
so that, when Yo - 0 and (3 = 0, we have the result given 
inU2 ]. 

Assuming that q« 1, 6< 1, we find from (11) that 

W=Wo+W" 

B H 
WI ="7""-H q'(Hv6)'. 

;, 0 

For fields H -10000 G and Yo - O. 01, we have Wo -10.11 

sec·1, W1 -10.5 sec·1 • Thus, the presence of a plane 
wave reduces the electron spin-flip time by five or six 
orders of magnitude, but this time remains very long 
(-105 sec) so that the n = 1, !; = - Eg state remains stable 
against transition to the n =0 state. 

In the other limiting case, when 1 - q2 « 1, we find 
from (11) that, when 6< 1, 

n 3513 (19213 --) W=B---(1-q')-'" 1 +--v6Y1-q' 
Ho 72 175 ' 

i. e., the n = 1, !; = - eg state is no longer stable in the 
presence of a strong wave. 

Thus, when the wave is present, there is a range of 
levels /1n-6·1 (0<1) for t>TC1 which is filled with elec
trons but, if the electron spin is antiparallel to the field, 
the lowest level is n =0; when the electron spin is par
allel to the field, the lowest level is n = 1. 
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An experimental study is reported of the selective multiphoton dissociation of SF6 in a strong infrared 
laser field. The frequency characteristics of the rate of dissociation and of the enrichment coefficient, the 
threshold charcteristics of the dissociation process, the quantum yield, and the effect of collisions on the 
rate and selectivity of SF6 dissoci!ltion have all been determined. The mechanism of selective dissociation of 
the SF 6 molecule by a strong infrared laser field is discussed. A new method is proposed for tite sele,etive 
dissociation of molecules by a two-frequency infrared laser field. . 

PACS numbers: 82.50.Et, 42.60.Qm 

1. INTRODUCTION 

The phenomenon of isotopically selective dissociation 
of polyatomic molecules by strong CO2 laser pulses has 
recently been discovered (BC~, [l] SFa, [2] OS04' [3l etc.). 
This discovery was preceded by studies of the visible 
and ultraviolet luminescence of molecular gases (C2 F3Cl, 
SiF4, BC~, etc.) under the action of a focused COa 
laser pulse. [4-6] The desire to understand the nature of 
this emission and to demonstrate that it can appear as a 
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result of the resonance interaction between a strong in
frared field and a molecule, without the necessary par
ticipation of collisions with other molecules, has led to 
systematic studies of luminescence in isotopiC mixtures 
of molecules[l] and to the discovery of the above phe
nomenon. Subsequent experiments have shown that, on 
the one hand, luminescence does not necessarily occur 
during the primary dissociation process but is fre
quently the result of secondary processes (see, for ex
ample, the experiments with trans-dichloroethylene[7]) 
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and, on the other hand, the participation of collisions 
between highly excited molecules after the end of a short 
laser pulse may increase the dissociation yield without 
violating the isotopic selectivity (see, for example, the 
experiments with BClat8]). The entire set of processes 
taking place under the action of a strong infrared laser 
pulse is, therefore, a complicated and interesting phe
nomenon requiring very careful investigation. It has 
attracted considerable attention not only because selec
tive dissociation is of practical importance for the sep
aration of isotopes but also because of many of its non
trivial features (multiphoton excitation of high vibra
tionallevels with energies of 1-2 eV in fields with in
tensities of only 107 wi cm2, t3] isotopically selective 
dissociation produced by influencing weak composite 
vibrations of molecules, t9] difference between the pri
mary infrared photolYSis products and the usual ultra
violet photolysis productst10]) which are difficult to ex
plain within the framework of the existing and relatively 
primitive ideas on the interaction between multilevel 
molecular systems and a quasiresonance field. 

The most complete investigation of isotopically selec
tive dissociation of a polyatomic molecule in a strong 
infrared field was reported in the case of the SFs mole
cule in our previous paper. [11] Direct measurements 
of the variation in the isotopic composition of SFs were 
used to investigate the accumulation of vibrational en
ergy by the molecule in the infrared field of the laser, 
the dependence of the enrichment coefficient on the in
cident radiation power and initial gas pressure, and the 
enrichment kinetics. However, many of the questions 
that are of fundamental importance for the understand
ing of selective multiphoton dissociation of molecules 
in a strong infrared laser field were not considered 
in[11]. They include the resonance and threshold char
acteristics of selective multiphoton dissociation, iso
topiC selectivity in the dissociation products, and in
fluence of particle collisions on the rate and selectivity 
of dissociation. 

