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Emission spectra of mixed rare gas clusters, heated by impact with a hard surface at hypersonic velocities,
are shown to extend into the near-IR and visible regimes. The emission is due to the transient dipole that
arises during the collision of dissimilar atoms. The simulations are for a cluster that remains in the electronic

ground state throughout the collision and use classical dynamics to determine the positions of the atoms vs
time. The spectrum is computed as the Fourier transform of the (quantum mechanical) time rate of change of
the dipole of the cluster. The time dependence of the dipole velocity is obtained by replacing the positions
of the atoms by the computed classical functions of time. Taking the Fourier transform of the dipole velocity

rather than of the dipole itself introduces a quantal correction with the result that the computed spectrum
satisfies the oscillator sum rule. Binary collisions make the major contribution to the spectrum and there are
hardly any caging effects. The spectral density of emitted photons is found to be thermal with a temperature
that scales linearly with the impact velocity. Using the oscillator sum rules, this temperature is related to the

deformation energy of the electronic charge cloud of the cluster. The hot cluster shatters and the fragments
are in translational thermal equilibrium with a mean energy that scales linearly with the energy of impact.
The temperature of the emitted light is, therefore, significantly lower than the translational temperature.

Introduction one. In its present form, the theory of collision-induced

Mixtures of rare gases at room temperatures absorb light in absorptio_n Comp“tes the _spectrur_n from the_ti_me evo_lutﬁon of
the far IR15 The dependence of the absorption on the gas the tran3|§ntd|pole that.arlses during the 90II|S|on of dissimilar
density, the temperature and the chemical identity of the two 210MS: This works well if the computation is quantum mechan-
rare gases ascertain that the absorption is due to a transientc@l- Often, however, the dipole is taken to evolve along a
dipole that arises when two dissimilar atoms collide. The classical trajectory. Then thgre is an inherent problem. It is that
absorption line shaeises from zero, peaks, and decreases the results lead to an oscillator sum whose value vanishes
exponentially at higher frequencies. On physical grounds we |dent|.cally. The theory of collision-induced abs.orptlon is usually
expect the width of the absorption line (or the most probable cast in terms of spectral moments. The oscillator sum rule is
frequency) to scale as the square root of the temperature. Thisequivalent to the first spectral moment. So the problem is that
is because the time scale for the motion of the transient dipole the first spectral moment is identically zero when the time
is the duration of the collision. This duration scalesasvhere dependence of the transient dipole is computed for motion along
a is the range of the intermolecular force amis the velocity a classical trajectory. There are good reasons to expect that for
during the collision. The spectrum is determined by the range heavy atoms the first spectral moment will not be large. This is
of frequencies that correspond, by the Fourier transform, to the because the leading contribution to this moment is of the first
motion of the dipole. Hence the spectrum is expected to scaleorder in Planck’s constatt” Our theoretical interpretation of
asula or, for an ensemble, agT, whereT is the translational the results hinges, however, on the first spectral moment being
temperature. This is borne out by systematic experimental finite. We have found that it is possible to overcome the problem
studies, e.g., ref 2. Results for the-AXe are shown in Figure  and to use classical mechanics to compute the collision dynamics
5 below. and yet to have a finite first spectral moménn the usual

The theory of collision-induced absorption has been exten- approach one starts with the dipole as function of the nuclear
sively developed and has been applied not only to atoms butcoordinates and computes a time dependent dipole by letting
also to collisions of molecules. Currently, the theory offers a the coordinates evolve along a classical trajectory. We start from
parametrized form of the line shape that can accurately fit the time rate of change of the dipd&his dipole velocity is
experimental results. The purpose of our work is to provide computed from the quantum mechanical Heisenberg equation
computational results that can serve as a guide for an experimenbf motion. The resulting dipole velocity is a function of the
on a hot mixed cluster. We, therefore, need to compute the n,clear coordinates and it is at this point that we take the nuclear
spectrum from the dynamics. The cluster has many atoms so it¢qordinates to evolve in time according to classical dynamics.
is far simpler to implement a classical dynamics computation The gifference with the usual approach is that the quantum
of the time evolution of the cluster than a quantum mechanical mechanically computed dipole velocity has a term, of ofger

* Corresponding author. Fax: 972-2-6513742; e-mail: rafi@fh.huji.ac.il that is not _pr_esgnt m. .the clas_s!cal Filpole VQlQCIty. This term

t The Hebrew University of Jerusalem. can be explicitly identified as giving rise to a finite first spectral

*The University of California Los Angeles. moment.

