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The spectral and energy characteristics of the excitation and dissociation of SF¢ molecules in a
two-frequency infrared laser field are investigated. The quantum efficiency of two-frequency
dissociation is found to depend on the frequency of the second field and on the excitation level in
the first. The linear-absorption spectra of SF, molecules excited by a laser field are obtained. The
parameters of these spectra differ significantly from the thermal ones.

PACS numbers: 33.20.Ea, 33.80.Gj

I. INTRODUCTION

The procedure of double IR resonance has found exten-
sive use in the investigation of resonant excitation of mole-
cules in a laser field. First used to investigate relaxation pro-
cesses upon excitation of lower vibrational levels of
molecules,! double IR resonance found extensive applica-
tion in research into multistep excitation of molecules in a
strong IR laser field.

The gist of the procedure consists in using two IR fields
that are usually of different intensity and frequency. The
first is the exciting field and produces an ensemble of excited
molecules and the second is the sounding field and investi-
gates the behavior of this ensemble.

The main results of the procedure is the linear absorp-
tion spectrum of excited molecules. Comparison of this spec-
trum with the spectrum of the thermally heated gas indicates
whether the laser and nonlaser heating methods are equiva-
lent. Moreover, an analysis of the shape of the spectrum of
the excited molecules yields information on the character of
the distribution of the populations among the vibrational
levels and on the distribution of the energy absorbed by the
molecule among the vibrational degrees of freedom.

The capabilities of the double IR resonance technique
are considerably extended by using an intense laser radiation
as the second field.>* In this case the procedure makes it
possible not only to follow the behavior of the ensemble of
excited molecules, but also to search for the best ways of
further excitation of the molecules in the region of the quasi-
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FIG. 1. Diagram of experimental setup.
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continuum of the high vibrational states, and also to investi-
gate the efficiency. of their dissociation under different exci-
tation conditions.

Thus, the use of the double IR resonance technique
makes it possible answer a large number of questions that are
of fundamental importance from the point of view of under-
standing the mechanism and optimizing the process of mul-
tistep excitation and dissociation of polyatomic molecules in
an IR laser field. The present paper is devoted to an investi-
gation of the excitation of high vibrational levels and to the
dissociation of SF¢ molecules using the double IR resonance
technique.

1. EXPERIMENTAL SETUP

A diagram of the experimental setup is shown in Fig. 1.
We used two CO, atmospheric-pressure transverse-dis-
charge lasers. The instants of lasing were synchronized, and
the delay between the pulses was adjustable in a wide range.
The standard gas mixture CO,:N,:He = 1:0.3:3 used in la-
sers was poorer in nitrogen, thus considerably shortening the
tail part of the pulse. The laser frequencies were tunable by
diffraction gratings relative to the CO, lines. The frequency
range of the second laser L, was greatly broadened by using
isotopically substituted gas '*CO, and also by converting the
emission of a CO, laser L, by using it to pump an NH, laser.*
The use of }*CO, gas makes it possible to obtain a number of
frequencies in the 880-920 cm ™! band, frequencies not at-
tainable with an ordinary CO, laser. The NH, laser generat-
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ed a number of frequencies in the 790-880 cm ! range, with
laser energy 50200 mJ at a pulse duration practically coin-
ciding with the pump-pulse duration. The optical system of
the NH, laser consists of two gratings G, (100 lines/mm) and
G, (150 lines/mm) and a semitransparent KCl mirror. The
diffraction grating G, guides pump radiation of 9.3 um
wavelength (the P30 line) into a cell with NH; in the first
diffraction order, and extracts, without diffraction losses,
the laser radiation in the first order. An advantage of this
system is that the direction of the NH; laser output remains
unchanged when its frequency is tuned by rotating the grat-
ing G;.

The laser beams are directed into a cell with the aid of
long-focus lenses L (F = 50-100 cm). The energy of the laser
pulses is monitored and measured with the aid of cavity-type
pyroelectric calorimeters D,-D,, placed in channels
branched by means of beam splitters, and a similar calori-
meter mounted in the direct beam. Particular attention was
paid to the absolute calibration of the calorimeter; the total
calorimetry error did not exceed 5%. The radiation was at-
tenuated within a wide range with the aid of CaF, plates.

In most experiments we used a waveguide-type cell con-
stituting a tube of stainless steel 50 cm long and 5 mm inside
diameter, with a polished internal surface. The cell was
sealed with Brewster windows of thin BaF, plates. The
transmission coefficient of the cell without the gas and the
radiation filling factor were close to unity.

The use of a waveguide-type cell offers a number of ad-
vantages. First, in this case the region of interaction of the
laser radiation with the gas is fully defined; second, the fact
that a limited volume is used for the interaction excludes
processes wherein the excited molecules move apart, and
replaces these processes by the slower diffusion towards the
wall. This extends the time range and results in more correct
relaxation measurements. In addition, the procedure makes
it possible to measure the probability of molecule dissocia-
tion in a laser field by irradiating the cell only once.

