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Multiphoton absorption and dissociation of CF,I by laser radiation are experimentally investigated. A

semiempirical model of an excitation of CF;I is proposed. This model is based on an earlier experimental
demonstration of the existence of two ensembles in the molecular-gas excitation process. Good agreement
between the results of measurements and those of calculations is obtained. The comparison of the theory
and the experiment yields the average anharmonicity constant Fermi-interaction constants of CF;l as well
as the dependence of an important quantity that characterizes the excitation process—the fraction of
molecules excited to high vibrational levels—on both the frequency and the laser radiation energy flux

density.

PACS numbers: 33.80.Gj, 33.70.Ca, 33.80.Kn, 33.20.Ea

1. INTRODUCTION

Multiphoton excitation and dissociation of polyatomic
molecules by high-power IR laser radiation (see the
reviews’?) is presently intensively investigated in
many laboratories. Despite the appreciable number
of experimental and theoretical studies, no existing
complete theoretical model of the phenomenon accounts
for all the existing reliable experimental data; the
mechanism of the phenomenon is only qualitatively
understood. The difficulty of the theoretical approach
is due primarily to the lack of spectroscopic data on
the high vibrational levels of polyatomic molecules
(intramode and intermode anharmonicities, cross sec-
tions of the vibrational transitions, rotational constants,
etc.). It can therefore be assumed that a semiempiri-
cal approach, using the experimentally measured
quantities as the parameters of the theoretical model,
provides at present the best approximation.

In the theoretical description of the process of IR
photoexcitation of a polyatomic molecule it is cus-
tomary to distinguish arbitrarily between three stages
of the process: 1) passage by the molecule through
several lower discrete levels, 2) excitation in the
quasicontinuum, and 3) dissociation of the overexcited
molecule. The greatest difficulties lie in the descrip-
tion of the first stage, since the complete spectrum of
the vibrational-rotational transitions between the lower
levels in a strong IR field is not known. The second
stage can be simulated with good justification by a
sequence of resonance transitions, and has been des-
cribed by rate equations formulated in Refs. 3 and 4.
Finally, the decay of the molecule that has absorbed
an energy € higher than the dissociation energy D can
be described with the aid of the statistical theory of
unimolecular decay (the RRKM theory).

The uncertainty in the description of the excitation
of the molecule during the first stage hinders greatly
the theoretical analysis of the succeeding excitation
stages. Nonetheless, it is feasible in principle to
construct a model that describes qualitatively cor-
rectly the behavior of the molecule in the quasi-
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continuum. This is made possible, as will be shown
below, by the concept of the fraction g of the molecules
that become involved in the vibrational-excitation pro-
cess. The parameters of the model can be the ex-
perimentally measured average absorbed energy £

and of the dissociation yield B, as well as their de-
pendences on the characteristics of the IR exciting
radiation.

The present paper deals with the following: a) ex-
perimental investigation of the parameters of the IR
photoexcitation and dissociation of the CF,I molecule,
and b) development of a semiempirical model of ex-
citation of the CF,I molecule on the basis of these ex-
periments. We begin with a brief description of the
experimental procedure and proceed next to an ex-
position of the results of the measurements of £ and B
(Sec. 2). The key point of the paper is Sec. 3, where
the attributes by means of which the calculated curves
must be compared with the experimental ones are for-
mulated. In Sec. 4 are given the fundamental equations
of the model and a physical treatment of the molecular
constant in whose terms the transition cross sections
can be expressed. The results of the theory and their
comparison with experiment are given in Sec. 5, while
Sec. 6 is devoted to a discussion of the results.

2. EXPERIMENTAL PROCEDURE AND RESULTS

The principal quantities measured in the present
study of the CF,I molecule are the average vibrational
energy £ absorbed by the molecule and the dissocia-
tion yield B. The experimentally measured param-
eters on which the semiempirical model is based must-
meet certain requirements. First, these parameters
must pertain only to the initial excited molecule.

This means that it is necessary either to exclude or to
take accurate account of the successive dissociation of
the products as well as of all their secondary chemical
reactions, particularly recombination. In addition,

an extremely important role is played by the accuracy
of the measurements of both the parameters themselves
and of the characteristics of the exciting radiation.
These requirements serve as the basis in the mea-
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surement of € and 8.

To excite and dissociate the CF4I molecule we used
radiation from an atmospheric-pressure pulsed CO,
laser with selection of the vibrational-rotational lines.
The spectral width of the emission line did not exceed
0.03 cm™!, and the pulse duration at half-height was
80 nsec. The laser radiation was collimated into the
cells with CF I with the aid of a long-focus mirror
telescope. For a more accurate determination of the
energy density of the radiation in the cell, we mea-
sured the distribution of the energy over the cross
section of the spot in two directions, using moving slit
diaphragms (Fig. 1). The measurement of the absor-
bed energy of the laser radiation was made in a CF,l
cell 150 cm long with the aid of radiation thermo-
couples. The accuracy of the measurement of the
absolute values of the energy was not worse than 10%.

The dissociation of CF I molecule was effected in a
stainless-steel cell with NaCl windows. The cell con-
tained a lateral stub to freeze out the molecular iodine
produced as a result of the dissociation of the CF,l.
The dissociation yield 8 was determined by measuring
the change of the coefficient of IR absorption of CF,I,
using an IKS-24 infrared spectrometer. The procedure
used to measure the dissociation yield will be described
below (see also Ref. 5). The accuracy with which 8
was determined was not worse than 5%. The CF,l
pressure in the cells was constant at 0.2 Torr, and
the cell wall temperature was +20°C.

