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Abstract. - Langmuir probe technique has been employed to characterize the dynamics of UV
laser ablation plasma ions from a silver target in different background gases (He, Ne, Ar and
Xe). For all these gases the ion time-of-flight signals show progressive formation of a slower
component as the gas pressure is increased. In the case of heavier gases (Ar and Xe) this
slower component is clearly resolved from the vacuum peak (plume splitting), as has been
previously reported. The pressure variation of the collected ion yield deviates markedly from
a simple exponential decay, and a new approach, based on multiple elastic scattering
processes, has been developed to describe these results as well as to provide elastic collision
cross sections which were previously not available. For the heavier gases, it has been possible

to analyze the two ion components separately, and to estimate both the elastic collision cross

sections and the scattering order for the different gases.
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Introduction. - The physics of laser ablation in background gases continues to receive much
attention due to its importance in a number of techniques, such as pulsed laser deposition
(PLD) of thin films and nanoparticle formation [1,2]. Further development of these techniques
requires a better understanding of the mechanisms of laser-solid interaction, plasma plume
formation, and plume expansion in vacuum or in gaseous atmospheres. In particular, it is of
interest to examine how the nature and the pressure of the background gas influence the
propagation of the ablation plume. Except for the modeling of the propagation of a silicon
plume in He and Ar [3,4], and an aluminum plume in O, [5], there exists no satisfactory
description of the propagation of an ablation plume in a background gas over a wide range of
pressure.

The plume expansion dynamics depends strongly on the atomic/molecular mass and
pressure of the background gas. In a certain gas pressure range time-of-flight (TOF) ion
signals are observed to split into two components; an attenuated vacuum-like signal plus a
separate signal at longer time [3,4,6,7]. For the case of silicon ablation in He and Ar, model
calculations have shown that this plume splitting can be interpreted in terms of the multiple
scattering dynamics of the plume particles by the background [3,4]. A combined continuum-
microscopic method has been used to model the propagation of a metal plume in oxygen [5].
While these numerical models do reveal some aspects of the complexity and underlying
processes involved in plume expansion in gas, the results refer to specific target/gas systems
and cannot easily be used for the interpretation of experimental results for other materials and
ablation conditions.

In this letter, a new, simple analytical approach based on multiple scattering is described
and applied to the experimental data on propagation of an Ag laser ablation plume in several
inert background gases (He, Ne, Ar and Xe). Time-resolved Langmuir probe technique was

used to measure the dependence of the collected ion flux on the background gas pressure.



This allows the identification of the different regimes of plume expansion, from effectively
free expansion at low pressure, through a regime of multiple scattering at intermediate
pressure, to blast wave propagation and finally to diffusive-like transport at relatively high
pressure. In our simple approach we do not include angular scattering, but consider a
sequence of energy loss events. Our analytical multiple scattering theory is remarkably
successful in describing quantitatively the ion flux data and clearly identifies the role of
multiple scattering without requiring extensive numerical modelling. Moreover, it yields an
estimate of both the elastic collision cross section and the scattering order for the different

gases.

Experimental setup. - The experiments were carried out using a setup at Risg National
Laboratory, which has been described earlier [8-11]. A frequency-tripled Nd:YAG laser beam
(A=355 nm, pulse width =6 ns FWHM, laser fluence =2.5 Jem™) was directed at normal
incidence onto a circular 0.04 cm” spot on a silver target in a vacuum chamber with a base
pressure of 10”7 mbar. The ion flux was measured by using a planar Langmuir probe oriented
to face the target spot and located at a distance of 75 mm from the target and at an angle of
=20° with respect to the normal of the target surface. The probe collecting area was a 2x2
mm? square copper plate insulated on the rear side, similarly to refs 9-10. During the ion
collection the probe was biased at —10 V. A sketch of the experimental configuration is shown
as inset in Fig. 1(a). The ablation leads to the removal of about 700 ng per pulse of material
which expands into vacuum as a forward-peaked plume with a longitudinal to transverse
aspect ratio of 2.8 [11]. The total number of ions in the plume is 1x10"° Ag ions per shot at 2

Jem?® [12].



