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  1.  ABSTRACT 
 
In this work we present the way we perform high-resolution wavelength-dispersive X-ray 
spectrometry in the ultra-soft X-ray range.  For this purpose, we use a reflection zone plate 
spectrometer working, as a variable line spacing grating spectrometer, in the 40 - 110 eV spectral 
range.  We show that the shape of the emission bands can be reproduced by simulation of spectra 
obtained from the local and partial density of states calculated with the density functional theory.  
The knowledge of the electronic structure of the material under consideration is important to 
properly interpret the spectra, which can be complicated when many elements are present in the 
sample, such as the amblygonite phosphate.  We also show the first attempt of elemental 
quantification of an AlCuLi alloy from intensities measured with the reflection zone plate 
spectrometer.  The obtained mass fractions are in good agreement with those obtained in 
a standard way from measurements performed in the soft X-ray range with crystal spectrometers. 
 
 
  2.  INTRODUCTION 
 
Different ways to perform X-ray emission spectroscopy exist [1, 2]: Energy-dispersive X-ray 
spectrometry (EDS) and wavelength-dispersive X-ray spectrometry (WDS).  However, the X-ray 
spectral range is very wide: photon energies spread from a few tens of eV to hundred keV.  Then, 
depending on the considered range, different spectrometers can be relevant, each with their own 
capabilities in terms of spectral resolution, collected intensities, acquisition speed, ....  However, 
in the range of the Li-Kα emission band around 50 eV or 25 nm, i.e., in the ultra-soft X-ray 
range, very few studies are published. 
 
Regarding EDS, to our knowledge it is not possible to find in the literature studies performed 
with bolometers.  These devices measured the detected photon energy from the temperature rise 
in a sensitive thermometer.  In the Li-K range a spectral resolution of only a few eV is expected, 
which would be very interesting to avoid spectral interferences and also to be sensitive to the 
chemical state of the lithium atoms.  Silicon drift detectors can also be employed, provided no 
window is set up at their entrance.  Their advantage is their efficiency, particularly if many 
quadrants are used.  However, they suffer from medium energy resolution, of a few tens of eV, 
and only a few studies are published as for example this one [3]. 
 
Regarding WDS, owing to the long wavelength of the ultra-soft X-ray radiation, it is not possible 
to find crystals having sufficiently large reticular distances to fulfil the Bragg law.  Artificial 
crystals, in fact periodic multilayers, can be used.  Their advantage is that they can be 
custom-designed for the considered spectral range and generally lead to relatively high collected 
intensities but to medium spectral resolution.  In the Li-K range, a resolution of a few eV can be 
obtained [4, 5].  However, in crystals spectrometers, such as Johann or Johansson configurations 
[6], widely used in electron probe microanalysers (EPMA) or scanning electron microscopes 
(SEM), windows are necessary leading to a large attenuation of the ultra-soft radiation.  Provided  
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special design of the windows, this kind of spectrometer can be useful [7].  Another mean to 
perform WDS is to use grating spectrometers: They rely on the grating law [6] and are well suited 
to work at high-spectral resolution in the ultra-soft X-ray range.  Since the development of 
variable line spacing grating and their recent setup in electron microscopes and EPMA [8-10], 
it is possible to work in the Li-K range without scanning the detection angles, that is to say to 
obtain spectra with fixed CCD cameras. 
 
In this presentation, we describe the use of a reflection zone plate spectrometer, working in the 
40 - 110 eV photon energy range on the same principle as the variable line spacing grating 
spectrometer.  Owing that the emissions lying in the ultra-soft X-ray range are mainly emission 
bands, i.e., emission coming from electron transition from the valence band to a core hole, they 
can be described from density of states (DOS) calculations and are sensitive to the chemical state 
of the emitting element.  We show, on some examples regarding some oxide compounds, that 
the emission bands can be divided in two parts and this can be helpful to interpret the spectra of 
some minerals.  Finally, we present an attempt to perform elemental quantification on 
a quasi-crystal. 
 
