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1. Imntroduction

The dissociation of polyatomic molecules by intensoe resonantly absorbed IR
lasor radiation hus been the subject of muach recent study, particularly since
the phenomenon was dentified to be sotopically sclectave (Letokhov 1976,
Aldridge 1976) Though seversl understandmgs bave been brought forward
conucruing tho mochanisms of this multipboton dissociation (Bloembergen 1975,
Lotokhov 1976), these do not yet permit cither gquantitative wnterprotation or
prediction.

The isolopically scloctive dissoaation of 8Fg was reported in 1975 (Ambertz-
uwian 1975)  The choice of 8Fg is based op a number of its advantageous
featureg 8T is very stavle upto 1500°IC  The dissociation by TR laser appoars
o be almost wrevermble  Only two isotopie species 32811 (9509%,) and
SSLIY (4+29) cxast and isotopie shitt of 17 em~! (v; fundamental of 328F, : 947
em-t and that of 38, . 930 ¢m-') is convenient to work with CO, luser.

The work reported here was intended primarily to identafy the role of simple
cullisional partner with the vibrationally excited SI'g molecules  he unimole-
cvlar dissociation rate constant was calculated uwing RREKM rate theory.
Evaluation of rate constant using detaaled RRKM computation was made. 1t
was found that the multiphoton results and hfotime were consistont with a’
ntatistical model for the unimolecular docomposition of SFg with an assumed
onergisation of 8-9 photons (22 KCal molv!) above the disgociation threshold.

2. Theory

The gas mixture of interest is placed in a closed absorption cell having entrance
and oxib windows for the reaction. To achiove bigh intensily, the laser pulso
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is focussed so that the waist of the beam is within the gas volume. This mode
of irradiation is necessary because interesting multiphoton phenomenon ocours
at radiation fluxes which are above the damage threshold of the windows. In
order to obtain a decomposition yield which can be measured aceurately, it is
necossary to irradiate the target gas with a sequence of lagor pulses. After this,
cithor the numbor of molecules which have decomposed or relative abundances
of isotopic species or both are¢ determined by one means or other.

The region wheroe the laser ‘fluence’ (energy/area) is strong enough to produce
disrociation occupios a small volume near the mirror’s focus.  The reaction volume,
Vg, is a small fraction of the total cell volume V5. The no. of 8Fg moleculos,
N, remained aftor one pulse s given by :

N, = Ny[1—T&/V7] i (1)
whore (VR/Vr) 18 the fraction that decompozes and N, is the initial 1\0. of mole-
cales. Hence for ‘“»’ no. of pulses :

N, = No[1—VR[Vr]"

which can bo written as :

= N.o ___Vg] 3
N, = Ny uxp [ Ve " )

bocauso | Vgr/Tz) 15 very small The 1atio (Ve/Vr) tamed as “decomposition
Co-efficient per pulse’” 1 denoted by ‘a’.

To rolate tho reaction volume Vg 1o a threshold fluence it is necessary
to calculatc the volume of an ‘isofluence surface’ n a region near focus.
Agsuming the laser pulse as gaussian beam and using the so called ‘dog-boue’
geomtry of irradiation (Figure 1) (Keefer 1976). the threshold fluence is relatod
10 reaction volume by equation (3)

Honco, tho reaction volume Ve increases linearly with the f/number and with
the 3/2 power of total laser energy per pulse.

3. Experimental

A serivs of experiments were performed to dotermine tho throshold fluence for
the neat SFg docomposition. Then oxygen was used as a quencher at different
prossures. The €O, laser used was helical one and delivered 250 mdJ per pulso.
The laser cavity was not tuned and thorefore emitted on the highest gain line,
tho P (20) line which was confirmed by analysing the output boam by spectrum
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analysor (Optical Engg. Tnc). Each pulse consisted of an initial mtenso pulse
of about 200 ns followod by & long less mtense tail upto fow #S.
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Figure 1. Sol tic ding of experi 1 set up
(1) TEA—CO, lager (2) Pyrex Cell (3) KCl-windows (4) Gold-coated concave

mirror
2r, = laser spot size at the beam-waist
J =focal length of the mirror

A pyrex glags cell (80 mm long by 50 mmn dia.) fitted with polished KCI
windows was filled with 0-33 torr of SF and the laser pulse was focussed in the
middle of the cell by u gold coated concave mirror of focul length 10 em.  The
S¥F was used withoul further purification (Union Carbide Corn, Linde Divn
999, pure). Typically 1000 shots wore given {o cach mixture at a rato of 25
ppm  The amount of 8T, decomposed mn an vxpermment was dotermined from
IR-spoctrum takon botore and alter iwradiation wiwg Perkin Elmer 577 Grating
IR Spectrometer.

