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In situ experimental measurements of radiation-induced segregation rates in a Ni—12.7 at. % Si
alloy during irradiation at temperatures from 350 to 650°C with several different ions are reported.
A simple analytical model is used to extract the relative efficiency of each ion for producing freely
migrating defects, i.e., those defects which are free to induce microstructural changes. A strong de-
crease in efficiency is observed with increasing ion mass. Irradiations producing average recoil ener-
gies of 1.8, 2.7, 51, and 74 keV are only 48%, 37%, 8%, and <2% as efficient, respectively, at in-
troducing defects which are free to migrate long distances as an irradiation with a weighted average
recoil energy of 730 eV. The results are compared to measurements of defect production efficiencies

obtained by other techniques.

INTRODUCTION

Microstructural modifications during irradiation at
elevated temperatures are driven primarily by those de-
fects that are free to migrate long distances before annihi-
lation. Hence the production rate of defects that undergo
long-range migration must be determined -as a function of
irradiating particle species and energy before quantitative
correlations can be made between microstructural changes
induced in different irradiation environments. Such
knowledge is important for predicting materials behavior
in fission and fusion reactors, as well as for optimizing
near-surface materials properties using ion-beam modifi-
cation techniques.

Experimental determinations of the fraction of defects
which escape their parent cascade and migrate substantial
distances have been reported using reactor irradiations.! 3
However, reactors do not permit the systematic analysis
of different primary recoil spectra which is required to
obtain a detailed understanding of the defect-production
process. Ion irradiation, because of its inherent flexibility
with respect to particle mass and energy, does allow the
effect of very different primary recoil spectra on the
deﬁect-production process to be investigated systematical-
ly.

As shown by Okamoto et al.,’ the relative efficiencies
of different irradiation particles for producing long-range
migrating defects can be determined directly from mea-
surements of radiation-induced segregation. Numerous
systematic studies of radiation-induced segregation have
been performed on binary nickel alloys containing from
1—-13 at. % silicon. Interstitial loops coated with Ni;Si
were first reported in irradiated Ni-Si alloys by Barbu and
Ardell.® Potter et al.” showed that Ni;Si coatings also
form on the surfaces of these alloys during irradiation at
elevated temperature as a result of defect-flux—driven
segregation. Parabolic growth, i.e., thickness increasing
linearly with the square root of irradiation time at a con-
stant dose rate, was first predicted for the surface coatings
by Okamoto,® and has been observed experimentally using
infrared emissivity, Auger depth profiling,” Rutherford

30

backscattering”!® (RBS), and stereo electron micros-
copy.!!

Previous work has established details of the coating-
growth kinetics,!® and demonstrated a strong influence of
irradiation particle mass on the coating thickness.!? Here
we report additional experimental results obtained on a
Ni—12.7 at. % Si alloy, and focus on extracting quantita-
tive information about the efficiencies of different ions for
producing freely migrating defects at elevated tempera-
tures.

PROCEDURE

In this section the experimental and theoretical pro-
cedures are outlined. Various features of the Ni;Si sur-
face coatings make it possible to determine migrating de-
fect concentrations during irradiation. First, the parabolic
growth-rate constant provides a simple, quantitative defi-
nition for the rate of long-range atom transport induced
by the irradiation. Second, the coating growth is a one-
dimensional problem which, with a few reasonable as-
sumptions, can be solved analytically to obtain a relation-
ship between the coating-growth-rate constant and the
steady-state concentration of freely migrating defects. Fi-
nally, since changes in the coating thickness can be mea-
sured very accurately (+ <1 nm), relative defect-
production efficiencies can be determined quantitatively.

