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In this work we present theoretical calculations of the resonant Raman scattering contributions to the
background of X-ray fluorescence spectra. The main goal of the paper is to obtain a simple and reliable
procedure to calculate the influence of RRS in spectrochemical analysis by X-ray fluorescence including
second order enhancement processes. In order to perform the calculations, the Shiraiwa and Fujino
model was used to calculate the characteristic intensities of the different atomic processes involved. In
the case of polychromatic excitation over a multi-element sample of proximate atomic numbers, the
calculations show that the contribution of RRS is higher than Compton scattering but lower than
coherent scattering, this last process being the most important source of background in the range of the
fluorescent lines. The calculated effects of enhancements are rather low and have influence only on the
lightest elements of the spectra. On the other hand, the resonant Raman scattering line interferes with
fluorescent peaks in the case of monochromatic excitation when elements of proximate atomic numbers
are analyzed (for example Al-Si). The model proposed here allows the analysis of the different sources
of background, which contribute to a better understanding of the physical processes involved in the

different techniques of XRF analysis. In addition, the calculations presented here can contribute
significantly to a more precise quantification of traces and minor components.

Introduction

X-Ray fluorescence (XRF) analysis is a well established tech-
nique for elemental analysis in a variety of samples. Because it
does not require complex or time-consuming sample preparation
and it is not destructive, XRF is especially suitable for analysis of
solid samples.'™ It is widely used for spectrochemical analysis in
various industries, environmental monitoring, geology, biology,
medical applications, ezc.**

With ordinary XRF setups, in normal conditions, spec-
trochemical analysis at the trace level is difficult to achieve, in
part due to the systematic errors caused by matrix effects. In
XRF the background is caused by interactions of radiation with
matter, mainly by elastic and inelastic scattering of the primary
photons on the sample and substrate.” Background, especially in
the low energy region, is mainly due to Compton backscattering
of high bremsstrahlung photons from the detector crystal.

By using synchrotron radiation, the TXRF technique has been
successfully applied to detect very low concentrations of impu-
rities on Si wafer surfaces with optimum sensitivities.® The study
of light elements (Z < 14) is a new challenge: the K-fluorescent
signals are about a factor of 30 smaller than the ones of the
medium Z elements due to a reduced fluorescence yield, and the
Si fluorescent signal tends to dominate the spectrum. These
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limitations can be overcome with synchrotron radiation since it
offers several advantages over conventional X-ray tubes, e.g.
a high incident flux, low divergence, linear polarization, etc.'®!
These characteristics lead to an increased fluorescent signal while
reducing the elastically scattered background. In addition, higher
fluorescent intensities can be achieved tuning the energy of the
incident photons to a characteristic absorption edge of an
element present in the sample, maximizing the cross-section for
this element.

An interesting example is the determination of Al impurities
on Si wafers. In order to suppress the strong substrate signal,
which dominates the spectrum, the energy of the primary radi-
ation is tuned below the Si K absorption edge. This case repre-
sents a challenge, since the Al K-absorption edge is just 260 eV
below the Si K-edge; however, monochromatic photons provided
by a synchrotron source can be employed to solve the problem.
Unfortunately, there is a significant increase of the background,
starting at about 100 eV below the excitation energy and
extending to lower energies by several hundreds of eV.?

Resonant Raman scattering (RRS) is an inelastic scattering
process that becomes important when the incident radiation
energy approaches from below to an absorption edge.’® This
scattering process worsens detection limits by increasing the
background of the XRF spectra; in particular, it affects the
correct detection and subsequent quantification mainly of minor
and trace elements. In order to determine an accurate achievable
sensitivity, the shape of the background must be considered. The
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Raman peak shape is non-symmetric, showing a Gaussian-like
shape to the high energy side of the peak and a long smooth tail
to the low energy side of the peak. As the incident energy
increases the RRS contribution becomes more important and, at
the resonant conditions, it is dominant.