4. Results

The decomponition Co-cificient por pulse ‘@’ is calulated for noat SF, and SFg/O,
nuxtures at fixed SKg partial prossure, by measuring the absorbance of SFg at
947 em 7 beforo and after irradiation trom equation (2) we have :

1 N, 1 A,
u—;b-ln N, __EI“I

where
4,y = absorbance before irradiation and
A, = absorbanco aftcr irradiation by n (= 1000) pulscs.

Trom rosults given in tuble 1. it is clear that ‘2’ incroases with lowering pressuro
ol 0, and & ‘plateaw’ is obtained, as the pressure of O, approached zero.;

Tluoshold fluence using equation (3) for finumbor 10, found to bo 4-4 Jjem?
which when translatod with respect to pulse width of 200 ns gave 22 MW/em?
a3 throshold intensity for noat SF, decomposition.

8



314 Sarkar, Nath, Chatterjee, Mittal and Rao

Table 1. Variation of « with 0y-pressure [Pressure of 8F=0.33 iorr]

Press of 0, ax 10¢ lesFofetspe=0s]
(torr)
0 4.6 —
0-10 4-43 1-038
0-26 4-42 1:04
0-58 4-34 1-06
1-00 3-66 1-26
2-00 303 1:52
500 216 2:14
10-00 1-28 369 ;
4700 040 1156 \

From the unimolocular rate theory the process can he visualised as follows :

Ku(®

~

A Decom position products [17]
<nhv>
SFy ———— SE*

VRN

N ST stabilsation [ 8]

€

According to this schome, energized moleculo SF* at energy E con formn de-
composition products with a rate constant Ka(E) or be-deonerguzed to stablo
molecules. On the strong collision assumptlion, the first order rate constant for

deenergisation 18 equal to the collision frequency w —= K (collison) X Py where
2

P, = Oxygen pressure and K (collision) s given by

]
K (colhision) == 0';2?17', /o8 [SnRT//z SFUIOI] (4)

where collision diamoter o =45 A corresponding to Lennard Jones hard Sphero
Collision diametors and g == reduced mass of SFg/0, = 26:26 gm mol-!. Lot
the fraction of molceules which are encrgised per unit time into the energy range
between £ und E-+dE is f(E)dE. The fraction of SF¢* decomposing by path D
compared with those stabiliged by path S is Kao{E)/Ka(E)-\-w]

Hence the fraction of molocules in the energy rango B to B+-df decomposing
to products is therelore {Ku(E)/[Ka(E)+w|{f(E}dE. The total number of mole-
culos decomposing por unit time D, at all energios above the ciitical enorgy £y,
is given by

- [ KuB) 5
D= {, ika@yra; (EHE @
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The total rate of stabilisation, S, is given by a simulsr mtogral with Ka(E) in
the numerator replaced hy w.

In a strictly monoencrgotic system the experimenis] ratio D/8 is equsl to
Rajw  Where there is a distribution of enorgies, an average rate constant <Ka>
for all encrgios above K is smilatly defined by (6)

Ke> _ D _ No of molocales  ecompoging per unit time

w 8 No of molecules boing stabihsed pet wnit tume

(6)

Utilising equation (5) and cquivalent expression for stabilisation, the result is
obtaincd for < Ka > .

| {(Ka(B)|| Ka(B)+ w])f(E)IE
<Ka>= wX="— M
_J {w/| Ka(B)+- ) f(B)dE.

