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The Li- �i=1–3� subshell x-ray spectra for the 52Te, 53I, 55Cs, 56Ba, and 57La elements excited by Mn K�
�EK�2

=5.888 keV and EK�1
=5.899 keV� x rays have been investigated using the 55Fe radioisotope in con-

junction with a Cr absorber. A low-energy Ge detector was used to measure the L x rays at an emission angle
�=126°, where the second-order Legendre polynomial term P2 �cos �� associated with the angular distribution
is annulled. In the case of the 56Ba and 57La elements, alignment of the L3-subshell vacancy states was
investigated through angular distribution measurements of the emitted L3-subshell x rays. The L�1,2 and L�2,15

x-ray groups are observed to be nearly isotropic, while the data for the pure Ll �L3-M1� x-ray emission are
indicative of a small anisotropic trend, though within experimental error. The integral x-ray fluorescence cross
sections are deduced and interpreted in terms of Li-subshell photoionization cross sections, fluorescence and
Coster-Kronig yields, and x-ray emission rates. The L2-subshell x-ray cross sections for 57La measured using
targets of lanthanum �III� fluoride and dilanthanum �III� trioxide are found to be unusually higher. The en-
hancement is observed due to the contribution of the L2-subshell radiative resonant Raman scattering �RRS� of
Mn K� x rays having energy around the L2-subshell binding energy of 57La in these compounds. Also, the
observed enhancement of the L3-subshell x-ray cross sections in 57La is suggestive of intrashell vacancy
transfer via L2-L3 Coster-Kronig RRS transitions. The L2-subshell total RRS cross sections in 57La have been
deduced from the present measured attenuation coefficients for Mn K� x rays in La2O3 and LaF3. The
L2-subshell radiative and total RRS cross sections in 57La using LaF3 are higher by �30% than those using
La2O3. The contribution of processes predicted in the framework of Mozouchi’s four-band model involving
inner subshells along with the valence and conduction bands of these wide-band-gap insulator compounds is
likely to account for the observed results. The L2-subshell radiative and L2-L3 Coster-Kronig yields and the
ratio of the L2-M4 and L2-N4 radiative RRS intensities in both La compounds are found to be same and are
consistent with values from photoexcited vacancy decay. The L2-subshell radiative RRS was also observed to
be isotropic.
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I. INTRODUCTION

The electron vacancy in an atomic Li �i=1–3� subshell
can be produced through direct ionization using photons or
charged particles, electron-capture radioactive decay,
internal-conversion decay, and during atomic deexcitation of
K-shell vacancies. The Li- �i=1–3� subshell vacancy states
are characterized by total angular momentum values J= 1

2 , 1
2 ,

and 3
2 , respectively. The remnant ion rapidly relaxes in a very

short time ��10−15–10−16 s� by the characteristic x-ray
emission, Auger transitions �intershell vacancy transfer�, and
Coster-Kronig �CK� transitions �intrashell vacancy transfer�.
Photoionization at energies away from the ionization thresh-
old, being a better understood process, provides more reli-
able information regarding the number of primary
Li-subshell vacancies and hence is more appropriate to inves-
tigate the parameters related to various decay modes of the
inner-shell vacancies. Photoionization methods offer sub-
stantial advantages in studying the inner-shell vacancy decay
processes via fluorescent x-ray measurements due to precise
energy tunability of the exciting photon beam, which pro-
vides selectivity in ionization among subshells of the target
element. Furthermore, the complexities associated with mul-
tiple primary vacancies in different subshells are avoided.
The Li-subshell CK and fluorescence yields in medium- and
high-Z elements have been deduced by measuring the L x

rays emitted following selective ionization among the Li sub-
shells using tunable synchrotron sources �1,2�, radioisotopes
�3�, an x-ray generator, and an energy-dispersive detection
setup. Theoretical and experimental investigations in this di-
rection have been thoroughly discussed in comprehensive
review articles �4,5�, and the results have been reassessed
periodically and compiled �6–9�. Recently, a set of the fluo-
rescence and CK yields for the elements with 25�Z�96
has been recommended by Campbell �10�. Measurements of
x-ray intensities using wavelength-dispersive detection
equipment and an advanced tunable synchrotron source have
gained impetus in recent times because of the opportunity to
study individual x-ray, satellite, and hypersatellite lines
�11,12�. The L3 subshell with J�

1
2 provides the least com-

plex platform for investigating the alignment of ions by di-
rect photoionization �13�. The inner-shell alignment can be
inferred in the subsequent emission either via the degree of
linear polarization of the fluorescent x rays or angular distri-
bution of the fluorescent x rays or the Auger electron. Most
of the experiments have been performed for the L3-subshell
�J= 3

2 � alignment through angular distribution measurements
of the emitted x rays using experimental setups involving
radioactive sources �14–16� and an x-ray generator �17�. Re-
cently, measurements �18–20� using the polarized photon
beam from a synchrotron source have also been performed.
The measurements regarding anisotropy in L3-subshell x-ray
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emission following ionization by unpolarized photons re-
quires precision experimental investigations.

Analogous to Li-subshell real vacancy production through
photoionization and its decay modes, the resonant Raman
scattering �RRS� process involves virtual vacancy production
and the associated decay modes. In case the incident photon
energy approaches from below the Li-subshell binding en-
ergy of the target element, the Raman scattering is resonantly
enhanced. It proceeds by the creation of a Li-subshell virtual
hole with the corresponding electron excited in an unoccu-
pied state; simultaneously, the core-hole states are relaxed by
an electron transition from a higher shell. The electron tran-
sition results in a photon emission �radiative RRS� or an
electron emission �Auger-CK decay� from the outer shell or
subshell. Depending on the subshell in which a hole is cre-
ated in the intermediate and final states, one observes differ-
ent contributions to RRS similar to the fluorescent and Auger
transitions. Sparks and Ice �21� and Manninen �22� have dis-
cussed different aspects of the RRS process along with its
applications. Theoretical discussions regarding the radiative
RRS process have been given by Tulkki and Åberg �23�.
Most of the RRS measurements have been performed for
radiative transitions using tunable synchrotron radiation
sources �SRSs� and the wavelength-dispersive �24,25� and
energy-dispersive �26� detection techniques. Recently, mea-
surements have also been reported using the modest reso-
lution energy-dispersive detection setups and photon sources
based on radioisotopes �27� and those based on proton-
induced x-ray emission �PIXE� �28�. A few measurements to
investigate the angular dependence in K-shell radiative RRS
emission �29,30� are also available. Brown et al. �31� iden-
tified the L3-M4,5M4,5 Auger resonant Raman transitions for
atomic 54Xe using monochromatized synchrotron radiation
around the L3-ionization threshold through observation of the
resonance enhancement and linear dispersion of the Auger
peaks as a function of incident photon energy. More efforts
in this direction using high-resolution measurements led to
observation of fine peak structure in the radiative �25� and
Auger electron resonant Raman spectra �32,33�. The preci-
sion experimental data of the inner-shell binding energies in
different chemical states of elements are important outcomes
of such measurements �24�. Extensive efforts are required in
studying the deexcitation processes associated with the vir-
tual Li-subshell vacancies, especially energy-sensitive in-
trashell vacancy transfer processes.

Analytical applications of the RRS process have also
gained momentum during the past few years. The RRS cross
sections are sensitive to the energy difference between the
subshell ionization threshold and the incident photon beam
energy and also to their energy widths. The RRS process
enables us to perform spectroscopic studies on the chemical
states, which directly reflect the bonding characters of the
emitters in their specific environment. In the case of trace
elemental analysis, the RRS can add to the complexity of the
x-ray spectrum, e.g., difficulties due to the energetic degen-
eracy between the characteristic diagram lines of the trace
element and the RRS of the matrix element. By incorporat-
ing contributions of the interfering radiative RRS to the x-ray
fluorescence �XRF� spectra, a more precise description of the
interelemental matrix effects will be possible and will lead to

considerable improvements in x-ray-emission-based spectro-
scopic techniques. The RRS cross sections contribute signifi-
cantly to the attenuation of x rays in matter especially at
photon energies lower than the subshell electron binding en-
ergy �BE� by less than �0.001BE. The present available at-
tenuation coefficients do not incorporate the contributions of
RRS �34�, which is otherwise difficult to estimate because of
its considerable sensitivity to the physical and chemical
states of atoms through the electron binding energy and band
structure �28,35�. Precise theoretical understanding of the
process is required.

The present work probes the decay processes associated
with the Li-subshell vacancy states produced in the fluores-
cence and RRS processes, respectively. The investigations
involve the Li-subshell XRF differential cross section mea-
surements for elements in the atomic region 52�Z�57 us-
ing the Mn K� x rays. The observed enhanced intensity of
the L2-subshell x rays in the case of 57La is identified as a
contribution of the L2-subshell radiative RRS of the Mn K x
rays. The fluorescence and RRS spectra are interpreted in
terms of the fluorescence and CK transition probabilities as-
sociated with the corresponding process. Also, the angular
dependences in L3-subshell �J= 3

2 � fluorescent x-ray emission
and L2-subshell �J= 1

2 � radiative RRS have been investigated.

II. EXPERIMENTAL DETAILS

The source, target, and detector geometrical arrangement
used for the present Li-subshell XRF measurements is shown
in Fig. 1. The Mn K� �EK�2

=5.888 keV, EK�1
=5.899 keV�

x rays were obtained from an 55Fe radioisotope annular
source used in conjunction with a Cr absorber. The 55Fe
annular source �1.850 GBq, model IEC.A2, AEA Technol-
ogy, Germany� is in the form of a circular flat ribbon of
34-mm diameter and 4-mm width. The 55Fe radioisotope un-
dergoes electron capture decay with T1/2=2.73 years and re-
sults in emission of the Mn K�2, K�1, and K�1 x rays with
probabilities of 8.2, 16.2, and 2.86 per 100 decays �36�, re-
spectively. An annular foil of Cr �BK=5.9892 keV �36�� was
used with the 55Fe source for selective absorption of the Mn
K� x rays �EK�1

=6.492 keV�. The values of the attenuation

Sn shielding

Cu lining

To vacuum pump

Al chamber

LEGe
detector

Al collimator
with Mylar lining

Target

55
Fe
source

�

FIG. 1. Annular source, target, and detector geometrical ar-
rangement used for the present L x-ray fluorescence measurements.
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coefficients for the Mn K� and K� x rays in Cr are 68.6 and
423.5 cm2 /g �34�, respectively. An intensity ratio IK� / IK� of
better than 10−5 could be achieved using a Cr absorber of
effective thickness �25 mg /cm2. The Cr absorbers were
prepared by electrodepositing Cr on a Cu backing. As the Cr
foil is brittle, a Mylar film was glued on the Cr side and the
Cu backing was etched using dilute nitric acid. The purity of
the Cr absorber was checked using the energy-dispersive
x-ray fluorescence �EDXRF� setup involving a Mo-anode
x-ray tube. Multiple Cr foils were used in front of the 55Fe
exciter source to ensure uniformity of the absorber. The
source-target assembly was housed in an Al chamber lined
inside with Cu. The chamber was equipped with a
4-mm collimator and a 2-�m Mylar window. The detection
system consisted of a low-energy Ge �LEGe� detector
�100 mm2�10 mm, 8-�m Be window, Canberra� in hori-
zontal configuration and having an energy resolution �full
width at half maximum �FWHM�� of �150 eV for the Mn
K� x rays. The detector was shielded using a Sn housing.
The Al chamber with source-target assembly inside was
mounted on the detector head. The x-ray spectra were col-

lected using a PC-based multichannel analyzer �Multiport II,
Canberra�. The chamber was evacuated ��10−2 torr� to
avoid attenuation of the low-energy x rays in the air and
eliminate the K x-ray �EKX=2.975 keV� peaks due to Ar
present in the air. To achieve a highly reproducible geometry,
the target-to-detector distance was adjusted for the maximum
count rate of the target x rays. The count rate was observed
to be constant within 1% over a distance of �3 mm.

