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The generalized oscillator strengths (GOSs) for discrete and continuum S 2p excitations of SFg have been
derived in the momentum transfer range (K?) of 1-20 a.u.”2 from the angular variation of the relative
differential cross section for inelastic electron scattering. The experimental techniques and data processing
procedures used to obtain reliable, absolute GOS values are documented. The GOS results are compared to
recent literature results [J. F. Ying, C. P. Mathers, and K. T. Leung, Phys. Rev. A 47, R5 (1993)]. Some
discrepancies are noted. These are found to arise largely, but not completely, from differences in the data
analysis procedures used. The Bethe surface for SFg in the region of S 2p excitation is derived and the
important role of Compton scattering by valence electrons is illustrated.

PACS number(s): 34.80.Gs, 33.20.Rm, 33.70.Ca

I. INTRODUCTION

Electron energy-loss spectroscopy (EELS) has been used
extensively for core excitation spectroscopy, both at low and
high resolution. A bibliography of atomic and molecular
inner-shell excitation studies has been published recently [2].
EELS can be used to study both electric-dipole transitions,
which are detected in optical studies, and nondipole (electric-
quadrupole, spin-exchange) interactions, which normally are
not detected by one-photon optical spectroscopies. Part I of
this work [3] compared dipole and nondipole electron
energy-loss spectra of SFg in the S 2p, S 2s, and F 1s re-
gions. References to earlier studies of the core excitation
spectroscopy of SF¢ were provided in paper I and will not be
repeated here. .

This paper presents the results of a quantitative analysis
of the S 2p EELS intensities. The concept of generalized
oscillator strength (GOS) for electron scattering, which was
introduced by Bethe [4] and discussed in detail by Inokuti
[5], provides a very useful framework for quantitative analy-
sis of EELS intensities. Bethe [4], using the first Born ap-
proximation, showed that there was a quantitative relation-
ship between the differential cross section for fast inelastic
electron scattering and the generalized oscillator strength

Fon(K):
FonlK)=(E ,.koK*12k,)(d 0, 1dQ), (1)

where Kk, k,, and K are the incident, scattered, and trans-
ferred momenta, E,,, is the energy-loss for the [0)—|n) tran-
sition, and do,, /d{) is the measured differential scattering
cross section, which is the strength of inelastic scattering of
an incident beam of energy E, into solid angle d{) over the
energy-loss interval.

Bethe also showed that the generalized oscillator strength
can be expanded in a power series of K2 as

Fon(K)=fo+AK?*+BK*+ - - -, )

where f is the optical oscillator strength (OOS) containing
the electric-dipole matrix element (€;); A=e€3—2€ €3,
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where €, is the quadrupole and €3 is the octupole matrix
element; B= e§~ 2€,e,+2€,€5 contains  higher-order
electric-multipole terms, etc.

In the limit of zero momentum transfer (infinitely high
incident energies and scattering angle of 0°) the generalized
oscillator strength becomes equal to the optical oscillator
strength f,. The OOS cannot be measured directly by
electron-impact spectroscopy since there is always some
minimum nonzero momentum transfer in the inelastic colli-
sion due to the finite impact energy and finite range of scat-
tering angles. However, values of K? can often be achieved
that are sufficiently small that the GOS is indistinguishable
from the OOS [6]. Chan et al. [7-9] have obtained accurate
optical oscillator strengths for transitions in noble gases us-
ing extremely small scattering angles and very high impact
energies relative to energy loss. Alternatively accurate deter-
mination of the OOS can be obtained by measuring the GOS
in the small-K? region and extrapolating to K?>=0 [10-13].
Lassettre and co-workers [12,13] have derived absolute OOS
functions for valence excitations of a large number of mol-
ecules by extrapolation of the GOS to K2=0. Recently, Mse-
zane and Sakmar [14] have derived a universal formula to
extrapolate GOS data to K?=0 and have shown that their
procedure produces results in excellent agreement with ex-
perimental measurements for K2<0.05 a.u. ~2.

Conversely, in the region of large momentum transfer,
optically forbidden transitions can be excited. Several nondi-
pole transitions have been identified from K-dependent stud-
ies [15-20]. In addition to the spectroscopic detection of
states which are inaccessible by dipole excitation, studies of
the GOS for nondipole excitations can provide useful infor-
mation with regard to spectral assignments. First, the relative
importance of impact energy versus angular variation of
spectral intensities can distinguish various classes of nondi-
pole processes. Spin-exchange transitions are excited when
the impact energy approaches the excitation threshold [21],
whereas quadrupole (and higher-order electric-multipole) ex-
citations are most enhanced by large scattering angles at
moderate impact energies. Second, the K? variation of the
GOS may provide qualitative information about spectral as-
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signment. Bonham [22] and Kim ef al. [23] have explained
the origin of GOS minima observed in the Rydberg states of
atoms. It has been proposed that low-lying Rydberg states of
molecules are also characterized by a minimum in the GOS
as a function of momentum transfer [24-26]. A common
configurational origin of two states may be indicated by the
similarity in shape of their GOS. This appears to be the case
for the GOS of the 177- and 181-eV nondipole excitations,
which we have attributed primarily to states arising from the
(S 2p~1,1,,) configuration [3]. Third, absolute GOS mea-
surements provide an additional tool with which to assess the
relative accuracy of different quantum chemical calculations.
If GOS calculations are available, a comparison of the shape
as well the absolute magnitude of calculated and experimen-
tal GOS profiles can help both in the evaluation of compu-
tational procedures and in determining correct spectral as-
signments [20,27,28].