In the present paper, we report the results of investi
gations into: 1) the frequency characteristics of the 
rate of dissociation of SFs molecules and the enrich
ment coefficient in dissociation products; 2) the depen
dence of the dissociation rate on the infrared laser in
tensity, i. e., the threshold characteristics of the selec
tive dissociation process in SFs; 3) the dissociation 
quantum yield, i. e., the energy of infrared radiation 
necessary to dissociate one molecule, and 4) the influ
ence of particle collisions on the rate and selectivity of 
dissociation of SFs. 

The experimental results reported here, taken to
gether with the data published intlll, provide a relative
ly complete physical picture of the selective dissocia
tion of SF 6 in a strong resonance infrared laser field. 
This picture is discussed in the present paper. 

2. EXPERIMENTAL SETUP AND METHOD 

The experimental setup was described intU]. We 
used a pulsed CO2 laser with a transverse discharge at 
atmospheric pressure and a dispersive cavity. The 
maximum generated energy was - 3 J for a pulse length 
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of - 90 nsec. The width of the generated spectrum was 
0.035 cm-1. The pulse modulation depth due to mode 
locking with a period of -10 nsec was not more than 
25% of the total pulse amplitude. 

The SF 6 was illuminated in a stainless steel vessel 
(10 mm in diameter and 120 mm long) with KBr win
dows. The laser radiation was focused on the vessel by 
an NaCI lens with a focal length of 10 cm. The CO2 

laser radiation was focused in the vessel whenever the 
incident radiation power was held constant. When the 
dependence of selective dissociation on the incident 
power was measured, this geometry was methodologi
cally incorrect because of effects associated with the 
field inhomogeneity which was difficult to take into ac
count in the calculations. The rate of dissociation as a 
function of the laser power was, therefore, investigated 
in a collimated beam (unless indicated otherwise). The 
laser radiation was collimated by an NaCI lens with a 
focal length of 100 cm. The vessel containing the SF6 

gas was placed in the region before the focus. 

The SFs gas consumption in the vessel after irradia
tion was determined from the infrared absorption spec
trum of SF6 which was measured with the IKS-24 spec
trophotometer before and after irradiation. The iso
topic analysis of the products obtained after irradiation 
was performed on the MI-1309 mass spectrometer. 

The isotopiC selectivity of the dissociation of SF6 

molecules by infrared laser radiation was determined 
not by examining the residual gas, as in our previous 
paper, tll] but by examining one of the products formed 
after dissociation (SOF2). This is a more direct method 
of determining the selectivity, since it yields immedi
ately the initial selectivity of the process which, for a 
small amount of dissociated gas, is independent of the 
consumption of SFs in the vessel due to illumination. [11] 
The determination of the initial selectivity from the 
analysis of isotopiC composition of the residual gas, on 
the other hand, is difficult in practice because of the 
uncertainty in the measured degree of dissociation of 
the gas obtained from infrared absorption, which always 
amounts to a few percent. 

3. RESONANCE CHARACTERISTICS OF THE 
DISSOCIATION PROCESS 

The dependence of the rate of selective dissociatio.1 
of SF 6 molecules on the CO2 laser frequency is shown in 
Fig. 1 (solid curve in the lower part of the figure). The 
rate of dissociation W was obtained from the expression 
NINo =e-Wn , where No and N are the concentrations of 
SF 6 molecules in the vessel before and after irradiation, 
and n is the number of laser pulses. The energy per 
pulse was held constant at 0.8 J for all the laser lines 
used. in this experiment. The measurements were per
formed with SFs pressure in the vessel equal to 0.2 
Torr. It is clear that the maximum dissociation rate 
is shifted relative to the linear absorption band maxi
mum by 7 ± 0.5 cm-1. This is in agreement with the 
shift of the v = 1 level of the 113 vibrational mode due to 
anharmonic effects, t12] so that the maximum dissocia
tion rate is observed when the radiation frequency is in 

Ambartsumyan et al. 232 



w·!d~ tper pulse 

K( s"/ S ,,) K(S"/S" )K(S" IS") 

10 

FIG. 1. Enrichment coefficients (top curve) of the reaction 
product SOF2[A_K(S34/S32), e_K(SS2/S34)] and dissociation 
rates (solid curve, lower figure) for the S32F s molecules as 
functions of the frequency of the exciting laser radiation. 
Broken curve in lower figure shows; for comparison, the 
analogous curve for s34Fs. The SFs pressure was 0.2 Torr. 
The mean intensity in the cell was 30 MW/cm2 (focused beam, 
1= 10 cm). The lower figure also shows the infrared absorp
tion bands associated with the Vs vibration of the S32F sand 
SMFs molecules, taken from[21l. 

resonance with the v = 1- v = 2 transition of the V3 vibra
tion. 

