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Dynamics of plume propagation and splitting during pulsed-laser ablation of Si in He and Ar

R. F. Wood, J. N. Leboeuf, D. B. Geohegan, A. A. Puretzky, and K. R. Chen*
Oak Ridge National Laboratory, P.O. Box 2008, MS 6032, Oak Ridge, Tennessee 37831-6032

~Received 7 November 1997!

A modeling approach for calculating the expansion of a laser-generated plasma into a background gas has
been developed. Although relatively simple in structure, the model gives excellent fits to various experimental
data for Si in background gases of He and Ar, including the previously unexplained ‘‘splitting’’ of the ablated
plume. The model is based on a combination of multiple-scattering and hydrodynamic approaches. It allows
the plume to be broken up into components, or scattering orders, whose particles undergo 0, 1, 2, . . . collisions
with the background. Particles can only be transferred from one order to the next higher order by collisions.
The densities in the individual orders propagate according to the usual conservation equations to give the
overall plume expansion. When Ar is the background gas, there is a non-negligible probability that Si plume
atoms will reach the detector without undergoing any collisions. This gives rise to a flux component that is
undisplaced from that obtained when no background gas is present in addition to the delayed peak from the
scattered flux. In Ar only a few orders are necessary for convergence. The behavior in the light gas He is more
complex because of the relatively small effect of any one-scattering event and the calculations must be carried
out in some cases to as high as the 12th scattering order to find agreement with the experiments.
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I. INTRODUCTION

During the past decade laser ablation has emerged as
of the most versatile techniques for the deposition of t
films of a variety of materials.1,2 It has proved particularly
useful in the deposition of thin films and superlattices
high-temperature superconductors.3,4 The foundations of la-
ser ablation lie in the much older field of laser-matter int
actions where, from its very beginning, many materials w
irradiated with high-power laser pulses.5–7 Therefore, a study
of the process has intrinsic relevance beyond the mate
applications that will be emphasized here.

For the pulsed-laser deposition of materials,8 the quality
of the films depends critically on the range and profile of
kinetic energy and density of the laser-ablated plume. C
sequently, the observed differences in plume dynamics w
the ablation occurs with and without background gases i
crucial importance. In particular, the experimenta
observed7,9 splitting of the plume into an energetic comp
nent traveling at near vacuum speed and a component slo
by the ambient gas has been difficult to understand an
account for theoretically. This is a widely observed pheno
enon occurring during ablation of single elements such a
and Cu, as well as of complex compounds such
YBa2Cu3O7 and in the presence of a variety of backgrou
gases such as Ar, N2, and He.9,10 In all instances, the back
ground gas appears to act as a regulator of ablated pl
energetics. It is important to know the constitution and d
namical behavior of the plume of material that is abla
from the target and deposited on the substrate, and to un
stand how the film-growth process can be controlled a
optimized by varying the laser parameters, the targ
substrate distance, and the introduction of various amb
gases into the deposition chamber. For example, it has b
found that the fast component of the plume may cause d
age to the growing film11 and that this can be controlled to
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certain extent by the pressure of the ambient gas. Also, c
tering of film constituents in the gas phase or on the surf
may cause problems or may provide a method of produc
granular material or nanoparticles that may themselves b
technological importance.8,12,13

In this paper, we expand on our recent abbreviated rep
on the simulation of plume dynamics14,15and give a detailed
theoretical description of the phenomenon of plume splitt
in background gases under conditions of interest for fi
growth. This has been made possible through the deve
ment of a modeling approach that describes quantitativ
the behavior of a Si plume in the presence of He and
background gases. The dynamics of the background gas
ing the ablation process have also been extracted from
calculations. We will frequently refer to our approach
multiple scattering but, in fact, it can also be viewed as
combination of scattering and gas dynamical or hydro
namical formulations. Although by necessity many appro
mations must be made to arrive at a tractable approach
agreement between theory and experiment shows that
essential physics underlying the various phenomena has
retained.

After briefly reviewing the relevant experimental resu
and previous modeling efforts in the next section, we d
scribe our approach in Sec. III and show in Sec. IV how
results coming from it provide a coherent understanding
experimental results whose interpretations were previou
quite unclear. The paper concludes in Sec. V with a b
summary and a few concluding remarks about applicati
to other systems.

