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The transition from linear absorption in the v, vibration of SF¢ to multiphoton absorption in the CO,-
laser radiation intensity range 1-10°W/cm’ is investigated experimentally. The absorption of the

molecule in the transition intensity region up to 10°-10*W/cm? can be satisfactorily explained if account
is taken the multiphoton and single-photon weakly forbidden transitions AR~0 and An540 are taken

into account.

PACS numbers: 33.20.Ea, 33.80.Kn, 33.70.Fd

1. INTRODUCTION

The importance of taking into account weakly forbid-
den transitions in the analysis of the excitation of mole-
cules by laser radiation was pointed out in Ref. 1. Of great
importance for the understanding of multiphoton mole-
cule excitation is the study of the transition from linear
absorption and simple saturation of vibration-rotational
transition to absorption of molecules at higher intensi-
ties. The character of this transition should depend
quite strongly on the types of transitions and on the con-
crete mechanism of the multiphoton absorption of the
molecules.

The characteristic value of the saturation power of
molecular transitions in the absence of collisions, as a
function of the dipole moment of the transition, is 1-10?
W/em? (0.1-10 pJ/cm?),’and the molecule dissociation
thresholds lie in the range 0.01-1 GW/cm? (1.0-100
J/ cm?), corresponding to a rahge of variation of the
laser-radiation intensity of approximately 9 orders of
magnitude. The presently available data pertain-to both
low and relatively high intensities.

At low laser intensities, 0.1-100 W/cm? (0.01-10 pJ/
cm?), the absorption of certain molecules was investi-
gated previouslyz'5 in connection with a study of self-in-
duced transparency and with research on @-switching of
IR lasers with the aid of cells with absorbing gases.
The main shortcoming of these studies is that they were
made at relatively large thicknesses of the optical lay-
er. In this case, at a laser intensity of the order of the
saturation intensity, I=I,,, the absorbing layer be-
comes strongly bleached and the intensity of the laser
radiation is unevenly distributed over the length of the
layer. The latter circumstance makes it impossible to
determine with sufficient accuracy the average number
of the absorbed photons per molecule in the illuminated
volume. Among the other shortcomings of these studies
were the relatively high gas pressures used in the ex-
periments or else that the investigations were made in
a relatively narrow range of intensities.

Data obtained by a number of authors®-!! at relatively
high intensities 7 =10* W/cm? (=1 mJ/cm?) point to a
relatively monotonic increase of the energy absorbed by
complex molecules, in the form of a power function with
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exponent that approaches unity for certain molecules.
There are no data on the absorption by molecules in the
intermediate intensity region.

In the present study we investigated the dependence of
the energy absorbed in SFg on the radiation intensity of
a CO, laser in the intensity range 1-10° W/cm? (107"-
0.1 J/cm?). The study of molecule absorption in such a
wide range of intensities is in itself a rather compli-
cated problem. The experiments were therefore per-
formed with a laser setup!? without continuous frequen-
cy tuning, at fixed frequencies of the CO, laser and with
the working mixture at atmospheric pressure. The in-
terpretation of the results at intensities up to approxi-
mately 10 W/cm? takes into account the weakly forbid-
den transitions AR+ 0 and Az#0. Some preliminary re-
sults are given in Ref. 13.

2. MEASUREMENT PROCEDURE AND
EXPERIMENTAL RESULTS

We measured in the experiments the absorption of the
radiation of a CO, laser in uncooled gas cells filled with
SF (Fig. 1). To eliminate the influence of collisions,
the measurements were performed at a gas pressure
lower than 0.4 Torr.

We used for the measurements an electroionization
CO, laser!? with pulse energy up to 0.2 J and duration
150 nsec at a laser-mixture pressure 1 atm. The laser
resonator was made up of a 100 lines/mm diffraction
grating and a flat semitransparent mirror located 150
cm away. The spectral width of the laser radiation,
measured with a scanning Fabry-Perot interferometer

FIG. 1. Measurement setup: 1—CO, laser, 2, 4—cells with
SFy; 3—telescope, 5—set of attenuators, 6—“svod” photore-
ceiver, 7—thermcouple pile, 8—semitransparent mirror.
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was ~0.008 cm™!. Since the spectral interval between

the axial modes of the resonator is 3.3X1073 cm™, this
value corresponds to approximately three modes in the
laser emission spectrum. We used in the laser a mix-
ture CO,:N, =1:2. The impact width of the gain lines
amounted in this case 0.18 cm™. The measurements
were performed on the lasing lines P(14), P(18), P(22),
and P(26) in the 10.6 ym band of the CO, laser emission.
The absorption of the SF; was measured on the transi-
tion in the R branch [P(14) line of the CO, laser] and P
branch (remaining laser lines) of the v; band. The mea-
surements covered the intensity range from 1 to 4x10°
W/cm? (3X1077-0.6 J/cm?).