10.1021/jp0356160 CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/21/2003



9568 J. Phys. Chem. A, Vol. 107, No. 45, 2003 Gross and Levine

In view of its intended applications, the theory of collision- TABLE 1: Lennard-Jones 12,6 Potential Parameters

induced absorption has been formulated with special reference well depthe, kJ mol*

to systems in thermal equilibrium. It is not necessary to do so (range parameter, A)

but the established approach early on makes the assumption of Ar Xe
thermal equilibrium. Our intended application is to systems not

necessarily in equilibrium. So the more minor difference with Ar %336 %%;
the conventional approach is that we do not require nor do we Xe (3.41) (1_'904)
make an equilibrium assumption. Rather, we follow the dynam- (4.06)

ICS.

The system we deal with is a cold molecular cluster impacting translational temperature is borne out by the detailed computa-
a hard surface at a hypersonic velocity. Following the impact, tions. This means that heating a mixture in an ordinary shock
the cluster heats up because the initially directed velocity is tube will not give rise to an easily discerned signal because
rapidly randomized by collisions within the clustér13 In this the translational temperatures that can be reached are only about
paper we discuss the emission of light from this hot and an order of magnitude above room temperature. The final
condensed medium. We begin with a number of observations translational temperature of the fragments of the hot cluster
about this unusual state of matter. The first is that soon after scales as the impact enerfyTherefore, the mean energy of
impact the hot cluster shatters, with fragments receding from the emitted photons scales as the impact velocity. It follows
the surface in all directions. Shattering is prompt but not that the emitted radiation is not in equilibrium with the
immediate: For not very small clusters, the time interval translational motion. We have argdethat the radiation
between the initial impact and the fragmentation is sufficient temperature characterizes the electronic deformation during the
for several intracluster collisions to take place. The most direct collision. The computation of a collision-induced emission
evidence for intracluster collisions is that both experiment, e.g., assumes that the system maintains its ground electronic state
ref 14, and simulatiod show that the translational motion, throughout the collision. There are both experimental and
which before the impact was highly directed and tightly defined theoretical reasons to expect that this assumption will be
in magnitude, has reached thermal equilibrium. In particular, qualitatively wrong for impacts at velocities above 10 km.s
the velocity distribution of the emerging fragments does not In this paper we restrict our consideration to ordinary collision-
appear to depend on the direction of observation with respectinduced emission. We are, however, extending our work to
the surface normal and its distribution is Boltzmann-like. There characterize emission from electronically excited states that are
is significant energy loss to the surfal®estill, the fraction of accessed during the collision.
the initially directed kinetic energy that appears as the random There is also a transient dipole that arises when cluster atoms
kinetic energy of the fragments is high. There is also some collide with the surface. We do not include a possible emission
experimental evidenée and simulations-1718 showing that from this dipole in the computations. The reason is that if, as
high-barrier chemical reactions can take place within the impact- assumed by the experimentalists, the surface quenches the
heated cluster. The relative velocity within the heated cluster electronic emission from the cluster, then it will also quench
is comparable to the initial velocity. At thermal and hyper- the emission due to surface-cluster motion.
thermal velocities the principle of exponential §apggests that The computation of the trajectories for cluster impact follow
equilibration of internal modes may be incomplete and require established procedu®sand is reviewed next. In particular we
more than a few collisions. But for hypersonic impact there is show the rapid rise of the random part of the cluster kinetic
computational evidence for extensive vibrational heating. There energy after the impact. To compare experiments at different
is both experiment&)?° and computational evidence for velocities of impact, we discuss the scaling of the dynamics
electronically nonadaiabatic processes. At thermal and hyper-with the initial velocity. At our collision energies, which are
thermal velocities one observes primarily charge separation, withmuch above the well depth of the ateratom potential, the
the autoprotolysis of water, 4 + H,O — HzO™ + OH~ being useful variable is not the timeafter the initial impact but the
best studied? For a very recent report of autoprotolysis of nitric mean path of a rare gas atom, roughly giverwhywherev is
acid, see ref 23. At higher energies there is copious emissionthe impact velocity. The details of the computation of the
of electrons with a thermal distribution of their kinetic eneffly.  spectrum are provided with special reference to why we compute

