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Systematics of Collision-Induced Light Emission from Hot Matter
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The hypersonic impact of a molecular cluster at a hard surface generates a hot and compressed globule that
in a very short while expands and shatters. Even at impact velocities below the onset of ionization this hot
matter has a time varying transient dipole that can emit light. We discuss the spectral range and the power
(in absolute units) of the emission spectrum. The computational results for the emission spectrum from our
molecular dynamics simulation are compared to extrapolations of experimental results for collision-induced
absorption at lower energies. The very short time interval during which the cluster survives intact means that
the emitted power is low so options for increasing the yield of photons are discussed.

Introduction molecules otherwise) are strongly interacting. What this means
L ) . . for the dipole moment of the entire cluster is that it is well-
Collision-induced (light) absorption, CIA, in mixtures of rare approximated by the dipole moments of individual collisions.

gases at ordinary temperatures is well-studied and understbod. 15 4roximation is not essential for computing the dipole
The absorption is due to a transient dipole moment that is created

. ! . . and the spectrum but it is very useful in interpreting the results
due to the distortion of the spherical charge distributions of two P y P g

o - . oS- of the computations.
dissimilar colliding atoms. The duration of change in dipole c i in the study of collision-induced (light
moment scales as the duration of the binary collisienOn urrent progress in the study of collision-induced (light)

the basis of the uncertainty principle the width, in frequency, absorption is much concerned with obtaining accurate (and not

of the absorption spectrum scales as & v/a, wherev is the only realistic) dipoles as functions of the interatomic dis-

collision velocity anch the range of the interatomic forédhus, tance(sf?"22 l_ior collisions at such high ve!oci_ti_es where th?
collisions in room temperature are familiar as absorption in the &0Ms get quite close to or]zq;.not.her and significant promotion
far-IR. But if the collision is at supersonic velocity we expect ©f €lectrons into higher orbitaiSis likely, we do not even have
the spectrum to shift to the near-IR and even into the visible fully reliable realistic dipole functlo_ns. Therefore we proceed
range. For us, the motivation for working at higher frequencies N tWo complementary ways. One is to compute the spectrum
is that such spectra probe the extreme conditions created within®Y USing the currently available input and the other is to
impact heated clustefs18 The practical advantage is that extrapolate experimental results for the collision-induced spec-
detectors in the shorter wavelength regime are significantly more rum to the extreme conditions that prevail in (supersonic)
efficient. There is also another way whereby the collision- impact-heated clusters. Such an e>.<trapolat|on. requires extending
induced spectrum can occur at higher frequencies and this is tothe range of the relevant dimensionless variables by 2 orders
collisionally perturb a homonuclear diatomic molecule. Such a Of m_agmtud?- Onits own thisis a rathe_r questionable przagg-‘dure
molecule will not be IR active in the low-density limit but will ~ but it is motivated by the long-recognized observatfof*

exhibit a pressure-dependent spectrum whose vibrational partthat the collision-induced spectrum is characterized by two
extends to the near-IR moments with a third moment that is small because it is a

tquantal correction. We computed these moments at both

to our work. One is that the (obsernv@donset of ionization of ordinary and extreme conditions and. showed that they scale
the cluster is a very steep function of the impact velocity 2PPropriately’® Therefore we are confident that the spectrum
with an effective threshold that is of the order of 10 km/s for [tSelf can be suitably scaled.
ordinary molecules and higher for rare gases. Therefore, up to We look for systematics because we expect that observing
fairly high energies of impact it is justified to use classical light emission is not going to be easy. The simple physical
molecular dynamics simulations. The other point is that despite argument is clear. The® scaling of spontaneous emission means
the high density within the compressed cluster it is realistic to that the lifetime for emission in the near-IR is going to be of
describe it in terms of binary collisiort8.The reason is that  the order of 107 s or more. The duration of the ateratom
typically only pairs of atoms (for a rare gas cluster, or pairs of collision at higher velocities is less than 20 s so the
probability of photon emission during a collision is below %0

Two comments about impact-heated clusters are relevan

t Part of the “Gert D. Billing Memorial Issue”. To overcome such low odds of emission per collision we need