The laser radiation was directed into the absorbing
cell and was then registered with a cooled Ge:Au photo-
receiver. Part of the laser radiation at the input of the
absorbing cell was diverted in order to measure the
reference signal. The intensity of the radiation at the
entrance to the cell and ahead of the photoreceiver was
varied with sets of calibrated filters made up of layers
of teflon film30 um thick. The total range of variation
of the intensity at the entrance to the cell reached in
this case 6—7 orders of magnitude. Since the transmis-
sion of the filter system depends quite strongly on the
orientation and angle of setting of each filter, the ac-
curacy of the filter setting was carefully monitored.
The minimum photoreceiver sensitivity was 10 W (1 pJ).
To measure the absorption in the SF; at a radiation
power density <10 W/cm?, a 4-power telescope was
placed at the entrance of the gas cell to spread the laser
beam.

The measurements were performed using cells of
lengths 12, 65, and 145 cm, inasmuch as in a constant
cell length the thickness of the optical layer changes
during the course of the measurement by one or two or-
ders of magnitude, and reliable measurements of the
absorption at high and low intensities become impossi-
ble.

The measurement consists of recording the signal
at the exit from first evacuated and then gas-filledcells,
and of varying the intensity of the laser radiation in the
cells and ahead of the receivers with the aid of cali-
brated filters, and comparing the measured and refer-
ence signals. From the known geometry of the cell il-
lumination, we determined the total number of mole-
cules in the absorbing gas volume

N=N,V=NyS.cL,
The average number of absorbed photons

&in 1 &in
n)=————Iln—
hv NoseffL gout

1)

and the parameter

Sechv(n> 1 &in @)

= —ln——.

&in NL ~ &out

The parameter & has the dimension cm? and is close
in its physical meaning to the product of the multiphoton
absorption cross section ¢ by the fraction ¢ of the mole-
cules that take part in the absorption (8;, and 8 ,,¢ are
the energies of the laser pulse at the entrance and exit
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100 FIG. 2, Induced trans-
parency of cells at large
optical thickness of the
absorbing layer: 1) cell
length L =65 cm, gas
pressure p=0,16 Torr,
laser line P(14); 2) L
=65 cm, p=0.16 Torr,

S 8
T T

Transmission %
S
T

zr laser line P(18); 3) data
e of Ref. 2 [p=0.01 Torr,
0° 02 v L=9.5m, and laser
£, Wiem? line P(20)].

from the cell; N, is the molecule concentration, and L
is the length of the cell). To increase the accuracy of
the determination of (2) and 6 the experiments were per-
formed at a moderate optical-layer thickness »

Since the duration of the laser pulse in the experiment
remained unchanged (f{, =150 nsec), the energy and pow-
er scales of the laser radiation are in a one-to-one cor-
respondence in this case. Some measurements of the
absorption at high intensities of the laser radiation, =10°
W/cm? (0.1 J/cm? were performed previously using an
optical-acoustic detector.’

The results of the investigations of the absorption of
the CO, radiation in the v, band of SF; are shownin Figs.
2-5. At a relatively large optical thickness of the ab-
sorbing layer, a characteristic rather strong induced
transparency of the gas is observed (Fig. 2), recalling
in general outline the transparency noted in earlier
studies.?™

The most important features in the behavior of the
curves shown in Figs. 3-5 are: 1) the absence of sharp
breaks on going through the boundary of saturation of
the linear absorption (marked by a vertical arrow on
the left) and 2) formation of horizontal sections (pla-
teaus) on the 5(I) curve at laser intensities up to 10-100
W/cm? (1-10 pJ/em?)—Figs. 4and 5. Atlow intensities,
the average number absorbed photons increases in pro-

(n)
w?

FIG. 3. Dependence of the
average number of ab-
sorbed photons {n) per
molecule on the CO, 1a-
ser intensity: a—on the
P(14) line, b—on the P(18)
line. Curves: 1) results
of the measurements, 2,
3, 4) approximations of
the absorption on the re--
spective transitions ‘R,
An=0; R, An=0, and 1@,

w?