II. EXPERIMENTAL AND THEORETICAL BACKGROUND

A. Experiment

Careful consideration was given to the choice of an
perimental system. Silicon was chosen for the target beca
1533 © 1998 The American Physical Society
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FIG. 1. Experimental results for ion probe measurements. Panels~a! and~b! show the fluxes at the detector located 5 cm from the tar
for He and Ar background gas, respectively, at the pressures indicated. Panel~c! shows the fall-off in intensity of the fast component of th
flux as a function of Ar pressure. Panel~d! compares the results for Ar and He at the pressures indicated to illustrate the greatly di
effects of the two gases.
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it is well characterized, is readily obtained in pure sing
crystal form, is easy to work with, and has already be
thoroughly studied in the laser-annealing regime of pul
energy densities.16 Rare gases, specifically He and Ar, we
chosen because their first ionization energies are high~25
and 16 eV, respectively! and hence background ionization
more easily avoided. The energy density of the KrF la
pulses~duration time;28 ns full width at half maximum!
was chosen to be 3.0 J/cm2 in order to obtain a good suppl
of singly ionized Si atoms for the ion-probe detector, wh
avoiding higher ionization states. Subsequent time-reso
emission and absorption spectroscopic measurements
fied that only neutral and singly ionized Si were present
the plume and only neutral Ar and He in the background g
A detailed description of the experimental setup and ope
tion can be found in a recent paper by Geohegan.17 We note
here that a significant contribution of the recent experime
work has been the development of an array of diagno
techniques with which to study plasma formation, plum
propagation, light emission, etc. that occur during the las
ablation process.18

The experimental results for background gases of He
Ar are given in Fig. 1. Panels~a! and ~b! show plume-flux
profiles measured by the ion-probe detector at 5 cm along
normal from the target as a function of time for several d
ferent pressures of the background gases, as noted.

Let us consider the results for Ar first because the plu
splitting is more obvious in this case and because it a
provides some direct insight into at least one feature of
splitting. It should be noted that although the sharp, m
peak at;2 ms decreases in intensity with the Ar pressure,
position is virtually independent of pressure. In fact, a go
fit can be obtained to the intensity dependenceI (x) under the
assumption that a certain fraction of the plume reaches
n
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detector atx without scattering according to the usual Bee
law type behavior for hard-sphere, elastic scattering fr
fixed targets, i.e.,I (x)5I 0exp(2ax). Here,a is given by the
product of the scattering cross sections and the density of
scattering sites, i.e., the Ar density. The mean free pat
just 1/a. A plot of peak intensity as a function of Ar pressu
is given in panel ~c!. From these data a value o
0.36310215 cm2 for s was extracted. The ‘‘atomic cros
section,’’ defined asp times the Bohr radius squared,
0.88310216 cm2 so the extracted value is quite reasonab
this will be discussed further in Sec. III C.

The results for He are less clear because the peak atms
is not as obvious as in Ar, and the position of the displac
peak depends strongly on pressure. Also, since the He a
are very light, treating them as fixed scattering centers wo
not be a good approximation. The contrast between the
sults for He and Ar is emphasized in panel~d!; the model to
be described here readily accounts quantitatively for t
contrast.

B. Theoretical background

Splitting of the plume flux itself, the origin of which is
essential for understanding the plume dynamics, has not b
observed in continuum hydrodynamic and gas dynamic
culations. In this short mean-free-path representation, i
the total flux that splits. In the case of a one-fluid repres
tation where plume and background are advected with
same velocity, this is due to the plume plowing the bac
ground ahead of it and slowing down in the process.19,20 In
the case of a two-fluid model with a velocity-dependent c
lisional drag between plume and background20,21 it is due to
the plume reaching the detector first while dragging
background along with it. A scattering model adapted fro
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Koopman and Goforth7 does yield splitting but relies on
preionized layer of background gas for Coulombic ion-i
collisions between the plume and background to do so.
validity of these models for the present work is in any ca
precluded by the fact that the background gas is not ioni
and no background gas is observed at the detector using
ous experimental diagnostics.

Splitting has been equally elusive in direct-simulati
Monte Carlo calculations of a Si plume interacting with A
background gas.22,23 Although this approach is capable
principle of yielding splitting, as well as many other intere
ing and important results, the computational demands rap
become prohibitive for times long enough for a satisfact
description of plume dynamics.

III. DEVELOPMENT OF MULTIPLE-SCATTERING
MODEL

We turn now to our multiple-scattering model. Thus fa
we have dealt only with a ‘‘quasi-two-dimensional’’~2D!
formulation. What is meant by this will become clearer as
proceed. Also, only elastic collisions will be assumed so t
the transfer of translational energy into internal excitat
energy is, at most, a minor perturbation on the plume dyn
ics. As stated earlier, the experimental conditions are con
tent with this assumption.

A. Elastic scattering

Before proceeding further, it is useful to consider so
consequences of elastic collisions.24 Let vp and vb be the
velocities of plume and background particles, respectiv
before the collision,vp8 andvb8 the corresponding velocitie
after the collision, andmp andmb the masses. Assume firs
that the collisions are head-on~impact parameter50! and
that the velocities are in the positivex direction. Then,

vpx8 5@~mp2mb!vpx12mbvbx#/~mp1mb! ~1!

which yields the well-known result that ifmp5mb , the par-
ticles just exchange velocities. Next, consider the case
Si/He, Si/Ar, and C/Ar where the first element is the plum
and the second the background. Carrying out the calcula
of vpx8 for each of these cases, we find, for Si/He,

vpx8 50.751vpx10.249vbx , vpx8 .0, ~2!

for Si/Ar,

vpx8 520.174vpx11.175vbx if vbx.0.148vpx ,

then vpx8 .0, otherwisevpx8 ,0, ~3!

and for C/Ar,

vpx8 520.402vpx10.599vbx if vbx.0.671vpx ,

then vpx8 .0, otherwisevpx8 ,0. ~4!