Results. - The experimental results for He and Xe are given in Fig. 1, where (a) and (b)
show the TOF distributions measured by the ion probe for several representative values of the
gas pressure. Figure 1(c) and 1(d) show the pressure dependence of the total ion flux,

obtained by integrating the TOF profiles, for He and Xe, respectively.
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Fig. 1 - Ion probe measurements in He and Xe. Representative TOF profiles are shown in (a)
helium: vacuum (full line), 1x10™" mbar (o), 3x10"" mbar (m), 4.5x10" mbar(A); 5.9x10™"
mbar (¢) and (b) xenon: vacuum (full line), 1.2x10” mbar (), 5x10~ mbar (o), 1.0x107
mbar (A); 2.0x107 mbar (0). The pressure dependence of the integrated ion flux is shown for
helium (c) and xenon (d). The inset in (a) shows a sketch of the experimental setup and the
inset in (d) shows an expanded view of the xenon data at low pressures.

Considering first the results for He [Fig. 1 (a) and (c)], we can see that: (i) from vacuum up
to =0.2 mbar the total ion flux reaching the probe is almost constant, and the TOF profile
broadens while being slightly delayed; (ii) above 0.3 mbar the ion flux starts decreasing and a
peak appears on the trailing edge of the TOF signal; (iii) at still larger pressures this delayed
peak becomes dominant indicating that nearly all of the ions reaching the probe have been
delayed with respect to the vacuum case, while the collected flux continues to fall with
increasing pressure. The results for Xe [Fig. 1 (b) and (d)] reveal a somewhat different
dynamical behaviour. The integrated ion signal is constant up to =3x10~ mbar as shown in

the inset in Fig. 1(d). Thereafter the ion signal decreases with increasing pressure but the time

profile is hardly changed, except for the appearance of a shoulder on the trailing edge of the



pulse. This shoulder progressively transforms into a second, delayed peak for pressures larger
than 1.0x107 mbar, which becomes dominant above =2.0x10” mbar. As compared to He, a
distinctly different behavior can be recognized in the pressure variation of the integrated ion
flux in Xe shown in Fig. 1(d). These behaviors originate from the complex interplay between
the two components into which the ion flux is split for plume propagation in a certain range of

gas pressure [7,11], as will be discussed next.
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Fig. 2 - Pressure variation of (a) net ion flux for He and Ne and (b) fast (o) and slow (A) ion
peaks pressure for Xe and Ar (inset). The solid lines are theoretical fits (see text for details).
In panel (a), the dashed curves show fits according to Eq. (3) for different values of the
maximum scattering order N, in the case of He.

The experimental observation of a plateau in the collected ion flux Y at low pressures

indicates that a simple Beer’s law type behaviour, Y(XD) =Yy exp(— Xp //\), that might be

expected for hard-sphere, elastic scattering from fixed scattering centres, is not valid, Xp being

the target-detector distance, A the mean free path and Y, the ion-flux collected in high

vacuum. Since A =1/(\/§ngac) U P_l, Beer’s law behavior would give an exponential



reduction of ion signal with pressure P (where o is the scattering cross section and ng the gas
density). While the assumption of fixed scattering centres is not completely valid for the
collision of Ag ions with the relatively light He, the observation of a similar behaviour also
for the heavier gases Ne, Ar, and Xe points to a general feature of the process of plume
propagation in a background gas. The observed behaviour can be understood if one considers
that in addition to the fraction of ions reaching the detector without collision (ballistic
component), there is an additional contribution from ions that have suffered one, or more,
collisions (multiple scattering). It is an analytical description of this multiple scattering which
is the essential feature of our theoretical approach.

Thus the number of ions collected by the probe has two contributions: (i) a ballistic
component, Fp and (i) a scattered component Fs, which can be further separated into fractions
which have undergone 1, 2, 3, k scattering events. Therefore, the number of particles reaching
the detector, Yp, is given by:

(1) Yp =Yo(Fp +F) =Yo(Rp +F+F +...... +R +..)

where Fy is the fraction collected after k scattering events. The evaluation of Yp is a very
complex problem, which can be treated analytically only by considering the following
approximations: (i) the real path of the ion can be approximated to a straight line joining the
ablation spot on the target and the detector; (ii) the maximum order of scattering is low, i.e. Fy
decreases very strongly with the scattering order k. In such a case, if l; denotes the path length

travelled by the particles between the (i-1)-th and i-th scattering events, for a particle having

k+1
suffered k collisions we get Y lj = Xp , where lx+1 denotes the length of the path going from
i=1

the point where the k-th scattering occurs to the detector. Under these assumptions, the
evaluation of Fy reduces to a one-dimensional problem, i.e. we neglect angular scattering, and

the number of terms in Eq. (1) is small. The probability, I'Ik( ,/\), that an ion will



experience K collisions along a total path of length of the order of Xp is described by the

