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Previous calculations of inner shell cross sections used in quantitative microanalysis
Abstract.
have neglected transitions to discrete states that appear in spectra as white lines. White line are
especially prominent in L23 edges from 1st and 2nd row transition elements and M45 edges in rare
earth elements. These discrete features can make a substantial contribution to the integrated cross
section, especially for small energy windows less than 50 eV In this paper we present results for 2p-3d
transitions for 1st and 2nd row transition elements and 3d-4f transitions for rare earth elements, using
Dirac Slater wave functions. The effects of different ionisation states are examined and the results
2014

compared to experiment.

Introduction.

Quantitative electron energy loss spectroscopy involves comparing integrated edge intensities
with appropriate cross sections, which can either be derived from measurements on standards
or calculated from theory [1]. The calculated cross sections consider ejection of the inner shell
electron to free electron continuum states and both hydrogenic [2] and Hartree-Slater [3, 4] wave
functions have been used to describe the electron wave functions. The transitions to continuum
states give rise to the slowly varying edge shape on which fine structures are superimposed. Solid
state effects, which give fine structure, are neglected and, if a sufficiently large energy window
is chosen it appears that they change the integrated cross section by less than 5% [5]. In some
cases, such as L23 edges in transition metals and M45 edges in rare earth elements, sharp lines
appear at the threshold [6]. In an atomic picture these are due to transitions to empty bound
d like states for the L edges and empty f states for the M edges of the rare earths. These are
neglected in the oscillator strength calculations involving continuum states, though Egerton has
attempted an empirical correction in the SIGMAL program [1]. These discrete transitions make
a substantial contribution to the integrated intensity especially for small energy windows of less
than 50 eV The components of the white lines do not follow the statistical ratio expected from
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the initial state occupation and, when studied at high energy resolution, show a rich fine structure.
This has been successfully explained using atomic multiplet theory, sometimes with extra terms
in the Hamiltonian for crystal field effects [7-11]. The intensity in the white lines has also been
related to the number of empty d states in intermetallic alloys by Pearson et aL [12]. They used
the ratio of the white lines to the continuum intensity as a measure of the strength of the white
line component and compared this to calculations. However they did not present results on the
absolute oscillator strength of the white lines.
In this paper we are concerned with only the total intensity in the white lines and not the fine
details of the white line structure or the redistribution of intensity between the two components.
Oscillator strengths for 2p-3d transitions have been published by Manson and Kennedy [13] and
Scofield [14]. We present tables of oscillator strengths not only for 2p-3d transitions for lst row
transition elements, but also for 2p-4d transitions for 2nd row transition elements and 3d-4f transitions for rare earth elements. These can be used to generate integrated cross sections under
the dipole approximation, which can then be added to cross sections for transitions to continuum states. We shall also compare ratios of white line intensities to the integrated continuum
contribution using experimental spectra.

Theory.
The differential cross section in the first Born
state|n1|&#x3E; and final state 03B5l’is given by

approximation

for transitions between initial

/ (1 - v2/cz)

is the relativistic correction and ao is the Bohr
where q is the wave vector, -y = 1
radius. This expression can be rewritten in terms of the Generalised Oscillator Strength as

where the Generalised Oscillator

where

Eni

Strength df(E, q)/dE is defined as

is the energy of the excitation and R denotes a

Rydberg.

The square of the matrix elements can be expressed in terms of matrix elements
radial integrals.

involving only

where the square brackets denote Wigner 3j symbols and j03BB(qr) are spherical Bessel functions.
For the white lines only dipole transitions in which l’ = 1 + 1 need be considered. The optical
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oscillator strength can then be used which is the limit of
differential cross section becomes

equation (3)

as

q tends to zero. The

where the expansion of the Wigner 3 j coefficient has been used for 03BB = 1. To be consistent with
earlier calculations the oscillator strengths in equation (5) were evaluated using wavefunctions
generated from the Dirac Slater program of Libermann et aL [15]. Calculations were also performed for ionised atoms.

Table I.

a) OsciHator Strengths for 2p-3ti transitions in lst row transition
Strengths for 2p-3d transitions in 1 st row transition ions.
-

elements.

b)

Oscillator

Results and discussion.

The oscillator strengths for the 2p-3d excitation in the lst row transition elements are given in
tables la and Ib for neutral and ionised atoms respectively. All oscillator strengths are per electron
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Fig.

1.

-

Oscillator strengths for the lst

row

transition elements 2p-3d transition.

