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MULTIPHOTON DISSOCIATION OF POLYATOMIC MOLECULES
STUDIED WITH A MOLECULAR BEAM

E. R. Granc, P. A. Schulz, Aa. S. Sudbo,
M. J. Coggiola, Y. T. Lee, and Y. R. Shen
Materials and Molecular Research Division

Lawrence Berkeley Laboratory
~ University of California
Berkeley, California 94720, USA

Collisionless multiphoton dissociation (MPD) of polyatomic molecules is
now a well-known subject in quantum electronics. The process has been shown
to be isotopically selective and rather efficient. It has also been suggested
as a potential method for exciting mode-control unimolecular reactions for
chemical synthesis. Since there already exist a number of extensive review
articles on the subject [1], we shall not discuss here in any detail on what
has already been established, but shall limit ourselves to the most recent
progress on our understandino of the subject.

Among the many problenms of MPD, the follwoing are most important:
1. How can a molecule absorb several tens of infrared photons from a moder-
ately intense laser field with a high probability? In other words, what is
the physical mechanism responsible for such an efficient mu]tiphoton excita-
tion?
2. Is the multiphoton excitation of a molecule mode-selective or non-selec-
tive, or is the laser energy deposition into the molecule randomized among all
v1brat1ona1 modes?
3. For each molecule dissociated, how many photons (or how much laser energy)
does it absorb? ‘How does the mo]ecu]ar structure 1imit the laser energy depo-

- sition?

4. What is the dynamics of multiphoton d1ssoc1at1on7 Is the dissociation al-
ways dominated by the lowest dissociation channel? How does the molecular
structure affect the dynamics of dissociation?

The first question has already had a qualitative but reasonable answer [1].
A polyatomic molecule has discrete states at low energies, but the density of

states increases very rapidly with increase of energy and soon forms a quasi-

continuum. It is believed that a moderately strong laser field can selective-
ly excite the molecule over the discrete states via a near-resonant multiphoton
transition and then through the quasi-continuum via resonant stepwise transi-
tions to and beyond the dissociation threshold. This explanation is strongly
Euﬁported by the results of the two-laser experiments of AMBARTZUMIAN et al

2

The other questions, however, have not yet received satisfactory answers.
The main difficulty of thé usual experiments on MPD of molecules in a gas cell

~is that molecular collisions during and after the laser pulse excitation and

the chemical reactions following the collisionless unimolecular dissociation
often make the experimental results very confusing and sometimes even incon-
sistent. Then in these usual experiments, study of dissociation dynamics is
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also impossibie. It is clear that in order to be able to understand a colli-
sionless process, one must first eliminate molecular collisions in the experi-
mental investigation. The best way to achieve this is to use a molecular beam.
With an appropriately designed molecular beem apparatus, the dynamics of disso-
ciation can also be studied [3-5]. In this paper, we shall describe and dis-
cuss the preliminary experimental resuits on MPD of polyatomic molecules ob-
tained from our recent crossed laser and molecular beam experiments. We show
that with the help of a phenomenological model for multiphoton excitation and

a statistical model for molecular dissociation, we can essentially answer all
those important questions posted above.

Our experimental arrangement has been described elsewhere [3]. Briefly, a
Tachisto CO, TEA laser was used to produce a laser beam which crossed with a
molecular beam at the collision center in a molecular beam apparatus. The dis-
sociation fragments from the collision center were detected and analyzed by a
mass spectrometer rotatable around the collision center. A gated counting sys-
tem attached to the mass spectrometer was used to obtain time-of-flight spectra
of the fragments. Thus, both the angular distributions and the velocity dis-
tributions of the fragments could be readily obtained. From these results to-
gether with the measured velocity distribution of the primary beam, we could
then deduce by deconvolution the kinetic energy distribution of the fragments.

We have so far studied MPD of three different polyatomic molecules: SFg,
CFyBr, and CFCey. In all three cases, we found from mass spectroscopy that MPD
occured through the lowest dissociation channel

. AN

SFg + nhv —> SFs i
CF38r+nh)_"‘CF3 "Br ’
CFC23 + nhy —» FCfL2 + Co

where * denotes internal energization of the dissociation products. The case
of SF¢ turned out to be much more complicated than the others. First, the

1

fragmentation pattern of SEX in the ionization chamber of the mass spectrometer

was not known and had to be established. Then, we realized that at higher la-
ser energies SF% produced during the laser pu]se cou]d abosrb more photons and
underge a secondary dissociation SF% + n'hv — SFi + F [4]. . Why we have found
no similar secondary dissociation in MPD of CF3Br and CFCay is of course a ra-
ther interesting question. We shall see 1ater that the question can be an-
swered by the statistical theroy of molecular d1ssoc1at1on with its explicit
dependence on the mo]ecular structure.