At high pressure w 3> Ka(E), the average rate constant becomos
< Ka > = < Ka(B)>. (8)

Similarly, at low presswre . w <€ Ka(F) and corresponding vate constant is givon

by
< Ka>,== < 1|Ka(E) >~ 9)

Tf the vibrationally exeitod SF; molecules are produced in virtually monoenorgetic
manner, tho ratio < Ka >4/< Ka >, will approximate unity. If thero is a
sproad of cnergies, the less excited molecules vontribute more heavily towards
(9) so that < Ka > falls as the pressure is reduced and <X Ka >/ <Ka>,> 1.
The ratio is thorcefore » measure of the spread in encrgios of the SFe* specios and
may be relatod Lo onergy distribution function f(F).

The above troatmont can be applied to the exporimental results. The
docompozed aud stabilised fractions of the multiphoton excited SF, at different
0,-pressures are ovaluatod in the followmng manner. In the absence of O, all
the m.p. cxcited volume Vexe ix agsumed to decompoze ie. Vexe = [(VR)os=0]-
For the samo lader wradiation conditions, the exeitation volume Vexe. remains
the samo for neat STy and SFg/0, mixtures, but the reaction volume Vg for the
latter decrcades, as reflected in the lowering of ‘o’-values with increasing O,-
pressure. Taking FRr as measure of the nett decomposition D and. [Vexe— Vr]
ay measure of slabilization ‘S’ the average rate constants < Ka > are
tabulated in table 2 using equation (6) :

; %SF 0
<Ka> _D Ve 022

w T8 " (Veze—TVR] - ‘“SF‘,—-aSFn/On]
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From the plot of <Ka>> Vs Po, (Tigute 2) it is found that < Ke>> is independent
of oxygen pressure which indicated the multiphoton excitation provided to

SFg iy essentially monoencrgetic 1 nature, and yiclds an average rate constant
3:9% 107 sac" 1.

§)

oF ——1r .

2|

;E:A‘sislii"ﬁw

Pressure of 01 (Torr) )

Figure 2. Plot of <Ka with presero of 0;. The value ?t < Ka >a/
|
|

< Kg >¢ of umty is indiwoated by the straight ine

Table 2. Evaluation of d ion rate tanits < Ka >
PO,(borr) [/s] woa(Sec-1) < Ka > (Sec-?)
010 4:43/0-17 1-01x 108 2:83x 107
020 4:42/0°18 2:52x 108 621 x 107
0-68 4-34/0-26 5-86 X 10° 978 x 107
1-00 3-66/0-94 1-01% 107 393 % 107
2:00 3-03/1-67 2:02 % 10"' 1;-89 X107
5-00 2:16/2-46 605 x 107 443 %107
10-00 © o 1.28/3-32 1.01 x 100 3:80 x 107
47:00 0-4/4-2 474X 108 4:52% 107

5. Evaluation of Ka using RRKM theory

Using RRKM unimolecular reaction rate theory the correlation botween rato
oconstant and the energy excess in terms of photons above the dissociation
{hreshold can be made.

The unimolecular rate constant, for molecules with enorgy Ev*, Ko(Ev*)
is given by (Robinson 1972)
£t

~2 o 1
Ka(E”*)— L*. 711 ”WE'}*) E,%zOP(EvT)- (lo)

The superscript asterisk designated an cnergised molecule that is, ono that has
sufficient energy for unimolecular teaction to oceur. The function Ka(Ev*) is
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derived by calculating from statistioal considerations the rate at which energised
molecules (*) pass through an activated complex (). The internal energy of
the activated complex is defined as :

Evt = Ey*—E, a1

where E, = Energy barrier hetween roactants and products. It will be assumed
that %, is just the bond strength of 8- bond (Benson 1978) =- 90 K Cal/molo,
Other parameters of equation (10) are as follows :

L¥ = Statistioal factor or the no. of equivalent paths for the reaction which
is 6 for SF, dissociation.