These results show that if the plume particles are hea
than the background particles, as for Si in He, then the plu
particles are never scattered in the backward direction. Fo
in Ar there will be backscattering until the background p
ticles have attained 15% of the velocity of the plume p
e
e
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ri-

-
ly
y

,

e
t

-
is-

e

,

of

n

er
e
Si
-
-

ticles. For light carbon atoms in a heavy Ar backgroun
there will be backscattering until the Ar atoms have be
accelerated to 67% of the velocity of the C plume atoms, a
this requires many collisions. The inclusion of backscatter
in the formalism developed in Sec. III B complicates t
implementation and the running time of the computer p
grams. We found the neglect of backscattering in Si/Ar
make little difference for obtaining the most prominent fe
tures of the plume-background interaction, but it is essen
in C/Ar which, however, will not be considered further her

Next, let us consider the more complicated case where
collisions are not head-on but the background particles
stationary. It can be shown~Ref. 24! that whenmp.mb ,
regardless of the impact parameter, the greatest a
through whichmp is deflected is given by sin(mb /mp). Thus
for Si in He, this angle is approximately 8°. Ifmp,mb , as in
the case of Si/Ar, the velocity ofmp after the collision can
have any direction, depending strongly on the value of
impact parameter.

After a head-on collision of a Si atom with a stationa
He atom, the latter will have a velocity about 75% grea
than that of the Si atom. At first sight, this suggests t
when the background gas is He it will simply be swept ahe
at a very rapid rate and arrive at the detector well before
plume ions.~If then the He were ionized, the ion prob
would detect it before the Si plume.! This would make He
very inefficient at slowing down the plume, contrary to wh
is observed experimentally~see Fig. 1!. The way out of this
is found by considering the effects of nonhead-on~NHO!
collisions on He-He scattering, as explained next.

As we have seen, when the background gas is He,
effect of NHO Si-He collisions on the Si atoms is negligibl
The He atoms, on the other hand, can be scattered up to
from thex axis with important consequences for the mome
tum transfer. To take these effects into account in an aver
way and still maintain an essentially 1D treatment, the to
cross section was divided into five concentric rings of eq
area, and an average impact parameter for each determ
Given the impact parameter, the scattering angle from
head-on direction~the x direction! and hence thex compo-
nent of the He atom’s momentum for that angle could
calculated. To simplify the calculations, we then averag
the x momentum over the impact parameters. This resu
in reducing thex component of the momentum by more tha
30% relative to the head-on approximation.

Let us now consider the effects of He-He collisions the
selves. In an exactly head-on collision of a moving He p
ticle with a stationary one, the struck particle moves off w
the velocity of the moving particle and the latter is stopp
completely so that essentially nothing happens. When N
collisions are considered, however, it is found that both
oms are moving after the collision, and since thex compo-
nent of the momentum has to be conserved, and there
now shared by two atoms, the particle that was initially mo
ing is likely to be drastically slowed. This turns out to be
very efficient mechanism for exchange of momentum
tween the plume and the background. The reason that
head-on approximation works as well as it does in the ca
lations described in Sec. IV is because the assumptio
made that the Si atoms share their momentum with all of
background mass in a given finite difference cell.
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As demonstrated in Sec. IV, the assumption of stric
head-on collisions gives good agreement with a large b
of the experimental data. Nevertheless, we have tested
assumption by incorporating some of the above effects
what would otherwise be a 1D model, as discussed in S
IV. This is one reason why we refer to the model as qua
2D. That we are able to include approximately some of th
effects is due to the fact that the momentum of the abla
plume is predominantly perpendicular to the target surfa

B. Multiple scattering approach

We break the plume up into orders that correspond to
number of collisions that have been made with the ba
ground gas. This is shown schematically in Fig. 2~a!. As
indicated there, the first-order plume is the component
gets to the detector without any scattering, the second-o
plume undergoes one scattering event, the third-order plu
two, and so forth. We introduce the following notatio
rp( i , j ,k) is the density of thekth-order plume in thej th cell
at the i th time interval,rp

s( i , j ,k) is the density scattere
from rp( i , j ,k) by collisions, andrb( i , j ,k) is the density of
background gas. The total densityrp( i , j ) in the plume can
then be written as

rp~ i , j !5(
k

rp~ i , j ,k!. ~5!

A corresponding notation is used for the velocities.
As indicated in Fig. 2~b!, at any time and in any spatia

cell, collisions may occur that scatter particles from thek
21 order into thekth order and from thekth order into the

FIG. 2. Schematic illustration of the multiple scattering a
proach developed here. In panel~a!, the k indexes the number o
collisions of Si plume atoms with the background atoms. For
ample, the first order gives the component that gets to the dete
without being scattered, the second order component has had
collision, etc. Panel~b! illustrates the conservation of mass in
given cell at a given time. A similar diagram holds for momentu
y
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k11 order; of course particles can only be scattered ou
thek51 order. While particles can only be transferred to t
next higher order by a collision, the density in the individu
orders can propagate to give the overall expansion of
plume. The propagation between scattering events is de
mined by the usual equations for conservation of mass
momentum. We specialize to 1D and write the conservat
equations for the plume, including the scattering terms, w
] t[]/]t and]x[]/]x, as

] trp~ t,x,k!52]x@rp~ t,x,k!vp~ t,x,k!#1] trp
s~ t,x,k!;

~6a!

