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Transmission sputtering by heavy ions
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Transmission sputtering yields of single and polycrystalline gold foils have been measured as a function of
thickness in the range 250-5000 A for bombardments with 560-keV Bi, 400-keV Ag, 200- and 400-keV Ar,
and 50-keV He ions. Good agreement is found between the yield curves for polycrystalline and single-
crystalline targets oriented in a high-index (random) direction. Calculated distributions of energy deposition
in an amorphous target compare well with regard to the position of the maximum in the sputter yield.
Absolute yields in the vicinity of the peak are generally in better agreement with yields calculated by Monte
Carlo simulation for finite targets than with yields calculated on the basis of transport theory in an infinite
solid. Compared with theory, all measured yield curves exhibit considerable enhancement at great depths.
Sputter-yield distributions for a beam of 560-keV Bi ions along (100) are in qualitative agreement with
channeling theory. From a comparison with the random sputter-yield distributions, it can be concluded that
channeling of such heavy projectiles causes a relatively minor reduction (& 40%) in the total amount of
energy that goes into nuclear motion.

INTRODUCTION

Great effort has been expended in recent years
to investigate the behavior of materials, especially
metals under neutron and heavy-ion bombardment,
in an attempt to simulate conditions encountered
by materials in present and future nuclear re-
actors. Knowledge of the spatial distribution of
energy deposited in the solid under irradiation is
of fundamental interest in the understanding of
radiation damage and related phenomena such as
sputtering.

To date, many of the experimental measure-
ments on distributions of damage (i.e., the dis-
order remaining in the solid after dissipation of
the energy) pertain to those visible with the par-
ticular detection technique used. Thus, results
compared with the distribution of energy dePosition
are prone to errors, due to the effects of defect
formation, migration and detectability, which are
not always well understood.

At least for the case of metals under heavy-
particle irradiation, the sputtering yield, i.e., the
number of ejected target atoms per incoming ion,
is thought to be directly proportional to the ener-
gy deposited at the. surface of the solid in the
form of target nuclei motion as a result of a col-
lision cascade. '

For normal incidence of an ion of energy E on
a target, the forward or backward sputtering. yield
S from a surface located at X is given according
to Sigmundx by

s(x, z) =AE(x, z),
where the factor A —= 8/4m'NC~UO contains param-
eters describing target properties only. Here
N is the density of target atoms, U, is the surface

binding energy, and Co is a constant that depends
on the interaction potential between target atoms.
When taking U, as the sublimation energy and C,
from a Born-Mayer-type potential, ' A = 0.187 (A/
eV) for the Au targets considered in the present
experiment.

The ion-target interaction is reflected in the
energy-deposition function E(X,E) With E(X., E)
calculated on the basis of linear transport theory
applied to an infinite target, Eg. (1) has been used
successfully' to describe a number of back-sput-
tering yields, that is S(X=0).

It has been shown"' that, by measuring the sput-
tering yield in transmission as a function of tar-
get thickness, the distribution E of energy deposi-
tion can be obtained, particularly the deep pene-
trating tail of the distribution for which deviations
due to the finite target thickness are less severe.
The collision cascade cannot fully develop when the
target thickness is of the order of or less than
the mean projected range of the bombarding par-
ticles in an infinite solid. Despite this, even for
targets thinner than the projected damage range,
fair agreement among experimental' transmission
sputtering yields versus target thickness and theo-
retical" distributions of energy deposition has
been found for the case of 6-MeV Au" and 500-
keV Ar' bombardment of Au foils.

It is the objective of the present communication
to report suitable experi. ments that demonstrate
the power and limitations of transmission sput-
tering as a technique to determine the distribution
of the energy deposition.

The range of ion species and energies was cho-
sen to elucidate some apparent discrepancies be-
tween theory and experiment. For heavy ener-
getic ions (i.e., 500-keV self-tons in Au), some
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dechanneling' experiments seem to suggest dam-
age distributions with ranges up to three times
those expected from theory. Transmission-elec-
tron microscopy (TEN) observations indicate
that the peak of the damage is at slightly greater
depths than predicted by the random theory' and
the mean damage depth is greater than the most
probable depth. ' In addition, backscattering ex-
periments with molecular ions' indicate that non-
linear effects may be significant in such dense
cascades.

