Chapter 1

XRF-Basics

Abstract This chapter describes the main interactions of X-rays with matter and
how these can be used for the characterization of material. Such interactions are
absorption, emission of fluorescence (or secondary) radiation, refraction, scattering
and diffraction. This discussion will be limited because there are several papers
and even monographs which describe these interactions very detailed. An overview of the main components of an X-ray spectrometer with their expected
functionality is provided at the end of the chapter.

1.1 Introduction
X-Ray fluorescence is now an established analytical method for the examination of
the elemental composition of bulk material and also for the characterization of
coating systems. It covers a broad range of elements and can handle a widespread
weight fraction range from traces to pure elements. The physical form of analyzed
samples ranges from solid sample to powders or particles and also liquids. The
measured sample itself is not influenced by the measurement procedure i.e. the
analysis within the measuring system is non-destructive and the samples can be
archived for further investigations.
However, the analyzed material often has to be ‘destructively’ prepared by
cutting, grinding, deformation or polishing in case of the analysis of large sample
areas to get homogeneous samples which then represents the material that has to
be characterized or to get a sample that fits into the sample holder of the instrument. But very often not the composition of the homogenized material is of
interest but rather the investigation of the inhomogeneous composition of products.
And this should be possible by a non-destructive analysis. This analytical task can
be solved by micro-X-ray fluorescence.
l-XRF had a strong development in the last 10–15 years. The high interest in
this method for position sensitive elemental analysis can be understood because of
the increasing demands for analysis of composites of diverse materials with
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differing composition. These inhomogeneous materials cause macroscopic properties like mechanic, electric, magnetic, optic properties etc. which define the
function of final products. Consequently, considerable effort is spent for the
characterization of basic products and the improvement of manufacturing technologies but also the final products needs to be correctly analyzed—both for the
warranty of their functionality or for failure analysis. If the primary products very
often can be prepared in a homogeneous form this is not possible for final
products.
Another reason for the requirement to analyze a small sample area can be the
shape of final products. If they are not flat or have a shape which cannot be
positioned in the sample chamber of an instrument, a section of the item needs to
be taken for a measurement, necessitating damage of the product.
These requirements are very well managed by l-XRF. Their excitation of small
sample areas allows the analysis of inhomogeneous samples—both of special
sample areas but also the distribution of elements in one or two dimensions i.e.
over lines or areas, and for special samples even for a 3-dimensional element
distribution. And this analytical performance is available even with an easy sample
handling and a simple sample preparation.
For that purpose the excitation radiation has to be concentrated to a small
sample area which then has to give sufficient signal intensity. The mentioned
expeditious development of this method in the last years was mainly initiated by
the availability of X-ray optics that allow the efficient excitation of small sample
areas to give a sufficient fluorescence intensity for a satisfying signal.
The excitation of a small sample area requires primary optics between source
and sample that shapes the beam. There are different X-ray optics available which
have beam shaping functions but mostly they also influence the spectral distribution of the beam. The selection of the best X-ray optic for a certain application
therefore is very important.
Other requirements arise from the correct sample positioning. If non-homogeneous or, in particular, non-regular shaped samples has to be analyzed it is
necessary that the area or interest can be easily and correctly positioned. For very
small analyzed sample areas it is even necessary to control this position, for
example, with a magnified sample view. Also the detection of X-ray fluorescence
has to be considered—high acceptance angle, good energy resolution and high
count rates are required.
The first experiments for spatial resolved X-ray fluorescence were performed on
synchrotrons [1, 2]. Their high primary intensity could be used in connection with
small collimators [3–7] to generate small beam diameters which could be used for
the excitation of fluorescence radiation. By using X-ray optics the excitation
intensity could be even increased combined with a reduction of spot size i.e. the
analytical performance could be improved [8–14]. The excitation of X-ray fluorescence by X-ray tubes is used for a long time. At the beginning the analyzed
areas were large to get sufficient excitation intensity, in particular by the wavelength dispersive spectrometers which were available only at that time [15–18].
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The excitation of small sample areas was realized at the beginning only with
collimators [19–26]. But this was limiting the excitation intensity even in case of
using high power X-ray tubes with rotating anodes [27] which was restricting also
the analytical performance. Smaller spots with higher intensities could be realized
with X-Ray optics only. The properties of capillaries for the propagation of
X-Rays were investigated already in the 1970s [28, 29]. With the availability of
X-ray optics, in particular of capillary optics also smaller spots was possible and
then l-XRF could be performed also with laboratory instruments. The first
instruments were prepared with mono-capillaries [30–34]. In this case the spot size
could be already very small, down into the 5 lm range [34, 35] but the measured
intensities was also very low. The availability of poly-capillary optics then offers
the combination of small spots—at the beginning down to 40–50 lm—with high
excitation intensity which allows the use of this technique also for laboratory
instrumentation [36–42].
New components for l-XRF methods as well as new applications often are
tested at first on synchrotron sources and only then they are transferred to laboratory instruments. This is valid for the introduction of X-ray optics but also for
other technologies, quantification methods and a wide range of applications. Also
nowadays synchrotrons are used for more sophisticated investigations, for example
with higher spatial resolution or flexible excitation conditions. But their limited
availability and high effort for the examination requires also the availability of
laboratory instruments for the general daily use.
Therefore this book concentrates only on the description of laboratory instruments because meanwhile they are available in a lot of laboratories and with
different instrumental concepts—both as prototypes in research laboratories but
also as commercially available instruments. This enables their use nowadays for a
wide range of different applications.
A more detailed discussion of l-XRF with synchrotron radiation and a comparison of differences in analytical performance will follow in 6.1.1.

