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Abstract  

Kα x-ray emission induced by 2 MeV protons and 3 MeV He ions in thick pelletized Al metal, Al2O3, Al2S3, AlN, AlPO4 was measured using wavelength dispersive 

spectrometer with flat diffraction crystal to study the chemical sensitivity of related X-ray spectra. The energy shifts and relative intensities of of KαL1 multiple 

ionization satellites were determined for proton excitation. For He excitation we were able to study KαL1, KαL2 and KαL3 multiple ionization satellite 

components of Al Kα spectra. Intensity ratios of two major KαL1 components (Kα3 and Kα4) were determined for both 2 MeV proton and 3 MeV He excitations. 

Relative intensities of Kα diagram lines (KαL0) and KαL1, KαL2 and KαL3 multiple ionization satellites were determined for 3 MeV He excitation. The energy shifts 

of Kα1,2 and multiple ionization satellite (MIS) peaks were determined using the spectra obtained from the Al and Al compounds mixed with MgBr, where Br 

Lα and Lβ peaks were used as internal calibration standards. The results confirm statistically relevant energy shifts for Al Kα1,2 X-ray peaks from the measured 

compounds. The Al Kα1,2 energy shifts show linear decrease with the increase of the calculated effective charge on Al atoms. Similar linear dependance of the 

peak energy shift vs. the effective charge on Al atoms have been observed on KαL1 multiple ionization satellite components Kα' and Kα4 measured by 3 MeV 

He excitation 

Introduction  

It is well known that the fine structure of characteristic X-rays emitted from an atom depends on the chemical bonds between that element 

and the surrounding atoms. The influence of such chemical effects on X-ray emission spectra has been extensively studied over the decades 

to provide information about bonding to the nearest neighbouring atoms and as a tool for chemical speciation [1]. Most experimental studies 

are concentrated on K X-ray band, including energy shifts and intensity ratios of various X-ray line components [2-12]. The effects are in 

general larger for Kβ X-ray band compared to Kα X-rays [13-18]. However, in case of lighter elements like Mg, Al or Si, Kβ X-ray intensities 

relative to Kα are very low for practical laboratory applications. Most studies on Al K X-rays have been concentrated on the comparison of 

aluminium and aluminium oxide (Al2O3)  spectra, focusing mostly on Al Kα [19-30] and to a lesser extent on Al Kβ regions [19-22, 31, 32]. 

Most studies were focused on Kα and/or Kβ energy shifts. In addition, relative intensities of different multiple ionization satellite (MIS) lines 

have also been studied [29, 30, 33, 34]. 

In general, the process of X-ray emission can be seen as a two-step process in which the relaxation of the K shell ionized atom can be seen 

as independent of the mode of excitation. Excitation is usually performed by photons using X-ray generators or synchrotron accelerators (X 

Ray Fluorescence - XRF), then low energy electrons (Electron Probe Micro-Analysis or EPMA) or low energy ion beams (Particle Induced X-

Ray Emission or PIXE). Irrespective of the excitation mode multi vacancy states can be created. De-excitation of such states results with the 

MIS lines that can be observed with high resolution X-ray spectrometers at the energies slightly above the respective parent lines resulting 

from de-excitation of single-vacancy states. In case of K X-rays, such satellite lines are usually denoted as KLi, where i is the number of L 

spectator vacancies created. MIS relative intensities depend on the mode of excitation. In case of charge particle ionization, the Coulomb 

interaction provides additional ionization mechanism to the ''shake'' process [35] characteristic for photon excitation. In case of charged 

particle ionization MIS relative intensities depend on the ions used and their energy. On the other hand, energies of individual lines and their 

shifts should in principle be independent of the excitation mode. 

Baun and Fischer proposed to use the intensity ratios of KαL1 components α4 and α3 to Kα1,2 as a test of oxidation on metallic targets [36]. 