The generalized oscillator strengths can be visualized in
the form of the Bethe surface [5], a three-dimensional repre-
sentation of the GOS as a function of energy loss, and the
logarithm of the momentum transfer. Shell-specific Compton
profiles can be derived from the GOS measurements [29—
31]. Bonham and Wellenstein [32] have shown how one can
analyze the Compton profile in Bethe surfaces to determine
the charge and momentum distributions of the valence-shell
electron densities of atoms and molecules.

Even though the potential of EELS to provide additional
spectroscopic information has been known for years, there
has been little examination of nondipole core-excited states
and relatively few systematic measurements of the GOS for
valence-shell [20,27,33—-40], and particularly inner-shell
[1,41-45], excitation. One of the latter studies is that of
Ying, Mathers, and Leung [1], who have recently reported
GOS curves for four S 2p excited states of SFg.

We have used angle-resolved electron energy-loss mea-
surements to determine the GOS of SFq in the region of S 2p
excitation and ionization. Since this is the first quantitative
GOS measurements with our apparatus, we provide a de-
tailed evaluation of our acquisition and analysis procedures
for-obtaining reliable EELS intensity data and its conversion
to absolute GOS values. We compare our GOS curves for
specific S 2p excited states and resonances to those reported
in the literature [1]. There are significant discrepancies in the
GOS of several states. A detailed comparison of the data
analysis procedures used in the two experiments sheds light
on the source of these discrepancies. The Bethe surface in
the region of S 2p excitation is generated. Comparison of the
GOS with the as-measured data provides a good illustration
of the dominant role of the Bethe ridge (Compton scattering
from the valence electrons) in the region of inner-shell exci-
tation.

II. EXPERIMENT
A. Experimental measurements

The electron energy-loss spectra of SFq were measured
using a variable impact energy, variable angle, electron
energy-loss spectrometer whose design and operation will be
discussed in detail elsewhere [46]. Briefly, a gas jet is
crossed by a monochromatic incident electron beam. Elec-
trons inelastically scattered at a mechanically determined
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scattering angle (—10° to 110°) are dispersed using a lens
system and a hemispherical electron energy analyzer. The
signal is detected using a channel electron multiplier and
standard pulse counting electronics. The sulfur hexafluoride
(99.99% purity) used in these experiments was purchased
from Matheson. It was used without further purification.

The GOS for a specific energy loss can be determined in
a variety of different ways. The approach that was used as
the principal method consisted of recording full energy-loss
spectra (155-212 eV) at a series of different angles, extract-
ing peak areas, and correlating all relevant factors among the
separate measurements. This procedure took several months
for acquiring data of adequate quality and thus we were con-
cerned about the stability and precision of measurement of
beam current, pressure, detection sensitivity, etc. In order to
have an independent check on these results we measured the
angle-dependent signals at a small number of selected energy
losses by rapidly and repetitively scanning the scattering
angle in order to derive a relative scattering cross-section
curve for a single state. Relative GOS curves for the S 2p
excited states were then derived by correcting for appropriate
factors (e.g., nonjet signal; see below) and normalizing to
intensities derived from full spectra recorded at a small num-
ber of scattering angles. Although both methods were used in
our study, this paper is primarily based on results obtained
with the first type of measurement.

S 2p spectra of SFg were acquired in six multiple mea-
surement blocks, each of which covered a number of differ-
ent scattering angles in the range 1°-25°. An impact energy
(E,) of 1400 eV was used. The angles within the measure-
ment blocks were chosen with overlap to allow cross refer-
encing.

During each cycle of EELS measurements the sample
pressure was chosen to be as high as possible to achieve the
best average count rate, but not so high as to lead to contri-
butions from plural scattering (core plus valence loss in dif-
ferent scattering events). The chamber pressure was in-
creased from a base pressure of 2X 1077 Torr to 2X 1073
Torr during measurements. In order to correct the measured
signal for angle-dependent variations in the volume sampled
we have measured spectra at each angle with the gas intro-
duced at a point far from the jet interaction region. Figure 1
plots the ratio [y /(Jiotat = Inonjet) Versus 6°. Iy = Ijer
+ I onjer 15 the signal measured when the SFg is introduced
through a capillary doser to form a jet. This signal includes
not only that from the enhanced density region of the jet but
also the signal from regions in the intersection of the ana-
lyzer viewing cone and the incident beam, which are not in
the jet (see the inset to Fig. 2). Jponie; corresponds to the
signal measured when the SF¢ gas is introduced at a point far
from the interaction region at a flow rate that produced a
chamber pressure identical to that used for gas jet conditions.
There is an estimated 13-fold enhancement of the gas density
in the portion of the gas jet, which is the collision region.
This enhancement factor was obtained from the asymptotic
value of Iyy/Ione intensity ratio at large angles (Fig. 1).
The data in Fig. 1 were used to correct the measured spectra
to a constant interaction volume by subtracting the contribu-
tion of the nonjet gas, as explained in Sec. II B and II D. Two
curves are plotted in Fig. 1, in addition to the experimental
data. The inverse sinusoidal function is the expression ex-
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FIG. 1. Scattering angle dependence of the ratio of

Tiotat/ Ttotat = Tnonjet » Where Tioq1= Ijeg+ Inonjer 15 the signal when the
gas is introduced through the capillary array to form a jet away
from the collision region, while 74y is the signal measured when
the gas is introduced to the same total chamber pressure at point far
from the capillary. The signals are the integrated intensity between
152 and 170 eV in the two measurements. See the inset to Fig. 2 for
a graphical explanation of why this ratio is a strong function of
angle. See the text with regard to the fitted functions. The bold
curves are fits to the experimental values, while the lighter sections
of the curves are the values extrapolated to larger angles.

pected from a geometric analysis of the angle dependence of
the overlap region (see Fig. 2) [46,47]. While this expression
has a well-defined physical model and gave a good fit to the
angle dependence of the size of the interaction region for He
valence-shell measurements [46], it does not fit the SFg data
as well as an empirical exponential function. The latter was
used in extrapolating the correction to angles above 15°
where the nonjet signal was not measured.

