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ABSTRACT

- We present here a phenomeﬁological modei'calculation.that eihibits
the realistic qualitatiﬁe‘behavior of multiphoton excitation and
‘dissociation of polyatomic molecules. It is also used to show that
at least theoretically multiphoton excitation of molecules is not

equivalent. to thermal heating.
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Tﬁére is at present a lively'discussiohiconcerning the dynamicé
of infraréd multiphoton dissociation (MPD) of pdlyatbmic mblécules.
Recent moieculaf beam experiments have convincingly-shown that in the
many molecules investigated, the excitationbenergy in a molecule is
compietely.randdmized in‘éll its vibrational modes'béfore it is
decomposed, and a statistical theory can be used to adequateiy'describe
the dissociation dynamics.2 But there is anbther very interesting
question that isvworth pursuing: namely, for an ensemble ofbisolated
molecules under multiphoton excitation, what is the bdpulation
distribution among the molecular energy 1evels.‘fIt has fecenﬁly been
proposed by Bloembergen and coworkers3 that such a distribution can
Be considered as a thérmal one characterized by an effective vibrational
temperature which increases with laser pumping. One may however
intuitively expect that there is a fundamental difference between.
monochromatic laser excitatioﬁ and thermal heéting. In thermal heating,
which carries the assumption of adiabaticity, the molecules are alﬁays
infinitésimally cloée to thermal equilibrium. Howevér, this is not
the casé for laser excitation. We have recently developed a realistic
model caiculation of laser multiphoton excitation and dissociation of
a molecule. This calculation describes the observed qualitiative
behavior of MPD very well. In what follows, we present some of these
results. We also show a comparison of the 1aser—éxcitéd distribution
with the thermally heated distributions and state the reasons fof'
their discreéancies.

In their reéeng experimeﬁt,3 the Har§érd group measured both

the dissociation yield and the average number of infrared photons
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absorbedﬂﬁérfﬁolécﬁléTﬁﬁdéf’mﬁitiéhbton excitatibn.ﬁ In“ordérvtév
minimize the effect of ‘molecular collisidns, they uSéd sﬁbnéhosécond
laser pulses fo;'éXCitéfion.‘ They then suggested that multipﬁotén :
iaser.excitatiOn.and,dissdciation could be considered as a statistical
thermal processﬁand their results qould be inferpreted by a simple
theory'desdribihg such a process. They made the foilowihg assumptions
in their thedretical.calculation, (l) Multiphoton laser excitafion
is equivalent to thermal heating. (2) All the vibrational modesbare
degenerate. (3) The excitation energy in a molecule is randomized
in.aii Qibrational modes and the classical equipartition-theorem is
vvalid. (4) The'dissociation,rate is describedzby the quantum Kassel
theéry for unimolecular'dissqciétiqn. Iogether with the thermal
populatioﬁ distfibution, it leads to the diséociation yield. (5) The
thermal population distribution islnot signifigantly perturbed b&
molecular dissociation. |

Aifhough their theqretical calculatiqnbis attractively simple, .
the assumptions are not easily justifiable. We present.here a
phenomenoclogical model where mény‘of the‘abovg‘assumptionslcan bg
eliﬁinated. ‘In our model.calculation, Qe assume that the multiphaton_'
ekcitation of‘a molecﬁle can‘be described by stepwise incoherent

one-photon transitions among a set of equally spaced energy levels;

the degeneracy factor of each level is given by the corresponding
molecular density of statés which can be calcuiafed. The excitation
is then governed‘byvghg”follqwing set of rate equations:
- a B -l s e N ‘
de/dt q"-Cm—l'Nmf1‘+“Cm Nm+l _(Cm + Cm-l) Nm KmNm . D
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ﬁere; Nm is the populgtion_in“ghe.mth excitéd le'vel;'l_(m ié the R
moieculér dissociation rate from the mth levelvc51CQ1afed frbm the
RRKM étatistical theory for unimolecular dissociation. (For
lejels be;ow\phe dissociation energy Eé we have Km =0)

C; and C; arevrgspectively thg_absqrption'rate from 1eyel m tévm_+1
and the emission’ratg fromm + 1 to m. For one—photon.transitions,
we can write |

¢ = o =, ch/ch =

m /841 @)

where Om is the absorption cross-section for m tom+ 1 transition,'hy
is the photonbenefgy, I is the laser intensity,,éndvgﬁ is the degeneracy
factor for the mth level. In the above model, we have neglected fhe
initial one-step multiphoton transition over the discréte‘states. " This
will have little effept dn the results if the laser intensity ié.ﬁuch-
higher than the threshold intensity to.overcomé the diéérete staté
barrier, e.g., ~30 KW/cm2 for~SF6.6 We also believe that thevcohérent
effect in the present multiphoton excitation érocéss is ﬁot impértant
"as long as the exciting'laser pulsé is longer than lb nséc.