Multiphoton absorption. The CF,l molecule was ex-
cited in the vibrational band v,, the linear-absorption
spectrum of which is shown in Fig. 2 (dashed). The
most important quantitative characteristic of the
multiphoton excitation process is the absorbed energy
& per molecule in the irradiated volume. The value
of &€ was determined by calorimetry of the laser-pulse
energy absorbed in the CF,I. Figure 2 shows also the
frequency dependences of € for the CF,I, measured
at two different laser-radiation energy densitites: &
=0.1J/cm? (curve 2) and  =1.0 J/cm? (curve 1).
The multiphoton-absorption band width exceeds the
linear-absorption band width and increases with in-
creasing radiation-energy density. In addition, the
multiphoton-absorption spectra reveal a certain struc-
ture that varies with ¢ .

Figure 3 shows the dependence of £ on the IR pulse
energy &, measured for CF,l at the frequency w,,,
=1074.65 cm-! corresponding to the @ branch of the
v, band of the CF,I molecule. With increasing ¢, the
value of € first increases, and then saturates at ¢
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FIG. 1. Distribution of the energy (in relative units) in the
cross section of the CO, laser beam.
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FIG. 2. Frequency dependence of the absorbed ené;g; T per
CF;l molecule: 1—&=1J/cm®. 2—&=0.1 J/cm’; popy
=0.2 Torr. The dashed curve shows the linear absorption
spectrum of the v; band.

>4 J/cm?, with g,, =20,000 cm-'. The saturation of
€ is due to the fact that, as will be shown later, at

& >2 J/cm? an appreciable fraction of the CF,I mole-
cules dissociates during the time of the pulse. We
note also the fact that, as shown by measurements,

at & >2 J/cm?® the value of T is practically independent
of the pulse duration 7 (which ranges from 80 to 500
nsec), and depends only on the laser pulse energy

(at fixed w,g,).

Multiphoton dissociation. As shown in Ref. 6, the
primary act in IR photo dissociation of the CF,I mole-
cule is the detachment of an iodine atom

CF,I+nho—CFs+1. 1)

The end products are the result of the secondary reac-
tions

CFy+CFs+M—C.Fs+M, @)
CFs+I1+M—CF,I+M, (3)
I+I1+M—L+M, (4)

where M is a third body (atom, molecule, or radical)
or else the cell wall. The reaction (1) determines the
primary dissociation yield B, i.e., the fraction of the
molecules in the irradiated volume, which have dis-
sociated under the influence of the IR pulse in the
absence of the secondary reactions (2)-(4). The aggre-
gate of the reactions (1)-(4) determines the observed
dissociation yield %, i.e., the fraction of the CF,l
molecules by which the initial concentration of the
CF,l molecules was decreased after the end of the ac-
tion of reaction (1)-(4) and after chemical and thermal
equilibrium was established. The value of 8° was
determined from the decrease of the CF,I pressure
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FIG. 3. Dependence of the absorbed energy per molecule of
the laser-pulse energy density at w;,=1074.65 cm™ Li—
experiment, Poryg =0.2 Torr; 2—calculation.
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using the standard relation

plpe= (1_ppobs)n’
where p, and p are the partial pressures of CF,l be-
fore and after the irradiation, respectively; N is the
number of radiation pulses; I'=v/V, where v and V
are respectively the irradiated volume and the total
volume of the cell. In no case did p/p, exceed 50%.

Figure 4 shows the measured dependence of B°* at
a CF,l pressure 0.2 Torr on the laser-radiation energy
density at w,,, =1074.65 cm-'. Just like £, the quantity
po»s at  >2 J/cm? is practically independent of the
radiation-pulse duration. The reaction (3) plays an
essential role in the formation of the end products,
therefore 3% <.

To determine the primary dissociation yield 8 we used
the following experimental procedure. Oxygen was
added to the CF,l in the irradiated cell to serve as an
acceptor for the CF, radicals, and the dependence of
the CF,lI dissociation yield Bo, on the oxygen pressure
was measured. With increasing oxygen pressure,
the value of B,, first increased, reaching a maximum
at po,=1.5 Torr, and then started to decrease slowly.
The increase of Bo, was due to the effective binding of
the radical CF, (the result is F,CO) and suppression
of the reactions (2) and (3). The decrease of &, at
Do, > 1.5 Torr is due to partial deactivation of the
vibrationally excited CF,I molecules by the O, mole-
cules in the course of the irradiation.

To take the deactivation into account, we measured
also the dependence of the CF,lI dissociation yield on
the pressure of a neutral buffer, nitrogen. It turned
outthat at O, and N, pressures higher than 1.5 Torr
the quantity B.,/8x, reaches a constant value. This
means, first, that O, and N, deactivate the vibrational
excitation of the CF,I to practically equal degrees,
and in addition, the value (Boy/Bry)pe,=1. 63 shows by
how many times p°* is smaller than 3. Since, as
shown by measurements, (Bo,/By;)ne iS Practically
independent of the radiation energy density &, we can,
now that we have the dependence of g°* on ¢, deter-
mine the dependence of the primary dissociation yield
Boné. Figure 4 shows the dependence of 3 on ¢ at
Wy =1074.65 cm*. At $ =4.7J/cm? we have 8=0.98,
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FIG. 4. Experimental dependence of the dissociation yield on
the laser-pulse energy density &, measured for CF;l and
Wy =1074.65 cm” 1, B°B__observed dissociation yield, g —
primary dissociation yield; E Torr.
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i.e., almost all the molecules in the irradiated volume
dissociate under the influence of the IR laser pulse.

