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Resonant Raman-Compton scattering on zirconium
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Resonant Raman-Compton scattering has been studied with synchrotron radiation in the vicinity
of the K absorption edge of zirconium. The full spectrum, including the infrared divergence has
been studied in a wide energy range on targets of various thicknesses. Absolute cross sections have
been measured and compared to theoretical calculations.

I. INTRODUCTION

Mainly due to historical reasons (experimental setup,
energy range, and momentum-transfer regime) the vari-
ous manifestations of inelastic scattering of photons by
electrons have received different names and an incom-
plete definition of the final state has often led to some
confusion. In the x-ray energy range, the inelastic
scattering of photons is usually dominated by the Comp-
ton effect on free or quasifree atomic electrons. When
considering electrons in quantized bound states, the in-
elastic scattering of photons may proceed through Ra-
man effect, where the energy lost by the incoming photon
is used to excite the atomic target into a bound state.
This (nonresonant) Raman scattering, well known in
molecular physics, was first observed in the x-ray regime
in 1959 by Das Gupta. ' In the x-ray energy domain
where the inner-core electrons can be excited to autoion-
izing states, the energy lost by the impinging photon is
used to simultaneously ionize and excite the atom. In
this case, the available energy, i.e., the incident energy
minus the excitation energy of the atom in its final state,
is shared, in a continuous way, between the scattered
photon and the ejected electron. When the energy of the
incoming photon is close to that of a discrete, real, excit-
ed state of the atom, the process has a resonant charac-
ter. This resonant behavior was first demonstrated in
1974 by Sparks, Jr. by studying various metallic targets
of different ionization energies irradiated by a fixed-
energy source. When the excited state is close to the con-
tinuum, both the resonant Raman scattering (scattering
of a monoenergetic photon) and the resonant Raman-
Compton scattering, in which the available energy is
shared between an ejected electron and the scattered pho-
ton (continuum spectra) may be expected. When the
inner-shell electrons (I., M, . . . ) of metallic targets are ex-
cited near the continuum, where the discrete states merge
into energy bands, the resonant Rarnan scattering cannot
be separated from the Raman-Compton scattering. How-
ever, these two effects were separately observed for the
first time in 1981 by Briand et al. and their different res-
onant behaviors have been studied using a compound tar-
get (KMn04}. In this instance the site of the resonance
was the 3t discrete quasimolecular level of the Mn04

ion, which has a predominant 4p atomic manganese char-
acter.

We present in the paper some experiments carried
out with the synchrotron radiation delivered by the
Laboratoire pour 1'Utilisation du Rayonnement
Electromagnetique DCI storage ring (LURE DCI) facili-
ty in Orsay, France where the resonant Raman-Compton
scattering (RRCS) has been studied in the vicinity of the
K absorption edge of zirconium. In these experiments,
we have studied the shape of the emitted continua, in-
cluding the infrared divergence (ID) recently observed by
Briand et al. as a function of the incoming photon ener-

gy and the absolute cross sections of RRCS that we have
compared to theoretical predictions.

II. THEORY

A. Formalism

In order to describe the scattering process we define
the usual quantum-mechanical picture: the atom coupled
to the photon field derived from Maxwell's equations in
the Coulomb gauge. We shall describe this system by the
total Hamiltonian H:

2

1 eH=g P ——A(r ) +V(r, )+H, .
(2m c

Here m stands for the electron mass at rest, A is the vec-
tor potential of the field, P the electronic momentum
operator, V the atomic potential, 0 the Hamiltonian of
the free photon field, and the sum is taken over the Z
atomic electrons. We can subsequently isolate the part of
the Hamiltonian which describes the interaction between
the atom and the photon field:

Z e e 2

H;=g P A(r }+ A~(r )
2rnc

Following, for example, Sakurai, by applying Fermi's
golden rule we obtain the modified Kramers-Heisenberg-
Waller (KHW) formulas for the scattering cross section:
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(3)

where II &, F &, and IN & represent, respectively, the ini-
tial, final, and intermediate states (real or virtual), v, and

v2 stand for the frequencies of the incident and scattered
photons, 02 the solid angle, ro the classical electron ra-
dius, k the photon momentum transfer, e, and e2 the pho-
ton polarizations. The initial and intermediate levels are
depleted in the time rz z=(fi/I I ~) ' and by I we have
denoted the natural widths of the states. The dipolar ap-
proximations (e'""=1) has been used to obtain the last
two terms of this formula which is justified when the
wavelengths of the incident and scattered photons are
large compared to the size of the corresponding atomic
shell.

