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A systematic study of the damage function of both Ag and Cu has been performed by measuring resistivity
increments induced by irradiation of thin-foil specimens at 6 K with several species of ions. Beam energies

were selected such that the projectiles were stopped within the target. Results were compared with

theoretical calculations based on a modified Kinchin-Pease damage function. The damage efficiency (ratio of
experimental-to-theoretical values) is roughly unity for irradiations with H, but decreases rapidly as the

projectile mass increases, which results in harder recoil spectra. For projectiles heavier than Ne, the
efficiency becomes relatively co'nstant (0.4 for Ag and 0.35 for Cu). These results indicate that deviations

from the modified Kinchin-Pease model begin to occur at energies not far above the displacement threshold

energy and the eAiciency becomes roughly constant for recoil energies greater than a few keV. Comparison
is made with damage-rate studies for other types of irradiation.

I. INTRODUCTION

The determination of the damage (or displace-
ment) function has been a long-standing concern in
the field of radiation effects. This function speci-
fies the number of Frenkel pairs produced in a
cascade initiated by a lattice-atom recoil of a
given energy. The damage produced by enrgetic
neutrons in the structural components of fission
and proposed fusion reactors is of considerable
practical concern. However, studies of damage
production by neutron -irradiation have been encum-
bered by several difficulties. Until recently ac-
curate determinations of neutron spectra and flu-
ence have not been available. ' Furthermore, ex-
tensive calculations, ' based on the neutron spec-
trum and the nuclear cross sections, of the prim-
ary recoil spectrum and the damage energy are
required before experimental data can be com-
pared with theory. Considerable recent progress
in both areas" now enable much more quantitative
neutron-damage studies than were possible in the
past. One remaining limitation of neutron studies
is that the neutron energy spectrum for a given
source is relatively fixed. In principle, it would
be desirable to compare the damage associated
with several spectra to gain a more systematic un-
derstanding of the damage function. These consid-
erations have stimulated the investigation of dam-
age production by other types of irradiation.

Electron irradiation in the MeU energy range
provides an alternative method of producing radi-
ation damage. Compared with neutron irradiation,
it has certain advantages. Intense, monoener-
getic, collimated beams of electrons are produced
in Van de Graaff accelerators or high-voltage
electron microscopes. Dosimetry is more routine
and the relevant cross sections are better known

than in the case of neutron irradiation. However,
electron irradiation is not useful for the production
of highly energetic displacement cascades, since
the maximum recoil energy is normally of the or-
der of 100 eV.

Ion beams can also be used to produce radiation
damage. As in the case of electron irradiation,
the dosimetry is rather routine and projectile-tar-
get cross sections are relatively well known.
Many ion accelerators have the flexibility to pro-
duce beams of virtually any ion species. Previous
damage- rate measurements for ion irradiation' "
have, for the most part, employed light projec-
tiles, i.e., protons and a particles. By changing
the particle energy it is possible to study the effect
of the recoil spectrum on defect production. "
However, the nature of the primary recoil spec-
trum is more sensitive to the mass than to the en-
ergy of the irradiating ion. This aspect of ion ir-
radiation has been utilized in the present work, the
aim of which was to obtain a systematic under-
standing of the damage function. Specifically, we
have measured damage rates in Cu and Ag for pro-
jectiles that range in mass from 1(H) to 209 (Bi).
The proton irradiations, which were performed at
-20 keV, produce low-energy recoils similar to
those that occur in electron irradiation. The Bi
irradiations (at V20 keV), on the other hand, pro-
duce defects mainly in dense high-energy cascades.
The ions intermediate in mass give rise to damage
states that lie between these extremes.

Two types of ion-beam damage-rate experiments
can be distinguished. In one, high-energy beams
are transmitted through the specimen foil with rel-
atively small energy loss. This method is normal-
ly restricted to light ions. In the other type of ex-
periment (described in the present paper), the pro-
jectile energy is such that the beam is stopped
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within the specimen. A wide range of projectile
masses can be employed under these circumstan-
ces. An important distinction exists between the
analyses of the two types of ion-beam experiments;
in the second type, the stopping power of the pro-
jectile has a strong bearing on damage production.
Indeed, this feature may be exploited to extract in-
formation on the stopping power as well as the
damage function.

The damage rates are determined in the present
experiments by residual-resistivity measurements
on thin-film specimens following irradiation at
-6 K. The measurements were corrected for the
electrical-resistivity size effect to permit compar-
ison with bulk values. To test the validity of the
correction procedure employed, experiments were
performed on foils of several thicknesses. The re-
sults were found to be independent of thickness,
within experimental error.

The experimental results are analyzed to obtain
the number of Frenkel pairs produced per incident
ion. This value is compared with a theoretical
prediction based on a modified Kinchin-Pease mod-
el. Rather similar trends in the efficiency (ratio
of experimental-to-theoretical values) are ob-
served for both Cu and Ag. The efficiencies de-
crease from a value close to unity for proton ir-
radiation to -0.4 for heavy-ion irradiation. It is
suggested that a thermal-spike effect is the most
likely explanation of the low efficiencies observed
for the high-energy cascades produced by heavy
ions.

The experimental procedure is outlined in Sec.
II. The theoretical calculations of damage pro-
duction are described in Sec. III. Results for the
damage efficiencies are presented in Sec. IV. In
Sec. V, implications of the present results are dis-
cussed.

II. EXPERMENTAL

In the present experiment, thin-foil copper and
silver specimens were irradiated successively
with ions of different atomic species. For each
ion, the energy was selected such that the projec-
ted range (R~) was approximately half the specimen
thickness. The irradiations and the resistance
measurements were carried out at -6 K; at this
temperature the defects are immobile.

The number of Frenkel pairs produced per inci-
dent ion is related to measured electrical-resis-
tivity increments by the equation

clap vDi =-

d/ nt
= —Py ~

Here, 4p is the radiation-induced change in the
electrical resistivity, p is the ion dose, v' is the

number of defects produced per incident ion, n is
the atomic density, t is the specimen thickness,
and p~ is the resistivity of Frenkel pairs per unit
concentration.