£ An =0, Dashed curve-
/4 ¥ £(18) approximation of the total
| absorption, dash-dot

lines—continuation of lin-

950 990 950 ear absorption, E.;—sat-
w7 uration energy of the al-
) l . Lwjem? lowed transitions. In the

w7’ 7l 7K lower right is shown the
£, Jfem? absorption-band contour.
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{n)
0?

FIG. 4. Dependence of the
values of {n) (number of
photons per molecule) and
6 on the intensity of the
CO,-laser radiationon the
P(22) line. Curves 1) ex-
perimental data, 2-5) ap-
proximation of the absorp-
tion and the respective
transitions ‘P, An=0; °P,
An=0; 1Q, An=0, and
1p, An=0, The dashed
curves correspond to the
approximations for the to-
tal absorption. E, is the
threshold dissociation en-

ergy.

w?

’”-II

portion to the intensity, while the quantity 6 is approxi-
mdtely constant, as is typical of linear absorption. The
absorption coefficients measured in this region agree
satisfactorily with the data on linear absorption!* (see
Table I).

Deviations from linear absorption (dash-dot lines)
start to appear at a power density 2—-20 W/cm? (0.3-
3 ud /em?). The increase of the average number of ab-
sorbed photons proceeds in this case most rapidly for
the long-wave wing of the absorption band [on the P(22)

1) Ly 2
6/g,cm
02 v /80 g
R L
_—y4
wit 4
/”‘Ii |
o g 9030 90, o o
g,cm’ g .
0" v’

w?

=211 ! 1 N\ | I | | i 1
" 1 A me, v 744 me
X i I, W/cm . \ L LiW/lem?
7 w3 w’ VA 7 74

£, Jfem? £, Jjem?

FIG. 5. Dependence of the values of {(» (photons/molecule)
and 6 on the intensity of the CO, laser radiation cn che P(26)
line and the approximations of the parameters §/q, vn, and q.
Curves: 1) results of measurements, 2—4) approximations for
the transitions "P, An=0 (2), °P, An=0 (3), and P, An=0 ).
The dotted curve 5 shows the variation of the parameter 6/q at
Ay, =Av, . (saturation energy E o), while curve 6 shows the
same at Avy.=Avp o (saturation energy E%,). The transition
from the saturation of the homogeneously broadened sections

of the Doppler contour of the absorption line to the saturation
of the contour as a whole is approximated by a straight line in
the interval marked by the arrows. The dashed curves corres-
pond to approximation with total allowance for all the transi-
tions.
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TABLE 1. Some characteristics of the v; oscillation modes of
SF.

lcinczz laser T;g:n‘:lf K, cm'! J Ny10-* | vgens, cm'! v q‘l:l)‘
P(26) -2p 30 13 0.4 1
@0 -1p 50 175 0.6 1 {53
{-1Q} 75 10 0.7 6 | 64
Py, >100 | <25 >1.2 1 |52
op 0,06 >100 | <25 >12 1 15 (3.7)
{0.09)
P -2p) 18 6.5 0.035 4
@ '{"I”} 32 135 0.24 1 27
| -0+ 43 17 022 1 58
{°P,} T 10 0.7 5 125
op 033 75 10 0.7 3 10 (11)
(0-26)
P(14) ORw* 0 130 0.4 1 50
Ll R+ 0.31 30 13.0 0.1 1 15 (13)
1,
*g (029 12 3 0.015 1 32
2R 8 14 0014 1
5 0.5 0.0027 1

Notes. 1. The curly brackets mark multiphoton resonances,
the asterisks indicate the nearest absorption branches.

2. The values of K in the round brackets are those taken from
Ref. 4 for linear absorption in SFg, normalized to the value
0.44 cm™ for the P(18) line of the CO, laser. The latter quan-
tity was obtained by averaging the data over the spectral band
0.008 cm™® (Ref. 15) corresponding to the width of the laser-
emission line.

