a case
will initially decrease more rapidly with Ap than
if the damage were homogeneous. The same argu-
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ment applies to SCP annealing, and therefore,
damage inhomogeneities do affect the analysis. for
the annealing volume V,. In other work, however,
we have found that damage inhomogeneities have
little influence on either the initial damage rates
or the saturation resistivity if the ions are stopped
near the center of the foil.

When using electrical-resistivity measurements
to determine the defect concentration in thin films,
the size effect in the electrical resistivity usually
has to be considered. However, except at low-
defect concentrations, the electrical size effect
has little effect on damage-rate measurements
dAp/d$.***° In the present experiment, the speci-
mens are doped to high-defect concentrations and
our analysis makes use of the resistivity behavior
only at high-defect concentration. Consequently,
no size-effect correction of the data was neces-
sary.

RESULTS

Figures 1(a)-1(c) illustrate the radiation-an-
nealing effects due to energetic cascades des-
cribed above. These figures show the defect
resistivity as a function of proton as well as heavy-
ion dose for copper, silver, and gold, respec-
tively. The portions of the curves up to the ver-
tical line show the results for the 150-keV proton
irradiations that were carried out near 6 K. In
each case, the defect resistivity appears to be
approaching a saturation value nearly exponen-
tially. This exponential dose dependence of the
resistivity is characteristic of normal saturation
effects. At the completion of the proton-doping
irradiations, the irradiation particle was switched
to self-ions. The effect of these irradiations on
the resistivity is shown in the second portions of
the curves. In each case, the defect resistivity
initially decreases with dose, reaches a minimum,
then increases. Finally, the resistivities approach
saturation nearly exponentially. For silver, the
saturation resistivities for the proton and self-
ion irradiations appear almost the same, whereas
for copper the saturation resistivity for the pro-
ton irradiation is ~25% higher than that for the
self-ion irradiation. It has been observed, how-
ever, that saturation resistivity values depend
somewhat on the range of values of Ap from which
the damage rate curves are extrapolated to zero
damage rate and on the procedure for extrapola-
tion.? Consequently, the determination of the
saturation resistivity here is somewhat ambigu-
ous, especially since size effect corrections have
also been omitted in the present work.

To analyze radiation-annealing effects, it is
useful to plot the damage rates as a function of
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FIG. 2. (a) Representative damages rates for heavy-
ion irradiation of copper for, O, undoped specimen; O,
specimen doped below 10 K by proton irradiation; A,
specimen doped above 50 K by proton irradiation. Ar-
rows indicate dose sequence of experiment. (b) Same as
(a) for silver. (c) Same as (a) for gold.

Ap. Dz{mage-rate curves for representative heavy-
ion irradiations of copper, silver, and gold, are
shown in Figs. 2(a)-2(c), respectively, for dif-
ferent doping treatments. The damage rates for
the proton-doping irradiations are not of interest
here and have been omitted; however, the re-
sistivity increments introduced by these irradia-
tions are given by the starting points of the heavy-
ion damage rate curves. Arrows have been in-
cluded in Fig. 2(a) to show the time (and dose)
sequence of the experiment. In each figure, three
damage-rate curves appear. One is obtained from
an undoped specimen, (no prior proton irradia-
tion, starting at Ap=0); a second is a specimen
doped below 10 K; and a third is for a specimen
doped above 50 K. The damage rates for the un-
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doped specimens decrease monotonically with
Ap (and dose). This is the normal saturation be-
havior. The initial curvature in the damage rate
is due in part to the size effect in the electrical
resistivity (no size-effect correction was made),
in part to the inhomogeneity of the damage distri-
bution, and possibly in part to an intrinsic non-
linearity of the damage rate with dose.!®*® Lin-
ear extrapolation of these curves to zero damage
rate yielded the saturation resistivities given
*above.