Both single and polycrystalline specimens were
produced by vapor deposition onto rocksalt in an
ultrahigh-vacuum chamber with a pressure of
-10 "Torr before evaporation and -10 ' Torr dur-
ing evaporation. The specimens were grown from
99.9999%%up pure starting materials. Specimen thick-
nesses were determined by a crystal monitor dur-
ing growth and afterwards by gravimetry. Only
those specimens for which both techniques yielded
similar results were retained. The more accurate
gravimetry determinations of thickness were em-
ployed in Eq. (1). The principal measurements
were made on specimens with a thickness of
(2-3) && 10 ' cm, although tests were made on
somewhat thicker specimens, as described in Sec.
IV.

Using a masking technique, the specimens were
grown with the potential and current leads attached.
The mask design provides for four gauge lengths in
each specimen, each of which could be separately
irradiated. The lateral dimensions of the speci-
men are approximately 0.025 x 0.10 cm. The ge-
ometry factor that relates resistance to resistivity
can be calculated from the measured resistance of
the specimen at O'C. Residual resistivity ratios
for the specimens were typically in the range
10-30.

The electrical resistance was measured by stan-
dard four-probe direct current (dc) potentiometric
techniques using a Vidar 521 integrating digital
voltmeter (DVM) and Dana preamplifiers. The vol-
tage sensitivity of this system was %1X10 ' V,
which, for the present experiments, corresponds
to a resistivity of ™2~ 10 "0- cm or -0.1-ppm de-
fect concentration. 'The ion dose was determined
by integrating the ion current collected on an annu-

lar disk that intercepted a portion of the beam.
Appropriate biasing plates were used to suppress
the escape of secondary electrons from the ion col-
lector. The ion beam was collimated with 1.0-mm-
diam apertures and then rastered over a 1.0-cm'
area. This procedure ensured a homogeneous beam
intensity over the entire area (0.1 cm') of the spec-
imen and the Faraday cage. A comparison of the
flux measured with a Faraday cup behind the Far-
aday cage with that measured on the cage showed
agreement to -l%%uo when the beam was rastered.
This test was carried out for a wide range of pro-
jectile energies and also for multiply charged ions.
The current integrator and Vidar DVM were inter-
faced to a computer so=that the damage rates could
be determined immediately following each irradi-
ation.
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'The irradiation chamber was pumped with sorp-
tion-roughing pumps and an ion pump. 'The pres-
sure during irradiation was -10 ' Torr. Two radi-
ation shields surrounding the specimens (a.n outer
shield at 78 K and an inner shield at -6 K) mini-
mized both the heat input and the condensation of
residual gas on the foils. The orientation of the
foil normal, relative to the ion-beam direction,
was -10' in altitude and -5 in azimuth. Rotation
of the specimen normal from the beam axis is nec-
essary to eliminate the possibility of channeling,
even for the polycrystalline specimens, since pre-
ferred orientations of the microcrystals relative to
the film normal may exist. The specimens, which
were grown on rocksalt, were transferred to ano-
dized aluminum substrates for irradiation. The
anodization layer provided insulation between the
specimen and substrate; however, it was suffic-
iently thin so that its breakdown voltage was low,
~200 V in air. Since the lowest ion-beam energy
used was 30 keV, charging of the substrate during
irradiation was insignificant. Tests were per-
formed to verify that no beam heating occurred
during the irradiations. 'The maximum power in-
put by joule heating that caused no detectable tem-
perature rise (as determined by changes in the
electrical resistivity of the specimens) was deter-
mined. The power input due to the ion beam was
kept well below that maximum power.

To convert measured thin-film resistivities to
values appropriate to bulk metals, a correction
for the size effect is required. " In the present
work, the size effect was treated as follows. It is
noted that the damage rate d&p/dQ for electron ir-
radiation" of bulk copper specimens is linear in
&p to large values of &p. Proton irradiation pro-
duces damage similar to that obtained by electron
irradiation. It was therefore assumed that the
damage rate for test irradiations with 150-keV

protons, corrected for size effect, is linear in &p.
(Although electron-irradiation damage- rate studies
are not available for silver, neutron damage-rate
curves are essentially linear for this metal. ")
The Fuchs-Sondheimer theory" was employed to
correct measured damage rates for 150-ke V pro-
ton irradiations. 'Two parameters in the theory,
the specularity and the electron density, were ad-
justed to obtain a linear dependence of the correc-
ted damage rate. This correction established an
absolute damage rate for 150-keV protons. Sever-
al specimens with different thicknesses and resis-
tance ratios, both single and polycrystalline, were
irradiated with 150-keV protons, and the damage
rates were corrected in the above manner. The
size-effect correction at &p = 0 for these speci-
mens ranged from -20/q to -250%, however, the
corrected damage rates at &p = 0 were reproduci-

ble to +10/g. As described below, all damage rates
are normalized to a "standard" corrected damage
rate for 150-keV protons. A value for the latter
quantity was determined by averaging the results
obtained for several specimens with a thickness of
-(2-3) & 10 ' cm. (For thicker specimens, higher-
energy proton irradiations were employed for nor-
malization purposes. )

The size- eff ect correction for the proj ectiles of
interest in the present study was made by applying
the same correction as that obtained for the 150-
keV proton irradiation. In practice, this was ac-
complished by measuring the damage rate for 150-
keV protons, measuring the damage rate for two
other projectiles, and then remeasuring for the
150-keV protons. If Da is the "standard" damage
rate (obtained as described above), D„ is the mea-
sured damage rate for 150-ke V protons, and D is
the damage rate measured for the projectile of in-
terest, the corrected damage rate is then given by

D' = MqD/D„.

