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The vibrational distribution produced in molecular gases by IR laser pulses is investigated by high-time- 
resolution Raman spectroscopy. Quantitative data are obtained and interpreted regarding an ensemble of 
molecules excited during the IR pulse under both collisionless conditions and conditions involving collisions 
with buffer-gas particles. The energy threshold at which the vibrational energy becomes randomly distributed 
among the vibrational modes (becomes randomized) during the interaction with the IR pulse is determined for 
the SF, and CF,I molecules. A possible mechanism for randomization of the vibrational motion in SF, is 
considered. 

PACS numbers: 33.80.Kn, 33.20.Fb, 33.10.G~ 

1. INTRODUCTION 

A major  question in the  study of multiphoton excita- 
tion of molecules  by I R  irradiat ion ( see  Ref. 1) is the 
nonequilibrium vibrational dis t r ibut ion produced in a 
molecular  gas as a resu l t  of interact ion with a p u l s e d  
IR field. Here, t h e r e  are two problems  whose solution 
is extremely important f o r  a n  understanding of the 
multiphoton excitation process .  First of all, the ques-  
tion concerning the f o r m  of the vibrat ional  energy d i s -  
tribution function of the molecules  in  the  g a s  is of in- 
terest, i.e., the  f o r m  of the in te rmolecu la r  vibrational 
energy distribution. Secondly, it is important to know 
the distribution of absorbed  energy among the different 
vibrational degrees  of f reedom of the  molecule, i.e., 
the  f o r m  of the  intramolecular  vibrat ional  energy d i s -  
tribution. 

A var ie ty  of approaches  are used to study the vibra-  
tional energy distribution: var ious  semiempirical 
 model^^'^ have been developed and d i r e c t  experiments  
have  been  performed.  In the  latter case, it w a s  pos- 
s ib le  to p r o g r e s s  r a t h e r  f a r  using spectroscopic meth- 
o d s  of probing the excited states. Thus,  in experiments  
with OsO, (Ref. 4) and SF, (Ref. 5), it was shown with 
the IR probe method that  the dis t r ibut ion produced in 
multiphoton excitation cons i s t s  of two molecu la r  en- 
sembles:  excited molecules  in a vibrat ional  quasi-  
continuum, and unexcited molecules. The  fract ion q 
of molecules  in  the upper  ensemble was measured.  An 
analogous conclusion concerning the exis tence of en- 
s e m b l e s  of "hot" and "cold" molecules  was drawn f r o m  
a study of multiphoton absorpt ion a n d  dissociat ion of 
CF,I (Ref. 6), and on the  b a s i s  of W probing of SF, 
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 molecule^.^ Nevertheless, many unresolved questions 
remained; among these, the most important one con- 
cerns the physical reason for the q factor (i.e., for the 
splitting of molecules into two ensembles), and the 
dynamics of formation of the ensemble of hot molecules 
during the laser pulse. 

Regarding the question of the intramolecular energy 
distribution in multiphoton excitation, the situation here 
i s  very complicated. This question has recently been 
the subject of numerous discussions. Usually it is as-  
sumed8 that for a sufficiently high level of excitation, 
close to the dissociation threshold, the energy distribu- 
tion i s  that of statistical equilibrium. This is due to the 
random, stochastic nature of the vibrational motion in 
the m o l e ~ u l e . ~  At the same time, for a sufficiently low 
level of excitation, the motion is described well by the 
normal-coordinate approximation and selective excita- 
tion of individual modes is possible in principle, Inter- 
mediate cases involving "local" modeslo and partial, 
incomplete randomization" a r e  also possible. 

Current theoretical criteriag for the energy threshold 
above which the motion i s  randomized allow only a 
rough estimate of the threshold. Therefore direct ex- 
periments making possible direct determination of the 
randomization limit a r e  necessary. This is important 
not only for understanding the specific process of multi- 
photon excitation of molecules. The results a r e  im- 
portant also from the point of view of clarifying the 
general conditions under which the description of the 
behavior of a quantum system with many degrees of 
freedom can be statistical. 

The study of the enumerated unresolved questions of 
multiphoton excitation of molecules is  the subject of 
this work. The experimental method chosen for the 
investigations is  based on probing the excited mole- 
cules using spontaneous Raman light scattering. The 
principal advantages of this technique a r e  rather ob- 
vious. Here we may count on a much simpler inter- 
pretation of the observed spectra than, for example, 
in the IR probe method; this is  because in Raman scat- 
tering the direct and inverse vibrational transitions a r e  
spectrally separated, in contrast to IR absorption, in 
which they a r e  mixed. The direct- and inverse-transi- 
tion spectra a re  located in the Stokes and anti-Stokes 
region, respectively. The latter circumstance makes 
it possible to use the Raman scattering signal in the 
anti-Stokes region for a direct study of the distribution 
of absorbed energy among the different modes of the 
excited molecules. 

The results of preliminary experiments involving 
Raman probing of molecules in multiphoton excitation, 
in particular some results of a study of the randomiza- 
tion effect, a r e  presented in our previous  paper^.'^"^ 
In this paper, we give a complete exposition of the re- 
sults and their interpretation. As objects of study we 
chose the molecules SF, and CF,I; quite a large amount 
of data is  available concerning the multiphoton excita- 
tion process in these molecules. In ~ e c s . '  2 and 3 we 
describe the experimental apparatus, the measurement 
technique, and the interpretation of the measurements. 
Then in Secs. 4 and 5 we present the results of the ex- 

FIG. 1. Block diagram of the experimental apparatus: (1) 
cylindrical lens; (2) spherical lens; (3), (4) mirrors; (5). (7) 
objectives; (6) image converter; (8) isocon television tube; (9) 
signal processor unit; (10) multichannel storage; (11) photo- 
multiplier; (12) signal counter; (13) triple spectrograph. 

perimental investigation of the evolution of the vibra- 
tional energy distribution and of the randomization ef- 
fect. Section 6 i s  devoted to a theoretical analysis of the 
randomization mechanism. Finally, in Sec. 7 we dis- 
cuss the results. 

2. EXPERIMENTAL APPARATUS AND MEASUREMENT 
TECHNIQUE 

For the investigation of the Raman spectra in multi- 
photon excitation of SF, and CF,I molecules by IR 
irradiation, we used an apparatus whose schematic 
i s  given on Fig. 1. The apparatus consists of the fol- 
lowing basic elements: pulsed CO, laser, ruby laser 
with frequency doubling; a cell with the tested gas; 
and a photoelectric recording system composed in turn 
of two systems-a three-channel system and a multi- 
channel system. 

The multiphoton IR excitation of molecules was ac- 
complished by CO, laser irradiation with pulse duration 
?,,=I5 i 3 ns a t  half maximum. The radiation frequen- 
cies were selected close to the positions of the Q 
branches of the vl vibrations of the CF,I molecule and 
the v, vibrations of the SF, molecule, and were respec- 
tively 1074.65and 947.75 cm-'. In order to obtain a 
Raman signal, the second harmonic emission of a ruby 
laser  was used a t  a wavelength of Xprobe =3472 A; this 
pulse of controllable delay T was passed through a cell 
with the tested gas following the CO, laser pulse. The 
pulse length was T,, =20 ns, energy 50 mJ. The mea- 
surements were carried out in crossed laser beams, 
focused inside the gas cell. The CO, laser  spot di- 
mensions a t  the focus of the cylindrical lens were: 
length 7 mm and width 1 mm. The recorded beam 
intersection region has the dimensions: length 3 mm 
and diameter 0.2 mm. Mirrors 3 and 4 were used 
to amplify the Raman signal. The delay T between the 
end of the IR pulse and the beginning of the W pulse 
was produced by a synchronization system andwas 
fixed accurate to 15 ns. The experiments were carried 
out a t  a pulse repetition frequency 1 Hz. 