Poisson distribution given by:

X P
_ Kk — 5 k P,
@) ﬂk(u,A)=ukﬁ=(x—DJ e =[Pj :

ki (A kil “(Py) K
where [/ = Xp/A . The number of ions reaching the probe having undergone up to n collisions

is given by:
P

) k
3 —ve Py [P

where Py = KgTamp / x/EO’CXD , kg and Tamp being the Boltzmann constant and the ambient

temperature, respectively. Thus o (sz ) =3.9x107'® / Py (mbar) .

Fig. 2(a) shows the ion flux for He and Ne and fits according to Eq. (3). The procedure has
been carried out by progressively increasing the value of the maximum scattering order n until
a good fit is achieved, and using Y, and Py as fitting parameters. As shown in Fig. 2(a) for He,
the shape of the fitting curve depends strongly on n, and a good convergence over a large
range of pressure is only attained for a specific value. Therefore, this analysis does provide us
with a fairly accurate value of the maximum scattering order. The value of Y is determined
by the integrated ion flux collected in high vacuum (=1.5x10" ions/cm?). Using the fitted

value of Py, the collision cross section is estimated. The values of n and 0, are summarized

in table L.

For Ar and Xe background, it is possible to analyze the behavior for the fast and slow peaks
separately. The collected ion yield of the fast and slow peaks in Xe and Ar is shown in Fig.
2(b). As discussed below, the second peak is determined by a completely different

mechanism. The ion yield of the fast peak (open squares), is nearly constant up to =3x107

mbar for Xe, and =3x10~ mbar for Ar. The pressure variation of the ion yield in the fast peak



has been fitted to Eq. (3) using the same procedure as for He and Ne. It should be noted since
Xe is heavier than Ag some of the Ag ions will be backscattered, which is not the case for the
other gases in this experiment. By analyzing the phase function for scattering of Ag and Xe
we estimated that =18% of collisions lead to backscattering. This fraction of the incoming
flux is considered lost after each collision and is taken into account in the fitting procedure
and derivation of the collision cross section. From Fig. 2(b) it is apparent that the theoretical
fits reproduce closely the experimental data for the first peak, yielding the values of n and

ocreported in table 1. The estimate of the fits coincides with our expectation that Ar, with a

lower atomic radius and mass will have a smaller collision cross section and require more
collisions for the same degree of slowing, as compared to Xe. The good agreement of the
theoretical curves in Fig. 2 with the experimental data clearly suggests that the essential
physics underlying plume propagation in gas is described by our simplified multiple
scattering theory.

The values of 0 obtained by our multiple scattering model are consistent with the order of

magnitude of the ‘atomic cross section’ mg (=0.88x107"° cm?), a, being the Bohr radius.

The observed increase for the larger atoms of the background gas can be accounted for by a
simple kinetic theory approach evaluating the elastic cross section as H(R p t Rt )2 , Rp and Ry

being the radius of the projectile and target particles, respectively. By approximating R, and Ry
to the covalent radius of the atoms [13], we obtain values of the elastic cross section (see table
I) which result in a fairly good agreement with the values previously obtained by fits of the
experimental data to Eq.(3).

It is of interest to examine the pressure dependence of the number of ions in the second
peak reaching the probe, as is shown by open triangles in Fig 2. We observe that the second

peak yield initially increases with the pressure, reaches a maximum and then falls as the



pressure increases further. The slower peak is due to the propagation of a blast wave in the
gas [7,14]. This blast wave is driven by the sudden release of energy in the gas near the laser
spot on the target by collision of ablation plume particles with gas atoms. The rise of the
second peak yield occurs mainly by transfer of ions from the fast to the slow peak through
collisions with the gas. This transfer of ions is not included directly in our model, but we note
that an ion will be lost from the fast peak and transferred to the blast wave peak when it has
suffered sufficient collisions to reduce its velocity to the local value of the blast wave
velocity. Thus is possible to use our multiple collision model to analyse the pressure variation
of the second peak and estimate the number of collisions that particles in that peak have
encountered. As the pressure is increased still further less and less of the ions in the delayed
part of the plume reach the probe, instead they are trapped within a nearly hemispherical blast
wave which expands into the gas in a manner which has been widely discussed in the
literature [11,12,15,16]. Eventually the finite pressure of the background gas halts the
expansion of the blast wave, and Ag ions can only reach the probe by diffusion [11, 16]. The
blast wave and diffusion regimes correspond to the range of pressure with a progressive
attenuation of the number of ions in the slow peak reaching the probe, but this will not be
discussed here [11]. Instead we will focus on a theoretical interpretation of the early part of

the pressure dependence of the slow peak; namely the rising edge and maximal region.