The spectra reported in this paper are sums of a number of
individual spectra, each of which was signal averaged in
both energy loss and angle for several hours acquisition. At
large angles (greater than 10°) the peak count rates were
only a few cps. For each angle in a measurement block, a
spectrum is obtained by signal averaging until the total num-
ber of counts acquired (at all energy losses) reached a pre-
determined value. Because of the very rapid falloff in the
cross section with increasing scattering angle, this approach
often resulted in as much as a factor of 10 longer acquisition
period for large-angle spectra relative to small-angle spectra.
The whole measurement block was cycled several times to
average out fluctuations in incident beam current, gas pres-
sure, etc. The measurement angles were chosen to give a
suitable spacing of points in K2 space.

The instrumental energy resolution at the chosen mono-
chromator and analyzer pass energies of 70 eV was 0.5 eV
full width at half maximum (FWHM). There was some deg-
radation of this resolution during the long acquisition periods
required at large scattering angles. The reproducibility of
unidirectional angle setting was *0.1°. The accuracy was
better than 1% up to 30°, as determined by mechanical mea-
surement.

B. Data processing for quantitative GOS determination

Figure 2 compares S 2p spectra of SFg recorded at for-
ward scattering (0°*0.5°) and at a large (14°) scattering
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FIG. 2. S 2p EELS spectra of SF4 recorded with 1400 eV im-
pact energy and scattering angles of 0° and 14°. The upper curve in
each panel is recorded with gas introduced through a capillary array
(Itora) while the lower curve is that recorded with the gas intro-
duced far from the interaction region to the same total chamber
pressure (/yonic). The cartoon inset depicts the rapid variation of the
size of the interaction region with scattering angle. Subtraction of
the nonjet signal from 7, corrects for the angle variation in the
contribution from the shaded area.

angle, in each case with the gas introduced through the cap-
illary (Zjeq+ Iponje) @nd elsewhere (/,0nje). The more intense
signal of each pair of curves corresponds to gas being intro-
duced through the capillary doser; the less intense curve cor-
responds to gas being introduced far from the gas jet at a rate
that achieves the same chamber pressure. The count rates
have been corrected for differences in beam current. The
dashed lines indicate the fitted curves used to subtract the
valence ionizational signal. Ideally, the intersection of the
incident electron beam, the viewing cone of the analyzer, and
the gas target should be identical at all scattering angles. In
fact, this is not the case: at small angles the scattering vol-
ume sampled is much larger than at large scattering angles
(see the inset to Fig. 2). In order to obtain a signal corre-
sponding to a sample volume that is identical at all scattering
angles, we have measured and subtracted the nonjet compo-
nent at each angle. After any differences in beam current and
acquisition time are taken into account, the difference in
these two signals is /j,, the signal from the enhanced density
region of the jet. Such measurements were made for each
scattering angle as shown in Fig. 1. This background correc-
tion strategy ensures that the influence of the gas on the



52 ELECTRON-IMPACT CORE EXCITATION OF SFq. IL. ... 4681

| SR SN B S B S S S S R S S S S S

[1] 1000 eV, 18.9° s
2]1400eV,16.1° 2 [ ernn
[
B]1700ev, 14.6° \
B 3
E [ asspAtaa st A
=
+10% L
s e e TN
-10% o

170 180 190 200

Normalized Intensity

1

170

PR ST SR SO SR N
180 190
Energy Loss (eV)

n

L
200

FIG. 3. Comparison of S 2p spectra for K>=8 a.u. 2 and im-
pact energies of 1000, 1400, and 1700 eV. The inset shows the three
pairs of ratios of these curves. The absence of spectral structure in
these ratio curves indicates that the spectral shape is independent of
impact energy over this range, consistent with validity of the first
Born approximation.

electron gun and the electron optical surfaces remains the
same since the main difference between the ““jet” and “‘non-
jet” measurements is the gas distribution in the chamber at
the position of the jet. At large angles (6>15°) the nonjet
signal was assumed to be ~7.5% of the total, consistent with
the asymptotic value in Fig. 1.

In order to make a valid GOS measurement the impact
energy must be sufficiently large that the first Born approxi-
mation (and thus the Bethe-Born GOS analysis) is valid. This
may be tested by checking that the GOS is independent of
impact energy. Figure 3 plots S 2p spectra of SF¢ measured
at (Ey,0) values of 1000 eV, 18.9°; 1400 eV, 16.1°; and
1700 eV, 14.6°, in each case conditions where K?>=38
a.u. ~2. All three spectra were found to have the same overall
shape in terms of relative intensities of individual S 2p
peaks, which is demonstrated by the constancy of the ratio of
all pairs of these three curves (see the inset to Fig. 3). The
independence of the spectral shape on K is direct evidence
that the first Born approximation and thus the GOS concept
is valid [48] at the 1400 eV impact energy used for these
measurements.