The damage rates for the specimens doped be-
low 10 K are influenced by both normal radiation
and SCP annealing effects. The SCP annealing
dominates the initial damage rates, causing them
to be negative for sufficiently high doping treat-
ments. As the heavy-ion irradiation is continued,
the SCP effect saturates, and the damage rate
goes through a maximum, which is always posi-
tive. Finally, the damage rate decreases and
approaches the normal radiation-annealing behav-
ior. It can be seen from Figs. 1 and 2 that the
SCP annealing saturates at a much lower dose
than the defect production. Also, after the SCP
annealing does saturate, the damage-rate curves
become nearly linear, These features are in
agreement with the radiation-annealing model used
here.

The damage rates for the specimens doped above
50 K are similar to those with no doping. The
damage rates are initially positive and decrease
monotonically with dose. The initial damage rates
are, however, higher than the undoped damage
rates at a particular Ap, see Figs. 2(a)-2(c).
This is in contrast to what is expected on the basis
of the simple saturation model given by Eq. (3).
This is not too surprising since the model, as
pointed out above, assumes that the ratio of the
spontaneous recombination volume-to-resistivity
per defect is independent of the way in which the
defect is produced. For the 50-K proton-doping
irradiations, interstitials are able to migrate and
form clusters, and clustering is expected to re-
duce the average recombination volume. Cluster-
ing, however, also occurs in energetic displace-
ment cascades as a result of the high spatial
correlations between defects.” If the enhanced
damage rates after the 50-K doping irradiations
were entirely due to clustering effects, these
results would indicate that defects produced by a
proton irradiation at 50 K are more clustered than
defects produced in cascades below 6 K. This
issue is complicated in the present experiment,
however, by the fact that the damage produced by
the heavy-ion irradiation is distributed inhomo-
geneously in the specimen. As noted above, the
saturation effects appear stronger for a given

value of Ap if the damage is produced inhomo-
geneously. The defects produced by the 50-K
proton irradiation are distributed homogeneously,
whereas those produced by heavy ions stopped
within the specimen are not. Consequently, the
heavy-ion irradiation will have a higher damage
rate if the specimen has been irradiated to a
given Ap by 50-K proton irradiation than if it has
been irradiated to the same Ap by an inhomo-
geneous heavy-ion irradiation (undoped). The
results in fact show that the effect is greatest in
gold and silver and very small in copper, and it
is for the gold and silver that inhomogeneity is
expected to be more serious. However, neither
argument, inhomogeneity nor clustering, seems
entirely capable of explaining the very high dam-
age rate in gold after the 50-K proton irradiation.
With regard to the analysis of SCP annealing,
the effect of clustering and inhomogeneity in the
damage should not be very important for two rea-
sons. First, the interstitials produced during
the doping irradiation are not mobile, therefore
little defect clustering should occur during doping.
Second, the normal radiation-annealing para-
meters in Eq. (5) are extracted from the data ob-
served immediately after SCP annealing saturates
and not from a different specimen. This minimizes
the effects of damage inhomogeneities or effects
of clustering in the cascades. Therefore, unless
the normal damage rate is very nonlinear in Ap
over the region in which SCP annealing occurs, the
analysis should be reasonably accurate. For the
case of doping to high-defect concentrations, cas-
cade defect clustering is insignificant regarding
the SCP analysis since initially the number of de-
fects produced is much smaller than the number
annihilated by SCP events. -Consequently, an error
in determining the number of cascade defects
which are produced and must be subtracted from
the measured damage rates to obtain the SCP
annealing, is not serious. Moreover, the anneal-
ing volumes in silver obtained for the cases in
which (i) a large number of defects are produced
in contrast to those annihilating (low doping con-
centration), and (ii) few defects are produced in
contrast to those annihilating (high doping concen-
tration) differ by less than a factor of 2,6.2x107!¢
cm® compared with 3.9 107! ¢m®; this is also
true for copper. This difference may result from
inadequacies in the model because of either clus-
tering or damage inhomogeneities, although the
specimen thicknesses were the same for these
cases. On the other hand, it cannot be excluded
that the observed differences in the annealing vol-
umes indicate a slight concentration dependence
of V,. In any case, the differences are relatively
small and it would therefore seem that the linear
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FIG. 3. (a) Effect of doping concentration by 150-keV
proton irradiation on self-ion damage rates for silver.
Specimen thicknesses in nm are Q, 239; 0, 348; A, 348;
Vv, 239; and O, 348. (b) Effect of doping concentration
by 150-keV proton irradiation on argon damage rates in
copper, open symbols; the ¢ indicate 400-keV bismuth
damage rates intermixed with argon damage rates.
Specimen thicknesses are 310 nm.

