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The absorption coefficients of the molecular gas SF, were measured in the quantal energy range 60-1800

eV over twenty-five X-ray emission lines.
of a single molecule.

From these results we obtain the photoahsorption cross sections
The results obtained were compared with those of measurements in the vacuum uv and

in the regionof hard X-rays, It was found that the experimentally obtained total oscillator strength is close
to the total number of electrons in the SF, molecule in agreement with one of the quantum mechanical summa-
tion rules. The properties of the continuous L1, I1T (2p) absorption of sulfur in SF, in the ionization threshold

region of a given shell are discussed.

The unusual nature of the photoionization absorption near
the ionization thresholds of the internal electron shells of
atoms in the SF, molecule has been pointed out previously
[1-3]. In [3] wegave a detailed discussion of the observed
characteristics of the photoionization. Since the bonding
ies of the K(Is)-, L(2s, 2p)-electrons of sulfur and the
K(ls)-electrons of fluorine in the SFy molecule are substan-
tially different, we thought it worthwhile to measure the
photoabsorption cross sections in the intermediate regions
and thus obtain 2 view of the spectral dependence of the cross
section over a large energy interval.
cctrometers, possessing a high effectiveness
al regions (A = 7-50 A and 20-400 ,Rx). were
asurements [4, 5]. The detectors
ither a proportional counter filled with
methylal (dimethoxymethane) or a secondary electronic photo-
multiplier with a LiF photocathode, The absorption coeffi~
cients of ST, were measured over twenty-five emission lines
and bands in the quantal energy region from 60 eV to 1800 eV
and then calculated as photoabsorption cross sections. The
methodology of these measurements has been described in
detail earlier (6, 7]. The relative precision of the results
judging from their reproducibility was about 5% and 10% in
the regions of large and small energies of the quanta of radia-
tion absorbed, respectively.

Figure 1 presents a logarithmic plot of the photoabsorp-
tion cross section {in Mb) of the SF, molecule as a function
of the auantal energy of the absorbed radiation (in eV). The
results of measurements of the photoabsorption cross sec-
tions over the x-ray lines are indicated by circles in the
figure and are presented in the table. The interpolation
between the circles is indicated by dashed lines while the
regions of the fine structure of the L absorption spectrum
of sulfur and the K absorption spectrum of fluorine investi-
gated by means of the continuous spectrum of a tungsten
anode are shown by the solid lines. In constructing the spec-
tral dependence of the photoabsorption cross sections we also
used the results of earlier work [1, 8], which provided the
results of photoabsorption in the regions of hard x-rays
(E = 2480-2900 eV) and vacuum uv (E = 10-32 eV),* The ver-
tical arrows in the figure indicate the positions of the ioniza-
tion thresholds (absorption edges) of the internal electron
shells of the sulfur and fluorine atoms. (The problem of the
energy positions of these thresholds was discussed earlier [3]).

It is seen from Fig. 1 that there exist three energy
regions w he points representing the spectral dependence
of the cross section of SF, photoabsorption fall very well cn
straight line sections in the logarithmic plot. This allows us
to use the following analytical expressions for the energy

*The photeabsorption cross sections of the SF¢ molecule
in the vacuum uv region were obtained in [8] as the result of
a recalculation of the energy spectrum of inelastically scat-
tered electrons.
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dependence of the SF, photoabsorption cross section in these
energy intervals, **

s= (1 0T F8 for 60 eV < E< 170 eV,
1.9 103 for 2N0eV. ET G40 eV,
s== L3 IUTE for 7i0eV - £ 180 eV,

Let us note that all these functions are substantially dif-
ferent from the E-3 dependence characteristic of the spectral
dependence of our photoabsorption cross sections in the hard
x-ray region [9].

Thedotted line in Fig, 1 shows the straight-line extrap-
olation of our measurements of photoabsorption cross sec-
tions into the region of large quantal energies. It can be seen
that our results are in good agreement with the results of [1]
onthe photoabsorptionin the K-edge region of the sulfur absorp-
tion. Because of the absence of experimental data for SF4 on
the absorption of radiation possessing quantal energies 30-60
eV we use two approximations for this region represented by
a straight and broken dotted lines.

