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Nonlinear (multiphoton) IR absorption by the large polyatomic molecule (CF,) ,CBr in the 
field of a high-power C02-laser pulse is investigated in a cell at various gas pressures and in a 
molecular beam. A strong dependence of the absorbed energy and of the cross section a for 
nonlinear absorption on the gas pressure is observed at high vibrational excitation levels 
(E 2 D, where E is the internal energy of the molecule and D is the dissociation energy). A 
steep decrease of a with increase of the pump energy density is observed (at @ k 0.5-1.0 J/  
cm2) under condition of collisionless molecule excitation (low pressures, molecular beam), 
but no steep decrease of a ( @ )  is observed in the presence of collisions. The influence of a 
buffer gas (Ar) on the character of the a ( @ )  dependence is investigated in the steep-decrease 
region. Addition of Ar at a pressure 2 20 Torr prevents a decrease of a. Two-frequency 
excitation of (CF,),CBr in a molecular beam is affected. It is shown that the decrease of a ( @ )  
at the indicated energy densities is not due to molecule dissociation during the exciting laser 
pulse. Possible causes of the steep decrease of the absorption cross section and of its 
dependence on the gas pressure at excitation levels higher than the dissociation energy are 
discussed. 

1. INTRODUCTION 

One of the causes of the interest in the study of the inter- 
action between relatively large (s > 30, wheres is the number 
of vibrational degrees of freedom) polyatomic molecules 
and a strong IR field' is the possibility of vibrationally excit- 
ing them to energies E greatly exceeding their dissociation 
energy D (E 2 2D).2 This possibility does not contradict the 
Rice-Ramsperger-Kassel-Marcus (RRKM) theory of mon- 
omolecular  reaction^,^ is an important property of large po- 
lyatomic molecules, and distinguishes them from small or 
medium (s 5 12) molecules. Strong excitation of small mole- 
cules above the dissociation limit increases greatly (with de- 
crease of s )  the energy-localization probability per bond, in 
view of the statistical character of the molecule's internal 
energy distribution among the vibrational degrees of free- 
dom. The result is a rapid increase of the rate k ( ~ )  of the 
molecules' monomolecular decay. It follows from the 
RRKM theory, and also from experiments on a number of 
molecules (C,H,CH2NH2, Ref. 4, C,F,,I, Ref. 5, 
(CF,),CBr, Ref. 6, (CF,),CI, Ref. 7 )  that molecules vibra- 
tionally overexcited in the electronic ground state can have 
quite long lifetimes ( =; 10-6-10-3 s ) ,  i.e., low molecular- 
decay rate constants k ( ~ ) .  This makes it possible to obtain, 
by the method of IR multiphoton excitation,' high densities 
of vibrationally overexcited molecules and perform with 
them experiments that explain better the intramolecular dy- 
namics. One such experiment can be direct measurement of 
k ( ~ ) , ~ - '  from which one can determine the width of the vi- 
brational-distribution function of the excited moleculesR 
(and which is also of considerable interest for chemical ki- 
netics'). Other possibilities are study of the dynamics of ex- 
citation oflevels above thedissociation limit,' and determin- 

ing the IR spectra of transition of vibrational states above 
the dissociation limit. 