Most experiments were performed with the cell filled
with a gas mixture SF¢:H, = 1:1 at a total pressure 1 Torr.
The presence of hydrogen as the atomic-fluorine acceptor
stabilizes the dissociation of the SF¢ molecules, and makes
this process insensitive to the state of the cell walls. Further
increase of the partial pressure of the hydrogen leads to gra-
dual lowering of the dissociation probability on account of
V-T relaxation within an excitation time determined princi-
pally by the delay between the exciting pulses.

The cell was evacuated by an NORD-100 magnetoioni-
zation pump.

The optical system employed made it possible to mea-
sure the absorbed energy separately from the first and sec-
ond fields (v, and v,) and the corresponding probability W of
molecule dissociation. The absorbed-energy measurement
unit in all the experiments, at all excitation frequencies, was
the number of photons of frequency 944.2 cm ™' absorbed
per SF¢ molecule.

The procedure for measuring W consisted of sounding
the concentration of the residual SF, gas a few seconds after
the irradiation. The sounding radiation was produced by the
944.2 cm ™' exciting laser L, whose intensity was attenuated
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to @, = 4 mJ/cm?. The dissociation probability was deter-
mined from the relation

W= 1 —Nf/Nl y
where N; and N, are the initial and final densities of the SF,

determined by measuring the transmission of the sounding
radiation

(D if =(Do exp (—GZN i,f).

By sounding the mixtures having different SF:H, ratios and
with other buffer gases it was established that the absorption
cross section o does not depend on the SF¢ concentration
and, within the accuracy limits, also on the type of buffer
gas, but depends strongly on the total pressure of the mix-
ture, o(P )~ P%*. Thedependence of the absorption cross sec-
tion on the pressure is the consequence of the nonlinearity of
the absorption of the sounding radiation. Thus, at the em-
ployed energy densities @, ~4 mJ/cm? the absorption cross
section was o = 1.8 X 10~ '® cm? at a linear absorption cross
section 0y, ~1.3X10"7 cm? Linear absorption was
achieved at 944.2 cm ™! by considerably decreasing @,, but
measurement of the SF¢ concentration at the SF¢ pressures
used in the experiment, namely P~0.5 Torr, is made diffi-
cult by the high density of the sample [the attenuation is
exploy, IN )= 107].

The dependence of the cross section for the absorption
of the sounding radiation on the pressure was taken into
account when determining the dissociation probability,
since it has been established that the pressure of the mixture
decreased appreciably in the cell after the irradiation, obvi-
ously as the result of deposition of the dissociation products
on the cell walls. To correct the values of W, we measured
the residual-gas pressure after the irradiation, and the cor-
rected value W' was determined from the relation

W'=1—(0,/0;) (Ny/N3),

where 0; and o, are the cross sections for the absorption of
the sounding radiation before and after the irradiation.

The sounding procedure was used also to investigate the
spectra of the linear absorption of SF¢ molecules excited be-
forehand in the field of the first laser. The sounding field
employed was the appreciably attenuated pulse of the second
laser, delayed relative to the excitation pulse by 1 usec. The
energy density of the sounding pulse was chosen to satisfy
the condition that the absorption be linear, and did not ex-
ceed 1 mJ/cm?® The absorption linearity was verified by
transfering part of the attenuating CaF, plates of the atten-
uator At, directly to the input of the calorimeter D,; this
increased the sounding-energy density. The fact that the sig-
nal of the calorimeter D, remained constant in this operation
was evidence of linearity of the absorption. A substantial
advantage of the use of a cell of the wavelength type in these
experiments is the complete elimination of the possibility of
sounding the unexcited or weakly excited molecules on the
wings or outside the volume illuminated by the first field.

IIl. EXPERIMENTAL RESULTS
1. Single-frequency excitation

In the first series of experiments we measured the ener-
gy absorbed by the SF gas and the probability, correspond-
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FIG. 2. Dependence of the average absorbed energy of SF¢ on the laser-
field energy density. Points: v = 944.2 cm ™ '; SFs:H, = 1:1, Py = 1 Torr.
Dashed curve—data of Ref. 5.

ing to this absorption, of the dissociation in the single-fre-
quency regime at various excitation energy densities at the
frequency v, = 944.2 cm .

Figure 2 shows the dependence of the average absorbed
energy U, per SF, molecule on the average energy density @,
at the entrance into and exit from the cell. In the averaging it
was taken into account that the transmission coefficient T of
the cell with the gas depends on the excitation-energy den-
sity and falls off monotonically from 7= 0.9 at &,, =3 J/
cm?to T=0.6 at @, = 0.07 J/cm? The character of the
U,(®,) dependence (Fig. 2) changes from 7,~®°%"® at
@, =0.1J/cm’ to v, ~P°° near @, = 3 J/cm>. The dashed
line in Fig. 2 shows the results of similar measurements car-
ried out by us earlier’ in a cell of ordinary typein a somewhat
larger range of energy densities. The curves are in good
agreement. The differences at low energy densities are ap-
parently due to the dependence of the absorbed energy on the
pressure, due to the influence of the relaxation on the effec-
tiveness of passage through the low vibrational levels, con-
tribution of the relaxation being noticeable only at low ener-
gy densities @, < 0.4 J/cm? and decreasing with increasing
excitation energy.