It is  well known that the magnitude of the useful sig- 
nal in Raman probing is small  due to the small cross 
section of the process cm2/sr). The necessity 
for operating a t  low pressures (<1 mm Hg) in order to 
realize the collisionless regime increased the measure- 
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ment difficulty. Furthermore, according to the condi- 
tions of the experiment, broad portions of the spectrum 
needed to be recorded. In this case, even using a double 
spectrograph cannot solve the problem of suppression 
of radiation a t  the unshifted frequency. Therefore, in 
the apparatus described, a triple-monochromator spec- 
trograph was used to provide the required suppression 
of the scattered light. 

The Raman radiation was focused a t  the entrance slit 
of the spectrograph. The relative aperture of the 
spectrograph was 1:5.3, the transmission was 4%, the 
working region of the spectrum was 250-800 nm. The 
spectrograph could be operated with both subtractive 
and additive dispersion. With subtractive dispersion, 
two stages a r e  used a s  the pre-monochromator with 
zero dispersion, resulting in a reciprocal linear dis- 
persion L =0.74 nm/mm and a resolution 6A =0.15 nm. 
For  additive dispersion, L =0.25 nm/mm, and 6X =0.05 
nm. 

The experiments with Raman probing of molecules 
were usually carried out in one of two regimes. In 
regime I, a Raman spectrum of width up to 10 nm 
could be recorded with resolution down to 0.05 nm. In 
regime 11, the integrated intensity of the spectrum was 
measured in each of the three adjacent sections with 
overall width to 10 nm. 

To record the Raman spectra in regime I, a multi- 
channel television photon-counting system was used. 
The system consisted of (see Fig. 1) a three-stage 
image converter with an electrostatic shutter 6, which 
was optically matched by wide-aperture objective 7 to a 
high-sensitivity isocon television tube 8. The gain of 
the system was sufficient to record individual photo- 
electrons. A blocking pulse on the photocathode of the 
isocon suppressed the noise of the ungated stages of the 
image converter. The spectral lines, in the form of 
individual scintillations corresponding to single photo- 
electrons, were located parallel to the television scan 
lines. The information accumulated on the isocon 
target after each laser pulse was read after one frame 
(20 ms), sent to the signal processor unit 9, and were 
recorded successively line-by-line in the memory 
channels of a multichannel storage 10. In the processor 
unit, the video pulses corresponding to single-electron 
scintillations, were discriminated according to the 
upper and lower level and normalized. The basic pa- 
rameters of the system are:  the working field, 5x  15 
mm; the number of resolved spectral elements, 80; 
the memory channel capacity, lo5; one noise count per 
lo3  accumulation cycles. 

In regime 11, the recording was accomplished using a 
three channel photon counting system consisting of three 
photomultipliers 11 and a signal counter 12. All three 
channels were gated by pulses of length to 20 ns. Usual- 
ly, the useful Raman signal was recorded by the central 
photomultiplier, and the side tubes could be used for 
recording the background in the adjacent sections of 
the spectrum. The maximum counting rate of the sys- 
tem is 50 MHz, the number of noise counts is 1 per 
lo5 measurement cycles. In the reduction of the re-  
sults, the e r r o r  in the measurement of the Raman sig- 

nal was defined a s  6111 = N - I ~  (N is the number of 
counts). In measurements in the anti-Stokes region, 
the background signal was determined in the absence of 
radiation from the CO, laser  and then subtracted from 
the value of the accumulated Raman signal. 

The apparatus constructed made it possible to mea- 
sure  the Raman signal with the pressure of the tested 
gases SF, and CF,I reduced to mm Hg. 

3. FEATURES OF DIAGNOSTICS OF VIBRATIONALLY- 
EXCITED MOLECULES BY THE RAMAN 
SPECTROSCOPY METHOD 

The simplest examination of the diagnostics of vibra- 
tionally excited molecules by the Raman spectroscopy 
method may be carried out using the harmonic approxi- 
mation. If v r  i s  a Raman-active mode of the molecule, 
and a,, is  the Raman cross  section in the ui =O-vi =1 
transition in this mode, then the Raman cross  section 
for transitions between the levels (vi - 1)v and viv 7 
i s  equal to via,, and does not depend on the other quan- 
tum numbers.14 We shall assume that the energy dis- 
tribution in the mode vf is described by the populations 
2,. Then we find that the integrated intensity of the 
anti-Stokes signal I,', is  proportional to the energy Fi 
stored in the mode vp: 

It is  easy to see  that I;,does not depend on the form 
of the distribution of Z,,. A simple relation can also be 
obtained for the intensity of the Stokes signal I k: 

Real molecules have anharmonic vibrations which 
grow proportionally to the increase in the vibrational 
quantum numbers vi. Therefore a question ar ises  
concerning the possibility of separating from the spec- 
trum the Raman signals in the different modes, taking 
into account the fact that the Raman spectrum of vi- 
brationally excited molecules will be broadened and 
shifted toward the red due to the vibrational distribu- 
tion and anharmonicity. However, it is  known that the 
IR absorption spectra5'15 and IR fluorescence spectral6 
of vibrationally hot molecules, despite the shift and the 
broadening, retain the structure of individual modes. 
Experimenf has shown that Raman spectra also retain 
their mode structure even in strong vibrational excita- 
tion of the molecules. We cite Fig. 2 in Ref. 12, on 
which is presented a section of the spectrum in the 
anti-Stokes region obtained upon multiphoton excitation 
of CF,I molecules. It is  easy to see  that the modes v, 
and v5 a r e  clearly resolved, although shifted relative 
to their harmonic position, and that their intensities 
can be measured independently. 

A second question concerns the applicability of the 
simple relations (1) and (2) for the vibrational distribu- 
tion on multiphoton excitation of real  molecules. This 
relation may be perturbed due to the anharmonic in- 
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FIG. 2. The integrated intensity I a s  of the anti-Stokes Raman 
scattering ( curves 1 ) and the average energfE absorbed by 
the molecule (curves 2) as a function of the energy density of 
the laser radiation 8: a) SFs, b) CF31. The values of 3 a r e  
obtained on averaging over all the molecules of the irradiated 
volume. The solid lines a r e  the measurements for p =  1 mm 
Hg, 7=0.5 WS ; the dashed line is for p  = 0.1 mm Hg, T = 40 ns. 

teraction (the dependence of the Rarnan cross  section 
on X R  gives an insignificant contribution). In order to 
check this, we compared the dependences of the inte- 
grated anti-Stokes signal for different modes on the 
laser energy density with the analogous dependences of 
the absorbed energy measured by the method of direct 
calorimetry in our previous  paper^.^'^ The corres- 
ponding dependences a r e  given in Fig. 2. In this case, 
part of the Raman probe experiments were carried out 
under such conditions (PT = 0.5 p s  mm Hg) that a s  a 
result of collisional exchange the equilibrium energy 
distribution over the modes of the excited molecule 
could be assumed. As is seen from Fig. 2, the depen- 
dences of the anti-Stokes signals and of the energy 
absorbed by the molecule a r e  similar, i.e., I , ,  a C. 
This result shows that, to within experimental error ,  
Eq. (1) is  valid, and by measuring the integrated in- 
tensity of the anti-Stokes signal we can directly mea- 
sure the energy stored in the probed mode. Such a 
simple interpretation of the Raman signal opens up 
good possibilities for studying many aspects connected 
with the multiphoton excitation process. Several of 
these possibilities have been realized, a s  will be shown 
below. 