In summary, the impact-heated cluster has a fleeting existencethe spectrum from the dipole derivative. The scaling of the
as a medium in which very hot collisions take place. We want dynamics withut is shown to hold also for the dipole, and
to study light emission during that interlude. therefore, the frequency spectrum scales/asThe functional

The second observation about cluster impact is that under oM for the potential and the dipole functir#’ are validated

the conditions described above we should expect electronicPY comparing with known re_suFtéS for coII|S|on-|nduceq .
excitation to occur. To the best of our knowledge this has not 2PSorption of rare gases at ordinary temperatures. The emission
been observed and attempts to experimentally detect light from SPectra computed for impact velocities in the hypersonic range
the hot cluster have so far not been productive. One reason could®'® Presented and shown to be thermal-like.
be that the surface, which is still close, effectively quenches
any electronic excitation. A way to reduce such a quenching is
to consider emission in the near-IR. A possible mechanism that  \ixed rare gas clusters were equilibrated at°’B0using an
could lead to such an emission is the transient dlpO'e that is established procedu?é_'rhe atom-atom potentia|s were of the
associated with the collision of dissimilar atoms. This paper |ennard-Jones 12,6 functional form with parameters fitted to
shows that such a collision-induced emission from the hot cluster results of high equality? The potential was a sum of atem
can peak in the near-IR or even in the visible and hence can beatom contributions. Clusters of different compositions and sizes
detected over the blackbody background. were studied. The results reported below are for a 256 atom
The expectation that also at higher velocities the spectrum cluster that is an equal mixture of Ar and Xe. The parameters
peaks at a frequency that scales as the square root of theor the Ar/Xe cluster are given in Table 1. Up to this point

Molecular Dynamics Simulations
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Figure 1. Translational temperature of the cluster vs time in femto- Figure 2. Reduced representation of the cluster kinetic energy. For
seconds, at three impact velocities: 5 (dotted line), 10 (dashed line), different velocities of impact, the random part of the kinetic energy of
and 15 (solid line) km g. The temperature is computed from the the atoms, eq 1 is measured in units of the initial, directed, kinetic
random part of the kinetic energy of the atoms as discussed in the text.energy of the cluster, eq 2. In this figure we do not allow any energy
The simulation begins with a cold, equilibrated cluster of 256 atoms, transfer to the surface to show that essentially the entire impact energy
half Ar and half Xe, at a fixed distance from the surface. At time zero is randomized. If dissipation of energy is allowed (see, e.g., refs 13
the center of mass of the cluster is given an additional velocity, the and 15), the random part of the kinetic energy of the atoms is lowered.
velocity of impact, in a direction normal to the surface. A higher velocity The abscissa is a distance scale, in A, obtained by multiplying time by
of impact makes the cluster reach the surface earlier. The slight coolingthe impact velocity. On this scale, the dynamics unfolds essentially
of the cluster, seen most clearly in the plot for the collision at 15 km independently of the energy of impact. Of course, this is only so at
s™! after about 150 fs, and for all impacts in Figure 2, is due to the such impact energies that very much exceed the binding energy of the

center of mass of the cluster beginning to recede from the surface. cluster. This is the scaling expected for hard sphere collisfs.
This results in a conversion of about 5% of the random kinetic energy

