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This paper is the third in series of reviews on multiple photon IR laser photophysics
and photochemistry. The main points of multiple photon excitation of molecules at
lower discrete levels and in the vibrational quasicontinuum are succesively considered.
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5. MULTIPLE PHOTON ABSORPTION AND EXCITATION OF LOWER
VIBRATIONAL MOLECULAR LEVELS

The first stage in MP excitation of molecule is the passage of lower
discrete vibrational levels. It is this stage responsible for the resonant
character of MP excitation of a polyatomic molecule that provides
MP molecular dissociation selectivitymthe very important property
of the effect.
The difficulty of experimental studies is due to the absence of direct

methods which would enable us to follow the excitation dynamics of
several lower vibrational molecular levels from fixed initial vibra-
tional-rotational states. The methods of calorimetry of the energy
absorbed by molecules from the IR field developed by now allow
obtaining MP absorption characteristics just averaged over molecules.
Besides, in many cases it is difficult to separate the first stage from
the subsequent one in the quasicontinuum using experimental depen-
dence only.
There are material difficulties in the theory developed for quantita-

tive description of MP excitation. In a strong field we should consider
multistep and multiphoton transitions from a lot of molecular states
at the gas temperature existing in the experiment. Yet, for many
polyatomic molecules, especially for heavy molecules with a low rota-
tional constant as well as for asymmetrical top molecules, the vibra-
tional-rotational transition in linear absorption spectra have not been
identified so far. Besides, at present there is almost no spectroscopic
data for vibrational levels with v> 2; 3 (rotational constants,
intramode and intermode anharmonicities, etc.). The shortcoming
of spectroscopic information as well as insufficient experimental data
on excitation of lower levelsmall this makes it very difficult to work
out a theory for rather full quantitative description of the process.
Most of the developed theoretical models are still a qualitative or
semiquantitative.

In this Chapter which continue a series of reviews1’2 we deal with
the passage of molecules through lower vibrational levels as they are
excited by IR laser radiation. A considerable part of information on
this problem has been obtained from measuring MP absorption (Sec-
tion 5.1) and from studying the spectroscopic properties of MP excited
molecules (Section 5.2). An important quantitative characteristic is
the fraction of molecules q involved into the process of MP excitation.
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The measurements of the q value are discussed in Section 5.3. These
data form the basis of correlation with the experimental results and
the results of the theoretical models for excitation of lower levels
presented in Section 5.4.

5.1. Multiple photon absorption of IR radiation by molecules

MP absorption of IR radiation can be observed in various polyatomic
molecules in gas phase. But some specific characteristics of the process
of MP absorption, such as the dependence of the average energy
absorbed by one molecule g on radiation energy fluence or radiation
frequency 1 may differ greatly for molecules of different types. For
example, the value of radiation energy fluence at which MP absorption
of different molecules can be observed ranges very widely from 10-3-
103 J!cmz. We are going to give the energy and spectral characteristics
of MP absorption for different molecules and particularly for molecules
with different numbers of atoms, different symmetry and different
structure of vibrational-rotational spectra. First of all, however, we
shall consider the experimental methods of research of MP adsorption
in molecules now in use.

5.1.1. Measuring techniques

The measuring techniques of the value of absorbed energy are based
on recording the variations in energy characteristics of exciting IR
radiation after its interaction with the molecules (direct calorimetry)
as well as the energy state changing of the molecules themselves
(opto-acoustic or opto-thermal calorimetry). There is quite a number
of more complex spectroscopic methods to study vibrationally excited
molecules giving important information on the process of MP excita-
tion. All these methods will be described in Section 5.2.
We must note that relatively a small value of multiphoton absorption

cross-section 10-19-10-21 cm2 calls for using IR lasers which are able
to provide a radiation energy fluence of 1-102 J/cm2 to realize effective
MP excitation of molecules. Besides, in many cases, for example in
studying the quantitative characteristics of MP processes, strong radi-
ation focusing cannot be applied. This requires that the laser radiation
pulse energy should be 0.1-10 J which, for now, can be obtained only
within some sections of the IR range (see Ref. 1, Section 2.8).
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Direct calorimetry This method is based on measuring the laser pulse
transmission through the cell with the gas to be studied (Figure 5.1).
By measuring the values of energy fluence in, out respectively at
the input and output of a cell with allowance made for the IR pulse
attenuation by the cell windows, we can calculate the value of average
absorbed energy per one molecule in the volume under irradiation

t (inlNL) In ((I)inl (I)out) (5.1)

where N is the concentration of absorbing molecules in the gas cell
and L- length of the cell. This measuring technique of g is absolute
provided that all the energy changing is connected with the radiation
absorption in the volume under irradiation, i.e., we can neglect com-
pletely the effects like radiation scattering in gas. Since the dependence
of absorbed energy g on may be essentially nonlinear, in measuring
of by the method of direct calorimetry we should, as a rule, try to
provide radiation energy fluence rather uniform in length and laser
beam cross-section. For this purpose, collimated beams of laser radi-
ation are used and the cell length and gas pressure are chosen so that
the absorption in the cell is no higher than 10-15%.
One of the shortcomings of this method is, first of all, that it is

impossible to measure g at weak absorption, when a long cell is needed,
since it is difficult to ensure a constant value of because of divergence
of laser radiation. Besides, we are not able to carry out measurements
when the IR radiation intensity exceeds the threshold of optical
damage of the cell windows. The value of threshold radiation intensity
for uch IR materials as, for example, NaC1, KBr, Ge, ZnSe, is no
higher than 108 W/cm2 with the pulse duration ’p 10-7s which
corresponds to < 10 J/cm2.

Opto-acoustic calorimetry. The laser IR pulse energy absorbed during
MP excitation is converted finally to thermal energy of medium as a
result of subsequent relaxation processes. If the rate of vibrational-

OA or OT detector
IR pu

go s cett

FIGURE 5.1 Calorimetry of absorbed energy at IR-MP excitation of molecules.
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translational relaxation (’rv_,,R) exceeds the rate of diffusion of vibra-
tionally excited molecules to the gas cell walls the gas is subjected to
thermal heating. This causes the gas pressure to increase rapidly and
an acoustic wave to be formed which can be easily recorded by a
sensitive condenser microphone (Figure 5.1). This forms the basis for
the opto-acoustic (OA) method of recording of MP absorption4 (see
also monograph ref. 3).

It is easy to choose the conditions under which the electric signal
from the opto-acoustic detector is strictly proportional to the IR pulse
energy absorbed in the gas. Therefore to measure the value of g with
an opto-acoustic detector we suffice to measure the OA detector
sensitivity at a fixed value of , for example, through direct
calorimetry. The sensitivity of modern OA detectors with a condenser
microphone under pulsed operation enables us to measure absorbed
energy g of no less than 10-4-10-3 eV/molec on condition that back-
ground signals are suppressed. The dynamic range of OA detectors
by the value may be 6-7 orders.
The method of OA calorimetry is especially convenient for measur-

ing the value of absorption both at small absorptions and when it is
necessary to focus the laser radiation. Laser focusing is essential in
measuring MP absorption at radiation intensities exceeding the
threshold of damage of the cell windows, in case of low-power lasers
and lasers with a high radiation divergence. To perform correct
measuring of the value in focused laser beams we should discriminate
the OA signal responsible only for the absorption in the region of the
caustic waist where the value is constant in length, i.e. provide the
spatial resolution of OA dector.4 The possibility of providing the
spatial resolution under pulsed operation is possible because OA
signals from different absorption zones along the laser beam reach
the microphone and are recorded at different instants of ti0me. Because
of this temporal selection of OA signals is possible. According to,5

even though we use a multimode TEA-CO2 laser having rather high
divergence (10-3 rad) it is possible to reach spatial resolution of
3-4 mm. Spatial resolution allows effective suppression of the back-
ground signal connected with the absorption in the cell windows. This
is of particular importance in recording weak absorption at high
radiation intensity.
OA measurement of MP absorption has the following essential

disadvantage. First, the correct measuring of absorption is possible
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only at low dissociation yields when we are sure of transformation of
absorbed energy into a thermal gas energy. Second, the OA detection
sensitivity may depend on gas pressure. Its value is essentially deter-
mined by the relation of the time of V- T, R relaxation in gas ZV-r,R
and the time of thermal relaxation on the cell walls ’r. The value
Zv-r,R is inversely proportional to gas pressure p. The value -depends on the rate of diffusion of vibrationally excited molecules to
the cell wall and is proportional to p. With ’V-r,R << rr the OA detector
sensitivity is almost independent on p, since the whole absorbed energy
is first consumed for gas heating. With ’v-r,R > Zr the sensitivity
begins to drop with a decrease of p because of heat scattering on the
cell walls. For OA detectors with the cross dimension of their chamber
of about 1 cm the sensitivity drops considerably with p 5-0.1 Torr
(in dependence on the type of molecule and excitation level).

Opto-thermal calorimetry At rather a low gas pressure the time of
diffusion of vibrationally excited molecules to the cell walls is much
shorter than the time of V- T, R-relaxation. In this case the energy
of vibrational excitation of molecules is directly consumed to heat the
cell walls. If the wall is made of a material sensitive to temperature
variations, the increase of T can provide us with information on the
laser radiation energy absorbed in the gas. This forms the basis for
the method of optothermal (OT) calorimetry of absorbed energy.6

The optothermal detector is more preferential for being used in
measuring the absorption right in the region of low pressures of gas
p < 0-1 Torr where the OA detector sensitivitiy drops considerably.
An important advantage of the OT detector over the OA detector is
that the first can operate under conditions when its sensitivity does
not depend on gas pressure. This possibility is explained by the fact,
that in case of opto-thermal recording the energy absorbed is always
used in heating the walls of the cell containing a sensitive element.
Most of thermal detectors of IR radiation, such as bolometers,

pyroelectric detectors, thermistors and thermocouples, can be used
as sensitive elements of OT detecors. Pyroelectric detectors are best
suited for calorimetry of MP absorption. Their principle of operation
is based on variations of spontaneous polarization of its pyroelectric
material as its temperature changes, which leads to electric current
generation. An important merit of the pyroelectric OT detector is its
high recording sensitivity. For example, at a gas pressure of 10.2 Torr
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it is possible to record absorbed energy on a level no worse than
10-3 eV/molec.7 Besides, pyroelectric OT detectors have high time
resolution (up to 10-7 s). These merits of pyroelectric OT detectors
allow measuring MP absorption in molecular beams as well as perform-
ing time-of-flight experiments.

Processing of data on MP absorption measurements In measuring the
g value by the method of direct calorimetry the accuracy depends on
the measurement accuracy of absolute values of radiation energy
fluence and the measurement accuracy of transmission of cells filled
with gas (I)out/(I)in. At multiple measurement due to averaging we can
provide a sufficiently high measurement accuracy of the value out/
At the same time in measuring the value there is an ambiguity
related mainly to nonuniform distribution of pulse energy Ep across
the beam. The value Ep/S depends on the beam cross-section S
which is ambiguous. To get rid of this ambiguity in Ref. 8 a method
was suggested to determine the true dependences of g on . This
method is based on measuring the distribution shape of pulse energy
Ep across the beam. If the cross profile of laser beam can be presented
as

f(r) exp [-(r/a)"] (5.2)

then, knowing the parameters a and n, and measuring the value
(I)out/(I)in we can find the true value of beam energy fluence which
corresponds to the measured value of transmission.

It is very important to get the true dependences g() not averaged
over beam cross-section in measuring absorption in focused laser
beams, for example in OA detectors (see Ref. 9). After proper
processing of data the main error in determining the dependence of
g on will depend basically on the error in measuring the absolute
value of pulse energy Ep.

5.1.2. MP absorption for various laser energy fluence and intensity

The molecular absorption of IR radiation by its nature may be divided
(conventionally to some extent though) into three regions: (1) linear
absorption; (2) absorption saturation; (3) MP absorption.
At a low radiation energy density when the interaction of the IR

radiation with a molecular system is linear the value increases in
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proportion to

r0 (5.3)

where r0 is the linear absorption cross-section.
When the value becomes comparable with the saturation energy

fluence of a vibrational-rotational transition s,1 the absorption
becomes nonlinear. The saturation kinetics of a molecular vibrational
transition under the action of an IR radiation pulse, the frequency of
which coincides with the frequency of a vibrational-rotational transi-
tion, was considered in ref. 2 (Section 3.3.2).
The characteristic values of the cross-section of molecular allowed

vibrational-rotational transitions range from 10-14-10-16 cm. In the
case when pulse duration "rp << "/’rot this corresponds to a range of O
from 10-6-10-4 J/cm2. With f’rp >> ’t’ro the characteristic values of O
run between 10-4 and 10-1J/cm2.
As noted above, the dependence of absorbed energy on IR radiation

pulse energy fluence may differ essentially for different types of
molecules. First we are going to consider these dependences for simple
molecules.

Figure 5.2 shows the measured dependences of the average number
of absorbed quanta ti /hl’ and the effective absorption cross-
section r= g/(I, on IR radiation energy fluence for three-atom
molecules D20 and OCS.4 A heavy-water molecule is excited at a
frequency of 1079.65cm-1 which corresponds to the vibrational-
rotational transition 533-422 of the ,2 vibrational band. It may be seen
that with < 10-1J/cm (I < 106 W/cm) the dependence of ti on
is almost linear. With > 10-1J/cm the value of ri stops increasing
reaching a 0.8 quantum/molecule with 1.0 J/cm, and the value
of r within the range of 10-1-10 J/cm decreases by more than
an order. As one can see from analyzing the solution of equation
(3.72) in ref. 2 the behavior of the dependence a(b) qualitatively
agrees with the behavior of a two-level system. (Good qualitative
agreement takes place if pT"ro taken to be 10 ns. Torr). This means
that during IR photoexcitation of DO with < 10 J/cm2 higher
vibrational levels are not excited yet.

Quite a similar dependence of ti on can be observed for the OCS
molecule, too. The OCS molecule is excited at the frequency f
1045.02cm-1 which corresponds to the first overtone of the OCS
band -2,. Like in the case of DO, in IR photoexcitation of OCS
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FIGURE 5.2 Dependences of the average number of absorbed quanta a and absorp-
tion cross-section tr on laser energy fluence @ for D20 (curves 1) and OCS (curves 2)
molecules (from Ref. 4).

by pulses with b < 10 J/cm2 the role of multiphoton absorption is
probably not essential yet (see, also, ref. 11). It must be noted that,
as it follows from the experiment on IR photodissociation of OCS in
a molecular beam,12 MP absorption in this molecule apparently can
take place with > 50 J/cm2 (I > 1.3.108 W/cm2).

For more complex molecules the dependences a() (see Figures
5.3-5.6) materially differ from those predicted by a two-level model.
This is explained by the process of excitation of higher vibrational
levels, that is MP excitation. For the SF6 molecule, for example,
difference from the approximation of a two-level system can be ob-
servedalreadywhentheenergyfluence > 10-5. 10-4 J/cm2 (Figure
5.3). In this case the dependence of a on has no section of full
saturation and one can observe continuous change-over from linear
absorption to MP absorption.
Even at low energy fluences of IR radiation a certain part of

molecules is excited to higher , > 2) vibrational states. This conclusion
was first drawn in work13 on two-frequency dissociation of the SF6
molecule. In Ref. 13 it has been shown that with > 6.10-3 J/cm2
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FIGURE 5.3 Dependences of the average number of absorbed quanta a and absorp-
tion cross-section r on laser energy fluence @ for SF6 molecule (from Ref. 4).
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FIGURE 5.4 Dependence of the average absorbed energy T on laser energy fluence
@ for SF6 molecule at various IR radiation pulse length z, (see text) (from Ref. 16).
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FIGURE 5.5 Dependences of absorption cross-sections r on laser energy fluence:
(1) SF6 (from Ref. 18); (2) SFsNF2 (from Ref. 19); (3) $2Flo (from Ref. 8).

(I>6.104W/cm2) a fraction of molecules is excited to the
quasicontinuum and hence absorbs several (3-5) quanta. Since the
value of power broadening with I 6.104 W/cm2 for SF6 molecule
,0.03 cm-1 is much smaller than the value of anharmonic shift
2(X33)- 3.7 cm-1 it is impossible to explain MP absorption for SF6
under these conditions only by power broadening. Therefore, it has
been proposed that there is "soft compensation of anharmonicity",
i.e. a mechanism that provides purely radiative excitation of molecules
to the quasicontinuum even at low IR radiation intensities. Possible
mechanisms of "soft compensation of anharmonicity" are under
detailed discussion Section 5.4.
We should note that MP absorption in polyatomic molecules at low

levels of excitation is usually observed within the entire absorption
band, though the rate of absorbing of vibrational energy by a molecule
at different radiation frequencies may differ greatly. For example, the
value of g during excitation in the P-branch of linear absorption band
with increasing usually grows faster than in the R-branch.4 This
provides deformation of the absorbed energy spectrum to the long-
wave side which is considered below in Section 5.1.3.
A continuous increase in the g value at room temperature, as it has

been pointed out, is the common feature of the dependence of on
almost for all polyatomic molecules. The dependence of g on
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FIGURE 5.6 (a) Comparison of t(@) characteristics for various polyatomics at room
temperature; (b) Normalized dependences of ri on tro/hO for various polyatomics
(from Ref. 20).
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for not large molecules is usually slower than the linear one. Yet,
there are some exceptions here. First, in the OsO4 molecule the
dependence of a on is stepwise and has several sections of satura-
tion. TM The authors of work14 relate it to the stepwise dependence on

the fraction of molecules interacting with the IR field. Besides, in
the SF6 molecule at reduced temperatures the dependence of
at some frequences of radiation is faster than the linear one. In Ref.
15 this is explained by the dominant role of direct two-photon excita-
tion processes of the lower vibrational levels of the molecule. It should
be noted that the value of absorbed energy can depend not only on
energy fluence but also on exciting IR pulse intensity. 16 Figure 5.4
shows the dependences of g in SF6 on in case of excitation by pulses
of two different durations: %=600 ns (long pulse) and zp 50 ns
(short pulse). These dependences are measured by the method of
opto-thermal calorimetry.7 Rather low gas pressures (13 m Torr) in
the both cases provide collisionless excitation. It may be seen that in
the absence of rotational relaxation at a fixed value of an increase
in intensity causes g to increase. The influence of intensity conditioned
by power broadening is most essential at low energy fluences
10-a-10-1J/cma). With > 10-1J/cma the difference between the
energies absorbed from the short and long pulses is not higher than
30%.
Some features of the process of MP absorption can be observed by

comparing the dependences of r on for the molecules from the
homologous series of sulfur fluorides SF6, SFsNFa, SaF10 (Figure
5.5). 17-19’18 The radiation frequencies f in all the cases are nearby
the maxima of the corresponding absorption bands. It is evident that
for the SF6 molecule the value of absorption cross-section decreases
with an increase in radiation energy fluence approximately as
over the range of variation of from 10-6-10-1J/cma. At the same
time for the SFsNFa molecule the r value over the range from
10-6-10-1 is almost constant and begins to drop with > 10-1J/cm2

when the dissociation of the molecules becomes essential. In case of
the SEFlo molecule in the absence of effective dissociation (<
10-3 J]cm2) the value of tr almost does not depend on radiation energy
fluence which (see Ref. 8) is apparently conditioned by a high density
of vibrational levels in the region 1000-2000 cm-1. Because of this
the cross-section of purely resonant transitions is not reduced up to
the dissociation limit.
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It should be noted that week dependence of absorption cross-section
on energy fluence is a quite characteristic feature of MP excitation of
large molecules with low quasicontinuum limit. At the same time for
molecules with a higher limit of vibrational quasicontinuum (SF6,
CF3I, BCI3, OsO4, CzH4, etc.) the one-frequency field due to vibration
anharmonicity cannot provide an exact resonance in the sequence of
transitions between discrete levels and this, of course, brings about a
decrease in absorption cross-section as the radiation energy fluence
increases.
As it may be seen from studying of MP absorption of a great number

of different polyatomic molecules there are rather common regularities
in the behavior of absorbed energy varying with radiation energy
fluence, for example a continuous transition from linear absorption
to MP absorption, the absence of sharp dependences of g on over
a wide range of . At the same time the efficiency of MP absorption
for different molecules differs very greatly (Figure 5.6aZ).