The dependence of the dissociation rate on the laser 
radiation frequency clearly shows that, when SFs gas 
containing a mixture of isotopes (SS2FS and SS·Fs) is ir
radiated, there is no selectivity, i. e., K(SS2/SS4) = 1, at 
the radiation frequency at which the rates of dissocia
tion of the two isotopes are equal. To verify this, we 
recorded the frequency dependence of the enrichment 
coefficient K(ff'2/SS4 ) for the dissociation products. As 
noted in[lll, one of the dissociation products is SOF2. 
The upper curve in Fig. 1 shows the results of these 
measurements. It is clear that, at high frequencies, 
when the dissociation rate of SS2FS is much greater than 
SS4Fs, the enrichment coefficient is a constant but, as 
the laser frequency approaches the center of the SS4F6 
absorption band, the rate falls to unity, indicating the 
absence of isotopic enrichment when the mixture of iso
topes is illuminated at the frequency - 930 cm-I • Fur
ther reduction in the frequency of the laser radiation 
was found to be accompanied by an increase in the en
richment of the mixture with the SS4 isotope. 

W 'IO~ per pulse 

3.0 

1.0 

FIG. 2. Effect of buffer gas (Ar) on the frequency dependence 
of the dissociation rate of the SFs molecules. Initial pressure 
of SFs in a cell-O. 2 Torr, Ar pressure; 0-0 Torr, .01.-2 
Torr, 0-20 Torr. 
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FIG. 3. Enrichment coefficient K(S32/s34) of the dissociation 
product SOF2 as a function of the initial SFs pressure. The la
ser P(16) line was generated at 947.7 em-I, and the average 
intensity in the cell was 90 MW/cm2 (focused beam, 1=10 cm) .• 

If we suppose that the shape of the frequency depen
dence of the dissociation rate of SS4F6 (dashed curve in 
the lower part of Fig. 1) is precisely the same as the 
analogous result for SS2F6, and there is merely an over
all shift by an amount equal to the isotopiC shift, then 
the point of intersection of these curves (normalized to 
unity) corresponds to the frequency at which there 
should be no enrichment. In reality, the laser radiation 
frequency at which enrichment is absent is shifted by 1 
cm-I toward higher frequencies relative to the point of 
intersection of the resonance characteristics of the dis
sociation rates. 

We have also investigated the change in the frequency 
dependence W(v) of the dissociation rate of SF6 under 
the influence of buffer gases. These results are shown 
in Fig. 2. The buffer gas was argon. It is clear from 
Fig. 2 that the shape of the frequency dependence of the 
dissociation rate shifts toward lower frequencies when 
the partial pr.essure of argon is increased and the SFs 
pressure is held constant, and there is a simultaneous 
reduction in the absolute value of the dissociation rate. 
It is important to note that, at both ends of the W(v) 
curve, the absolute value of the dissociation rate under
goes practically no change. When the argon pressure 
is 20 Torr, the resonance curve for the dissociation 
rate of SF 6 is flat at the center and looks like the result 
of the superposition of a resonance curve with the same 
frequency at maximum on a narrower resonance curve 
with the same amplitude but shifted toward lower fre
quencies by about 10 cm-I • 

Reduction in the SFs pressure down to 0.06 Torr did 
not lead to a shift of the maximum dissociation rate. 

4. SELECTIVITY OF DISSOCIATION PROCESS 

The limiting value of the enrichment coefficient of 
the dissociation products (see Fig. 1) in the absence of 
loss of selectivity in reactions involving primary dis
sociation products is measured by the ratio of the dis
sociation rates at a given laser frequency for molecules 
of different isotopiC composition. In reality, there may 
be different channels for the loss of selectivity, which 
may lead to a reduction in the limiting value of the en
richment coefficient. 

