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ABSTRACT

Isotopically-selective multi-photon dissociation of SF6
by CO2 laser irradiation has been measured in a focused geo-
metry. The variation of dissociation with laser energy and
wavelength has been investigated in detail and strong enrich-
ment of 534 was obtained. A threshold intensity of S 60 MW/cm2
o Scavenger gas. Under the
conditions of the experiment an upper limit of S 0.2 cm“l was

was observed, despite the use of H
established for spectral broadening of transmitted raaiation,
and of < 10"6 for the intensity of any scattered side-band

radiation within 10 cm_l of the exciting line.
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Lo INTRODUCTION

Considerable interest has been shown in the recently discovered
isotopically selective collisionless multi-photon dissociation of poly-
atomic molecules by intense infra-red laser radiation, (Ambartsumyan et
al, 1976a). This paper discusses our initial work on this process;
during the course of the experiments a number of other papers have
appeared (Hancock, 1976; Lyman and Rockwood, 1976; Ambartsumyan et
al, 1976b) which provide additional insight into the physical processes
involved. (It is perhaps interesting to note that the theory of multiple
quantum transitions was examined as early as 1932, when Majorana calculated

the transition probability for magnetic dipole transitions between a

group of equi-spaced levels in atoms exhibiting Zeeman splitting of the
hyperfine levels. Such transitions were routinely observed in atomic-
beam magnetic resonance experiments, e.g. Spalding 1963. The theory was
extended to unequally spaced levels by Hack, 1956, and to multi-frequency
transitions by Brossel et al, 1955.)

2.  EXPERIMENTAL APPARATUS

The CO2 laser used for these experiments was a Lumonics Model 203, which
generated a 10.6 ym pulse of 8.5J at a repetition rate of 1 Hz. The laser
was modified at Culham to give a peak-to-peak stability of 2 5%. SF6 gas

was irradiated in a stainless steel cell of

38 mm internal diameter and 100 mm length, having two vacuum connections.

A 53 mm focal length anti-reflection coated germanium lens was used as

the input window to the cell, and the output window was an anti-reflection
coated germanium flat. Three windows of germanium, silica or potassium

bromide were additionally provided around the focal region, for obser-

vation of side-light. The cell was pumped to ~ 10_5 torr, and was gently



baked (to ~ lOOOC). (Higher temperature baking is precluded by the
infra-red windows.) The vacuum system permits the examination of a
sample of irradiated gas by trapping in a small liquid nitrogen cooled
sidearm, which may subsequently be valved off and removed. This arrange-
ment permits several experiments to be run sequentially, with the samples
analysed later. It is also possible to flow gas through the cell when

necessary.

3. EXPERIMENTAL PROCEDURE

Early experiments showed that whilst multi-photon dissociation of
SF6 is readily demonstrated, the results can exhibit lack of reproduci-
bility unless all conditions are carefully controlled - in particular
the output of the laser. The following precautions also reduced

the scatter in the results:

(a) The gas mixture in the laser was carefully standardized since
different gas mixes produced different pulse shapes (having

similar total energies);

(b) To avoid variation in the gas mix used for the multi-photon
experiments a pre-mixed cylinder containing 10% SF6 in hydro-

gen was used;

(c) All-metal pipework was used to connect the cylinder to the
experiment. (Slow loss of hydrogen by diffusion through plastic

tubing leads to a steady increase in the SF6 concentration.)

(d) After any exposure to air the cell was pumped to ~ lOd5 torr and
gently baked. It was then conditioned by exposure to 1 torr of

the SFG/H2 gas mix for 24 hours;

(e) To obtain maximum reproducibility the laser was not turned off

between experiments, but rather the beam was dumped.

(f) The samples were condensed into the removable side arm for a
fixed length of time (5 minutes). At 77°K the
vapour pressure of SF6 is only o, 7.5 x 10—7 torr, so that at the
partial pressures of SF, typically used (0.1 torr) essentially

all the SF

6

6 should be condensed into the trap. In practice



this took some time, owing to the restricted vacuum conduc-
tance from the cell to the trap. After 5 minutes > 99% of the
SF6 had been trapped. This time is counted from the point at
which the trap cools to 77°K, since the vapour pressure is a

very rapid function of temperature (e.g. 0.5 torr at 120°K).

