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We discuss here the effect of collisions. The
electron-ion collision time for T, =10 keV, n
=10' cm ', is approximately 1 ns. Hence in the
absence of the baroclinic vector (driving force),
the current and the magnetic field will die off
rather quickly. However, the ion vorticity which
can be dissipated only by the ion viscosity re-
mains for a much longer period. The viscous
damping rate for k ~p, ) 1 (k ~

' is the typical
scale size) is given by v, ,(k~p;) ', where p,. =or, /
co„ is the ion gyroradius. ' Hence for T; =10 keV,
n =10"cm ', B= 1 MG, we obtain the lifetime of
the vorticity to be 10 ns.

Vortex formation in the laser-pellet interaction
has several important implications: (1) If the
vorticity is made large, the pellet may be de-
stroyed as seen in curve 2 in Fig. 2; (2) ion
transport is dominated by convection rather than
by diffusion; and (3) the depleted density in the
vortex core may produce channeling for the laser
light leading to the enhanced transparency.
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Stage-III recovery in copper after electron and proton irradiation and after quenching
is investigated by observation of perturbed yy angular correlations. Two different types
of intrinsic defects can be trapped at the radioactive impurities. The identity of the de-
fects trapped after different damaging conditions proves that the recovery in stage III is
mainly caused by two types of mobile defects, a monovacancy and a small vacancy com-
plex, the latter being more mobile than the monovacancy.

We report on perturbed yy angular correlation
(DPAC) experiments in copper, which are the
first unique proof that after quenching and irra-
diation the recovery in stage III (around 260 K)
is caused by the mobilization of vacancies and
that at least two different types of vacancies are
mobile in this stage. Cu has been chosen as a
prototype of those face-centered-cubic metals
in which stages III and IV do not coincide. The
information is obtained by comparison of the
electric field gradients (efg) induced by defects
which are trapped at the radioactive probe atoms
in stage III after quenchin~~-thus creating ex-
clusively defects of vacancy type and after low-

dose electron irradiatior. "reating preferably
isolated vacancies and interstitials (Frenkel
pairs). Similar investigations in aluminum' ~ '
could not contribute to the stage-III-stage-IV
controversy, because here these stages do coin-
cide.

Besides measurements of the defect-induced
residual resistivity, rather microscopic tech-
niques like positron annihilation or diffuse and
small-angle x-ray scattering have been applied
in order to understand the dynamics of the var-
ious lattice defects. They are well suited to
study annealing of intrinsic defects (mainly bp
measurements) or formation of new defect struc-
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tures (microscopic methods). These methods,
homever, can hardly identify the types of defects
which are thermally activated in a particular
recovery stage, because only the result of de-
fect migration is observed, whereas the migrat-
ing defects themselves remain invisible. So a
twenty-year-old controversy still exists, whether
recovery stage III in irradiated fcc metals has
to be attributed to mobile monovacancies' or to
self-interstitials in the dumbbell configuration. ~

Ample evidence has been claimed for both mod-
els, '' but the arguments have been numerous
rather than conclusive.

Recently radioactive tracer methods like Moss-
bauer effect' or time differential observation of
the perturbed yy angular correlation (DPAC)'
have used the effect that intrinsic defects can be
trapped at impurity atoms, if they are mobile
and if a positive binding energy exists. The efg
which these defects produce at their trapping
center, i.e. , a radioactive probe atom, can be
precisely measured. So the method allows one
to distinguish between different types of defects,
even if several of them are simultaneously mo-
bile. As in resistivity measurements, defect
recovery is investigated in an isochronal anneal-
ing procedure, the annihilation probability of
defects being replaced by the trapping probabil-
ity at the probe atoms. But in contrast to h, p
measurements, the mobility of defects cannot
be confused with the mobility of their antidefects.