* Address correspondence to this author. Fax: 972-2-6513742. E-mail: lots of collisions per cluster, as high a dipole moment as
rafi@fh.hujiacil. possible, extending the emission frequencies as much toward

* The Hebrew University of Jerusalem. . : .

s Gothenburg University and Chalmers University of Technology. the V|s_|ble as posglblg, efc. It has not escaped our attention that

'The University of California at Los Angeles. the ultimate solution is to disengage the two time scales. We

10.1021/jp0487915 CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/20/2004



8950 J. Phys. Chem. A, Vol. 108, No. 41, 2004

Gross et al.

want the emission to be collision induced but we also want the as it is an expectation value of a positive operator. Thus the

emission not to be limited to the duration of the collision.

Spectral Sum Rules

We consider an atomatom collision so that there is just one
nuclear coordinate. The dipole moment functidR) is defined
as the expectation value of the electronic dipole momeint
the electronic statgel]

u(R) = u(R) R = el@lr|e] (1)
whereR is the unit vector in the direction of the internuclear
distanceR and e is the charge of the electron. The time
dependence of the dipole moment function, which is required
for computing the spectrum, is obtained from a molecular
dynamics simulation of the cluster impact. The (semiclassical)
spectrum is determined by (v)|2 whereu(v) is the frequency
Fourier transform of(R(t))

ww)= [ dee”pR() @)

As usual, the frequency (i) is related to the frequenay
expressed in wavenumbers by= 27cv. The spectral moments
are moments ofu(v)|2. Because the classical trajectdr{t) is
an even function of time (in the rangeo < t < ), |u(v)|?is
an even function of the frequency (in the range < v < )
and all its odd moments vanish identically. In particular, the
first classical sumg,,

S = [ vlu)Pdv ®)

sum is finite and not zero.

The classical sun$; (eq 3) vanishes because of symmetry.
Since the analytical evaluation of the sum with use of quantum
mechanics (eq 6) is finite we must conclude that the classical
spectrum is not symmetric. Physically the spectrum arises
because the dipole is varying with time and examination shows
that the rate of change of the dipole is not the same in the two
mechanics. Taking for simplicity a head-on collision, the
classical time derivative of the dipole, denoted by a dot(iy
= u'(R(t))R(t), while treating the dipole moment as a quantum
operator on the nuclear states reveals a second contribution, a
quantum correctiotf

du(R)

dt

©'(R

P
= (i) u(R.K = ' Ry — ih S

()

HerePg is the momentum for the relative motion and the dash
is a derivative with resped®. Our semiclassical approach uses
the quantal time derivative of the dipole, eq 7, followed by
replacing the operators by functions evaluated along a classical
trajectory and finally Fourier transforming the result into the
frequency space. The classical limit®#§/M is R(t) so the first
term in (7) agrees with the purely classical result. According to
the derivative theorem for Fourier transform (FT)({) is the

FT of u(t), which we write ag«(t) < u(v), then the FT ofi(t)

is 2rivu(v), whereu(t) is the time derivative of the dipol@(t)

< 2mivu(v). Accordingly, the Fourier transform of the quantal
dipole velocity, eq 7, is

vanishes. Quantum mechanically the odd moments need not

vanish. For example, the first spectral moment equals, up to

universal constants, the sum of the oscillator strendthsfor
transitions on the ground electronic stagefrom an initial state
|vOto all final stateg«'0of the relative motion

2me( EU' - Ez,r)
|@elelr | OF

2m(E, —E)

S| Blu(R) P 4)

me is the mass of the electron. In the Ber®ppenheimer
approximation the statggJof the relative motion are eigen-
functions of the potentia¥/(R) so thatE, is the eigenvalue of
the Hamiltonian of the relative motion in the staiél

The explicit summation over a complete set of final states
results in

®)

S

v

me
—BIu(R),[Ky (R 12D
h

Kn being the nuclear kinetic energy. By evaluating the double
commutator we find the first sum rule for vibrational transition

drR "(R
W RE) 0 i

< i(2mvu(v) —hE()) (8)

Here¢(v) is the FT ofu"(R(t)) and as such it is a symmetric
function of the frequency ag"'(R(t)) is a symmetric function

of time. In the semiclassical limit the magnitude of the quantum
correctionZ(v) is computed from the classically determined time
dependence of the interatomic distari(g).