to directed energy of the center of mass. The resulting decrease in theg|gg scale the random part of the kinetic energy by the initial
fn”;\r/?rﬁ’y éitr?r?tr: ;RagggggesnsaEi:ZF d?é(t:ngnlgcrease due to the atomg 5|6 of the kinetic energy. Because the cluster is initially quite
g P P ' cold, the initial kinetic energy is the energy of the center of

what we do is very similar to the recent report on collision- Mass motion

induced absorption in cold cluste¥sin our case, following

equilibration, the center of mass of the cluster was given a T :EU_ 2 m )
velocity in a direction normal to a hard surface. The potential initial — , “impact "e'°°"ya”aoms

between the atoms and the surface is Lennard-Jones 12,6 with

a well depthe = 0.996 kJ mot* and range parameter= 5 A ~ With the scaling of energy and time we are able (see Figure 2)
Upllke the treatment in ref 13, r_lere we do not include a friction 4 bring different trajectories to a common reduced plot. This

with the surface so that there is no energy loss. is of importance to us because we will want to scale the dipole
~ After a short, subpicosecond, compression interlude, an fynction and the scaling of the dynamics is a prerequisite for

impact at a hypersonic velocity with the surface leads to a peing able to do so. For reference below also note that Figure
complete shattering of the cluster. The classical equations ofy shows that the final translational temperature of the atoms
motion for the position of the atoms were integrated until the gcales almost exactly with the initial kinetic energy, meaning,

velocities of all atoms settled to a constant value indicating no f, eq 2, that the final translational temperature scales as the
further collisions. o ) o square of the impact velocity.

As aresult of the impact, the initially directed kinetic energy  The short range part of the dipole of a pair of different rare
of the cluster is very rapidly randomized. Figure 1 shows the gas atoms as a function of the interatomic distance can be
rapid rise of the random part of the kinetic energy of the atoms accurately determined by quantum chemical computafitfise
vs time since the beginning of the trajectory. The trajectories ¢jjision-induced absorption spectrum computed for mixtures
all start at a given distance from the surface so that lower energy 5t \opom temperature is sensitive also to the long-range part of
impacts reach the cluster later. By "Fhe _random part_of the kinetic e dipole?® a part that has a sign opposite to the short-range
energy” we mean, as usual, the kinetic energy with respect to component. We have used the dipole function with parameters
the center of mass adjusted to best fit the room-temperature CIA spectrum of Ar

1 Xe mixtures?® Our computations are for higher collision

=MV — Venter of max (1) velocities and our computed spectrum does not appear to show
alsmms2 a significant dependence on the detailed form of the long range

part of the dipole. The only parameter that is found to be

This is the part of the kinetic energy of a body that is equivalent important is the range of the ateratom repulsion. The dipole
to a temperature and Figure 1 reports the kinetic energy in termsof the entire cluster is taken to be the (vector) sum of the
of its temperature equivalentangom= (3/2)ks T all atomsl. We contributions of the individual pairs. This is in part due to
reiterate that experiments verify that after the shattering of the individual collisions often not overlapping in time. Figure 3
cluster the fragments disperse in all directions and have ashows the cluster dipole vs time during a short time interval. It
Boltzmann distribution. In ref 12 we have suggested a model is clear that it is dominated by contributions of two independent
showing that the facile approach to equilibrium is due to the collisions, each lasting about 10 fs. In the figure we resolved
random packing of the atoms in the cluster. the two contributions to emphasize not only how little they

To depict results at different velocities of impact on a overlap but also to show that the dependence of time of each
common scale, we note that the hot atoms collide essentially peak is essentially that of two colliding atoms isolated from
as hard spheres so that the duration of a collision is very short.their environment. One could think that in view of the high
Most of the time the atoms are not interacting and so we use adensity there can be caging effects. These would be reflected
distance scale where the distance time is velocity of impact timesin a time dependence where the two atoms will not immediately
the time that elapsed since the first atom hit the surface. we separate but would undergo a secondary or even a tertiary