The experimental procedure is as follows. A time se-
quence of RBS spectra is acquired during ion irradiation
at a particular temperature. Sequential spectra are then
subtracted from the initial spectrum to yield a series of
difference spectra which contain information about the
coating thickness as a function of time at constant dose
rate. The RBS difference spectra are converted to plots of
coating thickness as a function of the square root of irra-
diation time. The growth-rate constants for the various
irradiation conditions are given by the slopes of the result-
ing straight-line plots. Simultaneous analysis was em-
ployed for all light-ion bombardments, i.e., H, He, and Li.
Since ions which are more massive than the substrate do
not backscatter, coatings grown during heavy-ion irradia-
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tions were analyzed with 2-MeV He ions after cooling to
room temperature, where no additional segregation
occurs. Experimental details can be found elsewhere.” 1°

In Ni-Si alloys the available evidence strongly supports
the idea that the migration of tightly bound interstitial-
silicon complexes toward the surface provides the main
driving force for coating growth.!*> For tight binding,
recombination of vacancies and silicon-interstitial com-
plexes becomes the dominant mode of defect annihilation
and, with the exception of the silicon-depleted region im-
mediately beneath the coating, quasi-steady-state concen-
trations of vacancies and complexes are established quick-
ly, and maintained during most of the coating growth.
The tight-binding assumption leads to an analytical ap-
proximation for the parabolic growth-rate constant as a
function of the steady-state bulk concentration of silicon-
interstitial complexes, c¢J. Assuming that the sink con-
centration remains constant, or negligibly small during
the irradiation, Okamoto et al.’ find, for the coating
thickness W,

W(t)=A(t—t5)'?, (1
where the growth-rate constant A4 has units of
length/(time)!/?, and is given by
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Here, t, is the incubation time until the coating first pre-
cipitates, cso is the bulk silicon concentration (in atom
fraction), c? is the concentration of silicon in the surface
coating, and D; is the diffusion coefficient for the
silicon-interstitial complexes. The rate theory of Wieder-
sich' can be used to calculate ¢2. Experimental studies'
of interstitial-silicon complexes indicate that the com-
plexes are considerably more mobile than the vacancies
(D;; >>D,). For this condition it has been shown® that at
low temperatures, where recombination between
interstitial-silicon complexes and irradiation-induced va-
cancies dominates defect annihilation,
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K, is the actual rate of production of defects which are
free to migrate long distances, a, is the lattice constant,
and a, is the number of lattice sites in the recombination
volume for vacancies and complexes. At high tempera-
tures, where the thermal-equilibrium concentration of va-
cancies, ¢,, becomes significant,
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These solutions are sketched in the form of an Arrhenius
plot (In 4Ky '/? versus T™') in Fig. 1. Both the low- and
high-temperature solutions predict Arrhenius behavior for
the quantity 4K '/%, but with different slopes. At low
temperatures, the slope becomes equal to minus one-
fourth the migration enthalpy of the slowest moving de-
fect (in this case, the vacancy). For higher temperatures,
the sign and magnitude of the slope change to equal one-

L. E. REHN, P. R. OKAMOTO, AND R. S. AVERBACK 30

/
AN
/

172
o !

I (A/K

T
FIG. 1. Schematic Arrhenius plot of the predicted tempera-
ture dependence for coating growth.

half the vacancy-formation enthalpy.

These solutions also reveal the effect of varying the
dose rate (K,) on the coating-growth-rate constant. The
quantity Dycl varies as K, at high temperature, and
(Ko)!/? at low temperatures. The slope of the straight line
obtained by plotting coating thickness (W) as a function
of the square root of the dose [(Kyt)'/?] should therefore
be independent of dose rate at high temperatures, but vary
inversely with the fourth root of the dose rate at low tem-
peratures. The validity of these predictions was demon-
strated previously.!®!> Of particular importance to the
present objective is the experimental verification of the
predicted dose-rate dependence. The correct understand-
ing of the dose-rate dependence of the coating growth
means that relative defect-production efficiencies can be
determined directly from measurements of the growth-
rate constants. For this purpose, we define the production
efficiency € as