Sputtering by light ions in the lower keV energy
region is of special interest in connection with
fusion-reactor technology. Reliable experiments
are scarce and large deviations from theory"'
are not uncommon. Thus, some experiments
were performed with He' at 50 keV (the lowest
feasible energy with our accelerator). The ex-
periments performed with Ar and Ag ions not
only probe the deposited energy densities for cas-
cades in between the self-ion and light-ion case
but also permit comparison with previous sput-
tering experiments.

EXPERIMENTAL

The sputtering yield was measured by collecting
the sputtered material on carbon foils and then
analyzing the deposit by He-ion backscattering
(for a review of this technique see Ref. 9). The
backscattering method" was chosen first for its
high sensitivity, which is essential for thin-film
transmission sputtering where only a little target
material is available and second for the fact that
the analysis can be performed in situ, which
permits several successive experiments with the
same target. At our typical operating conditions
for backscattering analysis (10 ' A of 200-keV He'),
a deposit of 2 && 10"atoms/cm' (i.e. , 10 ' mono-
layers) Au on 200- to 800-A-thick carbon collec-
tors could be determined to an accuracy of better
than 20% within 10' sec. Thus with the present
collection geometry and assuming a cosine emis-
sion of sputtered material, only 10 ' monolayers
of the target have to be removed for one measure-
ment. Irradiation fluences ranged from -10" ions/
cm'. for 560-keV Bi to -10'G ions/cm' for 50-keV
He. These fluences are considerably smaller than
in most previous sputtering experiments, and
systematical errors due to ion implantation, seg-
regation, and surface roughening are kept small.
The problems of collection efficiency and resput-
tering, inherent to this method, were previously
shown~ to be insignificant for the system Au on
carbon.

The experiment was performed at the 300-keV
heavy-ion accelerator at Argonne National Labor-
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FIG. 1. Schematic showing the experimental arrange-
ment of the transmission-sputtering experiment.

atory. The setup used is shown schematically in
Fig. 1. The magnetically analyzed beam was col-
limated with two pairs of slits and an annular Far-
aday cup acting as the final aperture. The beam
was scanned to assure uniform beam intensity over
the annular cup. The increased beam divergence
(0.05') could be tolerated since critical angles
for channeling are &4 for all ion-energy combi-
nations in the present experiment. For calibration,
an additional Faraday cup could be moved into
the beam behind the annular cup. The fluence was
measured to an accuracy of better than 3%. Sput-
tering and backscattering analysis was performed
in an ion pumped target chamber operating at 10 '-
Torr base pressure, rising to 10 ' Torr as a re-
sult of predominantly rare gases during beam op-
eration. Au targets and carbon collectors, five
each at a time, were mounted on a three-axis
goniometer. Two axes were used for orientation
of the target with respect to the beam, while, on
the third axis, the wheel holding the collectors
could be rotated against the targets. During
sputtering the distance between target and col-
lector was 1.5 +0.1 mm. Through translation
6f the entire goniometer assembly, any of six
positions could be brought into the beam. One
position on both the target holder and the collector
wheel was left empty to allow backscattering an-
alysis of the collectors and target alignment, re-
spectively. Particles backscattered by 150' were
detected by a surface barrier detector with 10-keV
energy resolution for 200-keV He ions. The back-
scattering analysis was calibrated by means of
thin film standards from electron-probe analysis"
(EPA) to an absolute accuracy of better than 10/o
In order to resolve Au deposits from possible de-
posits of transmitted Bi or Ag atoms, some
collectors were also analyzed by EPA after the
sputtering experiment.

Details of the preparation and structure of the
single-crystal film have been described previous-
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ly, ' the only difference being that the targets for
the present experiment were grown under im-
proved vacuum conditions. The targets were pre-
pared in an ion pumped vacuum system by vapor
deposition on silver-coated rocksalt or glass sub-
strates. The polycrystalline foils had grain sizes
&1 p, m, and no texture could be seen by electron
diffraction. After dissolving the Ag in dilute nitric
acid and washing in distilled water, the films were
picked up directly on aluminum disks with a 1-
mm-diam aperature hole. Up to -1000 A, films
could be obtained that were stretched flat by sur-
face tension. Thicker films usually had wrinkles,
but the films could be stretched" by a small dose
(10" ion/cm') of heavy-ion bombardment. The
target thickness up to 2000 A was measured by
three methods; gravimetry, measurement of the
energy loss of 400-keV He ions &s situ before and
during sputtering, and electron-probe analysis
after the experiment. Above 2000 A only gravi-
metry was used. The absolute accuracy of the

