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Very large gold and silver sputtering yields induced by keV
to MeV energy Aun clusters „nÄ1– 13…
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The total sputtering yields of gold and silver targets bombarded by Aun (n51 – 13) clusters have been
measured over a broad range of incident energy per atom~from 20 keV/atom to 5 MeV/atom!. Large nonlinear
effects in the sputtering yields were observed. For silver targets, yield values as high as;20 000 atoms per
impact of Au13 at 1.2 MeV ~92 keV/atom! were measured while only 45 atoms are emitted from the same
target in the impact of single gold atoms at the same energy per atom. The sputtering yield variation with
incident projectile energy per atom shows that maxima occur at;250 keV/atom for a gold target and;150
keV/atom for a silver target for projectiles with three or more atoms. In both cases the maxima of nuclear
stopping power are at much larger energies per atom~700 keV for Au on Au and 550 keV for Au on Ag!. Large
surface deformations with craters and rims are observed by atomic force microscopy at the surface of cluster
irradiated targets. Their number per unit area corresponds to the irradiation fluence and they are of approxi-
mately the same size, demonstrating that fluctuations between events are small.

DOI: 10.1103/PhysRevB.65.144106 PACS number~s!: 79.20.Rf, 36.40.2c, 61.80.Lj, 68.49.Sf
to
ec

n
ts
g.
fo

-

n
s
iti
rtu
u
re
-
re
p
e

cl

e-

c

ce
3

is

ery
to

The
ate
gle

s
or,
he

r-
ints

the

tely
nly

ard
ce

eir
ill
ter

e
ea-
day
and
the

pre-
t-
I. INTRODUCTION

Polyatomic projectiles bombarding solids give rise
various effects: crater formation, material modifications, s
ondary emission with yields~ions, neutrals! that are much
larger than if induced by the same number of constitue
arriving individually. Usually called nonlinear, these effec
were first observed more than 20 years ago in sputterin1,2

Earlier data were summarized and discussed shortly be
the present measuring series started.3 Recently the total sput
tering yield of a gold target bombarded by Aun (n51 – 5)
clusters was measured over a large incident energy ra
from 20–5000 keV per atom.4 Sputtering yields as high a
3000 were found to be related to a dense energy depos
in the target through collisional nuclear processes. Unfo
nately a few experimental yield values measured with A4
and Au5 projectiles between 100 and 200 keV/atom we
overestimated~due to the difficulty in measuring low inten
sities! and let us claim that the sputtering yield maxima we
situated at a fixed total energy and not at the same energy
atom. The present paper is a continuation of the work of R
4. Beams of large size gold clusters~up to Au13! with higher
intensities were used at both the Institut de Physique Nu´-
aire de Lyon~IPNL! and the Institut de Physique Nucle´aire
d’Orsay ~IPNO! for systematic sputtering yield measur
ments from gold and silver surfaces.

II. EXPERIMENTAL

The gold cluster beams were mainly produced by
2.5-MV Van de Graaff accelerator located at IPNL. This a
celerator is equipped with a liquid metal ion source5 installed
in the high-voltage terminal of the machine and produ
beams of gold clusters accelerated to total energies from
0163-1829/2002/65~14!/144106~8!/$20.00 65 1441
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keV to 1.4 MeV.6 A magnet at the exit of the accelerator
used to select the chosen Aun

1 cluster, withn from 1 to 13.
As the magnet deflects the heavy gold clusters at a v
small angle only, a 6-m-long beam tube has to be used
sufficiently separate the desired cluster from the others.
maximum bending power of the magnet permits to devi
Au13

1 ion beams having a total energy of 1.4 MeV at an an
of 3°. Above a total energy of 1.4 MeV, the cluster beam
were delivered by the IPNO 15-MV tandem accelerat
which is also equipped with a liquid metal ion source in t
high-voltage terminal.7 Data from Ref. 4 obtained from the
Aramis accelerator~located at the CSNSM laboratory at O
say! have also been incorporated except the four po
proved wrong by the present measuring series~see below!.