3. The fraction q of the involved J, C, and n levels is given
for low intensities of the laser radiation. The parentheses
contain the values of q obtained from the experimental curves
at 0y,=6.7%10%° cm?,

and P(26) lines], in qualitative agreement with the pre-
viously observed’ shift of the maximum of the multi-
photon absorption and dissociation towards lower fre-
quencies. The rate of increase of the average number
of absorbed photons can be characterized by the expon-
ent in the approximation (n)<I®. At an intensity 7 >10*
W/cm?, this exponent is maximal for the long-wave
wing of the absorption band, a =0.95~1, and gradually
decreases to a =0.3 on going to the R branch of the ab-
sorption band [laser line P(14)]. The corresponding ex-
ponent for the quantity 6 changes at the same time from
0 to -0.7. At lower intensities (including at the limit of
saturation of the linear absorption), the exponent a a-
mounts to 0.8-0.9. Thus, we have experimentally es-
tablished the character of the transition from linear to
multiphoton absorption in the intensity range of interest
to us.

3. DISCUSSION OF EXPERIMENTAL RESULTS

We shall discuss the results within the framework of
the model of multiphoton excitation of molecules in
weakly forbidden transitions.! According to this model,
single-photon and multiphoton (multistep) transitions
with a definite number of step contribute to the absorp-
tion of the laser emission by the molecules. The laser-
emission absorption registered in the experiments is
determined as the sum over all the possible transitions.
Some data on multiphoton and single-photon transitions
are given in Table I.

The expression for the average number of absorbed
photons can be written in the form
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=Y =Y 1,8)0,.8), 3)

where np is the average number of photons absorbed by
the molecule, gp is the fraction of molecules belonging
to the J,R,C, and n states excited at the given frequen-
cy from the ground level to the v-th vibrational level on
transitions in a definite branch marked by the index B.
The summation is over all the branches that contribute
to the absorption, and (I) is the energy (power) of the
pulse laser radiation.

The approximate expression for the fraction of the ex-
cited molecules is of the form

v, (1)S(C,T
QB(V»I)_X,N"B ;gc [;—5':.3(7-)_)

war] @)
where N, is the relative population of the rotational
levels of the ground state for excitation in the B branch;
Zc is the relative population of the system of levels with
symmetry C; S is the number of n-components in the
tensor structure of the absorption spectrum with the
same initial n-sublevel (S =1 for allowed transitions and
S =adp for weakly forbidden transitions, where a. is
an additional parameter); Av,,, is the spectral interval
in which the laser radiation interacts with the mole-
cules; Av,, is the spectral width of the tensor struc-
ture of the branches, and 7.4, is a correction coefficient
for the transitions between the vibrationally excited
states.

Figures 4 and 5 show by way of illustration the calcu-
lated dependences of the quantities (n) and 6 on the in-
tensity of the laser radiation, and give by way of ex-
ample for the laser line P(26) the parameters 5/¢ and ¢
for the resonances with index m=1. For multiphoton
transitions the parameter 5/q has the meaning of a
cross section,

A characteristic feature of the absorption spectrum in
the v; band of SF; at room temperature is the large con-
tribution of the thermal bands. For many sections of
the absorption spectrum, particularly in the region of
the CO, laser lines, the thermal bands form a quasi-
continuous absorption spectrum. We can therefore as-
sume the model of a quasicontinuum of fully overlapping
Doppler-broadened lines.

We assume also a simplified model of the spectral
composition of the laser radiation in the form of three
modes of fixed frequency.

At the gas pressure 0.35 Torr used in the experi-
ments, the characteristic time that describes the damp-
ing of the high-frequency dipole moment of the mole-
cules is 100 nsec,'® which is less than the duration of
the laser pulse (150 nsec). This circumstance, as well
as the multimode composition of the laser radiation,
justifies the use in our case of the model of incoherent
excitation of the molecular states. The general picture
of the absorption of the laser radiation by the molecules
when the radiation intensity varies in a wide interval is
quite complicated. We consider the absorption of laser
radiation on the basis of simplified models.

It is convenient to break off the dependences of the in-
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dicated parameters into a number of sections in accord-
ance with the magnitude of the broadening of the transi-
tions in the laser field

Avy=2uE/h (5)

(1 is the matrix element of the transition, E is the am-
plitude of the light field, and % is Planck’s constant).