Several papers reported relative intensities of the α4 and α3 satellite peaks in Al and its compounds induced by photons [27-29], electrons 

[20, 22] and ions [24, 33, 37]. Cureatz et al. [38] recently demonstrated the influence of multiple ionization satellites induced by 3-5 MeV 

energy He ions on the accuracy of He induced PIXE used with the standard SDD Energy Dispersive detectors. In that work, high resolution 

Wavelength Dispersive Spectrometer was used to study the fine structure of Kα X-rays induced by He ions for the range of elements from P 

to Cr, following the work of Heirwegh et al. [34, 39] on Mg, Al and Si, including their oxides.  
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In this work, we extend their work to study the fine structure of Al Kα X-rays in selected Al compounds excited with 2 MeV protons and 3 

MeV He ions, with the goal to determine energy shifts and relative intensities of individual X-ray lines, including Kα MIS components, for Al 

metal and selected Al compounds. 

Materials and methods (Experimental) 

For the present experiment we used compressed pellets made up of high purity powders obtained from Sigma Aldrich Co., Inc., Milwaukee., 

WI, USA. The following targets were irradiated: Al, Al2O3, Al2S3, AlN and AlPO4.  

The High Resolution PIXE measurements were performed using our high resolution flat crystal spectrometer installed at the ion microprobe 

end-station of the Ruđer Bošković Institute Tandem Accelerator Facility in Zagreb. Detailed description of the spectrometer and an 

explanation of the X-ray spectra extraction algorithm can be found elsewhere [40, 41], and therefore only basic data are given here. The 

spectrometer consists of a sample holder, flat diffraction crystal and CCD X-ray detector enclosed in the vacuum chamber and mounted 

behind the main ion micro beam chamber. A schematic view is presented by Fazinić et al. [40] in Figure 2. The ion beam focused to about 10 

μm in diameter hits the target and as a result characteristic X-rays are emitted and diffracted from the diffraction crystal to the CCD. The 

distance between the ion beam position on the target and the position on the CCD where the diffracted X-ray is detected varies between ≈ 

55–66 mm, and the distance between the CCD plane and the diffraction crystal can be selected between ≈ 15–90 mm depending on the X-

ray energy of interest. 

The X-rays from the samples diffracted from a flat ADP (101) diffraction crystal were detected by a thermoelectrically cooled 1056x1027 

channel CCD camera with 13 x 13 μm2 pixel size. The influence of the Ion beam induced luminescence (IBIL) in some targets, which causes a 

background noise in the CCD detector, was eliminated with the addition of 1 μm thick graphite-coated Mylar foil (with ≈ 1 μm thick graphite 

layer) in front of the CCD.  

Altogether three independent measurements were performed: (i) At first the compressed pellets prepared from the Al compound powders 

mixed with high purity MgBr obtained from the same supplier were irradiated with a 2 MeV proton beam; (ii) then pure compressed pellets 

of Al compound powders were irradiated with 2 MeV protons; and (iii) at the end the same pellets were irradiated with a 3 MeV He beam. 

In all the cases ion beam current was about 1 nA.  

The first set of measurements was used to perform X-ray energy calibration following the procedure of Sato et al. [42]. We consider this step 

important for determination of Al Kα energy shifts. Related energy shifts documented in the available literature are at the values between 

0.1 to 0.5 eV, which is very low and even the thermal stability of the spectrometer could have an influence on the results due to possible 

thermal expansion of the diffraction crystal plane distance, which could lead to the angular shift of the transition line peak position [19]. In 

our setup the spectrometer is placed in vacuum and we do not expect high temperature changes during individual runs. Anyhow, by 

performing the calibration measurements on the pellets mixed with MgBr we could use the Br Lα and Lβ X-ray peaks as internal calibration 

standard.  