Much information on the interaction between mole- 
cules and IR laser emission can be obtained from measure- 
ments of the energy absorbed by the molecules from an IR 
field and on the cross section for nonlinear absorption. We 
observed6 in measurements of the lifetimes of vibrationally 
overexcited (CF,) ,CBr molecules in a molecular beam that 
the energy absorbed by the molecules from the IR field, at a 
pump energy density @ = 0.8-1 J/cm2 tended to saturate 
(the nonlinear-absorption cross section a decreased abrupt- 
ly), even though the measured dissociation rate constant 
k ( ~ )  did not exceed lo4 s- ' at the indicated energy densities, 
i.e., the molecules hardly dissociated during the exciting 
pulse. Earlier,2 however, when the same molecule was excit- 
ed in a cell at a pressure 0.6 Torr, an almost monotonic in- 
crease of the absorbed energy was observed, with @ increas- 
ing up to =: 5 J/cm2. A decrease in the slope of the plot of 
(n) (@) was observed only at @ 2 3 J/cm2 ( (n) is the num- 
ber of photons absorbed on the average per molecule). This 
was attributed to dissociation of the molecules during the 
exciting laser pulse, while the radicals (CF,),C produced 
by dissociation of the molecules were further fragmented by 
the same pulse. It follows thus from the results of Refs. 2 and 
6 that when the molecules are excited in a cell at relatively 
high gas pressures the cross section for IR multiphoton ab- 
sorption by (CF,),CBr depends differently on the energy 
density than in a molecular beam. To ascertain the causes of 
this difference and to understand better the manner in which 
the molecule acquires energy from the laser-pulse IR field 
under different conditions, we have investigated in detail IR 
mulitphoton absorption by (CF,),CBr in a cell at various 
gas pressures in the range 0.05-1 Torr, and also in a molecu- 
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lar beam. The absorbed energy and the cross section a for 
nonlinear absorption were found to depend strongly on the 
gas pressures at high levels (E k D) of vibrational excitation. 
A steep decrease of a with increase of the pump energy den- 
sity (at @ 2 0.5-1 J/cm2) was observed under conditions of 
collisionless excitation of the molelcules (low pressures, mo- 
lecular beam), but no such decrease of a occurs in the colli- 
sion regime. The influence of a buffer gas ( Ar) on the a ( @ )  
dependence in the region of the abrupt drop is investigated. 
Addition of Ar ( k 20 Torr ) prevents a from decreasing. The 
use of the method of two-frequency excitation of (CF,) ,CBr 
in a molecular beam shows that the abrupt drop of a ( @ )  is 
not due to dissociation of the molecules during the time of 
the exciting pulse. 

2. EXPERIMENTAL SETUP AND PROCEDURE 

The experimental setup, comprising a pulsed molecular 
beam and a frequency-tunable atmospheric-pressure trans- 
verse-discharge CO, laser (of the TEA type), as well as the 
method used to measure the absorbed energy in the molecu- 
lar beam, are described in detail in Refs. 6, 9, and 10. We 
describe here only briefly only the data pertaining to our 
experiment. 

A molecular (CF,),CBr beam mixed with Ar and He, 
in a respective ratio 1 :1 :10 (total pressure in the nozzle 2.5 
atm) was excited at a distance 6 cm from the nozzle by a 
C0,-laser pulse (peak 100 ns at half-maximum, with a tail 
0.6ps long containing z 50% of the energy; total energy in 
pulse up to 3 J ) .  In a number of cases the molecules were 
excited by a pulse that was shortened (by optical breakdown 
in air or by using a nitrogen-free mixture). The laser emis- 
sion propagated perpendicular to the molecular-beam axis. 
The laser frequency was tuned to lines coinciding with the 
Y,, (963 cm-I) or v6 (934 cm-') vibration1' of the mole- 
cule (see Fig. 1 ). The laser beam was gently focused with an 
NaCl long-focus lens (f= 1 m) onto the region of the inter- 
section with the molecular beam. The dimensions of the spot 
in the interaction region were 7 x 6  mm. The energy ab- 

FIG. 1. Linear absorption by (CF,),CBr in the CO, lasing region. The 
arrows show the frequencies (laser lines) at which the molecules were 
excited. 

sorbed by the beam molecules from the laser-pulse field was 
measured. The detector was a high-speed (2-5 ps )  pyroelec- 
tric receiver with a 4 X 4 mm active element, which could be 
displaced along the beam axis. The signal from the detector 
was fed through an amplifier to an S8-12 oscilloscope. 

Since the vibrationally excited molecules decay at a rate 
k ( ~ )  and consequently the beam-molecule energies depend 
on the travel time t ,  (or on the distancex from the excitation 
region; to the receiver, t ,  = x/v, where v is the molecule ve- 
locity) ,6 it was necessary to measure the molecule energies at 
various distances from the excitation region (1.4 
cm(x( 1 1.7 cm), to be able to determine the Ea (@) depen- 
dence (Ea is the absorbed energy) in the excitation region 
from the character of the variation of the molecule energy 
with d i~ t ance .~  Note that in the experiments with a molecu- 
lar beam the absorbed energy was measured in relative units. 

Multiphoton absorption by (CF,),CBr in a cell was 
investigated by direct calorimetry of the absorbed energy. 
We measured the incident energy of the exciting laser pulse 
and that passed by a cell with (CF,),CBr (and also by an 
empty cell). The cells used in the experiments were 1 and 0.3 
m long (with inside diameter 3.4 cm). The laser beam was 
passed through a diaphragm to obtain a spot with approxi- 
mately equal density over the beam cross section, and was 
focused into the cell with a long-focus lens (f= 1 m).The 
laser-beam cross section averaged over the cell length was 
~ 0 . 3 5  cm2. In most experiments, the absorbed energy did 
not exceed 10-12% of the incident, so that no correction was 
introduced for the energy-density variation (due to absorp- 
tion) along the cell axis. 

