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Fluid dynamics calculation of sputtering from a cylindrical thermal spike
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The sputtering yieldY from a cylindrical thermal spike is calculated using a two-dimensional fluid-dynamics
model which includes the transport of energy, momentum, and mass. The results show that the high pressure
built up within the spike causes the hot core to perform a rapid expansion both laterally and upwards. This
expansion appears to play a significant role in the sputtering process. It is responsible for the ejection of mass
from the surface and causes fast cooling of the cascade. The competition between these effects accounts for the
nearly linear dependence ofY with the deposited energy per unit depth that was observed in recent molecular-
dynamics simulations. Based on this we describe the conditions for attaining a linear yield at high excitation
densities and give a simple model for this yield.
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I. INTRODUCTION

The ejection of atoms from the surface of a solid duri
ion irradiation is well documented both experimentally a
theoretically.1 This phenomenon, known as sputtering, is d
to the energy transferred to the atoms in the target by
incident ion. This produces a cascade which can cause s
atoms to overcome the surface’s attractive barrier and es
to vacuum.

In previous theoretical work the mean number of ejec
atoms per incoming ion, or sputtering yieldY, is related to
the energy deposited the ion per unit thickness at the sur
of the targetFD , asY}FD

n . The value of the powern de-
pends on the type of collision cascade produced by the
namely, linear and nonlinear cascades. For linear casca
when the density of moving atomsNmov within the cascade is
small compared to normal densityN0 , one hasn51,2,3

whereas in the nonlinear case,Nmov;N0 , theoretical work
predicts thatn must be greater than 1.4,5 These results are s
firmly established that the consensus among workers in
field is thatn.1 and nonlinear cascades are to some ex
synonymous.6 Similar results have been found for sputteri
in response to electronic energy deposited in a solid,7 but
here we refer to work on collision cascade sputtering.

Recent molecular-dynamics~MD! studies,8,9 however,
cast doubt on this relationship. According to these pap
purposely prepared nonlinear cascades can give rise to
tering yields which depend linearly onFD ~see Figs. 2–4!.
Further evidence is found in Ref. 10. After modifying th
standard thermal spike theory~STST! to include the trans-
port of mass, the sputtering yields calculated here appe
to be much closer to a linear function ofFD than to theFD

2

predicted by the STST.
Although the results in Ref. 10 show the importance

having a target which can change its specific volume a
fluid, it is not a full fluid-dynamics calculation. Since th
target was assumed to be infinite, the sputtering yields ha
be calculated in the same manner as in the STST. That is
expression for the evaporation rate was used that was
rowed from the kinetic theory, and the sputtering yields w
0163-1829/2002/65~16!/165425~9!/$20.00 65 1654
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obtained by integrating it along a plane representing an o
erwise nonexistent surface. Further, the transport was o
radial, but the MD calculations showed the importance
energy transport along the track.

In order to circumvent these difficulties our previous c
culations are extended to a target which, in addition to be
compressible, has a solid-vacuum interface. To this end,
target density, velocity, and internal energy are all assum
to vary with time in a manner which is described by t
fluid-dynamics equations. Consequently, sputtering eme
naturally, as that part of the target that succeeds in esca
from the condensed to the gaseous phase.

The aim of this paper is to show the most relevant aspe
of the fluid-dynamics model, from the underlying mathem
ics to the results and implications of the proposed mod
Although this model can be applied to a variety of io
induced thermal spike geometries, we have purposely lim
ourselves to the idealized case described in previous
simulations.8,9 Therefore, the results in this paper only d
scribe cylindrical thermal spikes, as does the STST. The
agreement between the present results and those experim
in which Y exhibits a quadratic dependence onFD suggests
that the connection between ‘‘real’’ spikes produced by
incident ion and simple cylindrical spikes might not b
straightforward.

This paper is organized as follows. In Sec. II we introdu
the fluid-dynamics equations as well as the various exp
sions used along the present calculations. Results and dis
sions are presented in Sec. III. Finally, the conclusions
suggestions for further studies are presented in Sec. IV.