In conclusion, we note that Eq. (1) is  applicable to 
the obvious case in which we may neglect direct exci- 
tation of the molecules to the next electronic state a s  a 
result of the absorption of UV radiation. For  this it is 
necessary that the quantity (ci +hv,,,,, )/h be appreciably 
less than the characteristic frequency of the electronic 
transition v,, : 

 if ~ v ~ , ~ ~ ~ ~ v ~ I .  (3) 

This condition is certainly satisfied for SF, molecules, 
which a re  transparent down to the vacuum ultraviolet 
region.17 The situation is more complex for CF,I. The 
molecule has a continuous absorption band with 
A, =265 nm.17 For sufficiently strongly vibrationally 
excited CF,I molecules, the condition (3) may no longer 

be satisfied and continuous resonant Raman scattering 
will occur. As a result, both the form of the depen- 
dence I' =I '(E,) and the Raman spectrum itself may be 
changed. The effect of this process on 11, under our 
experimental conditions was not appreciable. Never- 
theless, it may be one of the reasons why a "pedestal" 
ar ises  in the Raman spectrum in CF,I. There is no 
such pedestal in SF,. 

4. VIBRATIONAL ENERGY DISTRIBUTION I N  THE 
AN ENSEMBLE OF MOLECULES I N  MULTIPHOTON 
EXCITATION 

The first  problem i s  to measure the vibrationalen- 
ergy distribution function in the interaction of the 
molecules with IR radiation. The use of the Raman 
probe method makes it possible to study the distribu- 
tion function, its formation, and its subsequent time 
evolution. 

One possibility is  connected with recording the 
Raman signal in the Stokes region-not the integrated 
value but rather its spectrum. In this case, in con- 
trast  to the anti-Stokes Raman scattering, the signal 
i s  produced both by the excited and by the unexcited 
molecules. This method was realized in experiments 
with SF,. A multichannel system was used to record 
the Raman spectra. On Fig. 3 we present sections of 
the Raman spectrum, each obtained by accumulation of 
2000 pulses. The pressure of SF, was 2 mm Hg every- 
where. In the absence of a pulse from the CO, laser 
(Fig. 3a), we observe a single peak with center a t  
775 cm-I, which agrees well with the position of the U, 

mode of the SF, molecule. The width of the peak is 
determined by the spectral resolution, which amounted 
to b v R  = I 0  cm". 

Irradiation of SF, by CO, laser pulses substantially 
changes the shape of the Raman spectrum (Fig. 3b). In 
the spectrum we observe two maxima which a r e  easily 

FIG. 3. Section of the spectrum of the Stokes signal for Raman 
scattering in SF : a) without irradiation by a CQ laser, = 0; 
b) 8 = 0.5 J/cm2fi T = 50 ns; c)  = 0.5 ~ / c m ~ ,  T = 3 p s ;  d) @ 

= 0.5 ~ / c r n ~ ,  T = 50 ns, px, = 120 mm Hg. Below the arrow is  
shown the position of the probing UV radiation A-. The SF, 
pressure was p  = 2 mm Hg everywhere. 
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interpreted. The first  maximum, unshifted in fre- 
quency, is produced by molecules which did not inter- 
act  with the CO, laser pulses and remained in the 
initial vibrational state. The second maximum corres- 
ponds to the molecules which a r e  vibrationally excited 
in multiphoton excitation. Due to the anharmonicity 
of the vibrations, the Raman spectrum of these mole- 
cules is  shifted toward the red relative to the position 
of the vl frequency. The distinct dip in the Raman 
spectrum on Fig. 3b is direct evidence of the presence 
of a dip in the vibrational energy distribution function 
of the SF, molecules. This result confirms the exis- 
tence of two ensembles of molecules (vibrationally ex- 
cited and unexcited) after the IR pulse passes through 
and confirms the analogous conclusion drawn earlierS 
for SF, on the basis of IR-IR double resonance experi- 
ments. 

Analysis of the spectrum on Fig. 3b makes it possible 
to determine also the fraction q of excited molecules. 
Comparing the amplitudes of the unshifted peak on 
Figs. 3a and 3b (its magnitude is proportional to the 
number of unexcited molecules), we obtain q =0.56 and 
9 =0.5 J/cm2, which agrees well with the measured 
q =0.6 (Ref. 5). 

On increasing the time between the IR and the W 
pulses, the shape of the vibrational distribution func- 
tion changes; this leads to a transformation of the 
Raman spectrum. This is quite obvious in Fig. 3c, 
which shows the Raman spectrum a t  3 p s  after the CO, 
laser pulse. We observe only one maximum, located 
approximately in the middle between the peaks in Fig. 
3b. Such a transformation of the spectrum is due to 
the V-V exchange process, a s  a result of which the 
two ensembles ultimately blend into one. Of course, 
in this case the average energy of the excited molecules 
is reduced, and it is  this which leads to the shift of the 
Raman spectrum on Fig. 3c. Here we note especially 
that the evolution of the spectrum on Fig. 3b to the 
shape on' Fig. 3c is not a t  all connected with any intra- 
molecular redistribution of the energy. As has been 
shown12 (see also Sec. 5), under our experimental con- 
ditions an equilibrium distribution of the absorbed 
energy over all  the SF, molecules i s  produced even in 
the multiphoton excitation process itself. 

Collisions with the buffer gas during the IR pulse also 
lead to a change in the form of the vibrational distribu- 
tion function. In this case, the signal from the excited 
molecules grows while that from the unexcited mole- 
cules decreases. At a sufficiently high buffer-gas 
pressure, there is no unshifted peak a t  all, a s  is  seen 
from Fig. 3d, which shows the Raman spectrum follow- 
ing addition of Xe a t  120 mm Hg (7 =50 ns). Such a be- 
havior of the Raman spectrum allows us to conclude 
that collisions with the buffer gas increase the number 
of molecules participating in the multiphoton excitation 
process. At sufficient buffer pressure, after a time r,, 
all the SF, molecules manage to take part in the ab- 
sorption. The latter follows from the fact that the 
magnitude of the signal from the excited molecules on 
Fig. 3d, a s  was to be expected, is about twice a s  great 
a s  that presented on Fig. 3b. 