Figure 3 shows the enrichment coefficient K(ssz/SS4) 
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FIG. 4. Dissociation rate of SFs molecules as a function of la
ser intensity. The irradiation was carried out in the va ab
sorption band at 947.7 cm-1 [o-.P(16) linel, 951.2 cm-1 [6-

P(12) linel, and at the composite vibration 1'2+I'S at 984.4 cm-1 

[R(34)l. Measurements at the main frequency va were per
formed in an unfocused beam, whereas those at the composite 
frequency were carried out in a focused beam. SFs pressure 
0.2 Torr. The ratio of the logarithmic scales along the ab
scissa and ordinate axes is 3: 1. 

for SOFz as a function of SFe pressure in the vessel. It 
is clear that, in this particular interval of pressures, 
the enrichment coefficient decreases exponentially with 
increasing SFe pressure, and the maximum enrichment 
coefficient in the reaction products at the lowest SFe 
pressure (0.05 Torr) is only 12. The ratio of dissocia
tion rates for different isotopic molecules, W(sa2 Fe)/ 
W(sa'Fe), at the given frequency is - 200, which is much 
greater than the measured value. The loss of selec
tivity may be due to several reasons, including vibra
tional-vibrational exchange between molecules of dif
ferent isotopiC composition during the presence of the 
pump pulse, isotopically nonselective excitation of 
molecules up to the dissociation limit due to post-pulse 
V - V eXChange, and nonselective reactions between radi
cals and molecules that are either unexcited or excited 
by V-V exchange. Let us briefly consider these three 
sources of loss of selectivity. 

1) It is clear from Fig. 3 that the enrichment coeffi
cient of the reaction products falls by a factor of e when 
the pressure is reduced by 0.55 Torr. It follows from 
this that the sazFs molecule succeeds in exchanging vi
brational energy with the sa'Fe molecule during the 
pulse (total pulse length is 180 nsec at the base). As a 
result of this rapid exchange, the S3'Fe molecule which 
has received energy as a result of V-V exchange suc
ceeds in interacting with the radiation field and disso
ciates. We note that V-V exchange occurs despite the 
fact that the mixture contains only about 4.2% of sa'F6 
and that only a small fraction of the sazF6 particles in
teracts with the radiation field. This shows that the 
cross section for V-V exchange in the case of mole
cules in a highly excited vibrational state should be 
much greater than for molecules with v = 1, for which 
the time between gas-kinetic collisions at a pressure of 
0.5 Torr is about 160 nsec. 

2) The second channel for loss of selectivity begins 
to operate after the end of the laser pulse, and the rate 
of loss of selectivity is determined by the ratio of the 
probabilities of vibrational-vibrational and vibrational
translational exchange. If the rate of V-V exchange at 
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a given SFa pressure is independent of the buffer-gas 
pressure, the rate of V-T relaxation can be substan
tially increased by adding the necessary buffer gas. We 
chose the ammonia molecule for this purpose. It ac
celerates the effective time of V-T relaxation in SFe 
and has an exceedingly short relaxation time (7"V_T 

= 1. 4 J.l.sec· Torr-l [13]) as compared with the relaxation 
time in SFa (7" V-T = 150 J.l.sec· Torr-lCW). The 0-1 
transition of the Vz (NHs) vibration is at resonance (aE 
-15 cm-l ) with Vs (SFe) and, consequently, we have the 
possibility of an efficient transfer of vibrational energy 
from SFe to NH3 and beyond into heat. Under the above 
conditions,the enrichment coefficient of the reaction 
products rose from 8 for pure SFe (at 0.2 Torr) to 12, 
indicating that there was a loss of selectivity after the 
laser pulse and that it might be possible to remove it. 
Unfortunately, the dissociation rate of SFe falls rapidly 
when NH3 is added to the vessel. This is due to the very 
effective V-V eXChange, and it has not been possible to 
achieve a substantial increase in the pressure of the 
added NH3• 1) An analogous effect is produced by adding 
oxygen at a pressure of 20 Torr. 

3) The third channel of loss of selectivity is provided 
by chemical reactions. Here, it is important to note 
that we do not know the complete sequence of radical re
actions leading to the formationZ) of the SOFz and SOzF, 
molecules found among the reaction products. The fact 
that the enrichment is much smaller in SOZF4 than in 
SOFz suggests that a nonselective chemical reaction is 
taking place. It is difficult, at present, to establish the 
fraction of these reactions that is superimposed on the 
mass peaks due to the SOzF4 ion fragments because of 
the presence of a large baCkground. 

