Velocity distributions of molecules ejected in laser ablation

Leonid V. Zhigilei and Barbara J. Garrison®
Department of Chemistry, Pennsylvania State University, University Park, Pennsylvania 16802

(Received 21 April 1997; accepted for publication 27 May 1997

Based on the results of molecular dynamics simulations, we propose an analytical expression for the
velocity distributions of molecules ejected in laser ablation. The Maxwell-Boltzmann distribution on

a stream velocity, commonly used to describe the measured velocity distributions, is modified to
account for a range of stream velocities in the ejected plume. The proposed distribution function
provides a consistent description of the axial and radial velocity distributions. The function has two
parameters that are independent of the desorption angle and have clear physical meaning, namely,
the temperature of the plume and the maximum stream velocity or velocity of the plume
propagation. ©1997 American Institute of Physid$S0003-695(97)03330-3

Two important applications of laser ablation are in masssolely with the thermal motion can be misleading and yields
spectrometry and thin film deposition. In mass spectrometran overestimated value for translational temperature.
laser ablation of organic material has become an establishédoreover, angular resolved measurements reveal that veloc-
method for producing intact molecules and molecular ions irty distributions for off-normal angles could not be fit to Eqg.
the gas phastFilm synthesis by pulsed laser deposition has(1) unless the fitting parameter§,andu, are chosen to be
opened up wide opportunities for producing new anddependent on angf In one attempt to account for the an-
artificially-structured materials and coatirgs:or both of  gular dependence, an elliptical Maxwell-Boltzmann distribu-
these applications, the velocity distribution of the ablatedion with three independent parametémdial and axial tem-
molecules is an important characteristic for determining theperatures and a stream velogityas been proposéd? Since
resolution of the mass spectra or the structural quality of the physical interpretation of the two different temperatures is
deposited film. There is no clear understanding, however, dfcking, the temperatures and stream velocity have to be con-
the physical processes leading to the observed velocity disidered, however, only as fit parameters and cannot be di-
tributions and the high maximum kinetic energies of therectly correlated with the real physical characteristics of the
ejected particles. In particular, confusion persists as to thablated plume.
equation that should be used to describe the experimental A detailed understanding of the elementary processes in
data, as well as to the interpretation of the fitting parameterghe irradiated material leading to ablation, as well as the
in the equation. interactions in the plume occurring after the ejection events,

The velocity distributions of the ablated particles areis essential for characterization of the final velocity distribu-
commonly described in terms of a Maxwell-Boltzmann dis-tion. Recently, a breathing sphere model for molecular dy-
tribution function on a stream velocit(v,T,u):3~° namics simulations of laser ablation has laid the foundation

for delineating the microscopic and mesoscopic physical
dN(v,T,u) mechanisms responsible for the onset of laser ablafidhe
m |32 m[v§+v§+(vz—u)z] laser induced pressure and a phase explosion due to over-
m) exp{ - KT heating of the irradiated material are identified as the key
a . . .
processes that determine the dynamics of laser ablation. In
X dv,dvydv,, (1) agreement with experimental observations, the model repro-
) duces the strongly forwarded emission and hi§80—1500
wherem denotes the particle mass,, vy, andv, are the 1 o mayimum velocities of the ablated material. In the
velocity components ankl is Boltzmann's constant. An off- - ,aqent letter, we analyze the factors that define the precise
set or stream velocity, is used to account for the forward gpanes of the velocity distributions in the ablated plume.
emission o_f ablated material |n_tlled|rect|on. Equmbratl_on This analysis leads to a new analytical expression for the
in the moving reference frame is assumed to occur®ml  yegerintion of the velocity distributions of the ejected mol-
the equilibrium temperature of the plume. An additional fit- o jjes in laser ablation. Moreover, the parameters are angle
ting parameter, namely, the stream velociyallows reason-  jnqependent and have clear physical interpretation.
ably good fits of experimental distributions observed in laser  The simulation of laser ablation of a molecular solid is
ablation experiments for a variety of systems, such as MGsertormed using a breathing sphere model that has been de-
Ieculargsollds°’,'5 polymers’*° frozen gase$,nsulators’ and  ¢iiiped in deta elsewheré Briefly, the molecules are rep-
metals. _ resented by spherical particles interacting with each ottaer

The problems, however, arise when one wants t0 COITe5 i potential. All vibrational modes of a given molecule
late the temperatures and stream velocities from the fit with, .o approximated by one internal breathing degree of free-
real physical quantities of the system. The association of thg, 1, ‘This approximation permits a significant expansion of
spread of translational energy along the direction of flowihe fime.- and length-scales of the simulation, yet allows one

to reproduce a realistic rate of energy relaxation of excited
dElectronic mail: bjg@chem.psu.edu molecules. The results presented in the present letter are ob-
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FIG. 1. Mean axial velocitv,) and root mean square radial velocity E [}
(v2)*2 of molecules as a function of their initial position under the surface, OO Oo
z, relative to the laser penetration depdh,Points represent the velocities at o) Co¢
500 ps after the laser pulse. Solid lines show the approximations used in -500 0 500 1000
derivation of Eq.(2). The dashed line shows the approximation of a single Velocity, mis

stream velocityu assumed in Eq(1).

FIG. 2. The distributions of the velocities in the axial and radial directions.