Another important result follows from Fig. 3d: 
namely, the position of the Raman spectrum of the ex- 
cited molecules is  not shifted in the presence of the 
buffer gas. This implies that under the experimental 
conditions (p7 = 6 p s - m m  Hg), collisions with the buffer 
do not lead to an appreciable change in the average 
energy of the molecules in the upper ensemble. The 
V-T and V-R relaxation may then be neglected by 
virtue of its low rate. Thus, for example, our mea- 
surement by the Raman probe method of the rate of 
V - T ,  R relaxation of CF,I molecules by xenon gave a 
value of 440 /.& mm Hg. Consequently, only collisions 
with a change in rotational state of the molecule (char- 
acteristic rate PT = 100 ns - mm Hg) can be responsible 
for the evolution of the spectrum on Fig. 3d. In this 
case, it is essential that the rotational relaxation, by 
enrolling in the multiphoton excitation process new 
molecules in the initial vibrational state, does not 
exert an  appreciable influence on their subsequent ex- 
citation by the field. This very important conclusion 
follows directly from the fact that the average energy 
of the excited molecules is  independent of the pressure 
of the buffer under conditions in which we may neglect 
V-T ,  R relaxation. 

This role of the rotational relaxation provides still 
another method for determining the fraction of excited 
molecules q from measurement of the dependence of the 
integrated Raman signal on the pressure of the buffer 
gas. We have shownls that addition of the buffer gas 
leads to an initial increase in the Raman signal I,,, 
and then to saturation. The observed growth in the 
signal is  connected only with the increase in the num- 
ber of molecules participating in the multiphoton ex- 
citation. Saturation is reached upon excitation of all  
the molecules. Therefore the ratio of the saturated 
signal to its magnitude in the absence of the buffer is 
equal to 9. The values of q measured by this method 
a r e  presented on Fig. 4a. Furthermore, the value of 
q obtained from the decrease in the Stokes Raman sig- 
nal from the unexcited SF, molecules is indicated. On 
this same figure a r e  presented the values of q which 

FIG. 4. Dependence of (a) the fraction of excited molecules of 
SFs and CF,I and (b) the average energy of these molecules, on 
the energydensityof the CQ laser pulse. On Fig4a, the solid lines 
a re  data from Refs. 5,6; , 0-SF,, O- CFSI (0, U are  the 
measurements from the anti-Stokes Raman scattering, from 
the Stokes Raman scattering). 
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were measured for SF, and CF,I p r e v i o ~ s l y . ~ ~ ~  As is 
evident, the values of q obtained by different methods 
agree well with one another. A somewhat larger value 
of q obtained for SF, in Ref. 5 a t  T,, = l o q  s and a t  
small @ is  due to the contribution of rotational relaxa- 
tion under the conditions of these experiments. 

The value of the factor q makes it possible to deter- 
mine the true level of excitation of the molecules-not 
simply the energy calculated for all  the molecules, but 
the average energy Ea = E / q  of only the excited mole- 
cules. Using the q values obtained in this work, and 
also the results of measurements of the absorption in 
multiphoton excitation of SF, (Refs. 5,18) and CF,I 
(Ref. 3), we obtained the corresponding Ea for these 
molecules a s  functions of @. They a r e  given on Fig. 
4b. A characteristic of these plots i s  the slow initial 
growth of the level of excitation of the molecules. For  
SF,, this is  the region Ca=3000 cm-'. 

The results given on Figs. 4a and 4b a r e  essential for 
the understanding the multiphoton excitation process. 
They give an idea of how the excitation occurs. Thus, 
from these data it follows in particular that the mono- 
tonic power-law character usually observed in SF, for 
the absorption function E = E ( @ )  i s  not produced in the 
region @ < O . l ,  . . . 0.15 J/cm2 by an increase in the 
level of excitation Ea, but rather is determined pri- 
marily by the increase in the number of excited mole- 
cules. For  high values @(@ >0.4-0.5 J/cm2 for SF,), 
the increase in absorption i s  still primarily connected 
with the, increase in the level of excitation, since q 
changes slowly here. 

The important role of the factor q in multiphoton 
excitation of molecules determines the necessity for 
studying the process of its formation. The plots of q 
vs. presented on Fig. 5 were measured a t  constant 
pulse durations; therefore it is not obvious a priori 
which determines the character of the dependence, 
the energy of the pulse o r  its intensity. It is  therefore 
of interest to determine the kinetics of its formation 
during the time of the laser pulse. Using the Raman 
probe method, we carried out such measurements for 
CF,I. 

FIG. 5. The dynamics of excitation of CF31 during the laser 
pulse: a) ~e shape of the CQ laser pulse; b) the distribution 
of the transmitted energy with respect to time; c) the level of 
excitation of the molecules for different r; d) the factor q for 
different r. The pressure of CF31 was p = 0.05 mm Hg. 

The CF,I molecules were probed a t  different instants 
r of the IR pulse, the shape of which i s  given on Fig. 
5a. (Such a shape was obtained by special selection of 
the working mixture of the CO, laser). At the same 
points, the value of the factor q was measured by the 
method described above upon addition of buffer gas. 
The saturated Raman signal 12s' was recorded for 
p,,=120 mm Hg. Under these conditions a t  T 3 400 ns, 
the deactivation of the molecules due to V-T, R re-  
laxation becomes already substantial. In order to take 
into account its contribution, the measured value of 
IF; was increased by the factor exp(kp,, T), where 
k-I =440 p s  mm Hg is the independently measured 
value of the deactivation rate constant. The values of q 
determined in such a manner a t  different instants of 
the pulse a r e  given in Fig. 5d. The corresponding val- 
ues of Ca a r e  given on Fig. 5c. It is  obvious that the 
value of q increases monotonically during the course 
of the entire pulse. Knowing the density of the pulse 
energy passing through the gas up to the probing in- 
stant (Fig. 5b), it i s  easy to obtain the plots of q and 
Eq vs. @. The curves obtained agree well with those 
measured6 a t  constant pulse length T ,, = 10- s. 

These results show that the magnitude of the factor q, 
a t  least for CF,I, is  determined primarily by the trans- 
mitted energy of the pulse, and not by its intensity. 
This conclusion is confirmed, in our opinion, also by 
the results of a special experiment. The CF,I mole- 
cules were probed on excitation by pulses of length 
T,, =15 ns and T,, =I00 ns. The energy density was the 
same in both cases: @ =0.34 J/cma. In the first case, 
we obtained q =0.42 l 0.1 and in the second case 
q =0.31 i0.06. Thus, it is  obvious that close values of 
q a r e  obtained for a six to sevenfold difference in pulse 
intensity. 