thickness determination is better than 10% and
the relative accuracy better than 5%. To remove
adsorbed contaminants from the target surface,
sputter cleaning by 200-keV He or 400-keV Ar
ions in transmission was employed prior to the
sputtering experiment. For the He and Ar ex-
periments, an increase in the yield up to a factor
of 2 was observed until-about one monolayer of the
target was cleaned off, similar to previous ob-
servations of Au sputtering by low-energy ions". "
For the Bi- and Ag ions, however, the sputtering
yield did not change within experimental error.
To avoid additional damage before the experiment,
this cleaning procedure was omitted in the case
of Bi sputtering from aligned samples. Combined
Auger-electron spectroscopy (AES), low-energy
electron diffraction (LEED), and molecular-beam
scattering has previously shown that an Au surface
once "clean" remains in that condition for several
hours, even in a moderate vacuum of 10 ' Torr,
provided the vacuum is free of hydrocarbons.

The single-crystal foils were aligned visually
by observation of the star pattern of the trans-
mitted He beam'on a fluorescent screen. This
procedure proved as accurate as alignment by He
backscattering but was much faster and a lower
fluence (i.e., 10'~ ions/cm') of He ions was re-
quired, thus reducing initial damage. For the
single-crystal experiments in random orientation,
special care was taken to avoid planes and minor
axes. An orientation 15' off the (100) axis in a
zone 22' off the (100) zone (see inset in Fig. 5)
was maintained to &.5 for all random experi-
ments.

RESULTS AND DISCUSSION

Typical examples of the amount of transmi, ssion
sputtered material versus bombarding fluence
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FIG. 2. Transmission-sputtered material as a func-
tion of irradiation fluence for 560-keV Bi ions on Au
single crystals.

FIG. 3. Transmission-sputtering yield as a function of
target thickness for 560-keV Bi on Au.
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FIG. 4. Transmission-sputtering yield as a function of
target thickness for 400-keV Ag on Au.
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are shown in Fig. 2 for 560-keV Bi" irradiation
of two (100) Au foils of different thicknesses. Only
the counting statistical errors of the backscatter-
ing analysis are indicated as error bars. Although
linearity within these errors is found for all ex-
periments on single-crystal targets in random
orientation and on polycrystals, deviations are
observed for (100) oriented targets at fluences
above -10" ious/cm'. TEM observations"" have
shown a dense network of defect clusters after
irradiation with similar fluences of 560-keV Au

ions. Thus, deviations of the sputtered amount
versus fluence above or below the linear relation-
ships in Fig. 2 for thin or thick targets, respec-
tively, may be interpreted qualitatively as evidence
for increased dechanneling at defect clusters. The
slope of the initial linear portion of the curves
was taken as the experimental sputtering yield.

Transmission sputtering yields as a function of
target thickness X are presented in Figs. 3-7.
Individual error bars show the statistical errors in
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FIG. 6. Transmission-sputtering yield as a function
of target thickness for 200-keV Ar on Au.
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the trace analysis and the maximum absolute error
of the thickness determination at both ends of the
distributions. To calculate the amount of sputtered
material from the measured deposit on the col-
lector, the angular distribution of the flux of sput-
tered particles must be known. Due to lack of
experimental data for transmission sputtering
we have assumed a cosine distribution as expected
from theory' and from Monte Carlo simulations
for a "random" target. To check this assumption
the distance between target and collector (1.5
+O.l mm for most experiments) was altered from
0.5 to 5 mm for a few experiments on polycrystal-
line samples. The sputter yields obtained were
consistent with a cosine distribution. The un-
certainty in the collection geometry could yield
an error of 15% in S. Thus, the absolute accuracy
of the sputtering yield is estimated to be 20/&,
which was also found to be the limit of reproduc-
ibility. The broken lines along the experimental
points are only intended to guide the eye. Included
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FIG. 5. Transmission-sputtering yield as a function of
target thickness for 400-keV Ar on Au.