The mass eroded from the target was measured with
quartz microbalance method.8 A schematic view of the ex-
perimental setup is shown in Fig. 1. It has been comple
rebuilt since the first experiments reported in Ref. 4 and o
the already described quartz microbalance~model FTM5,
Edwards, Manor Royal, Crawley, West Sussex, UK! is the
same. Gold or silver is vapor deposited onto a stand
quartz oscillator surface furnished by the microbalan
manufacturer. The thickness of the deposited metal is 104 Å,
which is thick enough to stop the projectiles, whatever th
energy, in the metal far in front of the quartz itself but is st
thin enough not to disturb the quartz oscillations. The clus
beam passes through a 2.732.7 mm2 square aperture at th
entrance of the experimental chamber. Its intensity is m
sured before each sputtering measurement with a Fara
cup located on the beam axis at the back of the chamber
equipped with secondary electron suppression. Upstream
Faraday cup, the movable quartz microbalance may be
cisely positioned~60.2 mm! on the beam axis for the spu
©2002 The American Physical Society06-1
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S. BOUNEAUet al. PHYSICAL REVIEW B 65 144106
tering yield measurements. Because of the rapid decrea
the quartz gauge sensitivity with increasing distance betw
its center and the beam axis~although the quartz diameter
8 mm we have measured that 98% of its sensitive surfac
situated within a 3 mmdiameter; see also Ref. 9!, it is very
important to have both a precise and reproducible posit
ing of the quartz holder on the beam axis and a beam ho
geneously irradiating the surface. The distance between
beam entrance aperture and the quartz is only 25 mm
ensure that possible misalignment of the beam gives rise
negligible beam displacement on the quartz surface. It is p
sible at the IPNL Van de Graaff accelerator to rapidly swe
the beam horizontally and vertically with two sets of hig
voltage deflection plates located;50 cm in front of the ap-
erture to guarantee an homogeneous irradiation of the ta
whatever the beam profile. The beam currents varied un
these conditions from several nanoamperes for Au1 to 10 pA
for Au13. The minimum current accepted for the present
periments was 5 pA, as lower currents could not be meas
reliably. Comparisons between experimental points meas
with the same beam at different beam currents revealed
the intensity was underestimated by 20–40 % below 5
leading to a systematic overestimation of the sputter
yields for some experimental points in Ref. 4~only four
points out of 43!. These experimental points~Au4 at 100 and
187.5 keV/atom and Au5 at 100 and 150 keV/atom! have
been remeasured at the IPNL Van de Graaff accelerator in
present experiment.

The residual gas pressure in the experimental cham
and in the upstream beam line was always smaller t
1024 Pa. The deflection plates shown in Fig. 1 were used
investigate breakup and charge exchange of the clus
through scattering on residual gas molecules during tra
mission through the 6-m beam tube. For that purpose a s
air leak was introduced close to the entrance of the exp
mental chamber. An example is shown in Fig. 2, where
currents of Au3

1 ions and the fragments Au1
1 and Au2

1 are
plotted as a function of gas pressure between 431025 and
831024 Pa. A negligible fraction of less than 4% of th
Au3

1 ions was fragmented below 1024 Pa. Therefore the
residual gas pressure must be maintained below 1024 Pa to

FIG. 1. Schematic view of the sputtering yield measurem
setup.
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avoid fragmentation. To test the possibility of neutralizatio
a sputtering yield measurement was performed during
flection of the charged beam for a time duration ten tim
larger than otherwise used to perform a measurement.
frequency variation of the quartz microbalance was obser
during that test experiment.

Our data contain measurements made with the old4 and
the present setup and no systematic differences may be
cerned. Within the experimental errors, estimated to be lo
than 15%, our data are in agreement with previously p
lished ones, obtained with gold,10 lead,2 and bismuth11 pro-
jectiles, respectively, onto gold targets.

Gold was first chosen in Ref. 4 in order to maximize t
expected nonlinear effect and in order to avoid problems
target contamination by the incoming beam. The second
get chosen in the present experiments was silver for wh
the ratio of the nuclear stopping power over the surface bi
ing energy was roughly the same as for gold within the
ergy range studied. This ratio is an important paramete
both the linear cascade theory12 and spike models.13

III. RESULTS AND DISCUSSION

A. Sputtering yields as a function of projectile size and energy

Tables I and II show the experimental sputtering yie
divided by the number of constituents of the Aun

1 (n
51 – 13) cluster projectiles for gold and silver targets,
spectively. These values are presented in Fig. 3 as a func
of the projectile energy per atom and without the error b
for clarity of the figure. This figure directly shows that spu
tering yields per atom increase more rapidly at a given
locity than the number of constituents in the projecti
which means that nonlinear enhancements of the sputte
yield are induced by the impact of polyatomic projectil
~otherwise all the curves would have been on top of e
other!. The maximum values obtained in the present exp
ments are 19 550~61200! silver atoms sputtered per impa
of 1200-keV Au13, and 14 300~61300! gold atoms per im-
pact of 1400-keV Au13. These sputtering yields are the hig
est ever obtained on metals. The silver sputtering yields

t

FIG. 2. Beam intensities measured with a Faraday cup for Au3
1

ions and the fragment ions Au2
1 and Au1

1 at 302 keV/atom, as a
function of residual gas pressure. The solid lines are guides for
eye.
6-2
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TABLE I. Gold sputtering yields per atom measured for different gold cluster projectiles.