Spectroscopically pure thin foils of Te �100 and
194 �g /cm2�, RbI �47.8 �g /cm2�, CsBr �52.9 �g /cm2�,
BaF2 �52, 98, and 228 �g /cm2�, and LaF3 �108, 193, and
288 �g /cm2� on Mylar backing �thickness=3.5 and
6.3 �m� were used as L x-ray targets. These foils were pro-
cured from Micromatter, Deer Harbor, WA. The information
regarding the free-atom Li- �i=1–3� subshell binding energy
�36�, level width �37�, photoionization cross sections �	Li

P �
�38�, and fluorescence �
i� and CK �f ij� yields �9,10� of the
target elements are given in Table I. The Mn K� x rays
ionize the Li �i=1–3� subshells in the52Te, 53I, and 55Cs
atoms and the L2 and L3 subshells in the 56Ba atom. In the
case of the 57La atom, the Mn K�1 x ray ionizes both the L2

TABLE I. Parameters related to the Li �i=1–3� subshells of the target elements used in the present measurements.

Element
Shell/

Subshell

Binding
Energy
�keV�
�36�

Level
width
�eV�
�37�

Photoionization
cross sections �cm2 /g�

�38� at energy of Fluorescence yield �
i� Coster Kronig yield �f ij�

MnK�2

x ray
MnK�1

x ray
DHS �9�

Campbell �10�
Barrea et al.

�2,39�
Campbell

�10�
DHS
�9�

Barrea et al.
�2,39�

52Te L1 4.9392 2.20 92 91 0.041 f12 0.193 0.193

f13 0.250 0.328

L2 4.6120 2.84 139 138 0.078 f23 0.153 0.172

L3 4.3414 2.62 246 244 0.081

M ,N ,O 119 118

53I L1 5.1881 2.10 95 94 0.043 f12 0.195 0.195

f13 0.250 0.328

L2 4.8521 2.95 151 150 0.084 f23 0.156 0.173

L3 4.5571 2.72 266 265 0.086

M ,N ,O 130 129

55Cs L1 5.7143 2.00 95 94 0.049 f12 0.199 0.199

f13 0.250 0.330

L2 5.3594 3.15 164 163 0.097 f23 0.159 0.177

L3 5.0119 2.92 292 290 0.098

M ,N ,O 95 146

56Ba L1 5.9888 2.10 0 0 0.053 0.068�7� f12 0.201 0.201 0.156�2�
f13 0.250 0.331 0.296�3�

L2 5.6236 3.25 168 167 0.103 0.12�1� f23 0.159 0.178 0.189�1�
L3 5.2470 3.02 300 298 0.104 0.11�1�
M ,N ,O 155 154

57La a L1 6.2663 2.20 0 0 0.057 0.064�7� f12 0.201 0.201 0.212�20�
f13 0.250 0.328 0.358�30�

L2 5.8906 3.35 0 171 0.111 0.118�10� f23 0.159 0.176 0.174�10�
L3 5.4827 3.12 315 314 0.112 0.108�10�
M ,N ,O 158 157

aAs EKa2�Mn��BL2�La��EK�1�Mn�, the La L2 subshell will be ionized by the Mn K�1 x ray only.
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and L3 subshells and the Mn K�2 x ray ionizes the L3 sub-
shell. Five spectra were taken using each target for a time
duration in the range 5–15 h. The spectra were also taken in
the same geometrical arrangement using a blank Mylar target
to estimate the background. High-statistics measurements for
weak components of the L x rays were also performed using
thick targets ��200 mg /cm2� of Te, NaI, NaIO3, CsCl,
BaCO3, Ba�NO3�2, LaF3, and La2O3 in pellet form. Typical L
x ray spectra of the 52Te, 53I, 55Cs, 56Ba, and 57La elements
are shown in Figs. 2�a�–2�d� and Figs. 3�a�–3�d�, respec-
tively. The recorded spectra exhibit peaks corresponding to
the ionized Li subshells along with the Mn K� x-ray elastic-
and inelastic-scatter peaks. The intense x-ray components—
viz., the Ll, L�1,2, L�6, and L�2,15,7 x rays from the L3 sub-
shell, the L�, L�1, and L
1,5 x rays from the L2 subshell, and
the L�3,4 and L
2,3,4 x rays from the L1 subshell—are labeled
in the spectra shown. Most of the Li �i=1–3� subshell va-
cancies ��90%� decay through nonradiative transitions. The
L3-subshell x-ray intensity is enhanced due to transfer of
�30% of the L1-subshell vacancies and �15% of the
L2-subshell vacancies via the CK transitions.

The K x-ray spectra from the Al �158 and
160.7 �g /cm2�, SiO �95 and 229 �g /cm2�, GaP
�234 �g /cm2�, CuS �194 and 91.3 �g /cm2�, NaCl �46.5
and 48.7 �g /cm2�, KCl �44.3 �g /cm2�, CaF2 �69 and
133 �g /cm2�, ScF3 �104 and 199 �g /cm2�, Ti �78 and
112 �g /cm2�, and V �100.4 and 203 �g /cm2� thin targets
�Micromatter� were also taken in the same geometrical setup
as used for the fluorescent L x-ray measurements. Spectra
were also taken using NaCl, CaCO3, and V2O5 pellets
��200 �g /cm2� and Ti and V self-supporting foils. These
spectra were used to determine the intensity of the exciting
Mn K� x-ray photons and other geometrical factors as men-
tioned in Sec. III. The K x-ray spectra for the Ca and V
targets taken at regular intervals were used to correct for the
55Fe radioisotope decay during the measurements.

In the case of the annular source geometrical setup �Figs.
1 and 4�a��, the emission angle ��� for the x-ray photons
reaching the detector could not be deduced from the energy
difference between the elastic- and inelastic-scatter Mn K� x
rays as the corresponding peaks were not resolved. The ef-

FIG. 2. Typical spectra of the L x rays from �a� Te, �b� NaI, �c�
CsBr, and �d� BaF2 targets excited by the Mn K� x rays from the
55Fe source used in conjunction with the Cr absorber. Insets show
the Ll x-ray peak area determination as mentioned in the text.

FIG. 3. Typical spectra of the L x rays from �a� the LaF3 thin
target, �b� the LaF3 thick target, �c� the La2O3 thick target, and �d�
the overlapped spectra from the LaF3 and La2O3 thin targets excited
by the Mn K� x rays from the 55Fe exciter. The spectra in �d� are
normalized for La mass thickness. Inset of �b� shows peak area
determination for the Ll and L
1 x rays as mentioned in the text.
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fective incident angle ��i=180°−�� between the incident
beam and normal to the target surface was determined using
an in vivo method based on attenuation of the Mn K� x rays.
The K x-ray yields from the Ti and V targets were measured
in vacuum with and without a Mylar annular absorber
�10 mg /cm2� placed in front of the �J= 1

2 �-Cr exciter as
shown in Fig. 4�a�. The effective incident angle ��i� was
deduced from attenuation of the incident Mn K x rays in the
Mylar absorber using the relation I= I0exp�−�x /cos �i�. The
product �x for the Mylar absorber was deduced by measur-
ing the transmitted Mn K x rays in the geometrical arrange-
ment shown in Fig. 4�c�. The average emission angle for the
annular source geometrical setup �Fig. 1� was found to be
126°. The reproducibility of the angle determination was
verified using different L x-ray targets and Mylar absorbers.

In the present work, the angular dependence of the
L3-subshell x rays emitted following the L2�J= 1

2 � and
L3�J= 3

2 � subshell photoionization in the case of 56Ba and

57La and L2-subshell �J= 1
2 � radiative RRS in the case of 57La

were also measured. These measurements are required to in-
fer alignment of the Li-subshell vacancy states produced in
the photoionization and RRS processes and also to deduce
the integral cross sections. The schematic arrangement of the
geometrical setup �40� used for the angular distribution mea-
surements is shown in Fig. 4�b�. It involves a photon point
source and a detector in the horizontal plane with the target
placed at the center. The emission angle for the angular dis-
tribution measurements was changed by rotating the source
about the central axis. The target was kept fixed in the ver-
tical position at the center, making a 45° angle with the de-
tector axis. The 55Fe annular source equipped with a
20-mg /cm2 Cr absorber was converted to a point source us-
ing a Cu mask and a 5-mm collimator. The source-target
assembly was kept inside an Al chamber lined with Cu. The
chamber was equipped with a collimator �diameter=3 mm,
length=25 mm� and a 2-�m Mylar window. The LEGe de-
tector was kept outside the chamber in air at a distance of
�2 mm. Spectroscopically pure targets of BaCO3 and LaF3
in pellet form ��200 mg /cm2� were used for the angular

distribution measurements. The isotropic emitted Ba L�1 x
ray originating from the L2�J= 1

2 � subshell was used for nor-
malizing the L3-subshell x rays measured at different emis-
sion angles. A CaF2 thin target �133 �g /cm2� with a 6.3-�m
Mylar backing was placed in conjunction with the LaF3 thick
target, and the isotropically emitted Ca K-shell �J= 1

2 � x rays
were measured simultaneously. The uniformity of the CaF2
reference target was verified to be better than 2% by the
x-ray attenuation method �Fig. 4�c��. The angle scans were
performed manually in the horizontal plane ��=0°� by rotat-
ing the source arm over the angular range of �=90° –160°
for time durations of 50 h at each angle. The Ca K� x-ray
yield measured simultaneously at different emission angles
was used for normalizing the measured yields of the L�,
L�1, and L�2,15 x rays of the 57La element. The Ca K� x-ray
peak overlaps with the La Ll x-ray peak. A second set of
spectra were taken to measure angular distribution of the Ll x
rays without using the CaF2 reference target. The main ad-
vantage of the present setup and procedure over earlier mea-
surements �14–17� is that the target-detector geometry was
not disturbed. The details and other advantages of the present
geometrical setup and procedure have been discussed else-
where �40�.

