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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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ABSTRACT

Crossed laser and molecular beams were used to obtain the recoil-
energy distributions of fragments in the study of multiphoton dissociation

The measured recoil-energy distributions of SF under a laser

of SF s

6°
excitation of ~10 J/cm2 are in good agreement with the theoretical
prédiction of the RRKM model for unimolecular dissociation assuming

~an average excitation of ~22 kcal/molé beyond the dissociation threshold
and complete energy randomization in the excited molecule before
dissociation. At higher 1éser eﬁergy fluence, it was observed that a
secondary dissociation-process could occur in which the primary ;

dissociation product, SF., absorbed more photons and further decomposed

5

into SF4 and F. From the results,.we found that the average dissociation

lifetime for SF6 was ~10 nsec under our experimental conditioms.
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INTRODUCTION

The'decomposition qf polyatomic molecules by inf#afed multipﬁotoﬁ
absorption is a subject which 1s under exeensive ihvéstigatiqhiin.many
laboratories. The process has been shown to be efficient, isotopically
selective and collisionless.l Considerable-progrees has’been‘#ade

toward elucidating the mechanism by which an isolated moleeule under

intense infrared laser irradiation can absorb a large number of

2 .
photons. However, one very important question which remains to be

answered is the relation between the dynamics of the laser induced

unimoiecular disspciation and the energyvdistribution among the
vibrationally energized states, i.e, the question of whether or not

the excitation energy is completely randomized before disseciation,

The observation of electronicaily excited fragments in 'the dissociation
of halogenated.hydrocarBons,3‘the apparent detection of SF4 and F2
fragments in the decomposition of SF6,4 and the observation of seemingly
mode-controlled multiphoton dissociation of halogenated hydrocarbons,5
have been the basis of some recent speculatien that the excitation
energy might not bé randomized. On the other hand, newer results of
Bloembergen et al.,6 based on absorption measurements, suggest that
multiphoton dissociation is a statistical process.

Recently,7 we reported the results of a crossedalaser;— molecule
beam experiment that provided the first unambiguous characterization
of the primary products of. the multiphoton dissociation of SF6 as
SF. and F. 1In addition, this work showed that, on the average, the

5

recoil energy of the products was less that 3 kcal. These results



-2-

‘have been confirmed by the recent findings of Quick and Wittig8 and
Pfeses etval.9 that chemiluminescence, characteristic of tﬁe reaction
of slpw fluorine atomé with HZ’ occuré in §F6 - H2 mixtures.

We have exﬁended.our study to include direct time-of-flight
measurementshof fragment velocities. These results, combined.with
the angular distributions reported earlier have enabled us to obtain
the genter:of-mass recoil:energy distribution and hence inforﬁation
ébout energy disposal. Ip'addition, the time depehdence.of the
apparent formation and subsequent destruétién of SF5 seen with
Qariations in laser pulse length has provided an estimate of the
dissociative lifetime of SF6.

The experimental recoil energy distribution and.dissociative
lifetime have been compared to the corresponding theoretiéal pPre-
dictions of a detailed RRKM calculation.10 It was fOuﬁd ﬁhat the
multiphoton results for.both recoil energy distribut%qn and lifetime
were completely consistent with a statistical model for the uni-
molecular decompoéition of SF6 with an assumed énergization.of 8-9

photons (22 kcal/mole) above the dissociation threshold.

EXPERIMENTAL
The experimental setup was identical to that describedvpreviously.7
A molecular beam of SF6 was crossed by the 10.6 pm beam from a Tachisto
_COé TEA iéser. The laser beam was focused by a ZnSe lens of 25 cm
nhv

focal 1ength. For some measurements of'SF6 — SF5 + F, the laser



process, with SF

‘pulsewidth was shortened by means of aﬁplasma discharge shutter to a 20

nsec full width at half maxima. For lqng_pulsev(SO ns) measurements of
this primary reaction, the laser energy density at the interaction region
was attenuated by ZnSe Beam splitters and by defocusing'to less than