The absorbed energy was defined as Ea = E,,, - E,, 
where E,,, and E, are the laser-pulse energies incident and 
transmitted through the cell. The absorbed energy is ex- 
pressed in photons absorbed on the average per molecule: 

where (n) is the average number of absorbed photons per 
molecule, fiw the laser-emission photon energy, N the mole- 
cule density in the cell, and V the gas volume illuminated by 
the laser emission. 

The cross section for linear absorption was defined as 

where T = E, /Ei,, is the gas transmission and I is the length 
of the absorbing layer. When (CF,),CBr was excited in a 
molecular beam we could not determine a from Eq. (2).  
Since, however, only an insignificant fraction of the incident 
energy was absorbed in this case, it could be assumed with 
good accuracy10 that the cross section for multiphoton ab- 
sorption is equal to Ea/@. We have therefore put a = Ea /@. 

3. RESULTS 

The (CF,),CBr molecule has in the emission region of 
the CO, laser two absorption bands, v, at 934 cm-' and v2, 
at 963 cm-' (Ref. 11). Their intensities differ by approxi- 
mately a factor of two. Figure 1 shows the cross sections for 
linear absorption of these vibrations, determined from spec- 
tra obtained with an IR-75 interferometer. The arrows show 
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the frequencies of the C02-laser lines [R(8),  P(10) and 
P(32) ] used in most cases to excite the molecules. The lines 
P(10) and R (8 )  coincide with the low- and high-frequency 
wings of the more intense v2, band, and the P( 32) line with 
the maximum of the v, band. 

Figure 2 shows plots of the average number (n) of pho- 
tons absorbed per molecule vs the energy density @ of the 
exciting pulse, for the indicated lines at various (CF,),CBr 
pressures in the range from 0.05 to 0.6 Torr. It can be seen 

FIG. 2. Average number of photons absorbed per molecule vs the energy 
density of the exciting pulse at the frequencies of the lines P(10)-a, 
P(32)-b and R(8)--c at (CF,),CBr pressures in the cell 0.05 ( A  ); 0.1 
(0) ;  0.15 (HI; 0.2 (0); 0.4 ( A )  and 0.6 (0) Torr. 

that at @ < 0.7-0.8 J/cm2 the value of (n) for the P( 10) and 
P(32) lines increases with energy density like @'.' in the 
investigated range. For the R(8)  line, (n) is approximately 
proportional to in the region @ < 0.3-0.4 J/cm2. Thus, 
the (n) (@) dependences do not deviate greatly from linear- 
ity in the indicated range. Below the energy densities indicat- 
ed above, (n) is independent, at the measurement accuracy 
( =: 5%),  of the gas pressurep in the range from 0.05 to 0.6 
Torr. 

The main result of the data of Fig. 2 is that at energy 
densities @ 20.5-0.8, J/cm2 the growth of (n) decreases 
steeply as a function of @( (n) becomes practically satu- 
rated) at low gas pressures (pz0.05-0.1 Torr), whereas at 
p 2 0.4-0.6 Torr the value of (n) continues to increase with 
energy density, just as at smaller @. At the latter energy 
densities (n) 2 2 0  for the lines P(10) and P(32) and 
(n) 2 16 for R(8)  The vibrational energy possessed by the 
molecules at room temperature 

where fi,, are the oscillation frequencies'' and s = 36 is the 
number of vibrational degrees of freedom of the molecule, is 
approximately equal to five C0,-laser emission photons. 
Consequently, at the considered values of @, even if all the 
molecules in the irradiated volume interact with the laser 
pulse, their internal energy exceeds the dissociation energy 
( 0 ~ 2 4  000 cm- ', Ref. 2)  or is comparable with it. 

We shall use the designation "saturation energy @, " for 
the energy density at which saturation of (n) (@) sets in. It 
follows thus from Fig. 2 that (n) is independent of the gas 
pressure at @ < @, and a strong dependence of (n) on p is 
observed at @ > @, . For example, at @ = 3 J/crn2 we have 
for the P(10) line (n) ~ 2 1  a tp  = 0.05 Torr and (n) 2 40 at 
p = 0.6 Torr. Note that at 0.4 and 0.6 Torr (n) reaches val- 
ues 2 60 when the energy is increased to 4-5 J/cm2, i.e., the 
energy absorbed in this case exceeds substantially the disso- 
ciation energy. The character of the energy acquisition ob- 
served by us at pressures p 2 0.4 Torr agrees well with the 
(n) (a) dependence obtained in Ref. 2 at a (CF,),CBr pres- 
sure p = 0.6 Torr. Some variation in the absolute value of 
(n) may be due to the fact that in Ref. 2 the molecules were 
excited at another frequency. 