 
  3.  REFLECTION ZONE PLATE SPECTROMETER 
 
The reflection plate spectrometer (RZP) has been developed several years ago [11, 12].  
The dispersion of the polychromatic incident radiation coming from the sample relies on the 
grating law [6].  The present spectrometer [13] is described in [14] and its scheme is shown in 
Fig. 1.  The dispersion of the polychromatic X-ray beam coming from the sample is performed 
through a reflection zone plate.  The RZP is working as a variable line spacing grating allowing 
to focus the different wavelengths on a flat field, so avoiding any scanning and thus limiting the 
acquisition time.  The detection is done with a CCD camera from Greateyes.  At the first 
diffraction order the spectrometer works in the 40 - 110 eV spectral range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Scheme of the dispersion and detection of the X-rays inside the reflection zone plate 

spectrometer.  The zone plate is deposited on a spherical substrate.  
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  4.  ELECTRONIC STRUCTURE 
 
Most of the emissions falling in the ultra-soft X-ray range are emission bands that is to say come 
from electron transitions taking place from the valence band.  Therefore, their energy 
distribution, i.e., the shape of their spectrum, describes the occupied density of states in the 
valence band and so is sensitive to the chemical state of the emitting element.  As an example, 
we show in Fig. 2a the Li-Kα emission band from metallic lithium.  The experimental spectrum 
is compared to the one simulated from the p occupied valence density of states calculated with 
the density functional theory.  The DOS properly describes the shape and width of the band.  
The feature around 49 eV is related to the presence of either a small fraction of oxidised lithium 
in the sample or the existence of a plasmon satellite whose energy is expected about 7 eV [15] 
before the main peak. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. a) Experimental and simulated Li-K emission bands of metallic lithium;  b) Experimental 

Mg-L emission band of metallic magnesium and its derivative. 
 
 
We show in Fig. 2b the Mg L2,3 experimental emission band of metallic magnesium.  The sharp 
drop of intensity at 49 eV is another manifestation of the electronic structure.  This drop marks 
the presence of the Fermi level, a sharp edge between the occupied and unoccupied DOS.  
We take advantage of this edge to determine the spectral resolution of the spectrometer measured 
at the full width at half-maximum of the derivative spectrum, 0.25 eV in this case.  This value is 
then introduced in the simulations of the spectra to take the experimental broadening into 
account. 
 
We now turn to the electronic structure of oxides and take silica (SiO2) as an example.  In this 
kind of compounds, the DOS is dominated by the ligand (oxygen in this case) DOS, see Fig. 3a, 
the one of silicon being about ten times less important.  Another feature to emphasise is that the 
valence is separated in two parts by a forbidden gap: An upper valence band (UVB), close to the  
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Fermi level coming mainly from the O p valence states and a lower valence band (LVB), 
located about 15 - 20 eV below the UVB, mainly due to the O s states.  This description is also 
valid, for fluorides, nitrides, carbides and borides.  However, the shift between the UVB and 
LVB depends on the electronegativity of the ligand: The larger the electronegativity, the greater 
the offset between the UVB and the LVB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. a) Local (oxygen) and partial (s and d) DOS of silica;  b) Experimental Si-L emission band 

of silica compared to the local (silicon) and partial (s and d) DOS.  The vertical bars mark 
the Fermi level. 

 
 
We show in Fig. 3b the Si-L2,3 emission spectrum of silicon obtained with electrons accelerated 
under 1 kV voltage.  This low voltage enables observing the sample without charge effect and 
thus avoiding the deposition of a conductive coating.  Because the emission band originates from 
electronic transition from the sd occupied states, it is superimposed to the Si s and Si d local and 
partial DOS calculated with the density functional theory.  This comparison allows interpreting 
the observed spectrum: the main peak around 97 eV is due to the Si d states hybridised with the 
O p states; the one around 90 eV, to the Si s states mixed with the O p states; the one around 
75 - 80 eV (the LVB) to the hybridisation of the Si sd states with the O s states. 
 