10 J/cmz. ~-The SF5 fragments were identified in our'detecting mass

spectrometer as follows. ‘Both SF6 and SF4 are known to decompose

completely in the ionization chamber of the mass spectrometer; they

yield respectively SF5+ and SF + as the major mass peaks. . It appears

3

that the radical SF. also decomposes completely in the ionization

5
+ and SF +

g as the prominent mass peaks. In our

3
earlier obsérvation,7 the SF5+ signal was heavily contaminated by

SF, molecules scattered into the detector by molecules released from

6
the walls of the beam apparatus by the laser radiation.  With this

background scattering eliminated, the laboratory angular distributions

ot -
of SF3+ and-SF2 were found to be identical as shown in Fig. 1. The

_ + 4 N
ratio of SF to SF, was ~4 as compared with 6 and 2 given respectively

3 2
by the fragmentation of SF6 and SF4.
At higher laser energy densities, the SF. radical could absorb more

5

photons and further decompose into SF, + F. The appearance of this

4

secondary dissociation process could be detected through the observation

3+ and SF2+ started to deviate

: . +
from each other, owing to the disproportionate production of SF2 by

that the angular distributions of SF

the SF4 dissociation product.’

The fragment velocity distributions at various. laboratory scattering

angies were obtained by deterﬁining arrival time of each fragment at
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the detector relative to the time ofigin defined by the laser pulse.

This was done by multiscaling the mass spectrometer output signal.

Typically, a 10 usec channel width was used in a scan over 2.5 msec.

RESULTS AﬁD DISCUSSION
The angular.distributions for the $F3+ signal at three laser
pulsé'energy densities are shown in Fig..l. The narrowest one was
taken with the short pulse at c.a. 4 J/cmz. The intermediate and.
broadest ones were obtained with the longer pulse (50 nsec) at -
energieé o% 10 and 30 J/cmzlrespectively. For the two loweg energy
dehéities the SF3+/SF2+ ratio was conétant and equal to ~4 ét all
angles. The time;of—flight spectfa for both fragments at 10 J/cm2
"were also identical as shown in Fig.AZ.. The correspondence between
the-agguiar and time-of-flight distributions for the two fragments,

together with their ratio, is evidence that the only dissociation

product detected at these energies is SF5~. Such angular distribution

and’time;of—flight datawere combined and deconvoluted using the
velocity distribution of the molecularvbeam;to obtain the cénter of
mass fecqilvénergy disfribution. The result.for this SFS' product.
at 10 J/cm2 is shown in Fig. 3. Two qualitative but important con-
clusioné can readily be drawn from these data:

(1) The average recoil energy is low, approximately 2.5 kcal,

»indicéting that, if SF¥, absorbs more than one photon above

6

the dissociation threshold, a substantial fraction of that
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excess energy must be retained by the SFSVfragment_in its
internal degrees of freedom._

(25 The experimental recoil energy distribution peaks at or very
near zero. Thisveonfirms our earlief obsefvation.that the
relevant dissociation channel has iiftle or no exit barrier.

It also rules out a mode-controlled "explosive" diséociative
mechanism for which a velociﬁy distribufion skewed to higher
energy would be expected.

In addition, identieal results were seen forilaser polarizatioﬁs both

parallel and perpendicular to the deteceion plane. This indicates

that the product recoil direction has no dependence on the polarization

" of the laser field and/or that the lifetime of the excited molecile

is many rotational periods.

We have ealeulated a theoretical recoil energy diétribﬁfion using
the RRKM statistical model for unimolecular dissociation. The molecule
was assumed to have been excited to a certain level of energization

above the dissociation threshold and the excitation energy was assumed

to be completely randomized in all vibrational degrees of freedom,

As shown in Fig. 3, correspondence between the experimental data and

the theoretical curve for an energization by 8-9 photons (22 kcal) in
excess of the dissociation tﬁreshold is very good. This, and other
observations which will be discussed later, strongly suggests the
validity of the statistical model for collisionless multiphoton

dissociation.
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For é low laser pulse energy density (< 10 J/cmz), the dissociation

products.wére almost exclusively SF_ and F. When the laser energy

5

‘ +
fluence was increased the angular distributions of the observed SF3

+ _ : : ,
and SF2 in our mass spectrometer broadened and started to deviate

from each other with fractionation ratios ranging from ~4 at small
angles to ~2 at larger angles. Finally, at our highest laser energy
density (~35 J/cmz), the angular distributions for SF3+ and SF2

again merged with a fractionation ratio of ~2 at all angles. .

We can then conclude that SF, had appeared as one of the dissociation

4

~products and dominated the signal at large angles for intermediate
powers and at all angles for high powers. Since nlez fragment was found
in our'experimenf in spite of an exhaustive search, the SF4 fragments

- must have resulted from dissociation of the radical SFS' This was »
N ' . N . 8

supported by the recent chemiluminescehce experiments of Quick and Wittig
and Preses et al.9 With higher laser energy fluence, the SF4 signal was

. greatly enhanced and a broader angular distribution of SF4 was observed.