We draw attention to the fact that the addition of other 
"acceptor" radicals such as Hz, O:!, and NH3 does not 
influence the composition of the resulting products. 
This leads us to the suggestion that the dissociation of 
SFe involves the formation not of fluorine atoms but, 
more likely, the Fz and SF4 molecules which heteroge- . 
neously react with hydroxyl groups on the vessel walls. 
When a glass vessel is replaced by a stainless steel 
container, this results in the appearance of some new 
products which can be seen in the mass spectrum but 
do not appear in the case of a glass container. These 
new products have not as yet been identified. The fact 
that the dissociation of SFe in the infrared field involves 
the separation of the Fz molecule is not surprising if we 
recall that the molecules absorb more energy than is 
required for dissociation. [lll 

5. DEPENDENCE OF THE DISSOCIATION RATE ON 
LASER INTENSITY AND ON COLLISIONS 

Figure 4 shows the dissociation rate of SFe molecules 
as a function of the laser power at a number of frequen
cies. We emphasize that all the experiments were car
ried out in an unfocused beam, which enabled us to 
avoid the effect of the strong field inhomogeneity pro
duced when the radiation was focused in the vessel. It 
is clear that a well-defined dissociation threshold ap
pears at about 23 MW / cmz . When the power was re
duced by 8%, no appreciable dissociation could be de-
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tected even though the number of laser pulses was sub
stantially increased in order to increase the sensitivity. 
After the threshold, the rate of dissociation increased 
as [s and the threshold remained the same at different 
frequencies [for the P(12) and P(16) lines]. Moreover, 
it was found that the dissociation threshold was the same 
when the composite v2 + v6 vibration was pumped although 
the dissociation rate was then lower by a factor of 10. (9) 

Figure 5 shows the quantum yield of the selective dis
sociation of SF6 by high-intensity infrared radiation as 
a function of the incident intensity. As can be seen, the 
relationship is linear in this range of values. It follows 
that, for a maximum laser power of about 2 x 108 W / cm2 , 

about 125 photons of CO2 laser radiation are necessary 
for the selective dissociation of one SF6 molecule, i.e., 
roughly 12 eV of infrared energy. 

We have also investigated the effect of collisions on 
the rate of dissociation of SFs by infrared laser radia
tion. Figure 6 shows the rate of dissociation as a func
tion of SF6 pressure and the pressure of different buffer 
gases. It is clear that, in this range of pressures, the 
dissociation rate decreases exponentially with increas
ing pressure of both SFa and the buffer gas, i. e., in 
accordance with the formula W= Wo exp(-p/po), where 
Po is the characteristic pressure at which the dissocia
tion rate falls by a factor of e. For the SFa gas (Fig. 
6a), the pressure Po(SF6 ) is 0.55 Torr. The influence 
of buffer gases on the rate of dissociation of SFa mole
cules by high-power infrared radiation is also clear 
from the data listed below: 

Buffer gas: 
Po buff/PO(SF 6): 

Ar 
16.4 

0, 
9.0 

C,H, 
·2.7 

NH3 
0.91 

The fact that the pressures at which the dissociation 
rate and the enrichment coefficient fall by a factor of e 
are equal (see Figs. 3 and 6a) indicates that the main 
reason for the reduction in the dissociation rate with in
creasing pressure is V-V exchange. This is confirmed 
by the effect of buffer gases on the rate of dissociation. 
In actual fact, the C2H4 and NH3 molecules, which have 
vibrational frequencies close to vs(SFa), reduce the dis
sociation rate to a greater extent than, for example, 02' 
The effect of argon on the dissociation rate of SFa in
dicates that strong V -T relaxation will also reduce the 
dissociation probability. 

If 
IO-z 

8 
5 

II 

2 

IO-J 

8 
5 

"10 1 2 " 5 810 z, 2 
lay' MW/cm1 

FIG. 5. Quantum yield in selective multiphoton dissociation 
of SFs as a function of laser intensity (focused beam>. Radia
tion frequency 940,5 cm-! [P(24)lline. 
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FIG. 6. Dissociation rate of SFs molecules as a function of 
their pressure (a) and buffer-gas pressure (b): c-Ar, 0-

02, e-C2H4, .-NHa. Irradiation frequency 947.7 cm-! [P(16) 
line]; intensity 46 MW/cm2 (a) and 25 MW/cm2 (b); SFs pres
sure 0.2 Torr (b). 