B. Resonances

The first term of formula (3) is taken at the first order
of the perturbation theory and is known as the A term
in literature. This term is dominant when the incident
energy (h v&) is far greater than the electronic binding en-
ergies and describes the nonresonant scattering processes
as the "free" electron Compton effect, the Raman effect,
or the elastic scattering. The contribution of the A term
to the total cross section may be important in the off-
resonance region (0 & h v, & Bx ) as it has been shown by
0

Aberg and Tulkki in the case of 2p electrons, especially
at 6=90', experimental geometry chosen for most of the
experiments to date. It is thus important to include it in
any complete calculation of the scattering at intermediate
energies, or, as we will further show, to minimize it if
only resonance effects are of interest.

When the incident energy is comparable to the elec-
tronic binding energies, resonance phenomena may occur
due to the last two terms of Eq. (3) known as the P A
terms. These terms are taken at the second order of per-
turbation theory, their contribution to the first order be-
ing zero. To explain resonances which occur when the
incident energy approaches the K-shell binding energy, a
simple mechanism was proposed ' using intermediate
states, corresponding to the excitation of a K-shell elec-
tron into an unoccupied level and a final state with an L-
shell hole. If an electron is, in the final state, in the con-
tinuum the process is called the Raman-Cornpton effect
(L-shell Compton effect); if this electron is on a discrete
excited level the corresponding process is the resonant
Raman effect.

A schematic representation of these processes appears
in Fig. 1 where for the sake of clarity we consider only
one 2p atomic level. When considering the resonant Ra-
man effect, a K electron is excited to a virtual state X lo-
cated at an energy c

&
from a discrete atomic level

(ls 'np+' state). A monoenergetic photon is scattered
and the atom is left in a 2p 'np + ' excited states.
The energy of the Raman line is ( h v2 )z =h v~

(1s) ionization limit
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(a) Raman (b) Raman-Compton

FIG. 1. Resonant Raman-Compton scattering {a) Raman
scattering {inelastic scattering of a photon); {b) Raman-
Compton scattering {the energy given to the atom is, in the final
state, shared between an electron and a photon).

E(—2p 'np+'), which is almost equal to E~ E, .—
In the Raman-Compton effect [Fig. 1(b)], erroneously

labeled "resonant Raman effect" in the literature, the K
electron is excited into the virtual state (N) located at an
energy c2 from the K ionization threshold. In the course
of the deexcitation, an electron and a (scattered) photon,
(L to E transition) are emitted thus leaving the atom in
an excited state with an L-shell hole. The photon will
thus have the energy of the characteristic Ka transitions
minus e2 and the electron kinetic energy E, (Fig. 1). The
sharing of the available energy between the two emitted
particles gives rise to an asymmetric continuum in the

spectra of either the electron or the photon.
For incident energies hv, =EN —EI, the second term

of Eq. (3) has a maximum as its denominator tends to
zero, the classical divergence being avoided thanks to the
natura1 width of the intermediate level. If EN corre-
sponds to a real excitation level of the atom, one observes
the fluorescence resonance. This quite sharp resonance
occurs in a reduced energy range around the considered
discrete level. The first experiment in which this reso-
nance has been observed and identified as a pure resonant
Raman effect together with the Raman-Compton reso-
nance was the one by Briand et al. In fact this effect can
only be observed in high-resolution measurements, as it
spreads only a few eV around the intermediate state and
because the Raman line lies very near the fluorescence
line. Since then evidence for this effect has also been
given by Deslattes' near the K threshold of Ar and S.

In the case of the Raman-Compton scattering the pho-
ton energy spectrum is continuous and has a sharp high-
energy cutoff. This maximum occurs at an energy of
Ka —s2 (hv& —BL where BL is the L electron binding en-

ergy) or when the electron is emitted in the continuum
with zero kinetic energy. This maximum, easily observ-
able in the spectrum of the scattered photons, is the sig-
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nature of the Raman-Compton effect. Its asymmetrical
shape is characterized by a decrease with the energy of
the scattered photon as (Bx B—

L
—hv2) . At reso

nance, when the incident energy is equal to that of the K
electron ionization (Ez=O), this process evolves into the
K-shell fluorescence. As shown by Tulkki and Aberg
this change is continuous over a range of energies in the
vicinity of the K threshold where the cross sections of the
two processes become equal. The other specific contribu-
tion to the Raman-Compton effect occurs, at the other
end of the scattered photon spectrum, when the electron
emitted in the continuum takes almost all the available

energy and the photon of energy h v2~0 gives rise to the
infrared divergence. The cross section dramatically in-

creases for vanishing energies of the scattered photon, a
phenomenon known as the infrared catastrophe in classi-
cal electrodynamics.

