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The IR MP excitation spectra of the SF6 molecule in the vibrational quasicontinuum (QC) measured
experimentally in the vicinity of theν3 mode frequency are compared with their theoretical counterparts with
a view to revealing the relative contribution from the statistical inhomogeneous broadening (SIB) and
homogeneous broadening to the formation of the IR transition spectra in the QC. The IR MP spectra are
found by solving rate equations, the cross sections of the successive transitions being calculated in the SIB
approximation. The half-widthγL of the Lorentzian profile associated with the homogeneous broadening is
the only adjustment parameter of the model. A good agreement (within the accuracy of measurement) is
obtained between the experimental and theoretical IR MP spectra over a wide range of spectral and energy
parameters. TheγL values are found which vary within the limits 0.53e γL e 10.2 cm-1 in the energy range
4500e E e 30 000 cm-1. The conclusion is drawn that the main parameters of the IR transition spectra in
the QC (the position of the maximum, width, and intensity) are governed largely by the SIB effect, though
the Lorentzian wings may play a decisive role when excitation occurs at the edges of the spectrum. The IR
transition cross sections found are used to compute the IR MP excitation dynamics in the QC and determine
the vibrational distribution function being formed. It is found that excitation in the QC may also give rise to
a nonequilibrium bimodal distribution.

1. Introduction

This work is a continuation of our publications1,2 devoted to
the studies of the spectral characteristics of vibrational transitions
in the quasicontinuum (QCf QC transitions) of polyatomic
molecules. The objects of our studies were molecules the type
of XY6, specifically the SF6 molecule. An approach was
developed in ref 1 that made it possible to calculate the main
parameterssthe intensity, shape, and position of QCf QC
transition profilessin the approximation where the predominant
part is played by the statistical inhomogeneous broadening (SIB).
Recall that this type of broadening is associated with the
dispersion of the frequencies of transitions from a given chaotic
vibrational state that is contributed to by a large number of
harmonic states with various sets of occupation numbers in the
modes (for details, see ref 1 and references therein). The
correctness of the approach developed was verified by compar-
ing between experimental and theoretical Raman spectra in the
neighborhood of the frequency of theν1 mode of highly excited
SF6 molecules.2 The same investigations allowed us to conclude
that in SF6 the principal contribution to the shape of transition
spectra in the QC was made exactly by the SIB effect, the
contribution from the homogeneous broadening associated with
the IVR process being substantially smaller.

The present work is devoted to the study of the spectra of IR
active transitions in the QC of the SF6 molecule in the vicinity
of the frequency of theν3 mode. The main objective of the
work is to reveal the contribution from the homogeneous
broadening to the shape of QCf QC transition spectra. To
this end, we study the IR multiple-photon (MP) absorption in

SF6 molecules preliminarily excited into the QC (see Figure 1
in ref 3). The idea of using such an approach is based on the
possibility of accumulation of the relatively small contribution
to the transition profiles from the Lorentzian wings associated
with the homogeneous broadening as a result of a large number
of transitions up the ladder of vibrational states in the course
of IR MP excitation in the QC. Information on the homogeneous
broadening parameters was expected to be obtained from
comparison between experimental and theoretical IR MP
absorption spectra. The results obtained within the framework
of the approach described are presented in two papers. The first
(the preceding paper3) presents the results of measuring IR MP
absorption in the quasicontinuum of SF6 over a wide range of
both the level of preliminary excitation into the QC and the
fluence and frequency of the exciting laser radiation. The second
part of the work (the present paper) presents the results of
comparison between the experimental data on IR MP excitation
in the QC of SF6 and theoretical calculations based on the IR
MP excitation model developed.

The approach used in this work to describe the IR MP
excitation dynamics is based on the use of rate equations. Rate
equations were used for the first time to describe the IR MP
excitation and dissociation processes in ref 4 when interpreting
the experiment with SF6. The derivation of these equations (on
first principles), as well as the substantiation of the possibility
of using them for various types of molecules and various
excitation conditions can be found in refs 5 and 6 (see also ref
7). Later on, rate equations have been used frequently enough
to describe and interpret experiments on the IR MP excitation
and dissociation of molecules. A review of the appropriate works
can be found, for example, in refs 7-9. Use is usually made of* FAX: +(095)334-0886. E-mail: letokhov@isan.troitsk.ru.
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the approximation where IR MP excitation is considered as an
incoherent process of consecutive single-quantum transitions up
the ladder of some “levels”. The distance between these “levels”
is equal to the quantum energy of the exciting radiation, and
their “degeneracy” is taken to be proportional to the density of
vibrational or rovibrational states near these “levels”. It is also
assumed that the rates of both direct and inverse processes are
linearly related to the radiation intensity, and the ratio of these
rates obeys the detailed balancing principle. Though this
approximation holds, strictly speaking, for the description of
excitation in the QC above its boundaryEQC (case B in the
notations of ref 6), it is being frequently used to describe the
dynamics of the IR MP excitation of molecules, starting with
their ground state.

The main problem in using rate equations is associated with
the choice of the cross sections of the successive transitions.
Starting with the work reported in ref 4, many papers used an
empirical approach where the transition cross sections (the law
governing their variation with energy) were selected by some
method, sometimes arbitrary enough, in no way related to the
spectroscopic parameters of the molecule in hand. The unknown
parameters entering into the transition cross sections were then
found by fitting experiment and theory. This approach has a
number of essential shortcomings associated first of all with
the arbitrariness in choosing the cross sections. Specifically, the
fitting parameters obtained for some laser radiation frequency
may prove inadequate to the description of the IR MP excitation
process at other frequencies. Subsequently, another, more
realistic approach was suggested to the selection of transition
cross section (see, e.g., refs 10-12), which may be referred to
as a semiempirical approach. In particular, when interpreting
experiments with CF3I in ref 10, the cross section values were
calculated on the basis of the actual spectroscopic parameters
of the molecule. Note that the authors of ref 10 also suggested
an approach that allowed the problem of modeling the MP
excitation in the region below the QC boundary in comparing
theory and experiment to be circumvented. As for the shape of
the transition band profile, it was assumed to be Lorentzian: it
was exactly the parameters of this profile that were taken to
serve as the fitting parameters in comparing theory and
experiment. The Lorentzian shape of the transition band profile
was also used in ref 11 when interpreting experiments with SF6.
So, it also proved impossible in this semiempirical approach to
avoid some arbitrariness associated with the selection of the
transition profile shape. It should be noted that the uncertainty
in selecting the spectral shape of the cross sections of successive
transitions, associated with the impossibility of the a priori
computation of this shape for a particular molecule, still remains
to the present day.