It is important to rely on electronic structure calculations to correctly interpreting spectra of 
complicated materials.  As an example, we show in Fig. 4 the spectrum of amblygonite, 
a phosphate of (Li,Na)AlPO4(F,OH) composition, obtained under electron irradiation at 3 kV.  
In addition to the interferences coming from the oxygen emission band diffracted at high orders, 
many features are present in the spectrum.  Below 70 eV lies the Al-L2,3 emission band; the peaks 
between 60 and 65 eV are coming from the P-L2,3 emission band diffracted at the second order.  
This is confirmed when comparing with the simulated spectrum obtained from the P sd local and 
partial states calculation.  In this range, there is also a contribution of the UVB of the Al-L band.   
  



208 

At first glance, the peak around 55 eV could be ascribed to the Li-Kα emission band owing to 
the expected photon energy of this emission.  In fact, the simulation of the phosphorous spectrum 
shows that this peak arises from the LVB of the P-L emission band, originating from the mixing 
of the P sd and O s valence states.  In this case, the Li-Kα emission band cannot be observed 
owing to its very low intensity and to the strong interference with the P-L emission band. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Experimental spectrum of amblygonite (red line) compared to the second order diffracted 

P-L simulated spectrum (blue line). 
 
 
  5.  QUANTIFICATION ATTEMPT 
 
We have tried to perform the elemental quantification of an AlCuLi quasi-crystal [16].  
The Li-Kα and Al-L2,3 emission bands are shown in the spectrum presented in Fig. 5, obtained 
under 5 kV electron irradiation.  Here the C-K and O-K interferences coming from the superficial 
contamination are well identified and their intensities can be subtracted from the intensities 
measured as the area under the peaks.  The Li-K and Al-L intensities were compared to the ones 
of the pure metals to obtain the k-ratios, necessary as inputs in the quantification model.  
We chose the PAP model [17] and mass absorption coefficient coming from the PENELOPE 
2018 database [18].  As copper emission cannot be observe, its weight fraction was determined 
by difference.  Following this process, the determined mass composition of the sample is the 
following: Al0.57Cu0.22Li0.21.  It is in good agreement with the Al0.60Cu0.17Li0.23 composition 
determined by using the crystal spectrometers of the EPMA and working in the soft X-ray range 
with the Al-Kα (1,486 eV [19]) and Cu-Lα (930 eV [19]) emissions.  In this case Li mass fraction 
was obtained by difference. 
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Figure 5. Spectrum of an AlCuLi quasi-crystal measured in the 40 - 80 eV spectral range. 
 
 
We consider the quantification performed with the ultra-soft X-ray intensities only as 
an estimation as many factors with large uncertainties can affect the calculation of the mass 
fractions.  Let us mention: The background subtraction process; taking the intensities of the 
interfering C-K and O-K emissions into account; the presence of the weak Cu-M2,3 emission 
band in the studied spectral range; the attenuation of the radiation coming from the sample by 
the surface contamination; the possible presence of Al-L satellite emissions in the Li-K range; 
the suitability of the chosen quantification model; the lack of reliable mass attenuation 
coefficients in our spectral range; …. 
 
 
  6.  CONCLUSION 
 
Grating spectrometers efficiently work on EPMA and SEM to study the ultra-soft X-ray range, 
i.e., photon energies from a few tens of eV to some hundreds eV.  They provide high resolution 
and since most emissions lying in this spectral range are emission bands, it is possible to study 
the electronic structure of solid materials.  This kind of information is important to interpret the 
obtained spectra, that is to say to ascribe the observed features to the correct elements.  Additional 
work has to be done on the sample environment (to minimise surface contamination) and data 
treatment (to improve intensity measurements) to be able to perform reliable elemental 
quantification. 
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