The signal corresponding solely to S 2p excitation and
ionization was isolated from the underlying valence-shell
ionization continuum by subtracting a smooth curve deter-
mined from a curve fit of the function a(E —b)° to the signal
between 154 and 170 eV, below the S 2p—a,, peak. This is
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FIG. 4. Fit to the S 2p spectrum recorded at 3.4°, using the
standardized, multifile curve-fit approach described in the text. The
dark line through the data points is the result of a least-squares fit,
with each peak (light line) fit to either Gaussians or a Voigt func-
tions. Two arctangent functions are included to represent the S 2p
continua. The asymmetric line used for the T;,(e,) signal is the
sum of three Gaussians of fixed relative amplitude and position. See
Table I for numerical results of the constrained multiple file fit.

an important step since the relative amounts of underlying
valence continuum change greatly with changing scattering
angle, due to the valence Compton signal [29]; (see Sec.
III C below). For the S 2p region, the maximum intensity of
the Compton profile occurs around K?>=8 a.u. 2. In addi-
tion, at large scattering angles where the signal is extremely
weak, it is possible there are small non-gas-scattering contri-
butions to the background from electronic noise and radio-
activity or cosmic ray background.

C. Spectral analysis

After removal of the nonjet and the valence ionization
signal, the set of angle-dependent S 2p spectral components
were then subjected to an extensive curve-fit analysis. In
order to obtain the maximum physical significance and be
least susceptible to curve-fitting variations associated with
noise, all 18 files were fit simultaneously using a constrained
optimization procedure [49]. The model for the S 2p spec-
trum consisted of a combination of Gaussian and Lorentzian
peak shapes and two arctangent edge functions, chosen to
match the spectral interpretation [3,50]. A simultaneous mul-
tifile analysis [49] was used to ensure that all spectra were fit
with the same model. All parameters were optimized over
the full set of energy-loss spectra, although only the peak and
continuum amplitudes were allowed to vary independently
from spectrum to spectrum.

A sample result from the curve fit is presented in Fig. 4.
Numerical values from the optimized fit are presented in
Table I. These values, along with a consideration of alterna-
tive, less successful fits, provide additional information about
the S 2p spectroscopy of SF¢. The T,,(a;,) spin-orbit dou-
blet was fit by a pair of Gaussian lines with optimized widths
of 0.92 and 1.22 eV FWHM for the [(S 2p3;)~'.a;,] and
[(S 2p1»)~'.ay,] states, respectively. Attempts to fit this
band with a pair of Voigt functions based on reasonable val-
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TABLE 1. Energies, widths, and line shapes derived from a constrained multiple file curve-fit analysis of the S 2p spectra of SF.

This work Optical spectroscopy *
Width (eV) Width (eV)

State E (eV) Line type G° L4 Width ® E (eV) Line type G°© L4 Width ®
Ty,(a,)-3/2 172.28 Gaussian 0.92 0.92 172.27 Gaussian 0.87 0.87
Ty, (ag)-1/2 173.43 Gaussian 1.22 1.22 173.44 Gaussian 1.06 1.06
A °(t1,) 177.41 Gaussian 2.14 2.14
continuum 1 180.26 arctangent 2.52
B ° (t1,) 180.91 Gaussian 0.91 0.91
Ty,(t2,)-3/2 183.37 Voigt 0.66 0.62 1.08 183.40 Voigt 0.27 0.69 0.76
T1,(t25)-1/2 184.54 Voigt 0.66 0.79 1.08 184.57 Voigt 0.27 0.78 0.85
continuum 2 192.71 arctangent 2.52
T1.(ey) 195.93 Gaussian 3.19f 4.1 196.2 Voigt 7 2% 4.1

197.93 Gaussian 3.19f

199.93 Gaussian 3.19f
#From [50].

®Widths considering that only Gaussian line types were used for the curve fit.

°Gaussian contribution.

Lorentzian contribution.

“States are labeled A and B to reflect uncertainty in assignment [3].
fRequired to have the same value.

£Gaussian and Lorentzian contributions were not specified in [50].

ues of the Lorentzian natural linewidth were unsuccessful, as
found in the curve-fit analysis of the photoabsorption spec-
trum recently reported by Hudson er al. [50]. As these au-
thors have explained, this indicates inhomogeneous line
broadening, associated with unresolved vibrational structure.

The T,(t,,) spin-orbit doublet (182—188 eV) was fit us-
ing Voigt functions that had significant Lorentzian contribu-
tions. A good fit to the data was obtained using a Gaussian
width of 0.66 eV FWHM and Lorentzian widths of 0.62 and
0.79 eV for the [(S 2psn)~'.1p,] and [(S 2p i)~ ' 1g,]
states, respectively. The width of the Gaussian component
we observe (0.66 eV) is much larger than that in the optical
spectrum (0.27 eV [50]) on account of poorer experimental
resolution. In both the EELS and optical work it is clear
there are contributions from unresolved vibrational excita-
tion that cause inhomogeneous broadening.

As found in the high-resolution optical study [50], spin-
orbit splitting was not resolved for the electronic transition to
the (S 2p~',¢;,) state at 177 eV. We do detect structure in
the 181-eV nondipole signal (see Fig. 4 of [3]), but the main
components are too closely spaced to arise from the spin-
orbit splitting of a single state and thus we deduce the
181-eV signal arises from overlap of the spin-orbit and pos-
sibly Jahn-Teller splitting of at least two electronic transi-
tions. The fine details of the 181-eV line shape were not
incorporated into the curve-fit analysis used for GOS deter-
mination on account of the weakness of this signal at all
scattering angles. Instead, only one Gaussian line profile was
used to fit each of the 177- and 181-eV (¢, ,-related) states,
with optimized widths of 2.14 and 0.91 eV, respectively.