] trp~ t,x,k!vp~ t,x,k!52]x@rp~ t,x,k!vp
2~ t,x,k!

1Pp~ t,x,k!#

1] t@rp
s~ t,x,k!vp~ t,x,k!#, ~6b!

with vp
s , the scattered plume velocity, determined from E

~1!. The pressure termPp(t,x,k) was initially neglected but
then added in the manner described in Sec. III D. Inclus
of the pressure term and the neglect of inelastic proce
effectively eliminates the need to consider the energy c
servation equation.

Similar equations can be written for the background b
we have generally found it convenient not to resolve
background into its scattered components so as not to c
plicate the calculations and increase the computational tim
we believe the results justify this simplification. The scatt
ing terms, of course, provide the mechanism for the tran
of momentum from the plume to the background since plu
scattering from one order to the next higher one is produ
only by collisions with the background. That is to sa
head-on plume-plume collisions are assumed to be relati
unimportant because they have no net effect on the plu
momentum.

We have used the simplest possible discretization sch
to obtain the following finite difference~FD! equations from
the differential equations. For the plume,

rp~ i , j ,k!5rp~ i 21,j ,k!2@rp~ i 21,j ,k!vp~ i 21,j ,k!

2rp~ i 21,j 21,k!vp~ i 21,j 21,k!#/vm

1rp
s~ i , j ,k21!2rp

s~ i 21,k!, ~7a!

rpvp~ i , j ,k!5rpvp~ i 21,j ,k!2@rpvp
2~ i 21,j ,k!

2rpvp
2~ i 21,j 21,k!#/vm

1rp
s~ i , j ,k21!vp

s~ i , j ,k21!

2rp
s~ i 21,j ,k!vp

s~ i 21,j ,k!2@Pp~ i 21,j ,k!

2Pp~ i 21,j 21,k!#/vm . ~7b!

For convenience, the indices onrp have been suppressed
Eq. ~7b!. For the plume scattering term with plume
background scattering cross sectionspb , we have

rp
s~ i , j ,k!5rp~ i , j ,k!rb~ i 21,j !

3@vp~ i , j ,k!2 v̄b~ i 21,j !#spbDt. ~8!
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The quantityvm is the ratio of theDx andDt FD cell sizes.
The bar overvb in Eqs.~8! and~9! implies that we have no
generally resolved the background into scattering orders
explained above. In using Eq.~7b! to obtainvp , it is usually
necessary to introduce a lower bound toPp ~and Pb! to en-
sure that the equation preserves a finite value.

The averaged background is treated in essentially
same manner to give

rb~ i , j !5rb~ i 21,j !2@rb~ i 21,j !v̄b~ i 21,j !rb

3~ i 21,j 21!v̄b~ i 21,j 21!#/vm , ~9a!

rb~ i , j !v̄b~ i , j !5rb~ i 21,j !v̄b~ i 21,j !

2@rb~ i 21,j !v̄b
2~ i 21,j !2rb~ i 21,j 21!

3 v̄b
2~ i 21,j 21!#/vm1Bpb2@Pb~ i 21,j !

2Pb~ i 21,j 21!/vm . ~9b!

Bpb is the transfer of momentum from the plume to the ba
ground and is written as

Bpb5(
k

rp
s~ i , j ,k!@vp~ i , j ,k!2vp

s~ i , j ,k!#~mp /mb!.

~10!

The use of an average velocity for the background imp
that in a collision the entire mass of the background gas
given finite difference cell will be set in motion. Since th
may seem a bit inconsistent with our treatment of the plum
we also carried out some calculations in which the ba
ground was resolved into one order that corresponds to s
particles in a cell remaining stationary and the velocities
all others being averaged. These calculations, though so
what more complicated than those for the above equati
are fairly straightforward; the results will be discussed
Sec. IV.

After some experimentation, the FD cell sizes were fix
at Dx50.05 cm andDt51.2531028 sec. Real time compu
tations on IBM RISC 6000 machines were less than a min
for the simple model with head-on collisions and no mo
than a few minutes for the more elaborate NHO versio
This makes the model ideal for real time, on-line optimiz
tion and control.

C. Scattering cross section

One might expect the plume-background scattering cr
sectionspb to be velocity-dependent, but we have not fou
it necessary to make it so. In fact, when a velocity dep
dence was introduced according to more or less stan
prescriptions~see Ref. 6, for example! the excellent agree
ment with experiment obtained with constant cross secti
was lost. This may be because there are no ion-ion Coulo
scattering events between plume and background with
experimental conditions used, and the collisions are r
tively low in energy compared to those encountered in m
plasma processes. Of course, with other experimental co
tions, particularly more energetic laser pulses, we might
pect the situation to change.

