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INTRODUCTION

Multiphoton dissociation (MPD) of gaseous halomethanes induced by €0, laser
pulses has been studied extensively in the past, among others its isotopic
selectivity with respect to the carbon isotopes '?C and *°C. Recently, it has
been proposed to apply this last property for practical separation of the
carbon isotopes, using ecither CF2HC1 [1,2) or CFSI or CFSBr (31 or CF3(71 [4]
das target molecule.

Thus, besides its scientific interest, a study of the MPD of these molecules
can have some practical interest.

We have previously studied the effect of gas pressure and laser pulse length
on the isotdpic selectivity and dissociation yield of the MPD of CF4C1 (5,61,
The present study reports on the effect of laser pulse energy and gas pressure
in a mich more extended range than in our previous work.

EXPERIMENTAL
1

The vy fundamental vibration (stretching mode) of l3CF:,,CI occurs around 1081 cm -1,
Drouin et al (71 have shown that excitation of this mode can induce MPD with

high isatopic selectivity and that hexafluorocthane and chloride are the only
stable end products detected :

CFSCI + nhy CF‘,’ +C1» 1/2(C2F6 +C1y) (1)

Thermochemical data give AH(CFSCI + CF3+C1) = 86 kcal/mole = 3.73 ev.

All the experiments reported here were performed using the R(10) [00°1 - 02°0]
(v = 1071.0 em 1y 00, laser 1ine, i.e. within the P-branch of the v; absorption
band of ”cp3c1.

Our laser (TRA-CO, multimode 1ihe<tunable Lumonics Model 203) was used without
N, in the lasing mixture and yielded pulses of about 90 ns FWIM. The 2.8 cm
dia laser beam was focused with a CdTe lens (f = 76.3 cm) within a cylindrical
cell of 2 cm dia., 123 cm length and 510 em* total volume. The cell was made
of stainless steel with NaCl windows and was connected te a quadrupole mass
spectrometer through a needle valve. The main rcasons for using a long focal
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length are to increase the dissociation yield and to allow the use of high gas
pressures without optical breakdown in the focal region. The pulse energy
was measured by a pyroelectric detector (lamonics Model 20D) and was varied
by insertion of neutral filters in the incident beam. The laser repetition
frequency was very low tabout 0.1 Hz) so as to insure reequilibrium of the
Bas composition in the irradiation cell between successive laser pulses.

The average energy density (or fluence) at focus ¢ g is related to the laser
pulse energy E by : ¢g = E/n rf) with T, = laser beam radius at focus.

In our case, n ¥7 = (£6)® n = 0.08 cm® with @ = laser beam divergence

= 2.1t mrad. 1In Fig. 1-7, both an E-scale and a ¢g-scale are given, based
on the above relation.

The CFyCl used had the natural isotopic composition (i.e. 1.10 § '*C). It
was bottle gas (Air Products, type HC-13, 99.9 % min quoted purity) purified
by distillation. No scavenger or buffer gas was added. At the end of each
irradiation, the relative reaction yield (i.e. : the ratio of the total number
of C,Fg product molecules to the initial mumber of CF;C1 molecules) was evalu-
ated from the (119 + 120 + 121) /(104 + 10%) mass-peak ratio due to the

12 + 12p130pt 13 + 12 LET 13 syt
{ CZFS + 12 CF5 + CZFS)/( CF:,’ Cl1" + CF3 €17)
ions ratio, after calibration of the mass spectrometer with known
€5Fg - CF;C1 mixtures. As for the **C/12C ratio in the C,F product, it was

deduced from the (120/119) mass-peak ratio due to the ‘ch’cpg/lzczp; ion pair.

It is known that when the degree of dissociation of the target gas is small,
the isotopic selectivity S, i.e. the ratio of the dissociaticn probabilities
wyg and wy, of the 13(:F‘.)Cl and l2CF_,’Cl molecules, resp., is equal to the
enrichment coefficient of the product molecules. 1In our case :

12013 Rt
[ CF6].[ CF,l

. . 2
57 msferz = 7% [VCRCI:0ACR,CI) @

The irradiation was stopped when the degree of CF3(21 dissociation reached a
few 10°° max.

The total dissociation probability per laser pulse w can be deduced from the
relative yvield of C,F, and Cl2 if there is no recombination of the pPrimary
dissociation products and if there are no other end products with significant
yields. This seems to be the case here (see below). As the dissociation

probabilities per laser pulse were very small (< 5.10°%, see fig. 1), one has :

@ws= - ]% In [1- % x (N = laser pulse number) (3

As for the isotopic dissociation probabilities per laser pulse wy, and wyg
they are related to S and to the total dissociation probability u by the
relations

w=X g+ 0 - X} w1y 4
wyg = w IX, « (1 - X)) st (5)
wy = w0 - X))+ XOSJ" (6)

where X, = initial concentration of 1C in CFiC1 = 0.0110.