III. EVALUATION PROCEDURE

The differential cross sections for the qth group of
Li-subshell fluorescent x rays in the 52Te, 53I, 55Cs, and 56Ba
elements at the Mn K� x-ray excitation energy have been
evaluated using the expression

d	Lq

d�
��� =

NLq

mu�Lq�I0G�K��Lq
, �1�

where NLq is the photopeak area per unit time corresponding
to the qth group of Li-subshell x rays of the uth element of
interest in the compound target, �I0G�K� is the intensity of
the exciting radiation falling on area of the target visible to
the detector, �Lq is the detector efficiency at the Lq x-ray

(b)(a)

Target

55
Fe annular
source

Mylar annular
absorber

Detector
�i

�

(c)

Target with
Mylar backing

55
Fe/
source

57
Co

Detector

Target-A
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�

�
i

Fe annular source
with mask and collimator

55

�
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N
or

m
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FIG. 4. �a� The schematic arrangement of the geometrical setup �Fig. 1� used for the L XRF cross section measurements, �b� the reflection
geometrical arrangement involving the 55Fe point source used for the angular distribution measurements, and �c� the transmission geometri-
cal arrangement used for the attenuation measurements. Mylar annular absorber shown in �a� was placed for in vivo measurement of the
incident angle ��i�.

L-SUBSHELL VACANCY DECAY PROCESSES FOR … PHYSICAL REVIEW A 78, 012507 �2008�

012507-5



energy, mu is the mass-thickness of the uth element in the
target foil in g /cm2, and �Lq is the self-absorption correction
factor that accounts for attenuation of the incident Mn K� x
rays and the emitted Lq x rays in the target. The values of
�Lq have been calculated using the expression

�Lq =

1 − exp�− �
s

��1
s /cos �i + �2q

s /cos �e�ms�
�

s

��1
s /cos �i + �2q

s /cos �e�ms

, �2�

where s stands for different elements present in the target. �i
is the angle of incidence for the incident Mn K� x rays, and
�e is the angle of emission for the Lq x rays with respect to
normal to the target. �1

s and �2q
s are the mass-attenuation

coefficients for the incident Mn K� x rays and the emitted Lq
x rays of uth element of interest present in the target and
were taken from tables of Berger and Hubbell �34�. The val-
ues of �Lq are �0.95 for thin targets and �0.21 for thick
targets used in the present work. The targets in pellet form
behave like infinitely thick targets, i.e., having thickness
more than a value that can provide 99% of the maximum
count rate for the emitted fluorescent x rays. A value of �
equal to 0.21 corresponds to 99% attenuation, and below this
value of �, the effective thickness of the uth element in the
multielement target can safely be taken as a constant equal to
the limiting value of the m� factor when m→�, i.e.,

mu�Lq = wu��
s

	�1
s /cos �i + �2q

s /cos �e
�−1
, �3�

where wu represents the weight fraction of the uth element in
the multielemental target. The effective thickness m� �Eq.
�3��, especially in the case of thick targets, depends upon the
photon incident ��i� and emission ��e� angles. The distribu-
tion of the �i, �e, and � angles in the geometrical setup
determined using computer simulations is shown in Fig. 5�c�.
The effect of angular spread �Fig. 5�c�� on the m� parameter
is verified as mentioned in Appendix A.

Each spectrum was analyzed for the L x-ray photopeak
areas using the computer code PEAKFIT �41�. It involves a
nonlinear least-squares fitting routine involving fitting of
multi-Gaussian functions plus a polynomial background. The
peak fitting procedure consisted of two steps. In the first step,
fitting was done for the K� x-ray peaks of the Al, Si, P, S, Cl,
Ca, Ti, V, Mn, and Fe elements by allowing the FWHM to
vary. The spectra for the Mn and Fe K x rays were taken
using 55Fe and 57Co radioactive sources. The K� x-ray peak
consists of the K�1 and K�2 x-ray components with intensity
ratio of �2 and the energy difference increasing from 1 eV
for Si to 8 eV in case of V, and it can be taken as monochro-
matic for FWHM determination. This was confirmed by peak
analysis of a simulated K� x-ray spectrum consisting of two
x-ray components with an intensity ratio of �2 and differing
in energy by 10 eV. The change in FWHM was observed to
be not significant ��1 eV�. A plot of the FWHM as a func-
tion of energy is shown in Fig. 5�b�, and it exhibits a small
variation over the energy region of interest. In the second
step, different L x ray peaks were fitted by fixing the FWHM
to the interpolated values and centroids of weak peaks to

their known energies �36�. The relative peak areas for the
close-lying peaks varied significantly with FWHM, but the
total area remained the same. In such cases, the cross sec-
tions have been evaluated for the group; e.g., the L� and
L�3,4 x-ray peak areas have been added to the L� and L�1
x-ray peak areas, respectively. The FWHM for the intrinsic
Lorentzian broadening associated with the L x-ray lines is
less than 12 eV �37,42� and is small as compared to
�150 eV for the Gaussian response function of the LEGe
detector in the energy region of interest. The peak areas for
the quoted L x-ray groups were found to be consistent even
with a variation of 5% in the FWHM. The weak Ll x-ray

FIG. 5. �a� The product I0G� and �b� FWHM for the LEGe
detector used in the geometrical setup �Fig. 1� as a function of
detected photon energy. �c� The distribution of the �i, �e, and �
angles in the present annular source geometrical setup and �d� the
corresponding distribution of effective thickness �m���i ,�e�� of the
Te thick target for the L� x-ray emission.
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peak lies on the lower tail of the intense L� x-ray peak. The
smoothly varying tail of the L� x-ray peak under the Ll x-ray
peak can lead to significant error in the Ll x-ray peak area
evaluation using the fitting procedure. For the Ll x-ray peak
area evaluation, the lower-energy tail portion of the K� x-ray
peak of the Ti or Ca element after the background subtrac-
tion was grafted to the L� x-ray peak to deduce the back-
ground beneath the Ll x-ray peak �inset of Figs. 2�a�–2�d�
and Fig. 3�b��. The net total counts over the clean peak re-
gion �within the �2	 region about the centroid� after back-
ground subtraction were used for normalization of the K�
x-ray peak area with that of the L� x-ray peak. The results
obtained by choosing different regions for the normalization
were found to be consistent. The energy difference between
the L�1 and L�2 x-ray components �intensity ratio
�IL�1

/ IL�2
��9� and between the K�1 and K�2 x-ray peaks of

Ti and Ca is only few eV. The observed L x-ray spectra were
also corrected for small contributions ��1%� from decay of
the Li-subshell and K-shell vacancies produced by the brems-
strahlung from the 55Fe source. The K x-ray peaks due to
excitation by bremsstrahlung were also observed in the spec-
tra of thick targets and were used for estimating these cor-
rections �3�. In measurements using thick elemental targets,
the enhancement of the L3-subshell x rays due to additional
ionization by the target L
1 x ray with energies above the
L3-subshell binding energy �BL3

� was estimated to be �2%.
This estimation has been done by comparing the L� and L�1
x ray intensity ratios measured using the thick and thin Te
targets. In the case of thick targets for other elements pre-
pared using their compounds, such an enhancement is diluted
by the presence of other elements. The enhancement correc-
tion is negligible for thin targets. Significant enhancement of
�8% has been observed �3� in the case of the Li- �i=1–3�
subshell excitation of a 92U thick target due to excitation by
emitted L�1,3 and L
 x rays having energies above BL3

.
The �I0G�K��Lq values over the energy region 1.5–5.0

keV were deduced from the measured K x-ray yields of the
Al, Si, P, S, Cl, Ca, Ti, and V elements from Al, SiO, GaP,
CuS, NaCl and KCl, CaF2, ScF3, Ti, and V targets, respec-
tively. The expression for �I0G�K��Lq is given by

�I0G�K��KX =
4�NKX

	KX�KXm
, �4�

where all symbols have the same meaning as in Eq. �1� and
correspond to the K x rays. The K XRF cross sections were
taken from the tables of Puri et al. �43�. Figure 5�a� shows a
plot of the product �I0G�K��KX as a function of the detected
photon energy. The thickness of the thin foils was verified by
the Mn K x-ray attenuation method in the transmission ge-
ometry �Fig. 4�c�� and necessary corrections in thickness of
the targets were applied wherever necessary. This led to im-
provement in the efficiency values, and the error in the effi-
ciency calibration is estimated to be �3% over the energy
region of interest. The same procedure was also used to con-
firm the quoted thickness of the L x-ray thin targets.

For the 52Te, 55Cs, and 56Ba elements, the incident photon
beam from the source can be safely considered as a quasi-
monochromatic source of 5.895 keV, which is the weighted

average energy of the K�1 and K�2 x rays taken after cor-
recting the intensity for self-absorption. In the case of the

57La element, the L2 subshell is ionized only by the K�1
x-ray component, whereas the L3 subshell is ionized by both
the K�1 and K�2 x rays. The intensity values of the incident
K�1 and K�2 x rays, �IoG�K� ��=�1 and �2�, were deduced
using the expression

�I0G�K� =
NK�

� �I0G�K�2

�I0G�K�

�K�
K�2	K�

K�2 +
�I0G�K�1

�I0G�K�

�K�
K�1	K�

K�1�m�K�

,

�5�

where various symbols have the same meaning as mentioned
earlier. However, the superscript of � corresponds to a com-
ponent of the Mn K� x ray available for excitation. The
intensity ratio of the K�1 and K�2 x rays was deduced to be
1.981 using the value taken from �36� after correcting
�0.7% for absorption in the Cr absorber and self-absorption
in the 55Fe source. The self-absorption thickness was de-
duced to be �4 mg /cm2 from the ratio of the Mn K� and
K� x-ray intensities measured under vacuum from the 55Fe
exciter source placed at different angles in front of the de-
tector.

In the present angular-dependence measurements in case
of the L3-subshell x rays �or L2-subshell RRS�, anisotropy
can be inferred from the ratio of the corresponding differen-
tial cross sections to that of the L2-subshell �J= 1

2 � x ray of
the same element or the K shell �J= 1

2 � x-ray of the Ca ref-
erence target. The ratio of differential cross sections, R���, at
different emission angles is calculated using the equation

R��� = �
NL3

�K�L2��in

NK�L2��L3

, �6�

where �in is the attenuation correction for the incident pho-
tons in the reference target, if any. NL3

and NK�L2� are the
simultaneously measured yields of the L3-subshell x rays �or
L2-subshell RRS� and the reference K-shell �or L2-subshell�
x rays, respectively. The term � is the product of the attenu-
ation correction of the emitted x rays in the reference target,
the ratio of the mass thickness of the targets and the �L /�K
factor. The value of the term � remains constant at different
angles as the target-detector geometry was not disturbed. The
IoG factor cancels out as the L and K x rays have been
measured simultaneously. The angular dependence of the �
and � parameters on the angle of incidence is considerably
reduced in the present geometrical setups as �e is fixed and �i
varies over half the angular range of emission angles in each
quadrant. The absorption-correction factors ��� for the LaF3
target corresponding to the emitted L2- and L3-subshell x
rays of 57La and their ratios are plotted as a function of
emission angle in Figs. 6�a� and 6�b�, respectively. Thus an-
isotropy of the Lq x rays is mainly dependent on the peak
area ratio NLq /NK measured at different angles. The peak
areas for the angular-dependence investigations, NLq and NK,
were taken as the total net counts over the peak region after
subtracting the linear background extrapolated from the ob-

L-SUBSHELL VACANCY DECAY PROCESSES FOR … PHYSICAL REVIEW A 78, 012507 �2008�

012507-7



served spectra. The peak-fitting procedure was not used to
avoid fitting error.