As was mentioned ear]1er, we can deduce, from the measured angular and ve-
locity distributions of the fragments, the kinetic-energy (or recoil-energy)
distribution g(&) for the fragments. We show in Fig. 1 an example of SFg ob-
tained with ~ 10 J/cm? of laser excitation. One can readily draw several con-'
clusions from the results in Fig. 1. First, the average recoil energy of the
fragments is only 2.5 KCal/mole (~ 0.11 eV), suggesting that if a molecule ab-
sorbs more than one photon above the dissociation threshold, then a large frac-
tion of this excess energy must be retained by the SF¢ fragment in its internal
degrees of freedom. Second, g(&) strongly peaks at zero kinetic energy, indi-
cating that there is little energy barrier for dissociation of SFg and the la-
ser energy deposition in the molecule before dissociation must be random1zed
in many accessible states.

We believe that_be;quse,df the very strong coupling among the vibrational

w/
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modes of a highly excited polyatomic molecule, the excitation energy deposited
in the molecule is likely to be randomized in all vibrational degrees of free-
dom. Then, the well-known RRKM statistical theory for unimolecular dissocia-
tion [6] which assumes complete energy randomization can be used to calculate
g(&). We may assume that the molecules are initially excited to an energy

£ - Ep = nhv above the dissociation level where E; is the dissociation thresh-
old energy, hv is the CO, photon energy, and n is an integer. Knowing the
molecular structure, we can. then calculate gnnh,(8). In Fig. 1, three theore- -
tical curves with n =7, 9, and 11 are shown; the n = 9 curve is in fair agree-
ment with the experimental results. Actually, because of the statistical na-

“ture of the laser excitation process, there should be a significant spread of

populations in different n levels before dissociation with n = 9 being the av-
erage. This will be seen more clearly later in our model calculation. The
RRKM calculation also predicts a laser energy dependence of g(&) which agrees
well with our experimental results.

From the good agreement between theory and experiment, we can then conclude
that (1) the laser energy deposited in SFg before dissociation is completely
randomized in all vibrational modes, (2) mode-controlled dissociation of SFg
does not occur with nanosecond pulse excitation, and (3) each SFg molecule ab-
sorbs on the average 36 to 40 CO, laser photons before dissociation, assuming

- that absorption .of 29 photons is needed to reach the dissociation threshold.

The RRKM calculation also yields a dissociation rate corresponding to each
specific level of excitation. As shown in Fig. 2, the dissociation rate in-

i0'° T T T T
2108 4
<
3109 4
o
lg'&" 1 Fig.2 Dissociation rate of SFg cal-
3 culated from the RRKM theory as a

o . . , 1 function of Tevel of excitation

0 2 4 6 8 10 nhv = E - F—O'

Excess Energy n (hw)
XBL775-5448
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creases very rapidly with n, and for n = 7 to 11, it varies from 2 x 109 to

2 «x 107 sec”!. This explains why on average, the dissocciation seems to have
initiated from the n = 9 level of excitation. For n <7, the up-excitation
rate is much larger than the dissociation rate so that only a small fraction
of molecules will dissociate. For n > 11, the reverse is true and only a small
fraction of molecules can be excited to higher levels.

We have also obtained preliminary results of recoil energy distributions of
fragments from MPD of CF3Br and CFCe3 under ~ 10 J/cm? laser excitation. The
RRKM calculations for these cases show the same qualitative behavior as in the
case of SFg. In particular, the excitation energy in these molecules seems to
be completely randomized in all degrees of freedom before dissociation, and
only a small fraction of the excess energy appears in the form of recoil energy
after dissociation. However, the observed recoil energy distributions in the v
cases of CF3Br and CFCey correspond respectively to an average excitation en-
ergy of 1-3 and 3-5 CO, laser photons beyond the dissociation level. This av=
erage excess energy seems to be quite different for different molecules, but
actually, it corresponds to a dissociation rate from 107 to 10° sec-! which is
the same for all three molecules we have investigated. Clearly, the balance
. between the up-excitation. rate and the dissociation rate is responsible for
what we have observed. The dissociation thresholds for SFg, CFCay, and CF3Br
are 76, 77, and 65 KCal/mole respectively. At a given energy above the disso-
ciation threshold, the statistical rate for unimolecular dissociation is pro-
portional to the ratio of the density of states of the critical configuration
for dissociation to that of the energized molecule [6]. This ratio is smaller
for larger or/and heavier molecules.