6. DISCUSSION OF THE MECHANISM RESPONSIBLE 
FOR SELECTIVE DISSOCIATION 

The experimental results reported inC10,U] and in the 
present paper raise a number of important questions 
which should be answered by the model involving reso
nance multiphoton absorption of infrared radiation by 
the vibrations of a polyatomic molecule. They are: 

1. Why is it that the anharmonic barrier is unimpor
tant even at the relatively moderate power densities of 
about 107 W/cm2 for both strong and very weak molecu
lar vibrations ? 

2. Why can a molecule absorb energy from the in
frared field which is much greater than its dissociation 
energy? 

3. Why is it that several molecular bonds can be 
broken at the same time? 

The following model of the process, briefly men
tioned incsl, was discussed in our previous papers[U.151 
and has recently been reviewed in detail inn6, 17) . This 
model is based on a combination of two phenomena, 
namely, resonance excitation of the first few vibration
allevels, in which anharmonism is overcome by broad
ening in the strong field, and the presence of a con
tinuum of vibrational levels beginning with a certain vi
brational state v,. Suppose that the resonance excita
tion is produced along the sequence of transitions v = 0 
- v = 1- ... - v = V I, so that, when the laser radiation 
frequency v has its optimum value, the detuning due to 
anharmonism will be, respectively, t(v , -l)Avanb, ••. , 
t(v , -l)Avanh • However, when the broadening of the 
transition by the strong field 

(1) 

is of the same order as the maximum shift due to an
harmonism, t(V, -l)Av..,b, the molecular system re
mains in resonance with the field right up to the excita
tion of v,, The radiation intensity necessary to excite 
the level v, by this "brute force" method is given by 

c [t.v.nhh ]' I"" - --(v, I-i) , 
8n: 2j1 

(2) 
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FIG. 7. Vibrational-rotational transitions in the multiphoton 
dissociation of SFs by laser radiation (a); the figure also shows 
the density of vibrational levels as a function of the vibrational 
energy for the SF s molecule (b). 

where p. is the mean matrix element of the dipole mo
ment of the sequence of vibrational transitions v = 0 - v 
=1- •.. -V=V,. For example, for ~vanh/c=6 cm-1 and 
'j:i=0.1 D, the intensity necessary for the excitation of 
the v, =4 level in this model of compensation of anhar
monism by field broadening is I=4x1010 W/cm2. 

The density of vibrational levels increases rapidly 
beyond a certain value of the vibrational energy, so 
that they begin to overlap, forming a near-continuum of 
weak absorption well below the dissociation limit. Fig
ure 7b shows the density P of vibrational levels as a 
function of the vibrational energy of the SF6 molecule, 
calculated from the formulas given in[181. It is clear 
that, at energies of 4liw (liw is the quantum of vibra
tional energy), the level density is 200 per 1 cm-1• The 
coefficient of absorption in the quasicontinuum is in
versely proportional to the increase in the vibrational 
level density, but the infrared radiation is always in 
resonance with the quasicontiriuum. A suffiCiently 
strong infrared field is, therefore, capable of exciting 
a molecule that has passed through the intermediate re
gion of anharmonism with a low denSity of vibrational 
levels and beyond this, right up to the dissociation limit. 
Of course, the separation of multiphoton infrared ab
sorption by a polyatomic molecule into two different 
stages is quite arbitrary since, in the absence of colli
SiOns, the molecule interacts coherently with the field 
during the entire period of time. 

The interaction of infrared radiation with the quasi
continuum in which all the vibrations of the poiyatomic 
molecule partiCipate in absorption can, in principle, 
explain the accumulation of a large amount of energy by 
the molecule. In actual fact, each vibrational mode 
can store up an amount of energy of the order of the en
ergy of dissociation of the molecular bond associated 
with it. The total vibrational energy of all the modes 
can approach the total energy of dissociation of the 
molecule into individual fragments. Consequently, all 
the molecular bonds can, at least in principle, be 
broken simultaneously. The absorption of infrared ra
diation in the quasicontinuum due to transitions between 
highly excited vibrational levels of composite and over
tone vibrations should, therefore, provide at least a 
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general answer to questions 2 and 3 above. 