Projectile

Incident energy
per atom

~keV/atom!

Sputtering yield
per atom

Y/n Projectile

Incident energy
per atom

~keV/atom!

Sputtering yield
per atom

Y/n

Au1 33 3262 Au5 20 123616
50 34.564 60 320632
75 4966 100 406628

100 5465 140 477642
200 6266.5 200 543640
350 7866 224 5556136
700 7967 280 556642

1400 6665.5 299 482655
2800 4463.5 446 407652

Au2 20 5064 500 422673
33 5565.5 1000 398632

100 142614.5 1800 187620
130 152615 Au7 43 358677
200 162618 71 392629
350 200622.5 100 529641
700 150618 143 710682

1400 101612 200 719655
5000 6365 Au9 33 348621

Au3 20 7965.5 55 370638
33 10169.7 78 572697

100 235625 111 830680
133 261626 155 9436103
167 322618 Au11 45 400639
200 303617 64 554643
350 289615 91 850662
468 275617 127 11406160
700 248616 Au13 54 544649

3000 10066 77 920690
Au4 20 9768 107 11006102

25 133611
75 281630

125 319629
175 397631
250 418639
351 396657
500 329634
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for given cluster size and velocity, always larger than tho
of gold. Although it has been mentioned above that the ra
of the stopping power over the surface binding energy is
same for gold and silver, it seems that the sputtering yie
increase with decreasing surface binding energy~3.78 eV
and 3.04 eV for gold and silver, respectively!.

For n51, yield variations as a function of energy prese
a maximum at roughly the same energy as the maximum
the nuclear stopping power at the surface,;700 keV and
;550 keV for gold onto gold and silver targets, respectiv
~calculated with theSRIM2000code!.14 For n values between
2 and 5, the maxima of the yield curves shift gradually
wards lower velocities to reach values of;250 keV/atom for
gold and;150 keV/atom for silver, which are smaller tha
for the maximum of nuclear stopping power as given abo
14410
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For n larger than 5 it was not possible to obtain experimen
values at sufficiently high energies per atom to reach
expected maximum yields, because of the limited ene
range of the IPNL Van de Graaff accelerator as well as
limited beam intensity at the IPNO Tandem accelerator.

In order to highlight the strong increase of the experime
tal yields with increasing projectile size, Fig. 4 shows t
variations ofY/n2 as a function of the energy per atom. It
clear from this figure that aboven52 ~gold! and 3~silver!,
all the sputtering yields roughly scale withn2 and that the
yields increase more rapidly thann2 betweenn51 and 2 and
betweenn52 and 3.

Large enhancements of secondary ion emission yie
were previously measured with gold clusters in the sa
incident energy range but with different types of materi
6-3
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TABLE II. Silver sputtering yields per atom measured for different gold cluster projectiles.

Projectile

Incident energy
per atom

~keV/atom!

Sputtering yield
per atom

Y/n Projectile

Incident energy
per atom

~keV/atom!

Sputtering yield
per atom

Y/n

Au1 33 3062 1000 183614
100 5163 1800 104611.5
300 4763 Au7 43 466628
600 4765 71 677643

Au2 80 17267.5 93 828673
150 17369.6 100 846650
200 17365.2 110 904693
375 12162.7 128 800647
710 7162.5 130 848670

Au3 50 241613.5 171 890635
93 343620 200 895660

100 400622 Au9 33 504630
150 408626 55 718647
167 402624 72 963680
217 383624 78 896651
300 254616 100 1023672
400 221610 133 1108667
467 198612 156 1260673
600 142612 Au11 27 497656

1000 9866 45 700650
3000 4662.5 59 1010677

Au5 30 274617 82.7 12106152
60 488625 100 1280664

100 660641 127 1560690
130 629635 Au13 38 731650
182 613638 50 1000673
240 572629 69 13006156
280 466630 92 1500695
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~CsI, organic materials!.15 The highest ion emission yield
were also observed at much lower energy per atom than
expected maxima of the nuclear stopping. This behav
seems to be a general trend in large cluster induced sec
ary emission.

