
VOLUME 53, NUMBER 16 PHYSICAL REVIEW LETTERS 15 OCTOBER 1984

X-Ray Compton-Raman Scattering from Atomic Inner-Shell Electrons
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Inelastic scattering of ' 'Am 59.57-keV y rays from Cu and Fe was measured in coin-
cidence with the K-fluorescence x rays. The spectrum due to the scattering by the K-shell
electrons shows the coexistence of a Compton-type and a Raman-type scattering. Double-
photon Thomson-type scattering is also identified, which is weaker than the usual Compton
scattering by a factor of about 4 x 10

PACS numbers: 78.70.Ck

X-ray inelastic scattering by a free electron is
completely characterized by the energy and the
momentum conservation laws. This phenomenon
is the well-known Compton scattering. In contrast
to Compton scattering, the feature of x-ray inelastic
scattering by a bound electron varies with the value
of ka even when tao&)) E&,"where hk is the
momentum transfer and a is the radius of the bind-

ing orbital, while hem~ and Eb are the energies of the
incident photon and the binding orbital, respective-
ly.

%hen ka &&1, the peak position of the spec-
trum is determined only by the primary energy and

by the scattering angle, but it is independent of the
type of scattering atom. This is a distinct feature of
Compton scattering, although Doppler broadening
of the normal Compton line takes place: The spec-
trum includes information on the momentum dis-
tribution of the electrons in the initial state. This
phenomenon is Compton scattering by a bound
electron. On the contrary, when ka (1, the peak
position of the spectrum corresponds to the absorp-
tion edge of the relevant atomic orbital, but it
depends neither on the scattering angle nor on the
primary photon energy. The spectrum, in this case,
is related to the dipole moment strength per energy.
This phenomenon is x-ray Raman scattering. %hen
ka &1, so-called Compton-Raman scattering takes
place. In this case, transition phenomena between
the above two typical cases, Compton and Raman

type, are expected to appear. The nature of the
phenomena is not yet well understood, partly be-
cause there has been no reliable low-energy experi-
ment so far which investigated separately the spec-
trum due to electrons in a single shell.

In the present experiment, inelastic scattering
spectra from K-shell electrons have been measured
on Cu (ka =1.02) and Fe (ka =1.16) by means of
coincidence counting between the low-energy
rays scattered and the K-fluorescence x rays subse-
quently emitted. By this technique, certain basic
properties have been revealed for the x-ray inelastic

scattering in the region where ka & 1.
The experimental apparatus, arranged as shown

in Fig. 1, consisted of a y-ray source, a collimator, a
sample, a y-ray detector, and an x-ray detector.
The y-ray source was 100 mCi 'Am placed at the
bottom of the collimator in a lead block. The y-ray
beam was collimated to about +10' through the
beam pass. The primary energy of the photon util-
ized was 59.57 keV. The samples investigated were
a 50-p,m-thick copper foil and a 100-p,m-thick iron
foil. Each foil, 60 mm &60 mm in area, was held in
a 6-cm ~6-cm slide mount. Both the y-ray detector
and the x-ray detector were pure Ge solid-state
detectors. The effective area of the former was 100
mm2 in size, 5 mm thick, and that of the latter was
300 mm in size, 10 mm thick. The resolution of
the former was 560 eV at 59.57 keV and that of the
latter was 550 eV at 6.39 keV, while the detection
efficiencies were practically constant in the relevant
energy region for both detectors.

Coincidence counting was carried out by the use
of a pair of timing single-channel analyzers, a fast
coincidence circuit, a linear gate, and a multichan-
nel analyzer. The resolving time of the coincidence
was set at 60 nsec. The counting rate of the inelas-
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FIG. 1. The experimental arrangement for the
separate measurement of the inelastically scattered y-ray
spectrum due to K-shell electrons.
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tically scattered y ray was 74.8 counts/sec for Cu
and 123 counts/sec for Fe, while that of the
fluorescence x ray was 421 counts/sec for Cu and
184 counts/sec for Fe. A measurement of the raw
coincidence spectrum, including the chance and the
false coincidences, was carried out for 5&10 sec.
Then a measurement of the chance coincidences
was carried out also for the same amount of time,
but out of coincidence by 200 nsec. Five pairs of
such data were accumulated. The effective coin-
cidence spectrum was obtained as a difference
between the sum of the five runs of the raw coin-
cidence spectra and the sum of the chance-
coincidence spectra. The mean counting rate for
the chance coincidences was 1.96 x10 count/sec
for Cu and 1.36x10 3 count/sec for Fe. These
values agreed within 1% or so with the values es-
timated statistically. The counting rate of the effec-
tive coincidence was found to be 1.76 &10
count/sec for Cu and 1.60 &10 count/sec for Fe.

The effective coincidence spectra obtained for Cu
and for Fe are shown in Figs. 2(a) and 2(b), respec-
tively, where the counts in five channels were ad-
ded and a correction for the absorption has been
made. For comparison, the spectrum obtained
without coincidence is illustrated in Fig. 2(c). The
solid lines in Figs. 2(a) and 2(b) are obtained by
least-squares fittings of each spectrum. The arrows
indicated by Eo and Eb show the primary energy of
the incident photons and Eo minus the binding edge
of the K-shell electrons, respectively. The coin-
cidence spectra, Figs. 2(a) and 2(b), consist of four
peaks C, C', R, and DT, while spectrum 2(c) con-
sists of the well-known Compton peak C and the
coherent scattering peak T.