It should be noted that (n) is also strongly deependent 
on the pressure of the buffer gas in the region @ > @, . Figure 
3 shows plots of (n)(@) obtained on excitation of 
(CF,),CBr (0.1 Torr) without a buffer gas as well as mixed 
with argon. The molecules were excited at the P(10)-line 
frequency. Addition of Ar at a pressure k 20 Torr leaves the 
growth rate of (n) (@) unchanged in the @ > @, region. 

Saturation of (n) (a) is observed when (CF,),CBr is 
excited under collision-free conditions (pr, 5 30 ns.Torr, 
where r, is the duration of the exciting laser pulse). This is 
well confirmed by measurements of the energy E, absorbed 
by the molecules in a molecular beam when the excitation 
process is essentially collision-free.9s'0 Figure 4 shows plots 
ofE, (@) for the lines P( 10) and R (8) ,  obtained by exciting 
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FIG. 3. Average number of photons absorbed per molecule vs the energy 
density of the incident radiation at the frequency of the P (  10) line in the 
case of excitation of (CF,),CBr (0.1 Torr) with a buffer gas (Ar).  Buffer 
gas pressure: 0 (0) ;  6.6 ( A )  and 86 (0) Torr. 

(CF,) ,CBr in a molecular beam. It can be seen that at @ 2 1 
J/cm2 the slope of the E, (@) plot decreases sharply and E, 
is practically saturated. A similar variation of the plots of 
( n )  (a) [or E, (a)] was observed by us for (CF,),CBr ex- 
cited in a cell and in a molecular beam also at other frequen- 
cies equal to the absorption-band centers as well as to their 
wings. 

This behavior of the (n)  (@) dependences means that if 
(CF,),CBr is excited under collision-free conditions the 
cross section a for nonlinear absorption begins to decrease 
sharply when the energy density is increased in the region 
@ > @, , whereas in collisional excitation the value of a does 
not change greatly in the region indicated. Figures 5 and 6 
show plots of a(@) obtained from the data of Figs. 2 and 4 
for (CF, ),CBr excited respectively in a cell and in a molecu- 
lar beam. It can be seen from Figs. 5a, 5b, and 6 that at 

- 
- 
- 
- 

I I l l !  I 1 , ~~~~l I j I I /  
0. 1 1 

E,, rel. un 

E 

FIG. 5. Cross sections for nonlienear IR absorption by (CF,),CBr vs the 
energy density of the exciting pulse at the frequencies of the lines P (  10) 
( a ) ,  P(32) (b),  and R(8 )  ( c )  at various (CF,),CBr pressures. The nota- 
tion is the same as in Fig. 2. 

FIG. 4. Energy absorbed by (CF,),CBr molecules vs the energy density FIG. 6. Cross sections for nonlinear IR absorption vs the energy density at 
of the incident radiation at the frequencies of the lines R(8)  ( 1 ) and the frequencies of the lines R(8)  ( 1) and P(10) (2),  with the (CF,),CBr 
P( 10) (2) with the (CF,),CBr excited in a molecular beam. excited in a molecular beam. 

724 Sov. Phys. JETP 64 (4), October 1986 V. P. Apatin and G. N. Makarov 724 



@ k 0.8-1 J/cm2 the value of u decreases rapidly (approxi- 
mately as @ - I )  with increasing energy density. In the case of 
Fig. 5c, the decrease of cr is somewhat slower. Note that 
when (CF,),CBr is excited in a molecular beam at the fre- 
quency of the P( 10) line the absorption cross section in the 
region @ < 0.8 J/cm2 increases with increasing pump-energy 
density. 

It follows from Fig. 5 that at Qz0 .1  J/cm2 the cross 
section u for multiphoton absorption is 1.5-2 times smaller 
than the cross section uo for linear absorption (see Fig. 1 ). 