It is evident that one of the values determining the efficiency of MP
absorption must be linear absorption cross-section tr0. This follows,
for example, from a considerable difference between the values of
MP absorptionzl and dissociation yields,zz in the bands of fundamental
frequencies and overtones. Figure 5.6b shows the dependence of the
g value for ditterent polyatomic molecules on , which is normalized
to their linear absorption cross-section. It may be seen that the dis-
crepancy in the dependences of (or trY) on tr for different
molecules is much smaller than in the dependences of g on . To
understand this problem properly we must also consider the MP
excitation of molecules in the region of quasicontinuum (see
Chapter 6).

5.1.3. MP absorption spectra

The dependence of the average energy absorbed by a molecule g on
the frequency of exciting IR radiation f is another important charac-
teristic of the process of MP-IR excitation of molecules. Below the
dependence (f) is called, the multiple photon absorption spectrum.
At very low excitation levels, when the interaction of the molecules

with the IR field is linear, the MP absorption spectrum coincides with
the linear absorption spectrum of the molecule and is independent on
IR radiation intensity. The vibrational-rotational spectrum of linear
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absorption is determined by the transitions just between the lower
vibrational levels of the molecule. On the contrary, MP absorption
depends on the sequence of many vibrational-rotational transitions
in a strong IR field from the lowest to the highest vibrational levels.
That is why the MP absorption spectrum, differs from the linear
absorption spectrum greatly.
The most important property of MP absorption spectra is that even

at large values of when the molecular excitation level is high enough
the MP absorption spectrum, as a rule, is localized near its correspond-
ing band of linear absorption. Thus, the MP excitation of high
molecular vibrational levels is resonant by nature. Like in linear
spectroscopy, it is high-resolution MP absorption spectra measured
by lasers with continuous frequency tuning and a narrow spectral
radiation line that must be most informative. Such spectra have been
so far produced just for several molecules (see, for instance, Refs. 23
and 24) with the use of a high-pressure tunable CO2 laser. Most of
the measurements of the spectral characteristics of MP excitation have
been taken using TEA-CO2 lasers with discrete frequency tuning with
an interval of 1-2 cm-1. These measurements produce, in essence,

just the general form of spectrum which, nevertheless, helps us to
understand many regularities of the process of MP excitation.

Since the MP absorption cross-section depends on radiation energy
fluence it is necessary to maintain with a sufficient accuracy the value
of at a fixed level in measuring MP absorption spectra with the
laser radiation frequency scanned. In the general case the value of
absorbed energy g may depend also on the width of the spectrum and
the radiation pulse shape. Therefore, in frequency scanning one should
also see that these parameters are constant. In the CO2 laser, for
example, a strong dependence of the gain on frequency may cause
substantial changes in the temporal and spectral parameters of radi-
ation pulse in frequency scanning and, as a result the MP absorption
spectrum to be distorted.
Let us take the SF6 molecule to consider the main regularities in

MP absorption spectra.

Effect of laser energy fiuence The triple-degenerated u3 mode is the
strongest mode in IR absorption for the SF6 molecule. The linear
absorption spectrum of the vibrational-rotational band u3 (see Ref.
1, Figure 2.4) lies in the region of generation of the P-branch in the
band 001-100 of CO2 laser.
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MP absorption spectra of the SF6 molecule measured by the opto-
acoustic method at room temperature and at different energy fluences
have already been shown (Section 4.2.2). With an increase in IR
radiation energy fluence one can observe a monotonous shift of the
absorption maximum towards the long-wave side and an absorption
band broadening. Similar results were obtained in measuring the MP
absorption spectrum by the method of direct calorimetry.25 Qualita-
tively the shift and the broadening of the absorption band with increas-
ing intensity is explained by the presence of intramodal and intermodal
vibration anharmonicity. Indeed, with an increase in IR field intensity
the average level of molecular excitation and hence the contribution
of higher vibrational transitions to absorption increase. Since the
spectrum of the transition between high levels is shifted towards the
long-wave side due to anharmonicity, as the number of transition
grows, this brings about a monotonous shift and broadening of MP
absorption band. It should be noted that a more substantial "red"
shift (70-80 cm-1) can be observed in two-frequency excitation of the
molecule (Figure 5.7).

Effect of gas temperature Molecular gas temperature T dictates the
initial equilibrium distribution of molecules over rotational and vibra-
tional degrees of freedom, and variations in T result in essential
changes in the linear absorption spectra. In case of the SF6 molecule
at room temperature, for example, only 30% molecules are in the

10

800 8 0 900 950

,c m-’

FIGURE 5.7 Dependence of the average number of absorbed quanta from
nonresonant field 12 on its frequency for SF molecules, excited by the resonance pulse
(11); 1 3 J/cm2, ’1 =944.2 cm-1, a =0.1J/cma; arrow indicates the maximum of
linear absorption spectrum for 1,, mode of SF6 molecule (from Ref. 26).
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ground vibrational state and the rest of them are distributed over
low-lying vibrational states in accordance with the Boltzmann distribu-
tion. When the SF6 molecules are cooled this causes the spectrum to
be narrowed due to a decrease in intensity of "hot" bands as well as
rotational distribution width. Besides, during cooling the structure of
high-resolution SF6 spectra becomes more pronounced (see Ref. 1,
Figure 2.6).
We can naturally expect that temperature variations must affect the

spectra of MP absorption, too. Figure 5.8 shows the temperature
evolution of the MP absorption spectra of SF6 at two different values
of radiation energy fluence.27 It may be seen that with an increase in
T the absorption from the long-wave side increases considerably and
the spectrum is "red"-shifted. The absorption from the short-wave
side of the spectrum in this case varies slightly (see also ref. 28). It
should be noted that an increase in temperature affects especially

m =IgK
295K

o

9 0 , cM"9
FIGURE .8 Spectra of MP absorption for SF molecule at various temperatures:
ps=0. Torr; curves (I) =0.6 J/cm; curves (2) =0.02 J/cm (from Ref. 2?).
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greatly the MP absorption spectrum at low radiation energy fluences.
The temperature evolution of MP absorption spectra observed (like

in case of linear absorption spectra) is caused mainly by the "hot"
bands which due to intermodal anharmonicity are displaced towards
the long-wave side about the spectrum of the fundamental band
v 0 v 1. It is interesting to note here that the integral intensity
of MP absorption spectra

S= fn o’(f) df (5.4)
and

grows with an increase in T almost exponentially in a range of from
5.10-3 to 0.6 J/cm2. At the same time it is known29 that in linear
absorption spectra the integral intensity is independent on tem-
perature.
One more effect of temperature and "hot" bands is smoothing of

the fine structure of MP absorption spectra. This structure shows up
well in the spectra of high-resolution MP absorption (10-1 to
10-2 cm-1) of cooled SF6.24 According to Ref. 24, a sharp-resonance
structure appears due to two-photon absorption at anharmonic split-
ting of the ’3 mode of SF6. This can be confirmed by the dependence
of the energy absorbed in SF6 on which is faster than the linear
one and can be observed at some frequencies. 15 At room and higher
temperatures a weak structure in the MP absorption spectrum of SF6
manifests itself only at low energy fluences <0.1 J/cm2; at higher

it almost disappears.
Here we considered some characteristic features of MP absorption

spectra for the SF6 molecules. At present such spectra have been
studied for several molecules, such as for example $2F10,8 OSO4,TM

C2H4.4’23 The specific shape of MP absorption spectrum strongly
depends, of course, on the kind of molecule and the conditions of its
excitation. But such features of the spectra as "red" shifts and smooth-
ing of bands with an increase in radiation energy fluence and tem-
perature are quite characteristic of many molecules and result from
intramodal and intermodal anharmonicity of molecular vibrations.

5.2. Spectroscopy of multiple photon excited molecules

The increase of molecular internal energy resulting from MP absorp-
tion may bring about essential changes in the spectroscopic properties
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of molecules. Therefore, important information on different stages of
MP excitation process can be obtained using several methods of
spectroscopic diagnostics (see Figure 5.9). Below we shall discuss these
methods and the results obtained which deal mainly with the passage
of lower vibrational levels.

5.2.1. Linear IR absorption (double IR-IR resonance)

The method of double IR-IR resonance consists of recording the
changes in the IR absorption spectrum as the molecules are excited
by IR radiation.
Changes in the IR vibrational-rotational absorption spectra during

vibrational excitation of the molecule can take place for quite a number
of reasons: the presence of vibration anharmonicity, interaction of
vibrations and rotations, interaction of different vibrational modes, a
difference in rotational constants for different vibrational levels, vari-
ations in symmetry, etc. Therefore the method of double IR-IR
resonance (together with the method of double IR-microwave reson-
ance) is widely used in studying different spectroscopic parameters of
lower excited vibrational molecular levels.3

In one-photon vibrational excitation of a molecule, when the popula-
tion of the vibrational levels with v > 1 may be neglected, the vibra-

IR IR UV SPONTANEOUS
#,BSORPTION FLUORESCENCE ABSORPTION R S

FIGURE 5.9 Methods of spectroscopic diagnostics of MP excited molecules.

CARS
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tional-rotational spectrum of double IR-IR resonance is totally deter-
mined by the transitions v=0 -v= 1 and v= 1 v=2. In MP
excitation when higher vibrational levels of the molecule can be
populated effectively the double resonance spectrum is determined
by the whole complex of the transitions v=0-v=l...v=
i-1 - v i. Moreover, as the excitation level increases the number
of transitions forming the spectrum of double IR-IR resonance is
increased. When the molecule is excited to the quasicontinuum the
double resonance spectrum must be materially affected by anharmonic
interaction of different vibrational modes of the molecule. As there
is almost no spectroscopic information on the high vibrational levels
of polyatomic molecules it is rather difficult to carry out full quantita-
tive interpretation of double IR-IR resonance spectra (as well as the
absorbed energy spectra considered in Section 5.1.3) even at low
excitation levels.31

The greatest number of experiments on double IR-IR resonance
in MP excitation has been performed with the SF6 molecule. All these
experiments can be conventionally divided into two types. The first
type includes experiments on high-resolution spectroscopy of double
resonance with tunable diode lasers. 31-33 These experiments per-
formed usually at low excitation levels are aimed mainly at studying
the excitation mechanism of lower vibrational molecular levels and
their spectroscopic parameters.
The second type unites experiments on double IR-IR resonance at

rather high excitation levels. In these experiments consideration is
given to the peculiarities of internal energy distribution under MP
excitation, the quasicontinuum spectrum, intramolecular energy distri-
bution, vibrational relaxation of highly excited molecules, etc.
Now we are going to consider in more detail some most important

results obtained by the method of double IR-IR resonance.
Figure 5.10 shows the time evolution of the linear absorption

spectrum of SF6 after MP excitation studied in work.34 It may be seen
that right after an excitation pulse there are two maxima formed in
the IR absorption spectrum which are transformed then to one cor:-
mon maximum. As shown in34 by correlating the spectra produced
with the spectra of SF6 under thermal heating in shock-wave tubes,44

the two maxima in the spectrum of SF6 under MP excitation corre-
spond to the formation of two molecular ensembles: "cold" molecules
remaining at the lower discrete vibrational levels and "hot"
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FIGURE 5.10 Evolution of SF6 absorption spectrum after MP excitation:
947.74 cm-1; =0.34 J/cm2; p=0.18 Torr, zt, 10-7 s; za-moment of probing after
the beginning of IR pulse. (1) Liner absorption spectrum, 1--za---0. 2--za 100 ns;
3-’ra 2.5 IS; 4-’ra 15 IS (from Ref. 34).

molecules excited to high vibrational states. The shit of the absorption
spectrum of vibrationally excited molecules towards the long-wave
side which can be also easily observed under ordinary thermal heating
of molecules44 is conditioned by vibration anharmonicity. The evolu-
tion of the absorption spectrum reflects the evolution of the system
due to collisions of "hot" and "cold" molecules to vibrational distribu-
tion with one new vibrational temperature Tvib, which corresponds to
the excess of vibrational energy g absorbed by the molecules rom the
IR field. Cooling of SF6 causes the original absorption spectrum to
be narrowed. So the double IR-IR resonance in cooled SF6 gas
provides us45 with a more descriptive spectral picture o ormation of
two molecular ensembles.

In work38 the method of double IR-IR resonance is used to show
that during IR photoexcitation of some polyatomic molecules, SF6 in
particular, it is possible to perform purely radiative excitation ot
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molecules from many rotational states. For example, when the SF6
molecule is excited at the frequency corresponding to the absorption
line P(63) the absorption at the R(109) line decreases instantly
without any collisions participating. This result as well as the results
of measurement of double IR-IR resonance signals at other fre-
quencies of exciting and probing IR radiation led to a conclusion
drawn in Ref. 38 on the effect of depletion of many rotational states
of the ground vibrational state in SF6. The existence of this effect was
supported then in a number of experiments.34’46-49

In the above experiments carried out with the use of the method
of double IR-IR resonance the second (probe) field was weak enough
which provided the linearity of interaction of the probe field with
vibrationally excited molecules. There may be another modification
of the method of double IR-IR resonance when the second field is
strong enough and can also perform MP excitation22 and even MP
dissociation14 of molecules. Such two-frequency MP excitation of
molecules is used with success in studying different aspects of MP
processes and particularly in measuring the fraction of molecules
involved in the process of MP excitation5 (see Section 5.3).

5.2.2. UV absorption (double IR-UV resonance)

Vibrational excitation of molecules can bring about changes in their
electronic absorption spectra51’52 and also in the characteristics of
different processes related to UV absorption, such as UV predissoci-
ation,53 UV dissociation,52 UV ionization,54 UV isomerization,55 UV-
luminescence.58 The recording of such changes can give important
information on the process of MP excitation and on the subsequent
relaxation processes of vibrationally excited molecules.51’56’57’11

Besides, the method of IR-MP excitation and subsequent electronic
excitation is considered at present as one of the most promising
techniques to carry out isotopically highly selective dissociation of
molecules, especially in case of isotopes of heavy elements.
The method of IR-UV resonance was first applied in Ref. 56 to

study the processes of vibrational excitation and V-T relaxation of
ammonia molecules. The vibrational excitation of the NH3 molecules
under the action of IR CO2 laser pulses was recorded by new absorp-
tion lines in the discrete spectrum corresponding to the electronic
transitions X A" of NH3.
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The qualitative interpretation of this experiment was possible
primarily due to the resolved structure of the UV spectrum of NH3.
The line 3(v 1) A"(v’2 =0) is displaced towards the long-wave
side about the spectrum of the electronic transition ,,(v[ 0) A",
and the intensity of this line enables us to determine unambiguously
the population of the vibrational level v2 1 of the ground electronic
state of NH3. The value obtained for V-T relaxation of the ’2
vibration of NH3 was pT"v-r 2.4 +0.4 ixs Torr. As these experiments
show, there was no effect of MP excitation in NH3 with the laser pulse
energy fluence q< 2 J/cma. It should be noted that the process of
laser isotope separation was first realized with IR-UV excitation of
NH3.53

Studies on UV absorption spectra at MP excitation have been carried
out for the molecules OsO4,5 CF3I52 C2H2C12.55 etc. Figure 5.11
shows the change of the UV absorption spectrum of CF3I caused by
the excitation of its high vibrational levels. In Ref. 52 quantitative
interpretation of the results obtained was realized. Consideration is
given there to the model which allows for the fact that just a fraction
of molecules (q) is excited to high vibrational states. Initially the IR
radiation excites the vibrational mode Vl, and UV absorption must
change under vibrational excitation of just the mode v3 corresponding
to the bond C--I. Therefore, ull stochastization of vibrational energy
in the molecule (see Ref. 1, Section 2.3) was taken to explain the UV
absorption variation observed in Ref. 52. The model of Boltzmann
distribution of vibrational levels populations in the "hot" molecular
ensemble described satisfactorily the experimental data.

It must be also said that research of the time evolution of double
IR-UV resonance spectra allows direct measuring of the rate of
vibrational energy exchange between excited and unexcited molecules.
In ref. 57 for example, the rate constant of V- V’ exchange between
the CF3I molecule with an average vibrational energy E-6300 cm-1

and the unexcited molecules was

K 2 ixs
-1 Torr-1.

Experiments on MP excitation of molecules in molecular beams
necessitate the elaboration of methods of spectroscopic diagnostics
which can be applied under low molecular concentrations. One of
such methods is UV photoionization of molecules after IR multiphoton
excitation in a molecular beam. In ref. 54 this method was used to
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UV WAVENUMBER CI
FIGURE 5.11 Spectra of UV absorption of MP excited CFI molecules: pcF
0.5 Torr. (1) 0; (2) =0.1J/cm; (3) 0.3 J/cm; (4) 0.5 J/cm (from Ref.
5.

determine the properties of vibrational energy distribution of SF6
molecules with the energy fluences being below the dissociation
threshold. Figure 5.12 shows the photoionization spectra of SF6
molecules in a beam at several different radiation energy fluences.
With an increase in we can observe a gradual displacement of the
photoionization band edge towards the long-wave side which is iden-
tical to the displacement of UV absorption bands (see, for example,
Figure 5.10) These spectra, however, cannot give quantitative informa-
tion on the vibrational distribution function. The qualitative estimates
obtained from correlating the photoionization spectra of SF6 at multi-
ple photon excitation with the spectra of heated SF6 molecules made
it possible to conclude in Ref. 54 that, even though a large fraction
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FIGURE 5.12 Frequency dependences of SF6 photoionization cross-section in
molecular beam: f=942.38cm-1; T=300 K. (1) =0; (2) =0.2J/cm2; (3) =
0.4 J/cm2; (4) 1.5 J/cm (from Ref. 54).

Of molecules in a beam at moderate excitation levels interacts with
the field, most of these molecules absorb energy that is insufficient to
excite them to the quasi-continuum (about 3 photons, on the average)
and remain at discrete levels.

5.2.3. Raman scattering (double IR-RS resonance)

The methods of Raman scattering (RS) spectroscopy (see Ref. 1,
Section 2.2.5) began to be used just a short time ago to study MP
excitation ot molecules by IR radiation. This became possible due to
advances in the experimental technique ot RS spectroscopy in gases
and particularly in the technique of RS with laser excitation.

Spontaneous Raman scattering The most important merit of spon-
taneous RS diagnostics is that it is possible to separate direct (Stokes
RS) and reverse (anti-Stokes RS) transitions in the spectrum. In this
case, the integrated intensity of RS in the anti-Stokes region is propor-
tional to the vibrational energy gs stored in the mode /RS:

s (5.5)’RS
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(see ReL 1, Section 2.7). This simple result has been obtained experi-
mentally in Ref. 60 (Figure 5.13) and has a number of important
consequences. For example, by measuring the integral intensities of
RS signals corresponding to different modes we can speak about
intramolecular distribution of vibrational energy59’63 (see Chapter 6.).