IV. RESULTS AND DISCUSSION

A. Alignment of L3-subshell vacancies in 56Ba and 57La

The angular distribution of the L3-subshell fluorescent ra-
diations emitted following ionization by the unpolarized pho-
tons is represented by I���= I0�1+�2P2�cos ���, where
P2�cos �� is the second-order Legendre polynomial and �2 is
the coefficient of anisotropy �13�. In the present measure-
ments in the case of 56Ba, the anisotropy parameter R��� was
deduced using Eq. �6� for the Ll, L�, and L�2,15 x rays with
the isotropically emitted L�1 x ray originating from the L2

subshell �J= 1
2 � taken as the reference. The L�1 x ray also

contains a small contribution �2% of the L3-subshell x rays.
Uncertainty in the R��� parameter is �3%, which is mainly
due to the statistical error and precariousness associated with
peak area determination, especially for the Ll x-ray peak.
The Ll x-ray peak area was deduced by linearly extrapolating
the nearly constant background from its left. The deduced
peak area included about 20% contribution from the L�
x-ray peak. This contribution was estimated by comparing
the Ll x-ray peak area determined by this method with that
using the peak-grafting procedure mentioned in Sec. III. It
will dilute the observed anisotropy in the Ll x-ray emission
as the angular dependence of the L� x rays is observed to be
not significant and has been taken as a correction factor.
Such a method of peak area determination was preferred to

avoid error due to separation of peaks using different proce-
dures. The plots of the R��� parameter for the Ll, L�, and
L�2,15 x rays as a function of P2�cos �� are shown in Figs.
7�a�–7�c�. In the case of 57La, the L3-subshell x rays are
produced by the Mn K�1 and K�2 x rays having widely
differing attenuation coefficients in the target. A special
evaluation procedure given in Appendix B was used to in-
vestigate the anisotropy. The differential cross sections for
the L� and L�2,15 x rays were measured relative to the iso-
tropically emitted Ca K x rays from the CaF2 reference tar-
get. For the Ll x-ray emission, the anisotropy is deduced
relative to that of the L� x rays. The L�, L�2,15, and Ll x-ray
fluorescence differential cross sections are plotted in Figs.
8�a�, 8�c�, and 8�d�, respectively. The plots for the L� and
L�2,15 x rays in 56Ba �Figs. 7�b� and 7�c�� and 57La clearly
evince isotropy. The plots for the Ll x ray �Figs. 7�a� and
8�d�� exhibit a small increasing trend in R��� though within
experimental error ��3%�.

The anisotropy coefficient is expressed as �2=a�A20,
where A20 is the degree of alignment and the coefficient �
depends only on the angular momentum of the initial and
final states of the ionized atom. � is the correction factor due
to vacancy transfer via the CK transition. Berezhko, Kabach-
nik, and Rostovsky �44� have calculated the A20 coefficients
for photoionization in the L3 subshell of the 56Ba atom using
the wave functions obtained in the Herman-Skilman �HS�
potential. The A20 coefficient for the L3 subshell decreases
rapidly at the photon energies in the vicinity of the ionization
threshold and remains constant at 0.11 at photon energies a
few eV above the L3-subshell ionization threshold. The inci-
dent photon energy is a few hundred eV above the L3 �J
= 3

2 � subshell binding energy in the case of 56Ba and 57La.
The value of � has been calculated theoretically using the

FIG. 6. �a� The absorption correction factors ��Lq� for the emit-
ted Ll, L�, L�1, L�2, and L
1 x rays of 57La in the LaF3 target and
�b� their ratios with that for the L� x rays are plotted as a function
of emission angle. � and � correspond to excitation by the Mn K�1

and K�2 x rays, respectively.
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FIG. 7. The cross section ratios R��� for the �a� Ll, �b� L�, and
�c� L�2,15 x rays with respect to the isotropically emitted L�1 x ray
in the case of 56Ba as a function of P2�cos ��. The �2 value for the
Ll x ray is corrected for contribution of the L� x rays.
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single-particle model �45� as ��Ll�=0.5, ���L���=0.05
���L�2�=−0.4 and ��L�1�=0.1�, and ���L�2,15��=0.044;
where the average ��� values have been evaluated
using intensity as the weighing factor. �L3

is given by
�L3

=	L3

P �	L3

P + f23	L2

P �−1. Its value is calculated to be �0.91
for 56Ba using the f23 value recommended by Campbell �10�
and the 	Li

P values obtained by a relativistic treatment of the
ionization process and employing the relativistic Hatree-
Slater potential �38�. The value of �L3

is deduced to be 0.97
for 57La by taking into account the relative intensities of the
incident Mn K�1 and K�2 x rays. Theoretically predicted
A20�0.11 �44� corresponds to the intensity ratios
�I�90°� / I�160°�� �0.94 for the Ll x ray and �0.99 for the
L� and L�2,15 x rays. Despite the relatively large error asso-
ciated with R��� for the L3-subshell x rays, the hypothesis of
anisotropy was attempted in light of its small predicted mag-
nitude.

The �2 coefficients obtained by fitting the angular-
distribution polynomial are �2�Ll�=0.035�40�, �2�L��
=0.008�20�, and �2�L�2,15�=0.000�24� �Figs. 7�a�–7�c�� for

56Ba, and �2�Ll�=0.038�51�, �2�L��=0.006�25�, and
�2�L�2,15�=−0.009�29� for 57La. The �2�Ll� has been cor-
rected for the isotropic contribution �20% of the L� x-ray
peak area as mentioned earlier in this section. The �2�Ll�
value in the case of 57La has been corrected for the observed

anisotropy ��2�L��=0.006�25�� in the L� x-ray emission.
This indicates that the observed emission of the La and
L�2,15 groups of x rays from 56Ba and 57La is nearly isotro-
pic, which are also expected in view of the small ���L���
=0.05 and ���L�2,15��=0.044 values due to opposite signs of
the � coefficients for the unresolved x-ray components in
these groups as mentioned above. The A20 value for the L3
subshell deduced from the �2�Ll� is �0.08�9� and �0.08�11�
in 56Ba and 57La, respectively, which are of the order of the
theoretically predicted value �0.11 �44�.

The present measurements with a special procedure to
minimize systematic errors conclude that emission of the
L�1,2, and L�2,15 fluorescent x-ray groups is observed to be
nearly isotropic. The pure Ll x-ray emission from the L3
subshell exhibits a small anisotropic trend. Further experi-
mental precision needs to be improved to provide data to
verify the theoretical predictions. It is worth mentioning that
the experimental investigations for the high-Z elements re-
ported by different groups �14–18� exhibit contradictory ob-
servations. Two groups �14,15� have claimed strong aniso-
tropy in emission of L3-subshell x rays for elements with
70�Z�92 while other groups have reported that
L3-subshell x-ray emission is isotropic within experimental
error �16� or associated with small anisotropy �17–20�. The
present measurements using a better experimental setup and
procedure �40� clearly support the observations by the latter
groups. Detailed comments on the investigations reporting
unusually large anisotropy have already been included else-
where �16,40�.

B. X-ray fluorescence cross sections

In the present work, the L x-ray emission is observed to
be isotropic and also the differential cross sections have been
measured at 126° emission angle using annular source geom-
etry, where the second-order Legendre polynomial term
P2�cos ���0. The integral L XRF cross sections were de-
duced by multiplying the differential ones by a factor of 4�
and are given in Table II. The percentage error in the mea-
sured cross sections is estimated to be 4%–6% and is attrib-
uted to uncertainties in the different parameters used in Eq.
�1�namely, errors in mass thickness of the target, photopeak
area evaluation ��4% for the Ll x-ray peak and �2% for the
other peaks�, and the attenuation coefficients used to evaluate
� ��4%� and the IoG� factor ��3%�. The error in thickness
of thin targets with Mylar backing is 3%. In the thick targets,
the error in the product, m�, is due to attenuation coeffi-
cients. The cross sections for different elements measured
using thin and thick targets are found to agree within experi-
mental error and their weighted average is given in Table II.

The present measured XRF cross sections are also com-
pared with those calculated using Li-subshell photoionization
cross sections, fluorescence and CK yields, and x-ray emis-
sion rates in the equation

	Lq = 	Li

P�
iFiq, �7�

where 	Li

P� is the total number of vacancies in the Li subshell
including those transferred through CK transitions and is
given by 	Li

P�=	Li

P +� j�i	Lj

P�f ji. The 	Li

P have been taken from
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FIG. 8. The cross section ratio R��� for �a� L�, �b� L2-M4 RRS,
�c� L�2,15, and �d� Ll x rays in the LaF3 target as a function of
P2�cos ��. The ratios in �a�, �b�, and �c� are with respect to the
isotropically emitted Ca K-shell �J= 1

2 � x rays and in �d� are relative
to the L� x rays.
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the tables of Scofield �38�. Fiq is the fractional emission rate
for the Lq x rays among the radiative transitions originating
from the Li subshell. For the L x-ray emission rates, we used
the rates based on the Dirac-Hartree-Slater �DHS� calcula-
tions �46� and the interpolated Dirac-Fock �DF� values by
Campbell and Wang �47�. These sets differ for the F1
 and
F2
 values by 5%–8% for the elements of present interest.

The available data sets of the 
i and f ij values are the re-
cently recommended values by Campbell �10� and those
based on DHS calculations �9�. The 
i �i=1–3� and f12 val-
ues �9� based on the relativistic DHS �RDHS� calculations
have been recommended by Campbell �10� for the elements
of present interest. The recommended values for the f13 and
f23 yields �10� are lower by �30% and �10%, respectively,

TABLE II. Integral Li subshell XRF cross sections in52Te, 53I, 55Cs, 56Ba, and57La.