This procedure was repeated until roughly ten
damage rates were measured for each specimen.
'To minimize uncertainties associated with radia-
tion-annealing effects, only a limited number of
irradiations were performed on a given specimen.
Equation (1) applies only at &p = 0, i.e. , before
any damage has been introduced into the specimen.
At finite but not too large &p, the damage rate can
be expressed as

6+p v 2Q„+p
dQ nt Bop~

where Q„ is the effective spontaneous recombina-
tion volume" and Q, is the atomic volume. If Q„
were the same for all types of irradiation, the
normalization procedure outlined above would cor-
rect for size effects as well as for radiation an-
nealing. However, since Q„depends somewhat on
the type of irradiation, "' the following procedure
was adopted to account for radiation-annealing ef-
fects. A 150-keV proton damage rate was obtained
to determine the size-effect correction. Next, a
damage rate for 300-keV Ar was measured and
corrected for the size effect, using the 150-keV
proton damage rate. The Ar irradiations were
then alternated with heavy-ion (M, & 12) irradia-
tions; correction for radiation annealing was made
by normalizing the heavy-ion damage rates to
those obtained for Ar. Thus we write D' =DaD~'(0)
D(hp)/D~~(0)D"„"(&p), where D„'(0) is the measured
Ar damage rate in the undamaged specimen and
D„(&p) is that obtained when the radiation-induced
resistivity is &p. After the heavy-ion irradiations
were completed, the light-ion irradiations were
performed, using 150-keV proton irradiations for
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normalization. The resistivity increment for each
irradiation step was &p-1.5 && 10"' 0- cm. The
normalization procedures described above were
found reliable when &p s 5 x 10 ' 0- cm or -10% of
the saturation defect concentration. " Thus, dam-
age rates obtained after correcting for both size
effect and radiation annealing were observed to be
independent of &p when the total damage-induced
resistivity was within this range.

Finally, two assumptions inherent in Eq. (1) de-
serve discussion. Values of the resistivity per
unit concentration of Frenkel pairs p~ were taken
from a compilation by Lucasson based on electron-
irradiation studies. " In the analysis of the present
experiment, it is assumed that p~ is the same for
all types of irradiation. The available evidence in-
dicates that the errors incurred by the above as-
sumption are small. Without giving an exhaustive
discussion, we mention two experiments that sup-
port this assumption. First, simultaneous mea-
surements of resistivity change &p and lattice par-
ameter change &a have been carried out during
low-temperature neutron irradiation" and electron
irradiation" of Cu. The ratio &p/(&a/a) was iden-
tical, to within -5/o, for the two types of irradia-
tion. Furthermore, the ratio remained unchanged
during annealing. In the other experiment, "diffuse
x-ray scattering and electrical resistivity were
measured simultaneously during isochronal anneal-
ing after electron irradiation. Analysis of the dif-
fuse x-ray scattering indicated that, during stage
II in Cu and A1, the interstitials agglomerate to
form clusters. On the other hand, the residual
resistivity was nearly constant over a substantial
portion of the annealing stage. The above-men-
tioned experiments tend to indicate that the resis-
tivity per defect is insensitive to the degree of
clustering, at least for relatively small clusters
and for cluster s that occur in neutron- gene rated
cascade s.

Also deserving consideration is whether the anal-
ysis based on Eq. (1) remains valid in spite of the
macroscopic inhomogeneity of the defect distribu-
tion (i.e. , the variation of the defect density with
depth inside the film). This question is discussed
in the final paragraph of Sec. IV; we conclude there
that the detailed damage distribution need not be
accounted for explicitly in our analysis and that
Eq. (1) is adequate.

III. THEORETICAL ANALYSIS

For comparison with experimental values of v

[cf. Eq. (1)], theoretical calculations of damage
production were performed. For simplicity, it
was assumed that random collisions occur between
the projectile and target atoms. . 'The damage pro-

A. Damage-production calculation

Assuming an amorphous target, Lindhard et al."
derived an integrodifferential equation that governs
the damage energy deposited by an incident ion.
The damage energy, as usual, denotes the inci-
dent-ion energy minus the energy dissipated in
electronic excitations. If S~(E) is the damage en-
e rgy associated with a projectile of energy E and
Bt(T) is the damage energy associated with atar-
get atom. recoil of energy T, the equation referred
to above may be written

do [b,(E —T) + b, (T) —bp(E)] —S,(E)—~ = 0,

where do is the differential of the projectile-target
scattering cross section, and S,(E) is the project-
ile-target electronic-stopping cross section (the
stopping power dE/dx is equal to nS, (E), where n
is the atomic density of the target). It is assumed
in deriving Eq. (3) that no correlation exists be-
tween electronic and nuclear stopping processes,
and atomic binding effects are neglected. This
equation is subject to the boundary condition

limb (E)/E = 1.

If a solution to Eq. (3) is known for the case of
self-iona (p = t), then a useful approximation is
available for calculating b&(E) for any projectile.
Lindhard et al."obtained numerical sol.utions of
Eq. (3) for P =t based on Thomas-Fermi cross
sections and velocity-proportional electronic stop-
ping. 'Their results can be cast in the approximate
form

b, (E) = E/[1+ kg(e)],

where a and 0 are defined in Sec. IIIB and"

g(e) = 3.4008&' '+ 0.40244&' + e .

(4)

A considerable simplification occurs if the first-
order expansion

h~(E —T) =bq(E) —T

duced by individual target-atom recoils was repre-
sented by a modified Kinchin-Pease damage func-
tion. In part A, an equation is derived that relates
v to the differential scattering cross section, the
stopping power, and the damage function. 'The

forms of these three functions employed in numeri-
cal computations are described in part B. The
primary recoil spectrum is discussed in part C.
Finally, in part D the question of losses to the
front and back surfaces in thin-film experiments
is considered.
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is substituted into Eq. (3}. One then obtains

S (E) d8~(
dE ob, (T).

Recognizing that

T der =S„E, (8)

the nuclear stopping cross section, we can rear-
range Eq. (7) to read

a[vs(E —T)+ v, (T) —vq(E)) -S,(E) ~ =0.de(E)

where S(E}=S„(E)+S,(E) is the total stopping cross
section. Equation (9) in conjunction with Eq. (4)
enables one to calculate the damage energy for any
proj ectile-target combination by straightf orward
numerical integration, assuming the scattering
cross section and the stopping power are known.