For a given molecule with o and I(t) specified,_the sé; oflfate'
equations in Eq. (1) can be easily solved on a cémputer..vWe have per-
formed such a calculation usiﬁg SF6 as an eiample. ' The frquenciés of

the vibrational modes of SF, are well known. To find the deﬁsities of

6
states, we used exact count at 1ow'énergies and the Whitten~Rabinovitch -
. 5 | | _

formula at higher energies. The dissociation energy Eo was chosen to
be 78 kcal/mole. The spacing between adjacent levels is 944 cm_l.

Because of anharmonic coupling among vibrational modes, the absorption
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cross-section O was expected to decrease with increase of m. We
) . m :

assumed that Om takes the form
o = explom + B] ' | v (3)

where u‘= -.029 and(B = =42.9 for S in cmz. These values were
chosén so that.odr numerical results fit the experimentally observed
variation of the average number of pﬁotons absorbed3_and the
dissociation yield8 as a function of laser energy fluence.

Figure 1 shows the population distribution at various times
calculated with these parametersvfor a 100-nsec 200—-MW/cm2 rectangular
laser pulse excitation. Initially only the ground level is populated,
but the laser excitation, being a stochastic process, soon distribute§
the population over many levels. As time goes on, the population
is continuously pumped up and the distributioﬁ curve shifts to higher
energies. Correspdndingly, the average excitation energy, <n>hv, also
incréases with time. At t ~20 nsec, the high-energy tail of the
distribution curve clearly extends beyond the dissociation level. We
should then expect the onset of molecular dissociation. As the laser
excitation continuously drives the population distribution upward,.
the dissociation yield increases rapidly. For those levels well
above Eo’ thevdepletion of their population is dominated by.thé
dissociation rate. Consequently, the fﬁrther up-excitation of the
populétion is restricted,_the population at the highfenergyvtail is
heavily depieted by dissociatipn and the distribution curve'betomes
asymmetric. The t = 80 nsec curve in Fig. lvclearly exhibits this

feature.
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Oﬁr model also allows us to calculate. the dissociation yield‘as
a function of time. More specifically, we can calculate the disso—b
ciation yield per.upit time Ym(t) = Km Nm(§) from each m level abéve
EO. In Fig.72,“we show the integrated dissociation yields_frgm
each level during and aftef the laser pulse respectively. The total.
dissociation yield is of course the sum of all. ‘As shown_iﬁ Fig. 2,
most of the molecules diséociate during the 1aser>pulsef (More
thén half dissociate before 2/3 of the laser.pulse is over.)
They dissociate mainly from those levels 6 hv - 11 hv above EO.
These results are fairly consistent with the experimental obsgfva;'
tions. 1In pafticular, we can now understand why SF6 will undergo,
a two—stép diésociation process if the exciting léser pulsé is
sufficiently long and intense.2 In the primary dissoéiation of SF6
into SF5 and F, our molecular beam éxperiment2 has shown that on the
average'less than hv of the total excess energy appears as recoil
energy of the fragments; the rest is rétained by SFS in its internal
dégrees of freedom. With the total excess energy 2 6 hv, this puts
SF5 in the gxcited'qpasi—contiﬁuum states. Then, if the'laéefr
.field is still present'fér a sufficiently lopg_time, the SF5 frag-
ments can readily absorb additional photons to exceed the threéhold
for subsequenf dissociation into SF& + F. Apparentiy, this can
happen for the casé shown in Fig. 2.