Figure 3 shows the dependence of the SF, dissociation
probability on the average energy density @, in the single-
frequency regime (curve 1) and, for comparison, in the two-
frequency excitation regime (curve 2), on the summary ener-
gy density of the two fields @, + @,. The dashed curve in the
figure shows the data obtained by us in Ref. 5 in an ordinary
cell using the traditional procedure of measuring W by IR
spectrometry of the residual gas SF, after multiple irradia-
tion of the cell.

The appreciable difference between curves 1 and 3 (see
Fig. 3) can be the consequence of several factors. First, it is
possible that owing to the fast resonant V-F exchange® of the
excited SF, molecules with the dissociation products SF,,
S,F,¢, SOF,,... that accumulate in the course of the irradia-
tion, the excitation level of the SF, is lowered, and conse-
quently the dissociation probability measured by averaging
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FIG. 3. Dependence of the dissociation probability on the total excitation
energy density: 1—in the single-frequency regime, ®, = 0: 2—in the two-
frequency regime, v, = 944.2cm ™', v, = 888 cm ™!, &, = 0.5J/cm?; 3—
single-frequency regime, data of Ref. 5.

over a large number of shots is decreased. This effect can be
one of the causes of the decreases, observed in Ref. 7, of the
value of W of SF, gas in each succeeding excitation act.

The second cause of the observed differences may be the
considerably slower cooling of the gas after excitation in a
cell of the waveguide type, and consequently of the larger
contribution made to W by the collisional or thermal phase
of the dissociation. Indeed, a sufficiently rapid V-T relaxa-
tion in the presence of hydrogen, leading to heating of the
translational degrees of freedom, can lower the gas tempera-
ture only insignificantly owing to the relatively low heat ca-
pacity of the degrees of freedom that are added. The main
gas-cooling process, on the other hand, in a cell of the wave-
guide type, is slow diffusion of the hot molecules towards the
walls. In a cell partially filled with radiation, heating of the
translational degrees of freedom leads to a considerable in-
crease of the pressure in the region of the focal constriction.
As aresult, the gas broadens rapidly and is cooled, for exam-
ple, on account of V-V relaxation with the unexcited mole-
cules.

That a contribution is made to W by the collisional state
of dissociation is indicated by the experimentally observed
decrease of W with increasing partial pressure of the hydro-
gen in the mixture. Thus, in the regime of moderate single-
particle excitation, the change of the ratio of the gases
SF¢:H, from 1:1to 1:3, by increasing the heat capacity of the
reservoir, leads to a twofold decrease of W from 8 to 4%. On
the other hand, a change of the total pressure of the mixture
in both cases in the range 0.5-2 Torr does not change the
value of W.

The dependence of W on the SF, concentration can be
the second cause of the decrease of W in each succeeding
pulse in the repeated-irradiation regime, for as the SF gas is
spent, in the presence of an acceptor, the ratio of the gases
obviously changes. We note also that the dependence of W
on the SF¢:H, ratio is observed only at moderate levels of
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radiative excitation, and vanishes under conditions of two-
frequency dissociation of the molecules.

A comparison of curves 1 and 2 in Fig. 3 shows a consid-
erable increase of the probability of the SF¢ dissociation un-
der conditions of two particle excitation when the frequency
of the second field is lowered.? Thus, at a total energy density
@, + &, = 1J/cm? of the two-frequency (case II) excitation,
which is easily realized in unfocused CO,-laser beams, the
dissociation probability is #W;; = 0.26, and the gain relative
to the single-frequency (case I) irradiation regime W /W,
reaches several orders of magnitude: in the W, saturation
regionat @, + @, = 3J/cm’the gainis W /W, = 6. These
results point to the need for a detailed investigation of the
spectral and energy characteristics of the dissociation of the
molecules in the two-frequency excitation regime.

2. Two-frequency dissociation of SFg

Figure 4 shows the dependences of the dissociation
probability and of the energy absorbed from the second field
as the frequency of the latter is changed in the range 790-950
cm ™. The spectra were obtained at a fixed second-field en-
ergy density @, = 0.15 J/cm? and at an excitation level in
the first field @, = 2.7 J/cm?, with 7, = 25 photon/molec.
The maximum of the W (v,) curve is reached near v, = 850
cm™!, i.e., it is shifted relative to the frequency of the main
transition vy, = 948 cm ™! by ~100cm™".