RESULTS

The isotopic selectivity was measured for laser pulse energies ranging from
0.5 to 2 Joules per pulse, and for initial gas pressures ranging from-0.10
to 60 Torr. The results obtained for a few selected pressures are shown

on Fig. 1 and 2. Those obtained with the other gas pressures (and not shown
on Fig. 1 and 2 to preserve clarity) fall between these selected ones.

The following overall trends are found :

{a) below 5 Torr pressure, S increases with laser energy; the initial rise
is maximun for 0.10 and 0.25 Torr and levels off at § = 17.5 (cfr.
Fig. 1, dashed line);

(b} around 5 Torr, S is about constant with laser energy (cfr. Fig. 1,
full lire);

{c) at 10 Torr and beyond, S decreases exponentially with laser energy
(cfr, Fig. 2).

The last case corresponds to the generally expected behaviour (see refer. L8,

p- 260). Our results show that selective MPD of 1’C.F_.,Cl under low gas pressure

follows an opposite trend. Preliminary results obtained by us with selective
MPD of two other minority isotopic molecules 1*CF,Br and ?*SF, under low pres-
sure show a -similar trend. Thus, the "expected behaviour" mentioned above
might not be as general as presently assumed.
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Fig. 1 and 2 also show that at low energy (i.e. E = 0.5 J/pulse or #¢ = 5 J/em?),
5 increases with pressure from a value of 10.5 for 0.10 Torr upto a maximum

of 21 for 10 Torr, and decreases beyond, down to 9.5 for 60 Torr. This trend

is gradually lost for increasing laser pulse energy. The behaviour at low
encrgy agrees qualitatively without prévious results [5] obtained with 0.6 J
pulse energy, the quantitative difference between the two being due to the
difference between laser beam geometry (f = 6.3 cm in (5] and £ = 76.% cm in

the present work). The initial increase of § with pressure is due to rota-
tional relaxation (5,61 .

The total dissociation probability » was measured for various gas pressures.
The result is shown on fig. 3. Besides its threshold character, a rather
striking feature is the fact that, within the limited accuracy of our measure-
ments, all the results seem to be scattered around a common mean value (fig. 3,
dashed line), in spite of a 600-fold change in gas pressure. Thus, from a
chemical point of view, the overall reaction as given very schematically by
relation (1) is first-order.

The steep rise of MPD probabilities with laser pulse energy can be due to
several effects. Besides true physical effects (see Ref. [8), p. 228), purely
geometrical effects appear when a focused laser beam is used, due to the
threshold character of the MPD phenomenon. They have been studied in detail
by a number of authors. It seems that the simplifying assumption of an ideally
sharp energy density threshold is acceptable for the analysis of our results,
which were mostly obtained at fluences well above threshold. Herman [9] has
shown that when this simplifying assumption is adopted and supposing further
a Gaussian beam intensity profile and an optically-thin medium, the effective
reaction volume \w“_}ff (equal to the product of the observed fractional yield
per pulse and the cell voliume) scales-up with the laser pulse energy E as

(see Model IT of Ref. [91) :

Veggor 3 0 - 01202 (o 1y -garctmn 0 - D22 £

with n = 2E/(n rf) X écrit)s Yo = laser beam radius at focus and berit =
critical fluence such that the MPD probability is either zero or non-zero
when the laser fluence is either lower or higher than $.pip0 TESpectively.

A value of derit ¥AS chosen, corresponding to a pulse energy value Ecrit
Iying 0.1 J below the low-energy limit of our measurements (i.e. the abscissa
shown by the downward-pointing arrow in Fig. 3). For a Gaussian beam profile,
the relation between the fluence at focus on the beam axis, ¢(0), and the

v T5 = 0.08 cm? (sce above}. Thus, the numerical values for E..

3.

laser pulse energy E is given by : 4(0) = 2E/v rt!, with, in our case,

it 3 oo iy
are

E

Cerit © 0.3 J/pulse;

$erit = 7-% Jem

The value at berit would be lower for a non-Gaussian beam protile.