5. INTRAMOLECULAR ENERGY DISTRIBUTION IN  
MULTIPHOTON EXCITATION. RANDOMIZATION 
EFFECT 

In Sec. 3 we showed that the integrated anti-Stokes 
signal I,, is proportional to the energy stored in the 
probed mode. Two obvious possibilities for the study 
of the intramolecular distribution follow from this 

IAS, ml. units 

lo* 10- ,o-' 

FIG. 6. Dependence of the integrated signal IAS of the anti- 
Stokes Raman scattering of the time T between the IR and the 
UV pulses: a) CF31; probing of the mode vz, p = 0.1 mm Hg, 
@= 0.09 ~/cm'; b) SFs; probing of the mode vz, p = 0.1 mm Hg, 
Hg, 9 = 0.06 ~ / c m ~ .  
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circumstance. The first  is connected with the ob- 
served evolution of the magnitude of the Raman signal 
I,, with time. It is clear that if Raman probing lags 
the excitation by a time T which exceeds the charac- 
teristic time of intermode collisional energy exchange, 
then the integrated Raman signal will be proportional 
to the equilibrium energy in the mode v:. Measuring 
the dependence of I,, on T, we can quantitatively de- 
termine by how much the energy distribution over the 
modes produced in the multiphoton excitation process 
itself differs from the equilibrium distribution. The 
characteristic IAS(r) dependences for different modes 
Y f of the SF, molecules and CF31 molecules a r e  given 
on Fig. 6 (see also Ref. 12). Within experimental 
error ,  we could not detect a change in the signal with 
time, when varying T from 0-15 ns up to several 
microseconds. At pressures of 0.1-0.5 mm Hg, this 
corresponds to going from a region where we may 
neglect the collisional exchange to a region where this 
process is significant. The decrease of the signal a t  
r > 5  p s  is connected with diffusion from the excitation 
region. This i s  confirmed by experiments a t  P = 10 
mm Hg, in which the signal did not change up to several 
tens of microseconds. We also assume that the experi- 
ments were carried out under conditions of collision- 
less excitation of the molecules by IR radiation, since 
$7 I R  C 1.5-6.5 ns mm Hg. The measurements of IAS 
a s  a function of pressure a r e  also evidence in favor of 
this. It turned out that for Q! =0.97 J/cm2 and 7 =0-15 
ns, I,, is linearly dependent on the pressure of the SF, 
in the pressure range p = 0.1. ..l mm Hg. The results 
given on Fig. 6 therefore provide a basis for stating 
that, within the measurement error ,  no redistribution 
of energy stored in the molecule among its vibrations 
occurs; i.e., the distribution is a t  equilibrium o r  a t  
least close to it. 

Here we should point out the following. The con- 
clusion drawn is based on the independence of the 
Raman signal I A S O ~  the time over a large range of 
PT(O <PT 1. . .2  ~s mm Hg). However, collisions lead 
not only to an equilibrium distribution of the internal 
energy of the molecule over its vibrations, should such 
not have existed before. As was shown in Sec. 4, in 
multiphoton excitation two ensembles a r e  formed: of 
excited and of unexcited molecules. Therefore on col- 
lisions the average energy of the excited molecules may 
decrease so  much a s  to make substantial quantum char- 
acter of the heat capacity of the vibrational degrees of 
freedom. Consequently, this value of the energy stored 
in the mode may change, even if an equilibrium inter- 
mode distribution is maintained. However, in our ex- 
periments, even a t  the lowest levels of excitation this 
effect for the probed mode vl should not exceed 20% 
for SF,. The accuracy in the measurements of I,, in 
this case did not exceed *15%; therefore this effect 
was not yet noticed. Nevertheless, it imposes certain 
limits on the possibilities of the technique employed. 

Information concerning the character of the intra- 
molecular energy distribution is also obtained by com- 
paring the results of direct calorimetry of the energy 
absorbed in multiphoton excitation with the results of 
Raman probing. Such a comparison of F = F (a) and 

IA,=IAs(Q!) has already been carried out in Sec. 3 under 
conditions in which the energy distribution in the mole- 
cule a t  the instant of probing should be a t  equilibrium 
by virtue of the collisional intermode exchange. On 
Fig. 2a a r e  given also the values of the Raman signal 
on probing the SF, molecules a t  an instant T when the 
intermode exchange in collision may be neglected 
($7 < 4  ns mm H ). Here, too, we observed the pro- "" C"5 - portionality I a &. Since simultaneously I 
a 12" , this is again evidence that collisions after the 
IR pulse do not lead to a change in the character of the 
distribution of the energy absorbed by the molecule 
among its vibrational degrees of freedom. 

From all  the results presented above, it follows 
unambiguously that under the conditions of the experi- 
ments with multiphoton excitation of SF, and CF,I 
molecules, states a r e  formed which correspond to a 
statistical equilibrium distribution of the energy ab- 
sorbed among all o r  a t  least the majority of the vibra- 
tions of these molecules. This proves that the stochas- 
tic character of the vibrational motion in the molecules 
under consideration sets in already during the inter- 
action with the IR radiation. 

The results make it possible to estimate the ran- 
domization threshold. The minimum energy density 
of the CO, laser pulse in these experiments a t  which 
the Raman signal was reliably recorded (the signal/ 
noise ratio was 6:l) was 0.06 J/cm2 for SF, and 
0.09 J/cm2 for CF,I. From the known values of the 
absorbed energy .7 (see Fig. 2) and also of the fraction 
of excited molecules 9, we can determine the average 
absorbed energy for the molecules excited to the upper 
ensemble, t, = T / q .  If we add to this value the initial 
average vibrational energy a t  a temperature of 293"K, 
then we obtain an estimate for the randomization 
threshold E,,. In the case of SF,, we have E,, - 3900 
It 500 cm-', and for CF31, E,, -6000 * 500 cm-l. 

6. MECHANISM OF RANDOMIZATION OF 
VIBRATIONAL MOTION IN THE SF6 MOLECULE 

Theoretically, the effect of randomization of the vi- 
brational energy comprises a change in the structure of 
the true characteristic wave functions a t  E,,, 2 E,,, so 
that the wave functions of the states of the mode that 
interacts with the laser radiation become mixed with 
many other wave functions because of the intermode 
resonances. In general form, the true vibrational 
wave functions of the molecule, which depend on its 
normal coordinates, may be described a s  

Then the cross sections of transitions from the sup- 
posedly "almost harmonic" state (u - l)v,, lying below 
E,, into the states (4) lying above E,,  a r e  proportional 
to I c ! , " ~ ' ~ ' I ~ .  In this case, it is natural to expect that 
the maximum of the frequency dependence of the cross 
section occurs a t  the transition frequency (v - l ) ~ , ,  - uv,, (taking into account the anharmonic shift), but 
the spectrum is broadened and possibly quasicon- 
tinuous, if the number of states to which the wave 
function of the state vv, ,  contributes substantially i s  
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sufficiently large. It is easy to estimate that the val- 
ues of l ~ ~ " " ' * 1 ~  which a r e  able to ensure saturation of 
the transitions even a t  minimum laser  pulse energy 
densities used in the experiment amount to about lo-,. 

The value of E,, for the CF,I molecules agrees well 
with the estimate obtained earlier.s In this work, the 
experimental results on multiphoton IR excitation were 
eompared with the spectroscopic model of transitions 
in the vibrational quasicontinuum and a constant was 
found which describes the width of the transition con- 
tour close to the mode frequency v,; this constant 
increases with an increase in the vibrational energy. 
In accordance with the known energy deficit of the 
three-frequency Fermi  resonances of the CF,I mole- 
cules, the energy randomization threshold for the vi- 
brational motion was estimated from this constant; 
this gave the value E,, 2 5000 cm-I, approximately 
equal to the value E,, obtained in our work. 