The Raman effect was first observed by Sparks in 1974 (ref. 14)
and explained theoretically by Bannet and Freund one year
later.*® The theoretical description of the RRS process proceeds
from the Kramers-Heisenber equation in time dependent
perturbation theory:*
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where p; is the momentum of the ;" target electron and A; the
vector potential of the electromagnetic field. e and m are the
charge and mass of the electron and c the speed of light. The 4>
term is responsible for scattering (including diffraction and non-
resonant inelastic scattering), whereas p x A is related to the
absorption processes and resonant scattering. Depending on the
energy and the momentum transfer in the inelastic scattering
process, quite distinct information can be obtained. The RRS
effect appears from the p x 4 term in the Hamiltonian’s inter-
action between the incident photon and the atomic electron.

According to the Kramers-Heisenberg equations, the theo-
retical expression of the differential RRS cross-section for one
electron and one resonant term is:
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where the states |S) and |P) are the one-electron wave functions
for the bound K- and L-shell electrons, I'k is the lifetime of the K
shell, the |k) state represents the conduction electron wave
functions with a Fermi function u,, #; and #, correspond to the
polarization state. When the incident energy is below the
absorption edge, eqn (2) becomes:
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where G(Ey,Es) is an absorption factor, evaluated at £y = Qp —
Qg + Es.

Different types of the RRS process have been experimentally
distinguished, depending on which shell the vacancy is created,
i.e. KL-RRS denotes a vacancy created in the K shell and an L-
shell hole created in the final state. In this way, transitions type
KM-RRS, KN-RRS, and LM-RRS can be considered.

Fig. 1 represents the scattering process when the incident
photon has energy below the K-absorption edge and the K hole is
filled by an electron from the L shell (KL-type scattering). The
incident photon has energy E, lower than the Q energy of the K
edge; the energy of the incident photon is absorbed by a K-shell
electron producing a hole and an electron in the continuum with
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Fig. 1 Schematic representation of a KL resonant Raman scattering
process. The incident photon has energy E, lower than the Qg energy of
the K edge; this photon is absorbed by a K-shell electron producing
a hole and an electron in the continuum with kinetic energy k.. The K
shell vacancy is filled by an electron from the L shell (being Q; the energy
of the L threshold) and a scattered photon is emitted with energy Es.

kinetic energy k.. The K shell vacancy is filled by an electron
from the L shell (being Q1 the energy of the L threshold) and
a scattered photon is emitted with energy Es. Assuming a well
defined energy of the incident photon, the energy conservation
for the scattering process leads to:

Ey—Qp —e=Es+ k. (%)

where e; is the Fermi energy. This equation indicates that
between initial and final states the available energy has to be
shared between the outgoing electron and the emitted photon.

In specific experimental conditions the resonant Raman effect
must be taken into account when samples, constituted by
elements with proximate atomic numbers, are analyzed because
this process affects the determination of low concentration
contaminants. In addition, the experimental values of mass
attenuation coefficients differ from the theoretical values when
materials are analyzed with monochromatic X-ray beams under
resonant conditions. The resonant Raman scattering is in part
responsible for this discrepancy.

In order to study the Raman effect, radiation emitted by X-ray
tubes and synchrotron sources has been employed.'®'” The use of
proton induced monochromatic X-ray beams has also been
reported; these systems were used to make measurements of KL and
KM-RRS cross-sections of several elements from Al to Hf.'>!%1819

KL-RRS cross-sections have been determined for elements such
as Cr, Mn, Fe, Ni, Cu, Zn, and Zr. Besides, KL-RRS cross-sections
were determined as a function of the incident energy employing
theoretical models for the energy distribution of the Raman scat-
tered photons, convoluted with the instrument function.?

In this work we present theoretical calculations of the resonant
Raman scattering contributions to background of X-ray fluo-
rescence spectra. The calculations show that in the case of X-ray
tube excitation the RRS prevails over Compton scattering except
in the low energy region, and Raman enhancements are very
weak, affecting only the lightest elements. Nevertheless, the
Raman contribution becomes important when a monochromatic
source is employed and elements of proximate atomic numbers
are analyzed.

