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High-dose neutron-irradiation effects in fcc nietals at 4.6 K*

M. Nakagawa, ~ K. Boning, P. Rosner, and G. Vogl
Physik-Department, Technische Universitat Munchen, D-8046 Garching, Germany

(Received May 16, 1977)

The rate of residual-resistivity increase and the isochronal recovery have been studied on the fcc metals Al,

Ni, Cu, Pd, Ag, Pt, and Au irradiated at 4.6 K with reactor neutrons to a dose of about 10' fast

neutrons/cm2. The rate of resistivity increase is nonlinear as a function of irradiation-induced resistivity;

computer analysis shows that the data are best fitted with an expression having up to third-order terms in

hp. There are deviations from simple damage-rate theory in all cases, but an anomalous negative deviation

from a linear law (convex curvature) is observed in Ni, Pd, Pt (and Fe). This behavior is most probably

caused by a decrease of the specific Frenkel-defect resistivity due to defect clustering, an effect which should

contribute in all metals after fast-neutron irradiation to high doses. Saturation values of resistivity and defect

concentration as well as recombination volumes have been obtained more accurately than from previous work.

The isochronal recovery is compared with previous lower-dose data. Stage I decreases and stage III increases

with increasing neutron dose. After high-dose irradiation, correlated recovery in stage III becomes dominant

in the case of Al, Cu, Ag, and Au.

I. INTRODUCTION

Irradiation of metals with high-energy particles
produces Frenkel defects (FD), i.e., self-inter-
stitials and vacancies, which are stable only at
very low temperature. ' %'ith increasing irradia-
tion dose the FD concentration c generally ap-
proaches some saturation value z, (typically sev-
eral 10 '), since newly produced FD will more and

more recombine immediately with already existing
FD. This "radiation annealing" effect is very
complicated microscopically, since at high doses
same-type defects (e.g. , interstitials) have an in-
creasing tendency to form clusters, i.e., their
spontaneous recombination volumes vo overlap
leading to smaller "effective" recombination vol-
umes and a higher possible value of c,.' ' In ex-
perimental "dose curves" at 4 K usually the in-
crease gp of the residual resistivity p is mea-
sured and assumed to be proportional to c. For
an understanding of radiation damage it is impor-
tant to know these experimental curves up to high
irradiation doses, as well as their differences for
various metals or different types of bombarding
particles. Warming up the samples isochronically
after irradiation, the observed recovery behavior
of c (respective of Zp) is also affected by these
specific details of the initial FD concentration and

configuration. ' ~ '
Within reasonably short irradiation time (say ten

days or less), the FD saturation concentration c,
(respective of ap, ) can be practically reached only
in special cases. Radiation damage by fission
fragments has been investigated in 4-K reactor
irradiations of natural uranium (see, e.g. , Ref. 9)
or' of Cu-doped with '"U; here the experimental
hp, „came up to about 99% of the extrapolated

4p, . Heavy-ion irradiations of thin foils allow
similar high-damage values. " -Electron irradia-
tion at 4 K produces essentially isolated inter-
stitials and vacancies and so is especially suited
for comparison with theoretical models; here
ratios ~,„/bp, of up to 53%-79% have been ob-
tained for various metals. " On the other hand,
irradiation by reactor neutrons produces more
or less dense cascades of FD""and is much
more closely related to technical applications;
here the largest values of ap, jap, achieved so
far were about 43%-60%%uo and 12%-40%%uo in Refs. 14
and 15, respectively.

In this paper we report on new high-dose reactor
irradiation experiments of various fcc metals at
4.6 K up to values of r p „/r p, = 50/0-93%, and on
subsequent isochronal annealing measurements.
The special features of the present investigation
are: (i) irradiation up to a dose pt,„=1.0x 10"
cm ' of fast neutrons (E)0.1 MeV) which has
never been reached before at 4.6 K; (ii) two si-
multaneous irradiations of eight samples each,
allowing very precise checks and comparison of
the individual results; (iii) very high measuring
accuracy by use of an automatic measuring sys-
tem and on-line computer; and (iv) least-squares
fits of the results to theoretical'laws of radiation
damage in order to check these laws and obtain
high-precision values for the underlying param-
eters. In some cases a striking anomalous be-
havior of the damage rate was obtained, which
could not be resolved in (but is consistent with)
the previous low-dose investigatjons. Finally, our
results of the isochronal recovery after this high-
dose reactor irradiation are compared with pre-
vious low-dose results.
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II. EXPERIMENTAL
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FIG. 1. Anodized Al sample holder as used for the

irradiation experiments.

Two irradiation experiments have been performed
with individual sample holders as shown in Fig. 1.
Each sample holder was fastened to the end of a
stainless-steel capillary (length 13 m) supporting
all the electrical leads and two copper-constantan
thermocouples. The polycrystalline sample wires
(length 31 cm) were threaded through the ALO,
capillaries (length 5 cm) having six holes each.
Always eight samples were contained in one sam-
ple holder, arranged symmetrically about the
sample-holder axis in the sequence as listed in
Table I. The values of p, = p«K have been de-
termined from the final RRR's using tabulated
values" of p»,K. All relevant sample details are
also collected in Table I and explained in the cap-
tion. All residual resistivity values given in this
paper are without any size-effect corrections.