The geometrical correction (7) was applied to the w vs. E results of Fig. 3.
The experimental w values close to thresheld, i.e. for E = 0.4 J/pulse, were
used for normzlization. The isotopic dissociation probabilities wy, and Wiz
were deduced, using relations (5) and (8). Fig. 4, 5 and 6 show the data
plotted vs, E-! or ¢f“on a semi-log scale, for a few selected pressures.
Those for intermediate pressures, not drawn on the Fig. to preserve clarity,
show intermediate overall trends.

It is seen that they fall in 3 different categories :

(a) at low pressure (Fig. 4}, an exponential decrease of hoth wyy and wyg with
E-! is found, the decrease being steeper for w3 (dashed line) than for
wy; (full line};

(b} for medium pressures (Fig. 5) both wyy (£full line) and wy4 (dashed line)
are about constant;

(c) for higher pressures (Fig. 6), the numerical values of wyy and gy de-
crease with pressure, and the 60 Torr data exhibit an overalil decrease
with E*!; however, contrary to the low-pressure case (Fig. 4), the de-
crease is steeper for P than for w3

The above results are based on relation (3), i.e. on the assumption that the
MPD probability can be deduced unambiguously from the C2F6 yield per pulse.
The value of wyz can also be deduced from the decrease of the !C content

of the residual CHI~‘3 for large values of the laser pulse number N and from
the S value obtained above for low values of N. The w value can be further
deduced, using relations (2} and (4), Preliminary results show qualitative
agreement with the data displayed on Fig. 3.

DISCUSSION

An evaluation of the gas kinetic collision frequency of CFSCl yields a
value of 1.4 x 107 57! Torr ). Thus the average time between mutual col-
lisions amounts to about 700, 70 and 1 ns for 0.10, 1 and 60 Torr pressure,
resp. Comparing it with the 90 ns FWHM laser pulse duration, one can assume

that the low pressure {i.e. 0.10 and 0.25 Torr) MPD results shown on Fig., 1



and 4 and the high pressure (i.e. 30 and 60 Torr) ones shown on Fig. 2 and 6
are representative of the collisionless and collisionnal regimes, respec-
tively.

In the collisionless range (Fig. 4), the exponential decrease of w , and
wyy with E?! or ¢i—1, i.e. an Arrhenius-type relation, has no theoretical
justification. A detailed analysis of the various physical aspects of the
IR MPD excitation of a molecule in the quasi-continuum region of its level
scheme yields much more complex relations (see e.g. refer. [8], p. 228 and
vefer. herein). It can be noted, however, that thermochemical reaction
rates are very well described by Arrhenius-type relations in spite of the
fact that there is no rigorous theoretical justification for it. Thus, it
is perhaps not surprising that IR-MPD, with its threshold character and
statistical distribution of vibrationally excited molecules, can phenomeno-
logically be described by the same formal relation as a thermochemical reac-
tion with an activation energy and a Maxwell distribution of molecular
kinetic energies.

These considerations can be more quantitatively substantiated by
comparing the experimental data with the relation :
wyg = A exp [-ethr/{s.q)].w}ere €thr = MPD threshold energy, ¢ = average
energy of excited "CF3C1 molecules, and q = fraction of “CF3C1 being
excited. From our 0.10 Torr data, one obtains q = 0.1. Expressing the
energies in Joules/pulse (with Ethr = 0.30 J/p, see Fig. 3), one thus
obtains :

Wy ” A exp [-Ethr/(E X 0,11 = A exp [-3,0/E]

which is in fair agreement with the fit to the 0.10 and 0.25 Torr data
(see caption of Fig. 4).

In the medium-pressure range (Fig. 5), the almost constant wy, and wyy
values (~ 9 x 107 and 1.5 x 10°%, resp.) are about equal to the maximm
w-values reached in the low pressure range (see Fig. 4). The most obvious
explanation is full rotational relaxation, such that within the reaction
volume around the laser beam focus, all the excited molecules do dissociate.

As for the collisionnal range (Fig. 6), two features should be noted.
First, the magnitudes of w;, and w ; fall down beyond 30 Torr pressure, due
to collisionnal deactivation during or immediately after the laser pulse.

Secondly, at 60 Torr pressure a decrease of g and wy g with ! or ﬁ-‘

sets in. Most interesting is the fact that the slope of wy, is steeper
than the one of wy3e This might be due to the outset of secondary reactions
such as the one between excited ”CFS radicals and cold “CFSCI molecules,
i.e. (schematically) :

13CFy + 2CF4C1 + 3CH2CFg + C1 ®)

However, the trend shown on Fig. & should be complemented by additionnal
measurements at pressures above 60 Torr, to confirm this conclusion and
possibly draw more quantitative information about reaction (8).
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