annealing model is adequate.

The values for ApT and V, are obtained from the
data in Figs. 2(c) and 3(a) and 3(b). This was done
as outlined above; N% and V, are first obtained
from the high-dose data by extrapolating dAp/d¢
to both zero Ap and zero damage rate. (dAp/d¢),
is then plotted versus Ap, by integrating Eq. (6)
to obtain Ap,. Representative plots are shown for
the three metals in Figs. 4(a)-4(c). Extrapo-
lating (dAp/d¢), to zero yields psCp. V, is then
determined from Eq. (7). The results are given
in Table I.

The effect of the Frenkel-pair concentration on
SCP annealing was examined by varying the dose
of the doping irradiation in several copper and
silver specimens. The damage rates for these
specimens are shown in Figs. 3(a) and 3(b), and
the results for the annealing volumes and total
recovery are in Table I. [To quantitatively com-
pare damage rates from different specimens, it
is necessary to normalize the data by multiplying
dbp/do by the specimen thickness, cf. Eq. (5).]

It can be seen in the table that, in both copper and
silver, the fractional SCP recovery ApY/Ap,,
where Ap, is the doped-in resistivity increment,

increases rapidly with Ap,, particularly in copper.
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FIG. 4. (a) Representative damage rates for SCP
annealing vs recovery for copper. (b) Same as (a) for
gilver. (c) Same as (a) for gold.

The annealing model however, assumes that

Ap! is a linear function of close-pair concentra-
tion. One explanation for the fact that Cp increases
faster than linearly with Ap, is that, as the defect
concentration becomes large, an interstitial not
close to its own vacancy or one which initially
jumps away from its own vacancy, has a finite
probability to recombine with another vacancy by
SCP events. These recombinations are much less
probable at low-defect concentration due to the
limited number of jumps that the interstitial can
make in the duration of the cascade event.

Table I shows that the annealing volumes V, are
nearly constant for a given metal, projectile
mass, and cascade energy. The weak dependence
on Ap, is in agreement with the assumption that
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TABLE I. Results for the SCP annealing volumes and total SCP annealing for several targets, projectiles, and
doping concentrations. Here a is the specimen thickness, E is the projectile energy, E is the damage energy, Ap, is
the doped-in defect concentration, Ap T is the total resistivity annealed by SCP events (dAp/d¢), is the initial SCP
annealing rate, and V, is the SCP annealing volume for each cascade.

dAp

Specimen a (cm) Projectile E (keV) Ep(keV) Ap; (RQcm) Apf/Ap, ( 10 )s a @cm?) VvV, cmd)
Ag 3.48x10"° Ag 500 299 8.3 x10°8 0.02 1.05%x10" 2% 6.2x10"16
Ag 3.48x10" 5 Ag 500 299 1.60x10°7 0.02 1.98x10" 2 6.0x10°16
Ag 2.39x10"° Ag 500 299 2.14x10°7 0.05 5,10x10" % 5.1x10°16
Ag 3.48x10" 5 Ag 500 299 3.87x1077 0.07 1.09x10° 2 3.9x10°18
Au 2.35x105 Au 540 244 4.94x10"7 0.05 5.5 x10" % 2.1x10"16
Cu 3.10x10°° Ar 400 162 2.23x10"7 0.04 3.65%x10"% 4.4x10"17
Cu 3.10x10° % Ar 400 162 4.70x10"7 0.26 3.35x10" % 2.7x10°17
Cu 3.10x10"5 Cu 400 222 4.46x10"7 0.22 4.02x10" 2% 4.1x10°17
Cu 2.20%x10°° Au ‘870 508 4.10x10°7 0.16 1.02x10"23 1.6x10716