For the SF, molecule, the intermode resonances 
give a pattern which i s  not so simply interpreted a s  in 
fie CF31 molecule, since the values of Eth a r e  sub- 
stantially lower. Therefore, in order to study the pos- 
sible mechanisms of randomization of vibrational mo- 
tion in the SF, molecule, we performed a numerical 
quantum-mechanical calculation. Below we present 
the fundamental vibrational frequencies (in cm-I) of 
the SF, m o l e ~ u l e ' ~  that we used in the calculations1' 

The state 4v3 was taken and all  states were selected 
whose harmonic positions were separated from the 4vs 
level by *I00 cm-'. There were 181 such states. 
Practically all  these states a r e  strongly degenerate 
(taking into account the degeneracy, there a r e  - 3 .  lo4 
of them). Since due to the anharmonicity only levels of 
the same symmetry may interact, only those states 
were selected which contained sublevels classified ac- 
cording to a certain representation of the 0, point 
group to which the SF, molecule belongs. As an ex- 
ample, we took the representation F,,. There were 
-1.7. 10sF,, sublevels, and there were 87 states con- 
taining these sublevels. 

We next included into consideration all  the sym- 
metry-allowed third- and fourth-order anharmonic 
terms connecting the selected states. The frequency 
combinations (Fermi resonances) corresponding to 
these terms a r e  given below. We also give the energy 
deficits of all  the resonances considered, and in paren- 
theses we indicate how many times a single represen- 
tation is contained in the product of representations 
corresponding to the normal coordinates in the re- 
sonance. This number allows us to determine how 
many fully symmetrical independent combinations of 
the products of normal coordinates occur, taking into 
account their degeneracy. 

The three-frequency resonances and their deficits, 
in cm-', are:  

The four-frequency resonances and their deficits, 
in cm-', are:  
(1) v ~ + Y I - v ~ - Y ~ - ~ ,  (1) v~+~k-vi-vz-l47, (I)  vl-kvr-2vI=67, 

(1) v ~ + Y ~ - v ~ - v ~ = I ~ ,  (2) ~ ~ + v ~ - v z - v ~ = 1 5 0 ,  (2) 2vL-v~-v.=85, 

(1) VJ+ v ~ - v I - v I = ~ ~ ,  (1) VJ+VB-~V~=IO, (1) vl+vI-2vI=186. 

(1) v,+ vz-~s-vs-122, (1) va+v~-2~1-15. (2) 2 ~ z - 2 ~ , = 5 4 ,  

(2) ~ ~ + v e - ~ z - ~ r = l 2 9 ,  (2) ~~+ve-21ir=64, (1) 3v8-vJ=90. 

(1) v ~ + v ~ - v ~ - v ~ = 1 3 7 ,  (1) 2~'-vI-va=65, 

The calculation was carried out by perturbation 
theory without taking into account anharmonic shifts 
and anharmonic splittings. Since as a rule theanhar- 
monic constants a r e  unknown, we described the third- 
order terms and the fourth-order terms by the general 
constants a, and a,; i.e., we represented the expansion 
of the potential energy a s  

In the expansion (5), the normal coordinates qi have 
dimension cmlh; thus, la,] =cmlA and [a4] =cm. In 
order to estimate the numerical value of a,, we used 
the known factz0 that the intensity of the composite 
band v, + v, in linear IR absorption is two orders of 
magnitude smaller than the intensity of the fundamental 
band v,. 

From the detuning v, + v, - v, =40 cm-' and the known 
formula for the matrix elements of the normal coordi- 
nates, it is  easy to find that 

As for the constant a,, its value was varied. We should 
also note that in the calculation, it is physically justi- 
fied to neglect interference effects; i.e., we must sum 
the probabilities and not the amplitudes. This is due to 
two reasons. Firs t  of all, for  different terms in each 
sum of (5) the signs of the anharmonic constants may 
differ. Secondly, the interaction of two degenerate 
states breaks up into pairwise interactions of a l l  the 
sublevels of like symmetry. The signs and magnitudes 
of the interaction matrix elements for such pairs may 
be completely arbitrary, only the sum of their squares 
does not change. 

A simple estimate shows that the cubic anharmonicity 
leads to strong mixing of the level 4v,(a) with the level 
d (Fig. 7)  detuned from the level 4v, by 1 cm-l. The 
levels a and d a r e  not directly coupled. However, they 
a r e  connected by a chain of three successive three- 
frequency resonances, and the standard perturbation- 
theory formula 

leads, when account is takenof the dependences of the 
matrix elements on the occupation numbers of the 
modes, to the estimate 1 ~ 0 . 6 .  The level a is 
connected, besides with the level b, only with two 
strongly detuned states, but the level d is still con: 
nected already with sixteen levels, the closest of which 
(e) is separated from the level 4v, by only 4 cm-' and 
in turn is connected also with thirteen levels; in this 
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FIG. 7. Level diagram, illustrating the effect of three-step 
resonance in the SF6 molecule. 

case, more than half the nondiagonal matrix elements, 
in particular (el Vld), a r e  described by quartic anhar- 
monic terms. Thus, the major mechanism for ran- 
domization of the vibrational motion in SF, becomes 
clear. Upon strong mixing of level a with level d and 
possibly e,  the contribution from many other states 
i s  transmitted, a s  it were, through the levels d and e 
to the 4v3 state. In accordance with perturbation theo- 
ry, this contribution ah-', where A is the detuning 
from the level 4vs. 

The mechanism discovered allows us to substantiate 
physically the most justified calculation scheme. To a 
first  approximation, we must calculate the contribution 
to the state 4v3 from all  the rest  of the states, per- 
forming the summation only over the shortest paths. 
However, the shortest paths a r e  not always the most 
effective. For  example, out of the sixteen levels con- 
nected with d, only for four does the chain to the 4v3 
state through the d state have of the least number of 
links. On the other hand, obviously, for the remaining 
twelve levels the path through d i s  the most effective. 
Therefore we also calculated a second approximation, 
in which a s  the initial states we also chose, in addition 
to the level 4vs, several other levels which a re  more 
strongly mixed with 4v3 to a first  approximation. The 
mixing criterion was optimized using the total contribu- 
tion obtained in the second approximation. 

On Fig. 8 we give the total contribution as a function 
of a,. Knowing the total contribution, it is  easy to re- 
normalize the wave functions, but it is precisely the 
quantity c 1 ciii12 in unnormalized form, i.e., a t  
ci4,:s' = I  which gives the clearest idea of the degree of 
mixing of the levels. For  a, =0, only strong mixing of 
the level 4v, with the level d mainly occurs. However, 
even for a, =lo"  cm, the total contribution to the other 
states also becomes significant; it is  characteristic that 
i t  is distributed among many levels. For  example, a t  
a, =0.9. cm, which corresponds to doubling the 
total contribution compared with a, =0, the relation 
1 c:';)sl2 >lo-' holds for fifteen states. We shall use this 
value of a, for further estimates. 

If we drop down by one quantum number, i.e., con- 
sider the levels in the vicinity of the 3vs states, then 
here the picture is qualitatively changed. The three- 
step resonance between the levels 3v3 and the level 
2 v, + v, +3 v,(d1) does not occur, as before. However, 
Eq. (6) gives the estimate I c & ) ~  ~0 .15 .  Primarily due 

FIG. 8. The tog1 contribution to the state 4v3 from the rest 
of the levels in the SF6 molecule, as a function of the fourth- 
order anharmonicity constant ad. 

to the fact that I C:'$;I~ << 1, the total contribution to the 
level 3v3 from the remaining states is  substantially less 
than for the level 4v3, and only for four states, in- 
cluding d', is  the relation l~: '3,1~>10-~ satisfied. Thus, 
the calculation quantitatively confirms the experi- 
mentally observed change of the spectroscopic charac- 
teristics a t  the energy E,,. Furthermore, taking into 
account the renormalization of the wave functions, it is 
easy to obtain l ~ p ~ 2 ' 1 ~  =0.4. Thus, for this energy we 
can already speak of, if not of a complete, a t  least of 
a partial randomization of the vibrational motion. If 
we go up by one quantum number, then the degree of 
randomization increases (I ~ $ ~ ~ 5 3 ' / ~  =0.2). 