Electrically, all samples in a sample holder
were connected in series and a current of 0.5 A
was applied (short-term stability better than 10 ').
Current and potential leads were soldered directly
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FIG. 2. The fast-neutron flux spectrum y (E)=d$/dE
in the position of the low-temperature irradiation facil-
ity (Ref. 18).

to the samples, and the voltage drops on the sam-
ples and on a 10 ' Q normal resistor as well as the
thermocouple voltages were measured continuously
with an automatic measuring system. This system.
involved a high-precision integrating digital volt-
meter (resolution 100 nV) and a low-emf automatic
input switch. A high rejection of thermal and other
noise was achieved by integrating each voltage
signal for 6 sec for both current directions. Fi-
nally, all data were fed into an on-line computer
and the results stored on magnetic tape.

Both irradiations were performed at 4.6 K in the
liquid-helium irradiation facility of the Munich Re-
search Reactor (For schungs Reaktor Miinchen). "
During these irradiations all measurements were
made in situ and the sample-holder position was
never changed. The fast-neutron spectrum cp(E)
= dP/dE in the irradiation position was measured
between both irradiation runs" and is shown in Fig.
2. The nominal value of the local-fast-neutron flux
p (E & 0.1 MeV) was Q, = 1.2 x 10"cm ' sec ', the
corresponding resonance flux (related to the gold re-
sonance) was 1.2x10" cm 'sec ', and the thermal
flux was 1.5x10" cm 'sec '. However, possible
fluctuations or drifts of $0 with time were largely
eliminated by use of a continuous local-fast-neu-
tron flux monitor supplying a high-precision signal
proportional to JQ,dt as measured in about 2 cm
distance from the cold sample" [flowing water is
activated by the fast-neutron reaction '60(n, p)~BN,

and the resulting activity is counted; relative
precision is about 10 ' during 10 days]. This
value of the fast-flux po was assumed to be roughly
identical with the value of the local-flux P in the
middle of the sample holder. However, to allow a
reasonable comparison of the dose-curve results
of the individual samples, it was necessary to
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TABLE I. Sample specifications. The polycrystalline sample wires (diameter D) have been purchased from the indi-
cated companies (99.999'%, e.g. , means a nominal sample purity of better than 99.9995%). The residual-resistivity ra-

(RRR) p 297K/p4 «, are given before and after the annealing treatment. The values of po
——p4 6 K have been deter-

mined (always without any size-effect correction) from the final RRR's using tabulated values (Ref. 16) of p297K Finally,
4p~ is the as-measured increase of the residual resistivity at the end of the irradiation, and the Qtm~ are the corre-
sponding local fast-neutron doses (for E &0.1 MeV).

No.

Samples

Company
D

(mm) RRR
Preirradiation

annealing
p 2/7K po +pmax

(nQ cm) (nQ cm) (nQ cm) (10 n/cm')

(a) RUN I (Sample holder 1)

Al (1) MRC 99.999'%
Ag(1) Degussa 99.999%
Cu(1) S. Cohn 99.999%
Fe Johnson-M.
Al(2) MRC 99.999+/p

Ni MRC 99.99/p

Cu(2) S. Cohn 99.999/o
Pt(1) S. Cohn 99.999/p

0.245 275
0.18 116
0.17 432
0.20 16
0.245 275
0.,25 55
0.16 432
0.10 97

500'C,
700 C,
700 C,
800'C,
500 C,

1000 C,
700 C,

1650 C,

in air,
3 x 10 Torr,
5 x 10 Torr,
2x 10 5 Torr,
in air,
8 x 10+ Torr,
5 x 10 4 Torr,
in air,

3h
36 h

2h
2h
3h
2 h

2h
30 min

1351
865

1490
76

1493
843

1464
2495

2 772
1 612
1 757

10 298
2 729
7 293
1 760

10 584

2.052
1.864
1.179

135.5
1.828
8.651
1.202
4.242

866.7
361.0
321.4

4208.2

847.4
1065.9
321.9

1168.9

8.83
8.73
8.49
8.25
8.15
8.25
8.49
8.73

(b) RUN II (Sample holder 2)

Al(3) MRC 99 999 %
Pd MRC 99.99%
Ag(2) Degussa 99.999%
Au S. Cohn 99.999%
Al(4) MRC 99.999'%
Pt(2) S. Cohn 99.999%
Ag(3) Degussa 99.999%
Sn E.S.P.I.

0.245 275
0.25 7
0.2D 116
0 ~ 08 400
0.245 275
0.10 97
0 ~ 20 116
0 20

500'C,
1.300'C,
700 C,
950 C,
500'C,

1650 'C,
700'C,

in air,
4x10 5

3 x 10
in air,
in air,
in air,
3x10'

3h
Torr, 10 min
Torr, 36 h

10 h

3h
15 min

Torr, 36 h

1470
301

1211
809

1476
2022
1112
8090

2 693
10 610

1 646
2 217
2 692

10454
1 561

10 994

1.832
35.25
1.359
2.741
1.824
5.170
1.404
1.359

884.7
1096.7
408.1
498.9
881.6

1265.1
393.4
491.8

10.40
10.46
10.40
10.25
10.09
10.03
10.09
10.25

correct for a small linear gradient of p over the
sample holder (being independent of time). For
this end, each sample holder contained two pairs
of virtually identical samples arranged opposite
to each other (see Table I and Fig. I), and from
the observed differences in dip/dp, t for equal
values of b,p, the vector pg/P could be easily
determined. From the corrected, local values of
gt,„at the end of the irradiation as given in Table
I (the ap, „are the corresponding resistivity in-
crements), one can see that this effect is always
smaller than about s4% over the sa.mple holder.
During irradiation the computer stores all corres-
ponding values of ap and P, t (we always abbreviate
Pt =fPdt), so th—at we immediately know the re-
sults, dip/ddt. After irradiation the local cor-
rection factors p/p, are determined, and from the
stored data the computer calcu'ates the results,
hp(Qt) and dip/dQt. Finally, these data can be
corrected for a possible resistivity contribution
of radioisotopes and be least-squares fitted to
various laws of radiation damage.