The approximation in Eq. (6) should be reason-
ably accurate in the present context, since the
scattering cross section da/dT is weighted toward
low-energy recoils. Calculations of the damage
energy by the use of Eq. (9}are in excellent agree-
ment with the results of Winterbon. "

An equation identical to Eq. (3), apart from the
boundary condition, applies to the number of Fren-
kel pairs v~(E) produced by an incident projectile

v, (T) is averaged over all crystallographic direc-
tions, the resultant function (v, (T)) is expected to
rise gradually, starting at a minimum threshold
energy, rather than discontinuously as in Eq. (12).
Equation (12) is based on the hypothesis that the
true damage function (v(T)) can be replaced by a
step function, if an appropriate average threshold
energy E„ is chosen. Lucasson" suggests. a value
of E~ equal to 1.4 times the minimum threshold
energy in the case of an fcc crystal.

The similarity between Eqs. (3) and (10) implies
that v, (T) ~ b(T) at high recoil energies (T»E~).
In general, the proportionality constant depends on
the interatomic potential; the present choice (0.8/
2E~) has been'found"'" to be appropriate for
Thomas- Fermi interactions.

It is worth noting that Eq. (11) can be easily un-
derstood on intuitive grounds. The integral in Eq.
(11) may be viewed as a sum of the defects pro-
duced in each path-length segment dE/S(E) al.ong
the range of the projectile. It is clear from this
interpretation that such a formulation can be cor-
rect only if low-energy recoils dominate [cf. Eq.
(6)), since otherwise the differential path length
could not be accurately represented as dE/S(E).

The phenomenon of channeling is not included in
the present formulation. Some attempts have been
made to include channeling in analytical models of
damage production, but these do not seem realis-
tic." Binary collision calculations"~" indicate
that, at least in the case of self-ions, channeling
plays an insignificant role in the damage product-
10'6.

Adopting an approximation exactly analogous to
Eq. (6) and substituting into Eq. (10), we obtain

dE' do(E', T)
vp(E) =

S(E,)
dT

dT v, (T) .

Equation (11) has been employed in the present
numerical calculations of defect production. The
damage function v, (T) was represented by the mod-
ified Kinchin-Pease expression'""

0,
v, (T) = 1,

0.8$(T)/2E„,

T &Eq
Eq&T &2.5gq

T & 2.5E„,
(12}

where E„ is an effective displacement threshold en-
ergy. We have adopted the displacement threshold
energies recommended by Lucasson" on the basis
of electron-irradiation studies.

In reality, the threshold energy in a crystal is
anisotropic, and typically defect production is,eas-.
iest for recoils near close-packed directions. " If

B. Projectile-target interaction and damage function

To evaluate the integrals in Eqs. (9) and (11}ex-
plicitly, the stopping power and the scattering
cross section must be known. We have adopted the
differential scattering cross section based on the
Thomas-Fermi potential as formulated by Lind-
hard et al." (cf. Latta and Scanlon, ")

d&r ~a'PE p~(t'~')
dT 2 t'I ' (13)

Here a =0.8853a,/(Z', ~'+Z22~')'~', where a, is the
Bohr radius, and Z, and Z, are the atomic num-
bers of the projectile and target, respectively;
tt= a'M, /4M, Z', Z,'e', where M, and M, are the at-
omic masses and e is the electronic charge;
t = e'T/T„, where T„=4M,M,E/(M, +M, )'—= yE is
the maximum recoil energy, and c =aM,E/(M, +M, )
Z,Z,e'. The function Sz(t'~') is tabulated numer-
ically in Ref. 31.

It is normally assumed that the Thomas-Fermi
potential adequately represents the interatomic
forces for most radiation-damage applications.
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resulted in a -51-10% lower calculated damage
production for the present irradiations.

%e turn now to a discussj. on of the stopping pow-
ers. The nuclear stopping cross sectionS„(E) may
be calculated from Eqs. (13) and (8). One obtains

S„(E)= (7/a' T„/e)s„(e), (14)

where
a

s„(e)= — $~(C) dk'.
0

The function s„(s) is tabulated in Ref. 31, The
electronic stopping power is not well established
in the energy range of the present experiments
(-0.01 MeV/nucleon). At somewhat higher ener-
gies a semiempirical interpolation scheme based
on the Concept of effectjve charge has proven use-
ful." At low energies, the theory of I indhard and
Scharff" gives a, velocity-proportiona& stopping
power

S, = $,8ve'ao(Z, Z, /Z) t//eo,

where

(15)

R/0

I

4
I

5

Z2/3 Z2/3 Z2/3 ] Zl/6
1 2 -& 1

and u, is the Bohr velocity. Equation (15) is often
recast in the dimensionless form

FIG. 1, Screening function X= 4(R)R/Z&Z&e2 for Al-H
based on (a) Thomas-Fermi potential with Lindhard
screening length and (b) molecular Hartree- Pock calcu-
lation. Potentials are in good agreement for A+a.

In some cases, more sophisticated calculations
of interatomic potentials have been performed. In
Fig. 1, the screening function for Al-8 obtained
from a Hartree-Fock self-consistent-field calcu-
lation" may be compared with the Thomas-Fermi
screening function y(R/a). In the case of energetic
protons incident on Al, the minimum energy re-
quired to produce Frenkel pairs is -120 eV, which
corresponds to X-0.25. It can be seen that, for
energies in this range and above, the agreement
between the Thomas-Fermi potential and the Har-
tree-Fock potential is reasonably good.

Wilson et aL" have calculated interatomic po-
tentials for a variety of systems based on a local
density approach in which Hartree-Fock-Slater
rather than statistical charge densities are em-
ployed. Their results show negative deviations
f rom the Thomas-Fermi screening function at
large separations, similar ta those that appear in
Fig. 1. They have derived a function Sv(t'/'), to
be used in conjunction with Eq. (13), that repre-
sents, in an avexage way, scattering associated
with their calculated interatomic potentials. The
functions S+ and $1, are in good agreement except
at low t The use o.f &'~ rather than f~ in Eq. (11)

s =- —=km
dc
dp

where

0.OV93Z'/'Z~/'(M +M )'/'
(Z'/' Z"')'/'M"'M' '+ 2 - 1 2

p =xn~a'y.

