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ULTRASOFT X-RAY ABSORPTION SPECTRA OF SULFUR IN MOLECULAR COMPOUNDS
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In the quantum energy region 160-210 eV we have investigated the fine structure of the Lyj 111 (2p)-
absorption spectra of sulfur in SO, , H,8, and CS, molecules, We have obtained spectra that are markedly
different from the previously known L1, 11 - spectra of sulfur in the compounds K; SO4 and S¥,, with
differences being observed in the ahsorption structure up to the ionization threshold and beyond, Quali-
tative analysis of all spectra shows the important role played by the strongly electronegative atoms of

fluorine and oxygen in the occurrence of these differences.

Previous investigations [1-3] have considered the
characteristics of x-ray photoionization of the molecules
SFé and SiF,. Qualitative analysis of these characteristics
has shown that they are associated with the existence of
symmetrical configurations of the fluorine atoms in the SF,
and SiFy molecules, In this connection we have been in-
terested in the experimental detection of changes in the
nature of the photoionization absorption as a function of the
symmetry of the atomic positions within the molecule. For
thi - ave investigated the Lyy (2p) ~absorption
sulfur in the simple molecular compounds
d C8,, rather than the spectrum of sulfur in

mds 50,27 [4] and SF, [5].
I absorption spectrum of sulfur was deter-
spectrometer with a diffraction
I, The x-radiation was detected by the use of a
al counter filled with methylal, The source of a
spectrum was bremsstrahlung from the tungstun
A similar method of investigating

ing |
proportic
continuous
anode of an x-ray tube.

the

fine structure of the x-ray absorption spectra of gases
has previously been described [7,8] and consequently we
will merely note some characteristics of its use in studying

the Ly [y -ebsorption spectra of sulfur (A ~ 60~80 A). To
prevent the possibility of overlapping of the investigated
spectral region by short wavelength radiation of higher
orders of diffraction we used a focusing mirror covered with
polystyrene and placed at a grazing angle of 3°10' to the
incident x-radiation. In such a case practically no radiation
of A< 50 A enters the spectrometer, The structure of the
absorption spectrum was determined with an instrumental
energy resolution of AE x~ 0.4 eV, The spectra were re-
corded at several different pressures of the gas in question,
and the differences in spectral absorption coefficients did
not exceed 5, The final averaging of the various measure~
ments is shown in the figure as a graph of absorption co-
efficient g in arbitrary relative units as a function of the
ergy of the absorbed quanta E (in eV). The table shows
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Ly g-absorption spectra of sulfur in molecular compounds,
Vettical arrows show the ionization threshold of the L ~OT=
bital of the sulfur atom in these compounds [11], 1—CS,

(Da)h)’ 2—H28(C, ), 3=~8S0,(C,v), 450, °( Tq), 5—SF(Op).

results of these measurements is indicated by vertical
arrows.* [The Ly (2p; s,)-~ionization threshold of sulfur is
located approximately { 2 eV higher than the Lyp-threshold, ]

the energy location of the individual components of the fine The maxima in the fine structure of the investigated absorp-
structure in the investigated absorption spectra, The pre- tion spectra of the molecules SO,, H,S, and CS, occur lower

ision of these locations is estimated to be +0.1 eV. The
es of the x-ray emission lines used to calibrate the
trometer were taken from published values [10], The
figure also presents data from additional investigations of
Ly my-spectra of sulfur in the SOy °~ ion of K,804[4] and in
the’SE , molecule [5].

The absorption spectra of sulfur obtained in this investi-
gation exhibit a clearly defined fine structure, in addition to
ich there is a pronounced increase in the continuous
The appearance of the spectrum indicated that
this in should be considered as due to the LH ~edge
absorpti sulfur, corresponding to the beginning o
photolonization of the 2p-orbital of sulfur in the molecules
SOz, HyS, and CS;, The energy location of these edges is
in good agreement with electron spectroscopic measure=-
ments of icnization potentials for the 2p-electrons of sulfur
in the molecules in question [11]. This can be seen directly
from the figure, where the energy location of the L
{2p, /2) -ionization threshold of sulfur according to the
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than the previously mentioned ionization thresholds, and con-
sequently they may be regarded as the result of transitions of
2p-electrons of sulfur into a bound excited molecular state,
At this time we are unable to elahborate on the nature of these
excited states (this will be done in another publication), but
we merely note the following interesting experimental fact,
which it seems to us has a direct bearing on our further
discussions, The spin~doublet splitting of the Ly rr-levels
of sulfur, previously given [11, 12] as 1, 2 eV is 1host clearly
obtained for the first absorption bands a and b in the spectra