II. THEORY

We assume that the target is a continuous medium w
cylindrical symmetry, and it is completely characterized
its atomic number densityN, velocity v, and internal energy
e ~per atom! defined as

e5U1
3

2
kBT, ~1!
©2002 The American Physical Society25-1
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wherekB is the Boltzmann’s coefficient,T the temperature
andU is the potential energy per atom. By using the equat
above the heat capacity at constant volumeCV is assumed to
be that of a dilute gas, i.e., 3kB/2. This approximation, how-
ever, is acceptable for the purpose in this paper, since
shown in Ref. 11, the quadratic dependence ofY with FD
does not appear to be connected toCV . MoreoverU is ob-
tained from the expression10

U5~N0Mc0
2/m!~N/N0!n1m21F 1

n1m21
2

~N/N0!2

n1m11G ,
~2!

whereM is the mass of the target atom,c0 is the speed of
sound atT50 K, andN0 is the normal atomic number den
sity. m andn are two numerical constants which, as we e
plained in Ref. 10, are not independent. Thus we setm52,
thenn5A11Mc0

2/U0 , U0 being the potential energy at no
mal density, i.e.,U052U(N0).

Using the same notation as in Ref. 12, we write the flu
dynamics equations as follows:

]N

]t
52

]~vkN!

]xk
, ~3!

]v i

]t
52vk

]v i

]xk
2

1

NM S ]p

]xi
1

]s ik8

]xk
D , ~4!

]e

]t
52vk

]e

]xk
1

1

N S Qcon1Qvis2p
]vk

]xk
D , ~5!

where the subscripts stand for ther and z coordinates,p is
the pressure, ands ik8 is the viscosity tensor12 defined as

s ik8 5hS ]v i

]xk
1

]vk

]xi
D , ~6!

whereh is the dynamic viscosity coefficient andQcon and
Qvis account for the heat produced by thermal conduct
and viscosity per unit volume and time, namely,

Qcon5¹~kT¹T!, ~7!

wherekT is the thermal conductivity and

Qvis5s ik8
]v i

]xk
. ~8!

The heat conduction coefficient is replaced by that
Ref. 5:

kT5
25

32

kB

pa2AkBT

pM
, ~9!

wherepa251.151 Å2. This form was also used in order t
compare results to previous work and because there seem
be no reason for using a more ‘‘realistic’’ one since, as sho
in Ref. 11,kT and the quadratic dependence of the sputter
yield appear not to be connected.
16542
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Making use of the fact that, for dilute gases,h andkT are
related through the equationh5kTM /(3kB), we introduce
the dimensionless viscosity coefficient

h* 53kBh/~MkT!. ~10!

Similarly, the pressurep is assumed to be a function o
both temperature and density. Here, we follow the appro
mation in Ref. 13 and splitp into two terms

p5pT1pC , ~11!

where thethermal pressure pT can be obtained from the
expression

pT5lNkBT, ~12!

l being a numerical constant. The so-called crystal press
pC can be obtained from the potential energy Eq.~2! using
the equation13

pC5N2
]U

]N
. ~13!

For computational purposes, Eqs.~3!–~5! are applied to a
finite system, which is defined by inequalities 0<r<Rmax
and 0<z<zbot ~see Fig. 1!. Furthermore, the top wall, i.e.
z50, is assumed to be made of a perfectly absorbent m
rial, whereas the boundary at the bottom is perfectly clo
as far as to the exchange of mass, momentum, and ener
concerned. The lateral wall can be made either closed, s
as the bottom surface, or partially open. That is, closed
mass transport but open to energy and momentum excha
Results in this paper were obtained using the latter opt

FIG. 1. Sketch illustrating the frame of reference and grid u
lized in the present calculations. Att50 the ‘‘fluid’’ occupies the
region defined by inequalitieszsurf,z,zbot and 0,R,Rmax, and
the hot spike is confined to a cylinder of radiusRcyl .
5-2
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FLUID DYNAMICS CALCULATION OF SPUTTERING . . . PHYSICAL REVIEW B65 165425
Otherwise one would need an exceedingly large targe
minimize the effects of energy and momentum reflectio
when the deposited energy is large. A more detailed desc
tion of this program will be published elsewhere.14