B. Target surface modifications and volume ejected

A Au11 cluster projectile having a total energy of 1.4 Me
~127 keV atom! close to the maximum of the sputtering yie
ejects 12 50061700 gold atoms from a gold target. Th
number corresponds to a volume of;2.13105 Å 3 ~the den-
sity of gold is 19.3 g cm23!, which could be a cone with a
depthh593 Å and base diameterD5h or a cylinder with a
monolayer height of 2.5 Å and a surface diameter of 330
Atomic force microscopy~AFM! of a gold surface irradiated
with these 127 keV/atom Au11 clusters was performed. Th
fluence was moderate, 1.631010 clusters cm22, in order to
have a negligible probability of crater overlapping. A pe
spective view of such an AFM image is shown in Fig. 5. T
observed surface deformation has the shape of a crater
rounded by a rim. From theAB section in Fig. 5, one can
estimate a crater diameter of 250 Å. It is larger than t
14410
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r
d-

.

ur-

t

deduced from the sputtering yield but it is seen that a fract
of the matter removed from the crater is redeposited
pushed up around it. The crater depth cannot be dedu
with any certainty from an AFM measurement but one c
nevertheless deduce an estimate of the cone depth from
the sputtered volume and the above crater diameter~Fig. 5!.
The obtained value ofh;13 Å is intermediate between th
two extreme cases mentioned above. A rough estimate o
number of craters per unit surface is in agreement wit
20% with the irradiation fluence and as it may further
seen that all craters have very similar dimensions (4
660 Å), fluctuations in the yield cannot play a substant
role.

C. Sputtering yields as a function of nuclear stopping power

Figure 6 shows total sputtering yields~not divided byn!
as a function of the total nuclear stopping power at the s
face ~for the incident projectile energy per atomE/n!. The
electronic energy loss is not considered despite the fact th
amounts to more than 20% of the total energy loss at
highest energies investigated. This is justified by recent
periments by Assmanet al.,16 who, at much higher energie
6-4
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where electronic stopping is totally dominating, found ve
small sputtering yields for metals. The stopping power, e
to calculate usingSRIM tables, has been used. It is assum
that the nuclear stopping power of a Aun

1 cluster isn times
the nuclear stopping power of a single Au1 ion at the same
velocity. For an-constituent cluster projectile having a tot
energyE the notation is the following:

S dE

dx
~n,E! D

nuc

5nS dE

dx
~1,E/n! D

nuc

. ~1!

This assumption is in agreement with theoretical estimat17

is and supported by recent projected-range measurem
Aun (n51 – 3) clusters at 10–40 keV/atom were implant

FIG. 3. Gold and silver sputtering yields per atomY/n, as a
function of the energy per atom of the Aun (n51 – 13) cluster pro-
jectiles. The solid lines are guides for the eye. Symbols used co
spond to following values ofn: 1 1, 3 2, h 3, n 4, d 5, s 7, .

9, j 11, m 13.

FIG. 4. Gold and silver sputtering yields divided byn2, as a
function of the energy per atom of the Aun (n51 – 13) cluster pro-
jectiles. The dashed lines are guides for the eye. Symbols as
as in Fig. 3.
14410
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in Si, Al, and Cu. The Si target was amorphous, the me
targets fine grained polycrystalline. Further, one set of m
surements was performed with 44.3-keV/atom Au1 and Au7
in Si ~amorphous!. These range distributions were in a
cases identical within their measuring accuracy.18

For each cluster projectile size shown in Fig. 6 the to
sputtering yields follow a line of slope 2 on a log-log pr
sentation, as long as the energy remains below that of
yield maxima, indicating that in this region the yields a
proportional to the square of the total nuclear stopping. F

e-

me

FIG. 5. Atomic force microscope image~perspective view! of a
gold surface ~area 500035000 Å2! irradiated with 1.61
31010-cm22 Au11 ions having an energy of 1.4 MeV~127 keV/
atom!.