FIG. 7. Transmission-sputtering yield as a function
of target thickness for 50-keV He on Au.
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in Figs. 3-V are calculated sputter yields for
"random" targets. The thick solid lines represent
yields based on Eq. (1) with E(X) as calculated by
transport theory in an infinite target (WS)"' To
account for the effects of finite target size, Monte
Carlo simulations'~' ' were carried out %'hich fol-
low the particles through the target until they
leave through one of the surfaces or until they are
stopped inside the target. The first approach
(BASIC TRIM) registers the kinetic energies trans-
ferred from the incident ion to the first generation
of target recoils. From the values of the energy
deposit at the surface for targets of different
thickness sputter yields are calculated again with
Eq. (1) (thin solid lines. Figs. 3-7). The second
approach (SPUTTER THEM) follows the histories
of all knock on atoms. In addition to the energy
deposit, the number of target particles crossing
the surface per incoming ion is calculated (dashed-
dotted lines in Figs. 3-7).

The BASIC TRIM code does not take into account
the transport by recoils. Thus particularly for the
heavy ions Bi and Ag (Figs. 3 and 4) at high ener-
gies, that is at low-target thickness before the
ions have been slowed down, we note a marked
difference in'the shape of the curves compared
to transport theory and SPUTTER TRIM calcula-
tions. However, for lighter ions and at lower
energies, the BASIC TRIM calculations give yields
close to the SPUTTER TRIM results (see, for
example, Fig; 7), thus improving transport theo-
ry" by allowing for finite target thickness and
with an order-of-magnitude shorter computation
times compared to SPUTTER TRIM.

The computer program utilized here is particu-
larly fast through energy dependent free flight
paths, analytic evaluation of scattering angles,
and maintaining only directional information with
respect to the surface normal. A Thomas-Fermi-.
Moliere interaction potential is used and the elec-
tronic stopping formulation of Lindhard et al."
is employed except for knock-ons below 500 eV
for which electronic stopping is neglected. Par-
ticles which are sputtered have to overcome a
planar surface barrier, E~&UO with Uo 4 e7',
the sublimation energy for Au. Further details
of the Monte Carlo simulation are described in
Hefs, 14 and 15.

ION BEAM IN RANDOM ORIENTATION

The following observations were made when
the sputtering was performed with the ion beam
incident on a single crystal 15' off (100) (random
orientation as described above) or on a,poly-
crystalline specimen.

(i) Within experimental error, no difference in

transmission-sputtering yield was observed be-
tween experiments on (100) foils in random orien-
tation and polycrystalline foils.

(ii) All distributions show a tail that falls off
roughly exponentially and penetrates far deeper
than expected from random cascade theory. This
tail is thought to be due to a small number of ions
that become channeled. The magnitude of this ef-
fect is similar in single and polycrystalline tar=
gets. This is to be expected when, as in the pres-
ent experiments, the grain size in the polycrystal-
line targets is larger than the foil thickness. It
should be noted that, when the experimental and
theoretical distributions are compared, the total
excess energy in the tail increases as the ion
mass increases, but is still &20% even for Bi on
Au.

(iii) Within experimental error, the maxima
positions of the distributions agree with the cal-
culations for amorphous targets. For the experi-
ments with Bi and Ag, the maxima are not well
defined due to lack of experimental points at small
target thicknesses. Nevertheless, it is clear that
quite long damage ranges, i.e., up to three times
the theoretical values, seen by Pronko and co-
workers' are not observed in the present experi-
ment. In this connection, it should be noted that
the present experiment, in contrast to other meth-
ods, for observing displacement energy deposition
is not sensitive to damage saturation nor defect
migration effects. Particularly when irradiations
are carried to high doses and are performed at
finite temperatures, both of these effects can
result in damage distributions that are substan-
tially different from the as-deposited displace-
ment density distributions.