After irradiation the samples were pulled up into
an annealing cryostat which was fixed on top of the
irradiation loop. '" Unfortunately, due to a de-
fect on the refrigerator sample holder 1 warmed
up till about 80 K during this procedure, but also
sample holder 2 got warm till about 20 K (a second

failure occured here in the annealing range 32-43
K). Nevertheless, due to the considerable ex-
penditure involved in such high-dose experiments,
we have continued with the full annealing pro-
-gram. The temperatures T have been measured
with the sample copper-constantan thermocouples
which as far as one knows are practically unaf-
fected by the irradiation (compare Ref. 20). The
isochronal anneals lasted 10 min each, and T was
kept constant to about +0.1 K.

III. DOSE-CURVE RESULTS AND DISCUSSION

A. Theoretical description of damage rate

In this paper we will always use the relation
Ap = p~c where the Frenkel-defect specific re-
sistivity p~ is assumed to be a constant in every
metal. This relation should be rather well ful-
filled during irradiation at least for not-too-high
FD concentrations c (i.e. , for single FD or rela-
tively small FD clusters" ), but could be distinctly
violated during annealing when interstitial loops
are being formed after stage I.

For the mathematical description of defect pro-
duction we follow the simple analytical treatment
developed for electron irradiation, where essen-
tially single vacanc'ies and single interstitials are
produced. ' ' The further complications arising
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p~ —(2voo +go )+p+(n'oo /p~)
deaf

0 I s

—0.01(v ~oo~/pg) 6p' . (2)

For a check of this relation we have fitted our ex-
perimental results in most cases to the equation

dip =A+Bhp+Chp +Dip, (3)

and a comparison of the shape of both curves (i.e.,
eliminating pt and essentially also o,) leads to the
equations

D/A= 0.01v o'/pz', —

C/A= v ',/p~',

B/A= —20O/p~ —g oq/((T~pp),

from which vo and gv, /g~pz can be obtained;"
p~ is assumed to be known. In Eqs. (4) and (5),
vo is overdetermined and so the condition

100(D/A)(C/A) ' = —I

(4)

(5)

(6)

(7)

must be fulfilled, which represents a test to the
validity of our analytical description of the ex-
perimental data (cubic test). Normally, v, was
determined from Eq. (5). However, we also found
cases where Eqs. (2) and (3) werebasically violated
because of C/A &0 (convex curvature) or also
D/A &0. In these "exotic" cases, a very rough
value of vo was estimated from the extrapolated
saturation resistivity ap, (where dip/dQt = 0),

"o = p~/& pg ~ (8)

as would follow from Eq. (2) neglecting subthres-

in fast-neutron irradiations, where some FD
clustering is possible already within a single-dis-
placement cascade, "are difficult to be treated
theoretically' and are not explicitly considered
here.

Without any overlap of recombination volumes
vo the damage rate would decrease due to radiation
annealing as Ref. 1,

dip
& 2 vodp

deaf

= odPt

where o, is some effective-displacement cross
section (as discussed for the case of neutron ir-
radiation in Ref. 24). For single overlap of re-
combination volumes, ' a term + voap'/pz must be
added in the parenthesis of Eq. (1), and for higher-
order overlap, ' the next term in a series expansion
is —vo'Ap'/(100''). It is further necessary to con-
sider subthreshold energy transfers (cross section
o,) which in the simplest case lead to a contribu-
tion —go, LP/(o„p~) in Eq. (I), with g being some
geometrical factor. ' So we finally arrive at the
equation

hold effects (go, =0) and the cubic term. In "nor-
mal" cases, the values vo following from Eqs. (5)
and (8) can be compared to qualitatively illustrate
the effect of subthreshold recombinations. More
exactly, from Eqs. (2)-(6) one sees that in the
linear region of the damage-rate decrease a frac-
tion x of recombinations is due to subthreshold
energy transfers (which push an otherwise stable
interstitial into the recombination volume of a
nearby vacancy, or vice versa)

go 2(C/A) / +B/A
2v,o~+ g o, B/A

Only the rest 1 —x corresponds to spontaneous
recombinations (where an interstitial is produced
directly within the recombination volume of an
already existing vacancy, or vice versa).

B. Experimental dose-curve results and fits

Our experimental results for the increase ~p
= Ap,„of residual resistivity versus local fast-
neutron dose pt are shown in Fig. 3 and Figs.
5-10, always for one sample of every metal since
equivalent curves exactly fall upon each other. In
the same figures we also show the differentiated
dose curves dip/dPt vs ap for all samples. The
agreement of these curves dip/dPt with computer
fits is demonstrated in Fig. 4 for Al up to various
orders of Eq. (3), and in Figs. 5-10 for the other
metals with respect to the cubic Eq. (3) only (more
explanation follows below). Not shown are the re-
sults for the non-fcc metals Fe" and Sn."