The approach used in this work to the rate-equation descrip-
tion of the IR MP excitation dynamics in the quasicontinuum
of the SF6 molecules is distinguished by the fact that the cross
sections of all the consecutive transitions are wholly calculated
(in the SIB approximation) on the basis of the actual spectro-
scopic characteristics of this molecule, as described in ref 1.
The contribution from the homogeneous broadening to the
transition cross sections is in that case treated as a correction,
and the magnitude of this contribution is essentially the only
adjustment parameter of the model. We believe that the
allowance for the homogeneous broadening in the form of a
correction to the SIB is quite justified. That this conclusion holds
true for the Raman active modeν1 is supported by the data
presented in ref 2. As regards the IR active modeν3 of interest
to us, we may cite the width estimates made in ref 13 for the

Lorentzian profile associated with the homogeneous broadening.
For example, at a molecular vibrational energy ofE ) 10 000
cm-1 this estimate of the width of the Lorentzian profile is 2γd

) 2 cm-1, while the width of the Gaussian profile associated
with the SIB at the same molecular energy is 2σ0 ) 12.8 cm-1.1

It should be noted at the same time that according to this
estimate the homogeneous broadening and the associated IVR
rate are sufficiently great for the excitation incoherence condition
2γd . W to be satisfied,W being the characteristic radiative
excitation rate. Simple estimates show that this condition is
fulfilled by a wide margin, no matter what the experimental
conditions.3

This paper is designed as follows. Section 2 describes the IR
MP excitation model used. The need to allow for the rotational
structure of transitions materially increased the number of
equations to be solved. Their solution algorithm providing for
computation on modern personal computers is presented in
Appendix B. Section 3 describes the procedure of fitting model
computations and experimental data3 and presents the results
obtained. The paper ends with the discussion of the results
(section 4) and conclusions (section 5).

2. Model of IR MP Excitation of Molecules in the
Quasicontinuum

As noted earlier, to describe the IR MP excitation dynamics,
use is made in the present work of rate equations. These
equations describe the change of the populations of groups of
levels whose vibrational energies differ by an amount equal to
the laser radiation quantumpω (see Figure 1). These groups
are identified by two subscripts:n andJ. The first subscriptn
denotes the number of quanta needed to be absorbed in order
to get from the initial state to the state of then group. By the
initial state is usually meant the QC boundary, i.e.,EQC, but
formally this can be the ground state as well (see later in the
text). The second subscriptJ denotes the rotational quantum
number, which varies by the selection rulesJ f J, J ( 1. The
groups of levels in Figure 1 are coupled together by stimulated
transitions whose rate isW) σP, whereσ is the transition cross
section andP is the photon flux density of laser radiation. The
cross section of transitions at a frequency ofν (in cm-1) from
vibrational states with an energy ofE may be written as

whereµ0 is the dipole moment of the transition 0f 1, and
G(ν,E) is the spectral intensity of the transition band. We have
earlier suggested in ref 1 a procedure for computing the intensity
of QC f QC transitions in the SIB approximation. Computa-
tions for the transition band of the modeν3 in SF6 have shown
that the spectral intensity of this band can be well described by
the Gaussian function

whereI0 is the integral intensity of the band,νm(E) is the position
of the maximum, and 2σ0(E) is the width of the band (in cm-1),
I0, νm, andσ0 being functions of the vibrational energyE of the
molecule. The values of these parameters (upward transitions)
have been computed in ref 1 for purely vibrational transitions
of theν3 band without regard for rotations. Formally, this means
that the rotational constantB0 and the Coriolis constantê3 are
equal to zero. In the case whereB0 andê3 are nonzero, there

σ(ν,E) ) 4π2ν
pc

µ0
2G(ν,E) (1)

G(ν,E) )
I0(E)

x2πσ0(E)
exp[-

(ν - νm(E))2

2σ0
2(E) ] (2)
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takes place the redistribution of the integral intensityI0 over
the three rotational branches P, Q, and R. We can demonstrate
that the intensity of transitions from a state with a givenJ in
these three branches are related as

For each of these three transitions, there occurs an additional
frequency shift relative toνm. It consists of the term∆νcor =
-B0ê3(nj3 + 2) (nj3 being the average occupation number in the
modeν3 for a givenE), the same for all the three branches.
Besides, for the P and R branches, there are the additional terms

responsible for the usual PQR structure of the vibrational band.
Considering the additions made, the procedure suggested in ref
1 enables one to calculate stimulated transition rates for
quasicontinuum states with specifiedE andJ and for specified
laser radiation intensity and frequency in the vicinity of theν3

mode. Note that for any laser radiation frequencyω ≈ ω3, the
rates of upward and downward transitions between any pair of
groups of levels (Figure 1) with an energy ofE andE + pω3

are related as

The “rotational” term for the P and the R branch in (5) results
from the difference in degeneracy between levels with different
J’s. The same effect is responsible for the unequal redistribution
of the integral transition intensity between these branches in
(3). The “vibrational” term

follows from the detailed balancing principle. It can be shown
that for the triply degenerate modeν3,

Finally, using the notation of Figure 1, we may write down
the following equations for the populationsNnJ:

where the termknNnJ describes the unimolecular decay of
molecules from thenth group, provided that their energy exceeds
the dissociation energyD0; otherwise, kn ≡ 0. The total
dissociation yield from thenth group is found by summing with
respect toJ:

The maximumn ) nmax in (8) was selected such that

Indeed, the population distribution in that case actually never
reaches the group withn ) nmax. The values of the unimolecular
decay rate constantkn were calculated by the RRKM theory
(see Appendix A). The maximumkn value in (10) was taken to
be knmax = 1010 s-1, which was substantially higher than the
values of the stimulated transition rateW actually reached in
our experiments. Using the functionskn ) k(E) calculated, one
can easily find thatnmax ≈ 60.

Let us now estimate the number of equations (8) to be solved.
Insofar as the experiment was conducted at an initial temperature
equal to room value, it is necessary to give consideration in the
model for the initial distribution of the molecules among the
rotational levelsJ. It is but natural to terminate this distribution
at someJ ) Jmax

(0) such that the overwhelming majority of the
molecules are atJ e Jmax

(0) . To illustrate, in the case of a
Boltzmann distribution withTrot ) 300 K, account is taken of
99% of the molecules ifJmax

(0) = 120. Subsequently, the
excitation process starts involving states with even higherJ
values, up toJmax = Jmax

(0) + nmax, because transitions in the R
branch can take place upon absorption of each new quantum.
As a result, the need arises to simultaneously solve about 10 000
equations (8). So great an amount of equations to be solved
simultaneously required the use of a special algorithm, which
is described in Appendix B.