@,' and @, = Rotational partition functions for activated complex and
undistorted molecules respectively. These partition functions were calculated
by assuming that the activated complex was obtained from SF; by doubling one
S-F bond which gives @,1/@Q, = 1:75

N*(Bv*) = The densily of vibrational states of Fv* which is given by :

7. % S-1 r
(B = ot tal) T [1-,31‘3(5) ] (12)
(S—1) 1 TT :
(=1

where v; = set of fundamental vibrational frequencies

E, = total zero point vib. energy for all ‘S’ normal modes of the molecule.
s
=4 2 hy where 8 = 15 for SF,
i=1

o = Empirical parameter chosen to give best approximation to the direct
count method. @ can have a value botween zero and unity. When a is plotied
against ‘reduced energy’ E' = Ev[E,, il approaches unity al higher onergies and
values for different molecule lie in & fairly narrow band. The position in this
band of the curve for a molecule is found cmpirically to depend only on the
distribution of molecular vibration frequencies. The dispersion of frequencies
can be measured by ‘4’ which is known as ‘modified frequency dispersion para-
(8—1) <>

§ <>t
moan and mean squaro frequencies of the molecule. A simple analytical relation-

meter’ and is given by § =

in which <v> abd <»®> are the

ship between a, # and E' was achioved by the expression ¢ = 1—#W(E') where
W(E') is a unique function of B’ and described adequately by .

W = (5:00E'+2-73E'%04-3-51)~* for 0'1 < E' < 1:0
= exp[—2:4191K'0 2] for E' > 1-0. (13)
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The above treatmeni known as ‘Whitten-Rabinovitch’ approximation gives
the vibrational state donsity. N*(Ev*) as a function of fv*

P(Bv") = no. of vibrational quantum states in the activated complex at

By
energy Evt And the sum Zl‘. P(Ev) is the total no. of vibrational states

=

in the activated complex upto Evt which is given by similar expression :

Byt
s p) = (EUEeEDT (14)
Eyt=0 81 I hyt

=1

For SF,t, the no. of normal modes ‘S* becomes 14 since one modo becomes the
reaction coordinate. The vibrational frequencies of the SFf the adtivated
complex, were determined by first (ividing the frequendies into two categories :
those most affected by extending one S-F bond and those least affected by oxtend-
ing the bond (Lyman 1977).  As onc bond is extended vhe symmetry point".group
changes from Oy, to 4w, which is the swine as for the molecule SF,ClL In this
paper, the froquencies most influenced by bond extension were taken to be 0.60
times tho corresponding frequency in SF; and those loast affected to be 0-90

times that of SF,

The fundamental vibrational frequencies for SFg; and SFit are given in
tables (3) and (4).

Table 3. SFg(Oh point group) fundomental vibrational frequencies
[Me Dowell 1976]

@ 1 vi{om™)

1 Ay 774

2 Fy 642 <r> = 23.0 cm™?
3 Iyu 948 <v?>1 = 6649 em!
4 Fuu 615 v — 5910 em-?

5 Toy 523

6 Ty 346

Tablo 5 w ) i . . . Bt

able & was given for vibrational state density N*(Euv*), the £ P(Eo)
Byt=0

and rate constant Ke(Ev*) for no. excess photon 4-10. The oxperimental life-

jmme of 25 ns which corresponds to theoretical estimate of cnorgy excess [Bo*—E,)

in excesi photons between 8 and 9 which is consistent with statistieal model of

RRKM theory.
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Table 4. Activated clnplex (SFyt) fundamental vibrational frequencies

I'srg Tsrel 2 v;T (em™?)
Ay A, 2 606-8¢
E, Ay 3 38520 <wt>=497-9 em~!

B, 5 5778 <v!2>1=535-54 om—?
A, 1 668-8¥
¥y B 8 853-2¢ y+=458-87 cm™
Fiu A, 4 Reaction coordnate
E 9 5536«
Foy B, 7 470-7¢
E 10 313-80
Fau B, [ 207-6v
E 11 311-4e

a v(8TF) X 0:80 soe table 3
b v(SFg) x 060

Table 5. RRKM Unimolecular rate constants and lifetimes

Enorgy E,r

[Ev*—E;] N*(LEv*) T p(Evt) Ka(Ev*)(sec™?) 7(ns)

n oxcess photons Ent=0
4 701 x 101 3-81x 10° 162 108 6578
b 1-00 % 102 2:445 % 10° 7:065 x 10° 1415
6 151x101 124 x107 2-58 x 108 387
7 2:07x 1012 5-27 x 107 8:02 108 124
8 2-81x 10 1-942 x 10° 2-177x 107 46
9 3-799 x 101 6-374 % 10® 5-28 x 107 19