Following Gavrila and Tugulea" if a 2p electron is
ejected in the continuum a resonance due to the third
term of Eq. (3) will occur for incident energies greater
than or equal to the K-shell binding energy. We have not
investigated this effect in the present experiment because
it needed monochromatic photons of energy higher than
what could be reached with our monochromator.

C. Calculations

20

~ 0

15- ~

&c
1

2

coefficients are functions of y& and yz and are tabulated
for a large range of energies. These formulas are estab-
lished in the case of unpolarized photons and undetected
ejected electrons, the corresponding relation being

0 0
dE2d Q2

' n2 d ~d Q2d Q,
1' 2

where the average is taken over the initial polarizations,
the sum over the final polarizations, and the integral over
the solid angle of the ejected electron 0, . A numerical
calculation based upon this formulation was carried out
in 1975 and the results were tabulated in an easily usable
form. " We present in Figs. 2(a) and 2(b) the variation of
the C coefficients as a function of the scattered photon
energy. The cross sections for both 2s and 2p electrons
exhibit an obvious infrared divergence when the energy
of the scattered photon vanishes and the 2p cross section

There are substantial difficulties in calculating the
cross section from Eq. (3). The wave functions of the ex-
cited and intermediate bound states, the final continuum
states, all represent so many obstacles in the way of an
exact calculation. In 1975, Gavrila and Tugulea" calcu-
lated the Raman-Compton effect cross section for the
scattering on L electrons using the Kramers-Heisenberg-
Waller formulas as a starting point. The KHW matrix
elements are calculated nonrelativistically, in a purely
Coulomb atomic field. A hydrogenlike model is used for
the atom and Green's function is taken for the Coulomb
field. Both the intermediate and the continuum wave
functions are described by Schwinger's integral represen-
tation. Moreover, the calculations can be made almost
entirely in an analytical manner if the dipolar approxima-
tion is used. In this case, the nonresonant term of Eq. (3)
is null due to the orthogonality of the initial- and final-
state wave functions. The remaining terms are thus con-
siderably simplified and the KHW formulas can be re-
duced to the case of a hydrogenic atom. The calculations
are carried out separately for the 2s and 2p electrons and
simple expressions for the double differential cross sec-
tions (in both scattered photon energy and solid angle)
are derived. Their results are
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where 0 is the angle between the incident and scattered
photon and y, z are the incident and scattered photon en-
ergies in threshold units (y, ~2~=E, ~2~/Bz). The C
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FIG. 2. (a) C' coefficients for the 2s electrons as a function of
the scattered photon energy E2 (from formula 4). (b) C"
coefficients for the 2p electrons as a function of the scattered
photon energy E2 (from formula 4).
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(the dominant one) has also an almost isotropical charac-
ter, given CI'/Cz' ))l.

D. Application to our experimental case

Our specific experimental conditions imposed a num-
ber of modifications to the rather general theoretical for-
mulations of Gavrila and co-workers. We will present
the corrections to the above treatment that we derived
for the experimental situation encountered in synchrot-
ron radiation studies.

Unlike Bannett et al. ' who used an unpolarized x-ray
source (Cu Ka radiation), we had an almost totally polar-
ized ( )99.9%) source of radiation provided by synchrot-
ron light, and monochromatized by a Si(220) channel cut.
The corresponding geometry, exhibiting the photon
directions of propagation and their polarizations, is
presented in Fig. 3. The first term of Eq. (3), which con-
tains the scalar product of the initial and final polariza-
tions (e, e2) vanishes due to the orthogonality of the po-
larizations of the incoming and scattered photons (Fig. 3).
We are then in the situation described by the theoretical
calculation, where the nonresonant contribution to the
scattering is negligible and a direct comparison is al-
lowed.