(iv) The absolute values of the experimental
yields near the peak are in much better agreement
with the proper Monte Carlo simulations using
SPUTTER TRIM' than with the yields calculated
with the BASIC TRIM code" or with transport theo-
ry.4" The differences are mainly due to the loss
of primary particles and recoils through the foil
surfaces. For 400-keV Ar and 400-keg Ag ions,
the agreement is good. Compared to the trans-
mission sputter yield for 500-ke7' Ar on Au as
measured by Bay ef al. our yield for 400-keg Ar
is smaller by a factor 2 to 3, although from the
difference in energy a slightly larger yield is ex-
pected. This discrepancy could be due to the fact
that the irradiation fluence used in the present
experiment is lower by at least a factor 10'. This
would be consistent with the increase of sputter
yields with increasing fluence as observed in back-
sputtering yields. "'" EerNisse" has discussed
in detail the dependence of his yields on the flu-
ence. In the present experiment with fluences
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about one tenth of his lowest fluences, hopefully
true low fluence data are obtained, that is only
small changes in surface topography, composition,
and binding energy occur. For 560-keV Bi, the
experimental yields are roughly 50/0 higher than
the simulated yields. For He, the experimental
yields are still approximately four times too low when
compared with the calculated yields. It is inte-
resting to note that a steady increase in the ra-
tio of experimental-to-theoretical yields occurs
when going from 50-keV He to 200-keV Ar to
400-keV Ar to 400-keV Ag and to 560-keV Bi.
Back-sputter yield observations show similar
trends in regard to the deviations from sput-
ter theory. ~" The very low He yields are not
understood at present. It should be pointed out,
however, that the absolute magnitude of our ob-
served He yields at small thickness is consistent with
the 45-keV He back-sputter yield measurements by
ErNisse. "His yield measurements show a strong
increase in yield with fluence, but his lowest dose
point ($„,=0.046), which although taken at a
fluence considerably above our highest one,
nevertheless is only slightly higher than what
could be expected for a back-sputter yield on
the basis of the data in Fig. 7 when taking into account
the influence of finite target thickness. This rather
good agreement seems to indicate that our measure-
ments were taken well within the true low flu-
ence regime. For heavy ions, the trend of in-
creasing yields in the series above is consistent
with an expected increase in collective emission
effects from Ar to Ag and Bi, due to spike phe-
nomena. " It has been suggested that spike phe-
nomena may be associated with high-energy-den-
sity subcascades. '0 Direct evidence for this has
recently been obtained by transmission electron
microscopy which has revealed the existence of
small craters (-5 nm in diameter) formed in in-
dividual energetic displacement cascades in Au."
Such visible craters, while implying an order of
magnitude higher sputter yields from some cas-
cades, nevertheless account for only a small
fraction of the total sputter yield. Their exis-
tence, however, is clear evidence for highly
localized spike phenomena which are also expected
to take place on the submicroscopic level. The
spatial extent of the crater regions is similar in
size to the core of a subcascade and therefore
occupies only a very small fraction of the total
cascade volume. Since spike effects give a greater
than linear increase with energy density, ' fluctua-
tions in the deposited energy density within in-
dividual cascades are important when considering
spike effects. Transport theory refers to the
average distributions over very many cascades
and therefore does not take into account such fluc-

tuations. Qualitatively the observed sputter en-
hancement in Au can be understood if we apply the
concept of subcascade formation" and assume that
subcascades above a certain energy give rise to
spike effects. Also, for very heavy ions quite
high-energy-density subcascades are possible
when two subcascades overlap. The probability
for this is expected to be high in those regions
of a cascade where the primary ion or secondary
knock=on atoms are at energies between about
twice the subcascade energy (2E, -100 keV in Au)"
and energies near the peak in the nuclear stopping
power (-1 MeV for Au). This is indeed the region
of incident ion energies in which the most pro-
nounced sputter enhancements have been found in
Au self-ion back-sputter experiments. ' ' In the
transmission-sputter geometry the observed spike
enhancements are not expected to be as great as
in back-sputter experiments, because even in
very thin specimens once the cascade has pene-
trated to the exit surface, the cascade energy has
been shared among very many atoms. Most of these
are of low energy and sufficiently disperse not to
cause strong collective behavior. If, however,
the cascade is energetic. enough to have a signifi-
cant fraction of the cascade energy at the exit
surface in the form of secondaries whose energy
is in the above mentioned energy range, spike
enhancements can be expected to be significant as
in the observations of. Bay et al.' These authors
find strong spike enhancements for 6.8-MeV Au
transmission sputtering at quite large depths
while the'present Bi-sputtering data on Au give
enhancements closer to the peak in the deposited
energy function. Both observations are readily
understood on a qualitative basis by considering

. the effect of the incident ion energy. Direct evi-
dence for differences in spike enhancements for
back and transmission sputtering comes from the
observation that the craters observed by TEM
are smaller in number and size at the exit sur-
face than at the incident surface for 560-keV Bi
on 650-A-thick Au.