a cascade will cause agitation of the lattice suffi-
cient to cause recombinations of close pairs with-
in a certain well-defined volume. It is quite re-
markable however, that a 500-keV silver self-
ion cascade gives an annealing volume which is
more than a factor of 10 larger than a 400-keV
Cu or Ar cascade in copper, although according
to the random theory, the cascade volume is ex-
pected to be somewhat larger for the copper cas-
cades.?? As will be discussed below, this effect
is connected with the details of the energy de-
position in very energetic cascades. To observe
the effects of the cascade-energy density on the
SCP annealing, 400-keV Bi** test irradiations
were intermixed with the 400-keV Ar** irradia-
tion of copper. The higher mass projectile pro-
duces cascades of greater energy density. The
damage rates for the 400-keV Bi irradiation are
indicated by < in Fig. 3(b), and it is observed
that SCP annealing is initially greater for the

Bi irradiation. The enhancement may be due to
the fact that electronic losses are lower for the
Bi irradiation than for the Ar. The effect of this
higher-damage energy, ~25% higher for the Bi
irradiation, is seen by an enhancement of the dam-
age rate of ~25% in the undoped specimen. The
additional SCP annealing for the Bi irradiation,
however, is considerably larger than the differ-
ence in damage energies. Qualitatively this is
clearly seen in Fig. 3, although the Ar irradiation
prior to the Bi irradiation makes the analysis
complicated and also precludes determining the
annealing volume for the Bi irradiation. Three Bi
irradiations were also carried out at the comple-
tion of the Ar irradiations. These curves start
with negative damage rates at a damage state
which showed positive damage rates for the Ar
irradiation, and clearly indicate that the SCP
annealing effect is stronger for Bi cascades. The

fact that some stage I interstitials can be annealed
by superposition of Bi cascades onto Ar cascades
in Cu is consistent with isochronal annealing
data'® which show that stage I recovery of the
electrical resistivity for Ar cascades in Cu at
similar defect concentrations as used here, is
10%, whereas stage I recovery for Bi cascades in
Cu is <5%.

To further examine the effect of energy density
in the cascade on SCP annealing, 870-keV gold
ions were used to irradiate doped-copper speci-
mens. For this case, the annealing volume is
increased almost a factor of 6 compared with that
for the Ar irradiation at similar values of Ap,
(although Ap, is slightly greater for the Ar irradi-
ation, it was noted above that V, does not vary
greatly with the doped-in defect concentration).
The initial SCP annealing rate is a factor of 3.6
and 4.3 greater for the 870-keV gold irradiation
than for the 400-keV self-ion or Ar irradiation,
respectively. It the specimen thicknesses are
taken into account, however, and the number of.
recombinations per incident ion/cm? is con-
sidered rather than (dAp/d¢),, the SCP annealing
ratios given above are reduced to 2.6 and 3.1,
respectively. The latter ratios are almost ex-
actly the same as the ratios for the damage en-
ergies for the different irradiations. Presum-
ably, the ratios for the initial SCP annealing
would increase somewhat if the values of Ap,
were exactly the same (see Table I), since as
mentioned above the SCP annealing varies
strongly with Ap,.

In summary, the results show that SCP an-
nealing occurs in copper, silver, and gold for
specimens doped by 150-keV proton irradiations
at temperatures below 10 K but does not occur
if the doping irradiations are carried out near
50 K. It was observed that the effectiveness of
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SCP annealing, as evaluated by the ratio apl/
Ap,y.increases with doped in defect concentration
Ap,. Finally, the volumes around the cascade in
which SCP annealing occurs were obtained. It
was found that the annealing volumes are largest
for the energetically densest cascades.