. . . . . The points are data from the simulation and the curves are obtained using
tained for the two-dimensional version of the breathlngEq.(Z) with T=400 K andu,,,,=650 m/s. Data points for the total yield)
sphere model. The parameters of the intermolecular potentiahd individual molecules onlgb) are shown.
are chosen to represent the van der Waals interaction be-
tween the molecules. A mass of 100 Daltons has been attrit}— ; ‘ lecules that bel ¢ ;
uted to each particle. A computational cell of dimensions epresents an average over molecules that belong fo a four

81x 210 nm (58 800 moleculgsis used. Periodic boundary monolayer thick slab of m_aterial located at _diffe_rent depths
in the sample. For the entire depth of material ejected, there

conditions in the directions parallel to the surface are im-, . . .
posed, thus the effects of the edges of the laser beam al® nggr!y a Imggr dependence of the mean axw}I velocity on
neglected. The laser irradiation is simulated by vibrationafn€ initial position under the surface, Figlal This obser-

excitation of molecules that are randomly chosen during th&/2tion suggests that the single flow velocity as assumed in
laser pulse duration. In this case, an implicit assumption i€9- (1) is @ rather poor approximation. Actually, there is a
that the laser radiation is absorbed by the molecules and f&nge of stream velocities from zero up to a maximum value.
internally converted to vibrational enerd§The vibrational ~ The total velocity distribution, thus, might be a superposition
excitations are performed by depositing a quantum of energ§’ M:.:D-(weII-BoItzmann distributions with different stream
equal to the photon energy into the kinetic energy of internal€locities.
vibration of the molecules to be excited. Laser pulses of 15 N contrast to the axial velocities, the radial velocities of
ps in duration at a wavelength of 337 nm are used in thdhe ejected molecules have no significant correlation with the
simulations. The photon energy is scaled down by a factor offitial position under the surface, Fig(l). Since the radial
2 in order to account for the lower cohesive energies in th&omponent does not contain a contribution from a stream
two-dimensional system, as compared to the threevelocity, it appears to be associated with the thermal motion
dimensional case. The simulation used in this work is ondn the ejected plume. A root mean square radial velocity of
with a laser fluence that is 50% higher than the threshold 182 m/s, denoted by the solid line in Figlb], corresponds
fluence for ablatior® to a temperature of 400 K As shown in Fig. 2a), a
The simulations clearly show that the dynamics of ma-Maxwell-Boltzmann distribution withT =400 K accurately
terial ablation provide different ejection conditions for mol- represents the radial velocity distribution of the ejected mol-
ecules, depending upon their original depth in the substrate&cules. Thus, at least in the radial direction a single tempera-
Moreover, there are collisions in the plume that tend to acture can be used to describe thermal motion in the ejected
celerate the motion of the molecules that ablate early, am:ilume.17 As shown in Ref. 13, the final temperature of the
consequently, slow down the molecules that ablate near thejected plume results from the fast cooling of the ejected
end. This picture hints that correlating average velocitiesnaterial due to an explosive matrix disintegration in the ab-
with the original depth in the sample might delineate an apiation process and a slower gradual cooling during the plume
propriate velocity distribution. Figure 1 shows the aXi@r-  expansion.
mal to the surfaceand radial(parallel to the surfageveloc- The results of molecular dynamics simulations discussed
ity components of the ejected molecules as a function ofbove suggest that the total velocity distribution in laser ab-
their initial position under the surface. Each point in Fig. 1lation can be described by one temperature but a range of
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stream velocities. This approximation is denoted by the solidjases can lead to additional changes in the velocity profile.
lines in Fig. 1. In these cases, the analytical velocity distribution given by

The Maxwell-Boltzmann distribution, thus, has to be Eq. (2) should be viewed only as a new starting point in
modified to account for the range of stream velocities. Wediscussing more complex final distributions.

integrate Eq(1) over a range of stream velocities from zero In conclusion, the results of the molecular dynamics

to upax @and then normalize it to unity. The total velocity simulation show that the average axial velocities of mol-
distribution of ejected molecules is then given by ecules ejected in laser ablation depend nearly linearly on

2 2 their initial position under the surface. The Maxwell-

m m(vyt+uvy) o - '

dN(v, T, Uz = exp — y Boltzmann distribution on a stream velocity has accordingly

AKT Unax 2kT been modified to account for the range of stream velocities in

the ejected plume. We find that both axial and radial total

m m ! SR -

X er{ \/—— v, —er{ — (v, velocity distributions are well represented by the modified

2kT 2kT distribution, providing a consistent way to describe the com-

plete velocity distribution with a single set of parameters.
— Umay) ]dvxdvydvz, (2)  The two parameters of the proposed equation are indepen-

dent of angle and have clear physical meaning, namely, the

where erf is the standard error function. temperature that describes the thermal motion in the plume

The velocity distributions given by Eq(2) for T  and the maximum stream velocity or velocity of the plume
=400 K andu,,=650 m/s are shown in Fig. 2. As dis- propagation in the direction normal to the surface.
cussed above, the radial velocity distribution is well repre-  This work was supported by U.S. Office of Naval Re-
sented by a Maxwell-Boltzmann distribution =400 K.  search through the Medical Free Electron Laser Program and
[Equations(1) and (2) are equivalent for the radial veloci- the National Science Foundation. The computational support
ties] The same temperature with a maximum stream velocityfor this work was provided by the IBM Selected University
of 650 m/s ensures a good representation of the axial velocResearch Program and the Center for Academic Computing
ties as well, Fig. 2&). A fit of the axial velocity data in Fig. at Pennsylvania State University.
2(a) to Eq. (1), on the other hand, results in a temperature as
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are shown in Fig. @). As stated above, the monomers tend’The equilibration of the plume at400 K has been monitored by plotting
to have larger stream velocities than the total distribution the radial velocity distributions for the same subsets of particles as used

; ; ; ; ; ; . for the points shown in Fig. 1. The individual distributions are, in fact,
W.hICf.] 'e"."ds .tO the hlgh.YeIOCIty Félt_)bsgrved in axial dis Maxwell-Boltzmann distributions at 400 K within the limited statistical
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