However, the compensation of anharmonism by broad
ening in a strong field will not provide the answer to 
the first of the above three questions. Firstly, as noted 
above (see Fig. 4), the selective dissociation of the SFs 
molecule will already occur at laser intensities 1= 23 
MW / cm2• At such intensities, the field broadening ~vbr 
amounts to orily 0.4 cm-1 (1l=0.3 D[12,191), which is ob
viously insufficient to compensate the anharmonism 
~vanh = 6 cm-1• Secondly, when the strong infrared ra
diation operates on the weak composite vibrations of 
the SF6 molecule, the selective dissociation process oc
curs for the same threshold intensity (see Fig. 4) al
though for such levels ~vbr« O. 4 cm-1. Thus, the main 
difficulty in explaining the collisionless diSSOCiation of 
molecules in an infrared laser field with intensity of the 
order of 107 W/crrr is the precise method whereby an-' 
harmonism is overcome in the lower vibrational transi
tions. 

A mechanism whereby the effect of anharmonism dur
ing the excitation of SFs molecules by laser radiation 
can be overcome was put forward in[201 and reduces to 
the follOWing triple vibrational-rotational resonance 
(Fig. 7a): 

p(J res) Q(Jres -1) 

(v=O, Ire,)-----..(v=i, l,e.-1)----+(v=2, l,e.-1)-+ 
(3) 

R(/res-i ) 

-(v=3, I,.s) -+ quasicontinuum. 

Let us consider the conditions under which this reso
nance is possible. It is clear from (3) that. "rotational" 
compensation of anharmonism is possible when the 
widths 6vp, 6vR of the P and R branches are greater 
than the shift of the vibrational level due to anharmon
ism: 

(4) 

This condition is satisfied for SF6 (see Table I) and is 
usually valid for polyatomic molecules. Let v be the 
laser radiation frequency so that, for the above three 
transitions, we have the following set of equations: 

v=v,-281 (v=o,J)-+(v=l, 1-1), 
V=V,-/l.nh (v=i, I-i) -+ (v=2, 1-1), 
v=v,-2/l.nh +281 (v=2, 1-1)-+ (v=3, I), 

(5) 

where Vo is the frequency of the vibrational transition 
v = 0 - v = 1, and B is the rotational constant which is 
assumed to be the same for all the vibrational levels 
(the interaction between vibrations and rotations is ne
glected). The equations given by (5) are satisfied when 
2BJres = ~vanh and, consequently, the triple vibrational
rotational resonance defined by (3) can take place. Be
cause of the broadening of the rotational-vibrational 

TABLE I. Parameters of the vibration· 
al-rotational spectrum of SF s in the Vs 
band. [21,221 

6 0.054 0.74 47 
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lines in the infrared laser field, this resonance can oc
cur on a group of rotational sublevels for which 

(6) 

The required broadening of the spectral line by the field 
in the case of the process defined by (3) is relatively 
moderate, i. e. , 

(7) 

(t is the Coriolis interaction constant) and, in the case 
of SFa molecules, amounts to about 0.025 cm-l • 

As a result of the "triple resonance, " molecules with 
quantum number J satisfying (6) are found to occupy the 
v = 3 level. When the vibrational level density P(E) of 
a molecule of energy E = 41iw satisfies the condition 

(8) 

[and this is satisfied by SFa (see Fig. 7b»), the mole
cules can execute direct transitions from the v = 3 state 
to the vibrational "quasicontinuum, " and then reach the 
dissociation limit. 

The above model enables us to interpret the experi
mentally established characteristics of the dissociation 
of the SFa molecule by infrared laser radiation. The 
resonance properties of the dissociation process are 
determined by the rotational-vibrational Q-transitions 
v =l-v =2 with J=Jros' Consequently, the maximum 
dissociation rate will coincide with the Q branch of the 
v = 1 - v = 2 transitions and will be shifted relative to the 
Q branch for the v = 0 - v = 1 transition by the amount 
allanh toward lower frequencies in the case of positive 
anharmonism and toward higher frequencies in the case 
of negative anharmonism. 