The broad asymmetric line shape of the T,(e,) (191-
202) resonance was taken into account by using the sum of
three Gaussian lines that were constrained to have the same
width (3.19 eV) and same interline spacing (2.0 eV). Various
sources of asymmetry in continuum resonances hLave been
documented and discussed by Stohr [51]. In this case the

asymmetry is most likely associated with a decrease in reso-
nance lifetime (and thus increase in natural linewidth) as the
photoelectron energy increases across the resonance. In the
multiple-scattering model this corresponds to a reduced
probability of the photoelectron being trapped by the barrier
at higher kinetic energy. This leads to a tailing of the reso-
nance profile toward higher excitation energies.

In addition to the peak line shapes, two arctangent edge
shapes, positioned at 180.3 and 192.7 eV, were used to ac-
count for the S 2p ionization continuum signal. While prob-
ably not strictly correct, a plausible interpretation is that con-
tinnum 1 is the “tunneled,” below-barrier ionization and
continuum 2 is the direct, above-barrier ionization (see Fig. 1
of paper I [3]). While there are momentum transfer values
where only a single continuum suffices, in order to have a
consistent explanation of the spectra over the whole data set,
two arctangent continua were required. The edge positions
and widths were constrained to be identical over the whole
set. The width of the arctangent continuum onset is 2.52 eV
for both continuum 1 and continuum 2. In principle, this
width should reflect the lifetime broadening of the S 2p ion-
ized states, with perhaps an additional contribution from vi-
brational excitation. In practice, the fitted width is consider-
ably broader, perhaps in order to mimic the slow turn-on of S
2p ionization, which is characteristically peaking several eV
above the ionization threshold. Although the analysis of
these continuum steps is not without ambiguity, it is very
important to include them in the curve-fit analysis since they
affect the position and area of peaks in their proximity. This
is one factor in the difference between our results and those
previously reported [1].

D. Absolute GOS and error treatment

From the Bethe-Born relation [Eq. (1)], the following ap-
proximate expression can be derived, which was used to ex-
tract the absolute GOS from the measured data:
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TABLE II. Optical oscillator strengths for S 2p excitations of SF,.
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EELS GOS extrapolated to K>=0 Optical
State (UMO) This work ? This work ° Ying ez al. © Dehmer ¢ Belchschmidt et al. ©
Ty (ay) 0.079(8) 0.081(8) 0.033 0.096 0.087
Af(,D 0.0085(8) 0.006(2) 0.0042
Bt 0.0006(3)
T,(t2,) 0.23(2) 0.22(2) 0.103 0.23 0.18
Ti.(e,) 0.20(2) 0.20(2) 0.065 0.348 0.248

“Based on Lassettre series. Errors (precision) estimated as 10%, except for the 177-eV signal.

bGraphic extrapolation.

“Reference [1]. Based on Lassettre series from the absolute GOS (eV™!) derived from peak heights. Units are in eV~

dReference [52].

“Reference [53].

fStates are labeled A and B to reflect uncertainty in assignments [3].
EDifficult to determine due to a continua contribution.

f(K)=N(E/2)[Eo/(Eo_E)]1/2K2f L(I/ipt);—(Ilipt),
—If,p]dE, (3)

where N is the scale factor for setting the absolute GOS; E is
the energy loss; E, is the impact energy; K2 is the momen-
tum transfer, where K2=k3+k2—2k,k cosd, with k
=(2E/27.21) and kfl=[2(E0—E)/27.21] in a.u.; I is the
accumulated intensity: j= /I, b= Iponjers ¢ 18 the electron-
beam current; p is the gas pressure; ¢ is the spectral accumu-
lation time [(number of scans)X (time per scan)]; I, is the
fitted valence ionization continuum background; and [dFE is
integration over a fitted peak. Excluding N, the quantity in
front of the integral sign in Eq. (3) is the kinematic correc-
tion factor. It should be noted that for each angle, K> was
assumed to be constant since it changes very little over the
energy range of the S 2p electronic transitions. The integral
yields the corrected areas of the inelastic peak profiles at
each scattering angle, as explained in Sec. II B. These areas
correspond to the integrated differential cross sections.

The scale factor (N), which is used to convert the relative
to the absolute GOS was determined by extrapolating the
GOS values for the a,, and 1,, features to K?=0 and then
deriving N from the match of these relative OOSs to absolute
OOSs derived from the literature [52,53] (see Table II). S
2 p-isolated OOSs were not reported in these articles, so they
were derived by digitization, background subtraction, and
integration. There are relatively large differences in the lit-
erature OOS values (see Table II), which is a significant
source of uncertainty in our absolute results. The values pre-
sented by Dehmer [52] are approximately 30% higher for
ty, and 9% higher for a,, than those reported by Blech-
schmidt et al. [53]. Addison-Jones et al. [54] have also de-
termined the S 2p photoabsorption cross sections of SF.
These values range from a background of 4.6 Mb due to
valence ionization to 8.4 Mb at the maximum of the #,,
resonance, a value that is only half that reported by Dehmer
(16 Mb [52]). Addison-Jones et al. [54] were puzzled by this
result. They suggested that this difference could be due in
part to nonideal gas behavior. Another possible factor could
be absorption saturation effects. We have not used their val-
ues in our work.