Studies on the RS spectra both in the Stokes and anti-Stokes regions
with rather high spectral resolution allows obtaining quantitative infor-
mation on the function of vibrational energy distribution in the process
o MP excitation.61 We shall illustrate this fact on the example o
SF6. Spectra of anti-Stokes Raman signal for SF6 have been presented

101
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l,l Jill
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lJlil!
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FIGURE 5.13 Dependences of integral intensity of anti-Stokes Raman signal SAs

and average absorbed energy g on laser energy fluence : (a) SF6 molecule; (1) sAS();
(2) g(); (b) CF3I molecule; (1) sAS(), (2) e() (from Ref. 50).
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in Ref. 2 (Figure 4.2). In the absence of the COz laser pulse there is
one peak observed with its center at 775 cm-1 corresponding to the
u3 mode. The peak width is determined by spectral resolution which
in Ref. 61 comes to 10 cm-1. Irradiation of SF6 by COz laser pulses
materially changes the RS spectrum. There are two maxima in the
spectrum which can be interpreted, like in case of double IR-IR
resonance (Figure 5.10), as the formation of "cold" and "hot"
molecular ensembles. If the delay time between the IR (exciting) and
UV (probing) pulses is increased to 3 Is there will be only one
maximum in the RS spectrum which stems from V-V exchange, as
a result of which two ensembles finally convert to one.
The collisions of the molecules with the buffer gas during an IR

pulse also cause the form of vibrational distribution function to change.
The signal from the excited molecules in this case rises and that from
the unexcited molecules drops. At rather a high pressure of buffer
gas the undisplaced peak disappears completely. In this case the RS
spectrum of excited molecules does not shift in the presence of buffer
gases. It means that under the conditions of the experiment the
collisions with the buffer gas (pz= 6 Is" Torr) do not bring about
appreciable changes of average energy in the "hot" ensemble of
molecules. This suggests an important conclusion that rotational
relaxation involving new SF6 molecules from initial quantum states
into the process of MP excitation has no pronounced effect on their
subsequent excitation by the IR field.

It should be noted that the method of double IR-RS resonance can
be used in studying both the processes of MP excitation and subsequent
relaxation processes of molecules in quasicontinuum.

Coherent anti-Stokes Raman scattering CARS spectroscopy of
molecular gases (see Ref. 62) is now widely used to get new spectro-
scopic information and for analytical purposes. A principal advantage
of CARS with respect to spontaneous RS is a high spectral resolution,
which is determined by spectral width of laser sources, used in CARS
spectrometer. For this reason CARS spectroscopy is highly perspective
for studying of MP excitation at lower vibrational levels. At the same
time, applications of CARS for studying of MP excitation in quasicon-
tinuum is quite difficult, since CARS intensity is inversely proportional
to the absorption linewidth in the second power. Besides, CARS signal
is proportional to the difference of populations of vibrational levels



MULTIPLE PHOTON IR LASER PHYSICS. CHEMISTRY. III 199

(but not to the population, as in the case of spontaneous RS), and
quantitative interpretation of CARS, spectra is more complicated with
respect to the spontaneous Raman spectra.

It should be pointed out that CARS probing is quite similar to the
high resolution double IR-IR resonance (see Section 5.2.1).
CARS diagnostics of MP excited SF6 molecules is used in Refs.

63-64. Figure 5.14 shows CARS spectra of SF6 1 mode at various
time delays "ra between exciting and probing pulses. Changing of
CARS spectrum reflects the temporal evolution of vibrational energy
distribution due to the collisional energy exchange.

5.2.4. IR fluorescence
Observation of spontaneous IR fluorescence in MP excitation of
molecules can also yield essential information on the process of MP
excitation.

SF6

FIGURE 5.14 CARS spectra for SF6 molecule Vl mode at various delays of time "ra
between exciting and probing pulses: (a) "ra= lOOns; (b) a=200ns; (c) za=2 Ixs.
=0.2J/cm (from Ref. 64).
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In this connection we are going to consider first of all the results
of experiments on IR fluorescence of SF6 under ordinary thermal
heating.56 The measurements with T 1780 K show that the fluores-
cence spectrum maximum is displaced by 40 cm-1 towards the long-
wave side from the harmonic position of the v3 mode, and the fluores-
cence band width, with allowance made for self-absorption in gas,
equals 42 + 6 cm-1. At such high temperatures the average vibrational
energy of SF6 molecules will be g 15 000 cm-1. In this case most of
the molecules are already in the quasicontinuum but, nevertheless,
their IR fluorescence spectrum is not continuous but localized near
the harmonic position of the v3 mode.
Much the same behavior of the IR fluorescence spectra of SF6 is

observed in MP excitation of the molecule.56 With an increase of the
value of absorbed energy g in this case there is a linear shift of the
maximum towards the long-wave side and a broadening of the IR
fluorescence spectrum band which is related to vibration anharmonic-
ity and an increase in the vibrational distribution width.

Figure 5.15 shows spectral dependences of IR fluorescence in SF6
measured in the case of MP excitation and in the case of thermal
heating. Two maxima are clearly observed in the case of MP excited
molecules, corresponding to the two molecular ensembles. The fact
of existing of short-wave maximum means itself that some fraction of
excited SF6 molecules remains at discrete low-lying vibrational levels.
IR fluorescence in the SF6 molecule during its MP excitation by

CO2 laser radiation has been also studied in a spectral region of 16 Im
where the /4 vibrational mode lies.67 It has been found that the time
of IR fluorescence build-up is much shorter than the times of any
collisional processes in gas. On the basis of this fact a conclusion has
been drawn in Ref. 67 on excitation of SF6 molecules to quantum
states possessing the properties of vibrational quasicontinuum. In other
words, qualitative observation of vibrational energy stochastization at
multiphoton excitation is possible. The spectral-integrated intensity
of IR fluorescence .gnuo corresponding to the FIR mode, similarly toVlR

relation (5.5), is proportional to the vibrational energy 7a stored in
the vi mode (see Ref. 1, Section 2.7)"

(5.6)VlR VlR

So, by measuring the integral intensities of IR fluorescence correspond-
ing to different modes of the molecule we can estimate its
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FIGURE 5.15 Spectra of IR fluorescence for SF6 molecule (a) thermal excitation;
(b) MP excitation (from Ref. 66).

intramolecular energy distribution. In Ref. 68, for example, the energy
distribution over different modes for the CH3F molecules was studied
in the process of collisions during its vibrational excitation by CO2
laser radiation. The laser pulse energy fluence in ref. 68 was insufficient
for collisionless MP excitation of CH3F. But the technique suggested
in Ref. 68 is quite suitable to determine the intramolecular distribution
of vibrational energy under MP excitation as well as to study some
other parameters of the process, the fraction of molecules q, for
example, involved in the process of MP excitation.
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5.3. Fraction of molecules involved in multiple photon excitation

The fraction of molecules q involved in the process of MP excitation
is one of the fundamental questions when the passage of molecules
through lower vibrational levels is under consideration. In this section
we are going first to discuss the available methods used to measure
the q value: the methods based on the inclusion of the influence of
collisions on the characteristics of MP processes and the methods
based on spectroscopic diagnostics of molecules under MP excitation.
Then, in Section 5.3.3 we shall present the known results of measure-
ments of the q value for a number of molecules.

5.3.1. Role of collisions in passage of lower vibrational levels

Since the interaction of the molecule with the IR field depends greatly
on its initial vibrational-rotational state the collisions which change
the molecular state for the IR radiation pulse time -p must affect the
process of MP excitation. There are several types of collisional relaxa-
tion processes in gases (Section 2.5 in Ref. 1). The characteristic
cross-sections of these processes depend materially on the type of
collisional partners as well as on their initial and final quantum states.
The fastest collisional process is rotational relaxation with its cross-
section being of the order of gas-kinetic one. It changes the energy
of a molecule little, but can significatitly change its interaction with
the IR field. This influence is most essential in the region of lower
vibrational levels. Other types of collisional relaxation processes--V-
V’-exchange and V- T, R-relaxation--have cross-sections which are
smaller than gas-kinetic ones. Some influence of these processes on
the character of excitation of lower molecular levels manifests itself
only at rather high gas pressures.

In Ref. 2 (Section 3.3) a rather simple model for excitation of an
ensemble of two-level systems distributed over different rotational
states with rotational relaxation in the ground and excited vibrational
states have been considered. This model can be apparently realized
only in case of IR excitation of sufficiently simple molecules in moder-
ate IR fields when the excitation of vibrational levels with v > 1 may
be neglected. But it is descriptive enough and enables qualitative
understanding of the role of rotational relaxation in case of MP
excitation of the lower levels of polyatomic molecules, too.
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Let us consider now for the two-level model the dependence of the
number of absorbed quanta ti on "rp/’rro that is the ratio of pulse
duration to rotational relaxation time. It is also assumed that the laser
pulse energy fluence is larger than the energy fluence of vibrational
transition saturation s(s hf/2r). In this case, according to ref.
69, we get the following approximated expression

t =1/2[1- (l-f) exp (-fT"p/’rrot) (5.7)

where f is the relative population of the rotational states resonant
with the IR field. The character of the dependence of the number of
absorbed quanta t on the value of zp/7"ro is fully determined by the
f value. The maximum increase of ri, when passing from collisionless
(’rot >> zp) to collisional excitation (7"ro << f’rp), will be

collisionless / cnl’sional f (5.8)

The experiments carried out with simple molecules confirm the
validity of the two-level model in describing the effect of collisions
on absorption saturation. For quantitative description we should know
the value of f. Having identification of the lines in the absorption
spectrum of the molecule and knowing the spectral composition of
radiation, we can, in principle, determine this value theoretically. In
practice, however, this is rather difficult, particularly in case of
molecules with a complex vibrational-rotational spectrum. An
approximation for the q value of such molecules is given in ref. 2 by
expression 3.78).
The q value can be estimated more accurately experimentally on the

basis of the two-level model by studying the saturation of IR radiation
absorption in two limiting cases: at a low gas pressure when "/’rot <<
and at rather a high pressure of (absorbing or buffer) gas when
deliberately 7"ro << f7"p. The f value in this case can be found from (5.8).
It depends to a large extent on the type of the molecule being excited
and on the properties of IR radiation (intensity/, frequency fl, spectral
line width 81). For example, if the molecule is excited by IR radiation
pulses of a standard TEA CO2 laser with dPhl’l/ro and z 10-7 s,
the f factor, according to all estimations, is no higher than 10-2-10-3.
The description of the process of IR excitation using the two-level

model holds true only for rather simple molecules in moderate-
intensity fields. In case of more complex molecules, even at moderate
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intensities one can observe MP absorption and a corresponding devi-
ation from the two-level model behavior. MP absorption involves the
molecules from those initial vibrational-rotational states for which
nultiphoton and multistep resonances at the field frequency are pos-
sible. The spectrum of these resonances is, as a rule, almost unknown.
So it is rather difficult to determine theoretically the population of
the rotational states participating in MP absorption. Besides, the
cross-sections of excitation of molecules from different initial states
at the field frequency f may differ very materially. Therefore, in case
of MP absorption it is advisable to average the description of the
process of molecular excitation at lower levels with the use of the q
factor without specifying the initial vibrational-rotational states at
which excitation occurs (see ref. 2, Section 4.2.3). Physically this
description is based on experimentally observed division of molecules
into two ensembles: "cold" molecules not interacting with the field
and "hot" molecules excited to high vibrational states.

It is much more difficult to describe quantitatively MP excitation
during collisions than for the two-level model since, generally speak-
ing, rotational relaxation should be considered in initial, final and
intermediate vibrational states. The qualitative role of rotational
relaxation in MP excitation is similar to that in the two-level model.
It leads to population of the rotational states for which multiphoton
and multistep resonances are possible and thereby increases the frac-
tion of molecules involved in the process of MP excitation. The
influence of rotational relaxation on the passage of lower levels can
be understood from the dependence of different characteristics of MP
processes, such as average absorbed energy and dissociation yield on
absorbing or buffer gas pressures. Below we consider these depen-
dences for some molecules.
The effect of collisions on the characteristics of MP processes has

been studied in detail for SF6 molecule. Figure 5.16 shows the depen-
dence of the average number of absorbed quanta ti on the pressure
of SF6 molecules over the range from 0.2 to 4 Torr for different values
of laser energy fluence (from Ref. 25). It may be seen that the
dependence of t on p varies with substantially and reaches its
maximum over the range 10-2-10-1J/cm2. With further increase
in the rate of increase of t drops. It should be also noted that the
dependence of on p with =0.052 J/cmz has the form ti--pl"6
even at rather low gas pressures p 0.2 Torr.
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FIGURE 5.16 Dependences of average number of absorbed quanta on SF6
pressuremp(direct calorimetry) (zp=50ns; 1)=940.55cm-1); (1) @=l.3J/cm2;
(2) @=0.40J/cm2; (3) @=0.18J/cm2; (4) @=0.052J/cm2; (5) @=0.016J/cm2;
(6) @=0.0077 J/cm2; (7) @=0.0019 J/cm (from Ref. 25).

Molecular photoexcitation is strictly collisionless if the quantum
state of the molecule in the process ot excitation changes only under
the action of radiation field. In other words, the time of molecule-field
interaction must be much shorter than the characteristic time of any
collisional processes, the time of rotational relaxation in particular.
With the pulse duration "rp 10-7s the collisionless conditions of
excitation can be evidently realized at gas pressures
<10-3"’" 10-4 Torr. At the same time most of the studies in MP
absorption have been carried out at present at pressures no lower
than 0.1 to 0.5 Torr and -p 10-7-10-6 s when the influence of rota-
tional relaxation during an IR pulse is not eliminated completely.
The method of opto-thermal calorimetry of absorbed energy16 (see

5.1.1) at very low pressures has allowed distinct following of the
changes in MP absorption in passing from collisionless to collisional
excitation. Figure 5.17 presents some dependences of the g value (in
relative units) on the pressure of SF6 gas at several values of (the
excitation conditions are given in the legend for Figure 5.17). In the
region of low pressures p < 2... 5 10-3 Torr the value of is indepen-
dent on p, which testifies to the collisionless nature of absorption. As
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zl0
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FIGURE 5.17 Dependences of average absorbed energy on SF6 pressure p(opto-
thermal calorimetry): (1) =0.042J/cm2; (2) @=0.11J/cm2; (3) =0.35J/cm;
(4) =0.07 J/cm (zp 50 ns, f =947.74cm-1) (from Ref. 16).

p increases one can observe an increase in @ due to the influence of
rotational relaxation. Then saturation occurs which is related to the
involvement of all the SF6 molecules into the process ot excitation.
Dependences similar to these ones in qualitative respect can be

observed when a buffer gas is added to SF6. As the pressure of the
buffer gas Pbu (for example, N2 or Xe7) increases, the value of @
grows and then comes to saturation. Besides, according to retL 70,
with increasing the maximum relative increase of # drops, and with
2.2-2.3 J/cm2 the value of does not depend on Pbue at all.

Let us consider here the effect of rotational relaxation on the
characteristics of MP dissociation of the SF6 molecule. Effective MP
dissociation of SF6 is observed when the CO2 laser energy fluence
> 2 J/cm2. Under these conditions, according to reL 70, rotational

relaxation almost does not bring about an increase in absorbed energy.
Consequently, the MP dissociation yield/3 must not increase either
as the pressure of SF6 or the buffer gas increases. This is supported
by the results of direct experiments. In Ref. 13, for example, it has
been shown that with a rise in pressure of buffer gas (Ar, 02, C2H4
or NH3) in the pressure range under study (1-100 Torr) one can
always observe only a monotonous exponential decrease of the /3
value with increasing buffer gas pressure, which is quite naturally
explained by vibrational deactivation of SF6 due to V- V and V- T
R processes.
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The observed dependences of absorbed energy and dissociation
yield on absorbed pressure and buffer gas pressure vary greatly. They
are governed by the type o the molecule, the conditions of its excita-
tion and the type of the buffer gas. When the radiation interacts with
a considerablefraction of molecules q, rotational relaxation must not
lead to a substantial increase of absorbed energy or dissociation yield
(see Figure 5.18). On the contrary in the case of q<< 1 rotational
relaxation must lead to the substantional increase of and/3 values.
The growth of dissociation yield with an addition of buffer gas is

related to the effect of rotational "bottle neck" (see ReL 2, Section
3.3). The increase of the rotational relaxation rate during a laser pulse
causes the rotational states interacting with the radiation to be popu-
lated. As a result, the number of molecules excited by the radiation
and, probably, the rate of excitation, as they pass through lower
vibrational levels, are increased. The approximate calculations carried
out on the basis of such an idea of rotational relaxation effect72’73 are
in good agreement with the experimental dependences of dissociation
yield on pressure. The comparison of model with experiment,72 for
example, results in pT"ro --160 ns" Torr for the rotational relaxation
time in the mixture C2H4 ".Xe (1 40). This value is typical for rotational
relaxation in collisions with the buffer gas. In case of collisions between
C2H4 molecules value obtained for PT"rot was 15-20 ns. Torr.
As it is experimentally shown a change-over from collisionless to

the collisional regime of excitation does not lead to the substantional

FIGURE 5.18 Effect of rotational relaxation and vibrational deactivation on
absorbed energy and dissociation yield .
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increase of absorbed energy or dissociation yield for heavy and large
molecules. At the same time for light few-atom molecules such as
C/H4, CH3OH, CF/HCI, CDF3 a significant increase of g and/3 values
is observed. For CDF3 molecule, for example, an increase of Ar
pressure from 0 to 20 Torr leads to the 45-fold increase of/3 value. 71

The fraction of molecules interacting with the field may depend on
laser radiation fluence. This is supported by the experiments with SF6,
0504, CF3I and other molecules (see Section 5.4). Therefore the
contribution of rotational relaxation may also depend on the q value.
In MP dissociation of the C/H3F molecule, for example, with 11 Torr
of He added, the relative increase of dissociation yield gradually
decreases from 6.5 to 3.2 times as the value varies from 3 to
45 J/cm2.TM
The variation o the laser radiation frequency f may also affect

essentially the role ot rotational relaxation. The detuning from the
maximum o MP absorption spectral band results, as a rule, in a
decrease of the fraction of molecules involved into the process of
excitation16 and hence in an increase of the contribution of rotational
relaxation to MP absorption and dissociation. In case of the CF3Br
molecule, for example, if the relative increase o dissociation yield at
the center of the band is 3.5 times, it comes to 13 times in case o
detuning to the far edge of the band (18 cm-1 towards the short-wave
side [rom the center). 75

It should be noted that it is rather important to perform strict
control over the conditions of excitations for proper interpretation of
the results of MP excitation. One of the potential causes of errors in
interpretation, for example, may be noncorrective allowance for the
pulse "tail" of CO2 laser pulse. The spectral width of radiation line,
which for the ordinary atmospheric-pressure CO2 laser equals 61"1
0.01 to 0.03 cm-1, plays a no less important part especially in excitation
ot lower vibrational levels and in MP excitation of molecules with a
rare vibrational-rotational spectrum. The 6f value is at least one
order higher than the Doppler absorption line width of molecules at
room temperature, and IR pulse nonmonochromaticity can be
neglected only provided that the power broadening value y > 6f.
In case of SF6 molecules, for instance, this corresponds to the
radiation intensity ! > 105 W/cm2 when MP absorption begins to play
an essential part.
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5.3.2. Determination of the q value

Method of collisions As shown in Ref. 61, the average excitation
level in quasicontinuum for the SF6 molecule is independent on pres-
sure. This fact allows the value of the q factor to be determined
approximately from the dependence of absorbed energy and dissoci-
ation yield/3 on absorbed gas or buffer gas pressure

q t/grnax (5.9)

q =///max (5.10)

In expressions (5.9) and (5.10) the values g and/3 are related to the
initial gas pressure at which the q value is determined. The values
max and /3max correspond to maxima of the dependences g(p) and
/3(p) when it is assumed that q 1.
Yet there are two limitations here. First, with addition of a large

amount of buffer gas the process of vibrational deactivation may
become essential, when the buffer is molecular gas in particular (see
Figure 5.18). Therefore the above described determination of the q
value will be rigorous enough provided that

irot/q << "I (5.11)

where "irot is the rotational relaxation time, and "iv is the time of
vibrational relaxation of excited molecules by buffer gas molecules.
Condition (5.11) can be easily fulfilled if the buffer is monoatomic
gas. In this case vibrational deactivation is possible only on account
of a very slow process of V- T relaxation. Second, when finding the
value of q with the use of relation (5.10) we should take into account
the fact that the value of dissociation yield may be essentially acted
upon by secondary collisional processes which, in their turn, may
depend on pressure. So the data on the q value obtained from measur-
ing dissociation yield is sometimes only estimation by character.