€=Ko/Kcac » (5)

where K, is the calculated defect-production rate. Since
it is only those defects which escape their parent cascade
and become free to migrate long distances that contribute
to the coating growth, the relative efficiency of two dif-
ferent irradiation particles (1 and 2) for producing long-
range migrating defects is, from Eq. (3), in the lower-

temperature Arrhenius region,

(2) 4
€1 _ Kcalc A“) 6)
€ _K(l) A(2) ’
2 calc

and, from Eq. (4), in the higher-temperature regime,

(2) 2
i_Kcalc A(l)

- 1
€ K (cal)c A%

(7)

RESULTS

Examples of the RBS data collected during irradiation
with 1.0-MeV protons at 558°C are shown in Fig. 2(a).
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FIG. 2. (a) Series of sequential RBS spectra collected during
1-MeV proton irradiation of a Ni—12.7 at. % Si specimen at
558°C. (b) Difference spectra obtained from (a).

The differences between the RBS spectra collected over
sequential time intervals are displayed in Fig. 2(b). The
(0—10)-min difference spectrum in Fig. 2(b) is the differ-
ence between the as-collected, initial spectrum and a
smoothed spectrum obtained by averaging counts in adja-
cent channels of the initial spectrum; the smoothing pro-
cedure reduces scatter in the difference spectra. Each
difference spectrum reveals the change from the smoothed
initial spectrum determined during the indicated irradia-
tion interval. All spectra were normalized to correct for
variations in acquisition-time and beam-current fluctua-
tions. An RBS computer-simulation program!® was used
to obtain coating thicknesses from the difference spectra.
The conversion into thickness, however, is straightfor-
ward and can be accomplished without simulation tech-
niques.!” The layer thicknesses obtained from the differ-
ence spectra in Fig. 2(b) are displayed as a function of the
square root of the irradiation time in Fig. 3. Data from
similar irradiations at 408, 452, 499, and 605°C are also
shown. The slope of the resulting straight line through
the data points obtained at a given temperature is the
coating-growth-rate constant A4 for those irradiation con-
ditions. Growth-rate constants have been measured at
several temperatures ranging from 350 to 650°C for the
following irradiation particles: 1-MeV 'H, 2-MeV “He,
2-MeV 'Li, 3-MeV *Ni, and 3.25-MeV ¥Kr. Actual
current densities I, calculated cross sections for Frenkel-
pair production, ogp, and corresponding calculated dis-
placement rates in the near-surface region are listed in
Table I for all the irradiations. The conversion from ion
current density into displacement rate was done via the
PINTO computer code.'® An average displacement thresh-
old energy of 33 eV and a pure-Ni specimen were assumed
for the calculations.

The expenmental results are displayed in an Arrhenius
fashion, In(AK ;1% as a function of the inverse of the ab-
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FIG. 3. Measured coating thickness as a function of the
square root of the calculated displacements per atom (dpa) dur-
ing 1-MeV proton irradiation at temperatures of 408, 452, 499,
558, and 605 °C.
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TABLE 1. Irradiation parameters.

OFp I Kcalc

Ion (cm?) (uA/cm?) (dpa/s)
1.0-MeV 'H 7.0x 1072 65 2.6x10~°
2.0-MeV “He 6.3x10~" 79 3.1x10~*
2.0-MeV “He 6.3 101 6.6 2.6x107°
2.0-MeV 'Li 2.4x10718 24 3.1x10~*
3.0-MeV **Ni 5.4 1016 0.20 6.9%10~*
3.25-MeV ¥Kr 1.1x10"1% 0.045 3.1x10~*

solute irradiation temperature, T~!, in Fig. 4. The
division of A by (K u)'/? normalizes all the irradiations
to the same calculated rate of defect production and facil-
itates direct comparison of the results. Only one tempera-
ture (520°C) was investigated using Li ions; a line with the
same slope as determined for the other ions has been
drawn through this result. The He data exhibit the
predicted [cf. Eq. (3)] inverse-fourth-root dependence of
the quantity A4 /K2 on dose rate at lower temperatures,
and [cf. Eq. (4)] no dependence on dose rate at higher
temperatures. The sharp drop in growth rate (He results,
Fig. 4) which occurs for temperatures below ~375°C is
believed to arise from an increased concentration of
irradiation-induced internal sinks which compete with the
surface for segregating solute.