The relative errors in our GOS values are estimated con-
sidering the sum of the uncertainties in the momentum trans-
fer (K?), the integrated peak area, and the normalization
factor (N). The error associated with K2 is determined from
the uncertainty in the scattering angle, taken to be 0.25°.
Since this fixed angular error is increasingly important at low
scattering angles, the error in K at low K? is much larger
than that at high K2. Since the value of K? is incorporated
into the GOS conversion [see Eq. (1)], this gives rise to
larger error bars for the GOS at small K? values even though
the signal strength is more than an order of magnitude
greater than at large K? and thus the error from counting
statistics is much less. The error associated with the determi-
nation of peak areas includes contributions from the normal-
ization to the gas pressure and the incident beam current.
Besides these, there are contributions from the statistical pre-
cision of the data and the fitting model. All of these factors
are treated as uncorrelated quantities and are added in
quadrature to give the total error in the peak area. The error
we have chosen to associate with N is the standard deviation
of the values determined from different literature optical val-
ues. The total error in the GOS at each angle (K 2 value) was
then determined by a quadrature addition of the uncertainties
in K?, peak area, and N. This procedure was carried out for
each feature to give the errors bars shown in Figs. 5 and 6.

III. RESULTS AND DISCUSSION
A. GOS curves

The GOSs in the K? range from 0.6 to 19 a.u. ~2 for the
three dipole-allowed transitions are presented in Fig. 5. Fig-
ure 6 presents the GOS results for the two quadrupole states,
which are labeled only as A and B on account of some un-
certainty in their correct assignment [3]. The Lassettre series
[10,11,13,55] which is valid when the Born approximation
holds, is a systematic way of deducing parameters related to
the multipole transition matrix elements from experimental
GOS data. The data in Figs. 5 and 6 were fit using a least-
squares procedure to the following polynomial, which is a
slightly modified form of the Lassetre series:



4684

—T T T T T T T T

16 m
»n
8 [ T1u “29)
3 e
3 8t .
) ]
] * ]
< e
0
24 *  Absolute GOS (107eV")  Z
_’ peak heights [Ying et al.] )
x10% [
L i}
16 | ]
L { T1u (eg) 4
8L, ]
- 'i
3 - . b
0 1 I " YRS ST ST RN S [N W ST N N S
0 4 8 12 16
K?(a.u.?)

FIG. 5. GOS curves for the T,(a,), T1,(t2,), and Ty,(e,)
dipole-coupled S 2p excited states derived from the experimental
data as described in the text. The solid lines indicate the fitting to
the Lassettre series expression using the parameters indicated in
Table III. The solid lozenge symbols are the peak-intensity-based
GOS values reported by Ying, Mathers, and Leung [1].

F=IUA+X) K fo+ FIXI(I+X) ]+ F[X/(1+X) P+ - - -
+Fal XI(1L+X)]m, 4)

where X=K?%/a?, a=QDY+Q|I-W])"?, I is the S 2p
ionization potential of the molecule (taken to be 181.0 eV,
the average values for the 2p3, and 2p ), ionization values
[56,57]), and W is the excitation energy of the transition.
While the regular Lassettre series uses the signed term value
(I—W), Eq. (4) uses the absolute value of this number to
allow analysis of the #,, and e, transitions, which are above
the S 2p edge.

A good fit of the Lassettre formula to the data for all
features was obtained when only four terms were used
[m=3 in Eq. (4)]. The resulting coefficients are shown in
Table III. The value of the optical oscillator strength (f) is
the GOS extrapolated to zero momentum transfer. The
higher-order f, terms are related to linear combinations of
the respective multipole matrix elements. Although the
higher-order coefficients are sensitive to small changes in the
data, they were found necessary to reproduce the data
smoothly.

The dipole-allowed transitions exhibit negative values for
Jf1 and f3 and positive values for f,. Opposite signs for the
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FIG. 6. GOS curves for the A(¢,) (177 eV) and B(¢;,) (181
eV) quadrupole-coupled S 2p excited states. Note that the A(¢;,)
signal include some contribution from unresolved Rydberg states,
but this is relatively small, except at low momentum transfer. The
solid lines indicate the fitting to the Lassettre series expression us-
ing the parameters indicated in Table 3. The solid lozenge symbols
for the A(r;,) signal are the peak-intensity-based GOS values re-
ported by Ying, Mathers, and Leung [1].

same quantities were found for the dipole-forbidden transi-
tions. As discussed in the literature [1,13,58], the behavior of
these coefficients (relative magnitudes and signs) can help to
qualitatively infer if a particular excitation is dominated by a
dipole or nondipole interaction. For instance, positive f; and
small f, values are good indications of quadrupole transi-
tions [1,13,20,59]. Table III compares the values derived
from the Lassettre series analysis of our results (using both
peak-area and peak-height-based GOSs) with those reported
by Ying, Mathers, and Leung [1]. While there are similar
trends in the sign and relative magnitudes of the terms, our
fo values based on peak areas are typically twice as large as
those of Ying, Mathers, and Leung. This largely reflects the
fact that Ying, Mathers, and Leung used peak heights rather
than peak areas in their GOS determination. This factor and
other reasons for discrepancies in GOS values are outlined
below.