The dipole function is a function of frequency such that the
FT of the dipole velocity is given by eq 7 as

e(v) = (2mvu(v) — hE(v))/2nv 9)

so that, due to the quantum correction in eq 7, the first sum
does not vanish

S = [(2m) (uvu(v) — hE(v))* dv

= —i [ (2u(v) E)) dv (10)

on a sole electronic state, in our case the ground state, to be where bothu(v) and {(v) are symmetric with respect to the

drR

St = O ]

v

du(R)\2
. ) (6)

frequency. By including the quantum correction to the dipole
velocity the first sum is finite and of the order &fand its
explicit expression, eq 10, also agrees with the analytical sum
in eq 6.

M is the nuclear reduced mass. The value of the zero moment The first moment of the oscillator strength, which is the

of the oscillator strength, the first sum rule, is outright positive

second moment of the spectrum,
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2m, ower/unit arae¥ oT* 15
Z(Eu' - Ev)fuu' = _Z(Ev - Ey’)2||]/|ﬂ(R)|U'D]2 (p ): ( )
v h? S The Stefan-Boltzmann constant i = 5.7 x 1075 erg/
2m, (s cn? ded’). This is the first cautionary flag. The electronic
= _2|3J,|([H,#(R)])2|U|j temperatures that we obtainé®?’ for impact heated clusters
are in the thousands of degrees Kelvin.8as of the order of
du(R)? 10%—10% and the power emitted per?by a single hot cluster
= 2%@‘(T) UD is of the order of 18 (cm~Ys)/A2. While an energy of 18

cm~tis high on the scale of molecular transitions, a power of

D{ drejr|efy2 D 10 cm1is not a lot since the hot cluster survives less than a
2m, ‘ e B0 (11) picosecond before it shatters and all the atoms move apart from
one another. Already in the Introduction we raised the possibility

determines the kinetic energy of the electron charge distribution that the fleeting existence of the hot cluster does not allow
due to the motion of the nuclei (squared time derivative of enough time for it to radiate and this is seen to be consistent

electronic coordinate, averaged over nuclear motion). Were theWith the value of the StefanBoltzmann constant. We need a
nuclei stationary this term would vanish since longer time window over which emission can take place.

Rather than the emitted energy we can consider the number

_d@rled . Hldr of emitted photons by dividing the emission spectrum by the
ih e Ih@‘a‘eﬂ= (e/[r,H]|e= [&|[r,H]leC= 0 energyfiw per photon and then integrating over all frequencies.
(12) 1 327° 3 2
number of photons= [ (hw) ~I1(v) dv = v u)| dv
It is the motion of the nuclei that prevents the second sum P f( )10 3hc3f )i
rule from vanishing. The kinetic energy of the nuclei is (16)
responsible for the change of the electronic charge distribution
during the collision. To make a connection with emission from a macroscopic sample
The power emitted by a moving dipole is given byi@)?/ of a mixture of two gases we defing(v)|? as the mean

3¢’ Therefore the emission spectrum (units of energy per spectrum per collision where the averaging is over all impact

frequency interva= energyx time) as a function of frequency  parameters and relative velocities. Then we can write
is given in terms of the dipole function by

2(2wv)* 5
20" |(v) = D0eMaANg———=— u(¥) 17)
) = 25le()? (13) oA gnc?
3c
. . ] . ) ] where? is the averaged relative velocityer is the effective
where, as discussed in connection with eg(®) is not quite  ¢cross section meaning that the rate of binary collisions (number

equal tou(v) but includes a small quantum correction. The of collisions per unit volume and unit time) irefnans, and
emission spectrum as we compute it for hot clusters can be veryn, is the density of atom X.

well represented by a function of the fotfn In the next section we will determine the mean number of
of) photons emitted by a molecular dynamics simulation. We can
I(v) = S s A exp—pv) (14) obtain an independent value by determining the mean spectrum

|/4(V)|2 from experiments on mixtures of rare gaSeby
relating the power emitted to the absorption coefficietp)

where S, a, andf are the first three spectral moments. In (dimensions length) by?

particular$ can be interpreted as an electronic temperatuye.

the quantum correction, is small compared t@ ahd is the kT
term responsible for the spectryafr)|2 not being a symmetric l(w) = cu(w) aw) = =5 a(w) (18)
function ofv over the entire intervatc < v < o, At the high T C

electronic temperatures of interest tocauss small compared to
1/8%7 so that expf-0,8) and the spectrum are nearly symmetric.

