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a b s t r a c t

X-ray scattering may contribute significantly to the spectral background of X-ray fluorescence (XRF)
spectra. Based on metrological measurements carried out with a scanning electron microscope (SEM)
having attached a well characterised X-ray source (polychromatic X-ray tube) and a calibrated energy
dispersive X-ray spectrometer (EDS) the accuracy of a physical model for X-ray scattering is systemati-
cally evaluated for representative samples. The knowledge of the X-ray spectrometer efficiency, but also
of the spectrometer response functions makes it possible to define a physical spectral background of XRF
spectra. Background subtraction relying on purely mathematical procedures is state-of-the-art. The
results produced by the analytical model are at least as reliable as those obtained by Monte-Carlo simu-
lations, even without considering the very challenging contribution of multiple scattering. Special atten-
tion has been paid to Compton broadening. Relevant applications of the implementation of the analytical
model presented in this paper are the prediction of the limits of detection for particular cases or the
determination of the transmission of X-ray polycapillary lenses.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

X-ray fluorescence (XRF) is a well established analytical method
for determining element concentrations in solid samples for main,
secondary and trace elements. Sustained by the ongoing develop-
ment of personal computers processing speed and memory capac-
ity, the new evaluation of relatively old physical models describing
the interaction of X-ray photons with matter seems to be worth-
while for a systematic reconsideration. In addition to this, metro-
logical measurements performed with modern calibrated
instrumentation can be related to. Reference-free XRF quantifica-
tion – obviously very attractive for most XRF users – contains
many sources of uncertainties, which are unfortunately known
by the fewest users. One of the main information which enters
the quantification routines is the net areas of the fluorescence
peaks. They result after appropriate subtraction of the spectral
background, which is determined by both the X-ray spectrometer
and X-ray scattering in the sample. Extensive work has been in-
vested in the last decade in the calibration of energy-dispersive
spectrometers (EDS). Calibration procedures are nowadays avail-
able at synchrotron facilities and even in a conventional laboratory
for X-ray spectrometry.

The aim of the present paper is to implement the physical mod-
els and data existing in the literature on X-ray scattering and,
based on a calibrated X-ray spectrometer, to calculate a physical
background of the XRF spectra. It must be noted that the excitation
related to in this paper is a polychromatic, unpolarised one coming
from a commercial side-window X-ray tube. The conventional way
of background subtraction in XRF spectra is purely mathematical
and for many applications not realistic. Even the consideration of
empirical backgrounds, based on measurements on similar matri-
ces, has not become prevalent for the community.

The alternative to the possibilities described above is offered by
the Monte-Carlo simulations. In spite of the fact that they describe
rather realistically the scattering processes taking place in the
sample, the existing Monte-Carlo software packages cannot be
appropriately used by most users (portability, installation, help/
guidance etc.).

We compare XRF spectra calculated by physically modelling the
X-ray scattering background to metrological measurements per-
formed in our laboratory on representative sample matrices, and
relate these to Monte-Carlo simulations as well.

2. Experimental

In order to check the accuracy of the X-ray scattering model
implemented as described later in this work metrological
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measurements based on calibrated instrumentation have been
performed. The base instrument is a scanning electron microscope
(SEM) Zeiss Supra™40 having attached an EDS system NSS with a
Si(Li) detector (Thermo Fisher Scientific) and a low-power micro-
focus X-ray source of type iMOXS (IFG – Institute for Scientific
Instruments), so that micro-focus XRF can be performed with a
SEM [1,2], see Fig. 1a. The EDS is calibrated up to 60 keV by using
synchrotron radiation from the electron storage ring BESSY II. Both
detector efficiency and spectrometer response functions are hence
well-known [3–6]. The solid angle encompassed by the ED detector
was also carefully measured by calibrated apertures [7] and the
references therein.