Figure 4 reveals that for particles of approximately the
same energy a large reduction in the measured growth-

rate constant occurs with increasing ion mass. This
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FIG. 4. Arrhenius plot of the measured growth rates A.
K3i/? of y coatings on Ni—12.7 at. % Si specimens for dif-
ferent ion irradiations. dpa stands for displacements per atom.
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FIG. 5. Coating thicknesses as a function of the square root
of the calculated number of displacements per atom (dpa) for ir-
radiations with four different ions at approximately the same
energy, calculated dose rate, and temperature.

reduction is demonstrated more directly in Fig. 5, where
the coating-growth measurements are plotted for irradia-
tions with four different ions at approximately the same
energy (2—3 MeV), dose rate (5 10™* dpa/s, where dpa
denotes displacements per atom), and temperature
(520°C). The effects of sputtering and ion-beam mixing
of the coating and substrate are both small relative to the
growth rate during He irradiation, and thus cannot ex-
plain the large decrease observed in the growth-rate con-
stant with increasing ion mass.>

DISCUSSION

The results (Figs. 4 and 5) presented in the preceding
section show clearly that normalizing the different irradi-
ations to approximately the same calculated dpa rate does
not result in similar growth-rate constants. Hence, mi-
crostructural changes induced at elevated temperatures in
different irradiation environments cannot be expected to
correlate on the basis of normalized dpa rates. The obser-
vation that different irradiations cannot be adequately
normalized solely on the basis of dpa calculations is not
new; it has been noted previously by several authors on
the basis of both experimental evidence and theoretical
considerations. The underlying reason for the failure of
the dpa normalization is quite simple. Displacement cal-
culations determine the total amount of energy which
goes into displacing lattice atoms, but they ignore differ-
ences in the spatial distribution of the defect production.
Since the number of jumps a defect makes before annihi-
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lation, i.e., the amount of atom transport or diffusion
which occurs, depends strongly on whether the defects are
produced in relatively isolated events or in “cascade” re-
gions of locally high defect densities, a more detailed
description which takes into account differences in the
spatial distribution of defect production during irradiation
is required to obtain a correct normalization. Such a
description can be inferred from the calculated distribu-
tion of energies with which the primary knock-on atoms
recoil. This distribution is called the primary-recoil spec-
trum for an irradiation, and it can be calculated using
standard computer codes. Since we are in fact concerned
with describing the spatial distribution of the defects
which are produced, the function of fundamental interest
is the primary-recoil spectrum weighted by the total num-
ber of Frenkel-pair defects produced by each primary
recoil. To obtain this weighted recoil spectrum, which is
discussed in detail in Ref. 4, we need to calculate the frae-
tion of defects produced by all primary-recoil atoms with
energies less than P. This fraction, W (P), is given by

P do(E,P)
W(P)= (E) dP —ap "’ w(P'), (8
where
viE)= [, aptoEE) py ©)

do(E,P')/dP’ is the differential cross section for a parti-
cle of energy E to produce a primary-recoil atom with en-
ergy P’, and v(P’') is the number of Frenkel pairs generat-
ed by recoiling lattice atoms of energy P’. The integral in
Eq. (8) is evaluated from the average threshold energy for
atomic displacements, Pp;,, to energy P. The integral for
v,(E), which yields the total cross section for Frenkel-pair
production, is evaluated from P, to Pp,,,, the maximum
energy transferable from a bombarding ion to a host
atom.

W (P) as a function of P is shown in Fig. 6 for the dif-
ferent irradiation particles used in our experiments. Note
that the abcissca is plotted as a logarithmic scale. The
computer code PINTO was again employed for the calcula-
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FIG. 6. Calculated fraction of defects produced by primary-
recoil events of energy less than P for different irradiation parti-
cles: (1) 1-MeV electrons, (2) 1-MeV 'H, (3) 2-MeV “He, 4) 2-
MeV Li, (5) 3-MeV *%Ni, and (6) 3.25-MeV ¥Kr.

tions; a pure-nickel specimen (average atomic mass of 59
amu) and an average threshold energy of 33 eV were as-
sumed.