3. Model Calculations and Their Comparison with
Experimental Data

Before proceeding to the description of the procedure of
comparing between experimental data and model calculations,
let us recall how the experiment was conducted (for details,
see ref 3). With a pump pulse at a frequency ofω1 (the 10P-
(16) CO2 laser line), the SF6 molecules were excited into the
quasicontinuum (see Figure 1 in ref 3). After the lapse of some
time τd long enough for an equilibriumVibrational distribution
to be established, a probe pulse of frequencyω2 was passed
through the excited region. We measured the average number
N2 of quanta (per molecule) absorbed in the probe volume as a
function of the level of preliminary excitation into the QCn1-
(φ1) (n1 is the average number of quanta absorbed from the pump
pulse andφ1 is the local value of the fluence of the latter), the
fluence Φ2 of the probe pulse, and its frequencyω2. The

Figure 1. Schematic diagram of transitions in the vibrational quasi-
continuum.
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) ∑
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J

NnJ (9)

knmax
. ∑

J′
W(nmax,J f nmax + 1,J′) (10)

IP:IQ:IR ) 2J - 1
3(2J + 1)

:
1
3
:

2J + 3
3(2J + 1)

(3)

∆νP = -2(1 - ê3)B0J ∆νR ) 2(1 - ê3)B0(J + 1)
(4)

W(nJ f n′J′)
W(nJ r n′J′)

)
F(n′)
F(n)

2J′ + 1
2J + 1

(5)

Wup(E)

Wdown(E + pω3)
)
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F(E)
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F(E)
)

nj3(E) + 3

nj3(E + pω3)
(7)
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experiment was performed with Gaussian beams, and so the
volume of the probe region in determining the parameterN2-
(n1,Φ2,ω2) was taken to beV2 ) S2L, whereL is the length of
the absorption cell andS2 is the cross-sectional area of the
Gaussian beam (S2 ) 2πa02

2, anda02 is the beam radius at a
level of 1/e). The fluenceΦ2 was defined asΦ2 ) E2/S2, where
E2 is the energy of the probe pulse. Thus, the parameterN2-
(n1,Φ2,ω2) being determined in the experiment is in fact the
result of averaging over the spatially inhomogeneous distribution
of both the probe and the pump beam, through the intermediary
of the quantityn1(φ1) in the latter case.

Comparison between theory and experiment was carried out
by comparing the measuredN2 values with their computed
counterparts. Using the adjustment parameters of the model,
the best fit was found betweenN2

exp and N2
th over the entire

range of then1, Φ2, and ω2 values. Note that the IR MP
excitation model described above makes it possible to compute
only thelocal values of the number of quanta,n2 ) n2(φ2,n1,ω2),
absorbed from the probe pulse for the givenlocal values of its
fluenceφ2 ) φ2(x,y,z) andn1 as well. Therefore, the values of
n2 ) n2(φ2,n1,ω2) found were used as a database for computing
N2 with due regard for the spatial distribution of both the pump
and the probe beam.

3.1. Computation of Local Parameters.The local values
of the average numbern2 ) n2(φ2,n1,ω2) of absorbed quanta
were calculated by solving equations (8). We first computed
the cross sections of upward and downward transitions in the
vicinity of the triply degenerate modeν3. The spectral intensity
of the vibrational transition band,G(ν,E), in (1) was calculated
in the SIB approximation. In the region of vibrational energies
E g 7000 cm-1, calculation was carried out in accordance with
the procedure described in ref 1. Note that because of the high
density of vibrational states, not all of them were taken into
consideration in calculations, but only their random sample. At
E < 7000 cm-1, all the states were taken into account. As a
result of these calculations, it was found that the shape of the
transition band could be well described by Gaussian function
(2) asE was decreased down toE ) 4000 cm-1, the profile
parametersI0, σ0, and νm being well approximated by linear
functions the type of (a + bE). Rate equations (8) hold true in
describing the dynamics of IR MP excitation above the QC
boundary, but for the sake of convenience we used them starting
with the ground state. The error due to this approximation is
small, for, as will be demonstrated in the text to follow,
comparison between theory and experiment was in most cases
carried out in conditions where the contribution from the
molecules with an initial energy ofE < EQC was insignificant.
The vibrational frequencies and intermode anharmonicity
constants used in calculating the parameters of the function
G(ν,E) are listed in Table 1. As to the anharmonic constants
G33 andT33 responsible for the splitting of the modeν3, their
values were taken to beG33 ) 0.9262 cm-1 andT33 ) -0.2487
cm-1.15 The values of the parameters of the functionG(ν,E)
finally used in solving equations (8) are presented in Table 2.
When the absolute values of transition cross section (1) were

calculated, the transition dipole momentµ01 was taken at 0.388
D.17 To allow for the possible contribution from the homoge-
neous broadening, Gaussian profile (2) was convolved with the
Lorentzian profile

It should be noted that this approach is approved, at least, in
our case when expected IVR rates are much smaller than the
width due to SIB. The argument is that a relevant theoretical
model18 (anharmonic oscillator linearly relaxing in the thermal
bath) always gives, at wings of the absorption spectrum, the
single-Lorentzian asymptotics. So, convolution of the SIB
contour with a relatively narrow Lorentzian is a quite natural
parametrization for our problem as long as this procedure does
not significantly change the peak and provides the expected
asymptotics at the wings.

The molecular energy-dependent profile half-widthγL(E) in
(11) is the fitting parameter of the model. The procedure used
to allow for the rotational structure of the transitions in (8) has
been described above. The values of the rotational and Coriolis
constants used in calculations were borrowed from ref 19 to be
B0 ) 0.091 084 cm-1 andê3 ) 0.693 44 cm-1.

When equations (8) were solved, the molecular energy was
specified by an integral number of quanta at the probe laser
radiation frequencyω2. Accordingly, the initial Boltzmann
distribution was also assumed to be discrete, and the population
of these “levels” was computed using the vibrational temperature
Tvib reached by the instant the probe pulse arrived. The value
of this vibrational temperatureTvib, as well as that of the
rotational temperatureTrot, was determined from the energy
balance with due regard for the energy absorbed from the probe
pulse and that stored in the vibrational, rotational, and transla-
tional degrees of freedom at room temperature. The “heating”
of the translational and rotational degrees of freedom as a result
of the V-T/R relaxation was calculated on the basis of the rate
constant of this process in SF6 measured in ref 20. Because the
rate of this process is slow, its consideration in our experimental
conditions (p ) 1 Torr, τd ) 5 µs) only led to an insignificant
(2-3%) decrease ofTvib. The increase of the rotational
temperature,∆Trot, was more substantial and amounted, for
example, to some 100 K atn1 ) 9 quanta.