DISCUSSION

The main result of the present work is con-
tained in the observation that close Frenkel-
pair configurations are unstable in the vicinity
of energetic displacement cascades. This cascade
annealing effect may be a principal reason for
the low-defect production in cascades at low tem-
perature. Binary-collision calculations®** and
analytical models® predict that the number of
defects produced in cascades should be close to
the modified Kinchin-Pease result, N =0.8E ,/2E,,
where E; is the average threshold energy. Exper-
imentally it is found that for low-energy recoils,
this rule is obeyed, ?® whereas for high-energy
recoils, defect production is ~0.35 times the
theoretical value.”” The transition from high-to-
low defect-production efficiency occurs in Ag
near 2 keV.*® When calculating defect produc-
tion, the binary-collision calculations of Robinson
and Torrens determine the stability of Frenkel
pairs by two methods.?® In one, the “threshold
model” the threshold energy is chosen to take into
account the stability of Frenkel pairs. A some-
what more satisfactory procedure is given by the
“capture model” in which the stability of the
Frenkel pair is determined by the spontaneous
recombination volume around each vacancy. in
which an interstitial is unstable. This model has
the advantage that recombinations of interstitials
with vacancies other than their own are taken into
account, a situation that is probable in very dense
cascades. Neither model includes the stimulated
recombination of close pairs. In contrast to the
binary collision calculations, Guinan'! has cal-
culated defect production in cascades using a
fully dynamical computer simulation similar to
the type developed at Brookhaven.?® For a 2.5-
keV cascade in tungsten, he has found that after
the displacements have ended, the agitation in the
lattice causes many Frenkel pairs to recombine
that otherwise would be stable. Vineyard has con-
sidered thermal-spike phenomena on the basis of
the classical heat equation.?® For a spherical
6-function spike, it was found that the number of
jumps made by the migrating defect depends on
the damage energy to the 2 power. Although no
detailed comparison is made between the results
of the present experiment and this theory, it is
observed that the SCP annealing does increase

with damage energy and probably somewhat
faster than linearly as indicated by the initial
SCP annealing for Au, Bi, Cu, and Ar irradia-
tion of Cu. In the present investigation, cascade
energies near 500 keV were used. For a descrip-
tion of such energetic cascades, the assumption
of a spherical spike is clearly not adequate. It
has been shown that at those energies cascades

in Au and Ag exhibit a pronounced subcascade
structure.’®3! It has also been pointed out that
subcascade formation is a general feature of
energetic cascades® and indications exist®! that
Cu shows a much more pronounced splitting into
subcascades than either Ag or Au. If the observed
SCP annealing takes place within a region around
each subcascade, the fact that the SCP annealing
volume in copper is about a factor of 10 smaller
than in Au and Ag can be understood. Each sub-
cascade in Cu would then be associated with a
much smaller damage energy than, for example,
a subcascade in Ag. Since, as the results of Vine-
yard indicate, the volume around a spherical
spike in which SCP annealing takes place increases
with energy much more strongly than linearly, one
can easily see that the total SCP annealing volume
in a cascade can be drastically reduced when at a
given damage energy the number of subcascades
is increased. Comparison of the SCP annealing
volumes in Ag and Au with transmission-electron
microscopy observations of subcascade formation
shows that the SCP annealing volumes around each
subcascade overlap. Therefore, the total cascade
structure can be viewed as being embedded in the
SCP annealing volume. In contrast to this, a
comparison of the Cu SCP annealing volume with
the damage volume, as indicated for example by
the dimensions connected with the energy deposi-
tion in the random-cascade theory, ® shows that
the SCP annealing volume in a 500-keV cascade

in copper most probably is not completely con-
nected. Although the present work has shown the
basic phenomenon of SCP annealing within the cas-
cade region, it should be pointed out that the
magnitude of the annealing of predoped Frenkel

.pairs, falls considerably short of that necessary

to account for the low-defect production efficien-
cies in cascades. However, this is not unexpected
since the detailed production process of defects
produced in a cascade is almost certainly differ-
ent from that for a cascade superimposed onto a
preexisting population of defects introduced by a
proton irradiation.