4. DISCUSSION OF RESULTS 

The fact that the absorbed energy is independent of 
pressure for (CF,),CBr gas at @ < 0.7-0.8 J/cm2 means ab- 
sence of the rotational "bottleneck" effect12 that limits the 
fraction of molecules involved in interaction in the lower 
transitions. It is probable that the high density of the vibra- 
tional-rotational levels of the IR absorption band of 
(CF,),CBr are homogeneously broadened, so that the emis- 
sion depletes effectively all the rotational sublevels. Absence 
of (or weak) dependence of the absorbed energy on the gas 
pressure was observed earlier in the excitation of other po- 
lyatomic molecules (CF,COCF,, Ref. 13, S,F,,, Ref. 14, 
derived butyl-acetateI5), while in Ref. 16 the energy ab- 
sorbed by excited SF,NF2 (0.1 Torr) was independent also 
of the exciting-pulse intensity when the latter was changed 
by a factor of 100. The absence of a rotational "bottleneck" 
that limits the fraction of the excited molecules is an interest- 
ing feature of large polyatomic molecules. 

Large molecules are also characterized by nearly linear 
(n) (Q)  dependences." The reason is that they have a high 
density of vibrational levels (a low vibrational-quasicontin- 
uum limit), and absorption in a quasicontinuum is close to 
linear. Analysis of the dependence of the absorption cross 
section on the laser-pulse energy densities in the aforemen- 
tioned  molecule^'^-'^ shows that u remains practically con- 
stant up to energies =: lo-' J/cm2, SO that the absorption is 
close to linear. In the case of (CF,),CBr the cross section for 
multiphoton absorption also decreases slowly with increas- 
ing Q, as indicated by the fact that u at Q = 0.1 J/cm2 is only 
1.5-2 times smaller than the cross section for linear absorp- 
tion. The increase of a (steep Ea (@)  plot for molecules ex- 
cited in a P (  10) beam) in the 0.1-0.6 J/m2 region is prob- 
ably due to the red shift of their absorption band with 
increase of vibrational energy. It is also possible that direct 
multiphoton transitions appear at the given frequency in the 
case of cooled molecules. lo 

The decrease of a with further increase of the energy 
density is due mainly to two effects'4916: 1)  dissociation of 
the molecules and 2) red shift of the multiphoton-absorption 
spectrum of the vibrationally excited molecules as a result of 
anharmonicity. It was shown in Ref. 16, by measurement of 
the dissociation yield P(@),  that the main cause of the de- 
crease of a is molecule decay. It must be noted, however, that 
in none of the foregoing references was the dissociation pro- 
cess investigated as a function of time. But since vibrational- 
ly excited large polyatomic molecules (in contrast to small 
or medium ones) have small monomolecular-decay rate 

constants k ( ~ ) ,  it is impossible, in the general case, to state 
on the basis of measurements of the dissociation yieldP(@), 
without time resolution, that the molecules dissociated with- 
in the duration of the exciting pulse. 

At relatively high gas pressures, molecules probably do 
dissociate also during the pump pulse. Thus, for example, in 
Ref. 18, on excitation of (CF3),C1 (0.3 Torr) mixed with 0, 
( 1.8 Torr), as well as in ( 2 )  on excitation of (CF,),CBr (0.6 
Torr), a subsequent dissociation (by the laser pulse) was 
observed of the fragments (CF3),C0 produced in the decay 
of the molecules. The absorption of k 60 C0,-laser photons 
by (CF,),CBr molecules at Q 24-5 J/cm2 in the present 
experiments is apparently also due to the fact that at high 
pressures molecules can decay rapidly and take part in the 
absorption of the dissociation fragments. In this case, how- 
ever, the molecule excitation and dissociation is due not to 
radiation alone but more readily to combined radiation and 
collision. 

The steep decrease of a at @ k 0.5-0.8 J/cm2, observed 
by us under collision-free conditions, is not connected with 
molecule dissociation during the exciting pulse. As for the 
results of using a molecular beam, we have already shown in 
Ref. 6 that the lifetime of (CF,),CBr molecules vibrational- 
ly overexcited in a molecular beam at the frequency of the 
lOP(10) line and at @ 5 3 J/cm2 is Z s, i.e., there is 
practically no molecule dissociation during the pump-pulse 
time. For excitation at the frequency of the 10R (8)  line at 
the same energy densities, the lifetimes of the vibrationally 
excited molecules is even longer. 

