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4.2. X-RAYS

4.2.3. X-ray absorption spectra (by D. C. Creagh)
4.2.3.1. Introduction
4.2.3.1.1. Definitions

This section deals with the manner in which the photon
scattering and absorption cross sections of an atom varies with
the energy of the incident photon. Further information concern-
ing these cross sections and tables of the X-ray attenuation
coefficients are given in Section 4.2.4. Information concerning
the anomalous-dispersion corrections is given in Section 4.2.6.

When a highly collimated beam of monoenergetic photons
passes through a medium of thickness ¢, it suffers a decrease in
intensity according to the relation

I = Iexp(—ut), 4.2.3.1)

where p, is the linear attenuation coefficient. Most tabulations
express f, in c.g.s. units, u, having the units cm™~!.

An alternative, often more convenient, way of expressing the
decrease in intensity involves the measurement of the mass per
unit area m, of the specimen rather than the specimen thickness,
in which case equation (4.2.3.1) takes the form

1= Lexpl—(u/p)m,. (4.23.2)

where p is the density of the material and (u/p) is the mass
absorption coefficient. The linear attenuation coefficient of a
medium comprising atoms of different types is related to the
mass absorption coefficients by

= p 32 &1/ P)i (42.3.3)
where g; is the mass fraction of the atoms of the ith species for
which the mass absorption coefficient is (1/p);. The summation
extends over all the atoms comprising the medium. For a crystal
having a unit-cell volume of V_,

1
My :VZ%

where o; is the photon scattering and absorption cross section. If
o; is expressed in terms of barns/atom then V, must be expressed
in terms of A® and , is in cm™!. (1 barn = 1072 m?.)

The mass attenuation coefficient wu/p is related to the total
photon-atom scattering cross section ¢ according to

(4.2.3.4)

" (cm?/g) = (N /M)o (e’ fatom)
= (N,/M) x 107*o (barns/atom), (4.2.3.5)

where N, = Avogadro’s  number = 6.0221367 (36) x 10
atoms/gram atom (Cohen & Taylor, 1987) and M = atomic
weight relative to M(*C) = 12.0000.

4.2.3.1.2. Variation of X-ray attenuation coefficients with
photon energy

When a photon interacts with an atom, a number of different
absorption and scattering processes may occur. For an isolated
atom at photon energies of less than 100keV (the limit of most
conventional X-ray generators), contributions to the total cross
section come from the photo-effect, coherent (Rayleigh)
scattering, and incoherent (Compton) scattering.

(4.2.3.6)

0 = 0, +0g +0c.

The relation between the photo-effect absorption cross section

o, and the X-ray anomalous-dispersion corrections will be

discussed in Section 4.2.6.

The magnitudes of these scattering cross sections depend on
the type of atom involved in the interactions and on the energy of
the photon with which it interacts. In Fig. 4.2.3.1, the theoretical
cross sections for the interaction of photons with a carbon atom
are given. Values of o, are from calculations by Schofield
(1973), and those for Rayleigh and Compton scattering are from
tabulations by Hubbell & @verbg (1979) and Hubbell (1969),
respectively. Note the sharp discontinuities that occur in the
otherwise smooth curves. These correspond to photon energies
that correspond to the energies of the K and L; L;; Ly shells of
the carbon energies. Notice also that o, is the dominant
interaction cross section, and that the Rayleigh scattering cross
section remains relatively constant for a broad range of photon
energies, whilst the Compton scattering peaks at a particular
photon energy (~ 100keV). Other interaction mechanisms exist
[e.g. Delbriick (Papatzacos & Mort, 1975; Alvarez, Crawford &
Stevenson, 1958), pair production, nuclear Thompson], but
these do not become significant interaction processes for photon
energies less than 1MeV. This section will not address the
interaction of photons with atoms for which the photon energy
exceeds 100keV.

4.2.3.1.3. Normal attenuation, XAFS, and XANES

The curves shown in Fig. 4.2.3.1 are the result of theoretical
calculations of the interactions of an isolated atom with a single
photon. Experiments are not usually performed on isolated
atoms, however. When experiments are performed on ensembles
of atoms, a number of points of difference emerge between the
experimental data and the theoretical calculations. These effects
arise because the presence of atoms in proximity with one
another can influence the scattering process. In short: the total
attenuation coefficient of the system is not the sum of all the
individual attenuation coefficients of the atoms that comprise the
system.

Perhaps the most obvious manifestation of this occurs when
the photon energy is close to an absorption edge of an atom.
In Fig. 4.2.3.2, the mass attenuation of several germanium
compounds is plotted as a function of photon energy. The
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Fig. 4.2.3.1. Theoretical cross sections for photon interactions with
carbon showing the contributions of photoelectric, elastic (Rayleigh),
inelastic (Compton), and pair-production cross sections to the total
cross sections. Also shown are the experimental data (open circles).
From Gerstenberg & Hubbell (1982).
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