It is known that the photoabsorption cross section is
simply related to the spectral density of oscillator strengths
(109.8 Mb = 1 unit of oscillator strength/eV) [10]. Hence it is
easy to calculate the total oscillator strengths of the SF¢ mole~
cule by determining the area under the curve o(E) over the
interval of quantal energies ranging from zero to infinity.
According to one of the quantum mechanical summation rules
[10], the total strength of the oscillators is equal to the num-
ber of electrons of the system absorbing the electromagnetic
radiation. (In the SF, molecule the total number of electrons
is seventy.) Comparison of the experimentally determined
total oscillator strength with the theoretical value can be used
as a criterion of the precision of photoabsorption measurements
over a broad spectral interval. As shown above, the photo-
absorption cross section of SF, has been measured so far only
over the quantal energy interval from 0 eV to 2900 eV. The
contribution to the total oscillator strength of the quantal energy
region above 2900 eV was estimated by extrapolating the
results of 1 to infinity using the E-® dependence. On changing
a from 2.5 to 3.5 the oscillator strength corresponding to this
spectral interval changed from 3.7 units to 2. 3 units of oscil~
lator strength. In calculating the total oscillator strength we
assumed the contribution of this interval to be three units of
oscillator strength. This value is close to that obtained by
extrapolation using the E-3 dependence that holds for the hard
x-ray region., The total oscillator strength was found to be 64
and 66€. 5 using two different methods of connecting (straight and
broken line, respectively) our results to the uv absorpticn
spectra [8]. Both values are close to the total number of elec -
trons in SF¢. Taking into consideration the low preeision (20%)
of photoabsorption cross-section measurements in the vacuum
uv, whose centribution to the total oscillator strength is large,
we can consider the agreement between the two values to be
satisfactory. This at least serves to indicate the sufficient
reliability of the experimentally obtained photoabsorption cross
sections over a large spectral interval.

**g is expressed in Mb and E in eV,
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photoabsorption cross section o of SFe¢.
The circles represent the results of our measurements over
the x-ray lines. The vertical arrows indicate the positions
of the ionization thresholds (absorption edges) of the internal
electron shells of the sulfur and fluorine atoms in SFe.

Figure 2 shows the fine structure of the SFy absorption
in the Ly, ri-ionization threshold region (full line) of the sulfur
atom according to the results of [2]. In this spectral region,
the total photoabsorption cross section of the molecule con-
sists of two parts, corresponding to the photoionization
absorption of the outer electron shells of the molecule and
the Lyp, 111 shell of the sulfur atom. According to our meas-
urements the energy dependence of the photoabsorption cross-
section of the outer electron shells of the SFg molecule in the
spectral region before the Ly 171 absorption edge of sulfur can be
well approximated by the analytical expressiono=6,1x 10% E71.82,
The extrapolation of our results in the region of the LT, IIT absorp-
tion edge of sulfur shown in Fig. 2 by the dashed line allows us to ex-
tract from the total photoabsorption cross section of themolecule,
tt ontri nofthe L1111 shell of the sulfur atom (areabetween
the full and hedlines), Letusnow remarkonsome of the pecu~
liarities of the LiI_ 11] absorption of sulfur in the SF, molecule
discussed earlier in [2, 3]. Experimentally [11] the ioniza-
tion threshold of the Ly shell of the sulfur atom in SF¢ occurs
at the energy ELyp = 180.4 eV (the position is indicated by
an arrow in Fig. 2).* It is interesting to note that in the
region of the foregoing ionization threshold there occur,
instead of a characteristic jump of continuous absorption

*The Ly threshold of sulfur atom ionization in SF, occurs
at 1.2 eV higher than the Ly threshold [11].

18
Photoabsorption Cross Sections (in Mb) of the SF¢ Molecule
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Q\?}\ corresponding to the beginning of photoionization of the
A ) N L1, shell of the sulfur atom, two relatively narrow absorp-
= i
0 =7 ol 03 E,ev tion bands C and D, ** The continuous Ly, [T absorption of
sulfur is small in the region of the ionization threshold and
Fig. 1. A logarithmic plot of the spectral dependence of the becomes appreciable only at a distance of 30 eV higher than
the threshold. Furthermore, the maximum level of the con-

tinuous absorption {above the fine structure region) is con-
siderably weaker than the C and D bands.