The hydrogenic model used imposed energy restric-
tions (Bz=4BL ) that were incompatible with the mul-
tielectron experimental case. We were thus forced to use
multielectron binding energies in the derivation of the
cross sections.

The drawback of using polarized incident radiation
was that the cross sections had to be recalculated in this
particular case. In a more general way we had to evalu-
ate

d cr d 0'

dE2dQ2 ~ n, dE2d02dQ,

where the matrix elements for the scattering over 2s and
2p electrons appear and a=x,y, z. We can then establish
new expressions for the C coefficient in the case of an in-
cident beam totally polarized in the scattering plane
(K„K2plane) and a nonpolarized scattered photon at
an angle 0. Their expressions are as follows:

Cf"(2s)=C', —C2 and Cf"(2s)=2Cz,

CP'(2p) =C"
,
—C2' and C["(2p) =2C2',

(9)
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Fortunately, the final result can be factorized in terms of
the C coefficients tabulated in Ref. 11 (see Ref. 13).
Furthermore, if we make use of the fact that for our ex-
periment 8=90' (which implies that e, le2) the angular
contributions in the formula vanish, and using the same
notations from Ref. 11, the polarized incident photon
cross sections are simply
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a formula slightly different from the one derived in
Gavrila's papers as we do not average over the initial po-
larizations any more. The triple differential cross sec-
tions are given by K
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FIG. 3. Schematic of the polarizations and wave vectors for

the RRC scattering (see text).

FIG. 4. Theoretical RRC differential cross sections for
several incident photon energies as a function of the scattered
photon energy.



41 RESONANT RAMAN-COMPTON SCATTERING ON ZIRCONIUM 3711

0'
2s

dE2d 02

d G'2p

dE2d02

2ro
(O', —C~),

K

2

(C", —C~') .
K

2ro
[(o', —c~)+3(OI' —c2')] .

K
(12)

For a direct comparison with the experimental cross sec-
tions we have convoluted the calculated spectra with an
instrumental transmission function, which for our spec-
trometer is approximately a Gaussian function with a full
width at half maximum which increases like &E (detect-
ed photon energy). We present in Fig. 4 the calculated
double diff'erential cross sections (in units of mb/keV/sr),
for our experimental conditions.

III. EXPERIMENTS

A. Description

The purpose of the experiment which is presented in
Fig. 5 is to irradiate very thin zirconium targets by the
photons delivered by the LURE DCI synchrotron radia-
tion facility and to observe the scattered spectra at 90'.
with respect to the photon beam. The continuous x-ray
spectrum delivered by the DCI storage ring operating at
an energy of 1.8 GeV with 200 mA of positron beams was
monochromatized by a Si(220) channel-cut crystal. This
photon beam whose bandpass was of the order of a few
eV and intensity of the order of 10 photons/sec, was sent
on very thin (20—200 pg/cm ) zirconium targets on 1.5-

pm Mylar backings. The scattered spectra were analyzed
in a high-resolution [full-width at half maximum
(FWHM) of 165 eV at 5.9 keV] SiLi detector located in
the electron orbital plane and at 90' from the incident
beam. The experimental ensemble was carefully aligned
allowing a precision in the beam position measurement of
+100 pm or +1 min on the angles. The whole experi-

Finally, we can write the total scattering cross section on
L-shell electrons as

d O'L d 0'2q d CT 2p=2 +6
dE2d 02 dE2d Q2 dE2d 02

B. Data reduction

We present in Fig. 7 a typical spectrum recorded for
17.4 keV incoming photon energy, where all the photon
interaction processes can be seen. The main line ob-
served (L x-ray spectrum) originates from the L photo-
ionization of Zr which is the most important process at
energies below the E ionization limit. One can also see

120 I I I I I I

100

mental setup was moved up and down to fit with the
beam elevation when the energy was changed. In order
to be able to study the whole continuous scattered spec-
trum from the lowest energies (the infrared region) up to
the high-energy profile, the assembly was mounted under
vacuum and a detector with a very thin (25 pm) berylli-
um window was used. The choice of the atomic number
of the target which must be the highest possible, was
defined by the highest available energy delivered by the
channel cut (19 keV), leading us to use zirconium
(Z =40) whose It-shell ionization energy is approximate-
ly 18 keV. We have studied the RRCS around the E res-
onance energy for 2p 'nl+' final excited states. In such
a case the full scattered spectra extended from hvl BL
(BL =2.5 keV) down to =1.4 keV (low-energy threshold
of the detector).