Since, however, we were unable in Ref. 6 to measure 
decay times shorter than 2. s, we performed in the pres- 
ent study the following experiment. We measured the energy 
absorbed by the (CF, ),CBr molecules in a molecular beam 
in the case of two-frequency excitation. The purpose of these 
experiments was to show that the decrease of u [the satura- 
tion of ( n )  (@) ] at Q 2 1 J/cm2 is not connected with mole- 
cule dissociation during the exciting pulse. With (n) (@) 
saturated, the molecules in the beam were excited by a pulse 
from another laser, delayed by 1 + 0.05 ps, with an energy 
density @, and with a frequency detuned from the frequency 
of the first laser by 15-20 cm-' towards the red. If the de- 
crease of a is due to dissociation of the molecules, by the 
instant of the second pulse their density decreases steeply, 
and the energy absorbed from the second pulse is therefore 
small. (Note, however, that at certain frequencies Ea can be 
increased by fragment absorption.) If, however, the mole- 
cules do not dissociate during the time of the pulse, they 
absorb energy from the second pulse, since the absorption 
spectrum of the excited molecules is shifted towards the red 
by the anharmonicity. 

Figure 7 shows plots of E, (@) obtained by exciting 
(CF,),CBr in a molecular beam a two frequencies 
[h = 966.3 cm-', line R (6) ,  and tiw = 952.9 cm-', line 
P(  10) ] under conditions when saturation of (n) (@) was 
observed for the first field. It can be seen from Fig. 7 that 
action of the second pulse increases substantially the ab- 
sorbed energy E, . Simultaneously, an appreciable increase is 
observed in the monomolecular-decay rate constant k ( ~ )  
measured by the method described in Ref. 6. A similar result 
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FIG. 7. Dependence of the absorbed energy on the energy density of the 
incident radiation at the frequency &, on excitation of (CF,),CBr in a 
molecular beam by two-frequency radiation [ h 1  = 966.3 cm-', line 
R (6)  and frw, = 952.9 cm-I), line P( 10) 1. The energy density at the +kv, 
field frequency is @,  = 2 J/cm2. The dashed line shows the level of the 
energy absorbed from the first field. 

was observed by us on excitation of the molecules at other 
frequencies h, and h,. 

To cast light on the question of molecule decay during 
the pump pulse, (CF,),CBr was also excited in a molecular 
beam by pulses of varying intensity (duration), differing by 
a factor 3-4 at equal energy. If the molecules decay during 
the pump pulse, the molecule excitation rate is 
W = a15 k ( ~ ) ,  where I is the radiation intensity. By in- 
creasing the intensity it is possible to change this ratio and 
arrive at the condition W2 k ( ~ ) .  In this case more energy 
should be absorbed, since the molecule can be excited to 
higher levels. No differences in the absorbed energy was ob- 
served in these experiments, in the region up to 9 =: 3 J/cm2, 
when pulses of different duration were used. 

The foregoing results show that at the indicated energy 
densities the (CF,),CBr molecules do not decay in the mo- 
lecular beam during the exciting pulse. 

We proceed now to discuss the results with room tem- 
perature in the cell. Note that the weak dependence of the 
absorbed energy on the pressure of the buffer gas (He, Xe) at 
low energy densities, and the considerably stronger depen- 
dence at high densities, was observed for S2F,, in Ref. 19. 
This was attributed by the authors to the fact that addition of 
a buffer at high energy densities leads to collisional deactiva- 
tion of the excited molecules and to a decrease of the disso- 
ciation yield, and consequently enables the molecules to ab- 
sorb more energy. (Note that these dependences were 
differently explained in Ref. 20 on the basis of allowance of 
the relaxation processes that occur during the succeeding 
stages of excitation.) An appreciable enhancement of (n), 
attributed to molecule deactivation, was observed in Ref. 2 
when (CF,),CBr was excited at 9 2 3 J/cm2 with I,( =: 12 
Torr) added. Of course, collisional deactivation of mole- 
cules increases the absorption and must be taken into ac- 
count. 

Whether or not the abrupt decrease of a on excitation of 
(CF, ) ,CBr under noncollision conditions is due to molecule 
dissociation during the exciting pulse can probably be veri- 
fied, as described above, with the aid of two-frequency ex- 