An important characteristic of the process is the
quantum efficiency of the dissociation
¢=Df/e, (5)

which determines the relative fraction of the absorbed
IR energy consumed in the dissociation of the mole-
cules. Figure 5 shows from the & dependence of the
primary quantum efficiency calculated from the mea-
sured & dependences of 8 and §. At & =4.0J/cm? we
have ¢=0.9, i.e., 90% of the absorbed energy goes to
dissociation of the CF,I molecules. Figure 6 shows
the dependence of ¢ on the laser-emission frequency
at a fixed energy density & =1.0J/cm?. It is seen
that the quantum efficiency of the dissociation at this
value of ¢ first increases when the excitation fre-
quency is shifted towards longer wavelengths, reaches
a maximum in the region of the maximum of the fre-
quency dependence of the absorbed energy (v~ 1072 cm™),
and then remains practically unchanged.

3. ANALYSIS OF OBSERVED DATA

- The values of the averaged absorbed energy per
molecule € and of the primary dissociation yield 8, mea-
sured for CF,I, as functions of the radiation energy
density &, can be used as the basis for a comparison
with the theoretical model.

The difficulties encountered in the development of a
complete theory were noted in the introduction and are
connected with the description of the molecule excita-
tion in the region of the lower energy levels. There
exists, however, an experimental fact that points to
the feasibility of constructing a semiempirical model
that operates with a description of the molecule ex-
citation only in the region of the quasicontinuum. Thus,
it was shown in Ref. 7 for the AsO, molecule and in
Ref. 8 for the SF; molecule that IR photoexcitation
produces two ensembles of molecules: ‘“cold” unex-
cited molecules and “hot” molecules excited to high vibra-
tional states. Finally, ignoringthe existence of two en-
sembles leads to apatent contradiction between the values
of € and B obtained alsofrom our experimental results. In
fact, for example, at ®=0.3 J/cm?the average energy ab-
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FIG. 5. Dependence of the quantum efficiency of the dissocia-
tion on the laser-pulse energy density at w;,, =1074.65 cm” 1
1l—experiment, bcrgt =0.2 Torr; 2—calculation.
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FIG. 6. Frequency dependence of the quantum efficiency o
dissociation at =1 J/cm?: l—experiment, Pcrg = 0.2 Torr;
2—calculation.

sorbed by the molecule is £~3000 cm-!, corresponding
to a summary Boltzmann population ~3 X10-” of the
levels lying above the dissociation boundaries, where-
as the dissociation yield amounts to $~10-3. This
contradiction can be “corrected” only by assuming that
a certain fraction ¢ <1 of the molecules takes part in
the excitation process and has a relatively high average
excitation level £, =t/q.

The theoretical model that considers molecule ex-
citation only over the quasicontinuum levels should
describe correctly the distribution for the upper en-
semble. We note, however, that this assumption does
not take into account the possibility of gradual involve-
ment of the molecules in the process of excitation into
the quasicontinuum furing the laser pulse, but the very
existence of two ensembles indicates that this involve-
ment is realistic (see also Sec. 6).

Under the assumption made we arrive at the following
relation between the theoretical quantities and the ex-
perimentally observed ones:

Eexp/q=5'.heor 5exp/q=ﬂthe0l' (6)

From this, according to (5), we obtain a relation for
the quantum efficiencies

QPexp="QPtheor (7)
which does not depend on the still unknown quantity q.

Thus, the comparison of our model with experiment
will be based on the dependences of the quantum ef-
ficiency ¢ both on the energy density and on the laser
frequency. As will be shown below, good agreement
between the theoretical and experimental dependences
of ¢ can be reached by varying only two molecular con-
stants that have a clear physical meaning but whose
experimental determination is quite difficult. Having
reached agreement between the experiment and cal-
culated dependences of ¢ we determine, first, these
constants and, second, the dependences of the factor
G =F4zp/Siheor ON the density and on the frequency of
the laser radiation.

4. THEORETICAL MODEL

To describe the excitation of the CF,I molecule we
shall use the kinetic-equation system formulated in
Refs. 3 and 4. This system of equations, which will
be cited below, is meaningful only for the quasicon-
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tinuum region of high vibrational states, where cas-
cade resonance transitions are possible in principle
because of the large density of the vibrational levels.!’
This kinetic-equation model, however, is being more
and more frequently used for the description of the
entire process, with an aim at interpreting experiments
in which the absorbed energy of the molecule cer-
tainly exceeds the energy needed to excite it into the
quasicontinuum (see Refs. 3,10-12). Such a des-
cription is used in the present paper.