The difference in the excess energies in different molecules explains why
SFe¢ can undergo stepwise secondary dissociation while the others cannot. In
all cases, a major portion of the excess energy appears as internal energy of
the fragment after dissociation. Thus in the case of SFg, the dissociation
product SFY has an average internal energy of 6hv —— 10hv, and must have al-
ready been excited to the quasi-continuum states. It can therefore easily ab-
sorb more photons to and beyond its dissociation threshold as long as the laser
field is present. Consequently, stepwise dissociation of SFg can be expected
if the exciting laser pulse is sufficiently long and contains enough energy.
This is however not true for the other molecules. UBecause of the lower excess
energies, the fragments CFg and CFC2% are not quite in the quasi-continuum
states. As a result, they cannot resonantly absorb more photons and hence the
secondary dissociation process becomes less probable. From these results, we
can then predict that for MPD of polyatomic molecules, the larger and heavier
molecules with a large excess energy before dissociation will most likely un-
dergo stepwise dissociation.

To help our understanding of MPD, we have developed a simple phenomenologi-
cal model which we believe is realistic enough to exhibit at least the quali-
tative behavior of the multiphoton excitation and dissociation process. We
assume in the model that the molecular system can be described by a set of
evenly spaced energy levels with the corrésponding densities of states being
the degeneracy factors. In this respect, we have neglected the possible ini-
tial multiphoton transition step or steps to reach the quasi-continuum by jump-
‘ing over the discrete states. This is probably a good. approximation as long
as the laser intensity is much larger than the threshold intensity for over-
coming the discrete state barrier, e.g., ~ 30 KW/cm” for SFg [7]. We then as-
sume that the transitions between levels are incoherent and the populations Nj
of all levels are governed by the following set of rate equations.

kSN
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at M= Cioy Ny 65 Ny - (65 + G5 q) N | (1)

for levels below the dissociation threshold E,, and

d - rd e _ (e 4 € :
at Mo = Ot Nmer * O N (Cm tCn) N - ke Ny (2)
for levels above the dissociation threshold. In the above equations, ky is
the dissociation rate of molecules in the mth level calculated from the RRKM
theory, and C3 and C& are respectively the absorption rate from level j to j +
1 and the emidsion rdte from j toj - 1. For one-photon transitions, we have

=g, I
%

M

. (3)
b5 7 (95/85m) G

where o3 fs the absorption cross-section, I is the laser intensity,vand 9; is
g%neracy factor of level j.

We can solve the above set of equations numerically for a given molecule
with 0] and 1(t) specified. Our results for SFg are shown in Figs. 3 and 4.
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Fig.3 Calculated excited state popu-
lation distributions of SFg for vari-
ous times during a square laser pulse
(200 MW/cm2, 100 nsec.).
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We used in the ca1tu1étfdn§:é sduére laser pulse of 200 MW/Emé with a 100 -
nsec duration, and an absorption cross-section

oy = exp[- .02936 j - 42.93] cm2,
This relation fdr o4 was chosen so that our numerical results yield both the
observed dependence”of average number of photons absorbed per molecule on laser
fluence [8] and the observed dependence of dissotiation yield on laser energy
fluence [9]. : :

Figure 3 shows that as time goes on, the laser excitation effectively drives
the population distribution up to higher levels; the average number of photons
absorbed per molecule of course increases correspondingly. Only after ~ 30
nsec, does ‘the high-energy tail of the population distribution start to have a
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Fig.4 Calculated dissociation yields during and after the 100 - nsec laser
pulse for two laser energy fluences: 5 J/cm? and 20 J/cm?

significant portionh above the dissociation threshold (assuming E; = 30 hv).
Dissociation then occurs. The laser excitation continues to drive the popula-
tion distribution further up, but the action is soon limited by the very high
dissociation rates at higher energy levels which deplete the populations ef-
fectively. This is seen by the more abrupt cutoff on the high-energy side of
the 100 - nsec population distribution curve.