When equations (8) were solved, the temporal shape of the
probe pulse was taken to be Gaussian and have a duration ofτ
) 200 ns (fwhm); the dissociation energy was taken to beD0

) 91.3 kcal/mol.21

3.2. Allowance for Spatial Nonuniformity and the Fitting
Procedure.As already noted, solving equations (8) enables one
to find local values of the absorptionn2 ) n2(φ2,n1,ω2) at various
values of the parametersφ2, n1, andω2. At the same time, it
also makes it possible to determine the dissociation yield, both
the total and that during the pulse. The numberN2

th of quanta
absorbed in the volume being probed was calculated as follows.
First, on the basis of the functionn1 ) n1(φ1) measured (curve
2 of Figure 4 in ref 3), we calculated the transverse distribution
of Tvib andTrot for a Gaussian pump beam profile at a number
of specified values ofn1 on thebeam axis. Thereafter, using
the database available on the local values ofn2(φ2,n1,ω2), we
calculated the energy∆E2 absorbed from the probe pulse at
specified values of its fluenceΦ2, account being taken of the
reduction of probe pulse intensity along the length of the
absorption cell. (Recall thatΦ2 is defined asΦ2 ) E2/2πa02

2,
whereE2 is the pulse energy anda02 is the beam radius at a

TABLE 1: Frequencies and Anharmonicity Constants of
SF6 Used To Calculate Vibrational Transition Profiles

mode (i)

1 2 3 4 5 6

νi (cm-1) 774.54a 643.35a 948.10b 615.02a 523.56a 346.08a

x3i (cm-1) -2.902c -3.603c -1.7468b -1.52c -1.2c -1.102c

a Borrowed from ref 14.b Borrowed from ref 15.c Borrowed from
ref 16.

L(ν,E) )
γL(E)

π
1

γL
2(E) + (ν - ν′m)2

(11)
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level of 1/e.) The value of∆E2
th thus obtained was used to find

the sought-for value ofN2
th ) ∆E2

th/(2πa02
2NL), whereN is the

density of the molecules andL is the length of the absorption
cell. It should be emphasized that when the quantity∆E2 was
calculated, account was taken of the actual probe beam profile,
including its difference from the Gaussian profile in the wings
(see expression (2) in ref 3).

For comparison and subsequent adjustment of the experi-
mentally measured and computed data, use was made of the
relationshipN2 ) N2(n1) for a number of fixed values ofΦ2

(see Figure 2): 0.1, 0.25, and 0.5 J/cm2. At Φ2 ) 0.1 J/cm2

absorption already takes place in a multiple-photon fashion, and
at Φ2 ) 0.5 J/cm2 the dissociation yieldduring the pulseis
still too low to distort the measurement process, e.g., on account
of absorption by the SF5 radicals formed. The parameter∆ )
|N2

exp - N2
th|/N2

exp was taken to serve as a measure of discrep-
ancy between the experimental and theoreticalN2 values. Next,
we found the quantity∆ for each of the threeΦ2 values for
integern1 values in the rangel e n1 e m and determined the
mean deviation〈∆〉:

To provide for correctness of comparison between the model
and experiment, the value ofl in most cases was taken equal to
6. Under such conditions, more than 70% of the molecules have
an energy ofE g 5000 cm-1. The value ofm was taken to be
equal to 12 to limit the possible contribution from the dissocia-
tion of the molecules.

The fitting procedure was aimed at attaining minimal〈∆〉
values for all the frequenciesω2, the set of fitting parameters
naturally being the same for all the frequencies. As follows from
what has been said above, the only unknown model parameter
that can be used to serve for fitting purposes is the contribution
from the homogeneous broadening, i.e., the half-widthγL(E)
of the corresponding Lorentzian contour. The rest of the model
parameters were either measured directly or calculated on the
basis of experimentally measured quantities. In principle, these
quantities were measured with some error, which may give some
additional degrees of freedom in fitting. Most sensitive in this
sense may be the Gaussian profile parameters, namely, the width
2σ0 of the profile and the position of its maximum,νm. However
the values of the anharmonic constantsxij, which determine the
magnitudes of 2σ0 and νm, are given in the literature with a
high degree of accuracy. Our calculations have shown that the
variation of thexij values within the limits of the error indicated
have practically no effect on theN2

th values calculated. We may
also point out another two possibilities, namely, the inaccuracy
in determining the transition dipole momentµ01 and the error
of energy measurements. As reported in ref 17, the error in
measuringµ01 amounts to(5%. The accuracy of the absolute
calibration of the calorimeter used is somewhat worse: accord-

ing to the manufacturer, it lies within 20%. However, varying
any of these two parameters gives rise to a systematic shift of
the theoretical or experimental curves of Figure 2, this shift
having the same sign for all the frequenciesω2. At the same
time, the remaining discrepancy between theN2

exp and N2
th

curves differs in sign between differentω2 (see later in the text)
and is most likely not associated with the effect of the last two
factors. For this reason, they were left as they were, and the
experimental and theoretical data were finally fitted by varying
the only factorsthe magnitude of the homogeneous broadening.

TABLE 2: Numerical Parametersa for Gaussian Transition Profiles

maximum frequency,νm
b half-width,σ0

b intensity,I0
c

transition a b×103 a b×103 a b×103

upward Eb g 7000 948.3625 -3.13 1.705 0.47 0.86 0.07
Eb < 7000 948.005 -3.08 0.65 0.62 0.93 0.063

downward Eb g 7000 951.2125 -3.11 1.195 0.475 -0.1 0.065
Eb < 7000 951.4785 -3.17 0.137 0.616 -0.079 0.064

a The maximum frequencyνm, half-width σ0, and integral intensityI0 of Gaussian transition profile (2) are linearly interpolated by the formula
(a + bE) with the vibrational energyE in cm-1. b In cm-1. c In units of µ01

2, the squared transition dipole moment of theν3 mode.

〈∆〉 )
1

3
∑
i)1

3 1

m - l + 1
∑
n1)l

m

∆(n1,Φ2
(i)) (12)

Figure 2. NumberN2 of quanta absorbed from the probe pulse as a
function of the preliminary excitation leveln1 for various values of the
frequencyω2 and fluenceΦ2. Dashed curves and crossed symbols:
experiment. Solid curves: calculation. Filled symbols: allowance made
for the SIB effect only. Open symbols: allowance made for both the
SIB and homogeneous broadening effects withγL defined by eq 13.
Squares:Φ2 ) 0.5 J/cm2. Circles: Φ2 ) 0.1 J/cm2.
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3.3. Results of Fitting. Figure 2 presents experimental
relationships (dashed curves, crossed symbols) between the
average numberN2

exp of quanta absorbed from the probe pulse
and the preexcitation leveln1 for two values of the probe pulse
fluenceΦ2: 0.1 and 0.5 J/cm2. (Recall thatn1 is the average
number of quanta absorbed from the pump pulse on the beam
axis.) These relationships are presented for several values of
the frequencyω2 corresponding to the “blue” (ω2 ) 936.8 cm-1)
and ”red” wings of the MP absorption spectrum (see Figure 5
below). As can be seen, the character of the functionN2

exp )
N2

exp(n1) differs even qualitatively between different parts of
the MP spectrum. At the “blue” endN2

exp first rises to reach its
maximum and then, starting withn1 ≈ 4, the absorbed energy
begins to drop with increasingn1. Reducing the frequencyω2

causes the maximum of the functionN2
exp ) N2

exp(n1) to shift
toward highern1 values, and as one goes further into the long-
wavelength region, this maximum is not reached altogether (see
also Figure 6 in ref 3). Figure 2 also presents the theoretical
valuesN2

th calculated for two cases, namely, in the statistical
inhomogeneous broadening approximation, i.e., atγL ) 0 (filled
symbols), and with due regard for the homogeneous broadening
(open symbols). It can be seen that the allowance for the SIB
effect alone qualitatively correctly conveys the character of the
functionN2 ) N2(n1). At the same time, a perceptible quantita-
tive discrepancy is observed betweenN2

exp and N2
th, which

increases asΦ2 is increased and as one goes further into the
“red” region of the spectrum. The latter circumstance obviously
points to the fact that consideration of the inhomogeneous
broadening only cannot help correctly describe the IR MP
excitation process in the wings of the absorption band.

