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Evolution of the inelastic x-ray scattering by L and M electrons into K fluorescence in argon
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The inelastic x-ray scattering by L and M electrons in the vicinity of the argon K-absorption
edge is analyzed with the use of a generalization of the Kramers-Heisenberg formula. The
theoretical cross section is given as a superposition of scattering probabilities to final (mp) ! np,
n =4 discrete and (mp)~ep continuum states for m =2 and 3. The effect of the beamwidth
on the spectrum of the scattered photons is discussed in detail. For a highly monochromatized
beam the resolution is shown to increase by a factor of I‘ls/l‘,,,p as compared to K photoabsorp-
tion measurements. Our work demonstrates the possibility of using the inelastic resonance
scattering for a detailed study of Rydberg and exciton states in the x-ray region.

I. INTRODUCTION

In a recent Letter! we have analyzed the inelastic
scattering by 2p electrons in the vicinity of the Mn
K-absorption edge in KMnQ,4. Our theoretical dif-
ferential cross section included both the effect of the
beamwidth and the final-state lifetime. It was point-
ed out that for a beamwidth smaller than the widths
of the (1s)7! hole state one should obtain higher
resolution for the scattering leading to bound final
states as compared to the corresponding K-absorp-
tion spectrum. This resonance-fluorescence-like
feature was not apparent in the experimental spec-
trum of Briand er al.? because of their relatively large
bandwidth, I'; =2.2 eV as compared to I';;,=1.16 eV
and I',,=0.33 eV for Mn.}

New intense synchrotron radiation sources and
multiple crystal monochromators will make x-ray Ra-
man spectroscopy possible in the near future. In this
work we discuss the overall features of this new
“‘threshold spectroscopy’’ using the inelastic scatter-
ing by argon atoms as an example. K and L photoab-
sorption spectra of argon have been subject to inten-
sive experimental studies.*® The K-absorption spec-
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trum has been analyzed by Watanabe’ using a one-
electron model. In his analysis only the two first
Rydberg states with principal quantum numbers n =4
and n =5 were resolved. Recently, Deslattes ef al.?
have measured the KB emission spectrum of argon
as a function of the beam energy to determine the
threshold behavior of multivacancy processes. Relat-
ed to this work it is shown that the high-resolution
measurements of inelastic x-ray spectrum can give
more accurate information on the discrete part of the
threshold region than the corresponding absorption
spectrum. We also demonstrate the half-width nar-
rowing effect in the spectrum of the scattered pho-
tons as found by Eisenberger, Platzman, and Winick®
in the case of Raman resonance scattering by L elec-
trons at the Cu K-absorption edge.

II. THEORY

In our earlier work! we have shown that the cross
sections for the scattering leading to discrete
(2p)~'np (j=+,3) and continuum (2p;) 'ep final

states is given by
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where dgis/dw=g1mpd(w +m,,,,) for the discrete part.
In Eq. (1) we have used the dipole approximation
and included only the resonant part of the Kramers-
Heisenberg formula. The resonant condition also
limits the intermediate summation to (1s)~! hole
states. Our approach is based on the one-electron
picture and consequently neglects post collision and
unisotropic final channel interactions. Hence the dif-
ferential cross section is isotropic. The oscillator
strengths &)1 of the Ko, (j = %) and Ko (j =%)
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lines have been obtained from Scofield’s
tions.

In the discrete spectrum 15 Rydberg states were in-
cluded corresponding to the principal quantum
numbers 4 < n <18. The oscillator strengths g,
and the energies fw,, have been evaluated from the
quantum defect theory.!! The energy of the 4p Ryd-
berg state was first calculated by the Dirac-Fock
method. The calculated energy value E4,=—2.87 eV
gives the defect 8=1.82. The oscillator strengths
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were then defined by fitting the quantity
g1smp(dn/dwy,) to the zero-energy limit of the oscilla-
tor density (dg,s/dw), which is proportional to the

K -edge value'? o§, of the photoabsorption cross sec-
tion. The oscillator density is given by dg,s/dw
=Coff(w), where Cis a constant and where f(w)
is an analytic function which accounts for the energy
dependence of the density. The effect of the final-
state lifetime was included by replacing the & function
in Eq. (1) by a normalized Lorentzian density func-
tion with the half-width T;,."> For the photon beam
we used a Lorentzian distribution with an energy
bandwidth I', and with an exponential cutoff. In-
stead of Eq. (1) this results in a convolution, given

by

dwy , (2)
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where { corresponds to the maximum value of the
beam distribution function dN,/dw,. In Eq. (2),
I';,=0.68 eV and I';,=0.127 eV were used.® For the
purpose of demonstration I', was varied between 0.1
and 1.0 eV.