periments. However, the very fact that the absorbed energy 
depends strongly on the gas pressure at 9 > 9, and that this 
dependence has a threshold (with respect to a) indicates, in 
our opinion, that the saturation of (n) (9) (the decrease of 
a) is unrelated to molecule dissociation. Were this not so, 
the increase of (n) with increase of gas pressure could be 
attributed, just as in Ref. 19, only to collisional deactivation 
of the molecules under conditions when they dissociate ef- 
fectively. It is difficult, however, to explain our results by 
using this model. It can be seen from Fig. 2, for example, that 
at 0.05 and 0.1 Torr the values of (n) at 1 and 3 J/cm2 differ 
insignificantly. This means that the number of excited mole- 
cules and also the average level of their vibrational excitation 
are approximately the same." It follows hence that the mon- 
omolecular rate constant k ( ~ )  also increases slowly in the 
indicated range, and the lifetimes of the excited molecules at 
1 and 3 J/cm2 do not differ greatly. (This is precisely the 
result observed by us in Ref. 6.) The rates of collisional deac- 
tivation of the excited molecules should therefore also differ 
little at the indicated energy densities. It can be seen from the 
same figure, on the other hand, that whereas at = 1 J/cm2 
the value of (n) increases insignificantly when the 
(CF,),CBr pressure is increased from 0.1 to 0.6 Torr, at 
9 = 3 J/cm2 (n) increases by 2-2.5 times. This result is dif- 
ficult to understand in the framework of collisional deactiva- 
tion. It must furthermore be noted that in these experiments 
we observed an increase of (n) with increase of the pressure 
of the (CF,) ,CBr gas itself, and not only when a buffer was 
added. 

We consider now the possible causes of the abrupt de- 
crease of a( 9) when the molecules are excited under colli- 
sionless conditions and the absence of such a decrease when 
collisions are present. Naturally, the decrease of a(@) is due 
to the anharmonicity of the molecule vibrations. It must be 
noted here, too, that anharmonicity of the vibrations mani- 
fests itself differently in the manner in which energy is accu- 
mulated in the presence and absence of collisions. We con- 
sider therefore the molecule excitation in these two cases 
(see also Ref. 22). 

In the presence of collisions it is possible, for example, 
to offset by rotational relaxation a rather large frequency 
detuning (or anharmonicity of the vibrations), comparable 
with the width Ay,, of the vibrational absorption band." In 
the absence of collisions, however, the frequency detuning 
that can be offset is much smaller, comparable with the 
width AT of the homogeneously broadened absorption line 
(or with the field broadening AyR = pE /&, where p is the 
dipole moment of the transition and E is the laser pulse in- 
tensity, if AyR > AT). Therefore if AT < Av,, and 
AvR < Avvib, the molecules excited in the absence of colli- 
sions become nonresonant with the field at lower excitation 
energy densities and undergo a smaller number of successive 
transitions than in the presence of collisions. 

However, as already mentioned, in the case of the 
(CF,),CBr molecules the vibrational relaxation, at least at 
9 < 9 , ,  does not influence the energy-accumulation pro- 
cess. It is possible that rotational relaxation assumes a role at 
high levels of vibrational excitation. This can occur, for ex- 
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ample, if the molecules are excited to the higher transitions 
predominantly via states that are not highly populated, and 
longer times are needed for the rotational relaxation." 

We regard as more probable in this case the role of vi- 
brational-vibrational V- V relaxation. Collisional V- V ex- 
change leads to excitation and deexcitation of the molecules, 
to a change of their quantum states, and to transfer of the 
excitation to other modes. Whereas in the absence of colli- 
sions the vibrational distribution function f(svib ) of the ex- 
cited molecules is narrow compared with the Boltzmann dis- 
tribution function, collisional V- V exchange leads to a 
broadening of the distribution f(sVib ). The molecules that 
land in the low-energy wing of the Boltzmann distribution 
are then "additionally" excited by the laser radiation, so that 
the energy absorbed is increased. It must be noted, however, 
that if the laser pulse produces an ensemble of only "hot" 
molecules and there are no "cold" molecules presentz3 (and 
this probably is indeed the case when (n) (@)  is saturated, 
see also Refs. 6 and 7),  a change to a Boltzmann distribution 
will not increase substantially the absorbed energy as com- 
pared with the case of collisionless excitation. In fact, as 
soon as the low-energy molecules become excited to a higher 
level, they cease to be resonant with the field and saturation 
of (n) (@) sets in. The maximum increment of the absorbed 
energy does not exceed in this case the energy corresponding 
to the half-width S,,, of Boltzmann distribution function 
f ( ~ , ~ ~  ). Let us estimate this value, using the known vibra- 
tional distribution  function^.^^^^^ In the case of molecules 
with a large numbers of vibrational degrees of freedom we 
have8 = Zvih /s1I2, where.Fvib is the average vibrational ener- 
gy of the molecule. At E,, =:25 000 cm-' we have 6=:4200 
cm- '. The increase of (n) can thus amount to only 2-3 pho- 
tons. 