We now turn to the question of how the laser-excited population
‘distribution compares with a thermal distribution. This is showﬁ'

in Fig. 3. The laser-excited distribution curve with <n> = 20 was



obtained frgﬁ our,modelléalculation at t = ZO_hsec. The thermal
distribution with T.=.2200°K has an average ekcitation enérgy

of <n>hv = 20,hV; whi1e the other.&ith T = 1800°K has ité characterisfic
temperature obtained from the equipartition theorem 15 kT = 20 hv. To

be more realistic, we have calculated the thermal distributions from

the Boltzmann function
"P(n) = Agn exp (-nhv/kT) S - ()

where A ié a normalizatibnvconstant and &, is the realistié deﬁsity

of stateslused>in Eq. (2). The correspondépce between T.and %n? cén be
easilyuéélculated and is listed in Table I. We note that if we assume,
' asfdideloembergen et‘al.,3 that the equipartition theorem <n>hv =
sk%é wigh s =15 hoids,tthen for a given <n>, the "températﬁre" T,
obtained is too low. In other words, the thermal distributibn
Vcharactérized by Te populates é significantly lower set of energy
states than the real distribution characterized by <n>. An éxample

is shown in Fig. 3. The discrepancy here arises because thé condition
‘kT >> hﬁi é;nnot bebsatisfied by several of the 15 vibrational modes
of SF6 S0 that.the classical eqﬁibartition theorem is not valid,

The abo&e discuésibn.suggests that it is probably more meaningful -~
to compare‘thé léser—excited distribution &ith the.thermal distribution
characterized by the same excitation energy <n>h§.. One finds:thatfthé
thermal diéffigutioﬁ'is étill BroaderAand has a longér'high—energy
’ taii. I£ ié'psé;ibie fhéﬁ a feél laéer.pulse may somewhat broaden

the laser-excited distribution since in exciting the population over .
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the‘discrete state_Barrier, the leading edge of.the lasef pulée may
 have prepéred a spread of‘population’over arnumber of'low—lying states
in the quasi;continuum. However, the effect is expected to be not
very significant in the case where the dissociation yield depends only
on the laser ehergy fluence but not on the laser intensity. In fact,
the thefmal distribution can be approximated 6n1y if Om ip the
calculation remaiﬁs constant érbincreases slightly with m. We can
thus conclude that the thermal distribution is ley a rather crude
approximation to the 1aser—excitea distribution. Experimentally,
this can be verifiea by an accurate measurement of the dissociation
yiéid:aé wéll as <n? versus the 1asér energy }luence. Recent studies
on intramolecularvisotope effect in CHZDCHZCl Py Bensop apd coworkers
indicated that the excitation eneréy distributioh is‘indeed narréw.
At large dissociation yield,‘the laser—excited distribution being
strongly affectedvby ‘the fast dissociation will certainlybbe different
from the thermal distribution. | | -

| in summafy, Qé have shown that éur phénémenlogical model calculation
gives a realistic description of multiphoton excitatioﬁ and dissociatioﬁ
ofvpolyatomic molecuieé. furthermore, it is used to demohstrate that
mulﬁiphoton laser excifa&ion is no£ really_equivéleﬁf to thermal
heating.

We thank Professors N. Bloembergen ana E. Yablonovitch fér helpfui

discussions; Tﬁis.feséafch wés supported by thelU.-S.‘Energy Research

and Development Administration.
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Table I. Corresponding values of T, <n>, s', and To, assuming thermal
distributions, s' = <n>hv/kT, and T, = <n>hy/ks with s = 15.

o Number_of-Efféctivé ' " Effective Temperature.
T(°K) <n> T : Modes of s' . Te '
1600 T I © 10.9 o . i 1160
1800 sz | 1.5 | ) o 1377
2000  17.5 RO R N 1585
12200 19.6 121 . s
2400 o7 123 B 1966
2600  23.6 | 123 2138
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FIGURE CAPTIONS.
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- Fig. 1. ‘Population distribution at various times produced by a

| | ldO—nséc rectangular laser pulse excitation of 200 Mw/cmz.

Fig: 2. Calcﬁléted dissociation yields froﬁ various 1evel§ above
the dissociation energy durihg the laser pulse (unshaded
region) and after the laser pulse (sﬁaded region) for a
4}00—nseé,'200 MW/cm2 laser pulse excitation.

Fig. 3. V'Comparison of a laser-excited population distribution with
<n> = 2C with two thermal distriﬁutions, one with T = 2200 K
co;responding to <n> = 20 and the other with T = 1800 K

obtained from the equipartition theorem T = 20 hv/15k.
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