Element
Fluorescence

transition �subshell�
Transition

energy �keV�

L x-ray fluorescence cross-sections �cm2 /g�

Experimental

Calculated

	Lq

�Campbell-DF�
	Lq

�Campbell-DHS�
	Lq

�Chen-DF�
	Lq

�Barrea�

52Te Ll�L3� 3.231 0.86�5� 0.78 0.795 0.805

L��L3� ,L��L2� 3.766 20.1�9� 20.1 20.3 20.8

L�1,3,4,6�L2 ,L1 ,L1 ,L3� 4.046 13.5�6� 13.5 13.6 13.5

L�2,15,7�L3� ,L
5�L2� 4.302 2.70�12� 2.93 2.73 3.03

L
1�L2� 4.567 1.48�6� 1.55 1.43 1.55

L
2,3�L1� 4.826 0.658�30� 0.653 0.632 0.653

L
4�L1� 4.934 0.051�3� 0.051 0.038 0.051

53I Ll�L3� 3.381 0.93�5� 0.89 0.911 0.920

L��L3� ,L��L2� 3.934 22.0�9� 22.9 23.20 23.7

L�1,3,4,6�L2 ,L1 ,L1 ,L3� 4.236 14.9�6� 15.3 15.453 15.3

L�2,15,7�L3� ,L
5�L2� 4.508 3.33�15� 3.49 3.244 3.61

L
1�L2� 4.793 1.68�7� 1.87 1.757 1.87

L
2,3�L1� 5.059 0.670�30� 0.719 0.697 0.719

L
4�L1� 5.181 0.068�4� 0.075 0.059 0.075

55Cs Ll�L3� 3.686 1.16�5� 1.11 1.12 1.14

L��L3� ,L��L2� 4.283 28.0�12� 28.2 28.5 29.0

L�1,3,4,6�L2 ,L1 ,L1 ,L3� 4.635 18.7�8� 18.5 18.7 18.5

L�2,15,7�L3� ,L
5�L2� 4.934 4.64�20� 4.62 4.37 4.77

L
1�L2� 5.275 2.48�10� 2.48 2.32 2.48

L
2,3,4�L1� 5.666 1.01�5� 0.97 0.92 0.97

56Ba Ll�L3� 3.957 1.16�5� 1.07 1.09 1.08 1.15

L��L3� ,L��L2� 4.464 28.9�11� 28.1 28.4 28.4 30.3

L�1,6�L2 ,L3� 4.832 15.3�6� 14.5 14.7 14.5 16.9

L�2,15,7�L3� 5.156 5.02�20� 4.79 4.48 4.84 5.14

L
1,5�L2� 5.525 2.57�12� 2.60 2.45 2.60 3.03

57La Ll�L3� a 4.123 2.17 1.12 1.14 1.21 1.08

1.44 1.21 1.24 1.22 1.18

L��L3� ,L��L2� a 4.649 52.4 28.8 29.0 28.8 27.8

34.7 31.6 31.9 31.9 30.7

L�1,6�L2,L3� a 5.046 50.9

33.7 15.9 16.1 15.9 16.9

L�2,15,7�L3� a 5.387 9.70 5.39 5.10 5.39 5.19

6.43 5.55 5.23 5.60 5.39

L
1,5�L2� a 5.787 10.4

6.90 2.93 2.79 2.93 3.12

aFor the La L x rays, the experimental cross sections given in the upper row are evaluated at the Mn K�1x-ray energy �5.899 keV�, i.e., using
�I0G�K�1

in Eq. �1� and those in the lower row are evaluated at the Mn K� x-ray energy �assuming that both the K�1 and K�2 x rays ionize
the L2 and L3 subshells�, i.e., using �I0G�K� in Eq. �1�. Theoretical cross sections for the fluorescent transitions in 57La given in the first and
second rows correspond to the Mn K�2 and Mn K�1 x-ray energy, respectively.
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than those based on RDHS calculations �9� and exhibit only
a feeble variation in this atomic region. The sets of values
	Lq �Chen-DF� and 	Lq �Campbell-DF� calculated using the
available data sets of 
i and f ij �9,10� and the DF x-ray
emission rates �47� are listed in Table II. The calculated XRF
cross sections for the elements in the present investigations
are not susceptible to the CK-yield values because of their
small magnitudes. Moreover, the Li-subshell photoionization
cross sections are 	L1

P �	L2

P �	L3

P —e.g., 	L1

P :	L2

P :	L3

P

�2:3 :6—in 55Cs at the Mn K� x-ray energy. The sets of
values, 	Lq �RDHS� and 	Lq �Campbell-DF� exhibit a small
difference even for considerably differing f13 and f23 values.
Another set 	Lq �Campbell-DHS� based on the DHS emis-
sion rates �46� is also included in Table II. The 	Lq
�Campbell-DHS� and 	Lq �Campbell-DF� values agree for
the Ll, L�, L�1, and L�2,15, x rays and differ for the L
1 and
L
2,3 x rays. The measured values of L XRF cross sections in
the 52Te, 53I, 55Cs, and 56Ba elements exhibit good agree-
ment with the 	Lq �Campbell-DF� and 	Lq �Chen-DF�. The
present measurements favor DF x-ray emission rates. In the
case of 56Ba, cross sections calculated using the recently
measured set of the fluorescence and CK yields by Barrea
et al. �2�, 	Lq �Barrea�, are also included in Table II, which
are in general higher than the present measured values. For
deducing the measured L
4 XRF cross section in 52Te and

53I, the available attenuation coefficients �34� have been used
in evaluation of the m� factor �Eq. �3��. Though the L
4
x-ray energy is �7 eV below BL1

, however, measured re-
sults do not evidence any significant deviation from the
available attenuation coefficients due to RRS as discussed in
the subsequent Sec. IV C. The measured L
4 XRF cross sec-
tions in 52Te and 53I agree with the 	L
4 �Campbell-DF� and
	L
4 �Chen-DF� values.

In view of the observed consistency in the comparison of
the measured and calculated cross sections, it was thought
worthwhile to deduce the 
3 values for the52Te, 53I, 55Cs,
and 56Ba elements and the 
2 value in case of the 56Ba
element using the measured cross sections. The 
i �i=2,3�
values were calculated using 
i=�q	LqX /	Li

P�, where the
summation in the numerator is for the present measured Li
subshell �i=2,3� x rays—namely, q=� ,�1 ,
1,5 for the L2
subshell and q= l ,� ,�2,6,7,15 for the L3 subshell. The intense
peaks from different subshells are well separated. The con-
tribution of the weak L x-ray components based on the best
accepted values of parameters �Eq. �7�� were used to evaluate

i. The 
3 values for 52Te, 53I, 55Cs, and 56Ba deduced in the
present work are 0.080�4�, 0.082�4�, 0.098�5�, and 0.107�5�,
respectively, and the 
2 value for 56Ba is 0.108�5�. These
values exhibit good agreement with the RDHS values �9�
recommended by Campbell �10�. Recently, Badiger and
Bonzi �48� have reported widely differing measured 
2
=0.082�5� and 
3=0.063�3� values for the 56Ba element.
The 
i and f ij yields were also reported by Söğüt et al. �49�
and Özdemir �50�, but the analysis procedures involved mas-
sive corrections due to overlapping x-ray components, which
in turn are based on theoretical estimation. The ratio of the
L3-subshell x-ray emission rates for 56Ba deduced from the
present work is 0.176�6�. It agrees with the values based on
DHS �46� and DF �47� calculations, but does not support the

recent value 0.226�17� �12� measured using a wavelength-
dispersive setup. The fluorescence and CK yields recom-
mended by Campbell �10� along with the DF x-ray emission
rates �47� are taken as the best accepted values.

C. Resonant Raman scattering in 57La

It is clear from Figs. 2�a�–2�c� that the L�1 x-ray �origi-
nating from L2 subshell� peak area for the 52Te, 53I, and 55Cs
elements is about half that of the L� x-ray �originating
from L3 subshell� peak as 	L1

P :	L2

P :	L3

P �2:3 :6 and

1 :
2 :
3=1:2 :2 �Table I� and also that the f13 CK yield is
�0.25. In the case of 56Ba, 	L1

P =0 and a similar situation
persists in the spectrum shown in Fig. 2�d�. In the case of

57La, the L�1 x-ray peak is further expected to reduce by
�30%, where the L2 subshell is ionized only by the incident
Mn K�1 x ray. However, the L�1 x-ray peak is observed to
be significantly enhanced in the spectrum of the LaF3 thin
target �Fig. 3�a�� and is almost equal to the L� x-ray peak.
The L
1,5 x ray is the other intense component originating
from the L2 subshell, and it overlaps with the Mn scatter
peak. It is also enhanced when compared to the neighboring
peak corresponding to the L�2,15 x ray originating from the
L3 subshell. A similar enhancement is also observed in the
spectra taken using thick pellet targets of LaF3 �Fig. 3�b��.
The L2- and L3-subshell XRF cross sections were deduced
using Eq. �1� with the incident photon intensity as �I0G�k�1
and �I0G�K�, respectively, and ignoring contributions to the
L3-subshell vacancies due to the L2-L3 CK transitions. The
deduced XRF cross sections are found to be significantly
higher and do not fit in the trend observed for the lower-Z
elements �Table II�. If we assume that the BL2

�La� is less
than the Mn K�2 x ray energy, the deduced cross sections
using the �I0G�K� value still deviate considerably from the
observed trend �Table II�. The available physical parameters
hardly reproduce the observations even if we choose any of
the available sets for the fluorescence and CK yields �9,10�
including the recently measured one by Barrea et al. �39�.

The L�1 x ray originating from the L2 subshell �J= 1
2 � has

isotropic emission. The observed isotropy for the L� x rays
deduced from the spectra taken at different angles �Fig. 9�c��
using the LaF3 target and the 55Fe point source also ruled out
possibility of any unusual anisotropic L x-ray emission
�14,15� or Bragg’s diffraction. The target was checked for
contamination from the K x-ray fluorescence spectra taken
using high-energy 
 rays from 241Am �16� and 57Co radio-
active sources. The L x-ray measurements done using Cr
absorbers of different thickness in conjunction with the 55Fe
source and also the uncovered 55Fe source confirmed the
observations. The LaF3 thin targets used in the present work
were procured from Micromatter on different occasions over
a gap of 10 years, and a few targets were also prepared using
LaF3 procured from Indian Rare Earths Ltd., India. Similar
observations were noticed using thin targets of La2O3 pro-
cured from Indian Rare Earths Ltd. and HIMEDIA Labora-
tories Pvt. Ltd., India �Fig. 3�c��. The L x-ray spectra were
also taken using thin targets of the 52Te, 53I, 55Cs, 56Ba, and

57La elements excited by Cu K� x rays from a Cu-anode
x-ray tube with the Ni foil as selective absorber for the Cu
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K� x ray. The x-ray spectra taken using the BaF2, LaF3, and
La2O3 thin targets shown in Figs. 9�a� and 9�b� exhibit nearly
the same intensity pattern. The intensity of the L�1,3,4 x rays
is observed to be �70% of the L� x rays and remains nearly
constant as a function of atomic number �inset of Fig. 9�a��,
which supports the best available values of the parameters
related to the photoionization and the vacancy decay pro-
cesses. In the case of 57La, 	L1

P� :	L2

P� :	L3

P��2:3 :5 at the Cu
K� x-ray energy. The ratio of the L� x-ray peak to the L�
x-ray peak observed in the La target spectrum taken using
Mn K� x rays is even higher than the value observed using
Cu K x rays, despite �i� the L1-subshell ionization by the Cu
K x rays leading to additional L3-subshell vacancies via the
L1-L3 CK transitions and �ii� the L2 subshell being ionized
only by the Mn K�1 x ray and the L3 subshell being ionized
by both the Mn K�1 and K�2 x rays. The intensity ratios of
the observed L
1,5 and L�1 x rays originating from the L2

subshell and the Ll, L�, and L�2,15 x rays from the L3 sub-
shell measured using 57La thin targets excited by Mn K� x
rays do not differ significantly from the measured values
using lower-Z targets. This observation strategy supports the
reliability of the fractional emission rates and infers at first
sight that the observed enhancement is related to the number
of L2-subshell vacancies. The extra contribution observed in
the L2-subshell x-ray peaks is construed to the L2-subshell
radiative RRS of the Mn K�2 x-ray component �EK�2
=5.888 keV, linewidth=1.50 eV �51�� present in the inci-
dent flux having energy below the BL2