The homogeneous broadening was taken into consideration
as follows. It was assumed in the model that those molecules
that had absorbed more than four quanta moved into their
quasicontinuum, which agreed withEQC ) 5000( 500 cm-1.22

Therefore, the homogeneous broadening was formally “switched
on” in a stepwise fashion starting withE ) 4400 cm-1. The
sought-for parameterγL(E)sthe Lorentzian profile half-widths
was varied in the course of the fitting procedure over the range
of values confined between the dash-and-dot lines in Figure 3.
The upper boundary of this region approximately corresponds
to the inhomogeneous half-widthσ0 and the lower, to the
estimates of a “dissipative”γd obtained in ref 13.

Next theγL values were varied within the limits of the above
region (as a rule, use was made of various linearγL-E relations
the type (a + bE)) with a view to minimizing the value of the
criterion 〈∆〉 (12) for all the frequenciesω2 used. Within the
range of the parametersn1 and Φ2 selected by us, the fitting
results proved most sensitive to the variation ofγL over the
molecular energy range 4500 cm-1 < E < 15 000 cm-1. This
made it possible to provide for a higher reliability in determining
γL in this energy region and conclude in particular that the
dependence ofγL on E was in this range faster than linear. As
a final analysis, the solid curve in Figure 3 shows the function
γL ) γL (E) found to provide for the best fit between the
theoretical and experimentalN2 values. This function may be
represented in the form

The quantityγL changes from 0.53 to 10.2 cm-1 asE is varied
from 4500 to 30 000 cm-1. (The uncertainty estimated by us in

determiningγL is shown in Figure 3 by the vertical straight
lines.) Note that the inhomogeneous broadeningσ0 varies from
3.44 to 15.7 cm-1 over the same range ofE values.

The N2
th values calculated with due regard for the homoge-

neous broadening and indicated in Figure 2 by open symbols
were obtained precisely for the best-fit values ofγL (13).
Obviously, consideration of the homogeneous broadening in that
case provides forquantitatiVe agreement with experiment over
a wide range of the parametersω2, Φ2, andn1. This conclusion
is supported by Figure 4, which presents the values of〈∆〉 for
all the frequenciesω2 used with and without regard for the
homogeneous broadening. It can be seen that the magnitude of
〈∆〉 in taking account of the homogeneous broadening withγL

according with (13) nowhere exceeds 20% and on the average

Figure 3. Lorentzian profile half-widthγL (solid curve) as a function
of the vibrational energyE. Dash-and-dot lines: limits of variation of
γL in fitting the experiment and model. Dashed curves: estimates of
the inaccuracy of determiningγL.

Figure 4. Parameter〈∆〉 (see (12)) of the mean deviation of calculated
N2 values from their experimental counterparts as a function of the
radiation frequencyω2. Filled circles: calculation with allowance made
for the SIB effect only. Open circles: calculation with allowance made
for both the SIB and homogeneous broadening effects.

γL(E) )

{0.9- 2.3× 10-4E +
3.3× 10-8E2 4500e E e 10000 cm-1

-2.23+ 4.14× 10-4E 10000< E

(13)
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(over all theω2 values used) amounts to 13%. Consideration
of only the SIB effect (γL ) 0) may give rise to a substantial
discrepancy between the theoretical and experimentalN2 values,
especially at the ends of the IR MP spectrum.

The IR MP absorption spectra (both measured and calculated)
of the SF6 molecules preliminarily excited into the QC are
presented in Figure 5 for three values of the fluenceΦ2, namely,
0.5, 0.25, and 0.1 J/cm2. The average level of preliminary
excitation into the QC is taken to ben1 ) 6, which corresponds
to a vibrational temperature ofTvib ) 960 K reached by the
instant the probe pulse arrives. The filled symbols in Figure 5a
indicate the experimentalN2 values, and the solid and dashed
curves represent the theoreticalN2 values calculated forγL

defined by (13) andγL ) 0, respectively. As noted earlier,
consideration of the SIB effect alone provides for qualitative
agreement between theory and experiment, there being quantita-
tive differences increasing at the ends of the spectrum with
increasing Φ2. Taking at the same time account of the
homogeneous broadening allows for quantitative agreement to
be attained within experimental error.

The IR MP absorption spectra of Figure 5a were obtained
with pump and probe pulses featuring a nonuniform intensity
distribution in the transverse direction. The contribution from
this nonuniformity is graphically illustrated by Figure 5b. The
solid curve and filled symbols in this figure represent data for
Φ2 ) 0.5 J/cm2 andn1 ) 6 for the Gaussian beams used. The

dashed curve represents the calculation for a uniform transverse
intensity distribution in both beams, made with the sameΦ2

andn1 values. As can be seen, even the qualitative form of the
IR MP spectrum changessits maximum shifts quite substantially
toward the “red” side. The reason for this deformation of the
IR MP spectrum lies in the specifics of absorption at various
frequenciesω2. In the “red” wing of the IR MP spectrum, it is
only the high-energy tail of the initial Boltzmann distribution
that interacts with radiation (see below), and so, the distribution
of n1 being nonuniform, the main contribution to absorption
comes from the central part of the probe beam, where fluence
approximately corresponds to the average value ofΦ2. As a
result, the difference between the homogeneous and inhomo-
geneous cases is relatively small. At the “blue” end, in
interaction with radiation are the central and lower parts of the
Boltzmann distribution, and so a material contribution to
absorption (one-half and more for our probe beam profile3) is
made by the central and lower parts of the Boltzmann distribu-
tion, where fluence is much lower than the averageΦ2 value.
It is exactly this factor that makes the IR MP spectra at the
“blue” end differ substantially between the homogeneous and
inhomogeneous cases. Figure 5b demonstrates how important
it is to take account of the actual spatial fluence distribution in
the laser beams when comparing quantitatively between theo-
retical and experimental IR MP absorption spectra.

