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A MOLECULAR BEAM STUDY OF MULTIPHOTON 
DISSOCIATION OF SF6 

11; J. COGGIOLA*, P. A. SCHULZ t , Y. T. LEE*, AND Y. R. SHENt 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory, University of California 

Berkeley, California 94720 

SEPTEMBER 1976 

ABSTRACT 

Crossed molecular and CO
2 

laser beams were used to study 

collisionless multiphoton dissociation of SF6 • Dissociation 

products were found to be SFS and F. Angular and velocity 

distributions of the SFS fragment were measured. The results 

indicate that the average excess energy absorbed by an SF6 

molecule beyond the dissociation limit was definitely less 

-1 
than 8000 cm and the activation energy for dissociation was 

less than 70 cm-l 

Also associated with Chemistry Department, University of California, 
Berkeley, California 94720. 

Also associated with Physics Department, University of California, 
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The discovery of multiphoton dissociation of polyatomic molecules 

in an intense laser field is one of the most exciting developments in re

I 2 cent years.' The potential applicability of this method in promoting 

selective chemical reactions for chemical synthesis, in separation of 

isotopes, and in many other branches of chemistry has led to an intensive 

effort towards an understanding of the dissociation process. In spite 

1-3 of numerous detailed experimental studies and the recently improved 

theoretical understandingl ,4 of the nature of multiphoton absorption, 

many important questions have remained unanswered. For example, in the 

multiphoton dissociation of SF6 molecules, the fragments have not yet 

been positively identified although it was believed that the major pro-

ducts could be either SFS + t or SF4 + F2 or others depending on the la

ser intensity. It is also not sure how many photons a single molecule 

can absorb beyond the dissociation limit, and how the excess energy is 

distributed among the fragments. Furthermore, little is known about the 

dynamics of multiphoton molecular dissociation, the existence of an acti-

vation barrier in the exit channel beyond the dissociation limit and the 

effect of molecular collisions. These questions and many others can how-

ever be answered by studying multiphoton dissociation with a molecular 

S beam machine. We have recently carried out such an experimental study 

on SF6 with crossed laser and molecular beams. In this communication, we· 

report some preliminary results of our new venture, providing identifica-

tion of the primary fragments along with their angular and velocity dis-

tributions. Information about absorbed excess energy in SF
6 

and activa

tion energy beyond the dissociation limit was deduced. 
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The molecular beam apparatus used is shown schematically in Figure 1. 

The molecular beam was formed by expansion of pure SF6 at ~ 75 torr stag

nation pressure from a 0.1 mm diameter quartz nozzle. Three stages of 

differential pumping were used along with two conical skimmers and a fi-

nalcollimating aperature to produce a well defined ,beam of ~ 2 mm in dia-

meter. The molecular beam had a very sharply delinea.ted angular distribu-

tion of 1.20 full width at half maxima (FWHM). The velocity distribution 

of the beam could be characterized by a Mach number of ~ 6, a peak velocity 

4 of 3.6 x 10 em/sec, and a FWHM of 25% of the peak velocity. The density 

of molecules in the beam was ~ 3 x 1011/cm3. A Tachisto TAC II grating 

tuned CO
2 

TEA laser (~ 1.0 J/pulse) was used in our experiments as the 

excitation source. The laser beam was admitted into the vacuum chamber 

via a ZnSe lense with a 25.4 em focal length. It crossed the molecular 

beam near the focal region with a focal diameter of 0.35 mm. The fragments 

produced by multiphoton dissociation of SF6 at the small interaction re

gion were detected by a triply differentially pumped quadrupole mass spec-

trometer utilizing electron bombardment ionization and ion counting. The 

angular position of the mass spectrometer around the beam intersection 

point could be varied so that the angular distribution of the fragments 

could be measured. The mass filter was always adjusted to provide better 

than unit mass resolution. External triggering at 0.5 Hz was used to fire 

the laser and to enable a dual channel scaler for recording counts of 

fragments from the mass spectrometer. Separate adjustments of delay and. 

gate times were made to ensure that one scaler channel recorded only back-, 

ground (i.e. with the laser pulse off) while the other recorded both back-
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ground and signal. Typically, 50 - 100 laser shots were used to measure 

the fragments produced at each laboratory angle e (see Fig. 1). The angu-

lar resolution of the measurements was ~ 0.5°. Velocity distributions of 

the SF6 beam and the fragment~ were measured with a 256 channel scaler 

(4 ~sec/channel width). 