ION 8F.AM PARAI. LEI, TO &&00&

Figure 3 illustrates the marked difference of
Bi-ion sputtering for targets in (100) and random
orientation. For the thinnest targets investigated,
the yield for (100) aligned foils is -10%%uo of the
random yield. Taking the simple relations of
Lindhard's" channeling theory, -9/o of the Bi ions
enter the crystal too close to atom strings to be-
come channeled. Thus, it would appear that, for
the thin targets and energies of several hundred
keV, the channeled Bi ions make virtually no con-
tribution to the sputtering. This agrees with model
calculations, "which show that Bi with energies
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&10 keV and well channeled in (100) Au cannot
transfer sufficient energy to target atoms to cause
ejection. The behavior of 8 at greater depth can be
understood qualitatively as a combination of two

effects, the slowing down and, more important,
the dechanneling. of originally channeled ions. No
quantitative comparison with'theory is possible,
since for heavy ions the theory of channeling at
-present is poorly developed.

Thomas et al.~ have reported stereo-eleetron-
microscopy measurements of damage distributions
(i.e., visible defect clusters) of Au ions up to 120
keV channeled in Au(100). Although the authors
point out the possible perturbation of their dis-
tributions due to loss of defects to the surfaces
of the target, the distribution for their highest
bombarding energy (Ref. 23, Fig. 5), is rather
similar to the present result, i. e. , a broad dis-
tribution with an ill-defined maximum almost five
times the theoretical damage range for a random
target.

Since the nuclear interactions of a channeled
particle are reduced when compared with a
particle at random incidence it is of interest to
know how much of a reduction in the total nuclear
energy deposition is experienced by the average
particle that starts in a channeling direction. One
expects that the channeled sputtering yields are
primarily determined by the dechanneled fraction
of the beam. If a channeled energy-deposition
function F&»,&(X, E) is introduced, one can use
E&l. (1) to evaluate the energy deposition for chan-
neled and random incidences. The damage energy
or total nuclear energy deposition v(E) by a parti-
cle of energy E is given by'

E(», E) &f» . (2)

"&100&(E) "~(E)= ~&100&(» E}d» S (», E)C».

(3)

Performing the integration over the spotter-yield
curves in Fig. 3 gives v&», &/»~=0. 6 for 560-keV
Bi on Au. It is quite remarkable that the channeled
beam shows only a 40% reduction in damage en-
ergy. This represents a clear demonstration that
channeling is not particularly effective in reducing
the damage energy for such heavy projectiles.
Therefore, for recoil cascades in which secondar-
ies may be scattered into channels, one expects
only a slight reduction in the damage production
due to this effect. We can obtain a rough estimate
of the order of magnitude of this effect by mul-
tiplying the fraction of deposited energy in the

Assuming the validity of E&l. (1), we find for the
ratio between channeled and random damage energy

exponential tail for random incidence (Fig. 3) by
the reduced damage energy fraction for channeled
incidence. We conclude from this that channeling
effects cause &8% reduction in the damage energy
for a recoil cascade.

CONCLUSIONS

(a} Transmission sputtering is well suited to
trace the distribution of energy deposition. Par-
ticularly the deep penetrating tail could be mea-
sured over two to three orders of magnitude, thus
complementing other techniques such as channel-
ing and electron microscopy.

(b) For randomly oriented single crystals and
polycrystals, projected damage range and strag-
gling are in agreement with random theory, i.e.,
quite long mean ranges are not observed. The
distributions show an.exponential tail. This is
thought to be due to a few ions that become chan-
neled beyond the extent of the cascade, as expected
from the theory for amorphous targets. Since this
tail contains & 20%%uo of the total energy that goes in-
to target nuclei motion, it is concluded that ran-
dom ca&cade theory still gives a good account of
the size of the collision cascade in cystalline tar-
gets. However, ' it should be pointed out that the
deep penetrating tail can have a significant in-
fluence on the damage distribution when the damage
density is carried to near saturation levels in
high-dose irradiations.

(c) When comparing the absolute sputter yields
it should be noted that the present yields are ob-
tained at low irradiation fluences. For the heavy
ions Ar, Ag, and Bi, fair agreement is found be-
tween experiments and such calculations for which
the loss of particles through the surfaces is con-
sidered. Significant sputter-yield enhancement due
to spike effects seems to be present, at least for Bi.

(d) For the experiment with 50-keV He, a con-
siderable discrepancy (factor of 4 to 5) is found
between experimental and calculated yields.

(e) Yields on (100) oriented single crystals are
.in qualitative agre&ment with channeling theory.

(f} Channeling effects that may occur in self-
ion or recoil cascades are expected to cause only
a small reduction in the total nuclear energy de-
posjtion. Therefore, defect production is only
slightly reduced, even if channeling is significant
in recoil cascades.
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