The efficiency of the SiLi detector (including the Be
window, gold contact, and the Si lead layer) was experi-
mentally measured in the energy range of 1.5 —9 keV.
The method we used was to take advantage of the syn-
chrotron light itself to provide standard x-ray fluores-
cence sources. We used the photon beam delivered by the
channel-cut monochromator to excite the fluorescence of
various, very thick targets (Al, S, Ti, Cr, Fe, Ni, Zn, Ge).
Owing to the very high stability of the photon beam of
DCI (which was monitored separately) it was possible to
accurately measure the total efficiency of the detector as
shown in Fig. 6.
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FIG. 5. Schematic of the experimental setup.
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FIG. 6. Measured detector efficiency as a function of the
photon energy. Squares denote experimental points; the smooth
curve is a constrained fit to the data.
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FIG. 7. Typical raw spectrum at incident energy F. =17.4
keV.

on this spectrum the Rayleigh peak (elastic scattering) at
the energy of the incoming photon, the free (or quasifree)
electron Compton profile, and the high-energy profile of
the RRCS at an energy of 17.4—BL =15 keV. In addi-
tion to these lines and continua, some fluorescence lines
corresponding to impurities ( ( 100 ppm) contained in the
Zr target can be observed in the intermediate-energy re-
gion (the low-energy rise which can easily be observed
will be discussed below}. These scattering processes have
been minimized in intensity by observing the spectra in
the polarization plane and at 90' from the incident beam,
a scattering angle for which both the Rayleigh and the
Compton peaks are at their lowest.

The absolute intensities of the continua to be studied
have been determined in the following way: at each in-
coming energy from 14 to 18 keV we recorded the
fluorescence spectrum of a very pure Fe thick target, in
the same geometry as for the RRCS samples. It was then
possible, using the previously measured detector
efficiency and the photoionization cross sections available
in the literature' to calibrate the photon beam and thus
correct for the steady drop in intensity over the time, due
to the limited lifetime of the positron beam in the syn-
chrotron (over 40 h). The result of these measurements is
an absolute parameter: NOAQ equal to the product of the
number of incident photons arriving on the target by the
solid angle viewed by the detector. The RRCS cross sec-
tions are then directly compared to photoionization cross
sections which then provide the best theoretical checks.
The precision of this absolute intensity calibration for the
scattering cross section is a function of the incoming en-
ergy. At 1ow energies, due to the uncertainties in the to-
tal absorption cross sections as well as the detector
efficiency and target thicknesses, the precision varies be-
tween 15 and 20% while on the high-energy end of the
RRCS the total uncertainties vary between 8% and 15%%uo.

One of the most difficult parts of the experiment is the
study of the low-energy rise to the RRCS continuum
which might also be caused by other spurious processes.
As described in Ref. 4, the most intense predictable cause
for such a rise at low energy is the bremsstrahlung emit-

—p(E )(xlsina)
d N(x, E,Q)=Noe ' n

dEd 0
—p(E)(x lsina)

sina
(13)

where d N is the number of photons arriving on the
detector in the solid angle comprised between 0 and
0+6,Q (Fig. 8), emitted by the layer of thickness dx in-
side the target, and having an energy between E, and

TABLE I. Range of L photoelectrons in zirconium as a func-
tion of the incident photon energy (from Ref. 15).

x-ray energy (keV)

17.4
16.4
15.4
14.4
13.4

L electron range (pg/cm )

529
475
423
378
332

ted during the slowing down of the L photoelectrons pro-
duced in the target as the L photoionization is (by orders
of magnitude) the most important process during the
photon interactions. This process has been extensively
studied in Ref. 4 and found to be negligible. The way in
which we studied this low-energy background is the fol-
lowing: we first used very thin Zr targets (20 pg/cm )