Figures 5 and 6 demonstrate that dipole-allowed and
dipole-forbidden transitions have qualitatively different
GOSs. In particular, the GOSs for the three dipole-allowed
transitions [S 2p(2t,,)—6a,,, S 2p(2t;,)—21t,,, and S
2p(2t,,)—4e,] decrease relatively smoothly from a maxi-
mum value at or near to K?=0. In contrast, the GOS curves
for the dipole-forbidden transitions [S 2p(2¢;,)— 61, exci-
tation] extrapolate to a value close to zero. While the optical
limit of the GOS for the 181-eV signal is statistically indis-
tinguishable from O, consistent with its absence in all re-
ported photoabsorption spectra, the 177-eV signal has an ex-
trapolated optical oscillator strength of 0.0085(8). While
some part of this signal arises from unresolved Rydberg tran-
sitions [50], this contribution is relatively small, as can be
seen from the high-resolution optical work [50]. Electron
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TABLE III. Values of fy, f, f>, and f3 derived from the modified Lassettre series analysis [Eq. (4)] for the S 2p excitation of SF4 based
on GOS values derived from peak areas and peak intensities. Numbers in square brackets indicate powers of 10.

This work (peak areas) This work 2 Ying et al. [1]?
State (UMO)  fo  fi/fo  f2/fo Falfo fo  filfo  falfo falfo Jo Sfilfo f2lfo Sf3lfo
Ti(a,) 0079 —88  337[3] —429[4] 0037 —101 473[3] —7.03[4] 00327 —1290 6.11[3] —9.57[4]
AP (1) 00085 456 —2.72[4] 3.87[S] 0.0039 359 —174[4]  2.19[5] 0.0042 1653 —3.78[3]  2.02[4]
B (t,,) 00006 2946 —123[5] 157[6] 0.0012 1127 —430[4] 5.77[5]
Tlu(t2g) 0.2253 -—33 7.57[2] —8.73[3] 0.108 —45 1.56[3] —1.96[4] 0.103 —127.7 5.75[3] —8.90[4]
Tiuey) 02008 —37  1.14[3] —236[4] 0063 —59  264[3] —4.15[4] 0.0653 —123.1 521[3] —7.31[4]

“Based on peak intensities not peak areas.
PStates are labeled A and B to reflect uncertainty in assignments [3].

energy-loss spectra recorded at higher resolution and similar
K? [60] conclude that this region consists of four sharp Ry-
dberg peaks overlapping the relatively broad S 2p— 61,
transition [3]. Conversely, the similarity of the S 2p absorp-
tion spectra of solid and gaseous SFg [53] supports the view
that the 7, transition dominates this region. A nonzero inten-
sity in the optical limit is consistent with the observations of
Hudson et al. [50], who have attributed this signal to elec-
tronically forbidden but vibronically dipole-allowed transi-
tions. It is interesting to note that the shapes of the 177-eV
A(t,,) and 181-eV B(t;,) GOS curves are relatively similar,
at least up to 13 a.u. 2, with each one peaking at 3 a.u. 2
(Fig. 6). This supports our suggestion [3] that these two
states may have a common configurational origin.

B. Comparison to literature GOS values

Figures 5 and 6 contain comparisons of our results to
those reported by Ying, Mathers, and Leung [1]. Clearly their
results lie quite far below ours. A major factor is that Ying,
Mathers, and Leung have chosen to report peak GOS values
(in units of eV~ !) rather than integrated GOS values (which
are unitless). Since peak intensities can be a strong function
of spectral resolution, we have chosen to present GOS peak
areas instead. Differences in both the normalization proce-
dure and the approach used to derive GOS values can par-
tially explain the differences between our GOS values and
those of Ying, Mathers, and Leung [1]. In addition to the use
of intensity not area measurements, the GOS curves of Ying,
Mathers, and Leung were made absolute by single-point nor-
malization to an absolute OOS value of 0.103 for the
2p—2t,, transition derived from the photoabsorption work
of Blechschmidt et al. [53]. It is not clear how this value was
derived from Ref. [53]. Another possible factor could be dif-
ferences in the procedure used to isolate the signal for the
T1.(S 2p~1,15,) and T,(S 2p~',e,) electronic states from
the underlying valence and S 2p continua. Ying, Mathers,
and Leung [1] carried out a subtraction of the non-S 2p
background that allowed them to analyze their data between
182 and 200 eV without any continuum contribution. A fur-
ther concern is that Ying, Mathers, and Leung did not make
a correction for the angle dependence of the size of the in-
teraction region, a factor we have taken into account by mea-
surement and subtraction of the nonjet signal. The sense of
the deviation between the two sets of results—a reduction in
intensity at large K2—is exactly the result if the analysis is

carried out without correcting for the nonjet signal. While the
nonjet signal appears preferentially at small scattering
angles, the effect on the GOS is a suppression of the large-
K? data and not an enhancement of the small-K? data, since
the GOS is normalized at the optical limit.

To better understand how each of the above factors can
affect the GOS values for the 7,, and e, features, we have
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FIG. 7. GOS curves for the Ty,(a,), T,(t2,), and Ty,(e,)
dipole-coupled S 2p excited states derived from our experimental
intensity data as described in the text (methods 1, 2, and 3) com-
pared to the intensity-based GOS values (indicated by open tri-
angles) reported by Ying, Mathers, and Leung [1]. These three sepa-
rate methods of analysis test the origin of the differences between
our results and those of Ying, Mathers, and Leung (see the text for
details). Note that the vertical scales in this plot are much smaller
than those in Fig. 5 since they are GOS values based on peak
intensities, not peak areas.
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FIG. 8. Surface of relative inelastic electron scattering cross
sections for SFg in the S 2p region. (b) Bethe surface for SFg in the
region of S 2p excitation derived from the energy-loss measure-
ments as described in the text.

carried out analyses based on the peak intensities of our data
in several ways, including a method matched as closely as
possible to that reported by Ying, Mathers, and Leung. Fig-
ure 7 plots the results reported by Ying, Mathers, and Leung
[1] in comparison to our values derived from method 1, the
same procedure employed by Ying, Mathers, and Leung [1]
[no continua contribution for the S 2p signal, no correction
for the nonjet background signal, and the same scale factor
(N) for converting relative to absolute GOS scales]; method
2, the same procedure as method 1 but with correction for
the nonjet background signal; and method 3, our optimized
procedure carried out on peak intensities.