Our investigation is divided into three parts:
quenching and electron irradiation of pure Cu
using less than 0.001-at.-ppm radioactive "'In
probe atoms, and H' irradiation of a dilute Cu
alloy, containing additionally 10-ppm inactive
In atoms. For the first two types of experiments
the foils (50 p, m thick, purity 99.999%) were
doped by diffusing "'In and tempered at V50 K
in a vacuum better than 10 ' Torr. For the
quenching experiments an apparatus as described
by I engeler' has been used: The foils are heated
up to 1220 K in CO, dropped into dilute hydro-
chloric acid, kept at 220 K, and rapidly trans-
ferred to liquid nitrogen. In the second experi-
ment the foils were irradiated at 4.2 K with 3-
MeV electrons at the Institut fur Festkorper-
forschung der Kernforschungsanlage, Julich, to
resistivity increases of 16 nQ cm and 113 nQ cm,
corresponding to Frenkel-pair concentrations of
80 and 565 ppm, respectively. " For the third
experiment the copper-indium alloy was doped
at 300 K with '"In at our 350-kV ion implantor
and completely annealed. Then the foil was ir-

radiated at 80 K with 300-keV H+ to a dose of
4 x 10"H+/cm' or 120-ppm Frenkel pairs. The
defect recovery has been studied in an isochronal
annealing sequence in a liquid-nitrogen cryostat.
For each step, the foils were pulled into a pre-
heated oven and kept at the annealing tempera-
ture T„ for ten minutes, then a DPAC spectrum
was recorded at VV K.

In the DPAC exper'iment the radioactive probe
atoms "'In (half-life T,~, = 2.8 days) have to trap
the migrating defects. The efg induced at the
probes by these defects is measured at the iso-
meric nuclear state of the daughter nuclei "'Cd
(T,~, =84.5 ns, spin I= '„quad-rupole moment
eQ = 0.74 b). If a fraction B (0 (B(

100%%uo ) of all
probe atoms is exposed to a nonvanishing field
gradient eq, one obtains, after elimination of the
exponential decay, the yy correlation"

W(0, t) =1+% [(1 B) +Bc-,(t)]P,( coso)

with

Q, (t) = Q„s,„cos(ncvz t).

(For '"Cd we have c=3m/10 and A =-0.18; the
coefficients s,„are tabulated. ) The shape of the
perturbation function 6,(t) is clearly dominated
by the quadrupole constant v@=eQ eq/k. Ex-
perimentally, we used a four-detector setup with
detectors enclosing angles of 0=180' and 90,
respectively. The correlation function mas ex-
tracted from the data by combining four simul-
taneously measured spectra to one "DPAC spec-
trum" R(t) =W'(180', t) —1. Further information
on the method and the experimental setup is given
in Ref. 11.

DPAC measurements on the samples after
doping with '"In ensure that the probe atoms are
located in an unperturbed environment (eq = 0),
as expected for substitutional atoms in a mell-
tempered fcc lattice. Directly after quenching
or irradiation the spectra do not show a periodic
modulation, indicating that the defects are statis-
tically distributed. Unique efg's do show up in
the spectra after annealing above - 200 K. The
number of "'In atoms which have trapped defects
during annealing reaches its maximum around
T~ = 260 K. In all experiments these In defect
configurations disappear within a small temper-
ature range around 300 K. In Fig. 1 DPAC spec-
tra are shown which are measured on samples
annealed at T„after quenching, e irradiation
with high and low dose, respectively, and H'
irradiation. In all cases the spectra can be well
fitted by Eq. (1) with two fractions B, and B, of
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FIG. 1. DPAC spectra of ~In in copper, as obtained
aSer damagirg by various procedures and ~~chealing at
a temperature T

probe atoms influenced by unique efg's, cor-
responding to coupling constants VQ, and vQ»
respectively, and an unperturbed fraction 1-8,
-8 . The free parameters B„B,vQ and vQ,
are obtained by least-squares fits to the spectra;
the resulting theoretical functions are represent-
ed in Fig. 1 by solid lines.

The results of the three types of experiments
can be summarized as follows.