We consider first single-photon transition and the re-
gion of low intensities of the laser radiation at a transi-
tion field broadening smaller than or equal to the Dop-
pler width of the line, Av. <Avp,,,. Since the homogen-
eous (impact) width of the absorption lines Avy,, =2
%x10™ cm™ under the conditions of the performed experi-
ment and is one-fifth the Doppler width Avp,,, =103
cm™, the character of the saturation of the absorption
lines changes with increasing intensity. A transition
takes place from saturation of the Doppler-broadened
absorption-line contours within the limits of the homo-
geneous width to saturation of the Doppler contour as a
whole. Since a quantitative description of this transition
is complicated,!” we consider a simplified approach.
For one-photon transitions, at a broadening Av,, small-
er than the homogeneous line width Avy, <AVy.n, the ex-
pression for the average number of photons {n) and for
the parameter 5 can be written in the form!®

52 1o (5] ®

{n)s = gans=0,"qs W

and

0oq : & hv Av
6= 1— — W= hom 7
@l ( & ). & 20 Bvpgy, M

where the coefficient 6 is of the order of unity. The
general picture of the saturation of the absorption for
single-quantum transitions is the following. When the
energy 8§ rises above 8, a “Bennett hole” appears on
the absorption-line contour, with a width and depth that
increase gradually with increasing laser-pulse energy.
The plot of the average photon number (xr) saturates in
this case, and the parameter 6, which is proportional to
the coefficient of nonlinear absorption, begins to de-
crease in inverse proportion to §.

Relations (6) and (7) hold true so long as the transi-
tion broadening in the field is not larger than the homo-
geneous width AV = Avy,,. At higher intensities the
parameter 6 and the corresponding nonlinear-absorp-
tion coefficient decrease approximately in inverse pro-
portion to & /2 (Ref. 17), while {n) increases like /2,
The character of the relation changes again at Avy
2 AVpgp. It is again described by expressions (6) and
(7), but with8 %, =hv/20.

In the interval Avy, < Avp,,, the distribution of the mol-
ecules over the J,R,C and n states that become involved
in the excitation remains unchanged and is determined
from (4) with

Av; =34 popp - (8)
With further increase of the line broadening in the laser
field, Av,,, increases approximately in proportion to
8'/? in accord with the increase of Avy,. This continues
approximately until the broadening in the field becomes
equal to the spectral interval between the laser modes,
AV, =AVg.y. The increase of Avy, in this type of
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broadening stops because of a super-position of the
“holes” burnt in the absorption spectrum by the differ-
ent oscillation modes.

Further increase of Av,,, and of the fraction of the in-
volved molecules sets in at Avy, = 3Av,,4 and continues
until the probability of capture from n sublevels be-
comes equal to unity. A subsequent growth of ¢ is pos-
sible only by involving new J sublevels when the transi-
tions are broadened in a field stronger than the tensor
splitting of the levels, AV, 2 AVyqns.

For multiphoton transitions with v steps and withiden-
tical cross section of the radiative transition on each
step, the expression such as (6) for the number of ab-
sorbed photons will contain, generally speaking, not
one exponential but a set of several exponentials with
different arguments. For approximate estimates we
can use expression (6) and (7), where

h
Buarv ¥ Bhomg it Ay, <Avhom
20 Avy, .
PP
hv .
Satr=v % if A”h—>A'VDopp-

Table I gives certain data necessary for the analysis
of multiphoton excitation of molecules: the measured
coefficient K of linear absorption, the quantum number
J for the absorbing transitions, the relative population
N of the levels, the tensor splitting vyes of the branch-
es, the vibrational level v to which the excitation takes
place at lAR] <2, and the fraction g of the J,C, and n
states involved in the excitation (to make the table gen-
Tral,l it includes the branches 2P, and *R with change

AR | =2).

The cross section 0,;; of the allowed transitions is not
known with sufficient accuracy, and data on the cross
section 0, for weakly forbidden transitions are nonexist-
ent. For the sake of argument, 0,;; was assumed equal
to 6.7x107!® ¢cm?, while 0, was chosen to obtain satis-
factory agreement with experimental data. In the anal-

ysis we took into account only the transitions with |AR |
<1.

The influence of the thermal bands was taken into ac-
count indirectly by correcting the fraction g of the in~
volved molecules in the region of linear absorption in
such a way as to obtain the measured coefficients of lin-
ear absorption.

Table II lists the set of data necessary to construct
the dependences of the principal parameters on the in-
tensity of the laser radiation. Besides the type of tran-
sition, the value of the cross section, the transition
matrix element, and the saturation intensity, Table II
gives also data on the intensities at which the transition
broadening in the laser field becomes equal to the homo-
geneous and Doppler widths, to the intermode spectral
interval, etc. For the P(18) line of the CO, laser no
estimates were made because of the rather complicated
composition of the multiphoton resonances.