However, this calls attention to another problem. A
though a plasma is formed by the laser pulse in the exp
as
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ments considered here, it is not fully ionized and consists
neutral and singly ionized Si ions, with the neutrals proba
the predominant species. As already mentioned, the b
ground gas is always entirely neutral. Therefore, we have
deal with only neutral-neutral, ion-neutral, and Si1-Si1 col-
lisions. The last of these can be neglected for the follow
reasons. First, the expansion of the Si plume is collisionl
in the absence of the background gas, and so Si-Si collis
occur only after one of the ions has been scattered by
background gas. Second, the collision of two Si ions w
have very little effect on the transport of mass and mom
tum of the plume itself and will have no direct effect on th
transfer of momentum from the plume to the backgrou
Further evidence that Si1-Si1 collisions are of little impor-
tance under our conditions is given by the fact that the plu
expansion in vacuum is described quite well by a single-te
half-Maxwellian or Knudsen form, as discussed in S
IV B. Consequently, all Si-Si collisions, regardless of t
charge states~0 or 11! are of secondary concern.

We conclude that the scattering events of importance h
will be primarily those involving collisions between th
plume and the entirely neutral background. In this case,
only difference between the scattering cross sections fo
atoms and singly charged ions with the background is a w
polarization contribution that is negligible compared to t
dominant nuclear-nuclear repulsion. Therefore, we can w
for all plume orders

rp~ i , j ,k!5rp
0~ i , j ,k!1rp

1~ i , j ,k!, ~11!

spb
0 5spb

1 5spb , ~12!

and carry out the calculations as though we were dea
with a neutral plume even though the ion probe detects o
the singly charged Si ions. In other words, the kinetics of
propagation and scattering processes are virtually the s
for the ions and neutrals. We emphasize once again
these approximations are valid only for the experimen
conditions used here and not likely to hold when more en
getic, fully ionized plasmas are formed.

There is one important aspect in which the charge stat
the Si cannot be ignored, i.e., recombination. The exp
ments show clearly that light emission due to Si11e recom-
bination occurs throughout the plume expansion. We will n
formally include recombination in the calculations of th
paper, but preliminary considerations and calculations, ba
on three-body recombination, as discussed in Ref. 14, s
gest that it will further improve the agreement with expe
ment.

D. Treatment of the pressure term

Calculations without the pressure term in Eqs.~6b!, ~7b!,
and ~9b! showed that the background gas is very quick
‘‘snowplowed’’ into a peak. This peak traps plume atom
and ions, which themselves form the plume peak that is
placed to long times relative to its vacuum position. Ho
ever, the background peak is many times greater than tha
the plume and this suggests a way of incorporating the p
sure term. In the gas dynamical treatment of shock disco
nuities in ideal, monatomic gases25,26 the maximum density
in the shock cannot exceed that far in front of the shock
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more than a factor of 4, substantially less than we calcula
without the pressure term. While the processes considere
this paper are more complicated than this simple case,
were led to consider further the role of the pressure te
and how to take them into account at least approximat
Since the density of the plume is far less than that of
background at the snowplowed peak, we assumed tha
latter controls the physics of the process. More specifica
we assumed that the plume is in thermal equilibrium with
background in this region and that, as in shock-wave the
the latter is adiabatically compressed during the plume
pansion.

The calculation runs as follows. The initial conditions
the background, unlike those for the plume, are known q
well; we denote them by a subscriptb and a superscript 0
Then, as the background gas is compressed at any later
we have for an adiabatic process that

Pb /Pb
05~rb /rb

0!g and Tb /Tb
05~rb /rb

0!~g21!/g, ~13!

whereg is the ratio of specific heats,cp /cv ~5 5
3 for an ideal

gas!. With Tb known and the assumption of thermodynam
equilibrium, the temperature and pressure of the plume
be determined using the equation of state for an ideal ga

These results were incorporated into the conserva
equations for both the plume and background that were t
used for all subsequent calculations. It was found that
peaks in the densities were decreased in height and br
ened, as had been anticipated. This resulted in significa
improved agreement with the widths of the experimen
plume peaks. Moreover, the temperatures in the shock re
were found to be well below that at which appreciable io
ization might be expected for either the plume or ba
ground. Also, the shock wave properties now fit quite w
the results expected from classical shock theory.

IV. CALCULATIONS AND RESULTS

A. Input data and parameters

As already mentioned, the bulk of the experimental d
was taken with a pulse energy of nominally 3.0 J/cm2 and
with the detector at 5 cm from the target. It was estima
from past experience and data that approximately 531015

atoms and singly charged ions were ejected per pulse.
though the ratio of charged ions to neutral atoms in
plume is not known, it is not likely to be a major concern f
most of the calculations of plume dynamics for reasons
ready discussed. However, recombination does occur as
plume species move from the target to the detector, and
may explain some of the discrepancies that are observed
tween experiment and theory.14 From the vacuum results, i
can be determined that the maximum velocity of the plu
particles is;43106 cm/sec, with the peak of the ion prob
signal corresponding to approximately 2.53106 cm/sec.