�La�. For the La free
atom, the values of the L2-subshell binding energy �BL2

atom�
and its level width are 5.8906 keV �36� and 3.35 eV �37�,
respectively. The RRS process involves excitation of an
L2-subshell core electron into an intermediate unoccupied
level. This virtual state then decays by the L2-M4 or L2-N4
radiative transition and the nonradiative �Auger or L2-L3 CK�
transitions as schematically shown in Fig. 10. In the decay of
the photoexcited L2-subshell real vacancy in 57La, the major
radiative transitions are L�1 �L2-M4� and L
1 �L2-N4� x rays.
The major nonradiative transitions correspond to
L2M2M2,3,4,5 and L2M4M4,5 Auger transitions, leading to
double vacancies in the M shell, and L2L3Ni �i=1–5� CK
transitions �7�. In the RRS process, by exciting the
L2-subshell electron from the upper energy tail of the Lorent-
zian distribution to above the Fermi level, one scans the den-
sity of unoccupied virtual bound states in the atom. The ra-
diative RRS profile presents a long low-energy tail �inset of
Fig. 10�, which is due to the Lorentzian shape of the L2
subshell involved. The scattered energy spectrum consists of
this tail, modulated with an oscillator strength distribution
for the L2-subshell absorption �dgL2

/dE� and convoluted
with the M4- and N4-subshell electron distributions. At the
low-energy limit, the emitted photon energy approaches zero
and the differential cross section d	 /dE vanishes. The radia-
tive RRS cross sections can be determined using the formu-
lation developed by Tulkki and Åberg �23� within the
Kramers-Heisenberg model. As the valence electrons are
added or removed from an atom, the energy eigenvalues of
the inner-shell electrons change. The formation of chemical
bonding causes migration of the valence electrons among the
participating atoms, thus reducing screening effects and in-
creasing their inner-shell binding energies �28,52,53�. In a
medium-heavy atom, this energy change may be of the order
of a few eV and is roughly the same for the 1s, 2p, 3p, and
4p electrons, which has been manifested as a small change of
�0.1 eV in the K-shell fluorescent x-ray energies. The La
K�1 x-ray transition in La2O3 is lower by 3 meV as com-
pared to that in the La metal �52�, and the Pr K�2, K�1, and
K�2 x-ray transitions observed in PrF3 are lower by
�50 meV as compared to those in the Pr metal �52,53�.

The Lorentzian distributions for the incident Mn K�1 and
K�2 x rays are also shown in Fig. 10. The value of BL2

�La�
in LaF3 is not known, and it is expected to be higher by the
chemical shift ���BL2

�� few eV� as compared to BL2

atom, i.e.,
more toward the Mn K�1 x-ray centroid. If the BL2

�La� in
LaF3 is about 2 eV higher than BL2

atom and becomes equal to
the minima of the sum of the Mn K�1 and K�2 x-ray distri-
butions at 5.8926 keV, about 2% of the Mn K�1 x-ray dis-

FIG. 9. �a� The 56Ba L x-ray spectrum using the BaF2 thin target
and �b� the overlapped spectra of the LaF3 and La2O3 thin targets
excited by the Cu K� x rays from the x-ray tube. �c� The over-
lapped spectra of the LaF3 pellet target excited by the Mn K� x rays
and taken at �=90° and 160° and �d� the overlapped spectra of the
LaF3 and La2O3 thin targets excited by the Mn K�1 x ray from the
55Fe source used in conjunction with a selective absorber of LaF3

and Cr. Inset of �a� shows the intensity ratios of the L x-ray com-
ponents for different elements.
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tribution lies below the BL2
�La� energy and is not available

for photoexcitation. Similarly, about 4% of the Mn K�2 x-ray
distribution lies above the La L2-subshell distribution and is
available for photoexcitation. The two contributions nearly
cancel each other. For further analysis, we shall assume that
the Mn K�1 and K�2 x-ray distributions, respectively, lie
completely above and below the L2-subshell threshold of

57La in LaF3 and contribute to the L2-subshell photoexcita-
tion and RRS processes in La. The Mn K�1 x-ray energy lies
8.40 eV higher than BL2

atom=5.8906 keV for the La free atom.
The L XRF cross section values �Eqs. �1� and �2�� ob-

tained using the available attenuation coefficients �34� in the
case of LaF3 thin and thick targets do not agree. To obtain
the same results from the thick targets, the attenuation coef-
ficients are required to be higher than the available values
�34�. This observation further supports the RRS contribution
to the fluorescent L x-ray spectrum. The available attenuation
coefficients �34� do not include a RRS contribution. To cor-
roborate the large contribution of the RRS in 57La, the total
attenuation coefficient ��K�2

total�La�� for the incident Mn K�2 x
ray was measured for 57La in LaF3. The measurement and
evaluation procedures are given in Appendix C. The attenu-
ation coefficient for the 57La element in the LaF3 target is
deduced to be 1122�45� cm2 /g, a value considerably higher
compared to the theoretical value 486 cm2 /g for 57La at the
Mn K�2 x-ray energy.

The peaks of the L2-M4 and L2-N4,1 radiative RRS of the
Mn K�2 x-ray �5.888 keV� overlap with the corresponding
fluorescent L�1 and L
1,5 x-ray peaks. Although we did not
perform direct measurements on RRS, we extracted the rela-
tive intensities of the radiative RRS by subtracting the con-

tribution of the fluorescence process. The total observed area
under the overlapping qth group of the L2-subshell fluores-
cent x rays and the corresponding RRS peaks can be ex-
pressed as

NL2qX+RRS = m�L2qX+RRS��I0G�K�1
�L2qX

K�1 	L2qX
K�1

+ �I0G�K�2
�L2qRRS

K�2 	L2qRRS
K�2 �
 1

4�
� + N�. �8�

The first and second terms represent the fluorescent and ra-
diative RRS contributions, respectively. N� corresponds to
the contribution of the weak L3-subshell x rays—viz., weak
L�6 x-ray peak—which overlaps with the L�1 x-ray and
L2-M4 RRS peaks. Also, the L
1,5 x rays and the L2-N4,1
RRS peaks overlap with the Mn K� x-ray scatter peak. The
peak-fitting procedure was used to separate the fluorescent
and scatter peaks. The fitting parameters �FWHM and peak
position� of the scatter peak were deduced from the spectra
taken using the Te, PrF3, and NdF3 targets, and the same
parameters were used for fitting the composite peak in the

57La spectrum �inset of Fig. 3�b��. Consistent results for the
L
1,5 x-ray intensity including RRS were obtained from the
spectra taken using the thin and thick targets of LaF3. The
photopeak areas for the L2-subshell x rays excited by the
incident Mn K�1 x-ray components were deduced using the
XRF cross sections evaluated using the best set of available
parameters �Eq. �7�� and �I0G�K�1

value in Eq. �1�. The net
peak area for the L2-M4 and L2-N4,1 radiative RRS �Eq. �8��
corresponding the incident Mn K�2 x ray was obtained by
subtracting this contribution of the fluorescent x rays and has
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FIG. 10. The decay processes associated with the virtual vacancy produced in the L2-subshell RRS. The Lorentzian profiles of the
incident Mn K�2 and K�1 x rays and the La L2 subshell are also shown. Inset shows the radiative RRS profiles.
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been further used to deduce the corresponding radiative RRS
cross sections 	L2qRRS�radiative� at 126°.

The anisotropy in the radiative RRS was also deduced
from angular distribution measurements in the range
90° –160°. The evaluation procedure is given in Appendix
B. The L2-M4 RRS differential cross sections in the angular
range 90° –160° are plotted in Fig. 8�b�. The �2 value de-
duced by fitting the angular-distribution polynomial is
−0.002�28�, which infers that the L2-M4 RRS is isotropic.
The present result is similar to that reported for the K-shell
�J= 1

2 � RRS by Czerwinski et al. �29� and Kodre and Sha-
froth �30�. Therefore, the L2-subshell radiative RRS integral
cross sections 	L2qRRS�radiative� were also deduced from the
differential cross sections measured at 126° angle by multi-
plying by a factor of 4�

The total number of L2-subshell vacancies, �K�2

RRS�La�, cre-
ated in the RRS process was obtained by subtracting the
theoretical value of the attenuation cross section �34� at the
Mn K�2 x-ray energy from the present measured �K�2

total�La�
value. The available attenuation cross section values �34�
include contributions of the photoionization in the L3 sub-
shell and higher shells and the Rayleigh and Compton scat-
tering processes. This value is further used to calculate the
fluorescence yield corresponding to the RRS process,

2�RRS�=�q	L2qRRS�radiative� /�K�2

RRS. The deduced

2�RRS� value is given in Table III.

In the case of 57La, an attempt was made to identify dif-
ferent contributors to the observed L�, �, and L�2,15 x-ray
peaks. The L� ,� x-ray peak was corrected for �7% contri-
bution of the L� x ray and the corresponding L2-M1 radiative
RRS to deduce the L� x-ray peak area. The fractional rates
for the radiative RRS were taken to be the same as for the
fluorescent transitions. The L3-subshell x rays measured us-
ing thick pellet targets were also corrected for additional ex-
citation of �3% by L
1,5 x rays and L2-M4 radiative RRS
photons. Further, the peak areas for the L� and L�2,15 x rays
due to the incident Mn K�1 x ray were calculated using Eq.
�1� and the XRF cross sections based on the best set of avail-
able parameters. This peak area was subtracted from the ob-
served total peak area. The net areas were assigned to exci-
tation by the Mn K�2 x ray. The deduced L� and L�2,15 XRF
cross sections were found to be higher by �35% than the

calculated values. This excess fraction was assigned to the
L3-subshell vacancies resulting from the L2-L3 CK transi-
tions involving the L2-subshell vacancies produced in the
RRS process. Consistent cross section values corresponding
to this extra production of the total L3-subshell x rays were
obtained from the measurements using thin and thick targets
of LaF3. Taking the liberty of using the fluorescence yield

3=0.112 �10� to be the same for the L3-subshell radiative
RRS process, we deduced the total excess vacancies pro-
duced in the L3 subshell corresponding to the assigned L2-L3
CK RRS transitions. Further using the value of the total
L2-subshell RRS cross section, �K�2

RRS�La�, a value of
f23�RRS�=0.20�3� was deduced. This value is found to be
close to the value for the photoexcited L2-subshell vacancies
�Table I�. The ratio of the L2-N4,1 and L2-M4 radiative RRS
cross sections, 0.175�14�, matches the corresponding value
of 0.184 for the DF x-ray emission rates in the case of pho-
toexcited real vacancies �47�. Also, the relative intensities of
the L� and L�2,15 x rays emitted in the decay process of the
L2-subshell vacancies produced in the RRS process agree
with the DF x-ray emission rates �47�.