The threshold laser intensity for the dissociation pro
cess is not connected with the overcoming of anharmon
ism on the first few vibrational levels. Our measure
ments of laser energy absorbed by the SFa gas as a 
function of incident intensity show that the absorption 
reaches saturation for Is'" 30 kW Icm2 (SFa pressure 0.35 
Torr). The experimentally established threshold in
tensity for the dissociation of SFa (- 23 MW I cm2) is de
termined by the saturation of the quasicontinuum and 
not by the sequence of rotational-vibrational trans i-
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tions given by (3). Let us estimate the absorption cross 
section in the quasicontinuum, O"cont' using the following 
expression for the power necessary to saturate absorp
tion through transitions in the vibrational quasicon
tinuum: 

(9) 

where Tp is the laser pulse length (Tp« T rei-the char
acteristic time for the relaxation of the excitation in the 
region of the quasicontinuum). Substituting P eont =Ptbr, 

we find that O"cont '" 10-20 cm2 • 

The change in the resonance characteristic under the 
influence of collisions with the buffer gas is probably 
connected with the appearance of the competing channel 

P(Jres) Q(Jres -l) 

(1'=1, l,e,)--+(v=2, l res -1)....----..(v=3, l res -1) ..... quasicontinuum 

(10) 
in addition to (3). This new channel appears after the 
redistribution of molecules over the rotational states of 
the first vibrational state, due to the rotational relaxa
tion during the laser pulse, and leads to the appearance 
'of the additional maximum, the position of which coin
cides with the Q transition of the v = 2 - v = 3 vibration. 

We also note that, for the SFa molecule with a rela
tively low quasicontinuum limit (Fig. 7b), the dissocia
tion of a small fraction of molecules occupying the first 
vibrational level (-1% at 300 OK) because of the Boltz
mann distribution is always possible in accordance with 
the scheme v = 1- v = 2 -quasicontinuum, provided the 
separation between the vibrational states is compen
sated in the region of 31iw. 

We note that the rotational compensation of anharmon
ism will not explain the width of the resonance charac
teristic W(II). This is so because this particular model 
is a highly simplified version of the actual process. In 
reality, there can be transitions from high-lying vibra
tionallevels to different composite vibrational states. 
Some of these transitions are shown in Fig. 8. They 
provide additional thermal Q branches in the infrared 
absorption line spectrum of SFs (see Fig. 8), and the 
weaker of them may not appear but provide a consider
able contribution to nonlinear absorption in the strong 
infrared laser field. The process defined by (3) is also 
insufficient to enable us to explain the dissociation of 
polyatomic molecules in a strong infrared laser field 
when t,he limit of the vibrational quasicontinuum of these 
molecules exceeds 41iw. 

However, the above model does provide a good ex
planation of many of the experimental results on SFs 
dissociation, and enables us to put forward a new meth
od for the dissociation of molecules in a two-frequency 
infrared field of a laser. The principle of this method 
is as follows. Selective excitation of molecules by the 
triple rotational-vibrational resonance is produced in a 
sufficiently weak infrared laser field at frequency 111 

which is in precise resonance with the Q branch of the 
1-2 transition, and the subsequent dissociation occurs 
through the quasicontinuum of vibrational levels by a , 
strong infrared laser field at frequency liZ lying outside 
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FIG. 9. Comparison of two-step dissociation (a) and two-fre
quency multiphoton dissociation (b) of molecules by high-power 
infrared laser radiation. 

the absorption band. This two-frequency process is il
lustrated in Fig. 9b. 

The advantage of this method is that the first select
ing stage is produced in the infrared laser field which 
gives rise to only a slight broadening of the absorption 
line [for example, for SFe, (7) yields Allbr =O.025 cm-1] 

and, consequently, does not lead to loss of selectivity 
due to the overlapping of absorption lines in the case of 
molecules of different isotopic composition. Subse
quent dissociation of the selectively excited molecules 
can be produced by a strong infrared laser field [12 
»1i1l2/(JcoDtTp (9)], the frequency of which is sufficiently 
different from the infrared absorption lines of both iso
topic molecules and, consequently, does not produce the 
broadening of the excitation resonance. This method 
may turn out to be very useful, especially for mole
cules with small isotopic shifts in the infrared absorp
tion spectrum. Here, we are essentially dealing with 
the method of selective step-by-step dissociation of 
molecules in the two-frequency laser field in which 
selective excitation is produced by infrared radiation, 
and the dissociation of the selectively excited mole
cules is produced by radiation tuned to resonance with 
the electronic transition (Fig. 9a). [24] The essential 
difference is that, in the case of polyatomic molecules, 
the presence of the vibrational quasicontinuum enables 
us to dissociate selectively-excited molecules by infra
red radiation without the use of electronic transitions. 

l)Effective dissociation of the ammonia molecules has also 
been observed. 

2)SOFz can also appear as a result of the following heteroge
neous reaction with water molecules sorbed by the walls: 
SF, + HzO -SOFz+ 2HF. 
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