Apparenfly, the SF radicals produced during the laser pulse could

5

absorb more photons and further decompose into SF4 + F with additional
.recoil energy

*k
SF, + nhVy ===—————p- SF ——eb~ S

* .
6 6 5 *F S

* % %*
SF5 + n'hy =————— SF —eeep SF, + F

5 4

where * and ** denote respectively internal excitations below and above

, : %%
the dissociation threshold. Since most of the excess energy of SF6

%
5 5

produced should already be excited to its quasi-continuum states, and

is retained by the SF fragment in the dissociation process, the SF



could therefore readily absorb more laser photdns to and beyond the

dissociation threshold. 1In order for this secondary dissociation
** v ] 3 3 . ) ‘ g

process to occur, SF6 must have a dissociation lifetime shorter

than the laser pulse and the laser energy fluence must be sufficiently

' * , :
high so that the SF. radicals can absorb enough photons to exceed

5
the dissociation threshold for SF5 g SF4.+ F. - In our experiment with
an energy density of from 6-10 J/cm2 (Fig. 1) we found essentially no

SF Allowing time for energy deposition into the molecule, this

4"
suggests that the average dissociation lifetime of SF6** should be
around 10 nsec.  This value is consistent with our theoretical estimate
(4—10 nsec) of the dissociation lifetime for SF6** with an excesé energy
of 8-9 photons (~22 kcal/molg) as shown in Table I.

The above results therefore provide fairly conclusivevevidence

that under our experimental conditions, SF6 absorbs on the average

8-9 photons beyond the dissociation threshold. The very steep energy

. dependence of the lifetimes listed in Table I suggests that this level

of excitation may arise as a consequence of a lifetime limitation in
the multiphotoﬁ absorption process for SF6. Such' a limitation would
occur for the case where continued puhping to higher levels with

shorter lifetimes becomes increasihgly difficult due to dissociative

loss of excited molecules. This would result in the very important

"effect that the level of excitation would not vary significantly over

a wide range of laser powers. We have found in our experiment that

this was indeed the case for SF6'1O
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;n summary, we have found that the experimental'recoillenergy"
distriﬁution for SF5 fragments produced-in.the multiphoton dissociation'
vdf SF6 is éharacteristi; of that predicted for a statisticalxunimoler
. cular dissociation. It agrees well Qith one calculated for fhe

absorption of 8-9 photons béyond the dissociation threshold; The
ekperimentally estimated lifetime also agrees with statistical pre-
dictions for the éame level of excitation. Finally, we have observed
théthFs, produced in the first dissociation étép, is unstable with
regard to secondary absorption and dissociation, consistent:with the
speculation that it carries away a substéntial fraction 6f'the excess
enérgy of the.priméry reaction as internal excifation.. The body of
 experimental evidence combined with the statistical rate theory
calculations indicates that the multiphoton absdrption.and dissociation
process in Sf6 proceeds statistically. Recently, we have.carried out
similar stu&ies on othgr molecules such as CF3Br and CFC13. In all
cases, we found that the statisticalvmodel for dissociation worked well
- even théugh the leveis of excitation for different molecules-were‘
differént.lo The.results now enable us to more or less predict the

" 'multiphoton dissociation dynamics for 4 large number of polyatomic

molecules. : p
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Table I. RRKM Unimolecular Rate Constants and Lifetimes for the

Production of SFS'

Energy |
(E*-E°)
in excess photons.
2

3

ka (E*)

-1
sec

T
nsec

135,000
10,000
1,351
278

77

27

10



Fig. 1.
Fig. 2.
Fig. 3.
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FIGURE CAPTIONS

Angular distributions of SF + signal-detected from SF5

3
product at ~4 J/cm2 (short laser pulse), 1. ; at ~10 | '&
2 : - 2 .
J/cm”, W ; and from SF, product at ~35 J/em”, A. g

Time-of-flight distribution for SF3+ and SF2+ produced

in the ionizer from SFS-. Data taken 10° from the beam

with a laser pulse energy density of 10 J/cmz.
Deconvoluted center of mass recoil energy distribution:

for SF, » SF. + F obtained‘from experiment -at 10 J/cmz;

6 5

statistical rate theory prédictions for seven, — - —

nine, ; and eleven, — — — photons above the_

‘dissociation. threshold.

Cu‘
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