B. Starting pulse and vacuum results

The propagation of the plume in the absence of a ba
ground gas was investigated extensively. Equations~7a! and
~7b! for conservation of mass and momentum in the plu
but without the scattering terms, i.e., withspb50, were used
together with various assumptions forr0, the starting pulse
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at t5t0 . Kelly and Dreyfus27 have discussed at length th
so-called half-range Maxwellian and Knudsen forms give
respectively, by

rM
0 ~vx ,vy ,vz!5NMexp@2m~vx

21vy
21vz

2!/2kTs# ~14!

and

rK
0 ~vx ,vy ,vz!5NKexp$2m@~vx2uK!21vy

21vz
2#/2kTK%.

~15!

TS is the ‘‘surface temperature’’ of the Si target andTK is
related to it in the manner discussed in Ref. 27.TS is of the
order of 35 eV (;43105 K) and TK somewhat less for the
laser pulses used in the experiments. These temperature
far above the vaporization temperature of Si and come ab
because of formation of the plasma~although the details of
the breakdown mechanisms are still not entirely clear!. The
preexponential factorsNM andNK contain normalization fac-
tors and a factor giving the number of atoms ablated w
each pulse.

It was found that the second of these two forms gener
gave the better results. However, a linear combination of
terms of the form of Eq.~15! gave a somewhat improved fi
and it appears that the vacuum plume may be made u
two components. Further study of this is needed, but
found that small variations in the form of the startin
vacuum pulse made little difference to the calculations
plume expansion in the presence of a background gas, ex
for some of the lower background pressures. All of the
sults given in this paper were obtained with the Knuds
form.

In order to convert the densities given by Eqs.~7a! and
~9a! into the fluxes that are observed with an ion probe
tector, it is necessary to multiply by the velocity squared a
divide by the third power of the time, as discussed in Ref.
Here we remark that at22 factor accounts for the fact tha
any small velocity components in they andz directions will
cause the plume particles to miss the detector, dependin
the target-detector distance and the acceptance dimensio
the detector. This is another reason why it is appropriate
refer to the model as quasi-2D.

C. Plume expansion in a background gas

Figure 3 gives an overall comparison of the calcula
and experimental plume results for Si/Ar and Si/He obtain
from the simplest version of the general model develop
here. This is one in which only head-on collisions are co
sidered and the background gas is assigned an averag
locity, as discussed in Sec. III B. The pressure term was
cluded according to the development in Sec. III D. Only t
scattering cross section was allowed to vary freely in go
from Ar to He while theNK in Eq. ~15! was taken approxi-
mately 10% less for He than for Ar in order to be consiste
with the experimental conditions. For Ar, the cross sect
andNK were fixed by obtaining a reasonably good fit to t
data at 80 mTorr, after which only the Ar pressure was
signed the values at which the data were taken. The s
procedure was followed for He by fitting the 200 mTorr da
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FIG. 3. Overall comparison of calculated and experimental results for the two background gases. This agreement is obtained by
only the value ofspb in going from He to Ar and slightly altering the starting laser pulse to be consistent with the conditions under
the experimental data were obtained.
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NK is ;1015 cm23 in both gases andspb55.1310216 cm2

in Ar and 3.0310216 cm2 in He, which can be compared t
the ‘‘atomic cross section’’~5pa0

2 with a0 the Bohr radius!
of 0.88310216 cm2. Also, the ratiospb(Si/Ar)/spb(Si/He)
51.69 is very close to@r (Si)1r (Ar) #2/@r (Si)1r (He)#2

51.66 wherer (Si)51.17 Å is the covalent radius of Si an
r (Ar) 51.91 Å andr (He)51.22 Å are van der Waals radi

It is apparent that the calculated results give excell
general agreement with a large quantity of experimental d
The ‘‘plume splitting’’ is apparent in both background gase
However, there are two noticeable discrepancies. In He
minimum between the first~in time! shallow peak and the
delayed sharp peak is not resolved in the calculations.
believe this may be due to the neglect of recombination.14 In
Ar, the intensity drops nearly to zero between the two pe
in the calculated curves whereas it does not in the exp
mental results. This is most likely due to the assumption
only head-on collisions, a conclusion we will partially su
stantiate shortly. A more detailed comparison of the cal
lated and measured ion-probe signals from Fig. 3 for S
He is given in Ref. 14.