Calculations

The basic procedure to calculate fluorescent intensities was
presented by Sherman in 1955 (ref. 21) and Shiraiwa and

This journal is © The Royal Society of Chemistry 2012

J. Anal. At. Spectrom., 2012, 27, 232-238 | 233



Fujino in 1966.2 Corrections to these equations were proposed
later by Li-Xing in 1984 (ref. 23) and Fernandez and Rubio in
1989.%

In those works, several assumptions, approximations and
considerations were made, regarding the geometry of the X-ray
beam and sample, physical constants and parameters, etc. The
same assumptions are applied in this work.

Unlike fluorescent processes and coherent or Compton scat-
tering, the Raman scattering presents a scattered energy distri-
bution for a given incident energy; therefore the emission factor
for Raman interactions can be expressed as:
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This expression derives from eqn (4). The factor H®(E) was
defined in ref. 20. It takes into account the absorption and
emission efficiency of the scattered photons and depends on the
element and on the energy of the incident photons.

The emission factors for fluorescence, coherent and Compton
scattering are

szp(E) = waipJ ipﬁ‘p‘fi(E),

O(E) = >_,Co(E)
and
Q(E) = Y ,Cio)(E)

respectively. The notation regarding the emission factors, the
equations, and Fig. 2 and 3 is shown in Table 1.

In the present calculations K,, and Kg lines will be considered,
enhancements effects (second order interactions) will be calcu-
lated and the intrinsic resolution of the detection system will be
taken into account. In this way, the obtained results will reflect
the main characteristics of XRF spectra. On the other hand,
infrared divergence of the Compton scattering® and brems-
strahlung processes will be neglected since they contribute to the
low energy range of the spectrum, which is in general out of the
region of the elements of interest.

The same approach used in the papers of ref. 21-24 will be
used in this work. Thus, the attenuations and interaction
processes of the photons inside the sample (for both the incident
and the emerging beams) are considered (Fig. 2). The primary
intensities for element i are obtained through the following
equation:

Enmax
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where x stands for fluorescent (f), coherent (c), incoherent (i) or
Raman (r) interactions respectively; in the case of fluorescent
interactions, K, and Kg lines must be considered separately.

In order to obtain an expression that reproduces similar
spectra to those obtained with a spectrometer with a real detec-
tion system, eqn (3) must be convoluted with the detector
function:
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Fig. 2 Schematic of incident and emerging beams for first-order inter-
actions. I is the intensity of the incident beam and 'I* is the intensity
emitted by element 7 after an x-type process (1 stands for primary inter-
action). #; and 6, are the incident and takeoff angles, respectively,
measured from the normal to the sample surface.
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Consequently, the primary intensity for element 7 is then
expressed as:
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being E' the energy of the photons emitted by element i as a result
of the process x.

Second order effects are studied considering the geometrical
arrangement given in Fig. 3. From the analysis of beam trajec-
tories, interactions and attenuations, and after partial volumetric
integrations, a general expression for the enhancement intensity
of each interaction is obtained:

v A L(E)Q(E, ) (E” E)
; J ( ) E)
011
{MS(E) n { E" )cos 91}
cos 0,
S [ e JE 00
Iy(E)

I E)

S v

) Sample

o 6

Fig. 3 Schematic of incident, internal and emerging beams for second-
order interactions. Iy is the intensity of the incident beam, 'I* is the
intensity of internal beam emitted by element i after an x-type process
(" stands for primary interaction) and /¥ is the intensity emitted by
element 7 after a y-type process induced by an x-type process (* stands for
second-order interaction). 6, and 6, are the incident and takeoff angles,
respectively, measured from the normal to the sample surface.
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Table 1 Notation of the equations described in the text