Table I - Maximum scattering order n and collision cross section O obtained by fits of the

experimental data for the fast peak yield to Eq. (3). The covalent radius of the gases and the
theoretical elastic cross section are also reported for comparison. The covalent radius of Ag is
1.53 A [13]. See text for details.

Covalent o (107 cm?)
Gas n radius (A) experimental  theoretical
He 5 0.32 =0.5 =0.4
Ne 3 0.69 =1.7 =1.6
Ar 3 0.97 3.1 =3.1
Xe 1 2.3 12 =17




In the multiple scattering regime, the ion yield Y,,q (A) in the second peak is described by

summing up those ion fractions belonging to orders larger than the maximum scattering order

n included in the fit for the first peak, i.e.:

_P k-max 1 ( p k
@ i h=ee 0 3 L2

with k-min>n. From Equation (4) it can be seen that the ion signal due to a particular

scattering order Kk will be maximized a pressure P, =kP,. The pressure where the slow

peak is maximized corresponds to K values of =7 in Ar and =4-5 in Xe. Equation (5) has been
used to fit the pressure dependence of the measured ion yield in the second peak for Ar and
Xe using the same scattering cross sections as for the fast peak, and is shown in Fig. 2(b). As
before, a backscattered fraction of =18% was included in fitting the Xe case. From these fits
we obtain (k-min, k-max) is (4-11) for Ar and (4-10) for Xe, again showing that in the heavier
gas a smaller number of scattering orders is required for the same degree of ion slowing.
Secondly we note that the values of Yy used in the fitting are 4.3x10"% and 3.6x10" ion/cmz,
which is lower than the values of integrated ion flux in vacuum. We can expect some
reduction in the value of Yy associated with the second peak due to the combined effect of
electron-ion recombination and non-head-on collisions tending to make the plume more
hemispherical compared to the vacuum case. Thus it seems that the data fits in Fig. 2(b) do
allow us conclude that our multiple scattering approach gives a reasonable description of the
slow peak, at least in the pressure regime where it first appears.

The dilution of the background gas by collisions is not a major issue. For instance, if we
consider that the ion flux at the probe position (7.5 cm from the target) is =1.5 x 10"
ions/cm2, we can estimate a flux of the order of =10'° ions/cm? at a distance of =1 ¢cm from
the target surface. From the estimated cross sections (see table 1), for example in the case of

Ar, we obtain a probability that a background gas atom suffers a collision with an Ag ion

10



from the plume of = 0.3. Therefore only a fraction of the order of =30% of the background
gas atoms is involved in collisions at a distance of =1 cm from the target surface. Since the
probability of a collision is proportional to the ion flux, which roughly drops off as d~,
where d is the distance from the target, we can conclude that beyond about 1 cm from the

target only a minor fraction of the background gas is driven out of the interaction volume.

Conclusion. - The dynamics of UV laser ablation plasma ions from a silver target in
different background gases has been studied by Langmuir probe technique. A new approach,
based on multiple elastic scattering processes, has been developed to describe the observed
dependence of the ion flux on the background gas pressure, resulting in good agreement with
the experimental data. It seems that this multiple scattering approach works well up to
pressures where the target-detector distance corresponds to 5-10 mean free paths, depending
on the target material and gas. At higher pressures it is necessary to consider blast wave and
ion diffusion effects. Finally, it is worth observing that during these experiments the total flux
(ions+neutrals) as measured by deposition on a nearby quartz crystal microbalance shows the
same behavior [11,17]. We observed that the ion yield exhibits the same pressure dependence
as the deposition rate over many orders of magnitude, indicating that the processes discussed
in this letter represent the overall dynamics of the ablation plume. Thus our multiple
scattering approach to laser ablation plume propagation in background gases should prove

useful for the interpretation of a range of laser ablation experiments.
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