Here x represents length and p is a dimensionless
reduced length. Starting from a different physical
model, Firsov" has derived a similar expression
but with a slightly different proportionality con-
stant A, . Neither the I indhard-Scharff nor the Fir-
sov theories predicts the existence of Z, oscilla-
tions, which are observed experimentally. The
latte'r phenomenon is basically an atomic size ef-
fect.'"" I.ow-energy stopping measurements for
both amorphous carbon" and gold" targets have
been fit to the form

s, =vs~,

where K and p are constants (for a particular pro-
jectile-target combination). The exponent p is an
oscillatory function of Z, for a given target. Its
value is, in some cases, considerably different
from &.

Unfortunately, extensive stopping data of the
type mentioned above"'" is not available for cop-
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per and silver targets. In the absence of such data,
we have employed the I indhard-Scharff stopping
formula and the semiempirical stopping power
tables of Northcliffe and Schilling" in the present
numerical calculations. The calculations of defect
production based on Eq. (11) are most sensitive to
the electronic stopping power in the case of the
light ions, for which nearly all of the incident en-
ergy is dissipated in electronic excitations.

Finally, some remarks are appropriate concern-
ing the remaining factor v, (T) on the right-hand
side of Eq. (11). The modified Kinchin-Pease ex-
pression given in Eq. (12) should be regarded as
a zero-order model rather than an attempt to rep-
resent the exact damage function, which is cer-
tainly more complicated. The primary objective
of the present study is to establish the actual
form of v, (T). In Sec. IV, the damage rates deter-
mined in ion-irradiation experiments are ex-
pressed in terms of a production "efficiency"

5 = ~'(E)/v, (E),
where v' is calculated from Eq. (1) and v&(E) is
the theoretical value obtained from Eg. (11). De-
viations of this efficiency from unity will be dis-
cussed in the light of possible inadequacies of the
modified Kinchin-Pease damage function.

C. Primary recoil spectrum

Ion irradiations at different energies and/or dif-
fer'ent projectile species can be compared in terms

of the spectra of recoil energies. The number of
recoils produced between energies Tand T+dT is
proportional to

'Z(T)dT= d '( ' ) dT,N„S(E) dT

where the normalization constant is given by

dE "s d(r(E, T)
S(ET s dT

In Fig. 2, recoil spectra II(T) = TP(T) are plotted
for four of the irradiations performed in the pre-
sent work. One notes an enormous shift in the
spectra as the mass and energy of the projectile
are increased. It is also of some interest to con-
sider the number of defects generated as a func-
tion of recoil energy. In Fig. 3, we have plotted
the fraction of defects g produced in all recoils of
energy below T',

for the irradiations treated in Fig. 2.
The primary recoil spectrum may be employed

to calculate various averages. For example, the
average energy is given by

(T) = P(T)T dT,

IO

lo0

I- —
1lo

-2
lo

lo lO

H =Ag 20 keV

He~Ag 40 keV

0 Ag l50 keV —-—-
Ag 720 keV ~ ~ ~ ~ ~ ~ ~ ~ ~

' ~

e

! !

IO

FIG. 2. Primary recoil
spectrum II= TP(T) calcula-
ted for several types of radia-
tion employed in the present
experiments. The change in
the particle mass is mainly
responsible for the shifts in
the recoil spectrum.

T (eV)
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FIG. 3. Fraction of defects
produced in cascades initiated
by recoils of energy below T.
Calculations for four types of
irradiation are shown.

0.2—

T(eV)
i04

Another parameter of interest, which we refer to
as the weighted-average" recoil energy, is given
by '

(T ) =-— P(T)v, (T)TdT .1

v&(&)
(18)

The quantity (T ) is somewhat greater than (T),
since, in Eq. (18) recoils are weighted by the dam-
age function v, (T), which increases with energy.

Unfortunately, the recoil spectrum cannot be
fully characterized by a single parameter, such as
(T) or (T ). However, these parameters do give
a measure of the hardness of a given recoil spec-
trum. One can argue that (T ) is more significant
than (T), since physically observable quantities de-
pend on the number of defects produced and high-
energy recoils create more defects than those at
low energy. In Sec. IV, the variation of efficiency
$ as a function of.weighted-average recoil energy
(T ) is discussed.

D. Surface losses

The random- collision calculations described thus
far apply to an infinite solid. Ion-damage experi-
ments, however, are generally performed on thin-
film specimens. We consider now to what extent
the present experimental results are affected by
losses to the specimen surfaces. This problem
can be addressed theoretically by transport calcu-
lations of the depth distribution of energy deposi-
tion. '"~ Such calculations permit the estimation
of energy reflection at the front surface and energy
transmission through the back surface. In the en-
ergy range of the present experiments (e-1-5) the
losses by both transmission and reflection are sub-
stantial only for light-ion irradiation. The losses

by reflection, in the case of 20-keV-proton irradi-
ation of Ag, are &10%%uo, according to the transport
calculations by Weissmann and Sigmund" and the
Monte Carlo computer simulations by Robinson
and Agamy. " 'The energy reflection is considerably
smaller for heavy ions. Considering a wide range
of projectile-target combinations, Winterbon" cal-
culates sputtering efficiencies of only a few percent
in the energy range of the present work. Measured
reflection coefficients by Bottiger et al. '6 are in
reasonable agreement with the predictions of trans-
port theory.

Losses by transmission may also be consider-
able for l.ight ions because of the pronounced range
straggling for such irradiation. Figure 4 shows
damage energy profiles for 40-keV He and 950-keV
Ag ions incident on an Ag target. The curves were
obtained by scaling drawings given in the mono-
graph of Winterbon" to the appropriate projected
range, which is -1400 A. in both cases. One ob-
serves that the damage energy straggling is much
greater for He than for Ag irradiations, although
the peak positions are approximately the same.
For a film of thickness t =2800 A, integration of
the area under the curve for x&t indicates that
&10%%uo. of the beam energy for 40-keV He is lost by
transmission.

We estimate that, for the present experiments,
surface losses are at worst of the order of 10%-
20%%uq for the light iona and are considerably less
for the heavy ions.