Polychromatic excitation with a micro-focus X-ray source in
conjunction with a SEM has been possible since just a few years.
By accurate knowledge of the X-ray tube and of the polycapillary
X-ray optic, the excitation spectrum being emitted from the X-
ray source can be calculated [2]. The X-ray tube anode used was
Rhodium with a 25� inclination and an 8 lm Beryllium side-win-
dow at 0� elevation angle relative to the Rh target surface. For all
the measurements performed in this work, excitations at 40 kV
and 700 lA, and 20 kV and 400 lA have been applied. Measure-
ments with a calibrated double collimator, but also with the X-
ray polycapillary optic have been carried out. The polycapillary op-
tic has been taken into account into the excitation spectrum by its
transmission, which was carefully determined by means of a pro-
cedure described elsewhere [8]. The thickness of the Beryllium
window placed in the front of the X-ray polycapillary optic was
12.5 lm.

It must be noted that the overall scattering geometry resulting
from using the micro-focus X-ray source and the EDS at the ports
available at the SEM has yielded a high scatter angle (h) of 155�
(see Fig. 1a). Since the scattering effects corresponding to this
geometry are quite pronounced in the X-ray scatter spectra, this
was rather beneficial for the purpose of testing and validation
the model and simulations discussed here.

The materials selected as scattering body have been pure refer-
ence materials such as PMMA, glassy carbon and SiO2 of low atom-
ic number, and pure aluminium and copper as representative for
materials of mid atomic number. Materials of higher atomic num-
ber have not been considered in this study, since X-ray scattering,
even for our selected extreme conditions, becomes analytically
insignificant.

3. Theory

Scattering of X-rays by electrons can occur without energy loss,
i.e. elastically, or with energy loss, i.e. inelastically. Similar to fluo-
rescence, the intensities of the elastic (Rayleigh), IRa, and inelastic
(Compton), ICo, X-rays scattered by a scattering body (of density

q and thickness d) when irradiated with incident X-rays of inten-
sity I0ðEÞ can be calculated according to equations [9]:
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X=4p is the solid angle subtended by the detector; MAC is the mass
attenuation coefficient (in cm2/g) and MSCRa,Co = rRa,Co�NA/A is the
mass scattering coefficient (in cm2/g, taken from [10]); rRa,Co are
the atomic Rayleigh and Compton scatter cross sections (in cm2/
atom), NA is the Avogadro number and A is the atomic weight; W1

and W2 are the incidence and the emergence angles (relative to
the sample surface), see Fig. 1b. The excitation X-ray spectrum
I0ðEÞ dealt with in this paper is the X-ray spectrum emitted by an
X-ray tube, which is calculated in [photons�nA�1 s�1�msr�1�eV�1]
according to [2].

In the case of semi-infinite specimen thickness, the term in the
curly brackets reduces to one. The energy loss accompanying the
Compton scattering, i.e. the so-called Compton shift, can be calcu-
lated from the energy and momentum conservation laws and re-
sults in a shift of the Compton scatter spectrum to lower energies:

E0 ¼ E
1þ E

mec2 ð1� cos hÞ
; ð3Þ

where h is the scattering angle. The nonlinearity of the Compton
shift with the energy for two representative scatter angles is visual-
ised in Fig. 2.

Note that Eqs. 1 and 2 describe a single scattering event in the
scattering body, attenuation of the incident radiation and attenua-
tion of the scattered radiation in the scattering body on its way to-
ward the detector. As a consequence of this formulation of the
problem, multiple scattering events are not considered in this
model. The implications of this will be discussed in Section 6.

Because X-ray scattering takes place anisotropically, differential
cross sections for Rayleigh and Compton scattering must be con-
sidered for a realistic model [11]:
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dX
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Fig. 1a. Photograph of the experimental setup, highlighting the scattering geom-
etry. The geometry arises from the port configuration of the SEM, yielding the
scattering angle h = 155�.
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Fig. 1b. Schematic detailing the angles w1, w2 and h as geometrical determinants
for the calculation of the scattered intensities IRa and ICo in Eqs. 1 and 2.
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