T

random™
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0.4 guantum mechanical Heisenberg equation of motion there is
@ an additional term
‘s 031 i
s d Pe 'R
g 02l ] Su(R) = (ih) Yu(R) Kyl = 1 (Rt — i (4
: R = () R K = (Riys — i = (@)
g 0.1} | . .
oy where Pg is the nuclear momentum operator aktis the
0 \ . reduced masg:''(R) is known as the electrical anharmonicity.
140 150 160 170 Due to the electric anharmonicity, the change of the electronic
Time /fs charge distribution does not quite track the nuclear velocity.

Figure 3. Time dependence of the dipole of two pairs of dissimilar ~ The reason that the (purely imaginary) quantum mechanical
atoms in the cluster in a short time interval during the impact at a correction term in eq 4 makes a qualitative difference is that
velocity of 10 km s*. There are many small contributions due to pairs ynder time inversion it has a different symmetry than the first
of atoms that fly-by but do not get close to one another. The large (arm. Time enters in when we use a classical trajectory to

contributions are from binary collisions that are nearly head-on. The . P . .
plot shows two such peaks, showing that they hardly overlap in time generatedthe |Iqter_at0m|9 d|stinéd)e(lf]omels a (_:IaTsmaI function
and that, as expected, they are about Gaussian in shape, with a fullR(t). Under the inversiort — —t the classical momentum

width of about 10 fs. That such peaks have no secondary peaks in theirchanges sign. Taking the origin of time at the distance of closest
wings shows that the colliding atoms are not caged. approachR(t) = R(—t), so under time inversion the classical,

«'(R) dR/dt, term has an odd parity whereas the sign of the

0.002 guantum correction is unchanged.
: ! Given the (quantum mechanical) time rate of change of the
| h dipole of the cluster, the rest of the computation is classical.
=" 0001} S gl The time rate of change of the dipole of the cluster is made
E ! into a classical function of time by replacing the opera®or
and functions thereof by the classical trajectory as determined
0 . . > by the molecular dynamics simulations. This cluster dipole
10 20 30 velocity is then Fourier transformed using a standard fast Fourier
Distance /A transform routine
Figure 4. Cluster dipole vs the same distance scale as used in Figure
2, at three impact velocities: 5 (dotted line), 10 (dashed line), and 15 . o . .
(solid line) kn? s%. By counting (the peaks,)one ((:an judge th)at there fg(v) = f «» EXP(2iTvt)ig(t) dt (®)

are a few dozen close-in collisions that make the dominant contribution

to the dipole. The dipole goes to zero when collisions cease due to theThe subscript g on the dipole function is to emphasize that the

shattering of the cluster. dot on the dipole function means a quantum mechanical time
o derivative. The reason for the need to emphasize this point is

collision before they reced®We searched for such events but  he familiar theorem that the Fourier transform of a time

among the dozens of binary events that lead to a significant yerjvative is easily expressed in terms of the Fourier transform

peak in the cluster dipole vs time, there were typically only a ¢ the original function. Ifu(v) is the transform ofi(t)
few encounters. Even the rare caging events consisted in only

two collisions with the second peak being much smaller than o .
the primary one. This is consigtent Witthha'[ we found for uw) = f o EXP(2TVu(t) clt (©)
dissociation of diatomic molecules embedded in rare gas e . )
clusters? At the high velocities of interest there is essentially then the transform @i(t) is 2izvu(v). But the function of time,

no caging. The binary nature of the cluster dipole also allows 4 that is in the integrand of eq 6 B(R(1)). So its time

us to scale its time dependence in the same manner shown foderivative, (), is «'(RIR, which is the classical time rate of
the kinetic energy in Figure 2. The results are shown in Figure ¢hange of the dipole. In other words, it is not the caseab@y,

4. The scaling does not quite allow different impact velocities defined by eq 3 as the Fourier transform/qft), is given by

to fall on a common curve, but the deviations are not large and 277v#(v). Rather, there is a second term, the transform of the

the width in time clearly scales @y, wherea is a distance ~ duantum correction in eq 4

factor andv is the collision velocity. . A .