Spectroscopic methods. The spectroscopic methods of determination
of the fraction of molecules involved in the process of MP excitation
are based on a difference in spectral characteristics of excited and
unexcited molecules. The methods of spectroscopic diagnostics con-
sidered in Section 5.2 allow recording these variations and measuring
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directly and sometimes in combination with method of collisions the
q value and its dependence on the conditions of MP excitation.
The first measurements of the q factor were taken for the SF6

molecule by the method of double IR-IR resonance.34 The linear
absorption spectrum of SF6 was studied after the action of the IR
pulse was over (Figure 5.10, curve 2), and the q value was found from
the formula

q I-- SR/SRo (5.12)

where SoR is the integral intensity of the R-branch before the IR pulse
is on, and Sg is the integral intensity of the R-branch after the IR
pulse is over. Such determination of the value of the q factor holds
for such molecules in which the anharmonic shift is larger than the
width of the R-branch, for the SF6 molecule in particular (see Table
5.1).
Two-frequency dissociation of molecules is a modification o the

method of double IR-IR resonance. The method of two-frequency
dissociation can be also used to determine the q value. It consists in
the following.5 The molecules are excited at the resonant frequency
’1 and then dissociate under nonresonant radiation at the ’2
requency. Let the nonresonant laser fluence be high enough so that
the dissociation yield of the molecules originally excited by radiation
at the ’1 frequency is equal to unity. The absolute dissociation yield

TABLE 5.I
Some spectroscopic and energy parameters of SF molecule

Frequencies of vibrational
modes u (cm-1) and
degeneracies gi

Constants of intramode anhar-
monicity for u3 mode (cm-1)

Constants of intermode anhar-
monicity for u3 mode X3j
(cm-1)

Rotational constant Be(cm-1)
Constants of Coriolis splitting

Dissociation energy

Estimation.

=774.53; gl= 1; /2=643.35; g2=2; v3=
947.974, 3307; g 3; u,=615.03; g,= 3; v5
523.5; g5 3; ’6 347; g6 3

X33 =-1.83; G33 1.34; T33 =-0.44

X31 -2.93-0.02; X32 -3.2-0.3; X34
(-1.53-0.02); X3 (--0.5-- 1.0)a; X36
-1.0-0.1

0.09111

/91 (0)a; P2 (0)a; p5 0.63 + 0.004; /94"
-0.213+0.01; 105= (--0.5)a; p6-" (--0.5)

32 000 + 1000 cm-X
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in this case will produce the fraction o[ molecules q excited by the
field at the 1 frequency. As a matter of fact, it is necessary here that
only the molecules excited by radiation at the 1 frequency should
dissociate under the action of the f2 field. According to Ref. 50, this
can be realized with a considerable displacement of f2 to the long-
wave side about the linear absorption band of the molecule.

In spontaneous RS probing of MP excited molecules the q value
can be determined by measuring both in the Stokes and anti-Stokes
regions. In case o anti-Stokes IR-IR resonance to determine the q
value one should study the dependence of the anti-Stokes integral RS
signal of any mode active in RS SAs on buffer gas pressure Pbu.
According to Ref. 61, as pbun increases the value of SAs grows and
then reaches a constant. The increase in SAs observed is provided by
involving an increasing number of molecules into the process of
excitation due to acceleration of rotational relaxation during an IR
laser pulse. The fact that the dependence reaches its maximum value
is conditioned by excitation of all the molecules to the quasicontinuum,
and thus the maximum relative increase of SAs yields the value q-1.
It must be noted that this method of determination of q is, in essence,
fully identical to the method of collisions (expression (5.9)), since the
integral intensity SAs is proportional to the absorbed energy g (see
(5.5)).

In case of Stokes IR-IR resonance the q value can be determined
by observing two ensembles of molecules in the RS spectrum61 (like
in case of double IR-IR resonance). It might be seen from Figure 4.2
in Ref. 2 for example, that the decrease in intensity of the nonshifted
peak in the spectrum of Stokes RS signal of SF6 is conditioned by MP
excitation of molecules. Therefore the q value can be found from the
formula

q l SS/ SSo (5.13)

where Sos is the Stokes signal intensity before the IR pulse is on and
Ss is the nonshifted peak intensity of Stokes signal after the IR pulse
is over. In studying of spontaneous IR fluorescence the q value can
be measured by a method completely similar to the one just described.

In case of IR-UV resonance the q value can be determined with
the use of the method of collisions. As shown in Ref. 52 with the CF3I
molecule under study, the value of UV absorption induced by IR
radiation from the long-wave side of the spectrum (Figure 5.11)
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depends on buffer gas pressure (N2) in the following way: with increas-
ing Pbun the induced UV absorption grows at first and then reaches a
constant. The maximum relative increase of induced UV absorption
yields the value q-1. Like in other methods of determination of q
based on the effect of collisions, it is assumed here that in the process
of MP excitation two ensembles of molecules are formed and that the
excitation level of the upper ensemble is independent of buffer gas
pressure.

In conclusion, we may say the following about the methods of
diagnostics of the process of passage of lower vibrational levels. These
methods make it possible now to measure just the q factor, that is an
integrated characteristic of the process, but they cannot give any
information yet on the distribution of the q value over the initial
quantum states of a molecule.

Besides, the question on the distribution in the lower, cold ensemble
Fcold(Evibr is open. Several experiments show, that some fraction of
vibrationally excited molecules, for example SF654’63’66 remain at lower
discrete vibrational levels and do not pass into the quasicontinuum.
For small molecules with high limit of quasicontinuum (for, example
SF6) this fraction may be significant. The information on Fcold(Evibr
would make it possible to specify the mechanisms of passage of
molecular lower vibrational states in MP excitation.

5.3.3. Experimental results .for different molecules

Here we are going to present the results of measurements of the
fraction of molecules involved into the process of MP excitation for
some molecules. This data has been obtained mainly with the use of
the above-described methods of collisions and spectroscopic methods.
It should be pointed out that sufficiently complete information on the
q value and its dependence on the conditions of excitation has been
obtained just for several molecules:

SF6 molecule. For this molecule the q value has been measured
by several different methods. The most comprehensive measurements
have been carried out in exciting the SF6 molecule at room temperature
in the region of the Q-branch of the ’3 band (the P(16) line of the
transition 00I-10C of CO2 laser). The results of these measurements
are presented in Figure 5.19. The curve 1 has been produced by the
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method of double IR-IR resonance34. The value of q increases slowly
with increasing in the range under measurement, and with
1.8 J/cm2 it will be q 0.7. Such a slow dependence of q on follows
also from the results of measurement of double IR-IR resonance
spectra carried out in Ref. 39 with SF6 excited at another laser
linemP(20).
Figure 5.19 presents also the results of measurement of the q value

for SF6 by the method of double IR-RS resonance both in the Stokes
and anti-Stokes regions. These data are in good agreement with the
results of measurement by the method of double IR-IR resonance.
In Figure 5.19 we can also see the value of q obtained from comparing
the values of absorbed energy in SF6 excited by pulses of different
duration.9 The pulse with its duration ,rp =0.5 ns with 1 J/cm2

due to power broadening provides deliberately excitation of all the
molecules, whereas with "rp lOOns and = 1 J/cm- not all the
molecules but just their fraction q is excited to the quasicontinuum.
From this it follows that the value of the q factor with zp 100 ns is
equal to the ratio of the energy values absorbed from the 100 ns and
0.5 ns pulses. With 1 J/cm, according to Ref. 9, q =0.5 and it
grows slowly with increasing laser fluence which agrees well with the
results of other measurements. In Figure 5.19 the curve 2 is the
dependence of q on obtained from relation (5.9) in measuring the
value of g as a function of pressure of SF6 gas by the method of
opto-thermal calorimetry16 (Figure 5.17). This data corresponds to
the collisionless conditions of excitation (p 10-2 Torr, "rp 100 ns).

0.5

O2

I| ’w ’w W’l|

0.I Ill |, ,,I I.

0.05 0.1 0.2 0.5 2 ,5

CIZ), J Icm =
FIGURE 5.19 Dependence of q value on laser energy fluence for SF6 molecule: (1)
Ref. 34; (2) Ref. 16; (3) Ref. 59; (4) Ref. 60; (5) Ref. 9 (see text).
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TABLE 5.II
Certain results on double IR-IR-resonance for SF6 molecule

Conditions of
Results MP excitation Reference

Rate of V- T relaxation Prv-r 122 s" Torr 10-2 J/cm
p 0.2-4 Torr

Value of Pv-r is decreased with increasing of I < 106 W/cm
P Torr

Rate of rotational relaxation pT"ro 36 ns. Torr

Direct measurement of power broadening

10-4 J/cm
0.05-3 Torr

104 W/cm
0.08 Torr

35

36

32

32
33

37Observation of intramolecular relaxation 0.02 J/cm
p 0.1-1 Torr

Radiative depletion of many rotational states > 0.3 J/cm 38
p =0.03-0.7 Torr

Red shift of MP induced absorption band =0.1-2 J/cm
p 0.05-0.8 Torr

Existence of two ensembles at MP excitation. =0.16-1.8J/cm2

Measurement of q-values P 0.18 Tort

MP induced absorption at 100cm-1 blue shift < 1J/cm 42
with respect to 93 band p 0.25 Torr

Estimation of intermode interaction time ns < I < 150 MW/cm 43
zi < 30 ps -;, 30 ns

34,39
40, 41

34

Therefore, the values of q obtained are somewhat smaller than, for
example, those obtained by other methods under excitation when
collisions are not excluded completely.
CF3I molecule Figure 5.20 presents some data on the dependence

of the q factor at MP excitation of the CF3I molecule on radiation
fluence at the laser line corresponding to the Q-branch of the ;’1 band
of linear absorption. The curve 1 in Figure 5.20 obtained in Ref. 76
from comparing the results of the semiempirical model of MP excita-
tion of CF3I (see Chapter VI) with the results of measurement of
primary dissociation yield and absorbed energy in this molecule. In
this case it is assumed in Ref. 76 that in MP excitation of CF3I like
in case of SF6, there are two molecular ensembles formed: an ensemble
of molecules remaining at lower vibrational levels and an ensemble
of molecules excited to the vibrational quasicontinuum. The curve 2
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in Figure 5.20 is the dependence of q on obtained in Ref. 77 under
definite simplifying assumptions of the type of dependence of primary
dissociation yield on absorbed energy. Figure 5.20 also presents the
values of q at MP excitation of CF3I obtained by the methods of
IR-UV and IR-RS resonances (see Section 5.2).
As seen from Figure 5.20, the value of the q factor grows slowly

with increasing laser fluence (like in case of SF6) and reaches almost
unity with 2-4 J/cm2. The q factor has maximum value in the
region of maximum of linear absorption spectrum of CF3I (Figure
5.21) and is decreased by several times only at the far wings of the band.

Os04 molecule The dependence of the q value on IR laser fluence
and frequency has been obtained for the OsO4 molecule in Ref. 50
by the method of two-frequency excitation. Figure 4.6 in Ref. 2 shows
the dependence of the q factor on laser frequency at the fixed value
of IR pulse fluence 1.2 J/cm2 at the 121 frequency. In the region
of absorption band maximum q equals 0.6 and drops drastically as
fll shifts to the long-wave band edge. With increasing there is an
increase in q which is much faster than in SF6 and CF3I (Figure 5.22).

Other molecules Table 5.111 presents some known information on
the value of the q factor for a number of polyatomic molecules under
conditions close to collisionless ones. It has been obtained mainly from
the dependences of absorbed energy and dissociation yield on buffer
gas pressure. It may be seen that for light few-atomic molecules the
value of q is much less than unity even in sufficiently intense IR fields.

0.2

0.i ,,I ,il,

0.1 0.2 0.5 2 5

J/cmz

FIGURE 5.20 Dependence of q-value on radiation energy fluence for CF3I-molecule:
(1) Ref. 76; (2) Ref. 77; (3) Ref. 52; (4) Ref.,60 (see text).
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FIGURE 5.21 Frequency dependence of q-value for CF3I molecule: (1) Ref. 76; (2)
Ref. 77 (see text).

At the same time, in case of more complex polyatomic molecules
there is a considerable fraction of molecules involved in the process
of MP excitation even in moderate-intensity fields.

It is possible to estimate rather roughly the value of the q factor
from comparing the value of absorbed energy at the dissociation
threshold thresh with the dissociation energy D. At the dissociation
threshold the average energy of the molecules excited to the quasicon-
tinuum _-thresh should correspond to the dissociation energy by order
of magnitude. It is the parameter g

,’---- tthresh/D (5.14)

ll
o.t t.o

IGURE 5.22 Dependence of q value on radiation energy fluence for OsO, molecule:
) 947.74 cm-1; Poso,=0.03 Torr (from Ref. 50).
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TABLE 5.111
Values of q-factor for some molecules

217

Conditions of excitation

P (Torr) (J/cm2) q Reference

CDF3 0.065 10 0.01 71
CF2HC1 0.02 2.4 0.1 73
C2H3F 0.1 3 0.16 78
C2H3C1 0.1 3 0.16 79
C2H4F2 0.05 40 0.5 78
C2H2F2 0.05 40 0.2 78
C2F3C1 0.1 4.4 0.35 80

9.0 0.46
28 0.80

(CF3)3CBr 0.14 0.1-80 0.7-0.9 81
Cyclobutanon 0.1 1.0 1.0 82
C2F4S 0.1 0.28 0.5 83

that allows a very rough estimate of the q value. Since at the dissoci-
ation threshold the average energy of the "hot" molecular ensemble
thresh is smaller than the dissociation energy, the X parameter is theq

lower estimate for the value of the q factor. Table 5.IV contains some
estimates of X parameter for a number of molecules. It follows from
comparing these estimates with the results of direct measurement of
the q value that in all cases

X<.q (5.15)

TABLE 5.IV
Estimations of x-parameters for some molecules

Molecule thresh (cm-l) D (cm-1) X-" thresh/D

SF6 15 00084 32 000 0.47
SFsNF2 200019 17 500 0.12
SEF1o 30008 20 000 0.15
OsO4 100085 27 000 0.04
CF3J 400077 18 865 0.22
CCl4 28 00086 35 600 0.80
C2H4 400087 40 000 0.10
COCEF6 500088 33 000 0.14

At II 954 cm-1

For v + 1) q" /4

Value of D is
estimated in
Ref. 88
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In conclusion of this section it should be noted that the above results
for the q value enable quantitative comparison of the theoretical
models of MP excitation in the quasicontinuum with the results of
experiments. Besides, the experimental data on the q value under
really collisionless conditions of excitation can serve as one of the
criteria for checking the theory of IR photoexcitation of lower vibra-
tional molecular levels.

5.4. Theoretical models of IR excitation of molecules at
lower transitions

The theory of excitation of lower vibrational molecular levels up to
the vibrational quasicontinuum limit has been the subject of a lot of
works in which very different models are being considered. There are
some difficulties here. First, the available information on lower levels
with v > 2 is very scarce, and it is very difficult to get it. Second, in
intense fields we should consider multistep and multiphoton transitions
from a great number of vibrational-rotational states. Third, theoretical
description must explain not only resonant characteristics of passage
of lower levels but also the fraction of molecules coming into the
quasicontinuum. The first stage of the process of MP excitation, that
is passage of lower levels, is being studied and still far from completion.
Here we are going to consider the available models, starting from the
simplest ones, and to discuss in Section 5.4.5 what the theoretical
models can give us to describe experiments.

5.4.1. Model of one-dimensional anharmonic oscillator

The oscillator model, as applied to excitation of molecular vibrations
by laser radiation was considered as long ago as in Ref. 89. The
oscillator is sure to be the simplest approximation for describing the
energy spectrum of the given vibrational mode of a molecule. Unfortu-
nately, even in the simplest case of one-dimensional motion the task
cannot be solved precisely in the presence of anharmonicity. Neverthe-
less, due to numerous works where analytical methods and numerical
calculations are applied we have got rather a complete picture at
present.
The excitation dynamics of anharmonic oscillator in a monochro-

matic field is considered in Ref. 2 (Section 3.4). Usually under typical
conditions of experiments on MP excitation of lower vibrational levels
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the value of power broadening is small as compared to the value of
anharmonicity, i.e.,

")/01 << 2o’lx,,I (5.16)

(see the notations of Ref. 2). Therefore, in analysis of the model of
anharmonic oscillator, as applied to the problem of passage of lower
levels, it is sufficient to consider only multiphoton processes and neglect
the effects of power broadening. To estimate the characteristic time
of n-photon transitions we may use the results of Ref. 90 where the
following parameters values are taken

/Zol =0.3 Deb, I= 3. 107W/cm2, 2olxl =4cm- (5.17)

For these parameters values typical of MP excitation of the SF6
molecule the value of population of nth level/Sn 1 can be obtained
with n 3 in 1 ns, with n 4 in 20 ns and with n 5 in 700 ns. Thus,
the transition to states with n < 4 are expected to be effective enough
for typical laser pulse durations z 100 ns.

It follows from the dependence of the average population of the
nth levels on exciting radiation frequency tSn (t), that at the frequency
corresponding to the exact n-photon resonance /Sn=1/2. The
frequency dependence/5, (t) must also develop resonances correspond-
ing to multiphoton transitions to other levels, but at the frequencies
of these resonances the value of /Sn(t) is much less. This can be
illustrated by the numerical calculation.9 The results of this calculation
are given in Ref. 2 (Figure 3.7). Curve 1 corresponds to the case when
/ol/2oilXiil.= 0.1, i.e., when condition (5.16) is met. In the frequency
dependence a distinct resonance structure manifests itself. As the field
amplitude increases (curve 2 corresponds to the ratio 0/2olx,l
0.4) the resonances are broadened materially.
When the field becomes strong enough so that the resonance half-

width (" exceeds the anharmonic shift 2ola,l the multiphoton
resonance frequency is no longer pronounced. In this case the quantum
properties of the system are not so essential, and the classical approach
to the solution of the task becomes justified. We do not consider here
the classical limit since it does not correspond to the experimental
conditions of molecular dissociation in fields with their intensity !
107-109W/cm2. Here we should note only that full mathematical
description of the theoretical methods in use can be found in Refs.
91 and 92 and specific estimates in Refs. 93 and 94.
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5.4.2. Mechanisms of compensation of anharmonic shift at
lower transitions

Rotational compensation The possibility of compensation of anhar-
monicity becomes rather obvious, in principle, if the rotational motion
of the molecule is taken into account. In the simplest approximation
for spherical top molecules the energy levels of rotating harmonic
oscillator can be presented in the form (2.33) (see Ref. 1). From the
expressions for the frequencies of vibrational-rotational transition
(2.48) and (2.49) allowed by the selection rules (2.39) we can have
a unique possibility of resonant excitation of high-lying vibrational-
rotational levels, if the laser frequency is tuned to any vibrational-
rotational transition and the rotating anharmonic oscillator parameters
satisfy the condition

n,n=tolx, (5.18)

In this case multistep resonances are possible which can excite the
oscillator in sequence of R-transitions

R(Jo)Iv 0, J0) 11, Jo+ 1)

R(Jo+I)
12, Jo+2)’"ln, Jo+n) (5.19)

or P-transitions

P(JoIv, =0, J0) I1, J0-1)

P(Jo--1)
12, J0-2).. "In, Jo- n) (5.20)

with exact compensation of anharmonic shift. Condition (5.18) for
polyatomic molecules cannot be fulfilled even approximately, and
usually

B << o’lx.I (5.21)

In the general case, when considering a sequence of R- or P-transi-
tions, we should simply use the effective anharmonicity 2(o[Xl B)
(see, for instance Refs. 93 and 94). In this case, with allowance made
for anharmonicity variation, the estimates made for the case of one-
dimensional anharmonic oscillator without rotations remain valid.
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Yet, the situation changes if we consider a sequence of successive
transitions in different branches.95 Indeed, when the radiation
frequency is tuned to the O-branch of the transition vi 1 -- vi 2,
three successive vibrational-rotational transitions are possible (see
Fig. 5.23)

P(Jr) o(Jr-])
Iv,=O,J=J) I1, J-l) 12, J-1)

R(Jr-1)
13,L) (5.22)

Such a sequence of transitions, however, is possible only for molecules
with a definite "resonant" value of rotational quantum number zr
satisfying the condition

2nzr 2o lx,,I (5.23)

It should be also noted that this process can take place if the initial
state v=O, Jo=Jr) is populated sufficiently. In the spectroscopic
language this means that following condition95 must be fulfilled

2o’lx, << v, v (5.24)

where Vp, VR are the widths of the P- and R-branches of the
vibrational band under excitation. The possibility of triple stepwise
resonance with rotational compensation of anharmonicity is rather

FIGURE 5.23 Triple PQR resonance on the three vibrational-rotational transitions.
Field frequence coincides with Q-branch of v v 2 transition.
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common but it is concerned only with excitation ot the molecules
from one rotational state at a rather strictly fixed frequency.