such that the range of the L photoelectrons is much
larger than the target thickness in order to minimize the
bremsstrahlung process. We present in Table I the range
of the L photoelectrons in zirconium targets as a function
of the incoming x-ray photons, derived from semiempiri-
cal calculations. "' The observed spectra were then
compared to those obtained with much thicker ones (200
pg/cm ) in which the ejected photoelectrons could be
strongly slowed down. It was then possible to accurately
establish that the low-energy rise did not originate from
the L photoelectron bremsstrahlung but mainly from the
RRCS itself. Owing to the very long exposure times
when using very thin targets (15—20 h, i.e., of the order
of magnitude of the lifetime of the positron beam in the
storage ring) we mainly used the thicker targets to study
the RRCS on a large range of energies. In order to get
rid of all the spurious processes appearing in the spectra
(Rayleigh and Compton scattering, fluorescences of the
impurities, and L x-rays), all the characteristic spectra of
these processes were separately studied (with a variety of
targets irradiated in the same experimental conditions), in
order to be subtracted from the experimental data (in-
cluding their low-energy tails}. The L x rays and the
spurious fluorescences were fitted with Gaussian shapes
plus quadratic backgrounds and thus subtracted from the
raw spectra. The residuals were then normalized at the
statistic (~N } noise of the surrounding background.
Once these corrections were performed on the spectra
(which were already corrected for the detector efficiency)
we established the fo11owing formulas for deriving the ex-
perimental RRCS cross section:
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E+dE. 1VO is the number of incident photons of energy
Eo and the total absorption coefficients for the different
energies are noted by p. Also the RRCS cross section is
noted by 0., and n is the atomic density of the target.
The two exponentials characterize, respectively, the ab-
sorption of the incident and scattered photons in the tar-
get. Integrating the previous formula over x between
zero and D the target thickness and over 0 in the solid
angle AQ subtended by the detector, one obtains
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Here the differential cross section is averaged, and its
value is taken at 8=90'. Then the experimental spec-
trum S (channels) is straightforwardly obtained if the
calibration slope is denoted by dE/dc (keV per channel):
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The final expression of the RRCS experimental cross sec-
tion then becomes

d oc S(c) Po+PE
de d 0 =9o (dE/dc)Noh Qn

1
('»+~~

(16)

The normalization parameter XOAQ which has been dis-
cussed previously provides the absolute intensity scale for
the cross section (b/keVsr). These procedures were in-
dependently checked on several test cases and found to
yield consistent results on the energy range scanned by
the experiments.

C. Experimental results

Our experimental results were obtained for the follow-
ing incident energies: 17.4, 16, 15, and 14 keV. The tar-
get used were zirconium 200 pg/cm foils obtained by
vacuum deposition on 1.5-pm Mylar films. In two
separate cases (E, =15 and 16 keV), independent mea-
surements were performed on very thin targets (20
p,g/cm ) which provided consistency checks for the
thicker foils. The results are presented in Fig. 9 for the
four different energies using the thicker targets. The ab-
solute differential cross sections as a function of the scat-
tered photon energy and solid angle are scaled in units of

FIG. 9. Experimental RRC differential cross sections for
several incident photon energies as a function of the scattered
photon energy.

b/keVsr. The vertical scale is the same as that of the
theoretical spectra for easy comparison.

IV. DISCUSSION

To date, there are only few experiments similar to the
ones presented here. This is mainly due to the experi-
mental difficulties encountered and to the absence of
comprehensive theoretical predictions for this energy re-
gion. Our results are thus original in several aspects:
minimization of spurious effects (bremsstrahlung, fluores-
cences, Rayleigh, and quasifree Compton scattering, etc. )

due to the reduced target thicknesses, accurate absolute
efficiency calibration, use of polarization effects to optim-
ize the signal to noise ratio (reduction of the Rayleigh
and Compton scattering when observed at 90') and to
eliminate the nonresonant contribution to the scattering,
and calculations of the differential cross sections includ-
ing the polarization effects.

When comparing the experimental results (Fig. 9) with
theory (Fig. 4), one must separately analyze the shape of
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TABLE II. Comparison between experimental and theoreti-
cal RRC differential cross sections as a function of the incident
photon energy in threshold units.

I =E, /B

0.96
0.88
0.82
0.77

expt ~Theor
(%j

Th

27
30
48
55

the RRC (high photon energy) and of ID (low photon en-

ergy). Generally speaking, we observe on all our spectra
a qualitative agreement with the theoretical predictions
(changes in shape as a function of the incoming energy).
Quantitatively though, the agreement seems to subside
with decreasing incident energy, from the E; =8&
(y, =l) resonance value towards lower energies (Table
II).