Thus, let the molecule start with a certain state of
energy E,. Because of the requirement of energy con-
servation in the course of interaction with the IR field,
the states that are populated have energies E, (rec-
koned from E,) equal to the energy of » radiation quanta
(see Fig. 7 as well as Refs. 9). Of course, the width
of the spectral interval of the populated states in the
vicinity of the energy E, is finite, even if the exciting
radiation is strictly monochromatic, and is determined
by the rates of the induced transitions o, , [ and
0, aal, Where o are the transition cross sections and
I is the radiation intensity (in photons/cm?:sec). The
variables that describe the excitation process are
chosen to be the summary populations z, of the levels -
lying in the vicinities of the resonances. The kinetic
equations for the populations z, are of the form

Pn-1

d n
_2_ =0n-1,al (zn—l -

P
7 2, ) —Cnnssl (z,. -

)W (@)
Since the densities of the vibrational levels in the
vicinities of the successive resonances are not equal
to one another but, on the contrary, increase quite
rapidly with increasing n, the rates of the direct and
inverse transitions are not equal, a fact taking into
account in (8) by the factors p,_,/p, and p,/p,., (o, is
the density of the vibrational states of the molecule
corresponding to the energy En). The rates W, in
Eq. (8) describe the decay of states lying above the
dissociation boundary (W,=0 for states below this
boundary).

Pn

The unknown quantities for the molecule in Eqs. (8)
are the cross sections of the successive transitions.
For comparison with experiment (for example, in

FIG. 7. Dlustration ex-
plaining the theoretical
model of the excitation

of the CFsI molecule.
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Refs. 3, 10,12) they have chosen previously more or
less realistic phenomenological dependences of the
cross section on the number of the transition. The
shortcomings of this approach are quite obvious, since
the selected cross sections for the different frequencies
of the radiation are not connected in any way with one
another, whereas physically a connection should exist.
In the present paper we express the cross sections for
all the radiation frequencies in terms of only two
parameters that have in the case of the molecule a clear
physical meaning.

We start from the fact that in the harmonic approxi-
mation an arbitrary excited vibrational level ‘a) of the
CF,I molecule, characterized by a set of vibrational
quantum numbers l"u Ny, . . . y;Ng, iS connected with
a dipole-allowed transition near the laser frequency
w4 ~1050. . . 1080 cm! with a state |b) with a set of
quantum numbers |z, +1,n,,. . . ,ny). Anharmonicity
leads to a shift of this transition, and also to its
broadening as a result of the fact that the harmonic
wave functions ¥, and ¥, corresponding to the states
fa) and ]b) contribute to the large number of closely
located “correct” eigenstates of the exact Hamiltonian
of the molecule. The mixing of the harmonic states
proceeds via Fermi resonances. The CF,l molecule
has four particularly close Fermi resonances, three
of the three-frequency type and one of the four-fre-
quency type:

2vs—v,m5 eml,  v,—2v,=10cm,

; ©)
vitve—vy=11 eml, 2v,—vs—v, =11 eml.
The vibrational frequencies of the molecule are given
in the Table. If the matrix elements V,, of the cor-
responding interaction operators

Vi=aiit, V. =ty

(10)

Ps=astststs, Vi =t 2%,

exceed the characteristic resonance defect ~5-10 cm-!,
then complete mixing of the harmonic states takes place
within the limits of an energy interval of the order of
2(V,e)-'® As to the contribution of a given harmonic
state to states located at distances A > (V ), this con-
tribution (the square of the modulus of the amplitude)
in accordance with the perturbation theory is propor-
tional to A-2, This asymptotic behavior corresponds

to the Lorentz contour introduced in Ref. 11 to des-
cribe the absorption of the molecule in the quasicon-
tinuum. In the present paper we also approximate the
contour of the absorption from a given vibrational

state by a Lorentz contour (see Fig. 7). To specify
completely the Lorentz contour of absorption from a
given vibrational state, it suffices to know two quan-
tities—the transition frequency v at the center of the
contour and the half-width 6 of the contour. Obviously,
both v and 6 are functions of the vibrational energy E.

As indicated above, the interval in which the har-
monic states are mixed because of the Fermi interac-
tion amounts to 2(V,,). The width 25(E) of the con-
tour of transitions from a state with energy E is ob-
viously a sum of the mixing interval of the harmonic
states in the vicinity of the energy E and the mixing
interval in the vicinity of the energy E +w,,, so that
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8(E) %V (E)YH{Vap E+w1a5) . (11)

As to the function (V 4(E)), it should correspond to the
dependence, on the vibrational energy, of the matrix
elements of the operators (10) responsible for the
Fermi interaction. Since the principal role in the for-
mation of the quasicontinuous contour of the transitions
is made by the three-frequency Fermi resonances,

the function (Vos(E)) can be represented in the form

(Vs (E)> =V (E/w1as) ™, (12)

where V, is a constant that characterizes on the average
the Fermi interaction energy.

It is natural to define the transition frequency v(E) at
the center of the Lorentz contour in terms of the aver-
age anharmonic shift, which is proportional to the vi-
brational energy. Using anharmonicity constants ex-
pressed in the customarily employed spectroscopic
terms, we arrive at the equation

'V(E) zVI_IOE/vh (13)
where

¢

Ty= 2-’541 (vi/vy) (1+6“)

N Twai
has the meaning of the “average” anharmonicity con-
stant. We note that averaging of the anharmonicity
constant (just as of the Fermi-interaction constant)
has a perfectly natural physical justification, inasmuch
as for the strongly excited states of the molecule the
most probable combinations of the vibrational quan-
tum numbers are those corresponding to equipartition
of the vibrational energy over all the modes.