As an example of the information contained in W (P),
we first consider the calculated spectrum for 1.0-MeV 'H
(Fig. 6). The maximum recoil energy transferred to a lat-
tice atom, (4m;m,)E(m;+m;)~2%, is 66 keV, where m,
and m, are the masses of the proton and a nickel atom,
respectively. Thus 100% of the defects are produced by
primary-recoil events below 66 keV. Fifty percent of the
defects are produced by primary-recoil atoms whose ener-
gies lie below 720 eV, and 30% by recoils below 150 eV.
Of course, no defects are generated by recoils with ener-
gies less than the threshold of 33 eV.

Frenkel-pair production was calculated using a modi-
fied Kinchin-Pease expression,'’

0: P<Pmin
W(P)=1, Py, <P <2.5Puyn (10)
8Ep(P)

T P>2.5Pnyn

where Ep(P) is the damage energy. As the mass (or to a
lesser extent, the energy) of the bombarding ion increases,
the primary-recoil spectrum becomes harder. That is,
more defects are produced in higher-energy recoil events,
increasing the degree of spatial correlation among the de-
fects. However, both experimental and theoretical studies
have shown that the spatial correlation among the defects
does not increase indefinitely with increasing primary-
recoil energy.

Transmission-electron-microscopy studies by Merkle
et al.®® first demonstrated that very energetic recoils
create closely spaced, but clearly resolvable, subcascade re-
gions. Development of subcascades was postulated by
Averback et al.* to explain their experimental observation
of saturation in the low-temperature, irradiation-induced
resistivity increment at very high primary-recoil energies.
Theoretical calculations of displacement cascades by Jan?!
and by Sigmund,”? as well as more recent computer-
simulation studies by Robinson and Torrens** and by
Beeler et al.?* also indicate a high probability for subcas-
cade formation at primary-recoil energies above many
kilo-electron-volts.

Defect production as a function of primary-recoil ener-
gy thus occurs as follows. As recoil events increase in en-
ergy from tens to hundred of electrons volts, Frenkel-pair
production changes from the introduction of randomly
spaced Frenkel defects to the generation of several defect
pairs in close proximity. Cascade regions can be clearly
distinguished in computer-simulation studies for
primary-recoil energies above about 1 keV, and the size of
the cascade then continues to increase with increasing en-
ergy. For recoils greater than many kilo-electron-volts,
the increase in spatial correlation among the defects with
increasing recoil energy slows because of the increasing
probability for subcascade formation.

No single parameter describes defect production during
irradiation as completely as the primary-recoil spectrum
does. However, the value of P where W (P)=0.5 provides



3078 L. E. REHN, P. R. OKAMOTO, AND R. S. AVERBACK 30

one measure of the physical “hardness” of a given recoil
spectrum. This quantity, i.e., that primary-recoil energy
above and below which half of the defects are produced, is
referred to as the weighted-average recoil energy (P; ).
The weighted-average recoil energy will be used shortly to
provide a quantitative summation of the present results.
First, however, it is necessary to discuss the experimental-
ly observed decrease in the coating-growth-rate constant
with increasing ion mass, i.e., with increasing hardness of
the primary-recoil spectrum.