FIG. 6. Gold and silver total sputtering yieldsY, as a function of
the tabulated ~Ref. 14! projectile nuclear stopping powe
n(dE/dx(1,E/n))nuc, and for Aun (n51 – 13) cluster projectiles.
Symbols correspond to Fig. 3. Solid lines are guides for the ey
6-5



th
as
to
s
p
c
n

fa

rd
to
-
o

o
t
n

ro
te
s.
cr

-
te
ce
ts
te

u-
re
-

gh

re
d
pe
o

tio
ia
n
n

ac
ro

st
ur
-

f
te
th
il

w
y-
he
del

at
in-

a-
be

is
ion
-
eld

nd
n-
g to
ing
ld
.
al,

ion
m
to
of

sult
he
e
-
ergy
eir

and
nd

the

the

ain

n
ns,
m-
the
o
y
e
se
t of
gh

S. BOUNEAUet al. PHYSICAL REVIEW B 65 144106
ure 6 also clearly shows that there is a region where
stopping still increases with energy, while the yields decre
with increasing energy. In this region the proportionality
@dE/dx(n,E)#nuc

2 breaks down. These ‘‘hooks’’ in the curve
demonstrate that there is no simple relation between the s
tering yields and the nuclear stopping power at the surfa
Similar curves have been observed in the electro
stopping-power regime.19 An effect of the projectile velocity
appears, as slow projectiles induce larger yields than
projectiles having the same value of@dE/dx(n,E)#nuc.

D. Comparison with molecular-dynamic simulations

Recent molecular-dynamic~MD! simulations have been
performed for gold sputtered under gold cluster bomba
ment. In Refs. 20 and 21 gold clusters with energies per a
smaller than~or equal to! 16 keV/atom were used. The au
thors predict huge sputtering yields, depending strongly
cluster size and energy. The MD simulation pictures sh
that craters and crater rims are formed, as observed in
present work in AFM pictures. The simulations also demo
strate that a substantial fraction of the atoms excavated f
the crater is redeposited to form a rim and that large clus
~chunks! are preferentially emitted from the craters’ rim
The authors also found a strong correlation between the
ter size and the sputtering yield.

In Ref. 22 the simulations of Au5 cluster impacts are pre
sented with a total energy of 800 keV. The authors predic
that a substantial fraction of the simulated impacts produ
very little sputtering, while some individual sputtering even
producing very large numbers of sputtered atoms contribu
decisively to the total sputtering yield. The prediction of ‘‘s
perevents’’ is in contradiction to the present AFM measu
ments~Fig. 5! in which no substantial fluctuation in the cra
ter size is observed, and where the density of craters rou
agrees with the impacting cluster fluence.

MD simulations accounting for electronic sputtering a
presented, among others, in Refs. 23–25. This work
scribes the energy relaxation mechanisms in solids inde
dently of the energy-deposition processes. The authors
tained a relation between the sputtering yield and a frac
of the electronically deposited energy, going into nonrad
tive deexcitations and contributing to sputtering. They co
cluded that the sputtering yield has a quadratic depende
on small stopping powers@Y}(dE/dx)ele

2# and a linear de-
pendence on large stopping powers@Y}(dE/dx)ele#. The
simulations were performed for a constant and given tr
diameter. In the region where the yield was found to be p
portional to (dE/dx), it was also found, for fixed (dE/dx),
to be proportional to the track diameterr. Unfortunately we
do not have within this picture an independent way to e
mater and to tell in which region we are situated. To fit o
quadratic dependence onn, we may, therefore, be in the re
gion where the yields are directly proportional to (dE/dx)2,
or in the (dE/dx) region but withr proportional ton. A
proportionality ton is certainly too strong a dependence or
on n, but some increase is not unrealistic. When a clus
impinges on a target, the first part of the cascades from
individual atoms will develop independently, and there w
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not be total overlap meaning that the total radius will gro
with increasingn. In such a picture the developed energ
deposition plume is not cylindrical, but this is not either t
case for the individual cascades. The cylindrical-spike mo
is in any case an approximation. A growth ofr proportional
to n sounds, however, unrealistic, as that would imply th
the deposited-energy density would in fact decrease with
creasingn. Comparison with the trends found in the simul
tions are thus difficult and track diameters may not even
extracted through a fitting procedure.

E. Comparison with thermal spike models

The thermal spike theory of Sigmund and Claussen13 was
discussed in Ref. 4. In their model the sputtering yield
assumed to be the sum of the well-established linear collis
cascade yield12 plus a contribution from a thermal spike in
duced surface evaporation. The calculated linear yi
~which contains no free parameters! fits existing yield data
for Au on Au and Ag very well at energies far above a
below the maximum of the nuclear stopping power but u
derestimates the data in the energy region correspondin
the maxima of the sputtering yield and of nuclear stopp
power.3,10 For lighter particles and/or targets the linear yie
is predicted very well indeed over the entire energy region26