Equation 11 relates the second moment of the spectrum to
the kinetic energy of the electronic charge distribution due to
the motion of the nuclei. The second moment is determined by
B. For hot clusters it is found that the electronic temperature is  To calculate the collision-induced light emission of hot
2 orders of magnitude smaller than the nuclear translational clusters we used molecular dynamics (MD) simulations of a
temperature. This is not quite surprising considering the fact mixed Ar/Xe cluster impacting a hard surface. The details of
that the electronic and nuclear degrees of freedom were notthe MD are described in refs 26 and 30. Here it is important to
allowed to equilibrate as the electrons were restricted to the note that the dynamics does not allow electronic excitation so
electronic ground state only. that the cluster remains confined to the electronic ground state.

The power emitted at all frequencies is given by integrating The cluster is equilibraté¥to a temperature of 30 K and then
eq 14. By writing the integrand as a function of the dimension- is given a center of mass velocity directed toward a hard wall.
less variablggv and usingdv as the variable of integration the  The cluster hits the wall, heats by converting the initially
integrated power is seen to be proportiongbtd. This is what directed velocity into a random motion, and fragments in a few
one expects for equilibrium blackbody radiation where the hundred femtoseconds after impact. The equations of motion
Stefan-Boltzmann lavé® for the energy emitted per unit time  for the atoms are integrated until the interatomic distances are
and unit area is large enough that all dipoles are effectively zero.

wherem(w) is the classical, RayleighJeans form of the energy
density of blackbody radiation.

Molecular Dynamics Simulations
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Figure 1. The number of emitted photons per unit frequency [frequency 1010 -
in s (lower abscissa) and in wave numbers (upper abscissa)] for a =
small, AsXes, cluster (ordinate on the left) and a largesd#Xeso, cluster 2
(ordinate on the right). The impact velocity is 15 kmt.s % 10|
. . . O
The functional form of the ArXe dipole moment function 3 ——Ar Xe
u(R) is approximated #8-22.32.33 5 10| ——Ar Xe,,
-g +Ar50xeSO
1(R) = gy exp[~o(R— Ry 19) &

10
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The parameters ara = 9.321 x 10%au, a = 6.1714 A1,
andR. = 2.8707 A. The dipole mlom.ent of the cluster is taken Impact velocity / kms”

as the vec_tor sum of the co_ntrl_butlons of the dipole of th_e Figure 3. The number of emitted photons per cluster divided by the
different mixed pairs. The emission spectrum of the cluster is nymber of mixed collisions per cluster, logarithmic scale, as a function
then computed in terms of the Fourier transform of the dipole of the impact velocityy, for clusters of three different sizes. Points:
moment of the cluster. An alternative way of stating the classical trajectory simulations. Curves: a fit te®adependence. The
computational procedure, and a way that allows a closer dependence of the number of emitted photons on the sixth power is
connection with the theory of collision-induced absorption (or e analogﬁ]e of tr?te Stefmo'ti?a”n dependence of the emitted
emissior) in mixtures is that we first Fourier transform the energy on the eight power, €q Lo.

dipole function for each mixed pair of atoms in the cluster. pjrgt Figure 2 shows the entire emission spectrum, as in Figure
When we computéu(v)|?, the contributions of different dipoles 1 pyt for two velocities of impact. While it is not clear from
average out and this figure, the maximal value scales with the impact velocity
2 2 to the fourth power while the width scales as the square of the
)~ 2_  ttpaid¥)| (20) impact velocity. The result is that a very moderate (factor of
mixed pairs 1.5) increase in the initial velocity leads to a very significantly