At t50 the target is at rest and within a range ofz defined
by inequality (z>zsurf). For numerical reasons, however, w
assume that the region that would normally be a vacuum
filled with a low-density fluid, i.e.,Nmin510233N0 . Ex-
change of energy, momentum, and matter is forbidden in
fluid, as well as in any other piece of a fluid with dens
lower thanNmin . The possible net flux of matter is continu
ously checked along the fluid, and the restrictions above
relaxed as soon as the density of an element of the fl
increases aboveNmin .

To energize the spike, all the fluid elements within a c
inder of radiusRcyl are given an average energyEexc above
their initial energye052U01(3/2)kBT0 , whereT0 is the
background temperature, often assumed to be 10 K. Th
consistent with the initial conditions used in a number of
MD simulations,8,9 again allowing direct comparison wit
the results here. The initial conditions for Eqs.~3!–~5! thus
become

v r ,z~0,r ,z!50,

N~0,r ,z!5H N0 if z>zsurf,

Nmin otherwise,

e~0,r ,z!

5H Eexc1e0 if r<Rcyl and z>zsurf,

U~Nmin!1~3/2!kBT0 if 0<z,zsurf,

e0 otherwise.

~14!

With the assumptions above, the deposited energy
comes

FD5pRcyl
2 N0Eexc.

As is customary, in solving the fluid dynamics equatio
the functionsN, v, and e are defined over a discrete set
NR3NZ points, whose mesh size is determined byDr and
Dz ~see Fig. 1 and Table I!. A compromise has to be mad
about target size since a large target implies a fairly la
system of coupled equations with fairly long running time
Whereas too small a target gives rise to boundary effects

TABLE I. Value of the parameters used in the present calcu
tions.

Property Symbol Value

Atomic mass M 40.0 a.m.u.
Atomic number density N0 0.026 at/Å3

Speed of sound c0 17 Å/ps
Binding energy U0 0.08 eV
Lennard-Jones distance s 3.405 Å
16542
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would make calculations meaningless. Similarly, in choos
zsurf one has to take into account that during ejection not
the matter that crosses the surface will be ejected. There
the distance between the initial surface and the top w
should be large enough to not ‘‘collect’’ matter that, othe
wise, would not be ejected. Finally, the piece of matter re
resenting the target must be thick enough. The conden
phase is assumed to be 10s thick, which means thatzsurf
'10s and zbot'20s. NR540 andNZ520 were found to
be adequate for all the cases studied in this paper.

When integrating the fluid-dynamics equations~3!, ~4!,
~5! from t50 to t f , the total flux of matter passing throug
the top boundary is also calculated. In this way the sputter
yield is obtained as a function of timeY(t). This is used to
verify if t f was long enough so that no matter remains with
the system that may significantly contribute to the sputter
yield. We use theY(t)’s for t,t f to extrapolateY(t) to
infinity, i.e., Y`5 limt f→`Y(t f). Only runs for whichY`

2Y(t f)'0.1Y` are accepted. Normally,t f ranging from 10
up to 50 ps are required.

Since calculations in this paper are meant to be compa
with those in MD simulations, which often use Lennar
Jones~LJ! potentials, the various parameters characteriz
our system correspond to those of argon~see Table I!. M
540 a.m.u. and U050.08 eV have become standa
parameters8,9 although the LJ calculations fully scale wit
U0 and M. Therefore, the results apply to a broader set
materials as shown also using a Morse potential.15 Consistent
with this, for most cases we usedDr 5Dz5s, wheres is
the LJ distance. However, as several approximations w
introduced, we cannot ensure that the fluid in our calcu
tions accurately describes the potentials used in the
simulations. Similarly, we do not want to leave this secti
without mentioning that although the fluid representing t
target is assumed to be compressible, Eq.~6! looks the same
as that of an incompressible fluid because we assumed
the Stokes’ condition holds, namely, that the so-called b
viscosity coefficient is zero.