Thus, the cross section of absorption from a state
with energy E at the frequency w,,, can be represen-
ted in the form

4nw; . 6(E) )

O(E)=—7 = (E) 5 (E) +om—E) (14)
where 6(E) and v(E) are determined by Eqs. (11)-(13),
while (u?(E)) is equal to the squared dipole moment, in-
tegrated over the Lorentz contour and averaged over
the states in the vicinity of the energy E. This quantity
remains undetermined in (14). To determine (u2(E)) we
use the sum rule for the squares of the dipole moments,
which in our case takes the form

P (E) <u(E) > =lpo(E) +20,(E) +3pa(E) +...In%, (15)
where p, is the vibrational dipole-moment of the mode
v,; P, is the density of the vibrational states with energy
E and with the occupation », of the mode v, equal to
zero, p, is the density of the vibrational states with
energy E and n, =1, etc. From (15) we can easily de-
termine the function (u?(E)). There are many good
approximations for the calculation of the density of

TABLE I.
Frequency, cm?l
vi(1) va(1) V(1) vi(2) vs(2) ve(2)
Molecule: CFsl: 1075,2 [13] | 741 [4] | 286 ["]) | 1185 [“]’ l 540 [“] 265 [4])
Complex: 1087 [5] 703 ['3] - 1251 [18 SR [1s 420 *

The asterisk marks the value obtained by us.
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the vibrational states. We have used the Witten-
Rabinovitch approximation (see, e.g., Ref. 17). The
function (u*(E)) determined for the molecule CFl is
shown in Fig. 8. The numerical value of the vibra-
tional dipole moment of the v, mode of the CF,I mole-
cule was determined by us from measurements of the
intensity of the absorption band (§=2.4+0.1 cm-2
Torr-!) and amount to (according to Ref. 18) My
=0.39 D. Thus, the unknown parameters in the for-
mulas for the cross sections are only the averaged an-
harmonicity and Fermi-interaction constants x, and
V,, respectively, a variation of which should in fact
be used to compare experiment with theory.

Our calculation has so far disregarded rotation.
Since the selection rule AK =0 with respect to the
projection of the angular momentum on the molecule
axis holds for the v, band of the CF,I molecule, the
contour, averaged over K, of the molecule absorp-
tion from the excited vibrational-rotational state con-
sists, strictly speaking, of a superposition of three
Lorentz contours corresponding to the transitions in
the P, @, and R branches. A rigorous allowance for
the rotations leads to a substantial increase of the
number of equations. In the stage of merely fitting the
varied parameters, we confined ourselves to the
system (18) for a molecule with a rotational quantum
number J,=50, taking all three branches into account,
but neglecting the variation of J. States with this ro-
tational quantum number have the largest total popula-
tion at 7=293 K.

The statements made above apply equally well to the
thermal bands. In the parameter-fitting stage, we
took into account the thermal bands by an averaging
procedure, assuming that the molecule starts not from
the ground state but from an energy level E,~400 cm-!
equal to the average vibrational energy of the gas at
T=293 K.

Of course, the chosen values of J, and E, bring the
model close to the real situation. Tests made on the
integration of the complete set of equations, with ac-
count taken of the distribution over the rotational levels
as well as of the initial distribution over the vibrational
levels, yielded small differences (<3%) from the cal-
culated values of € and 8.

We arrive thus at the final formula, which we have
used in Eq. (3), for the cross section of the succes-
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FIG. 8. Dependence of the mean squared dipole moment
uf,_ 1, n (1) and of the transition cross section g,.4,, (2) on
the number of the vibrational level.
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sive transitions:
4n . S
;’c'” WHE)IS(E) Y, {8 (B.) +ows—v(E) —2BLi 1},

f——y

Oningt=

E,=E,nomp;. (16)

Here, as before, the functions 6 and v are defined by
Egs. (11)-(13); B=0.05 cm™! is the rotational con-
stant of the CF,I molecule. The dependence of the
cross section on the number of the transition at the
frequency 107.65 cm-!, which corresponds to the
tabulated value of the R(14) line of the CO, laseF, is
shown in Fig. 8.

The rates of the molecular decay in Eqs. (8) were
calculated by us within the framework of the RRKM
theories (see, e.g., Ref. 17):

1 Q(E.)
W= oE) amn

where p(E,) is the molecule state density expressed in
centimeters, and Q(E") is the number of states of the
activated complex from the molecule dissociation
energy to the energy E,. We can again use the Witten-
Rabinovitch approximation,!” the use of which in the
calculation of @ and p calls for knowledge of the fol- -
lowing constants: the frequencies of the molecule,
the frequencies of the activated complex, and the mole-
cule dissociation energy. The values used by us for
the frequencies of the molecule CF,I and of the ac-
tivated complex corresponding to the dissociation of
the molecule into the radical CF; and the atom I are
given in the Table. The dissociation energy known to
us is'®

D=1886521000 cm?, (18)

The value of D in the indicated limits is, strictly
speaking, the third variable parameter of the model.

As a result of numerical integration of Eqs. (8) we
get the theoretical values €, and B,,,,.- The quan-
tity B, .- CODSists of the dissociation yield during the
laser pulse and the dissociation yield after the laser
pulse. The second term is equal to the summary re-
lative population of the levels located above the dis-
sociation boundary. We have thus disregarded the
influence of the collision processes.

The calculation results are compared with experi-
ment is using the values of ¢, in accordance with
the arguments advanced in Sec. 3.