The positions of the maxima of the curves depend on the
excitation level in the first field. Thus, in the analogous spec-
tra obtained at @, = 0.5 J/cm? and 7, = 9 photon/molec.
the W (v,) dependence has a maximum near v, = 885 cm™,
while the absorbed-energy curve v,(v,) has a maximum at
905 cm™ . Attention is called to the absence of correlation
between the spectral dependence of W and v,, so that the
ratio W /v,, which characterizes the efficiency of the action
of the second field, grows monotonically with increasing
long-wave shift of its frequency.

To explain the causes of this effect, we investigated the
W (®,,P,)andv,(P,,P,) dependences in a wide range of ener-
gy densities @, and @, of the exciting fields and at various
frequencies v, of the second field. The results are shown in
Figs. 5a and 5b.

Figure 5a shows plots of W (®,) and v,(®,) for two exci-
tation levels in the first field, v, =9 photon/molec. and
v, =21 photon/molec., and at excitation frequencies

W v,, photon/molec.
0.3+
0.2
-4
01
; ~o
] |
600 450 300 950
¥, cm™!

FIG. 4. Dependences of the dissociation probability (1) and of the energy
absorbed (2) from the second field on its frequency. @, = 0.15 J/cm?%;
@, =2.73/cm? v, = 25 photon/molec.
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v, = 944.2 and v, = 896.9 cm . Figure 5b shows the W (v,)
dependence at a fixed value of the energy density of the sec-
ond field @, = 2 J/cm?. An analysis of the curves of Fig. 5
shows that the functions W (@®,) and W (®,) saturate both
when @, (Fig. 5b) and @, (Fig. 5a) increase, but the value of
W in the saturation region, W, = 0.82, i.e., is noticeably less
than unity. Lowering the excitation level in the first field
from v, = 21 to v, = 9 photon/molec. (Fig. 5b) does not de-
crease W..

The fact that the observed value W, <1 could be ex-
plained by the presence of a “cold” ensemble of molecules®®
(molecule fraction g = 0.18) that remain in the system of
lower vibrational levels and do not absorb the radiation of
the second laser whose frequency is shifted towards the red
side. However, the saturation of the W (®,) dependence (Fig.
5a) and the independence of W of the excitation level in the
first field patently contradict this hypothesis, since it is nec-
essary in this case to assume that g does not depend on the
excitation level in the first field, i.e., 18% of the molecules
absorb neither the first resonant nor the second detuned
field.

The most probable, in our opinion, explanation of the
difference between W, and unity is the recombination of the
products of the radiative dissociation

SFs‘I’Uh'V"’S F5+F.

Thus, the formation of the SF, molecules is due to the re-
combination process considered in Ref. 10:

SF;+SFy—SF,+SF,.

Since the sounding of the residual SF gas is carried out
several seconds after the irradiation, the SF¢ molecules pro-
duced via this channel lower the measured value of the disso-
ciation probability.

An obvious method of suppressing the recombination
of the dissociation products is to choose acceptors that bind
the SF, radical. However, addition of the gases H,, H,0, O,,
N,0,and N,F, do not lead to an increase of W, thus appar-
ently indicating that the employed gases, being good accep-
tors for atomic fluorine, do not bind the radical SF, and the
principal channel of SF; binding is the reaction

SF5+SF5—>Ssz-

It is obvious at the same time that the number of the SF¢
molecules newly produced as a result of recombination is
proportional to the concentration of the SFs and conse-
quently to the probability W of the radiative recombination.
Therefore the recombination makes an additive contribution
and the real value of W can be obtained by simple renormal-
ization of the measured values.

Plots of W (®,,D,) and 1(P,,P,) similar to the curves of
Fig. 5 were obtained at a number of second-field frequencies
in the range 950-880 cm ~!. The change of the frequency of
the second field leads primarily to a change in the absorption
cross section in the quasicontinuum and, consequently, to a
substantial shift of the W (@ ) and 0(@ ) curves along the ener-
gy-density scale. The character of the change of the absorp-
tion cross section is clear from an analysis of the spectral
dependences (Fig. 4), and it is therefore of interest to analyze
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FIG. 5. (a) Dependences of the dissociation probability (1,
2)and of the energy absorbed from the second field (3, 4) on
the energy density of the field for two excitation levels in the
first field: 1, 4) v, = 21 photon/molec.; 2, 3) v, = 9 photon/
molec., v, = 897 cm . b) Dependence of the dissociation
probability on the energy density of the first field @, at

@, =2.0J/cm”and v, = 888 cm

aq05 a7 a9

the W (v) dependences, which are not sensitive to the value of
the absorption cross section and describe the quantum effi-
ciency of the dissociation.

The functions W (v, + U,) are shown in Fig. 6 for three
different second-field frequencies v, = 886.1, 896.9, and
923.1 cm ', and for two excitation levels in the first field,
v, =9 and 21 photon/molec. Analysis of the curves shows
that the dissociation probability is determined not only by
the averaged level of the absorbed energy v, = v,, but de-
pends also on the excitation method, i.e., on the frequency of
the second field and on the ratio of the absorbed energies
from the first and second fields.