1.2 Interaction of X-rays with Matter Used for Material
Characterization
Already a short time after the discovery of X-rays there was several attempts to use
this form of radiation for the characterization of material.
The short wavelengths of this radiation which is in the range of the atomic
distances in solid and liquid material and the high penetration into material offers
different possibilities for the examination of material. There are different interactions of X-rays with material that can be used—absorption, scattering or diffraction, refraction and emission [for example 43–48]. These interactions are
schematically displayed in Fig. 1.1.
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Fig. 1.1 Interactions of X-rays

1.2.1 Absorption
If X-rays incident into material with atomic number Z they interact with the
material and will be attenuated. This interaction is described by the mass
absorption l. The mass absorption is the sum of absorption and scattering which
are described by s and r, respectively. The contribution of scattering to attenuation
is relatively small that means
l¼sþr

can be written as

ls

ð1:1Þ

The absorption can be described by the Lambert-Beer-law. That means the
intensity of the incident radiation will be decreased. The absorption depends on the
mass attenuation coefficient l, the density of the material q and the thickness of the
material t.
I ¼ Io exp ðl  q  tÞ

ð1:2Þ

with
Io primary intensity
l mass attenuation coefficient as function of energy
q density of the absorbing material
t
thickness of the absorbing layer
The mass attenuation coefficient depends on the radiation energy i.e. l = l (E). If
the material is composed of different elements the mass attenuation coefficient can
be calculated as the average
lcompound ¼