The standard classical theory of CIA obtains the spectrum ”q(v) = 2imvu(v) + ihe(v) ™
from the Fourier transform of the dipole vs time. We, however, here the quantum correction in the frequency domain is given
proceed otherwise. First we evaluate the quantum mechanical\év quantu lont quency Inis giv
time rate of change of the dipole function. This brings in a y
guantum mechanical correction term that is central to our needs. oo .
To see this, consider the simple case of an atatom collision sv) = [, expRimvt)(u" (RW)/2M) dt (8)
at a zero impact parameter so that the internuclear axis is not
rotating. Then, if we treat the nuclear motion classically, the and 2itvu(v) is the Fourier transform of the classical time
electrons track the nuclei: derivatives(t) = u'(RIR.

Both terms in eq 7 are determined from the time variation of
d oy OR the dipole along a trajectory(v) is determined using eq 6 with
(R = {uR.K\} = ' (R G @ L prL(R(t)) ond g(vj) is d%(te)rmined from eq 8. The dipole
function used is the vector sum of the contribution of all pairs
Here the curly brackets are those of Poissonk&qé the kinetic of different atoms. The final stage requires that all these terms
energy of the nuclei. In an off-center collision there is also a are added coherently; that is, we need to comjpiuge’)|>. We
contribution from the rotation of the interatomic axis. In the find that cross terms due to (quantal) interference of different
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Figure 5. Most probable frequency in the collision-induced absorption mgur:etal Ctorrnpu:ed |rr:_tegs:t¥020f_ the ZcolI|S|f?n-|ndﬁced_r$]m|?5|orl1t of
spectrum of the cluster, points, vs the translational temperature at three e hot cluster, (p oportiona leo(¥) )’1\'3 equency. The results
impact velocities: 5, 10, and 15 km’s The dashed line is the fitto ~ &'¢ at impact velocities of 5 and 10 km'sThe light dashed line is

. . the fit to a thermal distribution as given by eq 10.
avT dependence. The inset shows the experimental results from ref ! ISHIbU gv Y €d

2 at ordinary temperatures. The solid line is a fit of the experimental the spectrum emphasizes higher frequencies because the low
results to av'T dependence. This solid line is then extrapolated over frequencies are weighted down by the density of states factor
3 orders of magnitude, as shown in the main plot. of the photons. The higher frequencies originate from faster
. . collisions. Early on during the impact most pairs are still moving
pairs of atoms te_nd to average out so that for practical PUIPOSES ith a low relative velocity. It requires that about half of all
one can approximate atoms reverse the sign of their velocity before the relative
. 5 . 5 . 5 velocity is high. The second ingredient in Figure 5 is that the
lagw)”= |__Z ()| = z | ) (V) 9) time dependence of the dipole scales ag Wherev is the

I pairs I pairs impact velocity. This has been shown in Figure 4. Combining

. L the two arguments, we expect the most probable absorption
Most pairs of dissimilar atoms do not ever get close enough so frequency to scale agT. The points in Figure 5 are the results

that their dipole moment is only weakly varying, and these ¢ he simulations and the dashed line is the best fifo The
contribute to the very low frequencies. As we discuss next, this ¢qjiq Jine is the best fit to the room-temperature observed

low-frequency cantribution is ”.‘as."ed by the density O.f state absorption spectraextrapolated to the temperature range of
of photons that makes the emission spectrum proportional {0 terest. (The fit to the room-temperature data is shown as an

2| fy 2 . ! A ) N
V()1 , o , , inset in Figure 5.) It is remarkable how an extrapolation extended
The light emitted by an accelerating dipgift) is determined o1 more than 3 orders of magnitude of the temperature works
by |it|2,32 where, as above, the dots indicate the time derivative. so well.