Rotational compensation of anharmonicity can also bring about an
increase in efficiency ot multiphoton resonances96 as compared to the
case ot an anharmonic oscillator without rotations. The point is that,
with rotations allowed for, combinations ot intermediate levels for
multiphoton transitions with essentially smaller detunings from inter-
mediate resonances become possible. The three-step PQR resonance
considered above is in particular a degenerate case, when the detuning
values at intermediate transitions are equal to zero. It at the same
frequency 12(3) we consider the POR-transitions for molecules with
J Jr it turns out (see Figure 5.24) that with Bui B const the ll(3

frequency is exactly equal to the three-photon resonant transition
frequency. In Ref. 96 attention is drawn to the fact that the efficiency
of such resonances as PPRR and POOR is rather high. The Raby
frequencies corresponding to such four-photon transitions tor various
values of J can be found from the following formulas.

),
(4) J’)/041
eft 8(3,,]x,l_2nj)212o,,ix,l_n(2J_ a)l

(eeR) (5.25)

},(4) J’’
eli 8(3w’lx,l-2BJ)Zl2o’lx,,I BJI (POOR) (5.26)

According to the estimate made in Ref. 96 for the SF6 molecule, the
Raby frequencies in a field with its intensity I 2.5.107 W/cm2 are
0.03 cm-1 or higher for most of the populated rotational sublevels of
the ground vibrational state.

It follows from formulas (2.48, 2.49) in Ref. 1 that the frequency
of any multiphoton transition in which the rotational quantum number
is the same for the initial and final states, on condition that

B, B const (5.27)

does not depend on J. The frequency dependence of the absorption
by SF6 calculated in Ref. 97 is concerned with assumption (5.27). The
results of these calculations are presented in Figure 5.25. There are
narrow resonances corresponding to multiphoton transitions of differ-
ent multiplicity without variations in J. It should be noted, however,
that equality (5.27) is not quite realistic for molecules. Indeed, from
the linear absorption spectrum of the SF6 molecule (see Figure 2.4
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FIGURE 5.24 Three-photon POR-resonance. For resonance value Jr the detunings
at intermediate levels are equal to zero. For the others J-values the detunings are not
equal to zero.

in Ref. 1) one can see that the O-branch of the absorption spectrum
has a final width > 1 cm-1. The final width of the O-branch is related
to the variations in rotational constant (see formula (2.48), Ref. 1).
The variations in rotational constant must cause, of course, the O-
branch of multiphoton transitions (i.e., multiphoton transitions with
constant J) to be broadened, this broadening exceeding considerably
the Raby frequency of multiphoton transitions in field with their
intensities I 107-109 W/cm2. Therefore, we should conclude that in
the model concerned, like in case of three-step POR-resonance, at
the given fixed frequency the field is able to excite effectively just a
small fraction of lower rotational sublevels.

Anharrnonic splitting There is another potential mechanism of com-
pensation of anharmonicity at lower transitions for spherical top
molecules (see, for example Refs. 98-100). It is well known that in
these molecules in IR absorption there may be only triple-degenerate
modes (the v3 mode of SF6, for example). Inclusion of anharmonic
terms in the Hamiltonian corresponding to the triple-degenerate mode
brings about not only a usual shift of levels but also partial removal
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FIGURE 5.25 Frequency dependence of dissociation yield for SF6 molecule in the
model of one dimensional anharmonic oscillator: (1) O-branch of two-frequency
transition v =0-- v 2; (2) R-branch of three frequency transition v-- 0--- v-- 3; (3)
O-branch of three-frequency transitions; (4) P-branch of three frequency transition.
Raby frequency 701 0.27 cm-1 (from Ref. 97).

of degeneration (see Section 2.2 in Ref. 1). It can be seen, for example,
from the calculation of anharmonic splitting components for the vibra-
tional levels of the SF6 molecule (see Figure 2.2 in Ref. 1) that the
splitting value can be compared with the anharmonic shift value.
Therefore, the effect of anharmonic shift can promote compensation
of anharmonicity. It is also expected that new multiphoton resonances
can appear due to anharmonic splitting. To understand to what extent
the effect of anharmonic splitting complicates the spectral structure
of the transitions between vibrationally excited states we should con-
sider the selection rules for electric dipole transitions. With spherical
symmetry preserved (i.e., with the anharmonic constant T33 0), the
following selection rules take place

/n =+1, /=+1 (5.28)
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i.e., two upward transitions are possible for each component with # 0
and one transition for components with 0. With T33 # 0 the possibil-
ity of transition from the octahedral substate p’ of the vibrational
state [n(03] to the octahedral substate p" of the vibrational state
[(n+ 1)(o3] is determined by the standard rule: the direct product
p’ x p" must contain the representation Flu of the Oh group. This rule
leads to allowed transitions (2.58) (see Ref. 1, Section 2.2.3). It is of
interest to compare the frequency dependences of oscillator excitation
without and with anharmonic splitting. Such a type of calculation is
illustrated in Figure 5.26. One can observe an essential difference in
the spectral structure that is related to a much richer structure of
multiphoton resonances for the case of anharmonic splitting.

This structure in the spectrum, as well as in the above case of
oscillator without allowance of anharmonic splitting, may be camou-
flaged by the rotational motion of molecules. Rotational motion causes
(see Ref. 10) each component of anharmonic splitting to get a rota-
tional structure. For the A- and E-sublevels the contribution of
rotations is similar to the rotational energy component in expression
(2.33) in Ref. 1. For the F-sublevels Coriolis interaction takes place

0,55] WITH ANHARMONIC
SPLITTING

O,30 l- WITHOUT ANHARMON IC
z / SPLITTING
O

0,25

o 0,2O-

I,,I. ’:
o
z o.-

, 0,10

0,05

0 g5 940 945

(c’’I)
950

FIGURE 5.26 Frequency dependence of populations the v=4; 5 levels for SF6
molecule. Raby frequency Y01 3 cm-1.
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which causes the level with the given value of total angular momentum
J to split into three components characterized by the values of quan-
tum number R J+ 1, J, J-1. The expression for vibrational level
energies can be written in an analytical form for the case of spherically
symmetric anharmonicity (i.e., with T33 0):

E(n, l, J, R) nto(3) + n(n- 1)X33 +[/(/+ 1)- 2nG33 + BJ(J + 1)

+B[R(R+I)-J(J+I)-I(I+I)+2n] (5.29)

The notations used here are similar to those in Ref. 1. The additional
selection rules for electric dipole transitions relative to rotational
quantum numbers are following:

AJ 0, + 1; AR 0. (5.30)

The dipole moments of allowed transitions calculated in Ref. 102 have
been used to estimate the frequency dependence of excitation of the
SF6 molecule in Refs. 103-105. Figure 5.27 compares the results of
calculations in Ref. 103 for the model taking no account of anharmonic
splitting and the model of spherically symmetric splitting. The authors
state that at the gas temperature T 300 K the results are not respon-
sive to anharmonic splitting. However, the experiment in Ref. 24 on
measuring the frequency dependence of absorption in SF6 with a
tunable CO laser at a low temperature, T 170 K, has revealed a
structure in the multiphoton absorption spectrum related by the
authors to anharmonic splitting. So further studies are necessary here.

Symmetrical top The possibility of compensation of anharmonicity
considered here which is connected with anharmonic splitting relates
to the triple-degenerate modes of spherical top molecules. There has
been considered one more potential mechanism of compensation
anharmonicity relating to the perpendicular absorption bands of sym-
metrical top molecules.4 A symmetrical top has two rotational con-
stants B, and A,, and its energy in a simplest approximation are
given by expression (2.10) in Ref. 1, where K is the projection of
angular momentum onto the molecular axis (-J < K < J). The selec-
tion rules for electric dipole transitions for perpendicular bands allow
variations not only in J but also in K" AJ 0, + 1; AK + 1. Therefore,
there are some more possibilities for variations in rotational energy
during vibrational transitions. From (2.51) in Ref. 1 it follows, in
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vibrational-rotational distribution at 300 " (a) without anharmonJc split-
3 mode; (b) in the model o[ spherical symmetric splitting ([rom e[. 103).

particular, that when the condition

A n lX, l,o (5.31)

is fulfilled, the following multiple resonance on the field frequency
with a sequence of vibrational transitions can occur (see Figure 5.28)

P%o P%o-’Iv=O, Jo, Ko) 11, Jo, Ko-1) 12, Jo, Ko,-2)

RO
;’" IKo, Jo, O) IKo+ 1,)o, -1)

;...12Fo, Jo,-Ko) (5.32)
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FIGURE 5.28 Illustration for the possibility of rotational compensation of anharmon-
icity on vibrational-rotational transitions of perpendicular branches for symmetrical
top molecules, Eq. (5.31) being valid (from Ref. 4).

For such a 2Ko-fold vibrational-rotational resonance the field
frequency must be tuned to the frequency of the Po,,o-transition. It
is the value of quantum number K in the initial state that determines
the number of possible successive resonances. Condition (5.31) for
symmetrical top molecules can be fulfilled with much a higher probabil-
ity than the similar condition (5.23) for spherical top molecules
because the rotational constant A may be much larger than B and
can be compared with the anharmonicity constant. Such a multiple
resonance may arise at every coincidence of the laser radiation
requency with the center of the Po,,o-branch. So the multiphoton
absorption spectrum in case of such a mechanism of compensation of
anharmonicity must have a periodic structure. Such a structure of
multiphoton absorption spectrum has been disclosed for the perpen-
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dicular /7 band of the C2H4 molecule4 which suggests a possibility of
the process of excitation (5.32).

It must be noted, however, that for the parallel bands of symmetrical
top molecules (such bands are excited, for example, in experiments
with CF3I16 and CF3Br17) the following selection rule is fulfilled:
AK 0. Therefore the transition frequencies are described by formulas
from (2.48, 2.49) in Ref. 1, and there is just one possibility of
compensation anharmonicity, that is a successive PQR-resonance. The
parallel bands of symmetrical top molecules have the simplest struc-
ture. So we can expect that henceforth the comparison of the results
of experiments on excitation of these bands with the results of experi-
ments in more complex cases will enable choosing a mechanism of
compensation of anharmonicity for a particular molecule.

5.4.3. Model of multiphoton transition to the quasicontinuum

It is already pointed out that the key moment in describing the process
of MP excitation is the representation of vibrational quasicontinuum,
that is an energy region where stepwise resonant transitions can take
place up to the dissociation limit. The presence of a quasicontinuous
spectrum of transitions for rather high-lying vibrational levels (in more
detail this question is considered in Ref. 1 (Section 2.3)) makes
apparently possible a multiphoton resonant transition from the ground
state directly into the quasicontinuum. It is interesting to note that in
one of the very first works18 concerned with the theory of the process
of MP excitation consideration was given to multiphoton transitions
directly to the quasicontinuum lying above the dissociation limit. This
mechanism of molecular excitation (see Ref. 2, Section 3.5.5) can be
understood quite easily in the language of quantum-mechanical
leakage or tunneling.98’19-112

Let us consider the la) level the energy of which differs from the
conventional lower limit of vibrational quasicontinuum by less than
the energy of one laser IR radiation quantum. In the general case,
when this level is not coupled by resonances with any populated
vibrational-rotational molecular level and when the laser intensity is
not sufficient to excite highly this level due to power broadening, its
population Paa << 1. This population can be estimated within the
frameworks of the perturbation theory with due regard for the transi-
tions nearest to resonant ones. But, despite the equality Pa << 1, if
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during a laser pulse many elementary acts ot irreversible decay ot the
level to the quasicontinuum take place, the effect ot molecular excita-
tion may be rather appreciable. The rate of "leakage" from lower
states to the quasicontinuum is given by the obvious relation

W= p,r,P (5.33)

where tra is the cross-section ot transitions from the a) level to the
quasicontinuum, P is the laser radiation intensity in photon/cm2.s.
The probability ot leakage during a pulse is111

1-exp (-Wzp)= 1-exp (-PaaO’ae’l’p) (5.34)

This mechanism of molecular excitation to the quasicontinuum in
some papers113-116 was considered in a different way, that is, in terms
ot decay of the anharmonic mode under excitation to other vibrational
degrees of freedom of the molecule.
The essence of the effect, however, is reflected obviously most

precisely by considering in terms of direct multiphoton transitions to
the quasicontinuum. An important feature of cross-over multiphoton
transitions to the quasicontinuous spectrum is that it is possible to
excite all molecules irrespective o[ their initial state. The transition
probabilities for different initial states are dissimilar, ot course, and
as this always takes place in multiphoton processes (see, tor example,
Refs. 117 and 118), depend on the value ot detuning AK relative to
intermediate resonances (see Figure 3.14 in ReL 2). The probability
of such a process is determined by formula (3.134) in Ref. 2. Generally
speaking, this formula is rigorous or multiphoton transitions to the
quasicontinuum. But, if the probability o transition to the continuum
is much larger than the distance between the levels in it, formula
(3.134) holds true for the case ot transition to the quasicontinuum, too.
Let us consider for estimation a four-photon transition to the

quasicontinuum through the most advantageous channel PQQR (see
Section 5.5.2). Assume that the dipole moment of transition /z

0.3 Deb and anharmonicity constant ,o’lx,,I 2.5 cm-. Let, also, the
pulse duration Zp be 100 ns, and the cross-section of transition to the
quasicontinuum cr 10-18 cm2 (see Chapter 6). Then with the use of
formula (3.134) we can have the characteristic intensity of laser
radiation !---108 W/cm2 at which all the initial states are excited to
the quasicontinuum with a probability close to unity (Wzp 1).
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The estimate obtained is quite consistent with experiments at such
intensities when some molecules (see Section 5.4) can be excited to
the quasicontinuum with a probability close to unity. But, according
to formula (3.134) in Ref. 2, as the intensity is reduced just by several
times the probability of excitation to the quasicontinuum in a laser
pulse becomes much less than unity. This is quite natural since the
model of multiphoton transitions to the quasicontinuum gives a fast
stepwise dependence (in our case i4) Of absorption on laser radiation
intensity which can be illustrated by the results of numerical computa-
tions.97’112’119 We should also point to another characteristic feature
of the process of direct multiphoton excitation to the quasicontinuum.
The efficiency of this process, according to Refs. 110, 112 and 120 is
determined mainly by the intensity of the laser pulse rather than by
its energy.

5. 4.4. Model of weak transitions

In some works the effect of MP excitation has been explained with
the use of transitions forbidden by the selection rules discussed in
Section 5.5.2 but which can be essential in a sufficiently strong laser
field.

Transitions with IAJI> 1 In Ref. 121 consideration was given to
vibrational-rotational transitions with IAJI > 1. It is rather easy to
understand why we should allow for such transitions in intense fields.
Transitions with IAJI > 1 may be treated, in essence, as multiphoton
transitions (see Figure 5.29) the intermediate stages of which are

jJ,
3

R R(J/2)

J/2

FIGURE 5.29 Three-photon transitions with AJ =-3 from the ground vibrational
state to the first excited vibrational state. The levels Iv 1, J Jo-1) and Iv=0,
J Jo-2) play the role of intermediate state.
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allowed but detuned from exact resonances. The effective Raby
frequencies of these transitions can be easily calculated with formulas
similar to those given in Section 5.4.2 which include the dipole
moments of all intermediate transitions as well as the detunings from
intermediate resonances. Let us consider, for example, the transition
with AJ=--3. As it follows from formula (2.33) in Ref. 1, the
frequency of this transition is

,0-3 6B(J0 1) (5.35)0)10 (.0

whre it is assumed that Bo B1 B. The transition with A =--
corresponds to a three-photon transition in which the levels v 1,
J Jo-1) and Ivi 0, J J0-2) act as intermediate states. The effec-
tive Raby frequency of this transition is expressed as

),
(3) 031
r 16B2(2J_1)(2J_3) (5.36)

where, for simplicity, we neglect the weak dependence of the vibra-
tional-rotational transition dipole moment on the rotational quantum
number J. If we take the values of transition dipole moment /z
0.3 Debye, laser radiation intensity I 107 W/cm2 and rotational con-
stant B =0.1 cm-1 we shall have the Raby requency

)(3) >0.5 10-4en cm- (or ’eff 2rc > 107 S-1) for J < 45.

Thus, transitions with [hJ[ > 1 must be apparently taken into account
with the rest of multiphoton transitions, particularly for small values
of the rotational quantum number J.

Transitions with AR 0 Quite a different approach must be applied
in considering the removal of prohibition AR =0 on the quantum
number R which takes on the values J+ 1, J, J-1 for different
components of Coriolis splitting of the F-sublevel of spherical top
molecules. It is essential here to clear up to what extent the selection
rule AR 0 is rigorous. Transitions with AR # 0 have observed in the
linear absorption spectra of the cn4 molecule. 122’123 Therefore in
Refs. 124, 125 and 116 an assumption has been made on the possible
role of such transitions in the process of MP excitation of spherical
top molecules. In Ref. 127 the mechanism of removal of prohibition
AR 0 has been revealed.
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It has been shown that the selection rule AR 0 can be disturbed
in the highest orders of vibrational-rotational interaction. But, as
shown in Ref. 127, it is impossible at present to carry out exact
calculations of the dipole moments of transitions with AR # 0 for lack
of information on many molecular parameters. Nevertheless, accord-
ing to the approximated estimations in this work, the probabilities of
transitions with AR # 0 for heavy molecules (SF6, UF6) make (10-8-
10-1)J4 of the probability of allowed transitions with AR =0. For
the SF6 molecule the upper estimate means that the dipole moments
of transitions with AR#0 at J-50 are expected to be /-
0.7.10-2 Deb. Even if the laser radiation intensity 1= 105W/cm2

such a value results in the Raby frequency value y= 10-4 cm-1 (or
),27rC 2" 107 S-1), i.e., weak transitions with AR 0 can be probably
saturated even in moderate-intensity fields.

Transitions with An 0 There is one more non-trivial possibility of
weak transitions for spherical top molecules. To understand what this
possibility is connected with we should consider the fine rotational
structure of a sublevel with the given value of J. In a spherical symmetry
approximation, beside the usual degeneracy with respect to the projec-
tion of the angular momentum M onto the given spatial axis, there
is also degeneracy with respect to the projection K in the coordinate
system rigidly connected with the molecule. Anisotropic vibrational-
rotational interaction removes the degeneracy with respect to K, which
gives birth, in particular, to a structure observed in linear absorption
spectra measured with a high resolution (see Figure 2.6 in Ref. 1).
As it may be seen from this figure, in the absorption spectrum of SF6
the bands corresponding to different values of J are overlapped rather
materially. Each line in the absorption spectrum is classified with the
irreducible representation of an octahedral group. This splitting was
theoretically studied as far back as in classical Ref. 128 where it was
shown that ot each octahedral component of the lower vibrational-
rotational state in the given branch (P-, Q- or R-branches) there was
only one transition to a strictly definite octahedral component of the
upper vibrational-rotational state that was allowed. In the notations
of Ref. 128 the octahedral components of the C symmetry are numer-
ated by the n index and the selection rules C’ C", An 0 are valid.
But, according to this work, the second rule is not rigorous. Therefore
in Ref. 126 it has been assumed that it is transitions with An # 0 that
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are essential for the process of MP excitation. The theoretical model
of MP excitation including transitions with An 0 has been considered
in Ref. 129 too. The physical results obtained from considering transi-
tions with An 0 are quite evident. Quite a large number of transitions
(--J) becomes possible for the given component of octahedral splitting.
This, of course, may cause a considerable fraction of molecules to be
involved in the process of resonant interaction with the field at a fixed
frequency. Figure 5.30 shows the frequency dependence, estimated
in Ref. 126, of the fraction of molecules excited at the transition
v =0 v 1 with allowance made for weak transitions with An 0
(as well as with zR 0). The figure also shows the frequency depen-
dence of q for the case when weak transitions are absent. This com-
parison shows that, with weak transitions allowed for, the value of q
may increase by more than an order. For further progress it is
apparently to clear up to what extent the selection rule An =0 is
rigorous. Theoretical estimations in this direction require that many
unknown molecular parameters should be known. So it is apparent
that detailed spectroscopic research into transition cross-sections and
level positions is essential for the development of a model of weak
transitions.