IV. RESULTS

Results of irradiations on Ag and Cu targets are
given in Tables I and II, respectively. As men-
tioned earlier, the energy for the majority of the
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FIG. 4. Damage-depth dis-
tributions for two types of irra-
diation. Although the mean pro-
jected ranges are essentially the
same, losses to both the front
and back surfaces (at x=2800 A,
say) are greater for the light-
particle irradiation. Curves are
based on figures given in Winter-
bon's monograph.
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irradiations was cliosen such that (A~) - 2t. Inthe-
case of some of the heavy projectiles, however,
the maximum energy available on our accelerator
corresponded to a lower projected range. The pro-
jected range (R&) was estimated from interpolation
formulas proposed by Schiott. " The resistivity
damage rates d&p/dQ that appear in the tables have
been corrected for boih size effect and radiation
annealing, as described in Sec. IL Equation (1)
was employed to calculate v&, the number of Fren-
kel pairs per incident ion. Damage efficiences
that correspond to the I indhard-Scharff stopping
formula and to the Northcliffe-Schilling stopping
power tables are denoted f~ and $"s, respectively.
These quantities are calculated on the basis of Eqs.
(11), (12) and the values of v~ given in the tables.
The uncertainty in the thickness determination is
-10%%uc for most specimens. For specimen n'os. 2

and 3, special care was taken to determine the
thicknesses to an accuracy of ~5%. It is seen that
agreement between results for these specimens is
quite good, although the thicknesses differ consid-
erably.

Efficiency is plotted versus weighted-average
recoil energy (T ) for Ag and Cu in Figs. 5 and 6.
The curves in these figures correspond to the data
in Tables I and II, respectively. In those cases in
which data are given for more than one specimen,
the average value is plotted. One observes similar
trends for both metals; g decreases monotonically
as (T ) increases and approaches an apparent pla-
teau at high (T„). It was noted in Sec. III, that in
the case of light ions, the calculated damage rates
v~(E) are sensitive to the electronic stopping power.
This feature i,s reflected in the relatively large

values of the difference $~ —$~ that occur for the
light-ion irradiations. Nevertheless, the trend of
decreasing efficiency with increasing (T ) is ob-
served regardless of the particular stopping-power
model that is employed.

It is interesting to compare the efficiencies for
light ions that are stopped within the specimen with
those obtained in transmission experiments. " The
analysis of the latter type of experiment is insensi-
tive to the assumed stopping power. The bottom
entries in Tables I and II correspond to ion trans-
mission. One can see that the efficiencies for
stopped and transmitted H and He ions are in rough
agreement despite possible errors in the assumed
stopping powers.

As discussed in Sec. III, no single p3,rameter
such as (T„) completely characterizes the recoil
spectrum. We have selected (T„)as a convenient
scale by which to compare the results of different
irradiations, e.g. , in Figs. 5 and 6. However, one
may equally wel. l correlate efficiency with other
parameters. In Tables I and II, values are given
for (a) the recoil energy T,&, below which half the
defects are produced [ri(T,~,)= 0.5], (b) the maxi-
mum stopping power S„*, calculated from Eq. (14),
and (c) the fraction of defects produced below
T =2 keV. (f' was identified in Ref. 11 as the ap-
proximate energy at which a transition occurs
from high efficiency to low efficiency in Ag. ) All
of these quantities are correlated to the efficiency.

For certain projectiles, damage rates have been
measured B,s a function of energy. The "apparent"
energy dependence of efficiencies obtained for He
irradiations of Ag are plotted in Fig. 7. For ener-
gies above -60 keV, a considerable fraction of the
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TABLE II. Damage data for ion irradiations of copper.

Specimen Projectile E (keV) d4 p/dQ (0 cm3) Ve
$ g

&T„,& (keV) T&y2 (keV) g (2 keV) (eVcm /atom)

4He
VLi
$2C

14N

$8O

22Ne

4'Ar
MFe
"Cu
"Kr
10'|A

208B ~

17
35
54

100
115
130
160
320
270
500
520
560
855

0.52x10 2~

0 55x10-20
1.15x 10 20

2.13x 10
2.46x10 "

x ]0-20

3.78x10 2

0.71x 10""
0.62x10 ~~

1.09x 10-19

1.29x10 i

1.46 x 10
2.41x10 ~8

6.8
58

122
226
262
304
400
750
658

1143
1373
1535
2539

1.18 1.21
0.89 1.05
0.78
0.58 0.67
0.54 0.62
0.52 0.58
0.48 0.51
0.39 0.39
0.34 0.33
0.34 0.34
0.36 0.35
0.36 0.34
0.37 0.36

0.123
0.680
1.67
4.91
6.38
7.99

12.28
31.82
33.87
56.03
62.31
68.78
88.54

0.065
0.265
0.636
1.81
2.43
3.03
4.92

12.6 9
15.45
23.54
27.13
32.54
44.89

1.00
0.90
P.74
0.53
0.47
0.42
0.34
0.21
0.18
0.15
0.13
0.12
0.095

1.18x10 ~5

9.06x10 ~5

1.88x10 ~4

6.58x10 ~4

8.60x10 ~4

1.08 x 10-13

1.69x10 '3

4.24x10 ~3

6.89x 10
8.18 x 10 $3

1.12 x 10-12
10-12

2.94x ]p"~2

H

He
150
260

0.75 x 10-22

0.64x10 2~

Transmission

~ ~ ~ p 78
p 6p

1.191
5.740

0.335
1.216

0.80
0.57

pecimen thicknesses are: for no. 9, 2.48 x 10 cm, for no. 8, 2.50 x10 cm, and for no. 7, 3.10 xlp cm. All
specimens are polycrystalline.

Damage rate corrected for resistivity of H, which is assumed to be 1.5x10 ~/0 cm/at. % [W. H. Wamplerj,
T. Schober, and B. Lengeler, Philos. Mag. 34, 129 (1976)) .

dv~ o(E)
dE S(E) (19)

where

beam energy is transmitted through the back sur-
face of the specimen, which was 2800 A thick. For
energies below this value, the energy dependence
of the efficiencies is roughly consistent with'the
slope of the curve in Fig. 5 at equivalent values of
(T ). The open circles represent efficiencies cor-
rected for losses to the back surface. The correc-
tion factors were obtained from damage-energy-
distribution curves generated by the RASE3 and
DAMG2 codes developed by Brice." In the latter
calculations, the electronic stopping was repre-
sented by the Lindhard-Scharff formula.