(g) The sample pressure was set with a McLeod gauge. This avoided
calibration difficulties with electrical gauges, and also
avoided any possibility of slow reaction in the mixture caused

by the hot filament of a Pirani gauge.

Except when otherwise stated, all experiments were performed with

360 shots at 1 torr total pressure in the focused geometry already described.

4. SAMPLE ANALYSIS

Samples were analysed for isotopic composition by infra-red absorption
measurements. The lines from 834F6 and 832F6 overlap slightly due to
hot-band structure, and the effect of this overlap was removed by cali-
bration with control samples of natural isotopic abundance. The 533F6
peak is not resolvable at room temperature. In order to obtain consistent
results the sample gas cell was allowed to reach thermal equilibrium in
the spectrophotometer, since the hot band structure changes slightly
during the rise of a few degrees caused by the infra-red beam. With
careful handling, absorption values were reproducible to better than

i 1% absolute and this determined the error limits on measurements of

dissociation.

Mass spectrometer analysis was also attempted on an Edwards 60°
sector mass spectrometer with a simple capilfary inlet system. Results
from this instrument were less reproducible and it is probable that a
more sophisticated inlet system is needed. (A further problem was that the
limited resolution available enforced the use of the m/e = 89 peak which
corresponds to an SF; fragment. Since this is the principal peak
observed in the SF4 mass spectrum, confusion can arise unless full
spectra are taken and fitted. The possible presence of unusual com-

pounds which could give SF; fragments of the same mass cannot be neglected.)

For these reasons infra-red measurements were used exclusively for the



results given here, since they are considered to be more reliable.

Typical infra-red spectra are shown in Fig.l.

No evidence for back-reactions was seen when the post irradiation

SFG content was measured continuously over a period of 8 hours.

5. ISOTOPE ENRICHMENT RESULTS

5.1 Enrichment as a Function of the Number of Laser Pulses

Fig.2 shows an exponential dependence on the number of shots,
although there are indications that the first few tens of shots cause
excess dissociation. (Note that the naturally-occurring ratio of C34/C32
is 4.22%.) The exponential dependence leads to a convenient definition

of the extent of dissociation (D):

p°2 - 1 - [c*2/c®2 initia1]/M e (1)

where M is the number of shots and 032 the concentration of 532F6.

5.2 Dissociation as a Function of Laser Pulse Energy

The laser energy delivered to the cell was varied by means of cali-
brated polythene attenuators. In this way the time history of the laser
remained unaffected, although the focal spot may be enlarged by the poor
optical quality of the polythene. The results are plotted in Fig.3 on
a log-log scale, and show that D32 varies approximately as E3/2, as noted

recently by Cotter and Fuss (1976).

5.3 Dissociation as a Function of Laser Wavelength

Fig.4 shows the variation in the degree of dissociation as the laser
is tuned from the line P(10) to P(36), together with the variation in the
laser energy output. For the relatively low gain lines below P(10) and
above P(28) the beam pattern becomes less uniform, and more critically
dependent on alignment. In Fig.5 the data are replotted by removing the

/2

. 3
laser energy dependence, assuming that the E dependence demonstrated

for the P(20) is also valid for other lines. The positions of peak
linear adsorption in S32F6 and 534F6 are marked for reference.

For R(14), R(22) and R(30) of the 10.6 ym band with 5.5, 7 and 4.5J
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respectively, no dissociation was detected at a level of < 8 x 10 = per

shot.