Table II. - Comparison of cross sections for white lines and continuum for 3d transitions elements,
assuming 120 kV, 5.9 mrad collection semi-angle and 100 eV integration window.

and should be multiplied by the number of electrons in the shell to obtain an oscillator strength per
atom. For comparison with other data it might be necessary to divide by 13.6, the Rydberg unit of
energy in eV The oscillator strength for neutral atoms increases with atomic number as depicted
in figure 1. This is because the d electron wave function becomes more compact with increasing
atomic number and the matrix element increases in magnitude. For elements lighter than Mn
the oscillator strength in the ionised atom can be 60% greater than the oscillator strength in the
neutral atom, which leads to a constant oscillator strength of about 0.2 across the period. We also
calculated the cross sections for excitation to continuum states for the experimental conditions
used by Hofer and Golub [16]. In their measurements the accelerating voltage was 120 kV, the
collection semi angle was 5.9 mrad and an integration window of 100 eV was used. The continuum
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Fig.

2. 2013 Ratio of the white line to continuum

Table III.

-

Oscillator Strengths

intensity for the

lst

row

transition elements

L23 excitation.

for 2p-4d transitions in 2nd row transition elements and ions.

section decreases across the period, due to the energy denominator in equation (2), while
the white line cross section slightly increases. The cross section for the white lines and that for
the continuum is given in table II and the ratio of white line to continuum intensity is plotted in
figure 2. This ratio increases from about 4 % for scandium to nearly 10 % for nickel. If the white
line cross sections for ionised atoms were used, then the ratio of white line to continuum cross
section would be 6-7 % rather than 4 % for the lighter elements. These calculated ratios are in
agreement with the estimates of Auerhammer et al. [17] using the experimental data of Hofer and
Golub [16].
The oscillator strengths for the 2p-4d transitions in the 2nd row transition elements are given
in table III and plotted as figure 3. Again the neutral atom oscillator strengths show a steady
increase with atomic number and the ionised atom oscillator strengths are greater than the values for neutral atoms, sometimes by as much as 70 % to 80 %. A spectrum generated from the
white line oscillator strength for Nb and the appropriate continuum oscillator strengths published
previously is shown as figure 4. The calculation is compared with the expérimental result of Ahn
cross
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3.
Oscillator strengths for the 2nd row transition elements
neutral atoms and the circles denote ionised atoms.

Fig.

-

Fig. 4.
with the

-

Calculated

2p-4d

excitation. The squares denote

spectrum for Nb L3 line for 120 kV, 15 mrad collection angle (dotted line) compared

experimental result of

Ahn and Krivanek

(solid line).

and Krivanek shown in the EELS atlas [18] and there is good agreement between calculated and
expérimental spectra, indicating that the continuum and bound state calculations are in the right

proportion.
The oscillator strengths for the 3d-4f transitions in the rare earth elements for both neutral
and ionised atoms are given in table IV and plotted as figure 5. Although the variation across the
period is less than for the L23 excitations, there is again a tendency for the oscillator strength for
the lighter ionised atoms to be greater than the corresponding oscillator strength for the neutral
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Table IV. - Oscillator Strengths

for 3d-4f transitions in rare earffi elements and ions.

Fig. 5. Oscillator strengths for the rare earth 3d-4f excitation. The open squares
the filled circles are for ionised atoms.
-

are

for neutral atoms,

strengths are given in table V The experimental conditions of Hofer [19] were assumed, which were the same as the conditions for the
measurement of the L23 cross sections mentioned above. The ratio of the white line to continuum
intensity is also plotted as figure 6 and shows a steady increase across the period from about 10 %
to almost 25 %. Again, if ionised white line cross sections were used, the ratio for elements such

atoms. Cross sections calculated from these oscillator
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Table V. - Comparison of cross sections for white lines and ’continuum for rare earth elements,
suming 120 kV, 5.9 mrad collection semi-angle and 100 eV integration window.

Fig.

6.

-

Ratio of the white line to continuum

intensity for the rare earth M45 excitation.

as-
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cerium and praesodynium would be closer to 15 %. The trend in the calculated ratios is the
that given by Auerhammer et aL [17] who used the experimental data of Hofer [19] and
the EELS atlas, though the Auerhammer et aL give a higher estimate of the white line/continuum
ratio.
as

same as

Conclusions.

presented oscillator strengths for the 2p-3d transitions in the lst row transition ele2p-4d transitions in the 2nd row transitions elements and the 3d-4f transitions in the

We have

ments, the

earths. These can be used to calculate cross sections for the white line component of the
transition metal L23 edges and the rare earth M45 edges.
The oscillator strengths for ionised elements are greater than the neutral atom oscillator strengths, particularly for elements at the beginning of the period. The tabulated oscillator strengths
have also been used to calculate the proportion of spectral intensity in the white lines as compared to a 100 eV window in the continuum, assuming a collection semi-angle of 5..9 mrads and à
accelerating voltage of 120 kV The white line accounts for up to 10 % of the intensity in the first
row transition elements and up to 25 % of the intensity in the M45 edges in the rare earths. These
findings are in agreement with the estimates of Auerhammer et al. [17] from the experimental
data of Hofer [16, 19].
rare
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