5.4.5. Experimental testing of theoretical models

The experimental results of studies into the process of MP excitation
have at least three aspects which are most essential for testing the

920 940 960

,CMI

04

0.2
0.02

FIGURE 5.30 Frequency dependence of q-factor at the excitation of SF6 molecules
from the ground to the first excited vibrational state: (1) calculation with AR =0,
An =0 selection rules taking into account; (2) Calculation with assume the breaking
AR =0, An =0 selection rules (from Ref. 126).
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models developed for IR excitation of molecules at lower transitions.
The first of these aspects is the frequency dependence of absorbed
energy which actually determines the selectivity of MP excitation and
are very significant for the practical applications of the effect. To
conclude that the theory operates here rather well it is apparently
quite sufficient to compare the experimental frequency dependence
of absorption in SF6 (Figure 4.4 in Ref. 2) with its associated theoretical
dependences (Figure 5.28) calculated for the real gas temperature.
The second and third aspects, the observed values of energy absorbed
from a laser pulse and the observed values of the fraction of molecules
q excited to the quasicontinuum, are closely interrelated. Indeed, the
possibilities of excitation of a small fraction of molecules associated
with different mechanisms of compensation of anharmonicity (see
Section 5.4.2) are rather evident, and these molecules are able to
absorb several quanta and then go on with their excitation in the
quasicontinuum. The possibility of excitation of a considerable fraction
of molecules, however, is non-trivial (according to Section 5.3, the
value of q for SF6, OsO4, CF3I molecules at rather moderate radiation
intensities I 106 W/cm2 ranges from 0.1-0.5). The mechanism of
compensation of anharmonicity considered in Section 5.4.2 are not
able apparently to provide so high values of the q factor. In Refs.
103-105, for example, in which the process of MP excitation in the
SF6 molecule is calculated in detail, there is no quantitative correlation
with the experimental dependences (b) and q(b). This fact enables
us to assume that the authors have not managed to solve the problem
but, nevertheless, the results of their calculations are of great interest.

Since the models of compensation of anharmonicity considered in
Section 5.4.2 seem to be insufficient to describe experiments we had
to use other techniques considered in Sections 5.4.3 and 5.4.4. The
mechanism of direct multiphoton transitions to the quasicontinuum
discussed in Section 5.4.3 reflects properly an important effect of the
process of MP excitation, that is the possibility of excitation of any
initial molecular state when the power broadening is still relatively
small. But, as the estimates given above show, this mechanism results
in a fast dependence of q on laser radiation intensity which differs
completely from those observed in experiments. The same refers to
the corresponding dependence of absorbed energy.
The dependences (b) and/3(b) formally look as if stepwise res-

onant transitions would be possible for many initial molecular states.
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It is because of this that weak transitions have been considered (see
Section 5.4.4). We can state that the most cardinal assumption here
is distortion of the selection rule An 0 that gives rise to excitation
channels the number of which exceeds at least by an order the number
of channels considered above. The model of weak transitions with
AR 0, An 0 has not been developed properly yet. Besides, it should
be noted that this model is rather specific since it deals only with
excitation of triple-degenerate modes of spherical top molecules. But,
as far as other molecules and particularly asymmetric tops are con-
cerned, most of the scientists believe that the difficulties of the theory
in describing the excitation of lower transitions are caused by lack of
spectroscopic information. Further studies will show to what extent
this opinion is true.
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6. MULTIPLE-PHOTON EXCITATION OF MOLECULES
IN VIBRATIONAL QUASICONTINUUM

Many points dealing with excitation of vibrational quasicontinuum
have been discussed in Chapters 2 and 3 (Refs. 1, 2). In this chapter
in Section 6.1 consideration is given primarily to the basic results
of experimental research of MP molecular excitation in the region
of quasicontinuum. In Section 6.2 the theory of MP excitation
in the quasicontinuum will be correlated with experiment. And,
finally, in Section 6.3 we shall discuss the vibrational energy distri-
bution.
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6.1. Experimental study of MP excitation of molecules in the quasi-
continuum

Let us consider the most important characteristics of the process of
MP molecular excitation in the region of quasicontinuum obtained
with the use of the various experimental methods.

6.1.1. Average level of excitation in the quasicontinuum

The methods of absorbed energy calorimetry given in Chapter 5 make
it possible to measure the average energy absorbed by all the molecules
in the volume under irradiation g. However, not all the molecules but
just some fraction of them q is involved in the process of MP excitation.
Moreover, the molecules get divided distinctly into two ensembles:
"cold" molecules remaining at lower discrete vibrational levels and
"hot" molecules excited to higher vibrational states in the quasi-
continuum (see Section 5.3) It enables to determine average level Of
excitation of molecules in quasicontinuum.

e-q g/q (6.1)

where and q are experimentally measurable values.
Figure 6.1 presents the dependences of the average excitation level

of SF6, CF3I and OsO4 molecules in the quasicontinuum gq on IR
laser energy fluence @. These dependences were obtained in Section
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FIGURE 6.1 Dependences of the average level of excitation of CF3I, OsO4 and SF
molecules on radiation energy fluence . (From Section 5, Refs. 50 and 76).
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5(ref. 50, 76) from independent measurements of g and q. With the
radiation energy fluence over 0.2 J/cm2, the value of g:q increases
monotonously at first and then (for CF3I at least) begins to be satur-
ated. This saturation at high for CF3I is explained by molecular
dissociation during a pulse. Indeed, the value nax =21000cm-1

exceeds just a little the dissociation energy of the CF3I molecule
D---19 000 cm-1. So little overexcitation of the CF3I molecule (no
more than 1 or 2 laser quanta) is caused, first of all, by a high rate
of unimolecular dissociation due to a small number of atoms in it (see
Section 3, ref. 1, Section 4). Besides, the resulting CF3 radical does
not make a substantial contribution to MP absorption (Section 5, Ref.
76), and so calorimetric measurements even at effective dissociation
of CF3I can give information on its average excitation level.
A quite different situation can be realized for rather complex

molecules. First of all, in such molecules considerable excitation over
the dissociation limit can take place during an IR pulse due to a small
rate of unimolecular dissociation. For the (CF3)3CBr molecule, for
example, during zp 10-6s the dissociation energy can be exceeded
twice (Section 5, Ref. 81). The radicals formed in MP dissociation of
complex molecules can also often absorb effectively IR radiation
energy. It presents a serious problem in direct determination of the
e-q value since it is difficult to discriminate in calorimetric experiments
the MP absorption by original molecules from that by dissociation
products. More precise quantitative data of this kind can be obtained
from experiments with molecular beams.
Let us consider the effect of IR radiation intensity on the MP

excitation of molecules in the vibrational quasicontinuum. Figure 6.2
shows how the average number of absorbed quanta a for the SF6
molecule depends on the IR radiation intensity I at fixed energy
fluence 0.2 J/cmZ. The value of ! was varied by varying the COz
laser pulse duration zp from standard (zp 0.1 Is) to ultrashort (zp
30 ps). As the laser intensity is increased by about 4 orders, the value
of a increases by one and a half orders, the most intense increase
observed at high values of ! (in a range 109-101 W/cmZ).

In the region of low intensities I= 106-107W/cm2, when a < 4
quanta per molecule, the fraction of molecules involved in the process
of MP excitation q < 1 (see 5.3.3). In this case the increase of a can
be naturally attributed to the power broadening effects at discrete
vibrational levels, which cause q and hence a to increase. At the same
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FIGURE 6.2 Dependence of the average number of absorbed quanta in SF on IR
radiation intensity (From Ref. 1).

time at high radiation intensities I > 109 W/cm2 and =0.2 J/cm2

the power broadening effects provide excitation of almost all SF6
molecules to the quasicontinuum q 1. In this case, since riq ri, with
an increase of ! the excitation level of SF6 to the quasicontinuum nq
increases. It must be said that such an increase comes about mainly
with I > 109 W/cm2, i.e., under MP excitation by supershort (10-9 +
10-11 s) pulses. Really, as many experiments show in which MP absorp-
tion and dissociation are studied (see ref. 2, 3, and Section 5, ref. 9),
with I > 109 W/cm2 the level of excitation of molecules in the quasi-
continuum is slightly subjected to intensity and depends mainly on
laser energy fluence . The authors explain the increase of absorbed
energy with increasing I by the change-over from incoherent excitation
of SF6 molecule in the quasicontinuum to coherent excitation.
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6.1.2. Stochastization of vibrational energy in MP excitation of
molecules

The internal energy distribution of a MP excited molecule over its
vibrational degrees of freedom is one of important and very likely,
one of the most complex questions for research.
At an early stage of research of MP processes in molecules many

investigators hoped for mode (or bond)selective excitation of poly-
atomic molecules and associated photochemical reactions. It should
be noted that the authors of the first papers in this field pointed to
inevitable excitation of many vibrational modes due to the transitions
in the vibrational quasicontinuum. In the works which followed it was
shown that the process o strong MP excitation involved all or, at
least, many vibrational modes of polyatomic molecules. This refers to
a great majority of cases under typical experimental conditions with
the duration of IR radiation pulses rp 10-6-10-8 S. In other words,
at sufficiently strong MP excitation of molecules the vibrational
molecular energy is subjected to (complete or partial) stochastization.
In Section 2.3.3 consideration was given to potential mechanisms of
stochastization of molecular vibrational motion. Here we want to
consider some experimental approaches to this problem. As the studies
into MP dissociation of various molecules show, the statistical theory
of unimolecular dissociation (RRKM theory4) agrees well, as a rule,
with experimental results (at least for not very large molecules, such
as SF6, CF3I, CF2CFC1 and others). This means that the vibrational
motion near the dissociation limit for such molecules is stochastized
and it can be described on the basis o statistical methods.

Search of nonstochasticity There are some experiments when in their
interpretation a deflection of the internal energy distribution from the
statistically equilibrium one is permitted.

In Ref. 5 the chemical processes induced by exciting the vibration
of CH-bond and the deformation vibration of CH2-bond in cyclopro-
pane were compared. Two primary reactions are essential in this case.
One of them is an isomerization reaction:

H H H H

-7 \C /
--+ --C H

H H / \ /
H H C-HH

H

(6.2)
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and the other one is a fragmentation reaction:

H H H H

H H --- C--C + CH" (6.3)
/ \

H H H H

Fragmentation reaction (6.3) has a far higher energy barrier and in
case of statistical energy distribution over modes must not play any
appreciable part.
The CH-bond of cyclopropane at 3106cm-1 was excited by a

high-energy pulse of a powerful optical parametric oscillator and the
CH,bond at 1080 cm-1 was excited by a pulse of a TEA CO laser.
The reaction products were analyzed with a gas chromatograph. In
exciting the CH-bond at the 3.22 im wavelength one could observe
isomerization reaction (6.2) with the lowest energy barrier. The col-
lisions of excited molecules with the buffer gas (argon) gave birth to
fragmentation products with a small yield. In exciting the CH-bond
at 9.5 m at low buffer gas pressures one could observe a preferential
fragmentation reaction that continued making an appreciable contri-
bution even at higher buffer gas pressures. Basing on these results the
authors concluded that the reaction product distribution depended on
which of the vibrational modes was under excitation. However, this
conclusion, to our opinion, cannot be rigorously proved without
measuring the energies absorbed by a molecule in each case.

In refs. 6 and 7 the MP dissociation of rather a complex volatile
uranium compound UO.(hfacac)THF by the radiation of a CO laser
under continuous and pulsed operation was studied. Photodissociation
was done in a molecular beam when collisions and subsequenet thermal
heating could be avoided even under continuous irradiation. The COe
laser radiation was in resonance with the asymmetrical vibration of
the uranil group which is sensitive to the isotope composition of
uranium and oxygen. In Ref. 7 they could observe the MP dissociation
of this molecular compounds by pulsed CO laser radiation. MP
absorption and dissociation of such a molecule belong to the case of
molecules with a very low vibrational quasicontinuum limit considered
in section 5, ref. 1 (Chapter 1). A high dissociation yield can be
achieved at extremely low pulse energy fluence (0.1 J/cm). In the
theoretical model of MP absorption and MP dissociation developed
in Ref. 7 it is assumed that the absorbed energy is distributed only
among a part of vibrational modes. It is obvious that direct experiments



246 V. N. BAGRATASHVILI et al.

with the use of shorter (of the order of I ns and shorter) CO2 laser
pulses are required to prove this conclusion.

In Ref. 86 of Chapter 5 the dissociation yields of the CC14 molecule
were correlated as the fundamental vibration ’3 was excited by NH3
laser pulses at 771 cm-1 and the compound mode Ul + u2 +/)4 by CO2
laser pulses at 980 cm-1. In this work the opto-acoustic method was
applied to measure the energy absorbed per one molecule in the
volume under irradiation. On the basis of different dissociation yields
/3 at the same absorbed energy g a conclusion was drawn on the
presence of "mode-selectivity" during MP dissociation of CC14 by IR
radiation. This conclusion, however, cannot be considered proved
without reliable measurement of the fraction of molecules q involved
in the process of MP dissociation in every case. If, for example, the
fraction of excited molecules during excitation of different bands differ,
which seems quite natural, the real excitation energy level of CC14
molecules is different which can result in different dissociation yields.

In Ref. 26 of Chapter 5 the two-frequency excitation of the SF6
molecule was studied in detail. The MP absorption was measured
through direct and opto-acoustic calorimetry. The MP dissociation
yield of SF6 (SF6 SF5 + F) was determined from the IR luminescence
intensity of the vibrationally excited HF molecule (h 2.5 p.m) result-
ing from the reaction of atomic fluorine with H2 scavenger. The values
of absorbed energy from the second IR field (fl2) and dissociation
yield/3 were measured at a fixed frequency of the first IR field. Figure
6.3 shows the dependence of gz, /3 and the dissociation efficiency
02---/3/g on fz. As 122 shifts to the long-wave side, the MP dissociation
efficiency increases greatly (by 50 times as varies between 950 and
790cm-1). This result in Ref. 26 of Chapter 5 is explained by a
different degree of stochastization, i.e., by different intermode distribu-
tion in SF6 during MP excitation at different frequencies. But it can
be also explained alternatively, i.e., by a different fraction of molecules
preexcited by the first field fa, interacting with the second field at
different ’2"

Indirect observation ofstochastization There are several experimental
works the authors of which report that they have managed to study
the effect of vibrational energy stochastization. In Refs.
37, 42 and 43 of Chapter 5, for example, the experiment was identical
to the experiments on double IR-IR resonance described in Section
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FIGURE 6.3 Dependences of the average absorbed energy/2 (curve 1), dissociation
yield/3 (curve 2) and its quantum efficiency (in relative units) (curve 3) on the frequency
of the second field lq for the SF molecules preexcited by fl field, fl 944.2 cm-1,
bl 3 J/cm2. (From Section 5, Ref. 26).

5.2.1. Gaseous SF6 was excited by a laser pulse, and the probe laser
beam absorption was measured both during a pulse and after it. The
changes in the signal of probe beam transmission were interpreted as
a process of energy transfer from the molecular mode under excitation
to the rest of vibrational degrees of freedom. In Ref. 37 of Chapter
5 one could observe strong changes in the signal at the rear edge of
exciting laser pulse, its duration being -p 2 ns. These changes in the
signal, however, cannot be related in any way either to the process
of collisional vibrational relaxation or the process of "collisionless"
relaxation. Really, as it has been vividly demonstrated in Ref. 32 of
Chapter 5, a similar effect of changes in the transmission signal always
takes place and is connected with the shift of the transition probed
due to the dynamic Stark effect.

In Ref. 42 of Chapter 5 the changes in the absorption spectrum of
excited SF6 molecules after the action of a laser pulse with its duration
,rp 100 ns were interpreted as a process of vibrational energy stochas-
tization. This spectrum evolution, however, is quite similar to the one
illustrated in Figure 5.10. As it follows from the results of Ref. 34 of
Chapter 5, this evolution can be easily explained by the process of
vibrational energy exchange between the upper and lower molecular
ensembles. Therefore, the effect disclosed is hardly probable to be
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related to the process of vibrational energy stochastization (see, also,
Section 5, Ref. 43).

In Section 5, Ref. 43 changes in the absorption of excited molecules
were disclosed, on a much shorter time scale though. In this work the
exciting laser pulse duration was zp 10 ps. Such a pulse duration, in
principle, does not make it impossible to observe the effect of vibra-
tional energy stochastization in the SF6 molecule.
To our opinion, however, one should carefully approach the quanti-

tative interpretation of any observation of vibrational energy stochas-
tization by the method of double IR-IR resonance. The cause is that
the integral absorption in the band concentrated nearby the vibrational
mode of molecule active in the IR spectrum must slightly depend on
energy and can be related only to anharmonic terms which is not
considered at a quantitative level now.

Direct observation of vibrational stochastization The possibility of
independent measurement of the vibrational energy stored in different
molecular modes is obviously a critical condition for direct experi
mental observation of molecular vibration stochastization. In the most
of the above-considered experiments the information on intra-
molecular energy distribution was obtained only indirectly and this
made the interpretation of results ambiguous. In Chapter 5, Ref. 1
(Section 2.7) we have already noted that such methods of spectroscopic
diagnostics as spontaneous Raman scattering and IR fluorescence can
be used for direct measurement of the vibrational energy distribution
in MP excited molecules (see, also, Section 5.2). As it is shown in
Section 5, Ref. 1 the integral intensity of anti-Stokes Raman scattering
as well as of IR fluorescence are proportional to the vibrational energy
stored in the mode being probed (see relations (5.9) and (5.10)).
From this fact two obvious possibilities of study into inframolecular
distribution follow. The first of them is connected with observing the
time evolution of integral anti-Stokes signal SAs. It is apparent that
if Raman probing is performed after excitation, in the za time that
materially exceeds the characteristic time of intermode collisional
energy exchange, the integral signal SAs will be proportional to the
equilibrium energy in the uRS mode under probing.8 By measuring
the dependence sAS(’a) it is possible to find at a quantitative level to
what extent the energy distribution over modes formed in the very
process of MP excitation differs from the statistically equilibrium one.
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The characteristic dependences sAS(’/’d) for SF6 and CF3I molecules8

are given in Figure 6.4. Within the limits of experimental error the
value of SAs is independent of ’a over a range from 0-15 ns up to
several microseconds. At a pressure of 0.1 Torr this corresponds to
the change over from the region where the collisional energy exchange
can be neglected to the region where this process is essential. The
damping of the signal with ’a > 5 s according to Ref. 8 of Chapter
5 is related to the diffusion of molecules from the region of excitation.
The results obtained in Ref. 8 make it possible to conclude that under
the given conditions of MP excitation of SF6 and CF3I molecules the
energy stored in a molecule is not redistributed between its modes,
i.e., the distribution is equilibrium or, at least, approaches it.
Here it should be noted that the conclusion drawn is based on the

fact that the anti-Stokes signal is independent of time over a wide

O-B , sec.