It is  also interesting to establish the extent to which 
the numerical value of a, corresponds to the known 
values of the intermode anharmonicity constants of the 
SF, molecule, which describe the shifts of the hot bands 
in the line spectra. The most accurate dataxg pertain 
to the anharmonicity constants x,,, x,,, and x,,. If we 
consider that these constants a r e  described by only 
fourth-order anharmonicity, which however i s  not en- 
tirely accurate,'l then i t  is easy to find thatthe constant 
we assumed to estimate the value of a, overvalues 
x,, and x,, by about a factor of two, and x,, by about a 
factor of three. 

Based on the results of the calculation, we may also 
understand the reason for the jump in the induced- 
transition rate when the molecule enters the stochastic- 
ity region. The integrated cross section of transitions 
from the state 3v3 to the states lying close to the level 
4v3, according to the sum rule, should be equal to the 
cross, section for the transition 3vs - 4v, in the har- 

,, -40,. In states ex- monic approximation: o '"'= a""'" 
cited by a CO, laser close to the level 4v,, the vibra- 
tional energy is distributed over the modes in an 
equilibrium fashion. This means that to get the aver- 
aged cross  section of the transitions one quantum num- 
ber higher we must multiply a,, by (E,)/v, +1, where 
(E,) i s  the equilibrium energy in the mode v3 a t  the 
total vibrational energy EVib=4v3. This leads to the 
estimate (E,)/v, -0.2 o r  (oinl(E =4v,- E =5v3)) -1.20,, 
i.e., the cross  section in fact drops substantially. 
Another reason for the decrease in the cross section 
i s  rather obvious and is connected with the broadening 
of the transition contour with an increase in the vi- 
brational energy. 

Thus, the calculation confirms both principal con- 
clusions drawn from the experimental results. 
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1. During interaction of SF, and CF,I molecules with 
an IR pulse, there a r e  excited not only vibrational 
modes resonant with the laser  radiation, but also other 
vibrational modes. In this case, beginning with some 
vibrational energy E,,, the distribution over the modes 
is a t  equilibrium. 

2. In the region of the energy E,,,  a qualitative 
change in the transition spectrum occurs s o  that the 
rates of excitation to the energy Eth a r e  a t  least 
several times greater than the rates of excitation to 
above the energy E,,. 

Of course, in the calculation we stayed away from 
the harmonic positions of the levels. Taking into ac- 
count the anharmonic shifts apparently may lead to 
some change in the quantitative estimates. However, 
more significant is  the effect of anharmonic splitting, 
which should improve the resonance conditions for the 
intermode interactions. It is possible that precisely 
for this reason we obtained a somewhat overestimated 
value for the constant which describes the fourth-order 
anharmonic ity. 

We should also point out that the model calculation 
performed, which does not take into account the re- 
normalization of the wave functions, possibly over- 
estimates the admixture contributed to the wave func- 
tion of the v, mode by the rest  of the harmonic wave 
functions. However, the principil effect, namely that 
the admixture is  distributed over many states, ap- 
parently remains in force also in more accurate calcu- 
lations. 

7. DISCUSSION 

As was pointed out in Sec. 1, the basic goal of our 
work was the study of the vibrational distribution (both 
intramolecular and intermolecular) produced during 
multiphoton excitation. Experiments with SF, and 
CF,I molecules showed that the vibrational energy dis- 
tribution is formed by two ensembles, of hot and cold 
molecules. Measurements of the factor q-the fraction 
of molecules in the upper ensemble-made it possible 
to clarify the kinetics of excitation of the molecules by 
CO, laser radiation. Thus, in the case of SF,, some 
molecules acquire an energy Eq ~ 4 0 0 0  cm-I rather 
rapidly, but further excitation of these molecules with 
an increase in @ is much slower. The increase of the 
energy absorption by the gas, which is observed in this 
region, is determined primarily by the increase in the 
factor q, i.e., by the number of excited molecules, and 
not by their energy. 

The fundamental reason for the subdivision of the 
molecules in multiphoton excitation into two ensembles, 
in our opinion, is the rotational bottleneck effect. This 
conclusion is directly confirmed by experiments on 
multiphoton excitation of molecules in the presence of 
a buffer gas. The existence of this effect for excitation 
of molecules by an IR pulse was predicted earliera and 
demonstrated e~perimentally.~'  Essentially, it in- 
volves the fact that due to the distribution over many 
rotational states, the molecules do not all  interact in 
the same way with the field. We emphasize that all 

these states may interact withthe field, afact that follows 
even from the possibility of pure radiative excitation of a11 
the molecules.3 Nevertheless, there a r e  states which 
interact more strongly with the field. They a r e  rapid- 
ly depleted and the molecules excited from them to the 
vibration quasicontinuum from the upper ensemble. 
The molecules remaining below form the lower en- 
semble. This is  a qualitative, very simplified pic- 
ture. For a quantitative description of the process, 
we must know how the excitation of molecules from 
different rotational states occurs. At the moment, no 
such information is available. From the results of our 
present study of the kinetics of development of the 
factor q we can only conclude that its magnitude is de- 
termined by the energy of the pulse passing through, 
and not by the intensity; therefore further investiga- 
tions a r e  necessary in this area. 

The Raman diagnostics method has proven to also be 
suitable for the measurement of vibrational energy in 
modes which a r e  not resonant with the laser IR radia- 
tion. In our work we succeeded in proving that even 
during interaction with the IR laser pulse the vibra- 
tional motion in the SF, and CF,I molecules is ran- 
domized, beginning with some rather low energy. The 
calculation performed in this work showed that this 
effect is  primarily due to the rearrangement of the 
vibrational wave functions of the molecule; in other 
words, the randomization effect is a property of the 
molecule itself, and not a property of its interaction 
with the laser IR pulse. However, if we consider the 
molecule a s  a statistical system, then although in the 
region of complete randomization the most probable 
true wave functions (4) seem to be combinations of 
harmonic wave functions corresponding to the equili- 
brium distribution of the vibrational energy over the 
modes, the fluctuations a r e  nevertheless rather sig- 
nificant due to the relatively small number of degrees 
of freedom. This means that action of weak mono- 
chromatic sources of radiation with specially selected 
frequencies can in principle produce a steady-state, 
nonequilibrium vibrational energy distribution. 