Thus, at the same summary excitation level v, 4+ v, the

w
1.0 o
0.5
0.1
0.05~
| 1 | 1
10 20 Jo 40 50

v, photon/molec.

FIG. 6. Dependences of the dissociation probability of SF, on the total
energy absorbed for two excitation levels in the first field (light symbols—
v, = 9 photon/molec., dark symbols—iu, = 21 photon/molec.) and three
frequencies of the second field (points: v, = 886.1 cm ', squares—

v, = 896.9cm !; triangles—v, =923.1cm ).
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dissociation probability is higher the lower the level of the
preliminary excitation v,. With increasing long-wave fre-
quency shift of the second field, the W (i, + 7,) curves are
deflected to the left, i.e., to obtain a fixed value it is necessary
to have a ever small absorbed energy. This fact is clearly
pronounced at i, = n photon/molec. and becomes less noti-
ceable when 7, increases to 21 photon/molec.

Figure 7 shows plots of the dissociation quantum effi-
ciency 3, defined as 8 = WD /v, against the average level of
the absorbed energy v = v, + ,. Here D is the dissociation
energy of SF, molecule, D = 93 kcal/mol (Ref. 11), or D = 34
photon/molec. (v = 944.2 cm ). In the plot account is tak-
en of the earlier assumption that W, = 1. An analysis of the
B (U, + U,) curves shows that at relatively low absorption lev-
els the quantum efficiency of the dissociation depends signif-
icantly on the excitation method.

Thus, at v, + U, = 21 photons/molec. the quantum effi-

p
'F
0.5+
01+
0.05 [ }. 1 i 1
10 20 J0 40 50

7, photon/molec.

FIG. 7. Dependence of the quantum efficiency of SF,, dissociation on the
total absorbed energy for two excitation levels in the first field (light sym-
bols—, = 9 photon/molec., dark symbols—u, = 21 photon/molec.) and
three second-field frequencies (points—v, = 886.1 cm ', squares—

v, =896.9 cm '; triangles—v, = 923.1cm ).
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FIG. 8. Spectra of linear absorption of SF gas excited in a laser field to the
levels: 1) ¥ = 8.4 photon/molec.; 2) v = 13.4 photon/molec.; 3) v = 25
photon/molec. Delay time 75 = 1 usec, SF:H, = 1:1, pressure Py = 1
Torr.
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ciency differs by four times, depending on whether this ener-
gy is accumulated in fields whose frequency were close to the
0-1 resonance, or if the second-field frequency is shifted by
~60 cm™! in the red direction. It can be concluded from
this, however, that the gain in W, obtained through the use of
two-frequency dissociation (see Fig. 3) is due not only to the
increased absorption cross section in the quasicontinuum
following the red shift of the second-field frequency, but also
to the substantially higher quantum efficiency of the disso-
ciation in this case.

The main cause of the dependence of the quantum effi-
ciency on the excitation method is, in our opinion, the for-
mation of a specific distribution of the level populations un-
der the conditions of the two-frequency action. The
character of this distribution will be considered in detail in
Sec. IV.

When the excitation level v is raised to values above the
dissociation energy D, the quantum efficiencies become
equalized, and a value 8 = 0.70 is reached. From this we can
determine that energy excess Av which must be imparted to

the SF¢ molecules for dissociation with W =1 and 4v = 14
photons/molec. This is much higher than the Av = 9 pho-
tons/molec. obtained in Ref. 12 from an analysis of the ener-
gy of the translational motion of the radicals and under the
assumption that the energy is uniformly distributed over all
the degrees of freedom of the dissociating complex. How-
ever, a contribution can be made to the Av as measured by us
also by the absorption of energy by the SF radicals pro-
duced in the course of the dissociation of the SFg.

3. Sounding of excited states of molecules

Figure 8 shows the results of sounding of SF¢ molecules
excited in a single-frequency field with v = 944.2 cm™"' to
various average levels v = 8,1 4, and 25 photons/molec., by
the procedure described in Sec. II. Just as in all the preceding
experiments, we investigated the gas mixture SFg:H, = 1:1
at a total pressure 1 Torr. The sounding pulse was delayed by
1 usec. The sounding energy density was chosen at each fre-
quency such that the absorption was linear.

With increasing excitation level, the spectra (see Fig. 8)
broaden and shift to the long-wave side; the cross section
integrated over the spectrum A4 = fo(v)dv is preserved
(4 =1.7X107'¢ cm), although it is somewhat lower than
the integrated cross section for the fundamental 0-1 transi-
tion.!> Attention is called to a low cross section for the ab-
sorption of the excited molecules near the fundamental-tran-
sition frequency. This confirms the earlier conclusion that
there is no “‘cold” ensemble of molecules under the experi-
mental conditions (7 = 300 K, Py =1 Torr, 7. =1 usec,
®,>04)/cm™ %, v=9442cm™").