5.4 Additional Experiments on the Intensity Dependence

Using an unfocused beam approximately 5 cm2 in area of 8.5J in P(20)
the cell was irradiated for 3600 shots. Although a very slight drop
occurred in the concentration of SstG’ it was within the limits of
experimental error. Under these conditions the dissociation rate is
< 8 x ],0_6 per pulse. Using a weakly focused beam of ~ 0.7 cm2 area for
360 shots the limit is < 8 x lO_5 per pulse. Under these conditions the
intensities averaged over the 100 ns gain-switched spike of the laser
(which contains ~ % of the total energy) are ~ 8.5 MW/cm2 and ~ 60 MW/cmz

respectively; the KBr cell windows fail at < 100 MW/cmg.

6. SPECTROSCOPIC EXPERIMENTS

6.1 Visible Region

No visible/near UV emission could be reliably detected during the
multi-photon experiments. The emission of such radiation does appear to
depend on some as yet uncharacterised experimental parameter, since in
very early experiments green emission from the focal volume was seen.

This emission has not recurred.

6.2 Infra-red Emission

Searches have been made for line broadening of the transmitted
laser light, and for scattered sidebands. With a resolution of ~ 0.2
cm_l FWHM no broadening of the transmitted light was detected. Obser-
vation of the focal volume at right angles to the direction of beam
propagation showed no scattered light in a region 10 cm“1 from the
P(20) line. Taking into account the geometrical factors and noise level,
the detection limit was < 10_6 of the incident radiation scattered iso-

tripically into 1 cm"l.

This limit assumes correct alignment; improvements are in hand
to provide a more precise alignment procedure. These measurements

were made with theSE%/Hgndxture flowing, to avoid depletion of the SFG‘

T DISCUSSION

7.1 Variation with the Number of Laser Pulses

The dependence of the degree of dissociation on the number of shots
is exponential with

-5 -



the exception of the first few tens of shots. An exponential depen-
dence implies a constant fraction dissociated per shot, as expected
for a uni-molecular process. The slight excess dissociation caused by
the first few shots could be caused by heating of the gas reducing
dissociation in later shots, since the effect disappears when the cell

has time to reach thermal equilibrium.

7.2 Dissociation as a Function of Pulse Energy

Let us postulate that the proportion of the volume irradiated which
dissociates may be represented by
I .o (2)

I ... (3)

Q =1 I

v

Q@ = [0 1

I

where I is the intensity incident on the volume. For a total incident
power P contained in a circular beam of radius r and focused by a lens
of focal length I' acting as the window of a cell of length 2F, the

volume V is then given by

R F
N
- Tra2 J x2dx + 1'[a2'.(I x2 B - dx eae (4)
0 R 2 2
Ta x.IS

v
2

where x is a position variable with x = 0 at the focus, and

1| P |3
R = a[lsﬂ] ®aae (5)

a = I‘/F - es e (6)

Geometric optics are assumed, and laser beam depletion is neglected.
The small-signal absorption was 35% at the peak of the 532F6 band;

however the measured absorption under high intensities was always < 10%,

justifying the neglect of laser beam depletion.

Hence

3 - E )
v o 1 (%2 TeP [t o 3-2N P2 Q.N—SI eee (7)
5 5 TTIIT 17 2 3on )¢ o a (
3nfa | 7S S Ta S

N £ 1.5

The measured (mean) dissocation per shot plotted in Figs.l-4 is simply



D = V/total volume ... (8)
The parameters relevant to the results plotted in Fig.3 are

F = b5cm r = 1.5 cm P = 40 MW (gain switched spike only)

In Fig.3 the predictions of eqgn.7 are plotted for various values
of IS and N. Values of IS and N have been chosen which fit the abso-
lute value of dissociation for tle maximum power available ~ 40 MW. The best
fit to the data is given by IS = 125 MW/cm2 and N = 3.2, although the
curve for IS = 250 MW/cm2 and N = 1.65 also falls within the error bars.
The measured results are thus relatively insensitive to the exact values
of N and IS. The two loweét energy points in Fig.3 fall well below the
ES/2 line, which is the steepest slope which eqn.7 can assume as N - ©.
Thus the dissociation falls off more rapidly at low intensities, a result
which is also supported by the additional measurements with unfocused

beams.

