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Resonant Raman x-ray scattering on molybdenum was studied using a Mo-anode x-ray tube and a LiF
crystal monochromator. Beside the usual resonant Raman peak corresponding to the fluorescent Ka lines,
another peak with a smaller energy loss was found. It is attributed to resonant Raman scattering with a final-
state M -shell vacancy corresponding to the fluorescent K3 lines. Both contributions are shown to be
independent of the scattering angle. Absolute cross sections have been determined and compared with

theoretical predictions.

In 1974 Sparks1 found a relatively strong inelas-
tic component in scattering of Cu Ko radiation
from Ni, Cu, Zn, and Ge. The spectrum of the
inelastically scattered radiation exhibited a sharp
cutoff at the high-energy side, with a low-energy
tail. The intensity of the scattered radiation de-
creased from Ni to Ge, i.e., as the energy of the
K edge of the scatterer increased and got further
from the energy of the incident photons. Bannet
et al.bd explained the effect with the resonant term
in the Kramers-Heisenberg formula? with the final
state consisting of an L -shell vacancy and an elec-
tron raised to the continuum, and with the inter-
mediate state involving a virtual vacancy in the K
shell of the target atom. Using synchrotron radia-
tion as a tunable x-ray source Eisenberger et al.>®
investigated the transition of the resonant Raman
scattering (RRS) into x-ray fluorescence as the
energy of the incident photons was tuned across
the K edge of the target. In the process the inter-
mediate state develops into a real K-shell vacancy
and the Raman peak in the spectrum of the scat-
tered radiation goes continuously over into the
characteristic Ka lines of the scattering element.

In this letter, we report the evidence for another
channel of the RRS in the vicinity of the K edge. It
is attributed to RRS with an M-shell vacancy in
the final state (K-M RRS). The scattering is re-
lated to the KB lines of the target element in the
same way as the usual (K-L) RRS is related to the
Ko lines. The finding confirms the view that the
RRS is a multichannel process with every charac-
teristic x-ray line having an RRS counterpart be-
low its excitation threshold.

We investigated the RRS on metallic molybden-
um and the neighboring elements employing the
characteristic lines and the continuum radiation
from a Mo-anode x-ray tube. A Bragg diffrac-
tometer with a LiF (24 =4.028 A) crystal was used
as a monochromator of the incident radiation which
had a linewidth of ~30 eV. The scattered radiation
was analyzed with a Si (Li) detector of 30-mm?

area and ~290-eV FWHM resolution for Mo Ko
lines. The detector had been calibrated for'abso-
lute efficiency.

The results of 120° scattering of near K-edge
radiation on a thick Mo target are shown in the
series of spectra in Fig. 1. The energy of the in-
cident radiation is increasing upwards so that the
evolution of the RRS peak can be seen., The lower-

AE =0.04 keV

FIG. 1. Engergy spectra
of x rays scattered at 120°
from a thick Mo target in
the order (from bottom to
top) of increasing energy
of the incident radiation
shown by the labels AE
=Ex—E, Arrows a—d on
the energy scale point to
the calculated positions of
the K-L RRS cutoff, the
Compton peak, the K-M
RRS cutoff, and the elastic
peak, respectively. With
the uppermost spectrum, a
Mo fluorescence spectrum
(dashed line—not to scale)
is shown to provide a com-
parison for RRS peak posi-
tions. All spectra are nor-
malized to the same inci-
dent beam intensity.
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most spectrum is taken with the incident Mo Ko
line (~2.5 keV below the Mo K edge) where the
RRS contribution is almost imperceptible in com-
parison to the Compton and the elastic scattering,
The uppermost spectrum (taken with Mo KB, line,
~40 eV below the K edge) is compared to the Mo
fluorescence spectrum (dotted line) to show thatthe
strong RRS lines are not due to spurious fluores-
cence, being distinctly lower in energy.

In the last two spectra the evolution of the K-M
RRS line between the elastic and the Compton
scattering peak can be observed. Its nature has
been deduced from its position in the spectrum
and its resonant energy dependence. Such a con-
tribution has been predicted by Bannet® but the
experimental evidence for it has so far not been
reported.

The term in the Kramers-Heisenberg formula
relevant to RRS is

do "\ Ipee lpeEll
dQdE’ :C(%/(E —E,-E)+T}/4’ (1)
I 1 I
where unprimed and primed quantities refer to the
incident and the scattered photon, respectively,
and the subscripts ¢, I, and f denote the initial,
intermediate, and final states. »; and m, as usual,
stand for the classical electron radius and elec-
tron mass, p is the momentum operator and € de-
note the polarization vectors.of the photons. Nu-
merical factors and atomic constants are contained
in C.
Rewriting Eq. (1) for the specific case of the K-
L RRS, we obtain . )
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where My, denotes the dipole matrix element for
the Ko transition and 0¥™'°(E,) is the K -shell pho-
toelectric cross section expressed with the energy
E, of the electron ejected into the continuum, E,
=E —-E'=E,. The cutoff of 08" at E,=0 corre-
sponds to the cutoff of the RRS spectrum atE’

=FE -E;. 1t is evident from the theory that in this
approximation the RRS is isotropic if the polariza-
tion of the scattered photon is not monitored. The
experimental evidence for the RRS isotropy is
given in Fig. 2.