The resolution of the total scattered intensity into its co
ponent parts is shown in Fig. 4 for the cases of 80 mTor
Ar and 175 mTorr of He. Only the first~no collisions! and
subsequent even orders are shown for He. To obtain con
gence, it is necessary to include many more scattering or
for Si/He than for Si/Ar. For the same background pressu
each collision in He transfers only a small amount of m
mentum to the background compared to the Ar case. Thu
order to get the same magnitude of splitting experimentall
is necessary to go to higher pressures for the former. In
connection, it should also be noted that the second-o
plume in Si/He is barely split off from the unscattered fir
order plume, whereas in Si/Ar the first-order plume is
ready well resolved. This is a direct result of the mu
t
a.
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greater slowing down of the Si ions by the massive Ar ato
compared to the light He atoms. In fact, had the transfer
momentum to the background not been averaged over
scattering orders, it would have been found that at least a
He atoms actually get to the detector before the Si ions
was verified by a separate calculation. That no such fast

FIG. 4. Resolution of the plume into scattering orders in the t
background gases for the two pressures indicated. The numb
orders required for convergence is large in He so that only the
~unscattered! and subsequent even ones are shown.
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ions were detected experimentally is another indication
the background gas is not ionized under the conditions u
here.

D. Dynamics of the background gas

In Fig. 5, the densities of the Si plume and the ba
ground gases as functions of time and distance from the
get are shown for two typical cases. Note that the ba
ground density as shown is roughly an order of magnitu
greater than the plume density.

It can be seen, as previous calculations have indicated19,20

that the background gas density appears to be ‘‘sn
plowed’’ into a sharp peak by the momentum transfer
from the plume, while the plume itself also piles up becau
it is unable to completely penetrate the background pe
However, considerable interpenetration of the two pe
does occur so that ‘‘snowplowing’’ is not an entirely acc
rate description. In fact, the background gases behave so
what differently in this regard. In Si/Ar, the maximum of th
Ar distribution slightly precedes that of the Si peak for
distances from the target, while in Si/He the converse is t
Whether or not there is a fundamental reason for this is
clear at present.

FIG. 5. Comparison of the densities of the plume and the ba
ground in the regions of the slow peaks for several different d
tances of the detector from the target for the indicated backgro
pressures. This figure shows clearly how the two peaks build
with distance from the detector and how the plume peak is trap
behind or within the background peak.
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The plume results for 2 cm in the Si/Ar case show a sm
bump near 2ms. In fact, each of the plume curves has suc
bump but it is generally unresolved on the scale of the figu
When we convert from densities to fluxes these bumps g
into the unscattered peaks (k51) of Figs. 4~a! and 4~b!. This
emphasizes the importance of the time factors discus
above and in Ref. 27. Recall that the distributions of E
~14! and~15! have to be divided by the fifth power of time t
obtain the vacuum flux. In the density calculations of th
section, one factor of 1/t is included automatically through
the propagation equations so that to obtain the flux we m
divide through byt4.

From results such as those in Fig. 5, the velocities of b
the plume and background peaks as functions of time
initial background pressure can be calculated. For exam
in 60 mTorr of Ar, the velocity of the plume peak at 5 c
has been slowed by nearly an order of magnitude compa
to its vacuum velocity of 2.53106 cm/sec and the plume an
background peaks are moving at very nearly the same ve
ties. The situation in 175 mTorr of He is similar in that th
peaks of the plume and background at 5 cm~and other dis-
tances! have nearly the same velocities, but the plume vel
ity is only a factor of 5 less than its value in vacuum. In a
of these calculations the total densities and momenta are
well conserved.

In Fig. 6, typical results for the temperature and press
in the background are shown. We believe that the result
Fig. 5 that show the background density to be approxima
an order of magnitude greater than that of the plume in
region of interest substantiates the approximations we u
for calculating these quantities. The plume and backgro
temperatures are the same since thermodynamic equilib
between the two was assumed. It will not be shown here,
the inclusion of the pressure term in the propagation eq
tions reduced the height of the background peak by a fa
of about 4 and broadened it accordingly. The peak posit
was not changed significantly. The temperature rise due
the compression of the background gas is relatively mod
compared to that required for ionization of any of the thr
gases involved, so that our initial assumptions about th
ionization states seem well justified, although recombinat
of Si1 and electrons is expected to be important.14

k-
-
d
p
d

FIG. 6. Calculated background pressure and temperature
files using the approach described in Sec. III D.
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We saw in Sec. III D that for an ideal gas the maximu
density in the shock wave cannot exceed the density fa
front of the maximum by more than a factor of 4. The resu
shown in Fig. 7 for Si in 175 mTorr of He at two differen
times illustrate that this is indeed the case for our calcu
tions. In none of the calculations we have checked has
maximum ratio of four been exceeded, within the accura
of the calculations. Because the density of the plume is
proximately an order of magnitude less than that of the ba
ground, this remains approximately true even for the co
bined densities. It should be noted that the dashed cu
show clearly how the background density is swept out of
region closest to the target and piled up to form the sh
front. At the same time, the plume is compressed into
same region because the Si atoms are unable to penetra
much denser background peak.

E. Effects of nonhead-on collisions

All of the results given above were obtained under
assumption that all collisions were head-on. Since the pr
ability of truly head-on collisions is virtually zero, conside
able effort was put into extending the modeling beyond t
approximation. Some of the results are discussed here.