5

FIGURE 6.4

CFI /

sec.
Dependences of the integral intensity of RS signal in the anti-Stokes

region /AS on the delay time between the exciting (IR) and probing (UV) pulses for
SF6 (a) and CFaI (b) molecules (From Ref. 8).
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range of values of the Zp parameter (1.5 ns Torr-2 Cs. Torr). However,
collisions bring about not only equilibrium distribution of molecular
internal energy if any was absent. Since during MP excitation of SF6
and CF3I molecules there are two ensembles of "cold" and "hot"
molecules formed, the average energy of "hot" (excited) molecules
during collisions can be reduced so that the quantum character of the
heat capacity of vibrational degrees of freedom becomes essential.
Because of this the value of energy stored in a mode can vary even
if the intermode distribution is equilibrium. In case of SF6 in the
above-discussed experiments this effect lies within the limits of
measurement accuracy and is not observable. But it imposes certain
limits on the potentialities of the technique in use.
The information on the character of intramolecular energy distribu-

tion can be also obtained by comparing the results of direct calorimetry
of absorbed energy and the results of Raman probing. Such comparison
of the dependences g= g() and sAS=sAS((I)) has been already
performed in Section 5.2.3 under the conditions when the energy
distribution in a molecule at the instant of probing is equilibrium due
to collisional intermode energy exchange. In accordance with Ref. 8,
the value of anti-Stokes signal is proportional to absorbed energy also
in case of probing SF6 under the conditions when the intermode
exchange during collisions can be neglected (pz < 4 ns. Tort), i.e.,
ASScollisionles . Since at the same time AS ASScollisiona Scollisionless, this con-

firms again the fact that the collisions after the IR pulse do not cause
changes in the character of distribution of the energy absorbed by a
molecule between its vibrational degrees of freedom. Thus, the above-
given information on Raman probing of MP excited molecules unam-
biguously points to the fact that under the conditions of the above
experiments the MP excitation of SF6 and CFaI molecules gives rise
to intramolecular distribution with the near-statistically equilibrium
distribution of absorbed energy among all or, at least, most modes of
these molecules. So the stochastic character of vibrational motion in
the molecules concerned is formed in the process of their interaction
with the IR radiation.
The results obtained in Ref. 8 make it possible to estimate the

stochastization limit. The minimum CO2 laser pulse energy fluence at
which the Raman signal could be registered reliably in Ref. 8 (the
signal-to-noise ratio was 6" 1) was equal to 0.06 J/cm2 tor SF6 and
0.09 J/cm2 for CFaI. From the known values of absorbed energy
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and the fraction of molecules involved in the process of MP excitation,
according to (6.1), one can find the average absorbed energy for the
molecules excited to the upper ensemble gq. If we add the initial
average vibrational energy at 293 K to this value, we can estimate the
stochastization limits according to: 8

SF6 molecule- Estoch 3900 + 500 cm-1

CFaI molecule- Estoch 6000 +/- 500 cm-1

It should be noted that the values of Estoh given for SF6 and CFaI
molecules are the upper estimates which, according to Ref. 8, were
possible at the sensitivity level of the system used to record the Raman
signal. It should be emphasized here that, as the radiation energy
fluence decreases below 0.1-0.5 J/cm2, the absorbed energy and
hence the value of SAs are reduced mainly due to a decrease in the
fraction of excited molecules q (Figure 6.2). As noted in 6.1.2, the
excitation level gq both for SF6 and CFaI decreases here very slowly
(Figure 6.2). This means that the transition spectrum changes qualita-
tively for the molecules involved in the process of MP excitation in
the energy ranges given above. The excitation rates of molecules to
energies below Estoch are at least several times higher than the rates
of their further excitation to the energy range E > Estoch. This corre-
sponds exactly to the vibrational energy stochastization limit (or the
quasicontinuum) near which the structure of real wave functions is
varied (ReL 1, Section 2.3). In the region E > Etoh the wave functions
of the states of the mode interacting with the laser radiation on account
of intermode resonances mix with many other wave functions. The
potential mechanisms of molecular vibration stochastization are con-
sidered in Chapter 5, Ref. 1 (Section 2.3.3).
We have considered a number of experimental data about

intramolecular distribution during MP excitation of molecules or, to
be more precise, stochastization of molecular vibrational energy. This
question is of great interest for molecular spectroscopy, the theory of
nonlinear vibrations of systems with many degrees of freedom and,
probably, for laser chemistry.

Unfortunately, no experiments have been carried out in which
intramolecular nonequilibrium (nonstochasticity) would be reliably
assertained under strong MP excitation of molecules. (In any case this
refers to experiments with IR pulses with Zp 10-6-10-7 s). Moreover,
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according to direct diagnostic experiments, the stochastization limit
for such molecules as SF6 and CF3I is very low. The value of Ustocr
for the SF6 molecule, for example, does not exceed the value of
zero-point vibration energy Ez. At first sight this result may seem to
be somewhat unexpected. But, as it has been shown in Ref. 8), it is
in the energy range E > 4000 cm-1 (4v3) that the mechanism of mixing
by chain (see Section 5, Ref. 1, Section 2.3) on account of three- and
four-frequency Fermi resonances provides effective interaction of the
levels of the ’3 mode under excitation with the levels of other modes
of the SF6 molecule. At the same time with E 3000 cm-1 (3 ’3) such
interaction is still small.

All this, of course, does not make impossible non-stochasticity for
molecules of other types (more complex for example) and especially
during their excitation by ultrashort pulses zp 10-1-10-11 s. Really,
the stochastization time Zstoch depends on many conditions" the struc-
ture of molecule, the frequencies of its vibrations, the force of inter-
mode interaction (intermode anharmonicities), the excitation level
and probably lies with the picosecond region. If the excitation rate is
made higher than the vibrational energy stochastization rate, one can
hope, in principle, for observing "mode-selective" effects in MP excita-
tion and subsequent phototransformations of molecules. This possibil-
ity has not been studied experimentally yet but its importance is
stressed in a number of papers (see Refs. 9, 10).
As far as realization of "bond-selective" IR photochemistry is

concerned, of particular interest are large molecules having remote
polyatomic functional groups. It is evident that strong vibrations
belonging to different remote functional groups will be found rather
loosely to each other. So it is not impossible that in MP excitation of
the vibrations of one functional group one can attain essentially
nonequilibrium energy distribution inside a large molecule during a
short time interval and hence a nonstatistical way of photochemical
processes.
In connection with this possibility in Ref. 10 an experiment is

proposed to observe the nonstatistical behavior of a polyatomic
molecule (Figure 6.5) in MP excitation with different functional groups
at its ends. Let one functional group (CF3, for example) be excited
by a powerful CO2 laser pulse. Since this group is not connected
directly with the motion of the R radical at the opposite end of the
molecular chain, the vibrational perturbation will reach this end in a
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VIBRATIONAL ENERGY TRANSFER

IR EXCITATION
BY SHORT PULSE

PROBI NG OF

VIBRATIONS

FIGURE 6.5 On the observation of non-equilibrium intramolecular distribution of
vibrational energy.

characteristic time " n/2rcX, where n is the number of bonds in
the chain which is proportional to the number of atoms, X is the
characteristic anharmonicity constant responsible for the interaction
of vibrations or the anharmonic coupling of adjacent bonds in the
chain. If a molecule is excited by a powerful IR radiation pulse with
its duration zp 10-1 s, with X 1 cm-1 and n 10 the results may
materially differ from the predictions of the statistical model. Such a
difference can be recorded by observing the anti-Stokes RS or IR
fluorescence for the functional group at the opposite end of the
molecule.

6.1.3. IR absorption spectrum of a highly excited polyatomic molecules

The first direct experimental data on the existence of vibrational
quasicontinuum for polyatomic molecules as well as on the transition
spectrum in it was obtained in experiments11 on MP dissociation of
molecules in a two-frequency IR field. Comparatively a weak IR field
with its fl frequency resonantly excited the molecules to the quasicon-
tinuum, and the second rather intense IR field with its 122 frequency
detuned from the resonance frequency of unexcited molecules per-
formed MP excitation in the quasicontinuum up to dissociation. The
separation of excitation functions between pulses of two different
frequencies enables independent research of the molecular transition
spectrum in the quasicontinuum. Such a research can be carried out
by measuring different physical values, such as absorbed energy,
dissociation yield, electronic luminescence intensity. Appropriate
experiments were performed with SF6,11-13 SiF4,12 OSO4,TM CF3I. 15

The experiments on two-frequency dissociation of the SF6 molecule



254 V. N. BAGRATASHVILI et al.

performed in11 show that the IR excitation of SF6 gives rise to a
quasicontinuous transition spectrum. Quite a similar result was
obtained in Refs. 21 and 26 of Chapter 5 from measuring the MP
absorption in a two-frequency field. In measuring the absorbed energy
in a two-frequency field one should measure first the average energy
absorbed separately from the pulses of resonant (gl) and nonresonant
(e2) steps and then during their joint action /1+2" The value of e-qc
determined from the relation

e-q g+2- (ga + g2) (6.7)

is the average energy of molecule in the quasicontinuum.
Figure 6.6 shows the frequency dependences of , g1/2 and gqc for

the SF6 molecule with the f2 frequency shifted to the short-wave side
about the ’3 mode band. It may be seen that the value of interest e-qc
lies in a wide spectral range that considerably exceeds the band width
of the u3 mode. However, the transition cross-section in the quasi-
continuum at the shortwave side is comparatively small trq=
1-2.10-21 cm2. It must be noted that the appearance of nonresonant

SF 6

FIGURE 6.6 Dependence of the average number of absorbed quanta in SF6 on
nonresonant laser radiation frequency. (1) a2; (2) i1/2; (3) aqc; (4) linear absorption

=4 J/cm. The vertical arrowspectrum of SF6; PSF6 0.1 Torr, (I) 0.14 J/cm2, (I)

denotes the resonant radiation frequency (l’l 942.38 cm-1). (From Section 5, Ref, 21).
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absorption over a wide spectral range during MP excitation of
molecules to the quasicontinuum can be also observed in the linear-
absorption spectra of MP excited molecules (in spectra of double
IR-IR resonance). But because of a small value of Crq the nonresonant
absorption from the short-wave side manifests itself in the linear
spectra of MP excited molecules very slightly. From the long-wave
side the absorption manifests itself more clearly (see Section 6.1.4).
Because of vibration anharmonicity one should expect that the

spectrum of the transitions between highly excited levels will be
long-wave displaced. For many molecules this manifests itself in IR
absorption and IR fluorescence spectra, in Raman spectra (see Chapter
5) and, besides, in frequency dependences of absorbed energy and
dissociation yield. Much more clearly the "red" shift manifests itself
in two-frequency excitation of molecules. For such small molecules

-1as SF6, Oso4, SiF4, for example, this shift may be as large as 50-70 cm
with relation to the maxima of the linear absorption spectra (see
Figure 6.4). The dependence of the electron luminescence intensity
of OsO4 on the second field frequency 122 is shown in Figure 6.7. It
clearly illustrates that the transition cross-section increases as the
frequency is shifted to the long-wave side.

0

o:D

o

910 920 930 940 9,50 960 970 980
-I

IGUR .? ependence of the electronic |uminescence intensity o OsO on the
second field frequenc
954.5 cm-1, curve 2--linear absorption spectrum of OSO4. (From Ref. 14).
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Figure 6.8. shows the absorption cross-section in the quasi-
continuum for the SF6 molecule as a function of laser energy fluence
of resonant field (I)2 at variable values of (I) of resonant field.6 If the
value of 2 is fixed and 3-5 photons per molecule are absorbed from
the resonant field (1 0.3 J/cm2), the value of r increases by 20-40
times. With 1 > 0.3 J/cm2, however, there is no increase in trq any
longer since the number of molecules being in resonance with f2 field
after their interaction with the ’1 field stops growing. Such behavior
of rq according to Ref. 16 is typical for all the f2 frequencies in the
range from 944-925 cm-1. The maximum value of MP absorption
cross-section in the quasicontinuum observed from the long-wave side
of the spectrum can reach for SF6 Gqc 10-18 cm2.
Thus, the observed "red" shifts in the spectra of highly excited

molecules as well as in the frequency dependences of absorbed energy
and dissociation yield in one- and two-frequency fields are physically
clear enough: they directly follow from vibration anharmonicity.
Here it should be noted however that the largest "red" shift can

be observed in case of molecules with comparatively a small number

c- I0

k..

0.0

SF6

0.t I0

J/cml
FIGURE 6.8 Dependence of the absorption cross-section of SF in the quasi-
continuum 8q on the energy fluence of nonresonant field 2. (1) 1 =0; (2) 1
0.016 J/cm2;’ (3) 1=0.073J/cm2; (4) 1=0.34J/cm; (5) 1=l.72J/cm2.
947.74 cm-1’ ft2=920.83 cm-L p=0.2Torr, zp=180ns (From Ref. 16).



MULTIPLE PHOTON IR LASER PHYSICS. CHEMISTRY. III 257

of atoms, such as SF6, OSO4, SiF4, etc. At the same time, for "large"
polyatomic molecules the "red" shift may be rather slight or even
unobservable. 7’17 Figure 6.10 shows the spectrum of linear IR absorp-
tion and the frequency dependence of the dissociation yield/3 at room
temperature for a large 44-atom molecule as UO2 (hfacac)2THF. 7

These dependences prove to be fully identical. The authors7 explain
the absence of a shift in the frequency dependence of/3 in this way.
The molecule UO2(hfacac)2THF at room temperature has an average

FIGURE 6.9 Theoretical dependences of the dissociation yield/3 of SF6 molecules
on laser energy fluence 4. The parameter m 1/2 is found from comparing the theoretical
and experimental dependences g(). The best agreement between the experimental
dependence /3() and theory takes place with mS 1, where S is the number of
vibrational degrees of freedom participating in the process of excitation, hence S 2
(From Ref. 25).
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energy / --10 000 cm-1 and is already in the region of quasi-
continuum with a very high density of vibrational levels. MP absorption
comes about due to excitation of the vibrational transition 0 1 of
the asymmetrical vibration of the group O-U-O. Because of fast
intramolecular energy transfer the energy of each absorbed IR quan-
tum is distributed over a large number of vibrational degrees of
freedom. The asymmetrical mode comes back to the ground state,
and the absorbed energy accumulated mainly in a great number of
low-frequency modes does not affect materially the spectrum of the
transition under excitation. This is also confirmed by the observed
linear dependence of absorbed energy on laser energy fluence typical
of rather large molecules.

6.2. Comparison of theory of molecular excitation in the
quasicontinuum with experiment

In Chapter 5, Ref. 2, Section 3.5 some kinetic equations are formulated
(3.129) which describe the dynamics of excitation of molecules to
vibrational quasicontinuum levels with their unimolecular dissociation
taken into account. The solution of the kinetic equations allows finding
the average number of absorbed quanta

= n[Z,(rp)-Zn(O)] (6.5)

(see the designations in section 3.5). Further, it enables the dissociation
yield during a laser pulse to be determined

1 n K,Z, (t) dt (6.6)

The molecules which can be found on the levels above the dissociation
limit after the pulse action is over can dissociate after the laser pulse,
too, making the following contribution to the dissociation yield

2 Z.(rp) (6.7)
n> D/hf

The total dissociation yield will be/3 =/31 +/32. The dissociation rate
K can be calculated with the statistical theory of unimolecular dissoci-
ation, RRKM theory, (see Chapter 5, Ref. 1, Section 2.4). The values
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of g and/3 can be measured experimentally, and so it is convenient
to use them to check up theoretical models. However to make the
description of the behavior of a molecule in a strong IR field complete,
the kinetic equations must be complemented with equations which
describe the process of a molecule passing through several lower
transitions where the level density is not enough to make cascade
resonances possible. Some difficulties the theory encounters in this
field, which can be explained by a shortage of spectroscopic informa-
tion and a necessity of taking into account a lot of multistep and
multiphoton transitions, cause the correct selfmatching solution of the
whole problem to have not been found at present. Nevertheless one
may to describe the experiments on the dynamics of MP excitation
at rather strong molecular excitation within the limits of kinetic
equations.

Really, direct measurements (see Section 5.3) show that at laser
energy fluences when the process of dissociation of molecules becomes
appreciable their essential fraction q is excited to the region of quasi-
continuum. So one can hope that such characteristics of the process
as the average number of absorbed quanta t, the dissociation yield/3
and the relation between ti and/3 can be described rather correctly
with kinetic equations. For correct correlation of the kinetic model
with the experimental results it is necessary in this case to know the
cross-sections of successive transitions in the quasicontinuum.

6.2.1. Transition cross-sections in the quasicontinuum

There are three different approaches to determining the cross-sections
of successive transitions at the present time. The first of them does
not make use of any spectroscopic parameters of molecules and is
completely based on fitting the results of computation to the results
of measurement by varying the unknown parameters entering into
the successive transition cross-sections in the kinetic equations. Several
different versions of such a simplified empirical approach will be
considered below.
The second approach that can be called semiempirical makes use

of, first, a more realistic picture of the process of MP excitation, the
existence of two molecular ensembles in particular, and, secondly,
certain spectroscopic molecular parameters. The model based on such
an approach will be considered in section 6.2.2.
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And, finally, the third approach that can be called spectroscopic
does not make use of the results of experimental studies into MP
processes and is based on considering the intermode resonances of a
molecule with involving the anharmonic interaction constants from
known spectral data. The first results in this direction are obtained in
Ref. 18.

Let us consider now several points of the empirical approach to
determining transition cross-sections.

In Refs. 19 and 20 the dynamics of excitation of the SF6 molecule
to the quasicontinuum was described by using the following
phenomenological dependence of the cross-section on the transition
number

O’n_l, exp (aln + a2) (6.8)

The comparison was carried out with the dissociation yield measured
experimentally during excitation of SF6 in a molecular beam at the
944.2 cm-1 frequency. Good agreement with the dependence observed
experimentally can be attained with the following values of the para-
meters in (6.11): al =-42.93; a2 =0.02936 (the dimension of tr is in

In the ensuing work,21 however, it was concluded that phenomeno-
logical dependence (6.8) could not ensure an agreement between the
results of calculation and measurement. In this work the dissociation
yield was also measured at the 944.2 cm-1 frequency (at a pressure
of 0.2 Torr) with addition of a scavenger of the H2 radical (at a
pressure of 1.8 Torr). The comparison with the calculation shows that
good agreement takes place with the cross-sections chosen
phenomenologically with the use of the formula

O’n-1, Cro n-1 (O’o= 5" 10-18 cm2) (6.9)

proposed in Refs. 22 and 23. The assumption on the cross-section
being independent of the transition number (trn-l,n const) adopted
in Ref. 24 turns out not to be able to ensure agreement between
theory and experiment.
Some attempts were made in Ref. 25 to compare more completely

the results of calculation and measurement with SF6 excited at
944.2 cm-1. Both the dissociation yield and absorbed energy were
compared. The results of calculation were compared with the results
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of three experiments.26-28 In Ref. 25 the spectrum of molecular
transition from an excited state was in the form of Lorentzian contour.
For the contour half-width tr(E) and for its integral intensity (/x2(E))
the following phenomenological dependences on molecular vibrational
energy were arbitrarily taken

8(E)=B[(E/f)+ 1] (6.10)

(Ix 2(E)) (E/fl)tx (6.11)

where b and c are the model parameters, and /z3 is the vibrational
dipole moment of the v3 mode for the SF6 molecule. From comparing
the results of calculation and experimental measurement of absorbed
energy it was concluded that in case of SF6 the cross-sections of
successive transitions were constant.

Thus, the conclusions in all three works on the law of transition
cross-section variation differ materially. From this fact it follows that
it is not probably this law that can give a key to adequate comparison
of theory with experiment. Indeed, in Ref. 76 of Chapter 5, it was
assumed that it was necessary to take into account the fact that the
fraction of molecules excited to the quasicontinuum differed from
unity although it was essential. In Ref. 76 of Chapter 5 the cross-
sections of successive transitions were calculated from the formulas
given in Chapter 5, Ref. 1 (Section 2.3.4), where a version was used
based on superposition of three Lorentzial contours corresponding to
the P, Q and R-branches. Such a choice of cross-sections proves to
be quite sufficient for obtaining good agreement between theory and
experiment. The principles of comparison between the results of
calculating the excitation dynamics and the experimentally measured
values had to be revised in this case as compared to Refs. 18-22.