Knowing. the populations above the dissociation threshold, we can then calcu-
late the dissociation yield as shown in Fig. 4 for two different laser energy
fluences. We have calculated separately the yield during the laser pulse and
the yield after the pulse is off. The total yield is of course the sum of the
two. It is seen that with 20 J/cm? of laser excitation, already a large frac-
tion of the molecules is dissociated during the laser pulse. Then, the frag-
ments produced during the pulse can absorb more photons and undergo secondary
dissociation if the laser pulse is sufficiently long and intense as we have
experimentally observed.

Recently, BLOEMBERGEN et al have also concluded from their optoacoustic mea-
surements that MPD is a statistical process [8,10]. They used the quantum Kas-
sal theory to interpret their results. In their model, they assumed that the
laser multiphoton excitation of a molecule is equivalent to a heating process.
The population distribution is then governed by the thermal Boltzmann distri-
bution characterized by an effective temperature T. To find T, they assumed
that .the classical equipartition relation skT = <n>hv holds, where s is the to-
tal number of vibrational degrees of freedom (s = 15 for SF¢) and <n> is .the
average number of photons absorbed per molecule which can be obtained from the
optoacoustic measurement. They also assumed that the thermal distribution is

..
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not affected by dissociation. This limits the validity of their calculations
to cases with low dissociation yield. Now, it is not obvious a priori that
the above assumptions are correct. In particular, we wonder whether laser ex-
citation will indeed yield a thermal distribution with an effective tempera-
ture T = <n>hv/sk. Using our more realistic model calculations, we can now
answer this question directly.

Figure 5 shows a population distribution created by laser excitation with
an average number of photons absorbed per SFg molecule <n> = 20. Two thermal
distribution curves are also shown for comparison. Clearly, the one at T =
1800” K calculated from T = <n>hv/sk with s = 15 is very different from the
laser-excited distribution.” The other at T = 2200° K (corresponding to a re-
duced number of vibrational degrees of freedom s' = 12) has the same average
excitation energy as that of the laser-excited distribution, but the thermal
distribution curve is appreciably broader and has a longer high-energy tail.

T T
0.0~ Laser Excitation ' —
T- 20hy <n>=20
TI5kT
=1800°
[l
S
o
2 005 —
(@]
o
T= 2200 °K
<n>=20
° 10 210 30 40
n=(E-Ey)/ by Fig.5 Comparison between popu]ation

xerrr-s1s0 distributions obtained by laser exci-
' i tation and by thermal heating. See
the .text.

Thus, we can conclude that a thermal distribution is only a rather crude ap-
proximation of the real distribution created by laser excitation, and the cor-
responding "temperature" is appreciably larger than the one calculated from

T = <n>hv/sk. The discrepancy in "temperature" comes in mainly because in re-
ality different vibrational modes have different frequencies and the inequality
hvi <€ kT necessary for the validity of equipartition theorem does not hold for
all modes. However, if we consider only the popu]ar1on distribution near and
above the dissociation threshold, then the T = 1800” K thermal distribution
agrees better with the laser- exc1ted distribution. In other words, the T =

1800° K curve gives a fair prediction of the dissociation yield. This is prob-
ably the reason why BLOEMBERGEN et al found that thermal distributions with

T = <n-hv/sk seem to descr1be the observed dissociation yield near threshold
fairly well.

We summarize here the most important results we have obtained from our stud-
ies. First, in MPD, the laser energy deposition into a molecule is quickly
randomized among all vibrational degrees of freedom, suggesting that mode-con-
trolled dissociation of molecules is not possible at least in the cases we have
studied. Second, the number of excess photons absorbed per molecule above the
dissociation thresho]d varies with molecules, ranging from 1-3 for CF;Br, 3-5
for CFCe3, and 7-11 for SFy;. The dlssoc1at1on rate however ranges from 107 to
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10% sec-! for all these molecules and is the limiting mechanism for excitation

to higher levels. Third, the primary dissociation of a molecule usually occurs
through the Towest dissociation channel. A larger or heavier molecule such as

SFg is more likely to undergo a secondary dissociation process. -Fourth, during
dissociation, only a small fraction of the excess energy appears as the recoil

energy of the fragments; the rest is retained by the fragments in their inter-

nal degrees of freedom. We have developed a model calculation which exhibits

the qualitative behavior of multiphoton excitation and dissociaticn and strong- R
ly corroborates our physical interpretations. In addition, we have shown that T
~the population distribution obtained from laser multiphoton excitation is ap-
preciably different from that resulting from thermal heating. Rt

This work was supported by the U.S. Energy Research and Deve]opment Admin-
istration.
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