In all figures and tables of this work gt means
the fast-neutron dose, disregarding the fact that
thermal and resonance neutrons contribute to the
defect production too. The relative contribution
of the thermal-neutron flux (Sec. II) to the initial
da, mage production rate dip/deaf can be estimated
using the data of Ref. 28; the results are &0.5%
for Al, 4.4/p for Ni, . 2.5%%u& for Cu, 2.1/~ for Pd,
10.3%%up for Ag, 3.1/o for Pt, and 10.7P~forAu. Thus,
this contribution is significant, especially in the
cases of Ag and Au. The contribution of the re-
sonance flux (Sec. II) to the initial damage pro-
duction rate is non-negligible only in the cases
of Ag and Au. In the case of Au it is estimated
to be about one-quarter to one-third of the con-
tribution from the thermal flux; in the case of
Ag it should even be less.

During reactor irradiation, transmutations are
induced in the samples which can also give a con-
tribution to the measured resistivity increases
h, p=Ap, „~. A survey is given in Table II, where
the maximum concentrations g " of produced
foreign atoms (FA) are calculated for the thermal,
resonance, and fast-neutron-flux values of Sec. II.
The corresponding maximum resistivity contribu-
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TABLE II. Influence of irradiation-induced transmutations on the dose curves. c ~ is the maximum concentration of
foreign atoms (FA) at the end of.the irradiation (fast-neutron dose (Il)t ) and the QpmFA~ are the corresponding resistivity
contributions. The last two columns show which fractions of the experimental Dp, respectively, dip/dpt (b«h t»e»t
fMt)tm~) are due to the FA. Transmutation corrections follow to be essential only for Ag and Au.

Samples

&tm~
(10 n/cm )

thermal

Qt pt
(10 n/cm ) (10 n/cm )
resonance fast

Transmutation
elements

FA
gp &maxFA FA ~ FA

(ppm) (nQ cm) Epm~

dEP "/dft)t
dip/dPt

Al(1)
Ni
Cu(1)
Pd
Ag(1)
I t(1)
Au
Fe
Sn

10.19
9.52
9.80

12.07
10.07
10.07
11.83
9.52

11.83

8.15
7.62
7.84
9.65
8.06
8.06
9.46
7.62
9.46

8.83
8.25
8.49

10.46
8.73
8.73

10.25
8.25

10.25

Si
Co+ Fe
Ni+Zn
Ag
Cd
AU+ Hg

Hg
Mn+ Co
Sb

2

160
34
33

1200
3

1500
&1

&1

0.15

2.5

44.0

62.0

2 x 10-4

8x103

0.12

0.12

2 x10+

2x10 3

0.26

0.26

tions sp"",„have been calculated (when interesting)
from the specific FA resistivities as quoted, e.g. ,
in Ref. 29. Again, for the end of the irradiation
Table II shows which fractions of the experimental
ap(dip/dgt) are due to the FA (hp"") only and so
cannot be due to the Frenkel defects. Matthiessen's
rule was always considered as fulfilled. Due to
Table II, corrections for transmutations are only
essential for Ag and Au, and so a computer cor-
rection was performed in these cases and the
corrected data are also shown in Figs. 8 and 10
(here ap is replaced by hp,„—n,p"").

The characteristic results of the computer fits
to the differentiated dose curves are collected in
Table III. The values p~ are the specific FD re-
sistivities taken from the literature. For all
samples one best fit to Eq. (3) was selected and

the range of hp used for the fit as well as the
normalized coefficients are given. Usually this
best fit is a cubic fit as in Eq. (3), with the ex-
ception of Al, where C &0 was obtained only for
the quadratic (D =0), and not for the cubic fit.
The quality of these best fits can be seen from the
plots (dip/dQt), „—(dip/dQt)f„ in Figs. 4-10. The
extrapolated saturation resistivities hp, (defined
by dip/dgt= 0) are given for linear fits to Eq. (1)
as well as for quadratic and cubic fits to Eq. (3).
Here the figures in parentheses are the limits of
Ap used for these fits and a dash indicates that a
given fit does not go through zero [i.e. , always
(dip/dQt)„, & 0]. For the recombination volumes
v„ the results from Eq. (5) are generally the best
ones since they consider also subthreshold re-
combination. These data vo have been obtained
from the best fits as listed in Table III, and a dash
indicates that vo was imaginary because c &0. For
comparison we have also calculated vo from Eq.
(8) using the extrapolated saturation resistivities

~p, from the cubic fits of Table III.
The cubic test means the left-hand side of Eq.

(7), which should be close to -1. Finally, the
relative contribution x of subthreshold effects to
the total radiation annealing has been obtained
from the right-hand part of Eq. (9) and using again
the best-fit coefficients.

C. Discussions of dose curves

Generally speaking, the agreement between the
various experiments and the cubic computer fits
is fairly good as seen in Figs. 4-10. However, in
Table III each value of the left-hand side of Eq. (7)
(the cubic test) is far from —1, as would be nec-
essary if Eq. (2) were strictly fulfilled. Further,
there are many cases where the condition D &0

is not obeyed [see Eq. (4)], but the most striking
violation of this theory occurs for those four met-
als where even C has the wrong (i.e., nega, tive)
sign [cf. Eq. (5)]. Thus, there is rather strong
disagreement between the present theory and our
high-dose experimental results. A first reason
for this discrepancy is certainly that the theory is
an electron-irradiation theory which neglects cas-
cade effects occuring in fast-neutron irradiations.
A second reason will be discussed below.