Figures 9a and 9b show plots of the shift v,,, — v, of
the maximum of the spectrum and of its width 4v, ,, at half
maximum from the average level of the absorbed energy 7,
and also the values of these quantities normalized to the
number of absorbed photons. In addition, the figures show
plots of v,,,, — v, and 4v,,, from Refs. 14 and 15 on non-
laser heating of SF¢ (curves 1’ and 2'). Comparison of the
plots points to substantial differences between the param-
eters of the spectra obtained by us and the thermal spectra.
These differences are maximal at low excitation levels, v =~ 10
photons/molec., but when v increases to 25 photons/molec.,
the parameters of the spectrum approach the thermal values.

d”’/z: cm™! A—ﬁ””i, cm ™! Vx5 cm™! ”mt;_;‘l/a cm™!
H45
700 700 H4 FIG. 9. a) Shift of the maximum of the absorption spectra
_ (curve 1) and shift normalized to 7 (curve 2) as functions of
60 1% 80 the excitation level of the SF, molecules in laser field. b)
Widths (curve 1) of absorption spectra and widths (curve
60 60 15 2) normalized to 7, as functions of the excitation level of
40 43 40 the SF molecules in the laser field. 1’, 2') Analogous plots
from Refs. 14 and 15 obtained by spectroscopy of SF
20 20 heated in shock tubes.
L 1 1 1 1 Z 2
aJ 79 20 J0 a 30

7, photon/molec.
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This manifests itself in particular when the normalized plots
2 and 2’ are compared.

IV. DISCUSSION OF RESULTS

In the analysis of the experimental results we start from
the simplest model, assuming that the cross section for linear
absorption, on going from a state with energy v into a state
with energy v + 1 is determined by the expression

o(v—>vt+1)=A,g(v, v) (vs/3+1),

o (v>v—1)=Aug(v, v) (vs/3), (1)
where A4, is the cross section, integrated over the spectrum,
for the absorption of the excited v; mode on the fundamental
transition (4,5, = 2 X 107 '® cm), g(v,v) is the form factor that
determines the line shape of the single photon transition in
the quasicontinuum, and v, is the average number of photons
in the v, mode for a molecule in the state v. The growth of the
cross section ~v;/3 + 1is due to the fact that the square of
the dipole moment for upward transition in the IR active
mode increases in the harmonic approximation in propor-
tion tov;/3 + 1.

The average number of photons in the v; mode depends
not only on the accumulated energy, but also on the manner
in which the absorbed energy ¥ is distributed among the vi-
brational degrees of freedom. We shall assume that the ener-
gy is uniformly distributed among s degrees of freedom,
three of which pertain to the v, mode, and then v; = (3/s)v.

Assume that the shape of the lines g(v,v) is governed by
broadening of the excited state on account of the transverse
relaxation in the quasicontinuum and has a Lorentz contour:

Xv )

al (v—vo—X,0)+(X0)°] .
whose shift X,v and half-width X,v increase linearly with
increasing v, with proportionality coefficient X, and X,. The
assumption that the contour has a Lorentz shape for transi-
tions in the quasicontinuum was used earlier by Fuss'® to
simulate the excitation of SF¢ molecules in a strong IR field,
and led to good agreement with a number of experimental
data.

It is thus assumed in the model considered that the cross
section of the transitions is determined uniquely by the mole-
cule energy v, by the number s of degrees of freedom among
which it is uniformly distributed, by the frequency v, and by
the two molecular constants x, and x,, which determine the
displacement and the broadening of the contour g(v,v).

Within the framework of the now universally assumed
model of incoherent excitation of polyatomic molecules, the
dynamics of the excitation within the quasicontinuum re-
gion is described by the transport equation

dn(v)/dt=(I/kv) [—0c (v—>v+1i)n(v)—c(v>v—1)n (V)
+o(v—1—=v)n(v—1)+o(v+1—=v)n(v+1)], (3)
which goes over in the v>» 1 approximation into the diffusion
equation
2

______8n(v, v) =__6_[___n(v, ™) ]-l——a——[ ! n(v, 1)],

At ov v ov® Ls—1 @
t
=__;4ﬁ._5 1 dt,
n(X2+X%) hy

—o0

gv,v)=

V=%Vo1, T
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where I and hv are the intensity and the quantum of the
exciting field, and n(v,7) is the population of the quasicontin-
uum level in the vicinity of the energy v. We shall consider
the situation of complete depletion of the lower levels. Then

J. n(v, 1) dv=1,
and with the aid of (4) we obtain the necessary boundary
conditions:

ll =_1_é.'1| _ ()
UVl omg s—1 00 1m0

At constant s we easily obtain for Eq. (4) a solution that tends
to 8 (v — 0) at 7—0. It is of the form

o[22 /o)

(=) - exp[ - ifi%ﬁ] =, (6)

The distribution obtained differs from the thermal distribu-
tion

vt sv
na(v,0) =G T "xp("e_)’ Y

where ® = kT /hv and T is the temperature. At the same
time, these differences are small. Thus, the ratio of the width
Av, , at half maximum to the position v,,,, of the maximum
of this distribution is determined for the distributions (7) and
(6) by the expressions

AV[Vmax=2(In 2)" (2/ (s—1) )" (8a)
for the thermal distribution (7) and
Avy/Vme=2(In 2)"* (1/ (s—1)) (8b)

for the distribution (6). We see from this that the distribution
(6) at a fixed value s> 1 is only 1.4 times narrower than ther-
mal.