Before considering the approach developed in Ref. 34 of Chapter
5 we must note one important factor. The use of phenomenological
dependences like (6.8) and (6.9) for the cross-sections of successive
transitions in the quasicontinuum hardly has any sense in comparison
between theory and experiment for different frequencies of exciting
radiation. Even if it is possible to choose its dependence for any
frequency, it will be rather difficult to obtain illustrative physical
information. At the same time it is quite clear that the transition
cross-sections at different frequencies must be coupled physically with
one another. The formulas obtained in Chapter 5, Ref. 1 (Section
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2.3) provide such a coupling. In the simplest case the cross-sections
at all frequencies and all transitions in the quasicontinuum can be
expressed only through two parameters--the average anharmonicity
constant and average Fermi-interaction constant--having clear
physical sense. It is apparently of independent interest to determine
these parameters trom comparing the results ot calculation ot the
molecular excitation dynamics with the results of experimental
measurement of absorbed energy and dissociation yield.

6.2.2. Semiempirical model of 1R excitation and dissociation

In Ref. 25 referred to in Section 6.2.1 it was impossible to get
agreement between theory and experiment for the SF6 molecule
simultaneously for the both dependences of the dissociation yield/3
and adsorbed energy g on laser pulse energy fluence . It turns out
that, it by choosing proper parameters one can get agreement between
the theoretical and experimental dependences on absorbed energy,
the theoretical dependence of the dissociation yield on comes to
saturation much faster than the experimental one (see Figure 6.10).
For a potential cause in Ref. 25 it had to be assumed that not all the
vibrational degrees of reedom of the SF6 molecule but only two of
them took part in the process of its excitation.

This assumption is synthetic since it does not agree with the experi-
mental results. The authors of Ref. 76 in Chapter 5 stressed on the
necessity of taking into account the division of molecules into two
ensembles. The lower "cold" ensemble consists of molecules the
excitation ot which can be neglected. The upper "hot" ensemble the
relative population of which is the q factor (see Section 5.3) is described
by the distribution that qualitatively corresponds to the distribution
resulting from the solution of kinetic equations. As the laser pulse
energy fluence increases, the ratio between the total populations ot
the lower and upper ensembles changes, the upper ensemble popula-
tion therewith increasing, which must be described by a monotonous
increase of the q() dependence. The inclusion of the division of
molecules into two ensembles has allowed the results of theory and
experiment to be in satisfactory agreement.
According to Section 5 (Ref. 76) the dependences fltheor((I)) and

theor((I)) calculated with the use ot kinetic equations are evidently
related to their associated experimental dependences in the following
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FIGURE 6.10 Frequency dependence of the dissociation yield (points) and the spec-
trum of linear absorption of the UOz(hfacac)zTHF molecule at room temperature
(From Ref. 7).
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way
ther((I)) experim((I))/q((I))

(6.12)
theor(lI))--- /experim((I))/q(lI))

As it may be seen from (6.12), the ratio of dissociation yield to
absorbed energy/3/g must not depend on the q factor. It is this ratio
that can be used in comparing calculation and experiment over a wide
range of both energy fluence and laser radiation frequency . It
should be noted that such comparison does not call for the knowledge
of the value of q. Only the experimentally proved fact of existence of
two molecular ensembles is applied here. It was for this reason that
the theoretical model pretending to agree with experiment by the
value of the/3/g ratio was called semiempirical in Ref. 76 of Chapter
5. It is evident that, when the semi-empirical model provides good
agreement with experiment, the dependences of the q factor on both
laser pulse frequency and energy fluence can be found. Thus, the
semi-empirical model can be considered as one more method, in
addition to those discussed in Section 5.3, to determine the q factor.
Now, in accordance with Section 5, Ref. 76, we are going to consider

the comparison of the semi-emprical model with experiment for the
CF3I molecule. The comparison was performed with the dimensionless
value of quantum dissociation efficiency q D//g:, where D is the
dissociation limit of the CF3I molecule. As it follows from the results
of Section 2.3.4 in Chapter 5, Ref. 1 the average anharmonicity
constant (X) and the average constant of three-frequency Fermi
interaction V were considered as variable parameters of the model
which determined the cross-sections of successive transitions.
A rigorous approach to determining the cross-sections of transitions

must undoubtedly be based on taking into account rotations. Since
for the excited ’1 band of the CF3I molecule the selection rule/K 0
is fulfilled with respect to the projection of momentum onto the
molecular axis, the contour of molecular absorption from an excited
vibrational-rotational state averaged by K is formed with the superpo-
sition of three Lorentzian contours corresponding to the transitions
in the P-, Q- and R-branches. A rigorous allowance for rotations
causes the equations to grow considerably. But, as shown in Section
5, Ref. 76, the rotations can be allowed for in an averaged way by
solving the kinetic equations for rotational states J0 with a maximum
initial population (for CF3I with T 293 K J0 50) and taking into
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account all the three branches. The same averaging can be also
performed relative to "hot" branches assuming that the molecules
starts not from the ground state but from a level being equal to the
initial average vibrational energy (for CF3I with T--293 K E0---
400 cm-1). The tests carried out in Chapter 5, Ref. 76 for integrating
the full system of kinetic equations that allows for both the distribution
over rotational levels and the initial distribution over vibrational levels
yielded calculated values of g and fl which differed a little (3 %) from
the results of averaged calculations. The calculations performed in
Section 5, Ref. 76 for the CF3I molecule show that the theoretical
and experimental dependences of the quantum dissociation efficiency
on radiation frequency with fixed energy fluence coincide within the
limits of experimental errors with the following parameter values:
(X) 3.8 + 0.2 cm-1, V 0.73 +/- 0.03 cm-1. Quite a high accuracy of
determination of two parameters is indicative in favor of two factors.
First, it has been found that the results of model calculation, if they
are considered in total over the entire frequency range, are rather
sensitive to the choice of cross-sections. Second, the fact that the
cross-sections at all frequencies can be described with the use of only
two variable parameters shows that the representations on the transi-
tion spectrum in the quasicontinuum developed in Chapter 5, Ref. 1
(Section 2.3) are correct as a whole. The experimental and theoretical
frequency dependences of the quantum dissociation efficiency 0 are
given in Figure 6.11.

It stands to reason that the calculated values of dissociation yield
theor and absorbed energy /theor with the values of ttheor and texperim
coincident turn out to be higher than their corresponding experimental
values {experim and (experim" From the ratio of any of these pairs it was
possible to determine the frequency dependence of the q factor for
the CF3I molecule (see Figure 5.21).

In Section 5, Ref. 2 (Figure 4.10) are given the theoretical and
experimental dependences of the quantum dissociation efficiency of
CF3I on the laser pulse energy fluence b at the 1074.6 cm-1 frequency.
These dependences coincide within the limits of measurement error
from b >0.7 J/cm2. At lower values of laser pulse energy fluence
some discrepancy between the calculated and experimental curves
may be caused (according to Chapter 5, Ref. 76) by the contribution
of collisional processes to dissociation not allowed for by the kinetic
equations. This possibility is under discussion below in Section 6.3.
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FIGURE 6.11 Frequency dependences of the quantum efficiency of dissociation of
the CF3I molecule: (1) experiment; (2) semi-empirical model (From Section 5, Ref. 76).

At the same time, the place where the theoretical and experimental
curves are well coincident corresponds apparently to the situation
when the basic contribution to dissociation is determined by the
collisionless process of molecule-radiation interaction. The depen-
dence of the q factor on the laser pulse energy fluence for the CF3I
molecule calculated from the ratio (experirn/theor) is given in Figure
5.20. It agrees quite well with the values of q obtained by other
methods.

Thus, the application of the semi-empirical model in combination
with the representations on the transition spectrum in the quasi-
continuuum allows a good agreement with experiment. In connection
with further potential applications of the semi-empirical model the
following notes should be made.

1. Unambiguous interpretation of the absorbed energy values
measured in experiments is possible only when the radicals [ormed

by the process of IR photodissociation do not absorb radiation or
absorb its negligible portion. This condition, however, is not always
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fulfilled because in some cases the resultant radicals, in their turn,
dissociate.

2. The measured values of dissociation yield cannot be always
interpreted unambiguously either. A characteristic example of this is
the SF6 molecule. It is apparently the process of recombination that
is vital to this molecule.19’3 It is also of importance to know how to
separate the dissociation yield on account of molecule-radiation inter-
action only from that on account of collisions. As it may be seen from
Figure 5.20, the contribution of collisional processes for the CF3I
molecule at comparatively high values of dissociation yield is obviously
not large. But, since small dissociation yields are usually measured,
the methods of direct radical diagnostics become of particular
importance.

3. The values of average absorbed energy e and primary dissociation
yield/ in the above case of the CF3I molecule were used as experi-
mentally measured parameters to construct a semi-empircal model of
MP excitation. For this purpose, however, other combinations of
experimentally measured parameters can be used as well. For example,
when an excited electronic state of the molecule lies below the dissoci-
ation limit of the ground electron state, vibrational MP excitation can
bring about electronic excitation of the molecule. In this case visible
or UV luminescence arises, and its value, like the value, can be
used as a parameter of semi-empirical model. The model thus con-
structed for the OsO4 molecule, for example, provides quite satis-
factory agreement with experiment both at one- and two-frequency
excitation.31

4. In every case it is necessary to consider specifically the Fermi
resonances of the given molecule since the law of spectral width
variation with molecular vibrational energy must be governed by the
multiplicity of the Fermi resonances responsible for the formation of
the transition quasi-continuum (see Section 5, Ref. 1, Section 2.3).

5. When the semiempirical model gives good agreement with
experiment, it is possible to find the dependence of the q-factor both
on the laser pulse frequency and energy fluence. Thus, the semi-
empirical model can be considered as another method of determination
of the q-factor, in addition to the methods concerned in Section 5.3.

6. In calculating the dynamics of excitation and dissociation with
the use of kinetic equations it is quite reasonable to use the version
when the distribution over rotational levels and thermal distribution
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over lower vibrational levels are considered in an averaged manner.
But sometimes control tests are probably required as it is done in
Section 5, Ref. 76 where these distributions are allowed for precisely.

6.3. Vibrational energy distribution at IR-MP excitation of molecules

The form of vibrational distribution is one of the most important
points in the problem of IR-MP excitation of molecules. This is
connected with the following. First of all, the form of distribution
function contains information on the very process of IR MP excitation.
So studies into vibrational distribution can help, first, to specify the
excitation mechanisms and, secondly, to determine the parameters of
high vibrational molecular states. Besides, the high-energy distribution
tail determines the chacteristics of unimolecular phototransformations
of the ensemble of MP excited molecules, for example MP dissociation.

In this and foregoing articles (Section 5, Refs. 1 and 2) we have
already noted that there are two different points under discussion:
absorbed energy distribution inside a molecular ensemble and internal
energy distribution of an excited molecule over its vibrational degrees
of freedom. In this section consideration will be given only to inter-
molecular distribution. The point on intramolecular distribution is
considered by us quite sufficiently in Chapter 5, Ref. 1 (Section 2.3)
and in Section 6.1 of the present paper.

In Section 6.3.1 we are going to discuss the experimental results
which reflect the specific features of intermolecular distribution, then
(in Section 6.3.2) discuss the factors responsible for the formation of
two ensembles during MP excitation and, finally, in 6.3.2 we shall
consider the peculiarities of vibrational distribution in the upper
molecular ensemble.

6.3.1. Features of intermolecular distribution nonequilibrium

The intermolecular vibrational energy distribution formed under IR-
MP excitation F(Evib) is materially nonequilibrium. This conclusion
obviously follows from comparing the spectral characteristics of IR-
MP excited molecules with the characteristics of equilibrium-excited
(thermally excited) molecules. Indeed, the spectra of IR absorption,
IR fluorescence, spontaneous Raman scattering and CARS produced
by different methods of spectroscopic diagnostics essentially differ
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from their associated thermal spectra (see Figure 4.9 in Section 5,
Ref. 2, Figure 5.10, 14 and 15). From these spectra (particularly
illustrative in Figure 4.9 (Section 5, Ref. 2) and Figure 5.15) it follows
that the first most important feature of intermolecular distribution
non-equilibrium is the division of molecules into two ensembles:
"cold" molecules remaining in the system of lower vibrational levels
and "hot" molecules excited to high vibrational states (see expression
4.9 in Section 5, Ref. 2). Quite a number of indirect data on meaure-
ment of absorbed energy , dissocation yield/, electronic luminescence
intensity and some other characteristics of IR-MP processes is indica-
tive on the division of the molecules into two ensembles. This follows
quite clearly from correlating the measured results of IR-MP dissoci-
ation yield and absorbed energy. Figure 6.12 illustrates the dependence
of the primary dissociation yield of the CF3I molecule on absorbed
energy (curve 1). Curve 3 stands for the results of calculation under
the assumption of the Boltzmann distribution function F(E,.i,) (Sec-
tion 5, Ref. 77). The comparison of curves 1 and 3, for example,
shows that for the average vibrational energy of molecules E
7.103 cm-1 the calculated dissociation yield/ =4.10-3 whereas the
measured yield at the same value of absorbed energy/ 0.1. It can
be easily seen that at lower values of E the discrepancy gets greater.
The main cause of such a discrepancy between the experimental and
calculated dependences is that no account is taken of the division of
molecules into two ensembles. For correct comparison the fraction of
molecules q excited to the upper ensemble should be known. In Figure
6.12 curve 3 denotes the dependence of the dissociation yield of the
molecules from the upper ensemble/q =//q on their average excita-
tion level q F:/q (Section 5, Ref. 77). It may be seen that the
discrepancy between experiment and calculation is much smaller here.
Nevertheless, in the region of small values of the value of/ at
MP excitation is much smaller than it must follow from the equilibrium
Boltzmann distribution. On the contrary, at rather high MP excita-
tion results in a high dissociation yield. Such a comparison is, of course,
just qualitative but it allows seeing the difference of the distribution
in the upper ensemble from the Boltzmann one that is another feature
of nonequilibrium in intermolecular vibrational distribution. The dis-
tribution function of "hot" molecules has a steeper high-energy tail
and is narrower than the Boltzmann function. Quite a similar result
follows from experiments with many other molecules and, besides,
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FIGURE 6.12 Dependences of the dissociation yield of CF3I on absorbed energy:
dependence/3 (g); (2) dependence/3q fq ); (3) calculation with the use of the thermal

model (From Section 5, Ref. 77).

corresponds to theoretical representations (see section 6.3.3). It should
be noted that comprehensive experimental study of vibrational energy
distribution for different molecules as well as with the use o IR pulses
ot different duration and frequency remains a very urgent task. Great
hopes here are set first of all on modern methods of spectroscopic
diagnostics, such as IR fluorescence and Raman scattering (see Section
5.2).

6.3.2. Causes of the formation of two molecular ensembles

As it has been often noted, some difficulties in calculating the dynamics
of excitation of lower transitions connected with a deficit of spectro-



MULTIPLE PHOTON IR LASER PHYSICS. CHEMISTRY. III 271

scopic information and the necessity of taking into account a lot of
multistep and multiphoton transitions cause the direct theoretical
determination of the q factor which would be adequate to the available
experimental results to be hampered greatly. Therefore we shall
restrict ourselves just to summing up the available experimental results
which somehow clear up the physical cause of the effect concerned.
These results were obtained in experiments in which the number of
gas-kinetic collisions of molecules changed during a laser pulse. One
possibility here is the variation of pressure in the cell either by changing
the parent gas pressure (Section 5, Ref. 25) or by diluting the absorbing
gas molecules with the buffer gas molecules (Section 5, Ref. 48).
Another possibility the variation of laser pulse duration with its energy
fixed (Section 5, Ref. 47). In the both cases the maximum value of
p,rp (the product of pressure by pulse duration) must undoubtedly
comply with the conditions when during the interaction with the
radiation field the number of gas-kinetic collisions is large.
As the results of numerous experimenta show (see Section 5.3,

Table 5), under collisional conditions the average number of absorbed
quanta (or dissociation yield) can considerably exceed the value
measured under collisionless excitation. So we can assume that the
efficiency of molecular excitation to the quasi-continuum depends on
the initial energy state of this molecule. Some molecular states popu-
lated at the temperature of the experiment can be excited to the
quasicontinuum rather effectively, other states are excited less effec-
tively. Under collisions the molecules relax to effectively excited levels
with the result that, in principle, all the molecules can be excited to
the quasicontinuum.
The statement made is trivial and rather common by character.

Nevertheless, there is still no theory that would be able to explain the
observed values of the q factor at a quantitative level and point to
the states which can be effectively excited to the quasicontinuum. It
must be noted, however, that the increase of absorption with an
increase in the value of p’rp is usually related to the process of rotational
relaxation which is quite natural.

6.3.3. Vibrational distribution in the upper molecular ensemble

The distribution in the upper ensemble set up by laser pulses is
determined by the solution of kinetic equations Section 5, Ref. 2
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(Section 3.5). We have already considered the basic properties of
these solutions. As seen from Figures 3.12 and 3.13, the distribution
is belled in shape and concetrated near the average value. The fact
that the distribution in the upper ensemble has really such a shape
also follows from the spectra o IR absorption, Raman scattering and
IR fluorescence of excited molecules (see Figures 5.10, 14 and 15).
When the laser pulse action is over there are two process taking

place. First, due to the energy exchange between the upper and lower
ensembles they merge together. It is in this way that the time variation
of spectra of excited molecules is interpreted. The second relaxation
process after the laser pulse action is attaining the Boltzmann distribu-
tion in the upper ensemble. As noted in Section 5, Ref. 76 it is this
process that can contribute materially to dissociation at relatively low
yields.

Really, let us consider the ratio between the distribution calculated
with kinetic equations and the Boltzmann distribution at similar values

CFI D,/ha I.o.-’’ cp. o., ,vcM2 / "
go z/i \.

OA , "o,L"_,..
b

...,-.,.,’. I...%
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LEVEL NUMBER
FIGURE 6.13 Comparison of the vibrational distribution in the "hot" ensemble
(curves 1) with the thermal one (curves 2) tor the CF3I molecule. (a) q 105 00 cm-;
(b) q 16 000 crn-. (From Chapter 5, Ref. 76).
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of absorbed energy for the CF3I molecule (see Section 5, Ref. 76).
These distributions are presented in Figure 6.12 for two values of
laser pulse energy fluence. It may be seen that at comparatively low
energy fluences 4 =0.4 J/cm2, when the experimentally observed
dissociation yield/3 2.10-2, the Boltzmann distribution tail near the
dissociation limit is much higher than that of calculated distribution
(curves 1). If the laser pulse energy fluence is increased to 4 1 J/cm2,
when the experimental dissociation yield/ 0.2, the calculated distri-
bution tail near the dissociation limit is higher than that of Boltzmann
distribution (curves 2). Thus, if we turn our attention again to Figure
4.10 in Chapter 5, Ref. 2, where the calculated and experimental values
of quantum dissociation yield 0 are correlated, we can understand
why theory and experiment are well consistent in case of comparatively
high values of , and the discrepancy in the region of comparatively
low values of can be qualitatively explained (Section 5, Ref. 76)
by the contribution of collisions to dissociation which tend to establish
the Boltzmann distribution in the ensemble of highly excited
molecules.
The Boltzmann distribution introduced for MP excitation in Ref.

32 is quite good approximation for vibrational energy of the upper
ensemble of molecules. The application of this model, for example,
to interpret the spectra of IR fluencescence (Section 5, Ref. 66) and
UV absorption (Section 5, Ref. 55) corresponding to hot ensembles
can produce quite satisfactory results.
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