What this means is that the spectrum scales with the number ofmore intense and broader spectrum. _

those mixed pairs that give rise to a significant dipole moment.  For most mixed collisions that take place during the cluster
This is not quite the same as the number of mixed pairs and so,/mpact, the dipole function is either large or small. So it is
as a practical matter, from the beginning we do not include the Possible to define the “number of (mixed) collisions” that occur
contribution from those pairs for which the two atoms never during the impact by counting the number of terms in eq 20.
get very near. In a large cluster dfatoms, with a half/half ~ We can therefore compute the number of photons emitted, on

mix of two kinds of atoms, the number of pairs that contribute the average, per collision. The results, for clusters of different
to the sum in eq 20 scales as/2)? but in a smaller cluster ~ SiZes, are shown in Figure 3. This shows'that t'he numb'er of
there are definite size effects. As an example, we compared thePhotons emitted, on the average, per collision is about inde-
emission of AsXes at the same final translational temperature. Pendent of the cluster size. Figure 3 also shows that the number
In equilibrated cold AsXe; there is a Xe core within a half ~ Of emitted photons scales as the sixth power of the impact
solvation shell of Ar atoms. So some Ar atoms can escape Velocity (or, cf. eq 15, that the emitted energy scales as the
without ever colliding with a Xe atom. eighth power of the velocity).

Figure 1 shows the emission spectrum for two different
clusters, AgXes and AigXeso, at an impact velocity of 15 km
s L. Because the random part of the kinetic energy after impact |t follows from egs 14 and 18 that either the emission or the
scales linearly with the initial energy of impact it follows that absorption spectrum has a reduced representation with use of
the two clusters will reach comparable final temperatures. It is two moments, e.g.,
indeed seen that, but for the statistical noise in the results for
the small cluster, the two spectra have quite similar widths but
the larger cluster emits about 30 times more photons.

The ordinate in Figure 1 is the number of photons per where max means the value at the maximum and the notation
frequency unit per cluster. The area under the curve is theis that of Bar-Ziv and Weig8 (BZW). These authors showed
number of emitted photons per cluster impact. It is seen to be that eq 21 fits well their (and others) measurements of the
low, of the order of 101°. This number is strongly increasing absorption coefficient for different mixtures of rare gases at
with the collision energy as shown in Figures 2 and 3 as follows. room temperature as well as at lower and somewhat higher

Collision-Induced Absorption

0(V) = O (v*), v* =l (22)



Collision-Induced Light Emission from Hot Matter J. Phys. Chem. A, Vol. 108, No. 41, 2008953

temperature. BZW also showed that as a function of temperatureReferences and Notes
i 1/2 i
totmax Isct:_alesl tasT Wh'tle vm?xthscales asT™ ¥vher$VT r'ls theh (1) Poll, J. D.; Kranendonk, J. \Can. J. Phys1961, 39, 189.
ranslational temperature of the rare gas mixture. We have Shown 5y | cvine 1. B.: Birnbaum, GPhys. Re. 1967, 154 86
that in cluster impact there is rapid thermalization of the cluster (3 kranendonk, J. vCan. J. Phys1968 46, 1173.
and that our computed spectra for cluster impact satisfies the  (4) McQuarrie, D. A.; Bernstein, R. B. Chem. PhysL968 49, 1958.

scaling relations of BZW when we use the translational (5) Brenner, S. L.; McQuarrie, D. ACan. J. Phys1971, 49, 837.
temperature of the hot clust&3°(The scaling behavior shown (6) Gray, C. GJ. Phys. B1971 4, 1661.
in Figure 3 and the StefarBoltzmann law, eq 15, result from (7) Bimbaum, G.; Cohen, E. RCan. J. Phys1976 54, 593.

the scaling of the translational temperature after the cluster , () Birnbaum, G.; Guillot, B.; Bratos, Sidy. Chem. Phys1982 51,

impact with the initial kinetic energy.) . (9) Levine, R. D.; Bernstein, R. Bdolecular Reaction Dynamics and

It follows that the measured absorption spectrum of BZW Chemical Reactity; Oxford University Press: New York, 1987.
can be extrapolated to high translational temperatures and, using (10) Gebhardt, C. R.; Witte, T.; Kompa, K. IChemPhysCher003
(18), provide the emission spectrum. When we do so the results% ?ff) fer T Levine. R. b, Essentials of Surface Imoact Chemisir. |

H feo az, |.; Levine, R. D. Essentials of surface Impac emistry. In

are qUIte,Close t,o the,emISSIOn ,SpeCtrum tha,t we comppte fl'OmAtomic and Molecular BeamsCampargue, R., Ed.; Springer: Berlin,
the classical trajectories, showing that the dipole function that Germany, 2000.
we use is realistic. (12) Christen, W.; Even, Ul. Phys. Chem1999 102, 9420.