From Table III the convex curvature of the dif-
ferentiated dose curve (i.e. , C &0) is common to
Ni, Pd, Pt, and also to Fe. This negative curva-
ture can also be seen directly in Figs. 5, 7, and

9, and Ref. 26. The iron dose curve reported by
Horak and Blewitt" seems to show it, too, but
the larger data scatter and much smaller irradia-
tion dose (about 20% as compared with ours2 ) did

not allow them to recognize this convex curvature
at that time. This behavior cannot be explained
within the framework of usual defect-production
theory, where the overlap of recombination vol-
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umes would always lead to a decrease of the
average recombination volume per FD, and so,
to a positive (i.e., concave) curvature. ' ' ~" Since
Fe and Ni are ferromagnetic (and Pd is nearly so),
it might be possible that this peculiar behavior is
somehow connected with, or at least favored by,
the ferromagnetic nature of these metals (e.g. ,
caused by magnetoresistance or Bloch-wall ef-
fects). Nevertheless, such an interpretation would
still be incomplete because the metals Pt and Pd
are nonmagnetic.

Quite generally, the physical origin of this con-
vex curvature should be a concentration dependence
of the specific FD resistivity pz (as usually pz is
the specific resistivity of a unit concentration
c = 1 of FD). There is theoretica12'" ~ ' and ex-
perimentai2' evidence that the specific resistivity
of a given concentration of isolated defects should
usually decrease when the defects agglomerate.
Such an effect might already occur within a single-
displacement cascade, which would be dose inde-
pendent and not detectable in our measurements.
However, if strong FD clustering occurs, as ex-
pected, during high-dose irradiation due to mul-
tiple overlap of cascades, this effect would be
dose dependent. A decrease of p~ with dose would,
indeed, impose a tendency towards convex curva-
ture on all differential dose curves (Figs. 3, 5-10)
because both axes are proportional to Ap = p~c.
If dc(c)/deaf were plotted instead of dip(dp)/dQt,
the result could be concave again. As a conclusion,
we expect a convex contribution to be present in

the differentiated dose curves dip(d p)/dpt of all
metals, but for some reasons this contribution is
larger than the usual concave contribution in Fe,
Ni, Pd, and Pt, and not in the other metals in-
vestigated so far.

Recently, this effect of convex curvature has
been confirmed in a new high-dose reactor-irradia-
tion experiment at 4.6 K in Munich, "where high-

purity Fe and Ni samples were irradiated together
with a conventional Fe sample (as in this paper)
in a constant magnetic field of 1 KG. This effect
has also been observed during reactor irradiation
of conventional Fe at 20 K by the group in Paris, ~
but it is obviously absent in electron- or fission-
fragment irradiations of Fe at 20 K (all without
external field). " So the effect is certainly real
and intrinsic and seems to depend on the type of
radiation damage produced in Fe or Ni; i.e., the
differentiated dose curves seem to be normal when

either single defects or extremely dense defect
clusters are produced, and anomalous when the
clusters (cascades) are intermediate and not as
dense. A possible systematic change of the re-
actor neutron spectrum with time very probably
can not explain this anomalous effect, e.g. , since
Al or Cu samples irradiated simultaneously always
behaved quite normally.

1. Aluminum

The four Al wire samples were used for the de-
termination of the neutron-flux gradient in both

0 I 2 5 4 5 6 7 8 9 l0 dt{10I n/ )
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I
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FIG. 3. Dose-curve re-
sults for Al. Only one typi-
cal curve of Dp vs Qt is
shown (A1(3), right'and top
scales], but the differen-
tiated curves dA p/dPt are
shown for all samples.
Transmutation corrections
have not been performed.
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FIG. 4. Comparison of various computer fits (d4 p/
dP t) fjg to the experimental curves dip/dPt = (d4 p/
dtt)t)~ for Al(1). The ranges of 6p used for the fits are
indicated by the horizontal bars, and the fits to Eq. (3)
proceed from first order (t."=g)=0) to fifth order (new
tep.ms EA p4+FA p5 added). For the quadr'atic fit, the
coefficients are given in Table III. Note the enlarged
vertical scale.

sample holders and for a check of the experimental
reproducibility. The highest achieved value of
Ap [Al(3)] corresponds to about 93% of the ex-
trapolated ap, (cubic fit), and the damage pro-
duction rate dd p/dpt is already very close to
zero, as shown in Fig. 3.

The differences in the local neutron flux (Table
I) should not influence the extrapolated ap, P'
From Table III this is certainly the case within
+8 nQ cm. The differentiated dose curves are
perfectly linear in a region of ~p up to about 350
nQ cm, and it was verified from measurements of
the low-field Hall coefficient R, that this is just
the same region of ~p where dose-dependent FD
clustering is still insignificant.