Another concept which we must approach with a 
certain degree of caution i s  that of the quasicontinuurn. 
Strictly speaking, we may regard the spectrum of 
transitions from an excited vibrational-rotational 
state a s  continuous if the separations between adjacent 
transitions from this state a r e  smaller than the radia- 
tion width, something practically unattainable for 
molecules with not very many atoms even close to the 
dissociation energy. This condition becomes much 
less stringent if sources with real spectral width a r e  
used (even for cw single-mode lasers). As far  a s  the 
standard pulsed CO, lasers  with spectral width 210-2 
cm-I a r e  concerned, even for the experimental values 
of E,, obtained for the SF, and CF,I molecules the 
spectrum of the transitions may be considered a s  
quasicontinuous. The field broadening in a rather 
strong IR field also leads to the fact that the discrete 
character of the structure of the transitions does not 
appear a t  all.24 Thus, the quasicontinuum is a relative 
concept that depends on the characteristics of the 
radiation source used. 
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In conclusion, we would like to discuss the possibili- 
ty of direct spectroscopic evidence for the quasi- 
continuum character of the spectrum of transitions 
from any sufficiently strongly excited vibrational-ro- 
tational state, which i s  usually what is had in mind 
when speaking of the quasicontinuum. This problem is 
nontrivial, since on attempting to create a significant 
concentration of excited molecules, inevitably we have 
to deal with a real distribution over many vibrational- 
rotational levels. One approach which somewhat eases 
the situation is rather obvious and presupposes intense 
cooling of the gas. We can propose also another ap- 
proach, based on the use of coherent non-steady-state 
effects. Inhomogeneous broadening due to the rotation- 
al structure, does not prevent observation of these 
effects. However, if from any vibrational-rotational 
state a multitude of transitions with similar frequencies 
is  possible, then at radiation intensities such that the 
field broadening exceeds the separation between the 
adjacent transitions but is less  than the homogeneous 
width of the transition contour, the coherent effects 
should disappear. Methods suitable for such investi- 
gations, may be, for example, a s  photon echo o r  non- 
steady-state coherent active Raman spectroscopy. 

')To be consistent, to determine the harmonic positions of 
the levels we must use not the fundamental vibrational fre- 
quencies vi but rather the harmonic vibrational frequencies 
wi . However, the latter a r e  knownwith much less  accuracy19: 
moreover, within the limits of known accuracy their relative 
deviati6ns from the fundamental frequencies ( -  1.5%) a r e  the 
same  for a l l  vibrations. Therefore, their use would lead 
only to an  insignificant change of the energy scale. 

'v. N. Bagratashvili, V. S. Letokhov, A. A. Makarov, and 
E. A. Ryabov, Mnogofotonnye protsessy v molekulakh v 
infrakrasnom lazernom pole. Itogi nauki i tekhniki, Ser. 
Fizika atoma i molekuly (Multiphoton Processes in Mole- 
cules in an  Infrared Laser  Field. Results of Science and 
Technology, Ser. Physics of Atoms and Molecules), VINITI, 
Moscow, 1980. 

'E. R. Grant, P. A. Schulz, A. S. Sudboe, Y. R. Shen, and 
Y. T. Lee Phys. Rev. Lett. 40,  115 (1978). 

'v. N. Bagratashvili, V. S. Dolzhikov, V. S. Letokhov. A. A. 
Makarov, E. A. Ryabov, and V. V. Tyakht, Zh. E?ksp. Teor. 

Fiz. 77, 2238 (1979) [Sov. Phys. J E T P  50, 1075 (1979)l. 
4 ~ .  V. Ambartzumian, V. S. Letokhov, G. N. Makarov, and 

A. A. Puretzky, Opt. Commun. 25, 69 (1978). 
5 ~ .  N.cBagratashvili, V. S. Dolzhikov, and V. S. Letokhov, 

Zh. Eksp. Teor. Fiz. 76, 18 (1979) [Sov. Phys. J E T P  49. 8 
(1979)l. 

%. N. Bagratashvili, V. S. Doljikov, V. S. Letokhov, and 
E. A. Ryabov, in: Laser-Induced Processes  in Molecules 
(K. I,. Kompa and S. D. Smith, eds), Springer-Series in 
Chem. Phys., Springer Verlag 6, 179 (1979). 

'A. S. Sudboe, P. A. Schulz, D. J. Krajnavieh, Y. T. Lee, and 
Y. R. Shen, Opt. Lett. 4 ,  219 (1979). 

'N. Bloembergen and E. Yablonovitch. Physics Today 31. No. 
5, 23 (1978). 

k. V. Shuryak, Zh. kp. Teor. Fiz. 71, 2039 (1976) [SOC. 
Phys. J E T P  44, 1017 (1976)l. 

'OR. G. Bray and M. J. Berry, J. Chem. Phys. 71, 4909 (1980). 
"E. Thiele, M. F. Goodman, and J. Stone, Chem. Phys. Lett. 

69, 18 (1980). 
12v. N. Bagratashvili, Yu. G. ~ a y n e r ,  V. S. Dolzhikov, S. F.  

Kol' yakov, A. A. Makarov, L. P. Malyavkin, E. A. Ryabov, 
E. G. Sil'kis, and V. D. Titov, Pis 'ma Zh. dksp. Teor. Fiz. 
30, 502 (1979) [JETP Lett. 30, 471 (1979)l. 

"v. N. Bagratashvili, Yu. G. Vainer, V. S. Doljikov, S. F.  
Koliakov, A. A. Makarov, L. P .  Malyavkin, E. A. Ryabov, 

E. G. Silkis, and V. D. Titov, Appl. Phys. 22, 101 (1980). 
145. A. Koningstein, Introduction to the Theory of the Raman 

Effect, Reidel, Dordrecht, Holland, 1972 (Russ. Transl. ,  
Mir, Moscow, 1975). 

1 5 ~ .  V. Nowak and J. L. Lyman, J. Quant. Spectrosc. Radiat. 
Transfer 15, 945 (1975). 

1 6 ~ .  F. Bott, Appl. Phys. Lett. 32, 624 (1978). 
'?G. Herzberg, Electronic Spectra and Electronic Structure 

of Polyatomic Molecules, Vol. 3, Van Nostrand, 1966. 
1 8 ~ .  V. Ambartzumian. G. N. Makarov, and A. A. Puretzky, 

Opt. Commun. (in press).  
"R. S. McDowell, J. P. Aldridge, and R. F. Holland, J. Phys. 

Chem. 80, 1203 (1976). 
'OR. V. Ambartsumyan, Yu. A. Gorokhov, V. S. Letokhov, 

G. N. Makarov, and A. A. Puretskii, Pis '  ma Zh. gksp. 
Teor. Fiz. 22, 374 (1975) [ J E T P  Lett. 22, 177 (1975)l. 

'IK. T. Hecht, J. Mol. Spectr. 5, 355 (196t). 
"v. S. Letokhov and A. A. Makarov, Zh. Eksp. Teor. Fiz. 63, 

2064 (1972). [Sov. Phys. J E T P  36, 1091 (1972)l. 
2 3 ~ .  S. Letokhov, A. A. Makarov, and E. A. Ryabov, Dokl. 

Akad. Nauk SSSR [Physl 212, 75 (1973). 
"A. A. Markarov, V. T. Platonenko, and V. V. Tyakht, 

Zh. E?ksp. Teor. Fiz. 75, 2075 (1978) [Sov. Phys. J E T P  48, 
1044 (1978)l. 

Translated by Cathy Flick 

522 Sov. Phys. JETP 533). March 1981 Bagratastivili eta/. 522 