4. Discussion

As follows from the results presented, the prime objective
of this work is attained. On the basis of comparison between
experimentally measured and calculated spectra of IR MP
absorption in the QC of the SF6 molecule in the vicinity of the
frequency of the modeν3, the relative contribution from the
two types of broadening of the spectra, namely the SIB and
homogeneous broadening, is revealed. It is demonstrated that
consideration of only the SIB effect cannot help to fully describe
IR MP spectra in the QC, especially at their ends. It is only
simultaneous consideration of the homogeneous broadening that
provides for a good agreement (within the accuracy of measure-
ment) with experiment over a wide spectral and energy range.
According with the initial assumption, the contribution from
the SIB to the total width of the IR transition profile in fact
materially exceeds the contribution from the homogeneous
broadening, at least in the energy range 5000-15 000 cm-1,
where the determination ofγL was most reliable (compare the
solid curve with the top dashed curve in Figure 3).

But how reliable are theγL values obtained by us? As follows
from the measurement and subsequent adjustment procedure
described above, we tried to take account of all the factors that
could affect the final result. From the principal standpoint, the
reliability of determination ofγL is governed by the reliability
of the SIB parameters calculated. The spectral range selected
by us is free from any strong resonances: theν2 + ν6 andν5 +
ν6 bands are on the right and left of our range, respectively.
Therefore, the use of the procedure developed in ref 1 for
computing the transition profile parameters in the SIB ap-
proximation is quite appropriate. Next, the calculation of the
inhomogeneous profile parameters is based on the use of the
anharmonic constantsxij whose values are determined, strictly
speaking, for transitions near the ground state. The question
arises as to the legitimacy of using thesexij values for highly
excited states. As follows from our measurements of the Raman
spectra of the modeν1

2 and also the measurements taken in ref
13 of IR fluorescence spectra, thesexij values “work” quite
satisfactorily at vibrational temperaturesTvib ) 1700-2000 K,

Figure 5. IR MP absorption spectra for SF6 at a preexcitation level of
n1 ) 6 quanta (Tvib ) 960 K). (a) Symbols: experimentalN2 values.
Dashed curves: calculation with allowance made for the SIB effect
only. Solid curves: calculation with allowance made for both the SIB
and homogeneous broadening effects withγL defined by eq 13. Fluence
Φ2: (1) 0.1 J/cm2; (2) 0.25 J/cm2; (3) 0.5 J/cm2. (b) Demonstrating the
role of the nonuniform spatial distribution of radiation. Symbols and
solid curve: experiment and calculation for actual beams (see text) at
Φ2 ) 0.5 J/cm2. Dash-and-dot curve: calculation for uniform distribu-
tions of the pump and probe beams atφ2 ) 0.5 J/cm2.
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i.e., at mean energies〈E〉 ) 13 500-17 000 cm-1, as well.
Proceeding from what has been said above, we believe that the
γL values found in this work are reliable enough. It should be
noted that theγL values obtained in the present work noticeably
exceed the estimates of a “dissipative” partγd of the Lorentzian
half-width made in ref 13 (compare the solid curve with the
bottom dash-and-dot line in Figure 3), this “dissipative” part
was attributed by the author of ref 13 to the intramolecular
vibrational relaxation of the modeν3. At the same time, the
obtained γL values are in rather good agreement with the
estimates13 of a complete half-widthγj of the Lorentzian contour,
including its “perturbative” part. However, the analysis of
contribution of different interactions into the bandwidth of
Lorentzian contour is the subject of special discussions and falls
outside the scope of the present work.

The parameter measured experimentally in ref 3 is the energy
absorbed in the course of IR MP excitation in the QC and
aVeraged oVer the entire molecular ensemble. The same average
parameter was in this work calculated theoretically and used to
adjust theory and experiment. The characteristics of the profile
of IR transitions in the QC found can be used to calculate the
dynamics of IR MP excitation and find the “finer” characteristics
of the process, specifically the functionZ ) Z(n) of the
vibrational distribution formed as a result of such an excitation.
Figure 6 presents the vibrational distribution functionsZ(n)
computed for the initial excitation leveln1 ) 9 (Tvib ) 1242
K), fluenceφ2 ) 0.25 J/cm2, and a uniform spatial distribution
of radiation. The functionsZ(n) are presented for three
characteristic values of the frequencyω2: approximately in the
center (ω2 ) 903.75 cm-1), at the “red” end (ω2 ) 884.18

cm-1), and the “blue” end (ω2 ) 936.8 cm-1) of the IR MP
spectrum (see Figure 5b). Presented in Figure 6 is the initial
Boltzmann distribution (the curve with circles) and also the
resultant distribution functions for a purely Gaussian transition
profile (the solid curve), and the convolution of the Gaussian
and a Lorentzian profiles (the dashed curve), parameters (13)
of the latter being found in this work. Note that theaVerage
absorbed energy values for the givenφ2 and n1 values at the
frequenciesω2 ) 884.18 andω2 ) 936.8 cm-1 are ap-
proximately the same. At the same time, as can be seen from
Figure 6, the vibrational distribution functions for the frequencies
selected differ even qualitatively. In the caseω2 ) 884.18 cm-1

andω2 ) 903.75 cm-1, the functionsZ(n) are of pronounced
bimodal character, whereas forω2 ) 936.8 cm-1, the function
Z(n) has a single maximum. Such a behavior of the function
Z(n) is due to the character of the relationship between the IR
transition profile parameters and the molecular energyE (see
Table 2). The analysis of this relationship shows that at the
“blue” end of the IR MP spectrum, in interaction with radiation
are the molecules from the lower and the central part of the
Boltzmann distribution. As their excitation level grows higher,
molecules fall off-resonance, so that their further excitation
comes to an end. As the frequency of laser radiation is reduced,
the molecules from the high-energy part of the initial distribution
start interacting with it more and more effectively, and the level
of their subsequent excitation grows higher. And at the very
edge of the IR MP spectrum, it is only the far tail of the
distribution that is interacting with radiation, but this small
fraction of the molecules get excited highly. The same Figure
6 clearly demonstrates the effect of the Lorentzian wings
associated with the homogeneous broadening, which is espe-
cially strong at the ends of the IR MP spectrum. It can be seen
that these wings make for the “capture” of molecules from the
lower states at the long-wavelength end, whereas at the short-
wavelength end they provide for a higher excitation level of
the molecules.