For the ID region (low-energy part of the spectra), a
good qualitative agreement with the theory is also ob-
served: namely the narrowing ID half-width which in-
creases with the incident energy in an almost symmetric
way to the high-energy front. For this region, the experi-
mental absolute differential cross sections seem con-
sistently larger (5—10 times) than the theoretical predic-
tions on all the spectra, like in the case of K-shell
RRCS, ' ' a fact still unexplained for the moment. This
may be partly due to the approximations used in the cal-
culations such as nonrelativistic dipolar approximation
and the hydrogenic atom.

Due to the continuous nature of the synchrotron radia-
tion, a higher-order harmonic appears in the spectrum
from the monochromator. The second harmonic (2E) ra-
diation is of interest here, as it may induce ID on the K-
shell electrons. By measuring the E/2E ratio in our ex-
periment we estimate this contribution to be negligible.

A cause of the disagreement between theory and exper-
iment at low energy could be the M-shell (and ¹hell) in-
frared divergence. The Raman-Compton scattering con-
tribution of the M shell has been observed on the high-
energy end of the spectrum by Kodre and Shafroth' on
solid targets and estimated to be approximately 20% of
the L-shell contribution. Unfortunately, being so close to
the Rayleigh and Compton peaks these features could not
be observed in our spectra. However, as the ID end of
the spectrum mimics the behavior of the RRCS end, it is
expected that the contributions to the ID of the M and N
shell are not negligible but nevertheless weak. Indeed,
using formulas 45 and 46 from Aberg and Tulkki we
were able to estimate the theoretical relative contribu-
tions of the L and M shells to the ID spectrum (see Fig.
10). With the inelastic scattering cross section of the L
and M shells scaling like the photoionization cross sec-
tions, and using a code by Cromer and Liberman, we es-
timated the M-shell contribution to the ID to be less than
15% of the L-shell contribution, which cannot account
for the large discrepancy we found between theory and
experiment.

I P+I

O
~ M

Cf!

—L-shel' cross sections

--- M-shell cross sections

p

0.5 1.5
!

2.5

Energy (keV)

FIG. 10. L- and M-shell ID differential cross sections as a
function of the scattered photon energy (from Ref. 6).

The only comparable result found in the literature for
L electrons is that of Bannett et al. ,

' who measured the
total cross section of the RRCS using the Cu Ka radia-
tion from an x-ray tube on various Z targets (Ge, Ga, Zn,
Cu, Ni). Their target thicknesses being very large com-
pared to the range of the L photoelectrons, they recorded
a very strong bremsstrahlung which they tried to correct
for by using a thick target formula of the literature (Ref.
21). Their result is, however, very sensitive to an experi-
mental parameter k which models the bremsstrahlung
and they only observed the RRC shape and a plateau at
intermediate energies, coming from constructive interfer-
ences between the ID and RRC processes. Moreover, the
energy cutoff (1.5 keV) of their detecting setup prevented
them from observing the energy region where the ID was
expected for these targets (1.5 —2. 5 keV). Their overall
results exhibit a disagreement with Gavrila and Tugulea's
calculations by a factor of 2 on a large range of energies:
0.7&y&0.9 in threshold energies (y=E/Blr). In one
case (Ni, y =0.95) the theory-experiment discrepancy is
only 25%, in very good agreement with our results (27%
for y=0. 96). In this case direct comparison with Gavri-
la and Tugulea's unpolarized results is unwarranted as
their x-ray beam is partially polarized after the LiF
monochromator they used. Furthermore, as explained
earlier (see Sec. IIB) the nonresonant 3 term in the
scattering cannot be neglected in this case.

A similar series of experiments has been performed by
Kane and Baba Prasad' and Basavaraju et al. ' on E
electrons using y radiation from radioactive sources
(279.2 keV) and thick Au and Sn targets. The authors
have also found an ID larger by about an order of magni-
tude than that of Gavrila and Tugulea's calculations.
This result has been recently criticized by Marchetti and
Franck, who claimed that this low-energy tail coold be
due to bremsstrahlung in very thick targets.

Finally, experimental results obtained by Spitale and
Bloom in a coincidence setup using y-ray techniques
and thick targets (Fe, Sn, Au, Ho) also recorded the same
factor of 10 difference from Gavrila and Tugulea's results
for the ID region. While reasonable agreement on the
high-energy shape of the RRC scattering spectrum seems
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to have been found (this work), this huge discrepancy on
the ID still remains unexplained.
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