The characteristic features of the spectra in Figs.
2(a) and 2(b), except for the peak C', are scarcely
affected by false coincidences such those as due to
(1) multiple scattering, or (2) K-shell excitation by
the recoiled outer-shell electrons. The probability
of (1) is negligible because the ratio of double
scattering to single scattering in the present case is
estimated to be about the order of 1%; that of (2) is
small enough practically because the distinct high-
energy tail of the normal Compton spectrum, which
is evidence for the contribution from the outer-
shell electrons, can hardly be found in spectra 2(a)
and 2(b). On the contrary, the peak C' is attributed
to the false coincidences due to sequential Compton
scattering: first at the sample and then at the x-ray
detector, 7 where the x-ray detector measured the
energy of the recoil electron remaining in the detec-
tor and the y-ray detector measured the photon en-
ergy after two scatterings.
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The low-energy region of the spectra in Fig. 2(a)
and 2(b) corresponds to scattering with a large en-
ergy transfer, and thus the kinetic energy of the
recoil electron is high; the wave function of the
electron is expected to behave as a plane wave. In
such cases, the transition probability of the scatter-
ing becomes large when p —po+f k, where po and
p are the initial and the final momentum of the
recoil electron, respectively. Consequently, Comp-
ton-type scattering takes place. However, the ener-
gy transfered is not (po+tk)2/2m, but rather (po
+t k)2/2m+ Eb

'o Both region. s C in Figs. 2(a) and
2(b) are characterized by large widths and by peaks
appearing at 39.0 keV for Cu and 40.7 keV for Fc.
These values are subject to the conservation of en-
ergy mentioned above, though they are a little
lower than the values relevant to each case for
p p

=0: 42.1 keV for Cu and 43.6 keV for Fe.
These shifts in peak energy are reasonable because
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F&CJ. 2. The y-ray inelastic scattering spectra, (a), (b)
due to the E-shell electrons, and (c) due to all shells. The
peaks C, R, and DT in (a) and (b) are due to Compton-
type, Raman-type, and double-photon Thomson-type
scattering, respectively, while the peak C' is due to false
coincidences. The peaks C and T in (c) are due to
Compton scattering and the coherent scattering, respec-
tively. The maximum in (a) and (b) corresponds to 231
counts and 216 counts, respectively. The solid lines in
(a) and (b) are least-mean-squares fittings.
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FIG. 3. (a) Transition mechanism corresponding to
the double-photon Thomson scattering. (b) One of the
third-order diagrams relevant to the above process.

the Compton spectrum due to inner-shell electrons
by no means corresponds to the usual Compton
profile —an integral of the momentum density over
the equi-po plane, where po is the projection of the
electron momentum along the direction of k.
Therefore, the peaks C in Figs. 2(a) and 2(b) are
assigned to Compton scattering due to E-shell elec-
trons. On the other hand, the spectral regions near
the binding edge in 2(a) and 2(b) correspond to a
process with small energy transfer. The wave func-
tion of the relevant electron is an eigenfunction of
the crystal orthogonal to the inner-shell orbitals. In
this case, Raman-type scattering is the predominant
scattering process. The Raman-type scattering is
known to give a profile similar to that of absorption
on the lower-energy side of the binding edge. '
Characteristic features of the peaks R in in Figs.
2(a) and 2(b) are those of Raman scattering men-
tioned above.

One of the most remarkable features of the spec-
tra in Figs. 2(a) and 2(b) is the coexistence of the
Compton-type peak C and the Raman-type peak R.
It is worthwhile to note the change in the relative
intensity of these peaks between 2(a) and 2(b):
The ratio of the intensities, Irt/Ic, changes from
0.83 for Cu to 0.62 for Fe. This change suggests
that the switchover between these two scattering
processes takes place, according to the variation of
the value ka, not by the removal of a single peak
but by the growth of one peak and the decrease of
the other.

The bandlike spectral features DT in Figs. 2(a)
and 2(b) appear in the energy region where the en-
ergy transfer is smaller than the excitation energy of
the E-shell electrons. Inelastic scattering accom-
panied by such excitation is not allowed in a
second-order process, because all the levels in this
region have been occupied. Those spectra, howev-
er, probably exist if a third-order process as illus-
trated in Fig. 3 (a) is taken into consideration,
where h~& =tco2+hcv2 is fulfilled. One of the
graphs relevant to the process in Fig. 3(a) is shown
in Fig. 3(b). In the present measurement, such
spectra corresponding to the process in Fig. 3 may
become bandlike because the x-ray single-channel
analyzer has been set to select only those photons
whose energy h~2 is in the region, including E-
series fluorescence x-ray spectra, from 6.9 to 9.7
keV for Cu and from 5.4 to 7.7 keV for Fe. The
cutoffs of the spectra in Figs. 2(a) and 2(b) obvi-
ously correspond to the lower limits of these values.
The cross section relevant to the peaks DT amounts
to about 4x 10 of that of the ordinary Compton
scattering in Fig. 2(c) when the solid angle of the
detector, the bandwidth of the spectra, and the ef-
fects of absorption are taken into consideration.
This small cross section strongly suggests that the
peaks DT are due to the third-order scattering pro-
cess. ' In conclusion, the peaks DT can be assigned
to a part of the double-photon Thomson scatter-
ing. '3
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