Efficiencies obtained for Ne and Ar irradiations
of Ag at several energies are given in Table III.
One observes that the efficiencies are nearly con-
stant. In the energy range considered, losses to
the back surface are negligible. The relatively
constant efficiencies for Ne and Ar are consistent
with the results in Fig. 5, since only small inter-
vals in (T„) are spanned at the irradiation energies
listed in Table III.

The energy dependence of damage rates can be
used to calculate approximate stopping powers,
provided losses to the surfaces can be ignored.
Differentiating Eq. (11) with respect to E and sub-
stituting Eq. (16), we obtain

ir(Z)=J v, (T'}AT.
g

(20),
de, dE

The quantity dv~/dE can be calculated by differenti-
ating Eq. (1) and using the energy dependence of

H
I.O

I I I I I IIII I I I I I III I I I I I I II)
SILVER

~ NORTHCLIFFE-SCHILLING ELECTRONIC STOPPING

0,8

0.6

0.4

0,2—

I I I I I I III

10

I I I I I I III

IO

(T„& (eV)

Fe
pw

Ar

I I I I IIII
IO

FIG.. 5. Efficiencies obtained for ion irradiations of
Ag, based on Lindhard-Scharff electronic stopping and
on Northcliffe-Schilling electronic stopping. Ion energies
are given in Table I. In cases in which more than one
measurement is listed in the Table, the average value is
plotted.

Decomposing the stopping power into electronic and
nuclear components S =S„+S„wecan rewrite Eq.
(19) in the form
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FIG. 6. Efficiencies ob-
tained for ion irradiations
of Cu based on Lindhard-
Scharff electronic stopping
and on Northcliffe-Schilling
electronic stopping. Ion en-
ergies are given in Table II.
Values plotted correspond to
specimens 7, 8, and 9.

0 ~
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experimental damage rates. The efficiency $(E)
corresponds in principle to the irradiation of a
film of infinitesimal thickness. If a value for this
parameter is known and S„ is calculated from Eq.
(14), then EIl. (20) can be evaluated to obtain the
electronic stopping power. This procedure was
employed to analyze the results for Ne and Ar ir-
radiations of Ag. Values of S, calculated from Eq.

(20) were of the same order of magnitude as those
given by EIl. (15) and the Northcliffe-Schilling tab-
les. However, the present stopping powers show a
somewhat more rapid energy dependence (p & T)
than the usual velocity-porportional forms. A
more complete report on the above stopping-power
analyses will be given elsewhere.

We return now to the question raised at the con-

577 755
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shaggy
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0 CORRECTED FOR LOSSES TO BACK SURFACE——PREDICTION BASED ON FIG. 5 FIG. 7. Efficiency as a func-

tion of energy for He irradiation
on a 2800-A Ag target. The Lind-
hard electronic stopping function
is employed. The closed circles
show the results uncorrected for
losses to the back surface. The
open circles show efficiencies
corrected for back-surface losses
on the basis of depth-distribu-
tion curves generated by the Brice
code, DAMG2.
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TABLE HI. Energy dependence of the damage efficiency for neon and argon irradiation of silver.

Ar

Energy (keV)
gL

140
0.32

160
0.35

180
0.34

200
0.35

240
0.355

280
0.37

320
0.38

360
0.36

490
0.35

460
0.365

Energy (keV)
gL

100
0.385

150
. 0.39

175
0.40

200
0.39

225
0.40

250
0.395

275
0.40

elusion of Sec. II, i.e., whether the analysis based
on Eq. (1) is valid inthe presence of nonhomogeneous
defect distributions such as those exhibited in Fig.
4. In this regard, it is important to bear in mind
that the electronic mean free path is greater than
the film thickness. Accordingly, the electrical
resistivity increment &p is expected to be propor-
tional to the total number of scattering centers
(i.e. , defects) but insensitive to their arrangement
on a scale fine r than the mean free path. The fol-
lowing observations tend to confirm this expecta-
tion: (a) The Frenkel pair production v' deduced
from Eq. (1)was found essentially independent of
the specimen thickness (cf. Table I). (b) The effi-
ciencies for Ar and Ne irradiation of Ag were
nearly constant as a function of energy over a wide
energy interval (cf. Table III). When the projectile
energy is varied, the damage distribution changes
correspondingly; if the analysis were extremely
sensitive to the damage distribution one would ex-
pect a large variation in the efficiency as a func-
tion of energy, contrary to the results shown in
Table III. (c) The efficiencies calculated from Eq.
(1) were found to be insensitive to the sequence of
projectiles selected for irradiation of a given spec-
imen. Thus the efficiency determined for a given
projectile apd energy was essentially independent
of the previous history of the specimen. Fox all of
these reasons, ze believe that inhomogeneity in the
damage distribution does not strongly influence our
results and need not be taken into account explicitly
in the analysis. There may indeed be certain lim-
iting cases in which the inhomogeneity wopld have
greater importance, for example, if the damaged
region were confined to a thin layer close to the
surface. We note that the efficiencies for the ser-
ies of Ar irradiations of Ag at energies 160-460
keV were )=0.360+0.02, i.e. , +5% (cf. Table III),
whereas the efficiency for the 140-keV irradiation
was 12%%ug lower than the mean. It is possible that
this low value is a result of damage inhomogeneity
since (B~) is only =0.2f in this case. For all of the
irradiations listed in Tables I and II, (R&) is con-
siderably greater than 20%%uz of the specimen thick-
ness.

V. DISCUSSION

The present technique permits damage efficien-
cies that correspond to a wide variety of recoil .

spectra to be determined within the framework of
a single experiment. As the projectile mass in-
creases (while the energy is adjusted to keep (R~)
constant), the recoil spectrum is shifted to higher
energies, as reflected, for example in values of
(T ) given in Tables I and IL The main objective
of the present work was to determine the effect of
this recoil-spectrum shift on the defect-production
efficiency.