Symbol  Definition

HR(E) Normalization factor for Raman scattering®

Rz Concentration of element /i multiplied by its fluorescent yield

Qx;, Q1; Binding energies for the 7 line of the K and L edge respectively

er Fermi energy

E Energy of the incident beam

A Solid angle subtended by the detector

Iy Intensity of the incident beam

Eax Maximum energy of the incident X-ray beam

T{E) Mass photoabsorption coefficient of element 7 at energy £

ai(E), Total coherent (c) and incoherent (i) scattering cross-sections

a(E) for element j at energy E

uAE) Mass attenuation coefficients of element 7 at energy £

us(E) Mass attenuation coefficients of the sample defined as: uy(E)
= Eici,ui(E)

Qf,,(E) Fluorescent emission factor of the sample for line p of element
i

O(F), Coherent (c) and incoherent (i) scattering emission factor of

QI(E) the sample

Wiy Fluorescence yield of element i, line p

Jip Absorption edge jump for line p of element i

fip Emission probability of line p, element i

C; Concentration of element i in the sample

G Geometrical factor given by G = cos 6,/cos 6,

01,6 Incident and takeoff angles measured from the normal to the
sample surface

0 Intrinsic resolution of the detection system

i Intensity emitted by element i after an x-type process; “1”
stands for primary interaction

2y Intensity emitted by element 7 after a y-type process induced

by an x-type process; “2” stands for second-order interaction

where x,y stand for fluorescent (f), coherent (c), incoherent (i) or
Raman (r) interactions respectively. This expression represents
the intensity of photons emitted after a y process excited by the
photons emitted after an x process inside the sample. £ is the
energy of the photons emitted by element i as a result of the x
process and E is the energy of the photons emitted by the y
process. Again, K, and Kjg fluorescent emissions are
considered.

Finally, after convolution with the resolution function, the
following expression is obtained:

X ~
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being £ and E" defined in eqn (10).

It must be taken into account that due to all the possible
interactions, there are sixteen second order processes, according
to all x,y combinations among fluorescent, coherent and

incoherent scattering and Raman interactions, including self-
interactions.

Calculations were performed using MathCAD 13.2¢ Integra-
tions were accomplished by a Newton procedure for numerical
integration and not using the internal routine of MathCAD in
order to avoid divergences during calculations. Mass attenuation
coefficients were taken from Hubbell and Seltzer,?” emission
probabilities were obtained from Scofield*®* and Khan and
Karimi,*® fluorescence yields were taken from the compilation of
Hubbell ef al.,** and the energies of the emission and absorption
lines were those compiled by Bearden,*? Birks,** and Bearden and
Burr.3* For the convolutions with the detector function, a typical
Si(Li) solid-state detector was considered with a resolution of 145
eV for the Mn Ka line.

As a first stage, a sample irradiated by a continuum spectrum
emitted from a Mo X-ray tube at 45 kV was considered. It was
represented mathematically according to the procedure
described in ref. 35 using typical parameters of X-ray tubes used
in spectroscopy. The analyzed sample consisted of a multi-
elemental target with 15% Mn, 1% Fe, 6% Ni, 53% Cu and 25%
Zn, which represents the composition of a typical standard
bronze.

The next stage consisted of calculations performed with
monochromatic incident radiation. The sample under consider-
ation was Al impurities on Si due to the important role of this
material on TXRF as a reflector substrate.**!! The contribution
of the Raman scattering must be identified for a proper analysis.
The considered specimen consisted of a Si (99.95%) sample
contaminated with 0.05% of Al. The energy of excitation for
calculations was 1739 eV, which is above the Al absorption edge
and below the Si absorption edge.

Finally, we carried out calculations for two additional binary
samples. These samples were studied because of the relevance of
their applications and the importance of the enhancements
effects. On one hand, a binary alloy of Fe with traces of Mn was
studied because of its importance in the stainless steels industries.
On the other hand a pure sample of Ti with V traces was analyzed
due to the current relevance in medical applications. The
concentrations under analysis were Mn (0.01%) and Fe (99.99%)
and a sample of Ti (99%) contaminated with V (1%). The inci-
dent spectrum of a Mo X-ray tube at 45 keV was considered
because this source of photons is the most common device used
during the analysis of these kinds of alloys.