III. RESULTS AND DISCUSSION

The behavior of the differential cross section is
given in Fig. 1 for a bandwidth I', =0.1 eV. Both
continuum scattering, related to (2p;)'ep (j = %—;—)
final state and discrete scattering related to (2p;) ~'np
(4 < n <18) final states are shown. Above the s
ionization threshold, A w;=3206.0 eV, continuum
spectra rapidly saturate to K o) and K «; fluorescence
peaks at 2957.7 and 2955.6 eV, respectively. In con-
trast, the discrete features fade out. The peaks corre-
sponding to n =4, S, and 6 are clearly resolved.
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FIG. 1. Calculated differential cross section for x-ray Ra-
man resonance scattering by argon atoms. The bandwidth
I'y is 0.1 eV and the energy of the incoming beam is varied
across the 1s ionization threshold of argon. The final elec-
tronic states of the scattering atom or ion are (2pj)"np(ep)
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Note that the peaks corresponding to (2ps3/;) ~'np

(6 < n =<18) states overlap the peaks related to
(2p12)"'np (4 <n <18). Figure 2 presents the evo-
lution of the (2p3/z)‘1np, €p cross section into K «;
fluorescence for the bandwidths ', =0.1, 0.5, and 1.0
eV. The relative enhancement of the maxima of the
discrete features as compared to the maximum of the
fluorescence peak is prominent, especially in the case
of I',=0.1 eV as shown in detail in Fig. 3. In Fig. 4
the total cross sections are shown for ', =0.1 and 0.5
eV. The total cross section is equal to the absorption
cross section multiplied by the ratio of the radiative
(1s)™'—(2p3/,) " transition probability to the total
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FIG. 2. Calculated differential cross sections for the
bandwidths I', =0.1, 0.5, and 1.0 eV, respectively. Only the
spectrum, corresponding to the (2p3/,) "'np (ep) final states,
is shown.



RAPID COMMUNICATIONS

27 EVOLUTION OF THE INELASTIC X-RAY SCATTERINGBY L. .. 3317

Intensity (picobarn sec)

FIG. 3. Differential cross section for I'y=0.1 eV has
been scaled by a factor of 5. The cutoff refers to 20% of the
maximum in the spectrum.

decay rate of the (1s) ™! hole state. The absorption
spectrum is a convolution of the beam-shape func-
tion and a Lorentz function with the I'j; half-width.
The small difference in the total cross sections of Fig.
4 reflects the fact that in the case of T, =0.5 eV we
are already close to the theoretical resolution limit for
the photoabsorption spectrum.

Figure 5 presents the inelastic scattering leading to
(3p)~'np, epfinal state for T, =0.1 eV. The final-
state lifetime is practically infinite in this case and
hence the resolution is limited only by the bandwidth.
Recently, Deslattes ef al.® have studied multivacancy
effects in this spectrum. In Fig. S the multiple
excited states of the type (1s)~'(3/)'npn’l,
(15)7Y(31)'npé€’l, and (1s)71(31)'epe’l (1=0.1)
would cause a satellite structure situated mainly on
the high-energy side of the discrete peaks and
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FIG. 4. Total cross sections for I', =0.1 eV (solid line)
and I', =0.5 eV (dashed line) as a function of the difference
between the beam energy and the 1s —4p excitation energy.
The peaks with the maximum at zero refer to the discrete
part.
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FIG. 5. Calculated differential cross section for scattering
leading to (3p) ~'np(ep) final state of argon. The
bandwidth I'y is 0.1 eV. The infinite final-state lifetime
gives rise to an increased resolution as compared to the
(2p)~! case in Fig. 2.

fluorescence peak. The determination of the thresh-
olds of the separate satellite groups may, however, be
difficult for a number of reasons. As suggested by
Deslattes et al.® the double excited (1s)~'(3s) ' nin'l’
states are likely to decay by Coster-Kronig transitions
before the 1s hole is filled by radiative transition. As
a function of the beam energy the behavior of the
spectrum of the emitted photons pertaining to the
doubly excited states is, however, different from that
of singly and doubly ionized states. The difference in
the total cross sections is as in Fig. 4, where the
discrete contribution reaches a maximum in contrast
to the continuum part which saturates. This may ex-
plain the maximum in the total K B? satellite yield at
the threshold, shown in Fig. 9 of Deslattes er al.?
The narrowing’ of the half-width of the inelastic
K « peak slightly below the threshold can be seen in
Fig. 6. This is due to the fact that on the high-
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FIG. 6. Half-width narrowing effect in the continuum
spectrum below the threshold. Each curve has been cut at
the half-maximum value. The width of each cut is therefore
equal to the half-width.
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energy side of the fluorescence peak, the photon
emission is forbidden by the energy conservation
guaranteed by the final-state density. Hence for a
narrow photon beam the shape of the high-energy
side is characterized by the final-state lifetime. For
broad beams no minimum would be observed.

In conclusion, we have shown that the inelastic
scattering excited by a narrow photon beam can be
used for high-resolution studies of exciton and Ryd-
berg states in the x-ray region. The resolution of the
spectrum of the scattered photons is limited by the
lifetime of the final state. As compared to the corre-
sponding absorption spectrum, the resolution is in-
creased by a factor of FIS/szj in the scattering lead-

ing to (2p;) "'np final state. In the case of argon the
resolution for scattering leading to (3p;) ' np final
state is solely limited by the bandwidth I',. It is also

suggested that the ‘‘threshold spectroscopic’’ ap-
proach would lead to new possibilities regarding sym-
metry studies of exciton states. According to our
earlier approach,'* the angular distribution of emitted
photons could be used to determine the symmetry of
exciton states which are not separated in photoab-
sorption spectroscopy. This would provide valuable
complementary information about the chemical en-
vironment of the scattering atom.
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