It appears that not all the vibrational states interact 
equally effectively with the laser-emission field when the 
(CF,),CBr molecules are excited. Vibrational-vibrational 
relaxation between nearby states plays then a role similar to 
that of rotational relaxation. Collisional exchange causes the 
molecules that went off-resonance in the upper transition to 
change state and again enter into resonance with the radi- 
ation, becoming excited to higher levels. The increased ab- 
sorption of (CF,),CBr following addition of Ar can be attri- 
buted to acceleration of the V-V exchange processes in the 
presence of the buffer gas. 

It follows from the present results and the data of Ref. 6 
that when (CF,) ,CBr molecules are excited under collision- 
less conditions, when (n) (@) is saturated, the vibrational 
distribution function f(eVih ) is narrow (the molecules are 
almost monoenergetically excited). This is probably why we 
have observed in Ref. 6 a nearly exponential decay of the 
overexcited molecules with time. 

5. CONCLUSION 

Let us summarize our main results and some of the en- 
suing conclusions. 

1 )  Nonlinear IR absorption of the large polyatomic 
molecule (CF,),CBr was investigated in the field of a high- 
power CO, laser pulse, in the presence and absence of colli- 

sions, at vibrational-excitation levels exceeding the dissocia- 
tion energy. 

2) An abrupt decrease of the cross section (T(+) for 
nonlinear absorption was observed under conditions of colli- 
sionless excitation of the molecules (low pressures, 
prp,, 5 30 ns.Torr, molecular beam) in the region @ 2 0.5-1 
J/cm2. It was shown, using two-frequency excitation of the 
(CF3) ,CBr in a molecular beam, that the rapid decrease of 
o(@) in the indicated range is not due to dissociation of the 
molecules during exciting pulse. 

The absorbed energy (and the cross section a for non- 
linear absorption) was found strongly at @ 2 0.5-0.8 J/cm2 
on the pressures of (CF, ),CBr and of the buffer gas (Ar).  
When (CF,) ,CBr is excited in the presence of collisions 
(pr,,, k 300 ns-Torr) at @ 2 3 J/cm2, the number of pho- 
tons absorbed per molecule reaches (n) 2 45, i.e., the energy 
absorbed is approximately double the molecule-dissociation 
energy. 

4) Analysis of the results shows that the steep decrease 
of a(@) when the molecules are excited in the absence of 
collisions is due to anharmoncity of the molecule vibrations. 
Anharmonicity causes the molecules on the higher transi- 
tions to depart from resonance with the exciting radiation. 
The frequency detuning Av, which can be offset when mole- 
cules are excited in the absence of collisions, is comparable 
with the width AT of the homogeneously broadened absorp- 
tion line or with the dynamic field broadening if the latter is 
larger ( A v z  Ar ,  AvR ) .  

When the pressures of the (CF,) ,CBr and of the buffer 
gas are increased, collisions alter the vibrational-rotational 
states (distribution) of the molecules, so that the molecules 
that went off-resonance again become resonant with the ra- 
diation and are excited to higher levels. It is possible in this 
case to compensate for an appreciably larger frequency de- 
tuning, comparable with the width of the vibrational band. 
As a result, the molecules can undergo a larger number of 
vibrational transitions than in the absence of collisions. 

5) To obtain (CF,),CBr molecules that are strongly 
overexcited above the dissociation limit in the absence of 
collisions, it is more effective to use two-frequency (multi- 
frequency) IR excitation, with the frequency of the second 
field liw, shifted towards the red side of the linear-absorption 
band. 

6) Under conditions when (n) ( @ )  is saturated, high 
concentrations of long-lived molecules (CF,),CBr* vibra- 
tionally overexcited above the dissociation limit can be ob- 
tained for experimental purposes. Interest attaches, in parti- 
cular, to obtaining the IR absorption spectra of the 
overexcited molecules. 

7) When (CF,),CBr molecules are produced in the ab- 
sence of collisions and with (n) (@) saturated, the resultant 
vibrational distribution is narrow (the molecule excitation is 
almost monoenergetic). By suitable choice of the pump fre- 
quency (see Figs. 2a, 2b and 2c), or by using two-frequency 
excitation, it is possible to vary the vibrational energy of such 
molecules. This is of great interest for chemical kinetics, and 
in particular for the measurement of the rate constants of the 
decay of monoenergetically excited molecules. It seems pos- 
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sible to observe also quite narrow IR absorption spectra of 
vibrationally overexcited molecules. 
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