10 5005 % 1012 1-903 ¢ 10* 1.176 % 108 86

6. Discussions

Quite a few models have been proposed for multiphoton excitation and dissocia-
tion. The following possible mechanisms to overcome anharmonic detuning
ub several successive transitions of the excited vibrational mode have been consi-
dered in previous works : (a) power broadening (Bloembergen 1975, Akulin 1975),
(b) rotational anharmonicity compensation (Ambartzmian 1976) and (c) multi-
photon transitions (Bloembergen 1976, Larsen 1976) Treating multiphoton
excitation process as a series of incohorent one photon {ransitions among a set
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of equally spaced energy levels, a fow authors (Grant 1978, Lyman 1977, Quack
1978) have gained an insight into time evolution of the multiphoton levels duri.ng.
the laser pulse. More recently, correlations with collisional deactivation by
various gases aro being attempted (Bado 1978).

1n this papor, we havoe followed a simple two level system for preliminary
analysis of our collisional results with oxygen. Although the laser excitation
process may go through various levels, all energy levels below the activation
energy, Ky = 90 KCal/molo, are treated as unexcited SFy, and all higher energy
levels which can contribute to decomposition as essontially & monoenergetic
level SF, . Although very coarse and approximate, this simplified treatment
may give & mean cxcitation rate and a mean decomposition rate.

/SF;+F ‘

. <K,> - Ka(E) /
o qv===8F /
Y[E<B,] <K'\)> S [B>E,] \. \
<w02> \' \
S. [y \'.
With this scheme, the rate oquations are
*
I — RSP~y + oy + K EYISE] (15)
AR — —SE+(Ky g ISF?) ' (15)

Tho {fraction dissociated during the lasor pulse 7 is given by

[ _D_1 ] = K,K,(E) [1 (l_e—m,r) _1 (l_e—mar)] (17)

D48 (my—my) L, m,

where

My = KKy + 0, + Ko ENF VIE Ky F w, + Ko EYF—4K K (B)}

when m, 3> i, and [K0+K,,'+wa=+Ka(E)]2 > 4K K, (E).

[5ps]= =] a8

and

KK,
m = ... uvee
! K0+K0'+%3+Ka (19)
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From experimental values of [D{(D+ 8)], m,’s have been evaluated using equation
(18). A plot of [m,']V,P; was found to be linear (cf. Figure 3) for P, > 1 torr
2 2

n A PR T " " L L

L
4 [ 20 9 36 44 52 ©

— 1 F—

Qxygen Pregsure [Torn] =

Figure 3. Plot of |m,~Y] with pressure of 0,. From the slope and intercept
of the plot, the value of <Xo> or <Ka:> was found to be at least 1.05 X 107

where the above approximation appears to be valid. ¥rom the intercept of the
plot and using equation (19) we obtain :

Ko+ Ky +Ka _ . ~7
K.Ka =095 X 10

Which can be cast as :

K, | K - .
K, =1- 7 =0 0 g .
o = 10610 [1+ ) + R ] and similarly for Ka.

Depending on the relative values of K,, Ke and K, the actual values of K,
and Ka can be found out. But from the abovo relation, we obtain K, and
Ka > 1-06x107.

K, valuo self consistent with tbo ecarlier section ia about 4x 107 indicating
that the laser excitation gives some 7 to 9 photon excoess. Since the mean excita-
tion rate, K, is ~ 1x 107, a mean excitation cross section is evaluated to be
1x10-20 ¢cm® for our threshold laser flux of 44 J em~2 in the irradisted zone.
Such value, slthough obtained by an approximate treatment, is consistent with
a cross section value of ~ 10-20 for this level obtained by Grant (Grant 1978).

9 -
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The collisional deactivation from such a level as 8 photon excess does not,
however, imply a large energy transfer in collisions with oxygen. What is implied
m this modol 18 that even limited energy transfer will bring the molecule to a
lower photon level, the dissociation rate of which is too small to contribute.
(Vide Table 5).
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