Our observation of dissociation products from the beam interaction 

region gives a direct confirmation of the suggestion that multiphoton mo

lecular dissociation is a uni-molecular process. 4- 6 Figure 2a shows the 

measured angular distributions of four species found in the ionization 

+ '. +, + 
chamber of the mass spectrometer, SFs (m/e 127), SF4 (m/e 108), SF3 (m/e 89), 

and F+ (m/e 19). No F; species was detectable. These data represent the 

average of several angular scans of the mass spectrometer. The P(18) lines 

of the CO2 laser was used in the experiment with a peak power density 

of ~ 5 x 109 w/cm2 in the beam interaction region. Throughout the angular 

+ range, the signal of SFS was always the most intense. It should be noted 

that this signal was always correlated with the laser pulse. To within 

experimental error, the angular distributions of the four fragments shown 

are the same. Because of the difference in kinematic relations, the angu-

lar distribution of a fragment in molecular dissociation is a very sensi-

tive function of its mass and recoil velocity, and thus the invariance 

of the angular distributions shown in Fig. 2a for different species clear-

ly implies that they are all from the same parent molecule, SF
s

. This 

result then unambiguously identifies the primary dissociation products 

as SFS and F. 

The translational energy released in the dissociation of SF
6 

can be 
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found easily from the angular distribution by using conservation of energy 

and linear momentum. Because of the mass difference, the F fragment 

should have a recoil velocity 6.7 times larger than the corresponding SFs 

fragment and hence a much broader angular distribution. Only a negligible 

fraction of the F+ signal detected came from the F fragment directly. 

Fig. 2b shows a kinematic diagram of the dissociation process. The con-

centric circles centered on the tip of the SF
6 

velocity vector represent 

the maximum recoil velocity in the center-of-mass cordinates that an SFs 

fragment can have for a given amount of released translational energy. 

Since the majority of SFs fragments were detected within 20° of the beam, 

the average energy released into translation should be less than 1.5 

Kcal/mole. Confirmation of this was obtained by measuring the velocity 

distribution of the SFs fragments which at e = 3°, has a peak velocity at 

4 
3.6 x 10 em/sec and a FWHM of 43% of the peak velocity compared with 25% 

for the SF6 beam. It is as yet not certain to what extent the excess ab

sorbed energy is redistributed among the 15 vibrational degress of free-

dom of SF
6 

prior to its dissociation. However, even assuming complete 

randomization, the average excess energy absorbed by SF
6 

would be less 

-1 than 23 Kcal/mole (8000 em molecule), or less than 9 infrared photons 

per molecule. 

Due to the presence of the strong SF
6 

beam. it was not possible to 

measure dissociation fragments produced within an angle of 2.5° from the 

beam axis. However, it appears that the angular distribution of the SFs 

fragment peaks at or near 0°. Kinematically, such a result would indi-

cate that no substantial activation barrier beyond the dissociation limit 

« 0.2 Kcal/mole or 70 em per molecule) exists for the dissociation of 
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SF
6 

into SF
5 

+ F. 

Finally. a study was made of the dependence of the SF
5 

fragment sig

nal as a function of SF
6 

beam stagnation pressure. Over the range from 

50 to 600 torr. no increase in intensity was seen beyond that due to the 

increased beam flux. If the measured signal had been due to the breakup 

of SF
6 

dimers (or longer clusters) formed during the gas expansion. a no

ticeable enhancement of these species should have resulted from the in-

creased stagnation pressure. That no such increase could be measured in-

dicates that dissociation of van der Waals type complexes of SF
6 

is not 

the origin of the fragment signal. 

We are currently in the process of making detailed measurements and 

analysis on how the laser intensity. power. polarization. and wavelength 

may affect the dynamics of multiphoton dissociation of SF
6

. We also plan 

to use the scheme to study multiphoton dissociation with the SF
6 

beam at 

different vibrational and rotational temperatures. The results should 

yield detailed information about dissociation dynamics, and internal 

energy distribution and energy transfer of an excited molecule before 

dissociation, and hence a better understanding of the physical mechanism 

of multiphoton dissociation. 

This work was done with support from the U. S. Energy Research and 

Development Administration. 
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Fig. 1. Schematic of the apparatus used for the measurement of 

angular distribution of the fragments from multiphoton 

Fig. 2. 

dissociation of SF6. The molecular beam is triply 

differentially pumped, allowing a low pressure (10-7 torr) 

to be maintained in the fragmentation region. 

(a) Angular distribution of the fragment products 

(b) Kinematic diagram for fragments of SF6. The circles 

show the total amount of translational energy released 

(in kca1), when the SFS is found in the phase space 

which lies on the circle. 
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