A series of computer fits of the experimental
data has been shown in Fig. 4; the fits to Eq. (3)
proceed from first order (C =D = 0) to fifth order
(new terms E.dp'+Fop' added) As is easily. seen,
a fifth-order fit is virtually perfect; however, no
theory is available for that. A cubic fit gave a
negative value of C and so the quadratic fit is
listed in Table III. As seen in Table III, we took
p~=0.40 nQ cm/ppm" "~ '4 for Al. The recombina-

tion volume vo is much smaller when subthreshold
effects are included in its calculation [Table III,
Eq. (5)] than otherwise [Table III, Eq. (8)], as also
discussed in Ref. 25. The fraction x of subthres-
hold effects is slightly smaller than in Ref. 25.
During low-temperature electron irradiation of Al,
the concave curvature was much more pronounced
than in our case (see Ref. 12).

2. Nickel

The resistivity increment ~p,„=1065.9 ng cm
corresponds to 77% of the extrapolated d,p, (cubic
fit). The strong initial tail in the damage rate has
been interpreted to result from long-range re-
placement collisions. '4 It is also possible to
interpret this tail by magnetoresistance effects
in the ferromagnetic Ni." 'Such an initial tail was
completely absent in Al (Fig. 3), but is known to
be common to bcc metals from preliminary neu-
tron-irradiation experiment by Donitz et al." The
outstanding result is a negative curvature of the
differentiated dose curve (Fig. 5), which has al-
ready been discussed.

3. Copper

Two samples were irradiated for the determina-
tion of the flux gradient in sample holder 1. The
resistivity increment ~p =321.4 nQ cm corres-
ponds to 74% of the extrapolated ap, [cubic fit,
Cu(l)]. The third-order computer fit in Fig. 6

reproduces the data surprisingly well. In Table
III the fit coefficients and fit results have quite
reasonable values, especially for Cu(2). We took

pr ——0.22 nO cm/ppm. s' ~ 36 In contrast to the situa-
tion of Al, the differentiated dose curve of Cu as
measured during electron irradiation~ is almost
linear and extrapolates up to about double the
value of hp„as in our case (or after fission ir-
radiation" ). This behavior probably has to do with
the rather compact form of the cascades in neu-
tron-irradiated Cu."

4. Palladium

The resistivity increment ~p,„=1096.7 nQ cm
corresponds to 77% of the extrapolated ap, (cubic
fit). The negative curvature (C &0) has already
been discussed above. For p~ value in Table III,
we took 0.9 nO cm/ppm after Jimenez et al."

5. Silver

Three Ag wires were irradiated; two of them
served for determing the flux gradient in the sam-
ple holder 2. This second run was up to Lp,„
=408.1 nQ cm corresponding to about 659c of the
extrapolated ~p, [cubic fit, Ag (2)]. The influence
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of irradiation-induced transmutations on the pro-
duction rate was large (see Table ll). The cor-
rected curve [Ag (1)] is also shown in Fig. 7. The
fit coefficients always have the right sign, but the
last two columns in Table DI show unreasonable
values (especially g &0). All pairs of values v,
are unsystematic, too.

6. Platinum

Two Pt samples were irradiated in different
runs. The data fluctuation of Pt (1) was very large
in the first half of the irradiation, and rather nor-
mal in the second half. For Pt (2) the data fluctua-
tion was always very large (a similar behavior of

0 I 4 5 6 7 8
005-~

I

( dIt lap d p t lcuh), ~ ( I )
ac~)-

Spt(IO"n~ )

l.o

g&

o 08
Ck ~
c$%~~ 0.6

0.4

COPPER

Ixl6 Acm

' «Cu(2)
"~Cu( I )

—l00

~X&

Scales „,"*""" Cu( I )

h$'
(n~cm)

FIG. 6. Dose-curve re-
sults for Cu. For the pre-
sentation of the data, see
caption of Fig. 5.

00
I

250 X6
h9' (ndkcm)

0



5294 M. NAKAGAWA, K. BONING, P. ROSNER, AND G. VOGL 16

0
0.10-0---

-O.IO-

Qcm~-

2.5—

2.0—

o 1.5-
CL e

%D
I.O

2 3 4 5 6 7
I I

8 9 dt 10(IO' Vcm )
~ ~0 ~

0' ~ ~ ' ~
&0 ~ 0

~ ~
a ~
I
~ 000 ~

0
~ 0

aE ~
'~ 0 ~ ~ ~~ 4 ~ ~ ~ ~ 00~~ 0 ~~ ~ ~ ~

~ ~ ~
~ ~ ~ 0 ~ ~

10 d~9 ~ta~ ~
'

I I

PALLAD I UM

v'~
r&

'NM

~%~

Ii

—l000
a9
(nacm)

Scales

,dPt egp 4P,t cub,I, I
~ ~

~ 0
~0

~ ~

Scales
f

~0
~0

00
~0

~00
~0

~0
~0 F/Q. 7. Dose-curve re-

sults for Pd. For the pre-
sentation of the data, see
caption of Fig. 5.

0.5

0
0

I

600 800
h9 (ng, cm)

l000
0

Pt was also observed in Ref. 15). Whatever the

reason of this scatter may be, both production
rate curves in Fig. 9 show the negative curvature
in the high Ap region, and consequently, C &0 in

Table III as already discussed above. Similar to
the situation for Cu, the differentiated dose curve
of Pt behaves quite normally (rather linearly)
during electron irradiation" and extrapolates to
about double the value of b,p, as in our case. The

resistivity increment hp, „=1265.1 nQ cm corres-
ponds to 70%%u~ of the extrapolated ap, (cubic fit,
Pt (2)].