The power emission at a particular frequemdg computed by
squaring the Fourier transform @f It is here that we use the
familiar theoren® to write this transform as (@%v?|uq(v)|,
wherejiq(v) is the Fourier transform of the quantum mechanical
dipole velocitysq(t); see eq 7. In the standard theory of collision-
induced light emission the emission spectrum is written as
(27)"4u(v)I?, whereu(v) is the Fourier transform of the time 4 extrapolatét

dependent dipole(t) = «(R(t)). The point, as discussed above,  the gctyal simulations are needed to get the entire line shape
is that these two expressions are not equal beqayige= du(t)/ for the emission spectrum. This is shown in Figure 6. The first
dt = (du(R)/dR)dR(t)/dt. One can consider the further refinement s ation is that the spectrum peaks at the near-IR but extends
of computing the dipole acceleration quantum mechanically and ¢, the visible regime. It should, therefore, be experimentally

taking its Fouri?f transform. This_ introduces higher order possible to distinguish such emission from the background
guantum corrections that scale as higher powefs dhe next blackbody radiation.

correction to the even function of the frequengfy;), scales as Figure 6 also shows a fit, dashed line, of the frequency
A3 and is negligible for fast moving heavy atoms. Hence, for dependence to a thermal distribufion

our purpose, the first quantum correction, a correction that is

order ofh (see eq 7), is sufficient. (2n)2v2|ﬂ (v)lz 0 exphvlksT) (10)
q

Computed Spectra

The results shown in Figure 5 validate our working hypoth-
esis. At the high relative velocities within the ultrahot cluster,
collision-induced spectra will move in frequency toward the
near-IR and the visible range. If all that one wants are the most
probable absorption frequency or the width of the spectrum,
we can take the scaling established around room tempetature

The fit is so close that the dashed line is only visible when the
The first check is that the computations are consistent with Monte Carlo noise of the simulations makes for a small kink in
the known results for collision-induced absorption. Figure 5 the computed results. We can eliminate much of this noise by
shows the maximum of the absorption for computations at generating several runs where, for example, we vary the initial
different impact velocities. The plot is vs the final translational orientation of the cluster with respect to the surface. When we
temperature of the cluster. Two notions are needed to justify compute a spectrum averaged over several runs, the fit is

this manner of plotting. The first is that equilibration of the indistinguishable from the simulations. Elsewlfese discussed
kinetic energy after impact is sufficiently fast so that the why we expect the emission spectrum to be thermal and the
translational temperature is a good measure for the relative results of the simulations are in good accord with our theoretical
kinetic energy at which collisions occur. This requirement is considerations.

aided by the observation that absorption or emission must occur The temperaturd in eq 10 is high, as is to be expected for
at the later stage of the impact. The reason is that it is collisions a spectrum that extends into the visible range. This temperature
where the colliding atoms move with a higher relative velocity scales linearly with the impact velocity. The temperature of the
that contribute more heavily to the spectrum. This is because emitted radiation is high but it is much lower than the



9572 J. Phys. Chem. A, Vol. 107, No. 45, 2003

Gross and Levine

translational temperature. (The translational temperature scalegshe nuclear motion. The reason is that the total Hamiltoflan

linearly with the impact energy.) What does the radiation
temperature measure and why is it low compared to the

is the sum of the electronic Hamiltonidth and the nuclear
kinetic energy operatoKy, H = He + Kyn. The electronic

temperature of the cluster as measured by the (random) kineticground state is a stationary stateHi so thatle|[x,He]|el=

energy of the atoms? It is in discussing these points, next section

0. In the Born-Oppenheimer approximation one can write

that our earlier considerations about quantum corrections arel@|[¢,Kn]|eD = [p(R),Kn]. It is the kinetic energy of the

needed in an essential way.

Sum Rules and Electronic Temperature

Spectral moments are determined by commutators with the
Hamiltonian3® This was recognized very early on in the theory
of collision-induced absorptioh3” However, because the in-
tended applications were to systems in thermal equilibrium, the
theory was developed by taking full advantage of the equilibrium

assumption. For our purpose we want to compute the spectrum
and its moments from the dynamics. It is indeed the case, as
discussed below (see also Figure 6), that the resulting spectrum

is very nearly that of a system in translational equilibrium, but

we wanted this as a conclusion rather than as an assumption.