* We know of no experimental values for the ionization
potential of the 2p-electrons of sulfur in K,SO, and conse-
quently as approximate values we chose the average of the
values for the ionization potential of Zp-electrons of sulfur in
S0, and in SF, as previously determined [11].
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Table, Energy Location (in eV) of Individual Components in the
Fine Structure of Lip, irr-Absorption Spectra of Sulfur in the
Molecules S0,, H,8, and CS,

Energy location (eV)
Molecules
a b c a e 7 g h i
SO, 164.9 166.1 169.5 170.4 | 174.5| 172.9| 174.3 1 179.0| 196.2
Hgd 165.3 167.8 168.8 169.7 170.7| 17237 — — -
Cé, 163.5 164.6 166.4 467.0 | 167.7| 168.6| 169.9 | 41744 | —
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of SO, (1.2 eV) and CSy (1.1 eV). According to the statis-
tical weights of the Ly and -levels of sulfur, the low
energy L[Ht component of the spin-doublet should be twice as
intense as the high energy Ly-component, In the absorption
specira of the molecules 80, and CS,, the intensities of the
Lovrponerts of the spin~doublet have ratms of the order of
.5:1, which is close to the theoretical ratio of 2:1, although
in tre case of SF, there is an anomalous intensity ratlo the
low energy coxrponent of the spin-doublet is less intense
than that at high energy. (In the figure this is very clear in
the example of the doublet absorption bands A and C [5].
is of interest that the absorption bands a and A in the spec-
tv aof H nd 80,27, respectively, do not exhibit spin-
tting, although these spectra were investigated
an energy resolution sufficient to distinguish the com-
ponents of the spin-doublet,
us now consider simultaneously all the Ly jp-ab-
1 spectra of sulfur shown in the figure for the series
of compounds SF, — C8; having various symmetries. (In
the figure the symmetry group of each compound is shown in
ontheses.) Let us give special attention to the apprecia-
ferences among the structures of the absorption spec—
tra of the compounds in this series., Thus, in SF, and SO4
the absorption is in the form of broad bands A- =D, which are
located at energies up to the ionization threshold of the
er r-orbital of the sulfur atom and beyond it. Further-
mote, in these bpectm in the region of the ionization thres-~
hold the ordinary jump in the continuous absorption corre-
sponding to the onset of photoionization of the LH T-orbital
of the sulfur atom does not occur, In contrast to SI“6 and
S0,27, the absorption spectra of the molecules HyS and CS;
gnow clearly the Ly yp-absorption edge with the subsequent
smooth continuum, Discrete absorption, occurring in these
molecules only below the ionization threshold, is negligible
compared to the background of the continuous LII pr-absorp-
tion of sulfur. The absorption spectrum of the SO, mole—
cule is a somewhat intermediate link in this serles of spec-
tra under discussion, since it conmins simultaneously some
of the char: LCtP‘l\tXCS of the H,S and CS, spectra (edge and
fine structure before the edge) and of the ST, and SO, 2~
spec:xa (broad absorption hbands h and i in the contmuum)

t the present time it is difficult to give an exhaustive
expmrmon of the diiferences observed in the structure of
L;;’ 1iI-absorption spectra of sulfur, except for a few quali~
tative ideas. First, it should be noted that the special na-
ture of photoionization absorption in SF, and SO, 2~ is not
associated with the individual properties of the sulfur atom,
since the Ly yp-continuum of sulfur in the H,S and CS,
exhibit no special features. In [1,3] we came to the same
lusion on the basis of the experimental similarity in the
ture of the photoionization absorption of sulfur and
fluorine atoms in SF Thus, an explanation of the charac-
teristics of x~-ray photoionization of the sulfur and fluorine
atoms in S¥, requires a search for the special properties of
this molecule as compared with H;S and CS,. It should be
noted at once that the differences in symmetry among these
molecules are apparently not the basis for the fundamental
changes in absorption structure, This is confirmed by the
experimental fact that there is an appreciable difference in
the structure of the absorption spectra of sulfur in the mole-

cules H,S and SO,, which have the same symmetry (C, y).