7. Gold

Gold is a very special candidate in our experi-
ments since it is known from other work" that
free migration of the interstitials already occurs
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below 4 K in this metal. Thus it is clear that our
theoretical formalism of Sec. III A cannot be ap-
plied in this case. The resistivity increment 4A
=498.9 ng cm corresponds to only 34/p of the ex-
trapolated Ap, (cubic fit). As in the case of Ag,

the influence of irradiation-induced transmutations
on the differentiated dose curves is very large and
is also shown in Fig. 10.

Iron and tin (Table III) are non-fcc metals and
have been discussed elsewhere 2'~' As to the p~
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value, we took 1.9 nA cm/ppm, '9 ~ 40 and 1.1 nO cm/
ppm, 4' for Fe and Sn, respectively. The negative
curvature (C &0) in the differentiated dose curve
of iron has also been discussed above.

D. Isochronal recovery

After the end of the two high-dose neutron ir-
radiations at 4.6 K, isochronal recovery was per-
formed up to temperatures of about 400 and 500 K,
respectively. The data for this treatment were:
first annealing step up to 20 K, temperature dif-
ference between two neighboring steps AT =0.06T,

number of steps about 50, holding time for each
annealing treatment 10 min. After each step the
resistivity was measured at 4.6 K. Due to experi-
mental accidents in one annealing treatment the
data points between 32 and 43 K for Al, Pd, Ag,
Pt, and Au were lost; for Cu and Ni, which were
irradiated in the other run, annealing data exist
only above 75 K.

In the following the annealing results will be
listed. They will be compared with the results
of previous experiments after reactor-neutron or
fast-neutron irradiation at liquid-helium tempera-

TABLE IV. List of annealing results, compared with the results of previous experiments
after reactor-neutron or fast-neutron irradiation at liquid-helium temperature.

Ref.
&~mm

(nQ cm)

Stage I
Peak temp. Recovery

(K.) (%)

Stage III
Peak temp. Recovery

(K) (%)

20
45
43
42
Ours

42
43
42
Ours

20
46
43
42
Ours

20
43
42
Ours

42
43
42
Ours

20
46
42
43
42
Ours

6.1
118.8
382.3
593.0
881.6

5.4
363.9
587.7

1065.4

2.0
2.9

116.2
192.7
321.4

2.0
87.9

201.3
408.1

4 9
264.6
551.9

1265.1

1.7
2.6

39.1
102.7
216.5
498.9

34
39
35
35

34-37

54
56
53

38
35-40

38
38

28
28
28
26

Complex
~20

21
~20

(a) Aluminum

45
44
40
35
25

(b) Nickel

37
33
31
26

(c) Copper

34
&30

31
26

&24

(d) Silver

28
15
15

7

(e) Platinum

37
34
33
25

(f) C id

190, 240
190 '220
210
195
190

350

350
320

225, 300
225, 310
225
230, 275
240

210, 285
210
220
215

235, 330
230, 330
240, 290
230, 275

-23P, '26P
230, 255

30
33
37
40
50

17

~20
20

39

&34

35
39

25
-39

43
43

53
~55

51
50
53
54

~Shoulder.
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ture. These will mainly be results of one of the
many irradiations by Burger et al.20 ~ i.e., an
irradiation of Al, ¹i,Cu, Ag, Pt, and Au with
rather low dose (3.6 x 1058 reactor neutrons/cm')
and Borak and Blewitt, "who irradiated Al, Ni,
Cu, Ag, Pt, and Au with 2.0x10'8 fast neutrons/
cm'. For individual elements, results of other
groups will be compared, too. Our aim is to
demonstrate the changes in height and temperature
of the recovery stages due to the large-defect con-
centrations generated in the present irradiation.
Our aim in this work is not to discuss extensively
the physical reasons of the experimentally ob-
served trends in terms of models of interstitial
a.nd vacancy migration.

In Figs. 11-17, the recovery and the differential
recovery as a function of annealing temperature
are shown for the metals Al, Ni, Cu, Pd, Ag, Pt,
and Au. The left ordinate is the percent recovery;
the right ordinate is the temperature derivative
of the resistivity recovery [percent recovery/
logT(K)]; both are plotted as functions of the iso-
chronal annealing temperature. Tables IV(a)-IV(f)
give characteristic values for stages I and III of
the various elements.

In the following, we list the general trends in
the dose dependence of the annealing behavior of
the fcc metals. Part of these trends are long
well known (see, e.g. , Ref. 7). Our irradiations
permit us to study these trends up to neutron

doses which are about a factor of 5 higher than

those used by Horak and Blewitt" and more than

a factor of 2 higher than those which Burger has
used in one of his irradiations. ~
(i) Sta.ge I shows no shift in temperature with in-

creasing dose. This indicates first- order kinetics
(cf. Ref. 43) implying that in the displacement
cascades created by the fast-neutron collisions a
quasicorrelated recovery of migrating interstitials
with neighboring vacancies takes place.
(ii) Stage 1 decreases with increasing dose. This
indicates that with increasing defect density an in-

creasing fraction of the interstitials cluster to-
gether during their migration (that is, already
during irradiation) being thus lost for annihilation
with vacancies in stage I.
(iii) Stage II is rather complex. No marked dif-
ferences can be found when varying the irradiation
dose by nearly three orders of magnitude.
(iv) Stage III consists of two peaks after low-dose
irradiation. The high-temperature peak shifts with

increasing dose to lower temperatures, merging
at high dose together with the low-temperature
peak. '44 The low-temperature peak has been sug-
gested44 to be due to the correlated recombination
of migrating vacancies with immobile interstitials
inside their native displacement cascades, where-
as the high-temperature peak should be due to the
uncorrelated recombination of the vacancies at
sinks outside the zone. It is interesting to note
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that sdter extremely high-dose irradiation, the
correlated recombination constitutes the total
stage III, having gained in intensity at the cost of
the uncorrected x'@combination.
(v) The height of stage III increases with increas-
ing 40se. This must be a consequence of the de-
Cx'Sass of Stage I, and implies that with increasing
do@a an inaneshIIg fraction of interstitials by
clustering has escsyed recombination in stage I.