III. RESULTS AND DISCUSSIONS

We calculated the sputtering yield for different values
l, h* , and the speed of soundc0 , and the results are de
picted in Figs. 2–4. We observe that in all the cases the y
increases with increasing excitation energyEexc. Similarly,
Eexc'U0 is an effective threshold for ejection for the initia
radius used, since the yields rapidly decrease forEexc com-
parable to or less thanU0 . Whereas the MD requires varyin
potential types to obtain different material properties, h
we do this by directly varying the material properties. In th
manner the relationship between different materials can
described.

We observe thatl has a great influence on the sputteri
yield. The larger thel the greater the yield.l54 appears to
reproduce MD simulations quite well, whereasl52 and 1
underestimate the yields at small excitation energies. Th
results are, to some extent, easy to understand: with all o
parameters remaining the same, asl becomes larger the ther

-
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M. M. JAKAS, E. M. BRINGA, AND R. E. JOHNSON PHYSICAL REVIEW B65 165425
mal pressure build up within the spike increases and m
ejection is expected.

FIG. 2. Sputtering yield as a function of the excitation ener
and different values of parameterl. MD simulations are from
Ref. 9.

FIG. 3. Sputtering yield as a function of the excitation ener
and different values of viscosity coefficienth* .
16542
re
It must be noted, however, that the total energy, see

~1!, does not depend onl. Increasingl only increases the
thermal pressure and speeds up the conversion of the
motion into directed kinetic energy. Therefore, thermal co
ductivity has less time to take energy away from the sp
and the ejection of matter increases.

The effect of viscosity on the sputtering yield is illustrate
in Fig. 3. For the cases studied here, viscosity has a nega
influence on the ejection process, as yields are seen to
smaller with an increase of the viscosity coefficient. At sm
excitation energies the viscosity appears to play a major r
Furthermore, calculations usingh* 50.1 produced a good
agreement with MD simulations while those withh* 50.2
and 0.4 resulted in significantly smaller yields. The fact th
the best agreement with MD simulations corresponds to
culations withh* 50.1 is not unexpected sinceh* values of
approximately that order have been calculated for a Lenn
Jones fluid.16

Finally, modifying the speed of sound does not produc
significant change in the sputtering yield. Figure 4 sho
results for the speed of sound both above and below its
mal value. The change in the sputtering yield is very sm
compared with that produced by changing either the visc
ity coefficient or the thermal pressure coefficientl. We ob-
serve that, for high excitation energies, an increase in
speed of sound leads to a slightly greater yield, but this tr
is reversed asEexc/U0 becomes smaller than 3.

As we mentioned in the Introduction, the most interesti

FIG. 4. Sputtering yield as a function of the excitation ener
and different values of the speed of soundc0 .
5-4
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FIG. 5. These plots illustrate the density an
mass-flux vectors at different times for a spik
with dE/dX54 eV/Å, l54 @see Eq.~12!#, h*
50.1, c0517 Å/ps, and Rcyl52s. The scale
used for translating from relative density (N/N0)
into the gray scale is shown up in the figure. No
that the scale is nonlinear, as more gray levels
used at both small densities and aroundN/N0

51. Furthermore, due to interpolation in the plo
ting software, details of the order of the grid siz
or smaller, might not be accurately copied. Th
horizontal line denotes the initial position of th
surface.
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result in this paper is our ability to explore the material p
rameters that lead to the near linearity exhibited in the yi
in our MD calculations even though the sputtering is a n
linear process. By exploring the parameter space we can
ter explain that phenomenon and assess its relevance.
calculated yields in Figs. 2–4 clearly show that a linear
gion is attained forEexc.U0 using a set of materials param
eters. Therefore, nonlinear sputtering does not necess
imply nonlinear yields. From these figures, it also appe
that linearity is approached at higher energy densities t
those studied here for other materials parameters. Below
describe this phenomenon.