The bimodal character of the vibrational distribution formed
as a result of IR MP excitation was observed directly or
indirectly for various molecules in a number of experiments
(for review, see refs 7 and 23) and is apparently a characteristic
feature of multiple-step processes such as IR MPE. The reason
for such a division of the distribution function is the presence
of some “bottleneck” in the way of excitation of the molecules.
There can be various particular mechanisms responsible for this
“bottleneck”. One of them is associated with the inhomogeneous
character of interaction between radiation and the initial
vibrational-rotational distribution. This may be a “rotational
bottleneck” when some of the rotational levels interact with
radiation stronger than others. A “vibrational bottleneck” is also
possible, when some vibrational levels of the initial distribution
interact with radiation stronger than other levels (for details,
see ref 23). As can be seen from Figure 6, such a “vibrational
bottleneck” may contribute noticeably to the formation of a
double-hump bimodal distribution in the case of excitation of
molecules in the quasicontinuum, especially at the “red” end
of the IR MP spectrum (ω2 ) 884.18 cm-1). At the same time,
our model computations show that there may be one more cause
of formation of a double-hump distribution, namely, the initial
state that may be a “bottleneck” itself. Indeed, if the rate at
which molecules leave some initial state is lower than that of
their subsequent excitation, starting with some level of the
“ladder” of successive multiple-step transitions, then obviously
there should occur a “discontinuity” in the distribution function.
Such an effect occurs in the case of excitation atω2 ) 884.18

Figure 6. Vibrational distribution functions formed as a result of the
IR MPE process for three values of the probe radiation frequencyω2.
Solid curves with circles: the initial Boltzmann distribution atn1 ) 9
quanta (Tvib ) 1242 K). Solid curves: calculation with allowance made
for the SIB effect only. Dashed curves: calculation with allowance
made for both the SIB and homogeneous broadening effects.φ2 ) 0.25
J/cm2.
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cm-1 andω2 ) 903.75 cm-1 (Figure 6). Our calculations show
that the double-hump form of the distribution function may
remain even if the initial Boltzmann distribution in the QC is
replaced with a monoenergetic one.

The knowledge of the cross sections of IR transitions in the
QC enables one to optimize various processes induced by IR
MP excitation, specifically the process of laser isotope separa-
tion. In the case of laser isotope separation based on IR MP
dissociation, use is frequently made of a multicolor (multifre-
quency) excitation.7,24,25 In that case, the energy consumption
associated with the dissociation of the molecules is governed
exactly by excitation in the quasicontinuum. That is why it is
important to effect excitation in the quasicontinuum in an
optimal fashion. Note in particular that if one properly chooses
the frequency of radiation used to effect excitation in the
quasicontinuum, one can even improve the initial selectivity of
MP excitation from the ground state, which is provided by the
first pulse. Indeed, if the vibrational temperatures (average
energies) of two isotopic components differ after the passage
of the first pulse, selecting the frequencyω2 such that it is only
the tail of the distribution prepared that interacts with radiation
can noticeably improve the initial selectivity. These qualitative
considerations support the results of calculation of the dynamics
of IR MP excitation and dissociation of the SF6 molecule within
the framework of the model described. Figure 7 presents the
resultant vibrational distribution of SF6 molecules for two values
of the initial vibrational temperatureTvib: 1054 K (n1 ) 7) and
1242 K (n1 ) 9). The calculation was made forφ2 ) 0.25 J/cm2

andω2 ) 884.18 cm-1 in the SIB approximation. It can clearly
be seen that the fraction of excited molecules for the higher
temperature is substantially greater (cf. the shadowed regions
for Tvib ) 1242 K andTvib ) 1054 K). The dissociation yields
for these temperatures areâ1 ) 6.2% and â2 ) 1.57%,
respectively, which gives a “selectivity” ofR ) â1/â2 ) 3.95.
Allowing for the homogeneous broadening naturally reduces
somewhat this selectivity improvement (as a result of the
“capture” of molecules from lower vibrational states), but
nevertheless the effect remains high enough:R ) 2.85 for the
above conditions.

As follows from comparison between experimental data and
results of calculation of IR MP excitation in the quasicontinuum,
a qualitative agreement over a wide range of excitation
conditions is observed only if the homogeneous broadening is
taken into account. However, as already noted in the Introduc-
tion, the present-day theory cannot help calculate the homoge-
neous broadening parameters for a particular molecule. Nev-
ertheless, as follows from the results of this work, one can, in
principle, make correct quantitative calculations in that case as
well, knowing only the SIB parameters. This conclusion directly
follows from Figure 4. It can be seen that if account is only
taken of the SIB effect, the error〈∆〉 within some frequency
range reaches its minimum and lies within the accuracy of
measurement. This is due to the fact that the IR MP excitation
process at these frequencies and within the fluence range
selected proceeds so that the radiation frequency does not fall,
as the molecule moves up the “ladder” of vibrational states,
outside the central part of the Gaussian transition profile, and
so the role of the wings, where the effect of the homogeneous
broadening may be decisive, is still insignificant. Therefore,
when describing multicolor IR MP excitation in the quasicon-
tinuum, one can restrict oneself to the use of the SIB ap-
proximation and calculate the transition cross section parameters
by the procedure suggested in ref 1, provided that each radiation
pulse at the corresponding frequency “works” largely within
the limits of the central part of the transition profile.

5. Conclusion

Comparison is made between experimentally measured and
theoretically calculated IR MP excitation spectra in the quasi-
continuum of the SF6 molecule in the vicinity of the frequency
of the modeν3. The calculation is carried out within the
framework of the model developed, based on the rate equations
approximation and allowing for the rotational structure of IR
transitions. The cross sections of the successive transitions are
computed in the statistical inhomogeneous broadening ap-
proximation on the basis of a procedure developed earlier. A
good agreement (within the accuracy of measurement) is
achieved between the experimentally measured and calculated
IR MP absorption spectra over wide spectral and energy ranges.
The special importance was revealed of the allowance for the
spatial distribution of radiation in making such a quantitative
comparison.

As a result of the comparison made between theory and
experiment, the main objective of this work is attained, namely,
the relative contribution is revealed from the SIB and homo-
geneous broadening effects to the shape of the transition profile
in the QC near the frequency of theν3 mode of SF6. The values
of the half-widthγL are found in the energy range 4500e E e
30 000 cm-1. It is shown that the main contribution to such IR
transition profile parameters as the position of its maximum,
width, and intensity comes from the SIB effect, but the
Lorentzian wings may play a decisive role when the excitation
of the molecules takes place at an edge of the spectrum.

The IR transition cross sections obtained in this work are
used to compute the dynamics of IR MPE in the quasicontinuum
and determine the vibrational distribution function formed as a
result of this process. It is found that excitation in the QC may
give rise to a nonequilibrium bimodal distribution. The conclu-
sion is drawn that the selectivity attained at the first stage of
multicolor LIS can be improved by appropriately selecting the
excitation frequency.

By and large, the results of this work show that at present
one can make a quantitative model description of the dynamics

Figure 7. Vibrational distribution functions formed as a result of the
IR MPE process forTvib ) 1054 K andTvib ) 1242 K. Solid curve
with circles: the initial Boltzmann distribution. Solid curve: calculation
in the SIB approximation forφ2 ) 0.25 J/cm2 andω2 ) 884.18 cm-1.
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of IR MP excitation in the quasicontinuum of molecules and
restrict oneself in a number of cases to the use of the SIB
approximation for the purpose.