In Sec. III A it was shown that Si atoms that collide wi
stationary He atoms will be deflected through angles
greater than 8°, regardless of the impact parameter, so
the head-on approximation is quite good for the Si ions.
the He atoms it is not. To account for this, we split the
atoms into two groups, corresponding to those in a given
that at any time are still stationary because they have no

FIG. 7. Shock front behavior for Si in 175 mTorr of He at tw
different times. Note that the background density is approxima
an order of magnitude greater than the plume density.
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been hit by a Si atom and all others which have been
This latter group is assigned an average velocity. In the p
vious calculations, even the He atoms that had not been
were included in the averaging process. Now however, th
is a group of moving He atoms and a group that is s
stationary. The former may collide with the latter but th
would have no effect if the collisions were head-on since
two would just exchange velocities. We took into accou
the NHO collisions in the manner already described in S
III A. Stationary He atoms can then be set in motion
being hit by both Si atoms and moving He atoms.

The importance of the NHO collisions is illustrated in Fi
8 where the time dependence at 5 cm of the He backgro
density at 175 mTorr is shown. Curves 1, 2, and 3, sho
dashed, are for the case in which the He-He collisions
neglected. Curve 1 gives the stationary component, curv
the moving component, and curve 3, the total dens
Curves 4, 5, and 6 give the corresponding results w
He-He collisions are included. It is apparent that without t
term a large fraction of the He atoms remain stationary a
those that are hit simply run away from the rest. With t
term, almost all of the background is set in motion and
velocities are such that the snowplowed peak becomes
most prominent feature. If curve 6 is compared to the
background on Fig. 5~b!, it can be seen that they resemb
each other closely. In other words, by averaging the mom
tum over all the background mass in a given cell in t
head-on approximation, we arrive at essentially the same
sult as for the more realistic NHO calculations. Of cour
changes inNK andspb must be introduced, but these are n
particularly large.

Nevertheless, the calculations do show that a few He
oms can reach the detector before the plume particles
they would show up as an ion probe signal if they we
charged. On the whole, however, the results are so simila
those already given for the simple head-on model, and w
only minor changes in the parameters, that we will not g
figures for them here.

Turning now to Ar, we concluded that the failure of th
simple model to fill in the region between the fast and sl
peaks in Fig. 3 for some of the lower Ar pressures was du
neglect of those collisions at large impact parameters
which the scattering angle is small.~For strictly head-on col-
lisions with stationary Ar atoms the Si atoms will always
backscattered by 180°. It is only after the background

ly

FIG. 8. Illustration of the role of NHO collisions for the case
Si in 175 mTorr of He. See text for discussion of this rather co
plex figure.
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been set in motion that forward scattering begins to occur,
described in Sec. III A.! To try to verify this, we modified
the model to allow for five different impact parameters a
described above for the He calculations. The results a
shown in Fig. 9 where it can be seen that the region und
discussion does indeed begin to fill in, as anticipated. Th
particular aspect of the modeling is not crucial for unde
standing the plume-splitting problem and other important a
pects of plume and background propagation and so it has
been pursued further at this time.

V. SUMMARY AND CONCLUDING DISCUSSION

We have developed a relatively simple model of the e
pansion of a laser-ablated Si plume into He and Ar bac
ground gases that gives good agreement with most of
experimental results. Momentum is transferred from th
plume to the background by multiple scattering of the plum
atoms from those of the background gas. Propagation of

FIG. 9. Results of calculations for Si/Ar using an extension o
the basic model in which NHO collisions are partially taken int
account, as described in the text. These results show how the reg
between the two peaks begins to fill in as collision processes with
range of impact parameters are taken into account.
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plume and background is achieved by introducing the con
servation equations of gas dynamics. The previously une
plained phenomenon of plume splitting is seen to occur in A
because there is a finite probability that some of the Si targ
atoms will reach the detector without any collisions with the
heavy background gas atoms, giving rise to the fast pea
Even single collisions are enough to significantly retard
plume atoms and the cumulative effect of all scattered com
ponents produces the second peak. In He, the process is m
complicated because one or two collisions do not split th
scattered component very far from the vacuum peak and se
eral orders may partially overlap in this region. The comple
interplay of the various scattering orders then determine
whether or not two peaks will be resolved, with recombina
tion possibly playing an important role in this connection.

Part of the success of the modeling may be due to th
choice of an experimental system for which the various ap
proximations clearly apply. Therefore, questions about th
general applicability of our approach may arise. While it is
apparent that modifications may have to be made for specifi
cases, we believe that the ubiquitous nature of plume spl
ting shows that the model captures the essential physics
the phenomenon. For example, we have constructed a ve
sion of the model to deal with graphite ablated into a back
ground gas of Ar. As pointed out in the subsection on elast
scattering, the large mass difference between C and A
means that the backscattering of the C is an important effec
While we are able to incorporate this into the model, i
greatly complicates the equations and the programming b
cause reflection of the backscattered C atoms from the targ
may be an important effect. This requires further study.

With the above in mind it is worth emphasizing that, in
choosing an experimental system with which to work, the
interaction between experiment and theory will be facilitated
if the background gas is lighter than the plume gas becau
the effects of backscattering will then be minimized.
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