Results and discussion

Fig. 4 shows the result of the calculations for the bronze sample
irradiated by a Mo X-ray tube. The fluorescent line intensities,
and the total contributions (first and second order) of incoherent,
coherent, and Raman scattering are showed. According to these
results, coherent scattering prevails over the other types of
scattering, the resonant Raman scattering presents a more
important contribution than the Compton background in almost
all the spectrum (except in the very high energy region), and
especially under the elements-of-interest area.

Fig. 5 shows the calculated background due to all scattering
interactions and only due to Raman scattering. This figure
indicates that Raman scattering contributes to the background
only in the low energy zone, far away from the range of the
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Fig. 4 Results of calculations for fluorescent lines (solid line), coherent
(dashed line), incoherent (dashed-dotted line) and Raman scattering
(dotted line). It was considered a multi-elemental target (typical bronze)
irradiated by a continuum spectrum emitted from a Mo X-ray tube at
45 kV.

elements-of-interest that compose the sample; nevertheless at
lower energy levels other artifacts like infrared divergence of the
Compton scattering or bremsstrahlung processes would compete
with these typical sources of background.

Fig. 6 shows the result of the calculations for the Al-Si sample
irradiated with monochromatic radiation. As can be seen, the
most important contribution is from the coherent scattering
process; however, the Raman contribution turns out to be
considerable since it is located at the left of the scattering peak
(corresponding to lower energies), resulting in a final contribu-
tion with an asymmetric shape. Then the Al fluorescent peak is
affected, as it is shown in Fig. 7.

The low-energy side of the shape of the Raman peak affects the
Al fluorescent peak and its contribution must be considered
during quantification. In order to evaluate the influence of the
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Fig.5 Calculated total background (black line) and due only to Raman
scattering (dotted line). It was considered a multi-elemental target
(typical bronze) irradiated by a continuum spectrum emitted from a Mo
X-ray tube at 45 kV.
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Fig. 6 Total background (solid line) calculated considering the contri-
butions from Raman scattering (dotted line), coherent scattering (dashed
line) and incoherent scattering (dashed-dotted line). The sample consisted
of a Si (99.95%) substrate contaminated with 0.05% of Al. The mono-
chromatic energy of excitation was 1739 eV.

Raman contribution, a quantitative calculus procedure, using
the AXIL package®” and based on fundamental parameters, was
performed. The considered specimen was specified above and the
calculated intensities were used for quantification (as theoretical
calculations of intensities are employed, the experimental
constant is not present and no standards are required). The
concentration obtained by the fundamental parameter method?*®
for Al if the Raman scattering is not taken into consideration is
0.32%, that is six times higher than its real value (0.05%). This
comparison cannot be performed under experimental conditions
because it is impossible to discriminate the Raman scattering
from the total background. These results point out the impor-
tance of taking into account all the atomic interactions for
a proper quantification with the fundamental parameter method.
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Fig. 7 Calculated measured spectrum (solid line) calculated with total
fluorescence (dotted line) and total background (dashed line). Raman
scattering contribution is also shown (dashed-dotted line). The sample
consisted of a Si (99.95%) substrate contaminated with 0.05% of Al. The
monochromatic energy of excitation was 1739 eV.
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Fig. 8 Results of calculations for primary fluorescence (dark grey),
Raman scattering (dotted line), coherent scattering (dashed line),
enhancement (secondary fluorescence) (light gray line) and total spec-
trum (black line) for the binary alloy of Fe with traces of Mn. An incident
spectrum of a Mo X-ray tube at 45 keV was considered.