Table 1 summarises the value of D predicted for various N, IS pairs
in the appropriate geometry. In all cases dissociation should have been
seen if the (I/TS)N power law was followed as I — 0. There is thus
strong evidence of a 'threshold' behaviour in the intensity dependence,
or at least a rapid steepening of the slope for I 2 60 MW/cmz. The
absolute powers quoted depend on the observation that ~ 0.4 of the laser
energy is contained in the first 80 ns gain switched spike, and the
assumption that only this spike is relevant to dissociation. Sub-
structure in the spike is ignored. Modifications to these values will

simply scale Iy and P appropriately without changing the conclusioms.

7.3 Dissociation as a Function of Wavelength

Interpretation of these results is complicated by variations in
laser energy output and beam intensity distribution as the laser is
tuned. Within the range P(26) to P(12) these variations are less than
: 6%, but for the lower gain lines the beam pattern becomes severely
striated, leading to variations in the geometrical factors which affect

the dissociation rate (eqn.7).

In Fig.5 the line variation with laser wavelength is replotted, by
assuming that the E3/2 variation measured for P(20) is valid for all
lines. The effect of striations was especially noticeable for the line

P(30), and this is almost certainly the reason for this point lying well



above the other results.

However, within the range P(26) to P(12) the renormalization should
be valid, since the beam intensity distribution remains reasonably constant.
In this range the dissociation curve is seen to be fairly flat on the low
frequency side of the S32F6 fundamental, and falls sharply on the high
frequency side. It is clearly wider than the linear absorption curve
(Fig.l). This is consistent with pumping on the low frequency side helping
to cancel out anharmonicity. The skewed shape of the renormalized curve
of Fig.5 implies that selective dissociation of S34F6’ leaving 532F6
unaffected, would be more difficult to achieve. The dissociation observed
in the regions P(26) to P(34) and for the line P(10) does not, on first
consideration, appear consistent with the high isotopic enrichments which
have been achieved. However, the unexpectedly high dissociation rates
observed at Co, wavelengths so far removed from the 83215‘6 absorption band
is due to the tendency of the TEA laser to become more strongly striated
on these low gain lines, thus increasing the geometrical factors in eqn.7
and invalidating the renormalization used in the P(26)-P(34) and P(10)

regions of Fig.S5.

Thus, these experiments show that definitive results on the variation
of D with wavelength clearly require very careful control of the intensity

distribution.
B CONCLUSIONS

The (skewed) wavelength dependence of the multi-photon dissociation
process in SF6 has been measured in a focused geometry, under conditions

3 :
in which a high 532/5 . isotopic selectivity has been achieved,

The dependence of the measured dissociation rate on the assumed form
of the variation of this rate with laser energy has been examined in some
detail. The results support the existence of a "threshold' at low inten-
sity values, as reported by Ambartsumyan et al, 1976c, and suggest the
experimental importance of spatial mode control on low gain CO2 transitions.
It should be noted that a 'threshold' is seen, despite the use of a scaven-
ger gas (H2). Some controversy has existed over the existence of such a
threshold, and in previous work the absence of a threshold behaviour has

been correlated with the use of a scavenger (Ambartsumyan, 1976) .
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TABLE 1

\ . D for T = 8MW/cm® | D for T - 57MW/cm>
s Z = 0.44 Z =0.062
-3 =3
0.91 | 1250 4.40 x 10 3.70 x 10
-3 -3
0.97 | 1000 4,06 x 10 3.85 x 10
1.05 750 3.74 x 10"3 4.14 x 10'3
1.20 500 3.08 x 10‘3 4.58 ¥ 10'3
_3 -3
1.65 250 1.50 x 10 5.41 x 10
3.20 125 6.60 x 10'5 5.02 x 10'3
Detectl?n. g 5 10-6 8 x 10—5
limit
Z = fraction of total cell volume irradiated




100

34 534

g 32
P(20).360 Shots at 8.757

No Irradiation

532
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Fig.3 Dissociation as a function of energy per pulse, using P(20) irradiation.
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