X

wi li

ð1:3Þ
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with
wi mass fraction of element i
li mass absorption coefficient of element i
This interaction was the first which was seen by Roentgen itself. The image of his
hand with a ring is well known. X-ray absorption is often used for medical
applications. X-rays penetrate for example the human body but will be different
absorbed in the bones and tissue. This allows the generation of images of the bones
and the different tissues, particularly when materials of heavy elements that are
injected into the blood’s circulation system or into the alimentary tract cause
greater contrast between the differing tissues and organs.
But very soon this interaction was also used for the analysis of inorganic
materials. The first target was a 2-dimensional imaging of the material for the
investigation of its internal structure, for example, the identification of inclusions
like blow holes or cracks in metals. If the X-ray source is a point source it is even
possible to adjust the image size by changing of the distances between X-ray
source, sample and detector. Then the image can be magnified which simplifies the
image post-processing.
But then, with the availability of more computing power it was also possible to
generate 3-dimensional images due to the collection of absorption images in different directions and their reconstruction to a complete model of a specimen—this
is called X-ray tomography. Tomography can be performed for large bodies like
technical design elements by using tube voltages in the range up to 350 kV. It can
be done for the human body with tube voltages in the range up to 150 kV but also
for small grains, particles or films with tube voltages in the range up to 80 kV. The
reconstruction generates a 3-dimensional model of the investigated material with
possibilities to prepare cross sections in different directions or semi-transparent
models to show all interesting details.
For all these absorption applications the energy of X-rays has to be adapted to
the size of the analyzed sample and to their matrix to have a sufficient dynamic
range of the signal. The energy of the X-rays needs to be large enough to penetrate
the sample that should be analyzed but there should be also a sufficient absorption
that a change of the signal can be detected.
One of the latest applications of X-ray absorption is a real X-ray microscopy
[49–53]. In that case the sample is illuminated with X-rays and the absorbed
radiation will be magnified by using X-ray optics with a similar beam path as in
optical microscopes. Typically Fresnel-lenses are used for that purpose. They can
magnify the image of the examined sample. The magnification depends on the
structure of the Fresnel-lenses—in particular from the dimensions of the outer ring
of the optic. So far the spatial resolution is limited to the range of approx. 20 nm.
Due to the high absorption this technique can be used in the moment only for light
materials like organic materials.
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Fig. 1.2 Dependence of the
energy of characteristic
radiation from atomic number

1.2.2 Emission of Fluorescence Radiation
The absorption process of X-rays in matter can generate phonons i.e. enhance the
oscillations of the lattice or they excite atoms by the emission of a photo-electron.
Due to the high energy of the incident X-ray this electron can come even from the
inner shells of the atom. If the vacancy in this shell is filled up by outer electrons
the atom is going into the ground state and energy can be emitted as electromagnetic radiation. This radiation has typically energies in the range of X-rays.
This process is called X-ray fluorescence because it can be excited by radiation or
it can be called also emission of characteristic radiation because their energies are
characteristic for the involved atom [54–59, 60]. Moseley [61, 62] found in 1913
that there is a relation between the energy of characteristic radiation E and the
atomic number Z of the emitting atom which is called now Moseley’s law:
E ¼ C1  ðZ C2 Þ2

ð1:4Þ

with:C1, C2 constants which depends on the involved electron shells.
This relation is presented in Fig. 1.2. It shows the energy of characteristic
radiation in dependence of atomic number Z for all X-ray series (K, L and M).
The intensity of emitted radiation depends on the intensity of excitation radiation and the absorption of the material i.e. the mass attenuation coefficient l. But
this describes only the generation of a vacancy in an inner electron shell. This
vacancy has to be filled from an outer electron which is described by its transition
probability p which is different for the various transitions. The energy difference
between the binding energy of the two electron shells Ediff = Evacancy – Eouter of
this transition can be emitted directly by an X-ray which is the characteristic
radiation.
Another possibility is the emission of an Auger-electron [63]. In that case the
energy Ediff is transferred within the atom to an outer electron which left the atom
with the energy EAuger = Ediff – Ebinding. Because only one process for the
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Fig. 1.3 Fluorescence yield
in dependence of energy