Using the distribution (6) obtained, we determine the
average number ¥ of the photons absorbed by the molecules
at the frequency of the exciting field v = v,;:

_ f (0, 7) dom I((s+1)/2) [ 440, X,0 ]"’
v=)oniv, T)00= I'(s/2) n(s—1) (X24+X2)hv 1’
9)
or, for S>1:
5=[0.7TAX,0/hv (X2+X.2) ], O= 5ldt, '10)

where @ is the energy density of the exciting pulse.

The character of the dependence 5(® ) ~ @ in expres-
sion (10) agrees well with the experimentally observed one
(see Fig. 2) in the region 0> 1, and from the measured value
¥ = 15 photon/molec. at @, = 1 J/cm? we obtain with the
aid of (10)

| X |/ (XP4X2%) 24/ . (11)

From the value |Vg. — vo|/T=3.1 cm™! measured at
7 = 15 (Fig. 9a) we obtain the estimate X; ~ — 3.1cm ™', and
from (11) we obtain X,~0.4 cm™".
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The obtained value of X, is too small to account for the
observed broadening of the linear absorption spectrum of
the excited molecules. Consequently, the spectrum is made
up of a superposition of many homogeneously broadened
absorption lines, i.e., it is inhomogeneously broadened and
reflects by the same token the distribution of the molecules
over the energy levels.

The model considered above and the estimate of the
constants X, and X, are not accurate enough for an unam-
biguous quantitative interpretation of the linear-absorption
spectra and for the determination of the number of degrees
of freedom and of the form of the molecule distribution over
the levels under laser excitation. At the same time, the model
does permit a quantitative treatment of the differences
between the spectra obtained by heating and by laser excita-
tion.

Indeed, in accordance with expression (8) the increase
in the number of degrees of freedom over which energy is
distributed leads to a decrease in the relative width of the
distribution of the molecules over the energy levels and ac-
cordingly it should lead to a decrease in the width of the
linear-absorption spectrum normalized to the number of ab-
sorbed photons.

In thermal heating of the gas, the number of degrees of
freedom S increases with increasing temperature, since the
number of vibrational modes for which the relation k7> hv;
is satisfied increases, and the temperature dependence of S
takes the form

_E(D)

ST _ h’V¢

15
, EM)=YyY ——m———.
kT () Z‘lexp(hv‘/kT)-H

(12)

The increase of S manifests itself in the fact that when the
temperature is raised the normalized width Av,,,/v of the
thermal spectra decreases (see Fig. 9b, curve 2’).

In laser excitation, 4v, ,,/U also decreases with increas-
ing number of absorbed photons and comes close to the half-
width of the thermal spectra. The large half-width of the
laser spectra cannot be explained within the framework of
the model considered here as being due to the distribution of

the molecules over the energy levels, since the model pre- .

dicts a narrower distribution in this case. The observed dif-
ferences can therefore be the consequence of only nonther-
mal distribution of the absorbed energy over the degrees of
freedom of the molecules under laser excitation.

The number S; of the degrees of freedom activated by
laser excitation can be roughly estimated from the ratio of
the half-width of the thermal and laser spectra. Estimates
made under the assumption that by the instant of the sound-
ing, owing to the collisions, the distribution of the molecules

~over the levels is close to thermal, yield values S; =5
©=5), S, =6.5 (v=10) and S, = 8 (v = 15), noticeably
smaller than the corresponding equilibrium values
S; = 8.5, 10.5, and 11.5 obtained from (12).

Thus, the foregoing analysis indicates that under laser
excitation the distribution of the absorbed energy over the
vibrational degrees of freedom of SF, differs from the ther-
mal equilibrium distribution, and these differences remain in
force at least up to v = 15 photon/molec.
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FIG. 10. Suggested form of the distribution of the molecules over the
levels before (1) and after (2) the action of the second field.

The model discussed permits a qualitative explanation
of the experimental results on two-frequency excitation of
SF. Since the absorption contour of the molecules excited
by the first field is inhomogeneous, the strong second field
whosc frequency v, is shifted into the long-wave side of the
frequency of the fundamental transition v,, enters into reso-
nance with the molecules on the level v = |(v, — v()/X ]|, ex-
cites them, and by the same time ““burns a hole” in the distri-
bution of the molecules over the levels. The qualitative
picture of the change of the populations under the influence
of the second field is shown in Fig. 10. The molecules break
up into an ensemble of more highly excited molecules
v> |(v, — v61)/X,|, and an ensemble of less excited mole-
cules, v < |(v, — vo;)/X,|. The fractions of the molecules in
each of them are respectively ¢, and ¢,, with g, + g, = 1.