To understand the change in the dependence of the y
with increasing excitation density for fixedRcyl , we ana-
lyzed the time evolution of the spike paying particular atte
tion to those aspects of the energy and momentum trans
that are related to the ejection of matter. To this end, in F
5 and 6 we have plotted the density, the mass-flux vector,
temperature in the fluid at different times after the onset
the spike. These cases correspond to a deposited energy
eV/Å, l54, h* 50.1, c0517 Å/ps, andRcyl52s; and, in
the three figures, the initial surface is located at 10s, i.e.,
zsurf510s.
16542
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One readily observes that the temperature within the sp
drops below 500 K in approximately 1 ps, and that the flu
immediately surrounding the spike hardly reaches temp
tures higher than, say, 100 K. This is in agreement with
MD results and our earlier fluid-dynamics calculations10

These studies already showed that, due to the quick, a
batic expansion of the fluid, the temperature of the sp
decreases much more rapidly than it would due to ther
conduction. In addition, for times greater than 1 ps the th
mal energy is converted into an elastic wave~seen in Fig. 5!
that travels in the radial direction at approximately the spe
of sound. The reader must be aware of the nonlinear s
used in Fig. 5 where the gray scale was purposely chose
as to change rapidly around bothN0 and at low density. Due
to this, even the rather small relaxation of the surface den
appears as a stripe, which extends to the right of the sp
and gets thicker with increasing time. These figures show
that the whole process would be better described as an
plosion’’ rather than a smooth, thermally diffusive release
energy as proposed in the STST.5

Note that, in contrast to material further away from t
surface, the fluid that is near the surface and within the sp
appears to follow a spherical, rather than a cylindrical exp
5-5
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FIG. 6. Temperature and mass-flux vectors
different times within the fluid for the spike de
scribed in Fig. 5. The gray scale used to plot te
perature appears up in the figure.
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sion. That is, if one interpolates the mass-flux vector a
figures out the streamlines of the fluid, then, one can rea
see that near the open boundary of the spike, they see
radiate out from a point located on the spike axis somewh
below the surface. In order to understand this, one ha
realize that the momentum acquired by any particle wit
the fluid results from the fast, though small, displacement
the lateral and top boundaries which takes place at an ea
stage of the aforementioned explosion.

The forces produced by such displacements propaga
the speed of sound which, within the hot spike, is faster t
c0 .17 Therefore, by the time all the fluid within the spike h
been set into motion, i.e.,t5Rcyl /c after the onset of the
spike, a particle at~r,z! with 0<z<Rcyl and 0<r<Rcyl will
have acquired a velocity that is proportional to the time it h
been exposed to such forces, namely,v r}r andvz}2(Rcyl
2z). Therefore, asvz /v r'2(Rcyl2z)/r this particle will
appear as moving away from a point located exactly on
axis atRcyl below the surface. By the same token, any p
ticle at a depth greater thanRcyl within the spike, will remain
unaware of the presence of the surface and its velocity
be directed along the radial direction~see Fig. 7!. With in-
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creasing time our description above will become less a
less accurate. However, as the forces acting within the s
take the largest values during the earliest stage of the ‘
plosion,’’ the velocities achieved by the fluid during that tim
essentially determine the subsequent dynamics of the sp

Another aspect of the velocity field which deserves att
tion is that around the rim, on the cold side of the spik
Contrary to what happens deep in the target, where the
side is compressed and subsequently displaced along th
dial direction, the rim is partially wiped out. This not onl
adds more matter to sputtering, but also clears the way
further ejection as it widens the radius from within whic
particles are ejected.