5. COMPARISON OF THE CALCULATION RESULTS
WITH EXPERIMENT

The most sensitive to the choice of the parameters
%Xos Vo and D turned out to be the frequency dependence
of the quantum efficiency ¢. The best agreement be-
tween @, ... and ¢, , for the entire frequency depen-
dence corresponds to the following parameter values:

20=3.840.2 em}, V,=0.73+0.03 cm'l, D=18300 cm'1. (19)

The deviations of x, and V, are presented under the
assumption that the principal experimental error is
due to the possible #10% error in the measurement
of the energy density of the laser pulse. The value
of the dissociation energy D in (19) is an upper-bound
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estimate. The lower-bound estimate agrees with the
lower bound of (18).

The theoretical values of ¢ at an energy density &
=1 J/cm? and at various laser frequencies are shown
in Fig. 6. Figure 9 shows the values of the factor ¢,
calculated from the ratio £, /€,,,,- It is seen that the
fraction of the excited molecules is maximal in the fre-
quency region close to the @ branch, and decreases by
several times only on the far wings of the absorption
band.

Using the obtained values of the parameters (8) we
calculate the functions g,y,,, (®) (Fig. 3) and B,,,, (&)
at the frequency 1074.65 cm-!. The corresponding func-
tion @, ,,,. (&) shown in Fig. 5 agrees within the limits
of experimental error with the experimental dependence
for the section & > 0.7 J/cm? of the plot.

The calculated and experimental functions £(¢) make
it possible to obtain the dependence of the factor g on
the laser-pulse energy density at the frequency 1074.65
cm-! (see Fig. 10).

The obtained dependences of the factor g for the CF,l
molecule on the frequency and on the radiation energy
density can be compared with the analogous depen-
dences (Figs. 9 and 10) previously obtained in Ref. 20.
The method used in Ref. 20 to determine the factor ¢
is based on the assumption that the principal physical
parameter that determines the dissociation yield is
the average energy €, =§m/q of the molecules of the
excited ensemble. (In the case, for example, of a
Boltzmann distribution, this parameter is obviously
the temperature of these molecules). In addition, it
was assumed that the dependences of ¢ and of B,
=Bgy/q On & is much weaker for g than for 8,. Curve
1 of Fig. 9 was obtained on the basis of the experi-
mental dependence of the quantum dissociation ef-
ficiency ¢, , on the excitation frequency. It is con~
venient to use precisely this dependence, since ¢ is
independent of q.  We used here an additional assump-
tion, that the function B (g,) is universal and indepen-
dent of w,, .*’ Using the values g, and e, determined
in Ref. 20 for w,,,=1074.65 cm™', we can obtain the
value of ¢ = qo('éc), which is likewise independent of
;.- Equating the values of ¢ and ¢,,, for different
W, We can determine from ¢(g,) the value of T .
Hence, knowing £,,,, we have determined the factor
q =E,,/t, for different excitation frequencies.
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FIG. 9. Frequency dependence of the factor ¢ =g, /€ theor :
1—obtained on the basis of the results of Ref. 20, 2—obtained
from a comparison of the experimental and theoretical data;
$=1J/cm?.
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FIG. 10. Dependence of the factor g on the laser-pulse energy
density at w;,,=1074.65 cm™!: 1—obtained in Ref. 20, 2—
obtained from a comparison of the experimental and theoreti-
cal dependence of the absorbed energy on the laser-pulse en-
ergy density; @—value obtained on the basis of the data of
Ref. 21.

A comparison of the values of g obtained in Ref. 20
and on the basis of our present calculation shows that
the maximum difference does not exceed 20%. In ad-
dition, at & =47 J/cm?, the results agree well with
the value ¢=0.47 measured by the method of double
IR-UV resonance.?

Figure 5 shows a noticeable difference between the
experimental and calculated functions at & <0.7 J/cm?.
It can be shown that one of the cause of this difference
is the substantial contribution of collisional dissocia-
tion after the termination of the pulse. To this end
we compare the vibrational distribution produced under
the influence of the IR pulse with the Boltzmann dis-
tribution for the same absorbed energy. This com-
parison is shown in Fig. 11 for  =0.4 and 1 J/cm?.
For the first of these values of & the Boltzmann pop-
ulations of the levels above the dissociation boundary
are substantially larger than the calculated ones. For
the second value of &, the Boltzmann populations of the
first few levels above the dissociation boundary are
smaller than the calculated ones. After the end of the
laser pulse it is necessary to take into account the
vibrational-relaxation process, which has two com-
peting tendencies. On the one hand, this process
tends to establish a Boltzmann distribution in the
upper subsystem. On the other hand, because of
exchange of vibrational energy with the lower sub-
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FIG. 11. Vibrational energy distribution functions at wg
=1074.65 cm™!: a) =0.4 J/cm?, b) =1 J/cm®. Curves 1—
calculated distribution functions under IR laser excitation;
2—Boltzmann distribution functions at the same absorbed en-
ergies. The vertical dashed lines indicates the CF;I dissocia-
tion limits.
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system, the vibrational energy of the upper subsys-
tem decreases. Obviously, the contribution of the
collisional dissociation can be quite appreciable if
the relation between the Boltzmann and calculated
distributions takes the form shown in Fig. 11a. How-
ever, when the relation between the Boltzmann and
calculated distributions takes the form of the curves
in Fig. 11b, the collisions apparently cannot lead to

a substantial decrease of the dissociation yield, inas-
much as even at ~1000 cm-! above the dissociation
limit the rate of the monomolecular decay is already
larger than the rate of the vibrational relaxation under
the experimental conditions.