Furthermore, it very much simplifies the computation if the
dynamics is classical. Herein lies the problem. Say that the
spectrum is computed in terms of the Fourier transform of the
transient dipole along a classical trajectory. Then the first
oscillator sum rule, the one known as the ThomBegiche-
Kuhn sum rule in atomic spectroscopy, vanishes identically. For
this reason we compute the Fourier transform of the quantum
mechanical time derivative of the dipole. As discussed above,
this introduces an additional (small) term, quantum mechanical
in origin; see eq 7. The time evolution of the quantum
mechanical time derivative of the dipole can be evaluated along
a classical trajectory. The resulting spectrum has a finite value
for the first oscillator sum rul The second oscillator sum rule
for a vibrotational transition that is not accompanied by a change
the electronic state is

2m, )
Z(E”' —E)X,, = ;DW([H#(R)]) o0

B0

Heref,, is the oscillator strength for the change in the state of
motion of the atoms

(11)

2
f, = h—rZ'e(Eyv — ) (R (12)

me is the mass of the electrofyand |¢'Oare the initial and
final states of the relative motion of the atoms, with energies
E, andE,, respectively. The photon frequencytis = E, —

E,. (For reference below, note that emission corresponds to

negative frequencies.) The dipole moment (vecidf) is the
expectation value of the electronic dipole operator in the ground
electronic statep(R) = [@u|el] The dipole momenu(R) is

electronic deformation that is measured by the second oscillator
sum rule

2m,
Z(EU' - Ev)fuv’ = _Z(Ez)’ - Ey)2||]}' |/’6(R)|U|:|]2
v hz v

2
= S (H (R0
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-

anl (%)
4@\%@(§@|met)f

It requires no further theory to conclude that the second oscillator
sum can be used to determine the mean (over all internuclear
distancesR) kinetic energy of the charge deformation. The
second oscillator sum is, up to constants, the same as the second
moment of the spectrum (provided that we sum over both
emission and absorption). The mean kinetic energy of the charge
deformation can, therefore, be computed directly from the
spectrum. We, however, want to characterize this kinetic energy
by a temperature. This is not essential, but it is instructive to
look at the numbers that come out.

To introduce the notion of a temperature, we recall that
observed or computed collision-induced spectra can be well
characterized by the first three moments of the spectrum. The
zeroth moment is just the area under the spectrum. The first
spectral moment equals, up to constants, the first oscillator sum.
It is here that we need, in an essential way, our computed first
moment to be finite. The second spectral moment equals, up to
constants, the second oscillator sum. By using the procedure of
maximal entropy, we have sho@ithat given the first three
moments the absorption coefficiefa(r)|? has the form

UD(14)

|e)I? = (S/2) expEplv — )

where S, a, andf are determined by the first three spectral
moments

(15)

J7(SB812) expplv —al) dv = §,
J7(SB2w expplv — of) dv = aS,
JoASBI2)w — ) expplv — o) dv = (21D, (16)

time dependent because the electronic charge distributionThe functional form (15) is known as the Laplace distribution.

deforms during the collision. The deformation vanishes when

The absorption spectrum ige(v)[2, v > 0. The emission

the (neutral) atoms are far apart and it also vanishes in the unitedspectrum isv#le(v)|2, » < 0. We now write the emission

atom limit. The kinetic energy of this deformation

du(R) .

diéju|ed
dt i

if dat

(el[p,H] lel= [&l[u,K\]lel=
[ (R).Ky] (13)

is, in the Borr-Oppenheimer approximation, entirely due to

spectrum as a function of a positive frequency variable. Because
o > 0, we have

1(v) = v¥e( = v)I” = (S exp—po)/2)”* exp—pv) (17)

This is a functional form that fits closely the results of the
simulations, as shown in Figure 6.
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