Appendix A

The unimolecular decay rate constantsk(E) in (8) and (9)
were computed within the framework of the RRKM theory. The
work reported in ref 26 presents the frequencies of the activated
complex SF6†, as well as thek(E) values. However, we found
a discrepancy between the frequencies of the complex presented
by the author of ref 26 in Table 2 and the final results of
calculation ofk(E) in Figure 3. Moreover, we found that the
frequency values in Table 2 contradicted the physical substan-
tiation of their determination given in the text of ref 26.
Nevertheless, we believed that the above argument was quite
justified and used it to construct another model of the activated
complex. This model was found to yieldk(E) values close to
those presented in ref 26. The frequencies of the activated
complex obtained in the given work and presented in ref 26
are listed in Table 3.

Appendix B

For numerical integration of equations (8), we utilized the
time propagation technique using the polynomial approximation
of the evolution operator,27 which is especially powerful for
the large sparse sets of equations. Representing populationsNnJ

in a vector form as|z〉 and rewriting (8) and its solution in a
conventional matrix form, we have

where the matrixŴ of our set of equations isŴ ) -iĤ, by
definition. For the Hamiltonian systems with real eigenvalues
of Ĥ, good convergence is guaranteed by the following
expansion of the evolution operator in the Chebyshev polynomi-
als:

Hereεmin andεmax are respectively the minimum and maximum
Ĥ eigenvalues;Jn are Bessel functions; the operator in the braces

at Tn is normalized so that its eigenvalues are positioned from
-1 to +1. Exact equality in (B2) formally takes place atN f
∞.

In our case, however, theŴ eigenValues are real and
nonpositiVe, so theĤ eigenvalues are positioned on the negative
imaginary semiaxis. Then, as told in ref 28, exploration of the
approximation like (B2) does not provide adequate convergence,
and other polynomial approximations are recommended. Nev-
ertheless, our investigation showed that convergence can be
significantly improved by shifting the eigenvalues into the
positive imaginary semiaxis.

In general,27 accuracy of the Chebyshev polynomial ap-
proximation may be estimated through that of the expansion of
the relevant scalar function

with the dimensionless parametersτ . 1 and|x| ∼ 1. The value
of τ defines, in fact, the necessary number (N + 1) of the terms
in (B3) that can be optimized using the known asymptotic
properties of the Bessel functions. We varied the purely
imaginary parameterx, choosing two tolerance valuesθ(1) )
10-5 andθ(2) ) 10-10, to compare the result of computation in
the right side of (B3) with the exact value in the left side of
(B3). Values ofx that comply with any of these tolerance criteria
lie inside some interval in the imaginary axis includingx ) 0,
and the maximally allowed negative value|x|max

(-) proves to be
essentially less than the maximally allowed positive value
|x|max

(+) . The calculated dependences|x|max(τ) are shown in
Figure 8. In addition, dependence of the value|x|maxτ/N on τ,
which characterize the method efficiency, is presented in this
figure.

Let us return explicitly to our original notation

A conclusion can be drawn from the obtained results that, for
better efficiency of the method, one should transform the matrix
Ŵ to bring its eigenvalues from the negative imaginary semiaxis
to the positive one. This is achieved by the substitutionŴ ) Ŵ̃
+ λ0Î where Î is the unity matrix, andλ0 is the minimum
eigenvalue ofŴ. The latter can be found rather easily with the
well-known Lanczos algorithm. Next, wishing to reach the
calculation tolerance of, e.g.,θ(2) ) 10-10, one can see from
Figure 8c that it is rather optimum to divideW̃̂ by 2|λ0|. Then,
for direct application of the integration formula|z(t + ∆t)〉 )
exp(Ŵ∆t)|z(t)〉, the time step∆t should not exceed the value
∆tmax ≈ 100/λ0. Finally, the formula of the computational
algorithm is

where the matricesT̂n are

Realization of the algorithm is standard. Transformations (B5),
which are equivalent to the time propagation of (B4), are
performed with the step of∆t e ∆tmax starting from the vector
|z(0)〉 (initial population distribution). Products of the matrices
(B.6) on the vector|z(t)〉 are successively found using the

TABLE 3: Fundamental Vibrational Frequencies of the
Activated Complex SF6

† and Their Assignment

Data of ref 26 Present work

SF6 symmetry SF6† symmetry i† ν†
i, cm-1 i† ν†

i, cm-1

A1g A1 2 735.30 2 580.5
Eg A1 3 481.50 4 a

B1 5 609.90 5 609.90
F1u A1 1 711.00 1 711.00

E 8 900.60 8 900.60
F1u A1 4 a 3 584.25

E 9 584.25 9 584.25
F2g B2 7 496.85 7 496.85

E 10 392.25 10 392.35
F2u B1 6 259.50 6 259.50

E 11 328.70 11 259.50

a Reaction coordinate.

i
d|z〉
dt

) Ĥ|z〉 |z(t)〉 ) (-iĤt)|z(0)〉 (B1)

exp(-iĤt) ≈ exp[-
i

2
(εmax + εmin)t]∑

n)0

N

in(2 - δn0)Jn ×

[12(εmax + εmin)t]Tn(2Ĥ - εmax - εmin

εmax - εmin
) (B2)

exp(-ixτ) ) ∑
n

in(2 - δn0)Jn(τ)Tn(x) (B3)

d|z〉
dt

) Ŵ|z〉 (B4)

|z(t + ∆t〉 ) exp(|λ0|t)[∑
n)0

N

in(2 - δn0)Jn(2|λ0|∆t)T̂n]|z(t)〉
(B5)

T̂n ) Tn(Ŵnorm) (Ŵnorm ) i
Ŵ + |λ0|Î

2|λ0| ) (B6)
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recurrence formulaT̂n+1|z(t)〉 ) 2ŴnormT̂n|z(t)〉 - T̂n-1|z(t)〉 and,
after multiplication on the corresponding coefficient, are ac-
cumulated in the array|z(t + ∆t)〉. The recurrence formula is
turned on after the calculation ofT̂0|z〉 ) |z〉 andT̂1|z〉 ) Ŵnorm|z〉.
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Figure 8. Characteristics for the approximation (B.3) of the function
exp(-ixτ) with the real parameterτ, andx placed on the imaginary
axis. For all graphs, the upper curves are for the relative accuracy of
θ(1) )10-5, and lower curves are for the relative accuracy ofθ(2) )10-10.
(a) Maximally allowed negative imaginary value ofx depending onτ.
(b) Maximally allowed positive imaginary value ofx depending onτ.
(c) The value|x|max

(+) τ/N as the function ofτ for ix < 0.
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