energy emission is possible, the probability for their sum needs to be unit i.e.
pAuger + pX-ray = 1. The probability for an X-ray emission is called fluorescence
yield x and depends on energy and the electron transition as shown in Fig. 1.3.
The emission of characteristic X-rays can be used for the determination of
elemental composition of samples but also for the analysis of coating systems
according to their thickness and composition.
In addition to the characterisitic radiation with discrete energies there is also a
continuous radiation in the energy range of X-rays. This is called bremsstrahlung
according to its generation process (for a more detailed decription see 2.1.1). This
possibility of X-ray fluorescence was used already very early for elemental
analysis. The first instruments were built in the 30th of the last century for the
analysis of homogeneous samples [64, 65]. Typical applications were in metallurgy and in mining.
The special advantage of X-ray fluorescence is the good repeatability and
reproducibility i.e. their high precision. The high precision is result of the small
contribution of statistical errors caused by the high count rate. Another benefit is
the wide range of weight fractions that can be covered with XRF.
These exceptionally useful aspects of XRF mean it is now used in countless
laboratories for a large variety of applications. Several generations of X-ray
fluorescence spectrometers have been developed and used. Nowadays there are
different types of X-ray spectrometers available which can be used for different
analytical tasks:
• The detection of fluorescence radiation allows on the lowest level the determination of the elements that have emitted this radiation i.e. a qualitative
analysis.
• The peak intensity of every peak depends on the amount of atoms of this
element in the analyzed volume. This allows the calculation of the weight
fractions of existing elements. The weight fraction range covered by XRF
depends on the used method but can be very large—up to 6 orders of magnitude.
It depends also on the examined element. Very light elements cannot be analyzed due to the very low energy of their characteristic radiation.
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• Accuracy requirements are also different—it ranges from the control of levels of
weight fractions to their accurate determination with the help of references or
even with bracketing procedures.
• The sample quality can vary from liquids to powders and solid samples, also the
analysis of material streams are possible.
• In case of layer systems the peak intensity depends on the layer thickness. For
the analysis of layer systems further knowledge about the structure of the layer
system is necessary.

1.2.3 Refraction
The refraction index n in the energy range of X-rays can be written as:
n ¼1 dþ ib

ð1:5Þ

with
d deviation from 1 (approx. 10-6–10-7)
b absorption coefficient
This shows the refraction index for X-rays is for all materials very close to 1. It
depends mainly on the density. Therefore differences between refraction indices
for X-rays in different materials are very small and their refraction is negligible.
Further it can be seen that all refraction indices are negative. That means the very
small refraction is in direction of the higher density and according to Snellius’s
law total reflection happens for X-rays only for very small incident angles and
materials with higher density.
X-ray refraction is not used for material characterization but for X-ray optics
refraction is an important process which can be used for beam shaping (see
Sect. 2.2.3).

1.2.4 Scattering
X-rays are scattered on electrons. This scattering can be described by the classical
electromagnetic theory as well as with the particle model for the X-ray photon.
Both descriptions give different behaviors of the scattered X-rays.
The electromagnetic theory describes an elastic scattering i.e. without a loss of
energy of the scattered X-ray [66, 67]. This scattering is also called coherent or
Rayleigh-scattering. For randomly distributed directions of the electromagnetic
field of the X-rays the scattering can be described by the Rayleigh formulae:
 2 2
1
e
Iscat ¼ I0 2
ð1 þ cos2 0Þ
ð1:6Þ
r m0 c2
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Fig. 1.4 Dependence of
Rayleigh-scattering intensity
from the scattering angle

with
IScat
I0
r
e
m0
0

scattered intensity
primary intensity
distance to the observation point
charge of an electron
mass of an electron
scatter angle

This formula shows no change of energy but a dependence from the scatter angle.
In Fig. 1.4 this dependence is displayed in polar-coordinates i.e. the scatter
intensity is presented as the distance from the point of origin (incident point of the
radiation) in every direction.
For scattering angles H close to 0 or 180 i.e. in forward or backward direction
the scattered intensities is high but for scattering with angles close to 90 i.e.
scattering perpendicular to the incident beam the scattered intensity has a
minimum.
By using the corpuscular image for the description of the scattering the X-ray
photon hits an electron. Due to that hit the photon transfers energy and momentum
to the electron. For that process both energy and momentum conservation is valid.
Therefore the energy loss of the photon depends on the on its scatter angle.
Because the scattered photon has lost energy it is called inelastic scattering or also
incoherent or Compton-scattering [68]. Due to the loss of energy the wavelength
of the photon is increased. The wavelength of the scattered radiation kscatt can be
described as follows:
kscatt ¼ k0 þ kC  ð1  cos0Þ
with
kc = h/mc
m
k0
0

ð1:7Þ

Compton wavelength
mass of the scattering particle, here an electron
wavelength of the incident photon
scatter angle

For an energy dispersive spectrometer it is easier to calculate the change of energy
which can be written as:
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Fig. 1.5 Dependence of the
Compton-shift from the
scattering angle