Equations (6) and (7) were used in conjunction with the
results presented in Fig. 4 to determine the relative effi-
ciencies of the various ions for producing long-range mi-
grating defects. A computer model of the temperature
dependence, which is discussed in more detail by Okamo-
to et al.,’ was used to obtain “best-fit” lines (cf. Fig. 4) to
the data points obtained at different temperatures for each
irradiation particle. The model assumes that the defect-
production efficiency remains constant over the investi-
gated temperature range (350—650°C), and a total sink-
annihilation probability per defect jump of ~2x107%
The effect of irradiation-induced sinks on the resultant ef-
ficiencies is discussed in Ref. 5, where it is shown that
mutual recombination remains the predominant mode of
defect annihilation during light-ion irradiation up through
the nickel bombardments. Hence, irradiation-induced
internal sinks do not significantly affect the efficiency
determinations for the proton through nickel data,
presumably because most of -the defect clusters are
thermally unstable at these elevated temperatures. This
conclusion is supported by our own electron-microscopy
observations of the ion-irradiated specimens, which indi-
cate relatively low sink densities in the region of interest
(<200-nm depths). For Kr, however, the experimental
evidence'? indicates that irradiation-induced internal sinks
do become significant, particularly for temperatures below
~500°C. The efficiency reported here for 3.25-MeV Kr
was therefore based on the data obtained at temperatures
>550°C, where the effect of internal sinks is minimal.
The relative efficiencies obtained by this procedure are
plotted in Fig. 7 as a function of P,,. Note that the effi-
ciency for 1-MeV protons has been set equal to one for
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FIG. 7. Relative efficiencies of various ions for producing
long-range migrating defects plotted as a function of the
weighted-average recoil energy. i

convenience. The smooth curve drawn through the data
points is meant only as a guide for the eye.

Figure 7 provides a quantitative representation of the
relative efficiency for producing long-range migrating de-
fects as a function of the “hardness” of the primary-recoil
spectrum. Irradiations with weighted-average recoil ener-
gies of 1.8, 2.7, 51, and 74 keV are, respectively, only
48%, 37%, 8%, and <2% as effective as an irradiation
with a weighted-average recoil energy of 730 eV for intro-
ducing defects which are free to migrate long distances.
Note that the abscissa in Fig. 7 is plotted on a logarithmic
scale. The most rapid decrease in efficiency occurs over
recoil energies up to about 5 keV.

Other experimental techniques have been applied to
study defect-production efficiencies in metals as a func-
tion of primary-recoil energy. Perhaps the most detailed
work was that of Averback et al.,* who used electrical
resistivity measurements to study defect production in
copper and silver over a wide range of recoil energies,
from about 100 to almost 10° eV. They too found a
strong decrease in defect-production efficiency with in-
creasing recoil energy up to values of a few kilo-electron-
volts. At higher recoil energies the efficiency appeared to
saturate. Thus the general shape of their curve was quali-
tatively the same as the one in Fig. 7. In particular, both
studies show that cascade effects become important in the
defect-production process at relatively low recoil energies
(<1 keV). Before comparing the results in more detail, it
is important to recognize that electrical resistivity changes
measure the total number of stable defects which are in-
troduced during irradiation. The coating-growth mea-
surements reported here are sensitive only to those defects
which are free to migrate long distances, i.e., only some
fraction of the total monitored by the resistivity changes.

The resistivity measurements saturated at an efficiency
which was still approximately 40% of that found at the
lowest primary-recoil energy. In contrast, the apparent
limiting value in Fig. 7 is considerably less, only a few
percent of the value found at the lowest primary-recoil en-
ergy. The observation that the present efficiencies de-
crease to considerably lower values than the resistivity
measurements do implies that the fraction of freely mi-
grating defects is also inversely related to the hardness of
the primary-recoil spectrum. Defect interactions within
cascades cause the fraction of freely migrating defects to
decrease with increasing average recoil energy even faster
than the interactions decrease the total number of generat-
ed defects.

Another difference between the two studies is the irra-
diation temperature. In order to retain the maximum
number of defects, the resistivity measurements were
made at irradiation temperatures below 10 K. The
coating-growth measurements were performed at consid-
erably higher irradiation temperatures, between 600 and
1000 K. Differences in defect production can be expected
on the basis of this large difference in temperature. For
example, a decrease of the displacement threshold energy
in copper from 20 eV at room temperature to 12 eV at
575 K has been reported.”®> Consequently, it is quite
reasonable that the present relative efficiencies for pro-
ducing long-range migrating defects at elevated tempera-
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tures are qualitatively similar to, but quantitatively dif-
ferent from, the efficiencies for producing stable defects
at low temperatures.