One of the possible reasons for the appearance of dis-
crete absorption in the Lyy jp continuum of the sulfur atom
are two-electron transitions. In this case it would be natural
to relate the C,D, and E absorption bands in the L 111
spectrum of the sulfur atom to the processes of simultaneous
photoexcitation of 2p electrons of the sulfur atom and the
valence electrons of the SF¢ molecule. However, the experi-
mental results do not provide evidence in favor of such a
mechanism. Indeed, the C and D resonance maxima in the
Lyy, 111 absorption spectrum of sulfur are much more intense
than the A and B peaks that can be naturally considered to be
the result of photoexcitation only of the 2p electrons of sulfur,
in opposition to the results of [12, 13], where it was found
that two-electron transitions were considerably less intense
than one-electron transitions in the case of x-ray photoioniza-
tion of rare gas atoms.

At present the reason for the peculiarities in the L1 111
absorption of the sulfur atom inthe SF, molecule noted above
has not been clarified, However, our new experimental results
that will be published soon indicate that the resonance absorp-
tion in the Ly [If continuum of the sulfur atom is determined
by the scattering of x~ray photoelectrons by the electronega-~
tive fluorine atoms that form in SF¢ a highly symmetrical
configuration.

*¥In considering the Ly 117 absorption spectrum of sulfur
it must be kept in mind that each band is the result of two
overlapping bands corresponding to the Ly (2p3/,) and LH(2p1/
absorptions of the sulfur atom. The spin-doublet splitting of
the Lyyy and Lyg levels of sulfur are clearly manifest in the
first three absorption bands A, B, and C.
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STATES :
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The electronic relaxations that connect the Franck-Condon and stationary states of a polyatomic
molecule and that have been called electronic rearrangements have been examined. The competition
between electronic rearrangements and other types of electronic relaxation: Kasha conversion from
higher excited states, internal and intercombination conversions, and also dissociation and ionization
of the molecules, has been noted. The suggestions previously put forward by the author regarding the
relaxation spectra and the four-level scheme of electronic states necessary for the description of a

number of polyatomic molecules have been confirmed.

The need to use a four-level scheme has been

demonstrated in an examination of work carried out by a number of authors in recent years.

1. We previously showed [1] that the properties of the
electronic states of a polyatomic molecule, in particular the
positions of its electronic levels, should in the most general
case depend on the excitation state of the molecule. This is
illustrated in Fig. la which gives the systems of levels My
for a molecule in the ground electronic state (I) and My for
the molecule in the first excited state (II*). Highly excited
states (I**, [*** II** etc.) are usually not realized as
stationary states (relative to the probabilities of optical
transitions) but are usually transformed into luminescent
molecules in the first excited states (I*, II*) or into non-
luminescent molecules in the normal states (I, II), with con-
version of the electronic excitation energy, partly or com-
pletely, respectively, into vibrational energy. 1 This fact,
which for luminescent molecules is known as Kasha's rule
{2], was studied [3] not only from the spectra but also from
other processes associated with the transformation of the
vibrational energy of the excited molecule.

For fluorescent molecules these features lead to the
scheme of four-electron levels in Fig. la in contrast to the
usually adopted two-level scheme in Fig. 1b that is borrowed
from the theory of the spectra of diatomic molecules and that

It has recently been possible, as a consequence of an
increase in the sensitivity of the apparatus, to observe optical
transitions with emission from higher electronic excited
states, competing with rapid nonradiative transitions.

represents a particular case of the four-level scheme,
realized under certain conditions.

According to [1], for the four-level scheme in Fig. 1a,
the absorption of a quantum (I — I¥) transfers the molecule
from the stationary ground state (I) to the Franck-Condon
excited electronic state I* which is nonstationary as a con-
sequence of the lack of correspondence between the structure
of the valence electron shell resulting from the electronic
transition and the preserved nuclear configuration of the
molecule. This is followed by relaxation of the molecule,
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Fig. 1. Four-level (a) and two-level (b) schemes for the
electronic levels of molecules.

The wavy arrows in (a) show the possible electronic relaxa-
tions associated with the state I*.