EScatt ¼

E0
1 þ mc1 2  ð1  cos 0Þ

ð1:8Þ

with:
E0 energy of incident radiation.
This formula shows that the energy loss of the photons depends on the energy of
the incident photon and on the scattering angle. The dependence of the energy
change E0 – Escatt on the scattering angle is displayed in Fig. 1.5—again in polarcoordinates i.e. the energy change is displayed as the distance from the origin in
every scatter direction. It shows that for scatter angles close to 0 i.e. if the photons
don’t hit the electron there is no loss of photon energy. For small scattering angles
only a small fraction of the photon energy is transferred to the electron. The largest
energy loss happens in case of a direct hit of the photon with the electron i.e. for a
scattering angle close to 180. Then a large fraction of the photon energy is
transferred to the electron and the Compton shift has a large value.
This behavior is demonstrated in Fig. 1.6 which shows the scattered tube
radiation on a Plexiglas sample (PMMA) for two scatter angles in backward
direction. The blue spectrum had an angle between tube and detector of 78 i.e. a
scatter angle of 102, for the red spectrum the scatter angle is 128.
The spectra show that both elastic and inelastic scattering are responsible for
the spectral background. The elastic scattered fluorescence radiation of the tube
(Rh) can be seen in the spectrum as narrow peaks both for K- and L-radiation. The
large peak in front of the Rh-K-line is the Compton-scattered K-line. This
Compton-peak is less shifted towards lower energies for the smaller scattering
angle (blue spectrum). But this dependence is valid not only for the fluorescence
radiation of the tube but also for their bremsstrahlung. This can be seen by a
comparison of the slope of the bremsstrahlung—also this shows a larger shift for
the larger scatter angle. Further the energy dependence of the Compton shift can be
seen—for the Rh-Ka line at 20.2 keV it is smaller than for the Rh-Kb-line at
22.8 keV.
The Rh-L-radiation is not Compton scattered because the energy is too small
and the scattering probability is reduced (see Fig. 1.8).
That these shifts are only valid for scattered radiation can be seen on the Zr-peak
which is excited on the detector collimator and is therefore not Compton shifted.
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Fig. 1.6 Scattered tube spectra with scatter angles of 102 (blue) and 128 (red)

Fig. 1.7 Compton-Rayleigh
ratio in dependence of
average atomic number of the
matrix

The inelastic scattered Compton-peak has a significant larger FWHM which is a
result of the movement of the scattering electrons which causes a Dopplerbroadening of the scattered peak [67].
The scattering intensities of the elastic and the inelastic scattering depend on
the matrix, in particular on the average atomic number of the matrix. Whereas the
elastic scattering is widely independent of the matrix the inelastic scattering
depends on the matrix. The relation between the intensities of Rayleigh and
Compton scattering in dependence of the average atomic number of the sample is
shown displayed in Fig. 1.7. It can be seen that the inelastic scattering for light
matrices has a larger intensity and drops down for increasing atomic numbers. This
relation can be used for the determination of the average atomic number of the
matrix or of the fraction of dark matrix in a sample [69].
Absorption and scattering attenuate X-rays if they penetrate material. Their
contributions can be described by their cross sections. As an example the cross
sections for the different attenuation processes for Silicon in dependence of energy
are displayed in Fig. 1.8.
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Fig. 1.8 Different
contributions to X-ray cross
section of Si

For the energy range that is interesting for X-ray spectroscopy i.e. from 1 to
40 keV absorption is dominating. For low energies the Rayleigh scattering is 3
orders of magnitude smaller than absorption but Compton scattering even 5 orders
of magnitude. For higher energies—at approximately 30 keV the scattering cross
section are comparable and at approximately 60 keV they have an even higher
probability than absorption.
Scattered X-rays are also used for material characterization. So it is possible to use
the scattering at small angles for the determination of short range order structures.