From this simple picture one can readily calculate t
sputtering radius. To this end, we define the excess energ
the total energy per particle relative to the bottom of t
potential well, i.e.,e5e1 1

2 Mv21U0 . If one assumes tha
the elastic wave in the upper part of the spike propaga
isentropically along the streamlines, one may write

eA /dA
25eB /dB

2, ~15!
5-6
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FIG. 7. Close-ups of plots in Fig. 5 illustrat
ing the dynamics of the fluid within the ‘‘core’’ of
the spike and near the surface in more detail.
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where dA and dB are the distance from the center of th
spherical expansion to pointsA andB, respectively~see Fig.
8!; similarly, eA and eB are the corresponding excess en
gies. Therefore, ase>U0 is a necessary condition for ejec
tion, eA5Eexc and Rcyl /dA5RB /dB , one can obtain the
sputtering radius (Rs) as18

Rs'Rcyl~Eexc/U0!1/2. ~16!

FIG. 8. Schematics used to obtain the sputtering radius.
16542
-

Accordingly, the sputtering yield can be calculated as
amount of mass contained within a cone of heightRcyl and
base radiusRs , i.e.,

Y'
p

3
NRcyl

3 Eexc

U0
. ~17!

In order to verify this simple expression, we calculate t
sputtering yield for different spike radii. The results, th
appear in Fig. 9, show that our fluid-dynamics calculatio
compare fairly well with the MD yields, and that Eq.~17!
accounts reasonably well for the yields at high-excitat
energies. Discrepancies between MD and fluid dynamic
low excitation energies and for small spike radii do appea
detailed analysis of such deviations was not carried out.
previously mentioned, the various quantities entering
model do not accurately account for the Lennard-Jones fl
in the MD simulations. In addition, having assumed the so
target is a fluid, effects arising from the crystalline structu
and the atomic nature of the target cannot be described
the MD simulations focused collision sequences play an
portant role at carrying energy and momentum away fr
the spike, particularly for small spike radii. MD simulation
also show that the yield in this region is sensitive to t
initial energy distribution,9 which here is a Maxwellian. Fi-
nally, it is worth noticing that Eq.~17! predicts a linear de-
pendence of the yield with the excitation or deposited ene
5-7
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A result that was derived in Ref. 19 using a simple, intuiti
model rather than well supported, rigorous calculation.

Although we have chosen not to address the problem
crater formation, late in our calculations craters do app
and they are all surrounded by a rim severals high ~the
reader is referred to Ref. 20 for additional information abo
crater formation!. The pit left by the spike is normally greate
than the initial radius of the hot core. It is formed as t
result of the net displacement produced by the elastic w
along the radial direction. Near the edge of the pit, the ra
momentum is less than it is in the material below. As a res
a kind of cantilever is formed which is pushed upwards
the fluid below. See the case oft52 ps in Fig. 7. However,
for Eexc smaller thanU no pit is formed.

IV. CONCLUSIONS

Sputtering at relatively high excitation densities is an o
but unsolved theoretical problem in ion solids interactio
Analytic diffusive thermal spike models are commonly us
to interpret data at high excitation densities, although th
models were never tested against more detailed calculat
In addition, there is a history of applying ideas from flu
dynamics to explain sputtering at high excitation dens
These models are called by a number of names~gas flow,21

shock,19 pressure pulse,22 etc.! and attempt to account for th
fact that sputtering at high excitation density does not oc
on an atom by atom basis. These models also require a m

FIG. 9. Sputtering yield for different spike radii. MD calcula
tions appear as symbols whereas hydrodynamics results are p
as thick lines. Thin, straight lines show the sputtering yield obtai
using Eq.~17!.
16542
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detailed theoretical justification.
Establishing a theoretical basis for sputtering models

high excitation density has been addressed recently by
simulations using model materials and simplified descr
tions of the initial conditions. It was shown that standa
spike models break down at precisely those high excita
densities which they were intended to treat. In addition
sputtering regime was found. On increasing the energy d
sity in the spike for fixed spike radius, the yield chang
from a nonlinear dependence on the excitation density t
linear dependence even though the ejection process cle
remained nonlinear. This is contrary to the conventional w
dom and suggests saturation occurs in the sputtering. To
amine this result we first showed that such a regime is ne
attained for any set of material properties using the diffus
thermal spike model.11 Since the standard spike model in
volves solving only the energy equation, we then nume
cally integrated the full set of fluid equations for a on
dimensional~1D! model of a cylindrical spike.10 Differences
with the MD result remained which we attributed to the la
of a surface. Here we use a 2D fluid-dynamics model wit
surface to confirm that when the full set of equations
treated the MD result at high excitation density can be
tained. Therefore, as pointed out earlier, the principal d
ciency of the standard spike model is the assumption that
transport is diffusive.