6. DISCUSSION

The characteristics of the multiphoton IR excitation
and of the dissociaition of the CF,I, which were mea-
sured in the present study, and the semiempirical ex-
citation model based on these measurements, are in
good agreement. The choice of the molecule was suc-
cessful for several reasons. First, dissociation of
CF,l produces the relatively simple radical CF;, which
absorbs weakly the exciting radiation (unlike, for
example, the SF, molecule and the radical SF;).
Second, it was possible to take into account relatively
simply the recombination of the radicals and to deter-
mine the primary dissociation yield. Third, because
of the relatively low dissociation limit of CF,I, we
were able to obtain a near-unity dissociation yield
without focusing the laser beam, so that the inter-
pretation of the results is much simpler.

The theoretical model assumed in the present paper
does not differ in principle from those used before.
The only difference lies in the choice of the cross sec-
tions of the transitions in the quasicontinuum, which
in our opinion is physically fully justified (see Sec. 4).
The distribution function is also close in form to those
obtained previously. We emphasize once more that
what is new in principle is the approach itself to the
comparison of the experimental and calculated results
(see Sec. 3). In fact, in the preceding studies® !0-12
no account was taken of the fact that the molecules
at the low levels can interact differently with the laser
pulse. In the present paper we have attempted to
take this into account by using as the basis experi-
mental facts™?® that point to the existence of two en-
sembles of molecules in the course of their excitation.
Good agreement was obtained between the measure-
ment results and the calculation results. We note
that this agreement was obtained both for the fre-
quency dependences and for the dependences on the
laser-pulse energy density.

Our investigations have also made it possible to
determine so important a characteristic as the frac-
tion of the molecules excited into high vibrational
states, and obtain the dependence of g on both the fre-
quency and on the laser-pulse energy. We call atten-
tion to the slow dependence (Fig. 10) of the factor ¢
on the laser-pulse radiation density. For values of ¢
close to unity, we have the relation

(1—g)« exp(—0/®.) (20)
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for both curve 1 and curve 2 of Fig. 10. This behavior
of the factor ¢ can apparently not be explained within
the framework of the theoretical models that attribute
the passage of the molecule through the system of low
levels to field broadening. The most advanced model
from this point of view, based on the “seepage” effect,??
yields the relation

(1—g) wexp [—(D/D,)"], 21)

where 7 is the number of laser quanta needed for the
excitation of the molecule into the quasicontinuum. Es-
timating the lower limit of the quasicontinuum at

Em““'(l)las (Vo/ A Fen'ni) s

[this estimate follows directly from (12)], we obtain,
taking (9) and (19) into account, » 25. We arrive thus
at a clear cut difference between (20) and (21).

In conclusion, we call attention once more to an
important feature of the model assumed in the present
paper. We have actually assumed that the distribution
of the populations in the upper ensemble of molecules
is described by the solution of Eqs. (8) with initial con-
ditions z,(0) =6,,q, where ¢ is constant. Actually the
factor g can vary during the pulse. In the case when
the change of g is determined by the density of the
passing energy, the model can be easily refined by
using a successive approximation method. Taking the
obtained solution as a zeroth approximation, we can
introduce in the next approximation a term propor-
tional to dgq/d® in the first equation of (8), and this
term can be estimated from the ¢(®) dependence ob-
tained in the zeroth approximation, etc. The resul-
tant correction, however, is not large since the
zeroth approximation has already yielded (see Fig. 10)
a slow dependence of the factor g on the laser-pulse
energy density &.

It should also be noted that the value of the factor ¢q
can in principle be determined not by the transmitted
energy, but by the intensity of the laser pulse. In
this case the molecules can be excited from definite
initial states into the quasicontinuum within a time
much shorter than the pulse duration, and the sub-
sequent change of ¢ can be neglected.

It appears that for further development of the con-
sidered model we need new theoretical and experi-
mental studies that explain the very physical nature of
the factor g. The quantities and relations obtained in
the present paper can serve as one of the criteria for
the still nonexistent calculation, capable of accounting
for the available experimental data, of the excitation
of the lower vibrational levels of the molecules.

1) For the change from the description with the aid of the
Schrodinger equation to the description with the aid of kine-
tic equations see Ref. 9.

21t appears that one can make also a more general assump-
tion, that the distribution function F (g ,) does not depend on
the excitation frequency within the limits of one vibrational
band, from which follows automatically the universality of
the function Bq(sq). As shown by calculations of the excita-
tion dynamics, in our case the distribution function at vari-
ous frequencies and at the same value Typpor= 10* cm™! hardly
differ from one another. In the general case, however, the
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conditions for the validity of this assumptions have not been
made clear.

IR. V. Ambartzumian and V. S. Letokhov, in: Chemical and
Biochemical Applications of Lasers, Vol. 3, ed. by C. B.
Moore, Academic Press, 1977.

’C. D. Cantrell, S. M. Freund, and J. L. Lyman, in: Laser

Handbook, Vol. III, ed. by M. L. Stritch, North Holland Pub-

lishing Company, 1978.

3E. R. Grant, P. A, Schulz, Aa. S. Sudbo, Y. R. Shen, and
Y. T. Lee, Phys. Rev. Lett. 40, 115 (1978).