The dynamics of the excitation of the two ensembles
reduces to two significant factors.

1) The initial fraction of the molecules in the second
ensemble g, is less than unity and is smaller the lower the
excitation level in the first field and the larger the long-wave
shift of the frequency of the second field. Since the width
~ X,v of the contours of the single-photon transitions is larg-
er for the molecules of the second ensemble, the second field
being at resonance with a larger number of transitions ex-
cites primarily and dissociates the molecules of the second
ensemble. The smaller the initial fraction ¢, of the molecules
and the larger the “red” shift of the frequency |v, — v,,|, the
higher the dissociation quantum efficiency f calculated for
all the SF, molecules. This conclusion agrees well with the
experimentally observed behavior of the W (v, + v,) and
B (v, + v,) curves (see Figs. 6 and 7) with changing frequency
v, of the second field and with changing excitation level v, in
the first field.

2) The molecules of the second ensemble, which absorb
the energy of the second field mainly in the wings of the
narrower contours, go over to the second ensemble. The
molecule fraction g, decreases, and when the energy density
of the second field increases we have q,—0. All the mole-
cules go over into the second ensemble and dissociate. This
explains why at high excitation densities the observed
W (®,,9,)dependence (see Fig. 5) saturates and the quantum
efficiency of the dissociation becomes independent of the ex-
citation method.

In addition, an appreciable contribution to the excita-
tion of the molecules of the first ensemble can be made by the
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fast V-V exchange of the molecules of the first ensemble with
the more highly excited molecules, while the rate of the V-V
relaxation can increase considerably with increasing vibra-
tional excitation.

The foregoing subdivision into two ensembles of mole-
cules in a quasicontinuum differs qualitatively from that car-
ried out in Refs. 8 and 9 into “‘hot” and “cold” ensembles, a
subdivision due to the differences between the spectra and
the excitation dynamics of the system of lower levels and of
the quasicontinuum levels.

The model considered is purely radiative in character
and does not take into account the possible influence, under
the experimental conditions, of longitudinal relaxation pro-
cesses, such as rotational relaxation and rapid V-V exchange
in the region of high vibrational states. An obvious develop-
ment of the model is a clarification of the role played by the
relaxation processes in the quasicontinuum, and allowance
for these processes as well as, principally, for the V-V ex-
change between the excited molecules.

In addition, direct experiments must be performed to
verify the limits of applicability of the model. Thus, for ex-
ample, sounding of the dip predicted by the model in the
populations of the levels in the case of two-frequency excita-
tion (Fig. 10), using a third laser, will lead to a final conclu-
sion concerning the relation between the homogeneous and
inhomogeneous broadening in the quasicontinuum, and to a
more accurate shape of the homogeneous line of the single-
photon transition in the quasicontinuum.

V. CONCLUSION

In conclusion, we formulate briefly the main results and
deductions obtained in the paper.

1) We investigated the energy absorption and the disso-
ciation probability of SF, molecules in the single-frequency
and two-frequency excitation regimes. A quantitative com-
parison of the results of these measurements was made.

2) The spectral dependences of the energy absorption
and of the dissociation of SF, in the two-frequency regime
were obtained in the range of the second-field frequencies
790-950 cm ™~ !,

3) The quantum efficiency of two-frequency dissocia-
tion of SF was seen to depend on the frequency of the second
field and on the excitation level in the first field.

4) The maximum value of the quantum efficiency of
dissociation of SF, # = 0.7, was measured, and the level of
overexcitation of the SF¢ molecules, necessary to reach
100% dissociation, was determined.

5) The spectra of the linear absorption of an ensemble of
SF¢ molecules excited in a laser field to different levels were
obtained.

6) A substantial difference was found between the pa-
rameters of these spectra and the thermal ones.

7) It was established that is no “cold” ensemble of SF
molecules under the experimental conditions (T = 300 K,
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Py = 1Torr, 7, = 1 usec, and @ > 0.4 J/cm?).

8) A simple model of the dynamics of radiative excita-
tion of molecules in a quasicontinuum was considered and
the limits of its applicability discussed.

9) On the basis of the model developed, a treatment was
presented of the experimentally observed deviations of the
spectral parameters from thermal. It is shown that the ho-
mogeneous width of the contours of the single-photon tran-
sitions in the quasicontinuum is considerably narrower than
the inhomogeneous width governed by the distribution of
the SF¢ molecules over the energy levels.

10) Analysis of the parameters of the spectra of the lin-
ear absorption of the excited molecules shows that under
laser excitation of the gas the distribution of the absorbed
energy over the vibrational degrees of freedom differs from
the thermally equilibrium distribution.

11) Using the model developed it was shown that under
conditions of two-frequency action the second field subdi-
vides the molecules into two ensembles, whose excitation
dynamics explains the experimentally observed dependence
of the quantum efficiency of SF, dissociation on the frequen-
cy of the second field and on the preliminary-excitation lev-
el.
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