We have calculated the sputtering yield from a cylindric
thermal spike by directly integrating the full 2D fluid
dynamics equations. The transport of mass and momentu
seen to play a significant role in the ejection process. Si
the conversion of the thermal energy into kinetic/poten
energy within the spike occurs very early, the ejection p
cess at high-energy densities is much more closely relate
an ‘‘explosion’’ rather than to the thermal diffusion an
evaporation models5 typically used to describe sputtering
high-energy densities. Comparisons with MD simulations
ing appropriate material parameters, show that our flu
dynamics description can account for the main features
the cylindrical thermal spike. These calculations also confi
the MD result that transport along the cylindrical axis is
important as radial transport and, therefore, a 2D mode
required. We show the reported nearly linear yield com
about because of the competition between pressurized e
tion and the transport of energy away from the spike by
pressure pulse.

Using the evolution of the streamlines seen in these
culations we obtain a simple expression for the yield at h
excitation density for a reasonable set of material parame
Bringa and co-workers15,23had shown that in this regime th
yield could be written in the form Y
'C@Rcyl / l #

m$@dE/dx#eff(l/U0)%
p, where @dE/dx#eff is the

energy deposited that ends up fueling the spike~here
pRcyl

2 NEexc! and m and p are close to 1. They gaveC
'0.18 for an LJ solid, which also appeared to apply to
sults for other pair potentials.15 Here we use a picture of th
ejection attained from the 2D fluid dynamics model to est
lish the theoretical basis for the value ofC. That is, the
internal pressure in the spike determines a critical rad
@Rs'Rcyl(Eexc/U0)1/2# and a depth;Rcyl , leading to the

ted
d
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ejection of a conical volume of materialY' 1
3 RcylpRs

2N.
This givesC5 1

3 , which is larger than the MD result. Th
difference is due in part to the fact that the material prop
ties are not exactly those of the LJ solid and transport al
crystal axes removes energy from the spike as discus
however, all the principal features of the transport and e
tion are the same. This model resembles that of Yamam
and co-workers19 but disagrees with the ‘‘so-called’’ pressur
pulse model used for molecular materials.22

Several points need further investigation. The disagr
ment between the results in this paper and those experim
whereY}FD

2 suggests that the connection between a sim
spike, as the one studied in this paper, and those produce
incident ions is not straightforward. The formation of crate
at normal incidence is a topical problem that can be
dressed by the model developed here. Further, the conne
between the sputtering yield and the time used to heat
spike needs to be studied. In this paper, as in most of the
simulations, we assumed it to be negligibly small. This m
be correct for spike formation by a collision cascade, bu
known to fail for electronic sputtering of rare-gas solids.7

Finally, it must be noted that the fluid-dynamics descr
tion of the spike is a useful complement to MD. In the flu
model a broad range of material properties and types ca
readily studied, whereas complicated potentials are neede
MD calculations of different materials. In fact it is seen
m
v
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y

.

s
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Figs. 2 and 3 that the saturation leading to the linear reg
is not simply dependent on the cohesive energy (Eexc'U0)
and the initialRcyl , as found in the MD simulations usin
pair potentials, but also depends on the material parametl
andh* . In addition, local equilibrium chemistry, which ca
play an important role in many of the materials of interes
us, can be readily included in the fluid models. Howev
MD has the advantage that non-normal incidence can
treated easily, the state of the ejecta~clusters vs atoms! can
be studied, and nonequilibrium chemistry can be introdu
Therefore, a program in which complementary calculati
using fluid-dynamics and MD simulations is underway. H
we have shown that a new linear sputtering regime is see
both models and we have developed a simple analytic m
for the yield at normal incidence.
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