The thermal spike in the model is assumed to be cylindric
perpendicular to the surface and infinitely long in the vers
of the theory that we apply here. During evaporation fro
the surface, the spike is cooled through heat conduction
the sides and the yield is obtained through an integration
the temperature-dependent evaporation over time. The re
is that the sputtering yield should be proportional to t
square of the linear sputtering yield~and hence to the squar
of the nuclear stopping! times a Bolztmann factor. The tem
perature in the latter is given by the average deposited en
per atom in the initial spike. Sigmund and Claussen, in th
original paper, assumed this initial spike radiusr0 to be the
mean square lateral straggling of the collision cascade,
obtained a reasonable fit to the data of Johar a
Thompson.11 Recently Sigmund27 calculated initial track ra-
dii for a broad energy range and made comparisons to
radii we extracted in our previous publication.4 As he did not
consider a dependence ofr0 on n, we preferred also in the
present context to extractr0 using the theory,13 rather than
presenting calculated absolute yield curves compared to
measured ones. We first note that then2-proportional region
implies a constant value of the Bolztmann factor. To obt
that, r0 must be proportional ton1/2. This is more plausible
than then proportionality mentioned above in connectio
with the discussion of an aspect of the computer simulatio
but still it is too fast: there must be some, although not co
plete, overlap of the individual cascades. With regard to
energy dependence ofr0 , we find our extracted values t
grow approximately asE1/6. This is slower than predicted b
Sigmund.27 But note that ifr0 increases with energy, th
maximum of the yields must, due to the following decrea
of the Bolztmann factor, appear at lower energies than tha
the maximum in nuclear stopping. We conclude that althou
6-6
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VERY LARGE GOLD AND SILVER SPUTTERING . . . PHYSICAL REVIEW B65 144106
some features of our results are well explained within
Sigmund-Claussen theory,13 other aspects are difficult to rec
oncile with their model.

Other analytical theories are due to Bitensky,28 Urbassek
and Michl,29 and Jakas and Bringa.30 Bitensky treats the in-
fluence of fluctuations on the onset of the spike. His theor
thus not relevant for large-cluster impacts, where we h
full n2 scaling and each event gives rise to a crater. Urbas
and Michl treat a gas flow model that may not be ruled
the basis of the present measurements. The model does,
ever, lead to a rather narrow angular distribution of the sp
tered material, which is in disagreement with recent res
of Andersen, Johansen, and Touboltsev.31 Finally, Jakas and
Bringa’s model30 is in its starting point close to that of Sig
mund and Claussen13 in the sense that they start with a sem
infinite cylinder with a constant high temperature propo
tional to dE/dx. As suggested by the simulations of Bring
and co-workers23–25 ~in an extended version of the standa
thermal spike theory of sputtering13 including the transport
of mass, a realistic heat capacity, and the heat of melting!, at
large deposited energies the thermal pressure in the hot
of the spike gives rise to an elastic wave, which expan
laterally and cools the spike, lowering the sputtering yie
Jakas and Bringa cannot reproduce thedE/dx proportional
results of Bringa and co-workers, but find a faster rise of
yield with dE/dx. Nevertheless, the Jakas and Bringa co
ing mechanism might explain why the experimental sputt
ing yield maxima are reached at an energy per atom lo
than for the maximum nuclear stopping power.

IV. CONCLUSION AND OUTLOOK

Following a series of previous measurements4 on sputter-
ing of Au targets with a limited size range of Aun clusters
(n51 – 5), measurements over a broad projectile energy
terval have been pursued with large cluster sizes~up to n
c
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513! and with both gold and silver targets. It is observ
that for clusters withn>3 all the sputtering yields are pro
portional to the square of the number of constituents
have their maxima at the same energy per atom, whic
much smaller than the energy of the maximum of the nuc
stopping power.

The sputtering yield values that have been measured
the largest ever observed with metallic targets and could
be predicted by theoretical models in the energy range in
tigated. The experimental data set presented here, whic
now more complete, is hoped to be useful for future co
parisons with both spike models and MD simulations.

In the future, the size of the projectiles could be increa
to a point where an important fraction of the energy is
leased through sputtering processes, and it would also
interesting to explore the sputtering limit in terms of eject
matter per impact of a large object. Beams of gold clust
containing up to 100 atoms were already accelerated to
eral tens of keV/atom. Large intact clusters and/or chunk
matter will certainly be emitted in the bombardment of sol
with these beams. This probably occurs already with
beams of Aun

1 used in this work and cluster emission shou
be considered in models. Measurements of the mass d
bution of the sputtered species with a postionization met
should thus be performed.
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