(1) Quenching. —The coupling constants ex-
tracted from this experiment are vo, = 117(2)
MHz and v, =181(2) MHz. The dependence of
fraction B, on T„ is displayed in the upper part
of Fig. 2 (dashed-dotted line); one clearly sees
the trapping of one type of defect (characterized
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FIG. 2. Relative number B; of In probe atoms
which have trapped defects of type vQ& (upper part) or
v+2 gower part), as a function of the annealing temper-
ature Tz. (h) and (I) denote irradiation with high and
low dose, respectively.

by v, ) in the temperature range 240 to 273 K.
The trapping behavior of the second defect (char-
acterized by vo, ) has not been followed up com-
pletely; at 283 K the fraction 8, of In atoms as-
sociated with this defect is 3.8%.

(2) Electron irradiation. —The coupling con-
stants are vo, =116(1)MHz and v, =181(1)MHz
independent of the e dose. Figure 2 shows the
formation probabilities B, (upper part) and B,
(lower part) for high dose (solid line) and low
dose (dashed line). The B, curve is significantly
shifted to lower temperature for the sample with
the higher defect concentration. The maximum
value of B, shows a drastic dose dependence in
contrast to @y.

(3) Proton irradiation. For the 10-ppm In-
alloy we have analyzed v+, =116(1)MHz and v,
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=181(1)MHz. The maximum value of B, is found

at 275 K (dotted line), similar to the behavior
after low-dose e irradiation. 8, reaches a
plateau at 230 K and its maximum at 275 K.

The most important experimental result is that
two different types of defects (uniquely character-
ized by vo, and vo„respectively) are trapped at
the impurity atoms during stage III, and that
these defects are the same in the irradiated and
the quenched samples, proved by the identity of
the coupling constants extracted from the various
experiments. Furthermore, both def ect types
must be vacancylike, as interstitiallike defects
cannot be introduced into metals by quenching.
In principle, the mobility of only one defect type
would —via multiple trapping —suffice to create
the two different defect configurations vz, and v2.
In our case, however, theo types must be mobile:
(i) Comparison of the e irradiations with high
and low dose shows that fraction &, cannot be
populated via B,. (ii) The high-dose e irradia-
tion and —more pronounced —the H irradiation
show that B, is formed prior to B, (around 200
K).

Electron irradiation preferably produces point
defects in the copper matrix, and defect com-
plexes mainly emerge from defect agglomeration
at higher doses. The appearance of the bvo de-
fect types after e irradiation, as displayed in
the dependence of &, and &, on the annealing
temperature 7.'&, can therefore be accounted for
if one attributes vy to a monovacancy and v, to
a divacancy or to another small vacancy complex:
Fraction &, exhibits the second-order kinetics
for trapping freely migrating vacancies, and B,
is strongly suppressed in case of the low-dose
irradiation. On the other hand, protons should
produce relatively more small defect complexes
than electrons; this is indeed reflected by the
higher fraction &, as compared with B, in Fig. 2.

In an irradiated and subsequently annealed met-
al, the concentrations of vacancies and intersti-
tials are nearly equal at the beginning of stage
III. Therefore the trapping of any mobile vacancy
(complex) at In atoms competes with its annihila-
tion at interstitials. Assuming comparable trap-
ping radii for both processes, one has to con-
clude that the concentration of the observed va-

cancies and vacancy complexes is so high that
.they significantly contribute to the total defect re-
covery in stage III. The somehow crude assump-
tion concerning the trapping radii is fully justi-
fied by the H' irradiation of the Cu alloy: The
probability for trapping mobile defects at "'In is
similar, although in these samples the concentra-
tion of In is 10 times larger than in the "pure"
e -irradiated samples. The assumption that v@,
and v@, are both connected with vacancy com-
plexes immediately leads to contradictory con-
clusions concerning the relative abundance of
monovacancies and vacancy complexes in e -ir-
radiated metals.

From these results we conclude for copper,
representing other fcc metals as well, the follow-
ing: (i) Stage-III recovery in irradiated samples
is mainly caused by mobile vacancylike defects.
(ii) Monovacancies are mobile in stage III, far
below stage IV. These statements are in clear
contradiction to the two-interstitial model, which
attributes stage-III recovery mainly to intersti-
tials in the dumbbell configuration, assuming
monovacancies to be immobile below stage IV.
We further find for the first time that (iii) a sec-
ond defect migrates in stage III. It is identified
as a small vacancy complex (divacancy), which
is more mobile than the monovacancy.
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