L Hummum

Stage I (defined as reaching up to 50 K) follows
the general tx'ends. It might be interesting that
even at a defect concentration corresponding to our
value of more than 90% of defect saturation, there
ii no Sigm5csnt shift of the stage to lower tem-
yeraha'es. Stage HI begins at 150 K and ends at
250 K, also following the general trends, consist-
ing at low doses of two subpeaks at 190 and 240 K,
and merging at our extremely high dose to only
one peak at about 490 K.

For comparison, i'eeeire~ peaks observed by

Barger eg aE.,'0 Dimitrov et gg. ,4' Borak and Ble-
witt, 43 and by Burger42 are also listed in Table
IV(a). It is remarkable that even after a dose as
high as in this work there is complete annealing
after stage III at 250 K. This means that even at
these extreme conditions no defect clusters re-
main after stage III. The conclusion from this

finding may be the following: vacancies migrating
in stage III highly prefer inter'stitials as reaction
partner to any other type of sinks. Thus, even if
the defect density is very high, the vacancies do
not tend to cluster together during their migration
or to annihilate at other sinks than interstitials.

2. Nickel

For Ni the data is above 80 K, and thus the com-
plete stage I (definition, up to 65 K) has been lost;
therefore, no statement about its temperature can
be made. Its height follows the general. trend.
Stage II has R marked structure, the temperature
of the peaks agreeing with lower-dose measure-
ments. Stage III (above 260 K) can only be com-
pared with Burger's data since it is incomplete in
the work of Borak and Blewitt. It appears to follow
the general trend.

3. Capper

As for Cu the data below 80 K was lost; there-
fore no conclusion on the temperature of stage I
(up to 60 K) is possible. Its height follows the
general tendency. The height of stage III defined
here as between 170 and 320 K shows'no clear
dose dependence, implying that what appears as
stage III might not be based on exactly the same
processes after the different doses, making a
comparison dubious. The two-peak structure
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now shows that this explanation cannot be fully
correct since we have also used a reactor-neutron
spectrum, but did not find the 300-K peak (and we
have calculated the influence of transmutations to

be small, see Table H}. Because of the unclear-
ness of the detailed behavior of stale Hf in Cu,
however, our conclusion also romans a hypothe-
sis.
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IV. SUMMARY

There is not sufficient other data available to
compare with our present work.

5. Sider

The trends of stage I (ending at 40 K) and stage
III (counted from 170 to 400 K) are as usual.

6. Platinum

The height of stage I (up to 30 K) decreases with
increasing dose. No conclusion on the dose de-
pendence of its temperature can be drawn from the
present work. Since our annealing treatment ended
at 400 K, we are not able to make comments about
the annealing above 200 K. The identification of
stage III in Pt to definite defect reactions is still
controversial.

7. Gold

Gold does not possess a significant low-tempera-
ture annealing stage. It is known from other work"
that interstitials are mobile already below 4 K in
Au. Stage III between 170 and 400 K shows the
general trend with two peaks merging together at
high dose, but no clear dose dependence in its
height. It hs interesting that beside the main peak
at 255 K there is another subpeak at about 840 K
which has previously also been observed by
Burger. ~

The rate of resistivity increase as a function of
irradiation-induced resistivity of fcc metals (Al,
Ni, Cu, Pd, Ag, Pt, and Au) is generally non-
linear; computer analysis show8 that most of the
data, are best fitted with an expression having up
to third-order terms in ~p. In cases of aluminum,
copper, silver, and gold the experimental curves
have a positive deviation from a linear law (con-
cave curvature); however, an anomalous negative
deviation (convex curvature) is observed in nickel,
palladium, and platinum as well as in iron, as
reported previously. "

The apparent disagreement between our dose-
curve results and the present theory is explained
as being most probably caused by the neglect of
cascade effects in this theory and by a decrease
of the specific FD resistivity p~ due to the strong
defect clustering in high-dose neutron irradiations.

The influence of irradiation-induced transmuta-
tions on the dose curves (FA corrections) are con-
sidered, but these are found to be essential only
for silver and gold. Saturation values of the re-
sistivity have been obtained as well as saturation
defect concentrations and recombination volumes.

The isochronal recovery is compared with pre-
vious low-dose data (mainly by Burger et elP'~
and by Horak and Blewitt"). The height of stage I
decreases, that of stage IQ increases with in-
creasing dose for most of the metals. After high-
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dose neutron irradiation (about 1x1(P' fast neu-
trons/cm2), correlated recovery in stage III be-
comes dominant in cases of aluminum, copper,
silver, and gold.
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