Spectra of the scattered radiation at three differ-
ent scattering angles are presented, all from Mo
40 eV below the edge. They are compared to the
spectra obtained with the Mo target replaced by
rhodium (dotted lines) where no RRS is present,
to show the contributions of the elastic and the
Compton scattering. While the latter two exhibit
a strong angular dependence, the RRS in both
peaks is apparently isotropic.

The absolute eross sections for-the RRS on Mo

FIG. 2. Spectra of Mo
KB, radiation (AE ~40 eV)
scattered from a thick Mo
target at three different
scattering angles. Dashed
lines represent scattering
from a Rh target in the
same conditions, to show
(with no RRS present) the
angular dependence of the
Compton and the elastic
scattering. Spectra have
not been corrected for a
small effect of target ab-
sorption.

have been determined from the spectra in Fig. 1.
Corrections for the counter efficiency, for the
energy-dependent target absorption in the peak
and for the finite summation interval of the peak
were applied. In the reduction of the data the ab-
sorption coefficients from Weigele’s compilation’
were used. The results are shown in Table I.
The total RRS cross section is obtained from Eq.
(2) by integrating from E’ =0 to the cutoff at E’
=E -E;. As the resonant region is limited to the
immediate vicinity of the K edge, in all cases of
interest AE =Ex—E <Ej, we can disregard the
slow E or E’ dependence of factors on the right
side of the Eq. (2) and take the value of the photo-
electric cross section at the edge itself. On the
other hand with the resolution of the experiment,
AF > Ty, so that we can drop I'y in the denomina-

tor. The result is

4

0??2:-§—E+O(lnAE). ‘ (3)

TABLE I. Total cross sections for K-L and K-M RRS
as a function of the incident photon energy, expressed as
AE=Eg—E for Mo. Error intervals stem mainly from
the uncertainties in peak separation and absolute effi-
ciency calibration of the detector.

AE (keV) oz (b/atom) oy b/atom)
0.544 8.5+2
0.502 9 2
0.395 12.5 +2.5
0.243 17 +3
0.225 21.5+3.5 3+1.5
0.128 40 +3 4+2
0.104 45.5 +5 5+2
0.038 180 +20 34 +6
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FIG. 3. The total K-L and K-M RRS cross sections
for Mo. The experimental data from Table I are com-
pared to the theoretical prediction C” /AE (solid curves).
Ck-z has been adjusted to a least-square fit of the ex-
perimental points. C%., is obtained from C%.; by multi~
plying it with the KB/K«a intensity ratio from Weigele
(Ref. 7). :

In Fig. 3 our results are compared to the above
prediction. The K-L solid curve is a straight line
with the slope -1 (in log-log plot) least-square
fitted to the experimental points. The value 4.7
+0.5 keV b/atom for the constant C” has been ob-
tained from the fit. The K-M solid curve is not an
independent fit: from the outlined theory it follows
that the ratio of the scattering cross sections
Op~y/0x%3 should be the same as the ratio of the
intensities of the characteristic K8 and Ko lines.
The value 0.20 for that ratio given by Salem and
Lee® for Mo, was used to construct the K-M pre-
diction from the K-L fit.

As seen in Fig. 3, the trend of the K-L experi-
mental data is in very good agreement with theory.
The agreement of the K-M data is poorer, under-
standably so in view of uncertainty in resolving
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the K-M peak from the elastic peak and the Comp-
ton peak on both sides.

The Kramers-Heisenberg formula can as well
be applied to x-ray fluorescence in the case E>Eg.
In a similar approximation as above, the fluores-
cent cross section is given by

0}1 =wK0,‘}h°t°=21rC"/I‘K (4)
or
) onhoto T
CI= K 21[( K)z’ (4&)

where wy denotes the K-shell fluorescent yield
and (T'x), is the radiation width of the K shell.
Equation (4) offers an independent way of checking
the experimental value of C”. With (I'k),~3.5 eV,
as given by Krause® C{jeory =6 +1 bkeV/atom. In
view of the low accuracy of the two values the
agreement is satisfactory.

The existence of below threshold RRS precursors
of characteristic x-ray lines, as demonstrated in
our experiment, opens up an interesting field of
studies in higher atomic shells, with the question
of how much of the aceompanying structure (satel-
lites, intershell excitation) is retained below
threshold. Besides, as shown in the above esti-
mate, the study of RRS cross sections offers a
method for direct determination of the level widths

‘even in a low-resolution experiment.
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