TiKa Ti (0.01)-V(0.99)
- - - Primary Fluorescence
—— Total Raman
Secondary Fluorescence
1E-7 4
1E-8 4
VKB
';: 1E-94
S, S
Z 1E-10 N
@ \
c
I \
£ 1E-114 Y
\
\
1E-12 \
\
1E-13 4 \
‘\
1E-14 T T T — 1
3,5 4,0 4,5 5,0 55 6,0

Energy [keV]

Fig. 9 Results of calculations for primary fluorescence (dashed line),
Raman scattering (black line) and secondary fluorescence (light gray line)
for a sample of Ti with V traces. An incident spectrum of a Mo X-ray
tube at 45 keV was considered.

On the other hand, it should be pointed out that the example
considered above is a very special case where Raman scattering is
quite significant. Nevertheless, nowadays monochromatic
synchrotron radiation is used almost everyday to measure trace
elements and Raman effects become more frequent and
significant.

Fig. 8 shows the different sources of background (only
coherent and Raman) and the fluorescent lines for the Mn-Fe
alloy. As can be seen, the Raman contribution under the Mn
peak (5.9 keV) is higher than the coherent background and one
order of magnitude higher than the secondary fluorescent emis-
sions. In addition, in the low energy region, the contribution of
the Raman scattering from Fe turns out to be critical since it is
located under the Mn fluorescent peak, resulting in a final
contribution with an asymmetric shape and a spurious peak at
5.65 keV.

The contribution of Raman scattering to the background of
the Ti-V alloy is shown in Fig. 9. As can be observed, the Raman

contribution from V affects the Ti fluorescent peak and its
contribution must be considered during quantification in order
to obtain accurate and reliable results.

It is interesting to note that in all cases showed above, the
contribution of the Raman scattering to the background is higher
than the enhancement effects (secondary fluorescence), which
means that realistic algorithms for quantification should take
into account Raman scattering at least as much as enhancements.

These results show that in specific experimental conditions the
resonant Raman scattering must be taken into account when
samples, constituted by elements with proximate atomic
numbers, are analyzed because this process affects the determi-
nation of low concentration contaminants. In addition, the
experimental values of mass attenuation coefficients differ from
the theoretical values when materials are analyzed with mono-
chromatic X-ray beams under resonant conditions. These results
indicate that resonant Raman scattering is responsible for this
discrepancy.

Conclusions

A simple and reliable procedure was presented to calculate the
resonant Raman scattering contributions to the X-ray fluores-
cence spectra. It was applied to both polychromatic and mono-
chromatic radiation exciting typical samples in spectrochemical
studies. The used algorithm includes second order interactions
which can be evaluated and quantified for each sample under
consideration. To the authors knowledge this was not reported
previously.

According to the obtained results, the Raman scattering does
not significantly contribute to the XRF spectra when excitation is
performed with polychromatic radiation, as is the case of X-ray
tubes. Neither the enhancement effects suffered by fluorescent
radiation nor the influence of the scattering background have
a significant influence on the quantification in the spec-
trochemical analysis of the sample. Only appreciable effects
would be observed in the lightest elements present in the spec-
imen or when the sample is composed of elements with proximate
atomic numbers.

On the other hand, the resonant Raman scattering contributes
to the background in X-ray spectrochemical analysis when
monochromatic radiation is used to excite elements with proxi-
mate atomic numbers. The presence of Raman background
reduces detection limits and interferes with fluorescent peaks.

More resonant Raman scattering cross-sections have to be
investigated and quantified in order to be included in the calcu-
lations of total attenuation of X-rays in matter. It is very
important to understand the behavior of this scattering process
and to quantify its occurrence probability.

With the assistance of the present algorithm, further calcula-
tions (in diverse excitation conditions) with monochromatic
incident radiation and different constitutive elements will reveal
the Raman scattering contribution to the XRF spectra in
a variety of experimental situations.

The algorithm presented in this work could be improved with
the incorporation of other secondary interactions affecting the
low energy range, like infrared divergence and bremsstrahlung
processes. The future addition of these effects to the algorithm
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will account for the analysis of low-Z elements in the low energy
range.
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