It has been known for some time that the defect-
production efficiency associ. +ted with high-energy
recoils produced, for example, by fast-neutron ir-
radiation is lower than that for recoils near the
threshold. ". However, the behavior of the efficien-
cy between these two extremes as well as the un-
derlying physical mechanisms is not well under-
stood. The present experiments span the range be-
tween quite soft and extremely hard spectra and
therefore shed some light on this behavior.

We consider first the limit of low (T ). The de-
crease in efficiency with an increase in (T ) in
this limit (cf. Figs. 5 and 6) indicates that the dam-
age function given in Eq. (12) increases too rapidly
at low T. Table IV giv-es the ratio of the number of
defects v~(E) to the calculated number of recoils
above threshold Nz(E) for light-ion irradiations of
Ag. One observes that this ratio is close to unity
and almost the same for the He as for the H irradi-
ations. This indicates that the proportion of mul-
tiple-displacement events does not increase as
rapidly with (T„)as predicted from the model
based on Eq. (12). Therefore, a damage function
that rises more gradually at low energy would be
more realisitc than Eq. (12).

Information concerning v, (T) near the threshold
energy can also be obtained from both electron ir-
radiation experiments and computer simulation
studies. A few attempts have been made to fit v, (T)
directly to electron damage data. O' However,
such a procedure does not yield a unique damage
function, and the results obtained thus far are not
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TABLE IV. Damage data for light-ion irradiations of Ag.

Projectile
Energy

(keV)
Cg

(eV)
~ i/2

(eV)

H

D
3He
'He
4He

20
20
40
40
30

120
190
450
580
490

74
98

201
255
230

2.86
8.3

20.2
26.9
25.4

0.90
0.93
1.04
1.04
1.08

0.79
0.71
0.61
0.56
0.60

Calculations based on Lindhard-Scharff stopping power.

conclusive. It may be significant, however, that
Wollenberger and co-workers"'" obtained a dam-
age function for Al that is quite flat at low-recoil
energies and begins to increase more rapidly only
at -1'75 eV, which is more than six times the value
of E„ for Al recommended by I ucasson. "

The behavior of v, (T) has also been studied by
computer simulations of the type developed at
Brookhaven. "" Such computations involve the
numerical solution of Newton's equations of motion
for a crystallite in which one atom is given an ini-
tial "knock-on" energy T. A recent dynamical sim-
ulation study for Cu has been performed by Schiff-
gens and Bourquin. " They considered twelve cry-
stallographic directions and treated knock-on en-
ergies up to 200 eV. The number of stable defects
produced at each energy, averaged over direction,
are plotted in Fig. 8. The results suggest a dam-
age function that is more complicated than Eq. (12)
and has at least tmo "steps. "

We discuss now the efficiency at high (T„). One
observes in Figs. 5 and 6 that the efficiency de-
creases to a limiting value of -3 for the heaviest
projectiles employed. It is interesting that an
apparent plateau occurs &n the efficiency for heavy
projectiles; very little change in the efficiency is
observed for ions heavier than Ne. We shall refer
to this behavior as "saturation" of the efficiency.
Considering the values of T,&, for the Ne irradi-
ations, it is evident that the limiting efficiency is
reached at recoil energies of a few keV.

A satisfactory understanding of the saturation of
the efficiency mould require an explanation of why
the modified Kinchin-Pease model greatly overes-
timates the defect production for energetic cas-
cades. The latter question has been an outstanding
issue for many years. One mechanism that may
be relevant will be referred to, loosely, as the
thermal spike. According to this concept, recom-
binations of close Frenkel pairs are induced by
agitation in the cascade region following the initial
displacernent spike. Such recombinations are at
least partially responsible for the small amount of
stage-I annealing that is associated with cascade
damage. ' The effectiveness of cascade-induced

I 1 I I I

MODIFIED K I NCHI N —PEASE

DYNAMICAL SIMULATION BY
SCMIFFGENS AND BOURQUIN

I

25
I I I

50 75 IOO I25 I50 I 75 200
T(evj

FIG. 8. Modified Kinchin-Pease model employed in
the present work is compared with results of recent dy-
namical simulation studies by Schiffgens and Bourquin.
[A slight discontinuity in v(2E~) that occurs in Eq. (12) is
not shown. ]

thermal spikes in the promotion of close-pair re-
combinations was confirmed in recent radiation-
annealing studies. " Additional evidence for the
thermal-spike mechanism was obtained in a
Brookhaven-type dynamical simulation study of a
2.5-keV cascade in %." It was found that two-
thirds of the defects observed in a binary-collision
simulation (which does not include the thermal
spike) of the same cascade are unstable with re-
spect to thermal- spike recombination.

Regardless of whether thermal-spike recombin-
ations are responsible for the low efficiencj. es ob-
served, it seems likely that the efficiencies are
intimately connected with the energy density in
cascades. If this is assumed to be the case, the
phenomenon of saturation of the efficiency can be
plausibly explained in terms of subcascade for-
mation. Thus, the cascades generated by recoils
above a certain threshold decompose into more or
less distinct regions (subcascades) with higher than
average defect density. " The higher the recoil
energy, the greater the number of subcascades
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generated; however, the energy density and the
damage efficiency for each individual subcascade
are relatively constant.

According to these considerations, the efficiency
for fission fragments, which generate large num-
bers of subcascades along their tracks, should be
comparable to those obtained for heavy ions in the
present work. Recent fission-f ragment experi-
ments" on Cu have yielded an efficiency of -0.35,
in excellent agreement with the results in Fig. 6.
One also expects that the efficiencies associated
.with fission neutrons (which produce recoil ener-
gies T -50 keV and fusion neutron's (T-200 keV)
should be similar. This has indeed been found
to be the case for several fcc and bcc metals. "' '

energies relatj. vely close to the displacement
threshold, and (b) the efficiency apparently satur-
ates for recoil energies above a few keV. The un-
derlying physical mechanism for the deviations
from Kinchin-Pease is still not satisfactorily un-
derstood. . We believe the thermal-spike mechan-
ism to be important in this regard, but other fac-
tors may also be involved, particularly at recoil
energies near threshold.

The possibility of using the present techniques to
study the electronic stopping power has been out-
lined in Sec. IV and is currently under additional

investigation.
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