1.2.5 Diffraction
Immediately after the discovery of X-rays scientists starts to examine this new type
of radiation. Laue and co-workers found 1912 that X-rays are scattered on crystals
[70]. This could be interpreted as an interference of scattered X-rays on the
periodically structure of the crystal. Further investigations of this scattering
behavior brought father and son Bragg the cognition of their scattering law [71]:
n  k ¼ 2d  sin #

ð1:9Þ
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Fig. 1.9 Explanation of the
Bragg law

Table 1.1 Use of Bragg’slaw for material investigation

Method

Fixed

Measured

Calculated

XRD
WDX
ED-XRD

k or E
d
0

0
0
E

d
k
d

with
k wavelength of the scattered radiation
d d-spacing of the scattering lattice
0 scatter angle
This relation can be understood from Fig. 1.9. The incident radiation is coherent
scattered on the electrons of the lattice atoms. The scattered waves of the different
atoms interfere and can amplify or annihilate each other in dependence of their
path length differences. If the path length is a multiple n of the wavelength k
the overlapping of the waves generates high intensity reflections at the scatter
angle 0.
This diffraction of X-rays finally explained the nature of X-rays but opened also
the possibility for investigations of the structure of material [72–76].
The Bragg-relation offers different possibilities for material investigation. It has
three parameters. If one of them is fixed and another is measured, the third one can
be calculated. The different possibilities for using that relation for material analysis
are summarized in Table 1.1.
With XRD it is possible to examine the symmetry of single crystals and explain
their structure and it is possible to study the structure of powders and polycrystalline materials to understand their mechanical behavior [73–75]. With EDXRD it is possible to look for individual diffraction peaks and control fast changes
of their intensity due to structural changes and with WDX the spectroscopic
investigation of spectra is possible allowing, for example, the analysis of characteristic radiation of material and in this way the determination of its elemental
composition.
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1.3 General Design of X-ray Spectrometers
All X-ray spectrometers have a similar design with the same main components.
The intended analytical task defines the use of the different components and their
requested parameters. A general design with the main components is presented in
Fig. 1.10.
The following main components are required:
• Excitation source
In laboratory instruments the excitation is performed mostly with an X-ray tube.
But also the excitation with radioactive sources in transportable instruments or
with synchrotrons for highly sophisticated investigations is common. Direct
excitation with electrons is mostly used in electron microscopes.
• Primary optic
Primary optics are used to change the energy distribution of the radiation or
perform a beam shaping. Changes of the energy distribution are possible with
filters, secondary targets or monochromators, the shape of the excitation beam can
be influenced by collimators or X-ray optics. Often with X-ray optics both shape
and energy distribution of the beam are influenced.
• Sample positioning system
The sample needs to be positioned in the beam. For spectrometers that analyze
large sample areas this is often only a sample cup that will be positioned with a
sample tray. For position-sensitive analysis manual or motorized sample positioning in X and Y is possible. Then the sample position often is controlled by an
optical microscope.
• Secondary optic
The secondary optic can be very complex. It can be required as a beam shaper
which improves resolution or peak-to-background ratio but it can be also a dispersive optic that is used as (variable) monochromator.
• Detector
The detector measures the photons coming from the sample. For a WDX instrument the detector needs only to count the photons because the dispersion is performed in the secondary optic. In the case of energy dispersive detectors the
detector makes the dispersion as well as counting. Therefore there are different
detectors that have also different counting behaviors.
Additional to the mentioned components some further components are required for
a complete spectrometer—X-rays are ionizing radiation and can damage the
human tissue, therefore the complete spectrometer should be shielded against
accidental radiation of the environment, in particular of humans. Further the different component settings need to be operated and the data acquisition needs to be
controlled. For that purpose nowadays, all instruments are operated by processors.
Often the measurement has to be performed in a special medium: vacuum, He or
air which has to be supplied by pump, flushing systems etc. All these components
are important for the analytical performance but don’t are main components of the
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Fig. 1.10 Scheme of the
main components of an X-ray
spectrometer

instrument. Last, but not least, the acquired data has to be evaluated. This requires
often complex calculations. Also for that purpose microprocessors are used.
The main components can be very different. Their parameters determine the
performance of the spectrometer and their design depends on the analytical task.
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