4. T. Platonenko, Kvantovaya Elektron. (Moscow) 5, 1783
(1978) [Sov. J. Quantum Electron. 8, 1010 (1978)}.

5V. N. Bagratashvili, V. S. Dolzhikov, V. S. Letokhov, and
E. A. Ryabov, Pis’'ma Zh. Tekh. Fiz. 4, 1181 (1978)[Sov.
Phys. Tech. Phys. 4, 475 (1978)] .

6S. Bittenson and P. L. Houston, J. Chem. Phys. 67, 4819
1977).

'R. V. Ambartzumian, V. S. Letokhov, G. N. Makarov, and
A. A. Puretzkii, Opt. Commun. 25, 69 (1978).

8. N. Bagratashvili, V. S. Dolzhikov, and V. S. Letokhov,
Zh. Eksp. Teor. Fiz. 76, 18 (1979) [Sov. Phys. JETP 49, 8
@979)].

%. M. Akulin and A. M. Dykhne, Zh. Eksp. Teor. Fiz. 73,
2098 (1977)[Sov. Phys. JETP 46, 1099 (1977)] ; M. Quack,
J. Chem. Phys. 69, 1282 (1978). A. A Makarov, V. T.
Platonenko, and V. V. Tyakht, Zh. Eksp. Teor. Fiz. 75,
2075 (1978)[Sov. Phys. JETP 48, 1044 (1978)].

105, L. Lyman, J. Chem. Phys. 67, 1868 (1977).

1w, Fuss, Chem. Phys. 36, 135 (1978).

125, C. Baldwin, J. R. Barker, D. M. Golden, R. Duperrex,

and H. Van den Bergh, Chem. Phys Lett. 62, 178 (1979).
134, Jones and F. Kohler, J. Mol. Spectrosc. 58, 125 (1975).
4Termodinamicheskie svoistva individual’'nykh veshchestv

(Thermodynamic Properties of Individual Substances), ed.

by V. P. Glushko, Vol. 1, Izd. Akad. Nauk SSSR, Moscow,

1962, p. 497.

155, H. Newton and W. B. Person, J. Chem. Phys. 68, 2799
1978).

18, V. Shuryak, Zh. Eksp. Teor. Fiz. 71, 2039 (1976)[Sov.
Phys. JETP (1976)].

p. J. Robinson and K. A. Holbrook, Unimolecular Reactions,
Wiley, 1972.

181,. A. Gribov and V. I. Smirnov, Usp. Fiz. Nauk 75, 527
(1961)[Sov. Phys. Usp. 4, 919 (1962)].

19I§nergiya razryva khimicheskikh svyazei. Potentsialy ioni-
zatsii i srodstvo k elektronu (Chemical Bond Breaking En-
ergy. Ionization Potentials and Electron Affinity), ed. by
V. N. Kondrat’eva, Nauka, Moscow, 1974.

2y, N. Bagratashvili, V. S. Dokjikov, V. S. Letokhov, and
E. A. Ryabov, in: Laser Induced Processes in Molecules,
ed. by K. Kompa and D. Smith, Vol. 7, Springer Series in
Chemical Physics, Springer-Verlag, 1979.

21, N. Knyazev, Yu. A. Kudryavtsev, I. P. Kyz'mina, and
V. S. Letokhov, Zh. Eksp. Teor. Fiz. 76, 1281 (1979)[ Sov.
Phys. JETP 49, 650 (1979)].

2y, S. Letokhov and A. A. Makarov, Opt. Commun. 17, 250
(1976); Appl. Phys. 16, 47 (1978). E. S. Medvedev, Pre-
print OIKhF Akad. Nauk SSSR, 1979.

Translated by J. G. Adashko

Effect of geometry and field intensity on the profiles of
saturated-absorption resonances in low-pressure molecular

gases

V. A. Alekseev and L. P. Yatsenko

P. N. Lebedev Physics Institute, USSR Academy of Sciences
(Submitted 4 July 1979)
Zh. Eksp. Teor. Fiz. 77, 2254-2268 (December 1979)

It is shown theoretically that a unique interaction between the impact and field or transit broadening
mechanisms makes the collision line shift dependent on the intensity and the geometry of the field. It is
found in the particular case of the 4 =3.39 pm methane transition that the mechanism affects
appreciably the reproducibility of the frequency. The joint influence of recoil and field and transit
broadenings on the line shift is also considered. It is shown that allowance for transit effects alters the
dependence of the line shift on the field intensity because of the recoil effect.

PACS numbers: 33.70.Jg

1. INTRODUCTION

producibility of the molecular-transition frequency by

such a standard. A rather large number of papers have
been devoted to a theoretical investigation of the influ-
ence of collisions under specific conditions of very low
absorbing-gas pressures,? saturation-field geometry,?
quadratic Doppler effect,*:® and a number of other fac-
tors on the profile of the saturated-absorption reso-
nance. Particular attention was paid to an improvement
of the influence of the magnetic hyperfine structure of

Modern nonlinear-spectroscopy methods can attain a
very accurate agreement between the frequency of a
laser and the frequency of the molecular transition. The
experiments that have demonstrated the possibility of
developing a high-grade unified laser frequency and
length standard by this method? initiated an intense
study of the causes that restrict the accuracy of the re-
© 1980 American Institute of Physics 1083
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