The quantitative differences are, however, significant in
another context. It has been suggested (see, for example,
Ref. 26) that defect-production efficiencies obtained at
very low temperatures can be used to correlate micro-
structural changes induced in different irradiation envi-
ronments at elevated temperatures. The qualitative agree-
ment between the low-temperature and present results
supports this suggestion. However, the fact that quantita-
tive differences exist implies that the relative efficiencies
determined from the coating-growth measurements offer
a more reliable basis for correlating microstructural
changes induced during irradiation at elevated tempera-
tures.

Additional experimental evidence is available in support
of the present observation that the relative efficiency for
creating long-range migrating defects drops to only a few
percent of the initial value as the primary-recoil energy in-
creases from a few hundred electron volts to many kilo-
electron-volts. A semiquantitative analysis by Kirk and
Blewitt! of experimental results by Blewitt et al.?’ has
shown that fast neutrons (typical recoil energy of ~20
keV) are only a few percent as effective as thermal neu-
trons (typical recoil energy of ~300 eV) at producing mi-
grating vacancies in CusAu at 423 K. Goldstone et al.?
have studied dislocation pinning in copper during electron
and neutron irradiation at temperatures between 300 and
400 K. They find that fast neutrons in the energy range
from 2 to 20 MeV are again only a few percent as effec-
tive as (0.5—1)-MeV electrons (average recoil energies
< 100 eV) at producing interstitials which migrate to pin
dislocations. At considerably lower temperatures (~350
K), Schilling ez al.’> estimate from resistivity recovery
measurements that > 15% of the interstitials produced by
fast-neutron irradiation of Cu escape from the displace-
ment cascades. This percentage is in excellent agreement
with the results of Theis and Wollenberger,> who used
resistivity measurements to monitor defect production
during reactor irradiations between 50 and 170 K, and re-
port that ~15% of the number of observed interstitials
escape any correlated reactions in copper. Since the total
number of defects observed by resistivity techniques de-
creases by about a factor of 3 in going from low-recoil-
energy bombardments to reactor irradiations, these latter

two studies indicate that the reactor irradiations (typical
average recoil energy of 30 keV) are only about 5% as ef-
ficient as low-recoil-energy irradiations at creating freely
migrating defects.

In a related study, Muroga et al.!! employed stereo-
electron-microscopy measurements of coating thicknesses
to determine the efficiency of 1-MeV electrons for pro-
ducing long-range migrating defects in Ni—12.7 at. % Si.
Their value shows that the efficiency approximately dou-
bles in going from 1-MeV protons to 1-MeV electrons.
From Fig. 6 we see that all defects generated by 1-MeV
electrons are created by primary recoils <80 eV, i.e., the
1-MeV-electron irradiation generates predominantly sin-
gle, isolated Frenkel pairs. We also note from Fig. 6 that
many defects generated by the 1-MeV protons are pro-
duced in cascade events. For example, about 25% of the
defects are produced in events with energies greater than 5
keV. It is these higher-energy recoil events which
presumably are the major factor in reducing the efficiency
of 1-MeV protons to only one-half that of 1-MeV elec-
trons.

SUMMARY

Microstructural changes induced during irradiation at
elevated temperatures are driven primarily by those de-
fects that escape from their parent cascade and become
free to migrate long distances. The present measurements
demonstrate that the efficiency for producing long-range
migrating defects decreases strongly with increasing
primary-recoil energy. Hence microstructural changes in
elevated-temperature irradiation environments cannot be
correlated solely on the basis of normalized dpa calcula-
tions. More importantly, however, the present measure-
ments provide a quantitative basis for normalizing mi-
crostructural changes in irradiation environments charac-
terized by widely differing primary-recoil spectra.
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