It is obvxous that the nature of the Ly jj-photoabsorption of
the sulfur atom is considerably affected by the nature of the
other atoms in the molecule, Apparenily, discrete absorp~
tion in the continuum is observed only for those compounds
of sulfur having a strongly electronegative atom like fluorine
or oxygen, since the larger these atoms are in the molecule,
the more intense is the discrete absorption compared to the
background of the continuum (SO, — ST,). The occurrence
in the continuum of intense absorption bands causes a de-
crease of the continuous absorption in those regions adjacent
tc these bands. In the case of SF, such a redistribution of
oscillator strengths in the spectrum leads to a2 practically
complete repression of the continous absorption in the re-
gion of the ionization threshold, i, e,, to the absence of any
significant absorption edge [2]. We have previously [3] in=-
dicated that the observed characteristics of the cross
section for photoionization of ST, are apparently associated
with the resonance phenomena that are possible in the second
stage of the photoionization process (the stage of photo-
electron ejection from the molecule), If the structure of the
continuum is actually caused by the scattering of the photo-
electrons by the electronegative atoms, an increase in the
number of these atoms must lead to an increased contrast of
the absorption bands above the ionization threshold, As
stated above, this result was observed in the absorption
spectra of sulfur in the series of compounds SO, — SF,.

It is of interest that the absorption of ST, at energies up
to the ionization threshold, which is markedly different from
the absorption of the simple molecules SO,, H,S, and CS;,
in its general character (over-all appearance, large valuo
for the absorption by comparison with the continous absorp~
tion [1], and the anomalous spin-doublet intensity ratio) is
quite similar to the SF, absorption beyond the ionization
threshold. Analogous Slmll:.l"ltles are also observed in the

K-absorption spectra of fluorine in S¥, [1]. This result in-
dicates, apparently, that the structures of the absorption in
S¥F, up to the ionization threshold and that beyond it have a
very similar nature, and theoretically both should be ex-
plained by a single model based on the observed presence of
symmetrical configurations of fluorine atoms in molecules
of the SF, type.

In conclusion the authors express their gratitude to S, V,
Klimina for her help in these measurements,
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Supplement on

CHEMICAL LASERS

Edited by W. R. Bennett, Jr., Yale and
K. €. Shuler, Nationa! Bureau of Standards

in this APPLIED OPTICS Supplement on Chernical Lasers,
published March 1965, the proceedings of the September 1964
conference at the University of Californla at San Diego aré
published together with pertinent discussion. The purpose of
this meeting was to bring together by invitation about cne hun-
dred experts from the flelds of laser physics and technology and
from the fields of chemical kinetics and chemical energetics to
exchange ideas and techniques looking toward the understand-
Ing and development of chemical pumplng for laser cperation.
The term chemical pumping here refers to the achievement of
critical population inversion by chemlcal reactions to permit
oscillation leading to laser action. Population inversion by
chemical reaction has been observed in past studles as an
incidental by-product of some of the detailed investigations of
chemical reaction and energy transfer mechanisms. The
attainment of a sufficiently high population inversion for laser
operation appears feasible, and it is hoped that this meeting
and the publication of its proceedings will act as & catalyst in
this interdisciplinary endeavor. This Chemical Lasers Sup-
plament includes, among others:

W. R. Bennett, Jr., Yale Unive!sity—lnv.rslnn Mechanisms In
Gas Lasors

A. Gardner Fox, Bell Telephone Labaratories—l’np-ﬂlos of Op-
tical Cavity Modes

W. R. Bennett, Jr., P. J. Kindimann, and G. N. Mercer, Yale Uni-
versity—Studies of Excited State Relaxation Mechanisms
Gordon Gould, Technica! Research Group—Collislon Lasers

Alexander Lempicki, General Telephone and Electronics—
Laser Action in Rare Earth Cheiates

Herbert P. Broida, University of California at Santa Barbara—
Chemical Reactlon Leading to Popuiation Inversion

A. B. Callear, Cambridge University—-musuromont In Molecu-
tar Collislons

Tucker Carrington, John Light, and Kurt E. Shuler, National
Bureau of Standards—Equiiibriura Chemical ExcRation and
Chemical Pumping of Lasers

Dudley Herschbach, Harvard University—Molecular Photodls-
sociation and its Appiication to Lasers

John C. Polanyi, Toronto University-—Chemical Reactions Lead-
ing to Nonthermally Excited Products
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