As seen from Figs. 3-5, the same set of parameters
can be used to obtain, on a semi-quantitative level, sat-
isfactory agreement with the results of experiments on
different lines up to intensities 103-10* W/cm? (0.1 mJ/
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TABLE II.
anti Allowed Weak (single-proton)

Quantity tions itions
0,cm? 6.7-10-1% 38-10~47
™ 044 0,01
fat 6(9-10-7) 108 (1.5-10-%)
Isat* 30(4.5-10-9) 5-10°(7,5-10-%)
I(E) at Avqrequalto
Avpom =2-10—4 7(1,06-10-%) 1.2-10%(1:8-10-%)
Avpopp=10-2 1.8°102(2.7-10-%) 3-10(45:40-%)
Avmog =3-10- 1.8-10°(2.7-10~Y) 3.10° (45-10-%)
Qupgy =840~ 1.8-104(2.7-40-3) 3-108(4.5-10-1)
Avgherm=03 6-108(0.9) 1.4-10° (16.5)

Note. The values of the intensities I and of the energies E are
given in W/cm? and in J/cm?® (in parentheses); the values of Av
are in cm .

cm?). It is important to emphasize that to explain the
results it suffices to involve weakly forbidden transi-
tions with a cross section amounting to only 0.005 of the
cross section for the allowed transitions. As seen from
the figures, when only allowed transitions are taken in-
to account, the experimental results find no explanation
already at a radiation intensity above several dozen w/
cm? (several pJ/cm?) (see Fig. 5).

The absence of sharp breaks on the n(§) and 6(8)
curves on going through the boundary of linear-absorp-
tion saturation is due to the complicated character of
the saturation of inhomogeneously broadened absorption
lines by pulsed laser radiation. When the intensity ex~
ceeds the saturation limit, the plot of the average num-
ber of absorbed photons increases gradually (somewhat
more slowly than I1%5), even for single-photon transi-
tions, as a result of the increase of the fraction of the
involved molecules. The increase of the slope of the
plot of (n) against 8 for the long-wave wing of the ab-
sorption band and the formation of the observed “pla-
teau” on the initial section of the 6(8) curve (on the low-
intensity side) can be attributed to multiphoton transi-
tions. In the long-wave wing, the absorption bands of
the chain of multiphoton transitions have a maximum
“length,” whereas in the short-wave wing and, in par-
ticular, at the P(14) laser-line frequency, there are no
multiphoton transitions.!

To explain the results of the experiments at intensi-
ties above 10°-10* W/cm?, allowance for only the “pri-
mary” chains of transitions is insufficient and it is nec-
essary to take into consideration the possibility of form-
ation of “secondary” chains of multiphoton transitions.

The “length” of the chain of the multiphoton transi-
tions, within the limits of one and the same oscillation
mode without a change in the sign of the Coriolis con-
stant, is limited in principle because of the limitation
on the quantum numbers and on the indices of the levels.!
Thus, for example, the limits for the “longest” chain
1P, is reached at AR =4 and is equal to 13.

The “length” of the chains can, however, increase be-
cause of formation of additional (secondary) chains and
other types of oscillations. The possibility of forma-
tion of such chains is connected with the fact that, owing
to different types of interactions, the highly excited vi-
brational states turn out to be “intermixed” and radia-
tive transitions with sufficiently large cross sections
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FIG. 6. Scheme showing the “elongation” and “branching” of
chains of multistep transitions (using as an example the oscil -
lation v; of the SF¢ molecule). Vibrational levels with energy
differing from the energy of the nv; states (n=1, 2, 3) by not
more than 30 ecm™* are shown (the scale is arbitrary). The
bent dashed lines mark the compensation of the detunings due
to weakly forbidden transitions (see Fig. 7).

become possible to levels of other modes, and the latter
can serve as starting levels for additional chains.