The results of the present paper also have a
direct bearing on the question of the saturation
concentrations of defects obtained by different
particle irradiations. In copper the saturation
resistivities are 0.76 and 0.62 1 cm for elec-
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tron® and 150-keV proton irradiations, respec-
tively, whereas for fission fragment and heavy-
ion irradiations, the value is 0.48 uQcm.’ If
one considers only the concept of a spontaneous
recombination volume without allowing for SCP
annealing, these differences in the saturation
resistivities are difficult to understand. This is
because in cascades the high density of defects,
and the segregation of interstitial and vacancies,
should lead to overlapping of recombination vol-
umes. The average recombination volume would
therefore be reduced and the saturation resistivity
increased.*”” SCP annealing on the other hand
increases the effective recombination volume in
a cascade, so that the saturation resistivity may
decrease, as is observed in copper and platinum.
In silver the saturation resistivities are ~0.50
p&cm for various types of particle irradiation.®
This occurs presumably because both mechanisms
described above are operative; the effective re-
combination volume (i) is increased due to SCP
annealing and (ii) is decreased because of defect
clustering in the cascade. Since the saturation
resistivities are about the same, the effect of the
two mechanisms must essentially cancel.

The effect of SCP annealing on stage I recovery
is straightforward. Close-pair recombinations
comprise a significant fraction of stage I re-
covery and hence elimination of close pairs during
the cascade event should reduce the recovery
observed by thermal annealing. It has in fact been
shown that stage I isochronal recovery is greatly
reduced as the energy density in the cascade is
increased.!® Previously, the small fraction of
recovery in stage I after fast-neutron irradiation
has been explained on the basis of a segregation
of vacancies and interstitials. The segregation
results from the ejection of interstitials out of
the center of cascade region and the preferential
survival of clusters of vacancies and interstitials
due to mutual trapping processes.’® The present
experiment suggests that another mechanism,
SCP annealing within the cascade, may be im-
portant in accounting for the reduced stage I re-
covery in cascades as this mechanism removes
close pairs and possibly enhances interstitial

clustering during the cascade event. Moreover,
it has been shown that stage I recovery after
fast neutron irradiation is 15% for Ag and 31%
for Cu.!” Stage I recovery is also greater in Cu
than in Ag for heavy-ion irradiations.!®* These
isochronal recovery results appear consistent
with the conclusion obtained here that in Ag the
entire subcascade structure is embedded in the
SCP annealing volume but not in copper. The
unannealed region in the copper cascades are
thus able to contribute to stage I annealing.
Finally, it is noted that the SCP annealing ef-
fect in gold is similar to that in copper and sil-
ver. Radiation annealing in gold has also been
observed during subthreshold electron irradia-
tions, and was reported to disappear when the
specimen was annealed to 22 K. This has been
interpreted as evidence for a close-pair configura-
tion that is stable in Au up to ~22 K.** The present
observations support such a view. Stage I in
copper and silver is well understood, and it is
known that interstitials are immobile below 10 K.
In gold however, interstitial clustering has been
observed at 5 K, indicating long-range transport
of interstitials below that temperature.®® There-
fore, the possibility exists that free migration of
interstitials may take place at our lowest irradia-
tion temperature in Au. Although a close pair
with an activation energy higher than that for free
migration of interstitials has not been observed
in other fcc metals, such evidence does exist for
tungsten and molybdenum.*+*” The question re-
garding free migration below 4 K in Au cannot be
answered from the present observation, however
the existence of a close-pair configuration is con-
sistent with the present results.
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