For the T,(a;,) and T;,(e,) signals (Fig. 7), as well as
the T5,(t;,) signal (not shown), the recipe closest to that of
Ying, Mathers, and Leung (method 1) gives results that agree
within the mutual experimental error bars. However, very
large residual discrepancies are found for the #,, signal. The
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FIG. 9. Comparison of experimental valence ‘“Compton pro-
file,” the intensity of valence ionization signal integrated between
157 and 170 eV as a function of scattering angle, with predictions
based on (i) only the binary encounter Compton formula [29]
(dashed line) and (ii) the Compton formula plus a linear background
(solid line).

intensity-based GOS derived from our results is much lower
than the value reported by Ying, Mathers, and Leung [1],
except at the minimum momentum transfer where the results
are forced to be approximately the same by the normalization
procedures used. We believe that this may be due to the
better resolution employed in our work since the GOS values
of Fig. 7 are estimated from peak intensities, not peak areas,
and thus the values are resolution dependent. Note that reso-
lution is not a factor with regard to accuracy of the GOS
reported in Figs. 5 and 6 since these are derived from peak
areas, which are independent of resolution.

When the nonjet background correction is applied
(method 2) the effect is exactly that mentioned, i.e., large
discrepancies between our values and Ying, Mathers, and
Leung’s [1] for large K2. Poor agreement is found when the
GOS determination is carried out with our procedure
(method 3) where the continua steps, nonjet signal, and a
different scale factor N were all included. The results show
that the correction for the angle dependence of the scattering
volume (by subtraction of the nonjet signal) is a critical step
of the data analysis procedure. The results can be very sen-
sitive to the way this correction is performed.

C. Bethe surface and valence Compton scattering

The three-dimensional representation of the GOS over ex-
tended ranges of energy-loss and momentum transfer (GOS
as a function of InK, and energy loss) gives a surface, named
the Bethe surface by Inokuti [5]. In principle, Bethe surfaces
contain the information necessary to predict the behavior of
the species under charge-particle impact under all conditions
where the first Born approximation holds. The electron
energy-loss spectra of SFg were converted to absolute GOS
curves, after Bethe-Born correction at each energy loss [us-
ing Eq. (1)] and normalization with OOS values taken from
the literature as explained in previous sections. Because the
momentum transfer varies within each recorded spectrum, a
variable kinematic conversion was used for each data file.

Figure 8(a) plots the relative inelastic cross section as a
function of angle and energy loss for SFg in the S 2p region.



The cross section drops rapidly with increasing scattering
angle, largely because of the kinematic term. This makes
nondipole core-excitation studies a considerable experimen-
tal challenge. Figure 8(b) presents the Bethe surface of SFg
derived from these results. It is rotated 90° relative to the
cross-section plot in order to better reveal the S 2p excitation
features that are superimposed on a large valence ionization
background. Within the uncertainties in absolute values (per-
haps 30%, largely associated with the poorly known optical
values), this plot is accurate aside from not taking into ac-
count small variations in the K2 value within each spectrum,
which should place our fixed-angle curves at a small angle
relative to the fixed-K? planes on which they are plotted. A
comparison of Figs. 8(a) and 8(b) indicates the large role the
Bethe-Born kinematic factor plays in determining the overall
shape of the GOS.

The broad maximum peaking around 8 a.u. ™2 [In(k?) of
~2] is the Bethe ridge which is associated with Compton
scattering of the incident electron by the valence electrons of
SF¢ [5]. It is also apparent in the cross-section plot, but only
as a broad shoulder for scattering angles between 12° and
20°. In order to confirm this explanation for the dramatic
difference between Figs. 8(a) and 8(b), we have evaluated
the integrated valence-shell ionization signal in the GOS
curve for energy losses between 157 and 170 eV and com-
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pared its shape to a functional form based on the Compton
effect [29] (Fig. 9). While the curve based solely on the
Compton scattering signal gives a reasonable fit up to 15°,
the addition of a linear background to the fit gives much
better agreement with experiment. The intent of this aspect
of our analysis is to demonstrate the physical origin of the
dominant maximum in the GOS rather than derive average
valence momentum functions. As stressed by Letardi, Cam-
illoni, and Stefani [29], the valence Compton component
(Bethe ridge) can be a major concern in quantitative evalua-
tion of core excitation spectra.

IV. SUMMARY

The generalized oscillator strengths for S 2p excitations
in SF¢ have been derived in the region 0<K*<<20 a.u. 2.
The procedure used to obtain these results have been pre-
sented in detail and their performance evaluated by compari-
son to literature GOSs for S 2p excitation of SF¢. The Bethe

surface of S 2p excited SF¢ has been derived.
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sections for SFg in the S 2p region. (b) Bethe surface for SFg in the
region of S 2p excitation derived from the energy-loss measure-
ments as described in the text.