The fluorescence measurements were also repeated using
thin targets �54 and 120 �g /cm2� and thick pellet of
La2O3. The spectrum taken using the La2O3 thin target is
given in Fig. 3�d� along with spectrum from the LaF3 thin
target after normalizing for the effective La mass thickness in
the target. The composite peak corresponding to the
L2-M4-subshell RRS and the L�1 x ray from the La2O3 target
is found to be smaller than that observed from the LaF3
target. The deduced L2-M4 and L2-N4,1 RRS cross sections in

57La are found to be �30% lower. For the RRS cross section
evaluation in case of La2O3, the Mn K�1 and K�2 x-ray
distributions are also assumed to lie completely above and
below the BL2

�La� energy. The attenuation measurements
were also performed for the Mn K� x rays in La2O3 and the
�K�2

total�La� value was deduced to be 960�44� cm2 /g. The
�K�2

total�La� in La2O3 is found to be lower by �15% than that
deduced from LaF3. The spectra of LaF3 and La2O3 thin
targets taken using the Cu-anode x-ray tube exhibit good
overlap �Fig. 9�b��. The targets were also checked for con-
tamination from the K x-ray fluorescent spectra taken using
high-energy 
 rays from 241Am �16� and 57Co sources. The

TABLE III. Integral Li subshell XRF and radiative RRS cross sections �cm2 /g� and other deduced parameters in 57La.

X-ray
transition

Theoretical L XRF
cross section �Campbell-DF�

at energy of Mn Radiative
RRS

transitiona

Radiative RRS cross
sections measured using

Mn K�2 x ray and target of Parameter
corresponding

to Mn K�2 x ray

Value of parameter deduced
using target

K�1 x ray K�2 x ray LaF3 La2O3 LaF3 La2O3

Ll 1.21 1.12 L3-M1 - - �K�2

total 1122�45� 960�44�
L� 31.6 28.8 L3-M4,5 11.2�16� 7.3�12� �K�2

RRS 636�45� 474�44�
L�1 15.9 L2-M4 65.7�32� 50.2�25� �q	L2qRRS�radiative� 78�4� 60�3�
L�2,15 5.55 5.39 L3-N5,4 2.6�4� 2.2�4� 
2�RRS� 0.122�10� 0.126 �14�
L
1,5 2.93 L2 -N4,1 11.5�7� 8.3�6� f23�RRS� 0.20�3�b 0.19b �3�
aThe RRS transitions corresponding to the intense fluorescent transition are mentioned. The contribution for the weak transitions is included
by using the DF fractional emission rates �47� the same as for the fluorescent transitions.
bEvaluated taking 
3�RRS�=0.112 �10� the same as for the fluorescence process.
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total number of L2-subshell vacancies, �K�2

RRS�La�, created in
the RRS process is also obtained by subtracting the theoret-
ical value of attenuation cross section �34� from the mea-
sured �K�2

total�La� value and is found to be �30% lower than
that obtained using LaF3 . The L2-subshell radiative RRS
cross section �q	L2qRRS�radiative� are also lower by almost
the same fraction. The fluorescence yield corresponding to
the RRS process, 
2�RRS�, for 57La in La2O3 comes out to
be 0.126�14�, which agrees with that obtained using LaF3
�Table III�. The L2-L3 CK yield f23�RRS� and relative inten-
sities of the L2-M4 and L2-N4,1 radiative RRS are also de-
duced and are given in Table III. These values are found to
be consistent with those obtained using the LaF3 target.

The measured value of the attenuation coefficient
�1122 cm2 /g� for the Mn K�2 x ray in the 57La element
determined using the LaF3 absorber is higher by a factor of
more than 2 as compared to the Mn K�1 x ray �486 cm2 /g�
�34�. A photon source of Mn K�1 x rays was obtained using
a selective absorber of LaF3 ��4 mg /cm2� in conjunction
with an 55Fe source equipped with a Cr absorber. This im-
proved the intensity ratio of the Mn K� x-ray components to
IK�1

/ IK�2
�13 from the value �2 using only the Cr absorber.

The spectrum taken using the LaF3 thin target is shown in
Fig. 9�d�. The La L2-subshell x-ray intensity values are found
to approach the expected value. This infers the disappearance
of the additional contribution due to the RRS of the Mn K�2
x rays. The 55Fe source equipped with the LaF3 selective
absorber was also used to measure the attenuation coefficient
for the Mn K�1 x ray in LaF3. The deduced value of the
attenuation coefficient 502 cm2 /g is close to the theoretical
value of 486 cm2 /g �34� corresponding to the Mn K�1 x ray.
Similar observations were made regarding the fluorescent
x-ray spectrum �Fig. 9�d�� and the measured attenuation co-
efficient in the case of 57La using the La2O3 absorber.

In the analysis of the data taken using the LaF3 and La2O3
targets, we took that the Mn K�1 and K�2 x-ray distributions
lie completely above and below the BL2

�La� energy and the
results obtained are reasonably consistent. However, the
value of the binding energy BL2

�La� is not known in these La
compounds. The sharp high-energy cutoff in the RRS spec-
trum is defined by the energy conservation and moves lin-
early toward lower energies with a decrease in the incoming
photon energy �inset of Fig. 10�. More specifically, if �BL2

is
the perturbation in the BL2

binding energy due to chemical
bonding, the maximum RRS energy from an atom bound in a
molecule will be equal to Ein− �BL2

+�BL2
�. The shift to a

lower maximum scattered energy will also result in a de-
crease in the total RRS intensity, since a slice from the RRS
distribution with width equal to �BL2

will not be available.
Using the wavelength-dispersive equipment, both the energy
shift and intensity change can be manifested in the form of
spectrum shape, i.e., d2	 /d�dE �24�. However, using the
energy-dispersive semiconductor detector the information
mainly regarding the integral RRS cross sections is obtained.
It is difficult to observe changes in the line shape or energy
shift using a semiconductor detector �28�. Solid-state detec-
tors with advances in signal processing techniques �54� can
be useful for such kinds of studies. The electrons in the lower
tail below the incident photon energy contribute to RRS and,

a shift in the binding energy is responsible for the observed
difference in the L2-subshell RRS cross sections. In this
simple picture, the integral RRS cross sections were evalu-
ated by taking the product of the slice from the Mn K�2
intensity profile and the number of electrons in the La
L2-subshell distribution below the slice energy. It is esti-
mated that the binding energy of the L2 subshell in 57La in
LaF3 needs to be lower by �1 eV than that in La2O3 to
account for the observed �30% difference in the RRS cross
sections.

Further, we explored the variation of the deduced values
of parameters—viz., the radiative RRS cross sections and
total attenuation coefficients including RRS ��K�2

total� in 57La as
a function of chemical shift ��BL2

�, i.e., the difference in the
L2-subshell binding energy for the 57La element in the
chemical molecule and the free atom. For analysis of the
measured data using the LaF3 and La2O3 compounds, the
IoGK�1

and IoGK�2
values used in Eqs. �8� and �C1� were

taken as the relative intensities of the exciting photons avail-
able for the RRS and fluorescence processes, respectively—
i.e., the K� x-ray photons having energy below and above
the BL2

�La�, respectively. These values were deduced from
the Mn K�1 and K�2 x-ray distributions �Fig. 10� for differ-
ent values of chemical shift, �BL2

, in the range 0–8 eV. Total
attenuation coefficients ��K�2

total� including the RRS contribu-
tions and the total RRS contributions ��K�2

RRS� for the Mn K�2

x-ray and the radiative �
2�RRS�� and CK �f23�RRS�� yields
corresponding to the L2-subshell RRS process in 57La were
evaluated for different values of �BL2

and are plotted in Figs.
11�a� and 11�b�, respectively. The radiative RRS cross sec-
tions decrease slowly as expected because of an increase in
the number of photons below BL2

. The values of 
2 �RRS�
and f23 �RRS� exhibit relatively slower variations as a func-
tion of �BL2

. It is interesting noting that the 
2 �RRS� and
f23 �RRS� yields in 57La are consistent with the values cor-
responding to decay of the photoexcited real vacancies �Figs.
11�a� and 11�b��.

The 57La element has ground-state electronic configura-
tion �Xe�5d16s2 with an unoccupied state of 5d orbit and the
4f and 6p states fully unoccupied. It has electronegativity 1.1
on the Pauling scale. In lanthanum �III� fluoride and dilan-
thanum �III� trioxide, chemical bonding of 57La will influ-
ence its atomic energy levels and the inner-shell electronic
transitions. The electronegativity of 9F with electronic con-
figuration �He�2s22p5 is 3.98 on the Pauling scale, which is
greater than the value of 3.40 in the case of 8O having elec-
tronic configuration �He�2s22p4. The bonding in the case of
LaF3 is more ionic in character than in La2O3. Keeping in
mind the more polymeric nature of the La2O3 structure and
ionic character of LaF3, one expects higher binding energy
for the L2-subshell electron in the free molecule of LaF3 as
compared to that in La2O3. The RRS integral cross sections
based on the simple picture �Fig. 10� should be lower in the
case of a LaF3 free molecule than that of La2O3. The present
contrary observations are possibly related to the band struc-
ture in LaF3 and La2O3 solid compounds. LaF3 is an opti-
cally transparent solid with a hexagonal lattice and a band
gap of �10.3 eV �55�. La2O3 is also well known for its high
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dielectric constant with a band gap of 4.3 eV �56�. Nakai
et al. �25� investigated the resonant emission spectra across
the 39Y L3-absorption threshold in Y-metal and Y-insulator
compounds—namely, YF3, YCl3, and Y2O3. The electronic
configuration of 39Y is �Kr� 4d15s2 and is similar to that of

57La. In the Y-insulator compounds, a Raman-scattering
component consisting of a two-peak structure, the main and
subpeaks differing in energy by a few eV, has been observed
at incident photon energies below the L3-absorption thresh-
old. The intensities of the Raman peaks are resonantly en-
hanced as the incident photon energy reaches the absorption
edge. Above the absorption threshold, both Raman and nor-
mal L� emission peaks have been observed in insulator
samples. At the increasing incident photon energies above
the absorption edge, the intensity of the Raman peak de-
creases and it disappears at about 20 eV above the absorption
peak. On the other hand, in Y metal, only the normal L�
emission peak has been observed above the absorption
threshold. In YF3, YCl3 and Y2O3 compounds, the observed
intensity of the subpeaks relative to the Raman peak de-
creases in this order. This has been explained from the cal-
culations of Mizouchi �35�, which showed the strong depen-
dence of the subpeak intensity on the band structure of the
compound. Mizouchi �35� theoretically discussed relaxation
of the core-electron excitation processes and explained the

radiative RRS, characteristic x-ray, and absorption spectra in
wide-gap insulators by taking a four-band model composed
of dispersionless deep and shallow core bands and valence
and conduction bands. The present radiative RRS measure-
ments in case of La wide-gap insulator compounds using
limited resolution of the semiconductor detector cannot visu-
alize the fine peak structure similar to that observed in Y
compounds by Nakai et al. �25�. The present work is based
on broadband RRS involving Mn K� x rays. In the case of
the LaF3 and La2O3 insulator compounds, the portion of the
Mn K� x rays, especially the K�1 x ray, lies higher by less
than 8.40 eV depending upon the value of chemical shift
��BL2

�. The additional contribution to the Raman peak due
to the Mn K�1 x ray photons above the BL2

�La� energy, and
in the form of Raman subpeaks in LaF3 due to the Mn K�2
x-ray photons having energy below the BL2

�La� energy is
expected to be higher than in La2O3. In order to understand
these mechanisms, one needs further experiments for La
compounds using the wavelength-dispersive setup and tun-
able synchrotron source. It will also be interesting to mea-
sure the La compounds in dissolved form, i.e., by destroying
the valence and conduction bands in the solid-state crystal
structure.