In addition to elucidating the scaling with the temperature of ~ (13) Christen, W.; Even, U.; Raz, T.; Levine, R..D.Chem. Phys1998

the mixture, BZW also suggested how the scaling goes with 108 10262.
the nature of the two rare gases. (14) Andersson, P. U.; Petterson, J. B.Z.Phys. D1997, 41, 57.

(15) Yasumatsu, H.; Koizumi, S.; Terasaki, A.; Kondow,JI .Chem.
_ Phys.1996 105 9509.
Concluding Remarks (16) Raz, T.; Levine, R. DChem. Phys1996 213 263.

The probability for photon emission in the near-IR/visible ~ (17) Hendell, E.; Even, W. Chem. Phys1995 103 9045.

. . . . (18) Even, U.; Sheck, I.; Jortner, Chem. Phys. Lett1993 202 303.
regime when two different rare gas atoms collide at a_hypgrsomc (19) Caledonia, G. E.; Krech, R. H. Wilkerson, T. D.: Taylor, R. L.;
velocity was shown to be small, as expected considering the gimbaum, G.Phys. Re. A 1991, 43, 6010.
short duration of such a collision and the long radiative times  (20) Grigoriev, I. M.; Tonkov, M. V.; Frommhold, LPhys. Re. A 1998
in the near-IR. The yield of photons increases dramatically with 58, 4978.
temperature satisfying a StefaBoltzmannT 4 type law. There (21) Hammer, D.; Frommhold, L.; Meyer, W. Chem. Phys1999 111,
are three alter.natives for.increasi.ng the number of photons per (zé) Meuwly, M. Doll, J. D.Phys. Re. A 2002 66, 023202.
cluster. One is the obvious option of using larger clusters  (23) Lichten, w.Phys. Re. 1967 164, 131.
whereby the number of heteroatom collisions increases with size, (24) Borysow, A.; Moraldi, M.; Frommhold, LJ. Quant. Spectros.
Figure 1. Two other options are either to collisionally induce Radiat. Transferl984 31, 235.
an otherwise symmetry forbidden molecular transition or to __(25) Basile, A. G.; Gray, C. G.; Nickel, B. G.; Poll, J. Mol. Phys.

. . 1989 66, 961.
collisionally induce energy transfer to molecular modes that can (26) Gross, A.: Levine, R. DJ. Phys. Chem. 2003 107, 9567.

emit also after and not only during the collision. (27) Gross, A.; Levine, R. DJ. Chem. Phys2003 119, 4283.

. (28) McQuarrie, D. A. Statistical Mechanigs University Science
Acknowledgment. Our computational results can also be Books: Sausalito, CA, 2000.
checked by using our dipole function, eq 19, to compute directly ~ (29) Bar-Ziv, E.; Weiss, SJ. Chem. Phys1976 64, 2412.
the two moments of the collision-induced absorption spectrum 20(()?&0)35?%%% A.; Kornweitz, H.; Raz, T.; Levine, R. Dhem. Phys. Lett.
of a thermal mlxture. We are very g.raterI to David Regue.ra (31) Allen, M. P.; Tildesey, D. JComputer Simulations of Liquid
an(_j George Birnbaum who have ca_lrrled out su_ch a computation.cjarendon: Oxford, UK, 1987.
This work was supported by the Air Force Office of Scientific (32) Matcha, R. L.; Nesbet, R. K2hys. Re. 1967 160, 72.

Research and by the EU network on cluster cooling. (33) Bar-Ziv, E.; Weiss, SJ. Chem. Phys1976 64, 2417.

9.