Figure 6 shows the scheme of some vibrational levels
of the SF; molecule near the levels of the v; oscillation.
As seen from the figure, with increasing quantum num-
ber v of the v; oscillation levels, the number of the
closely lying levels of other oscillations increases rap-
idly. Figure 7 shows the Forter diagram, which illus-
trates schematically the possibility of continuing the
chain. To continue the chain it is necessary that the
position of the resonance in the v; oscillation intersect
in the (v,J) plane with one of the branches of the transi-
tion to the level of the composite oscillation. The re-
sult can be a restoration of the agreement between the
quantum numbers, and it is this which ensures the form-

ation of a longer chain.
With increasing intensity of the laser radiation, the

total length of the composite chain can gradually in-
crease all the way to the dissociation limit. Formation

960 v,cm )

920 (7

t o+t
vy 270 1°2 01 2vy >vyedvsryy
FIG. 7. Forter diagram for the transitions in the v; oscilla-
tion and for the transition 2v3— v3 + 375+ vy (schematic). The
arrows mark the centers of the v; oscillations bands. Systems
of branches that form multistep resonances start out from the
centers (some of the resonances are marked by circles). On
the top are given the identifications of the branches of the 0-1
transitions. The shaded bands correspond to individual
branches of the band 2v;— v +3v;+ vg.
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of “parallel” chain systems (branching of the chains) is
also possible. Such a model is in essence a concretiza-
tion of the “quasicontinuum” concepts.

In the general case laser radiation is absorbed upon
saturation of a system of multiphoton transitions con-
sisting of many “generations” of secondary chains with
a certain branching factor w and with a limited “length”
of each composite chain. An analysis for a simplified
chain scheme shows that allowance for the statistical
weights of the levels and for the branching factor « (at
»< 3~5) leads to a change in the average number of the
absorbed photons by a factor 1.5-2 compared with the
“simple” unbranched chain. In the latter case, the av-
erage number of absorbed photons is

(ny='/,quy, )

where v is the summary “length” of the chain, and g is
the fraction of the excited molecules. To generalize the

" analysis, we have introduced in (9) a parameter that

takes into account the intromolecular exchange of ex-
citation energy!®??! (n=1 in the absence of exchange).
This process can lead to a transfer of energy of excita-
tion into oscillation modes that do not interact with the
laser radiation. To compensate for the energy loss in
the initial level chain, the molecule can again absorb a
definite number of photons. Expression (9) can be used
for a rough estimate of the average number of absorbed
photons.

We do not know the dependences of v and 7 on the
laser-radiation intensity. The products of these two
quantities can be regarded as a variable parameter with
the aid of which we can approximate the experimental
data. The corresponding dependence of the product v is
shown in Fig. 5. Since the dissociation energy of the SFg
molecule is known and equals 3.27X10* cm™ (v =35), we
can estimate 7 in the region of the dissociation thresh-
old. Its value turns out to be ~60.

The parameter 7 can be smaller if suitable allowance
is made for the statistical weights of the vibrationally
excited states, for the branching of the chains, and also
for the possible increase of the fraction ¢ of the excited
molecules on account of the turning on, at a certain
laser intensity, multiphoton resonances with index m
> 2 and nonresonant multiphoton transitions, and form-

~ ation of an additional network of multiphoton resonances.

At high intensities it is also necessary to take into ac-
count the possibility of transitions connected with the
lifting of the forbiddenness of absorption in strong
fields.?

CONCLUSION

We have experimentally investigated the transitions
from linear absorption in the vy oscillations of the SF,
molecule to multiphoton absorption in the CO,-laser in-
tensity interval 1-10° W/cm? We have shown that when
account is taken of the allowed transitions AR =0 the
calculated data begin to differ from the experimental
ones at a power density above several dozen W/ cm?,
The behavior of the absorption in the transition region
of intensities up to 10°~10* W/cm? finds a satisfactory
quantitative explanation where an account is taken of
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multiphoton and single-photon weakly forbidden transi-
tions AR#0, An#0. To explain the results of the ex-
periments it suffices to take into account transitions
with radiative-transition cross section amounting to only
0.005 of the corresponding value for allowed transitions.
At higher laser intensity, the absorption can be attrib-
uted to the formation of successive “secondary” chains
of multiphoton transitions and intramolecular exchange
of excitation energy among the oscillation modes.

Of great interest from the point of view of explaining
the mechanism of multiphoton absorption is the mea-
surement of the fraction of excited molecules and of the
character of the vibrational excitation of molecules in
the intensity range 103107 W/cm?®. Of primary signifi-
cance are questions of the spectroscopy of vibrationally
excited states of molecules. From the experimental
point of view, definite interest attaches to analogous ex-
periments with cooled gas to eliminate the influence of
thermal bands.

The authors thankV. S. Letokhov for helpful discus-
sions and for support.

DHere and below all the data on the power density I are given
for a laser pulse of 1.5X10~7 sec duration. The laser-pulse
energies are given in the parentheses.
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