V. CONCLUSION

We studied the decay of Li �i=1–3� subshell vacancies in

52Te, 53I, 55Cs, 56Ba, and 57La elements excited by Mn K�1
and K�2 x rays through measurements of radiative emission
using a modest-resolution energy-dispersive x-ray setup. The
parameters related to decay of the Li-subshell real and virtual
vacancies produced in the fluorescence and RRS processes,
respectively, have been investigated. The fluorescence yields
recommended by Campbell �10� and the DF x-ray emission
rates �47� form the best available set of Li-subshell vacancy
decay parameters. The present measurements are not suscep-
tible to the CK yields. The incident photon energy should be
well above the L1-subshell binding energy for measurements
of the CK yields, where photoionization in the L1 and L2
subshells is dominant �3�, and it should be close to the
Li-subshell binding energies for measurements of the
Li-subshell fluorescence yields. It is found that the
L2-subshell radiative RRS in 57La corresponding to the Mn
K� x rays accounts for the observed higher L2-subshell x-ray
intensity. The radiative decay of the L3-subshell vacancies
produced in intrashell transfer via the L2-L3 CK RRS transi-
tion also leads to enhancement in the L3-subshell x-ray in-
tensity. The RRS and the total attenuation cross sections
measured in 57La using LaF3 and La2O3 targets are found to
differ significantly, which is contrary to the trend expected
on the basis of the chemical state of the 57La element. The
unexpected observed difference in the LaF3- and
La2O3-insulator compounds is likely to be related to the con-
tribution of processes explained on the basis of the four-band
model of Mizouchi �35� involving participation of valence
and conduction bands along with the inner subshells. Param-
eters like fractional emission rates, fluorescence yield, and
CK yield associated with decay of the L2-subshell RRS pro-
cess are also found to be consistent with those associated

FIG. 11. �a� Total attenuation coefficients ��K�2

total�, including RRS
and excluding RRS ��K�2

� �34� contributions, and total RRS con-
tributions ��K�2

RRS� for the Mn K�2 x ray in 57La using the LaF3 and
La2O3 chemical compounds and �b� the radiative �
2�RRS�� and
CK �f23�RRS�� yields corresponding to the L2 subshell RRS process
in 57La as a function of the difference in the L2-subshell binding
energy ��BL2

� of 57La in free-atom form from that in chemical-
molecule form. Horizontal dashed lines in �b� correspond to 
2 and
f23 values for the vacancies produced by photoexcitation.
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with decay of the photoexcited real vacancies in 57La. Fur-
ther measurements are needed at incident photon energies
tuned across the La L2-subshell threshold in a variety of La
compounds using synchrotron sources and wavelength-
dispersive and energy-dispersive detection setups. It is fur-
ther suggested that the existing database used in various soft-
wares �57� needs to be updated in light of the RRS
contributions. The angular dependences of the L2-subshell
RRS and the L3-subshell L�1,2 and L�2,15 fluorescent x-ray
emission have been measured to be nearly isotropic. How-
ever, small anisotropy is indicated in pure Ll x-ray emission
though within experimental error and its magnitude is of the
order of the theoretical prediction. More efforts are required
to improve the experimental error.

The 57La element and Mn K�2 x-ray combination is one
of the best target-radioisotope combinations for investigating
the RRS process. The La L2-subshell RRS has been observed
with intensities comparative to fluorescent x rays using a
less-cumbersome and handy 55Fe radioactive source. The
RRS can be explored for in vivo investigations of different
physical and chemical forms involving 57La whose chemical
compounds, especially at nanosizes, are gaining applications
in industry as well as in research laboratories �55,56�. It cer-
tainly requires precise calibration of the Lorentzian distribu-
tions associated with Mn K�1 and K�2 x rays using a
wavelength-dispersive setup. The 55Fe radioactive source
along with La and Cr selective absorbers for the Mn K�2 and
K� x rays, respectively, offers a monochromatic source of
Mn K�1 x rays.
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APPENDIX A: EFFECT OF GEOMETRICAL ANGULAR
SPREAD ON THE EFFECTIVE THICKNESS OF

THE TARGET

As the photon energies involved in the measurements are
low, it is necessary to verify the effect of angular spread on
the effective thickness of the target �m�� in the present an-
nular source geometrical setup �Fig. 1�. The computer simu-
lations �27,40� were exercised to determine the number of L
x-ray photons, Ñ ��i ,�e�, reaching the detector for different
�i and �e angles. The Ñ ��i ,�e� distribution was corrected for
absorption in the Cr absorber and self-absorption in the
source. The effective thickness values m�Lq ��i ,�e� were cal-
culated using Eq. �3� for different �i and �e angles �Fig. 5�c��,
and their average value �m�Lq�avg was calculated with Ñ
��i ,�e� as the weighing factor. This average value differs by
0.5% from that calculated using the same distribution of �i
but taking �e=0°. The distribution of number of incident
photons, Ñ ��i�, as a function of the effective thickness m�
��i ,�e� for the present geometrical setup is shown in Fig.
5�d�. Also, a difference of �0.5% was noticed in �m�Lq�avg
due to a change in the distribution by using a 10-mg /cm2

Mylar absorber with 55Fe source. Both these corrections
were applied to the m� value for the thick targets calculated
using Eq. �3� by taking the measured effective incident angle
�i=126° and the emission angle �e=0°. The corrected m�
values were used in Eq. �1�. For the angular distribution
setup �Fig. 4�b��, similar simulations were also exercised for
evaluation of effective thickness �m�� of the target �40�.

APPENDIX B: EVALUATION OF THE ANISOTROPY
PARAMETER FOR FLUORESCENT X RAYS AND RRS IN

57La

In the case of 57La, the anisotropy for the L� and L�2,15
fluorescent x rays was inferred from the measured photopeak
area NL3qX, which also includes a small contribution due to
the L2-subshell RRS via the L2-L3 CK decay �Sec. IV C�.
The differential cross sections were evaluated at different
angles using the expression

� d	

d�
����

L3qX

K�1

=
NL3qX

m�L3qX
K�1 ��I0G�K�1

�L3qX�1 + I�
, �B1�

where

I = ��L3qX
K�2 �I0G�K�2
 d	

d�
����

L3qX

K�2 ����L3qX
K�1 �I0G�K�1
 d	

d�
����

L3qX

K�1 � .

The differential cross section ratio

� d	

d�
����

L3qX

K�2 �� d	

d�
����

L3qX

K�1

is angle independent. The Mn K�1 and K�2 x-ray

energies are well above BL3
; therefore, the anisotropy for the

L3q x ray at both excitation energies is expected to be same
�44�.

For the Ll x-ray emission in 57La, where separate mea-
surements were performed without the CaF2 reference target,
the anisotropy is deduced relative to that of the L� x ray.
Again taking the ratio
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� d	

d�
����

Ll

K�2�� d	

d�
����

Ll

K�1

to be angle independent, the ratio of differential cross sec-
tions for the Ll and L� x rays can be expressed as

� d	

d�
����

Ll

K�1

� d	

d�
����

L�

K�1
=

NLl

NL�

�L�
K�1

�Ll
K�1

�1 + ���L�
K�2/�L�

K�1��
�1 + ���Ll

K�2/�Ll
K�1��

, �B2�

where � includes terms that remain constant for the measure-
ments at different emission angles.

The angular distribution data for the L2-subshell RRS in

57La were also analyzed. The L2-M4 radiative RRS peak of
the Mn K�2 x ray overlaps with the peak corresponding to
the L�1 x ray �originating from the L2 subshell �J= 1

2 �� re-
sulting from excitation by the Mn K�1 x ray. The emission of
the L�1 x ray is isotropic. The differential cross sections for
the L2-M4 radiative RRS at different emission angles were
deduced by subtracting the isotropic contribution of the L�1
x ray from the observed composite peak area,
NL�1+L2qRRS—i.e., using the expression

� d	

d�
����

L2RRS

K�2

=
NL�1+L2qRRS − �ms�L�1

K�1��L�1
�I0G�K�1

	L�1

K�1�

ms�L�1

K�2��L�1
�I0G�K�2

,

�B3�

where various symbols have the same meaning as mentioned
earlier and � is the attenuation correction for incident Mn K�
x rays in the CaF2 reference target. The second term consti-
tutes about half of the first term and has only a feeble angular
dependence as similar terms appear in the denominator.

APPENDIX C: MEASUREMENTS OF ATTENUATION
COEFFICIENTS

The total attenuation coefficient ��K�2

total�La�� for the inci-
dent Mn K�2 x ray was measured for 57La in LaF3 using the
geometrical setup shown in Fig. 4�c�. The Mn K�1 and K�2
x-ray peaks cannot be resolved using the LEGe detector and
�K�2

total�La� was deduced from the measured fraction of the
total transmitted intensity, N�K�� /No�K��, for the K� x rays

through LaF3 absorbers of different thickness �1 mg /cm2.
For a LaF3 absorber of thickness m, the expression for
�K�2

total�La� is

�K�2

total�La� = − 
 1

m
�loge� IK�1

IK�2

�
 N�K��
N0�K���

obs


1 +
IK�2

IK�1

�
− exp�− m�K�1

����wLa + wF� − wF�F, �C1�

where 
La and 
F are the weight fractions for the La and F
elements in the target, IK�1

/ IK�2
is the intensity ratio of the

Mn K�1 and K�2 x rays, and a value of 1.9712 was used
after correction for absorption in the source. It is worth men-
tioning that a change of 5% in the IK�1

/ IK�2
ratio results in a

1.4% change in the deduced �K�2

total�La� value. The transmis-
sion of the Mn K� x rays, N�K�� /N0, was measured in the
LaF3 absorber with Mylar backing. The measurements were
performed using the Mn K� and K� x rays measured simul-
taneously from the 55Fe source. The absorption of the Mn
K� x ray was used to verify the thickness of the LaF3 ab-
sorber. The transmitted intensity for the K� x ray was used in
Eq. �C1� to deduce �K�2

total�La� for LaF3. A second set of mea-
surements were performed using the Mn and Fe K� x rays
from the 55Fe and 57Co radioactive sources, respectively. The
emitted K� x rays were selectively absorbed in the Cr and
Mn absorbers used with 55Fe and 57Co radioactive sources.
The transmission for the Fe K� x rays from the 57Co source
were also measured to verify the LaF3 absorber thickness.
The procedure involves sequential measurements for �i� the
intensity of the Mn K� x rays from the 55Fe source with
equivalent of Mylar backing at the absorber position, �ii� the
intensity for the Mn K� x rays with the LaF3 absorber on
Mylar backing, �iii� the intensity for the Fe K� x rays from
the 57Co radioactive source without disturbing the LaF3 ab-
sorber, and �iv� the intensity for the Fe K� x rays with
equivalent of Mylar backing at the absorber position. The
attenuation coefficients deduced for the LaF3 at the Mn K�2
x ray using the two procedures are found to agree within 5%.
The Mn K� and Fe K� x-ray energies are well above the La
L1 subshell threshold and the tabulated attenuation coeffi-
cients �34� are expected to be reliable.
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