 
Figure 1. Relevant part of the Al Kα measured spectrum of an Al powder sample mixed with MgBr powder used for energy calibration. 
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Figure 1 shows the relevant region of the spectrum related to the mixed Al+MgBr target, used to start the calibration procedure. In addition 

to Kα1,2 doublet, the spectrum clearly shows Al Kα3 and Kα4 components and two Br X-ray peaks: Lα and Lβ1. These two last peaks have been 

used as reference points for all the measured mixed spectra since they will remain at the same relative positions for all the measured spectra. 

In the calibration we used the fact that 

                                 
𝐬𝐢𝐧𝜽 =

𝒛

√𝒛𝟐 + (𝒕 + 𝒄𝒉𝒂𝒏𝒏𝒆𝒍 ∙ 𝟏𝟑)𝟐
 (1) 

 

where θ is Bragg diffraction angle, (z/2) is the distance between the CCD plane and the diffraction crystal expressed in μm, t is the distance 

between the ion beam position on the target and the position of the zero channel on the CCD, channel corresponds to the pixel on the CCD 

where the diffracted X-ray is detected. Number of channels is 1056 and the each one has a width of 13 μm, which is the same as the CCD 

pixel size. Since sin θ = nλ/2d, where λ is the X–ray wavelength, d is the ''grating constant' of the crystal and n is the order of diffraction, and 

taking in account that the X-ray energy E equals to hc/λ (h is Planck constant and c is speed of light) the final relation between the X-ray 

energy and the channel in the related recorded spectrum is  

                                 

𝑬 =
𝒏𝒉𝒄

𝟐𝒅
√𝟏 + (

𝒕 + 𝒄𝒉𝒂𝒏𝒏𝒆𝒍 ∙ 𝟏𝟑

𝒛
)
𝟐

 
(2) 

 

The calibration procedure started with the mixed Al+MgBr spectrum. From the measured spectrum we extracted first moments (M1) of Br 

Lα, Br Lβ1, Al Kα1,2 and Al Kα3 peaks.  Definition for peak first moments can be found elsewhere [43]. In this case the peak first moments 

were obtained using the channels having intensities larger than 50% of the maximum intensity. Then we used Deslattes et al. [44] 

experimental data for the Br Lα and Al Kα1,2 X-ray peaks (1480.46 eV and 1486.57 eV respectively) to calibrate the spectrum. In such a way 

Br Lβ1 energy was determined. Then the Br Lα and Br Lβ1 peak energies were used as reference data to calibrate all the other measured 

spectra from Al compound targets mixed with MgBr.  

 

The spectra obtained from pure Al compounds by both 2 MeV proton and by 3 MeV He ion excitations were calibrated using as the reference 

points the energies of Al Kα1,2 and Al Kα3 peaks determined from Al compound targets mixed with MgBr. 

 

 
Figure 2. Measured spectra by 3 MeV 4He excitation, showing the fitted lines and background models. 

 



 

All the spectra from pure Al compounds excited with 2 MeV protons and by 3 MeV He ions were fitted and the peaks were modelled using 

Voigt functions with all free parameters (the linewidths, peak areas and peak centroids). A linear background was assumed to be an 

appropriate approximation for the small energy range concerned. In the process we introduced as many peaks as were necessary to minimize 

the fit residues and hence the reduced chi-squared values. An illustration of the fit procedure, Figure 2 shows the measured spectra of Al, 

Al2O3, AlN and Al2S3 under 3 MeV 4He excitation, showing the fitted lines and background models. 

 

Reported relative peak intensities extracted from the fitted spectra were corrected for X-ray attenuation through the graphitised Mylar foil 

and for geometrical effects. Cumulative corrections are negligible for Kα3 to Kα4 peak intensity ratios, while for calculation of relative 

intensities of KL0 to KL3 components excited by 3 MeV He ions, the correction factors are up to 2%. 

Results and discussion 

 

Figure 3 shows the Kα1,2 region of all the measured pure Al compound spectra with 2 MeV proton excitation. For easier comparison, the 

spectra are normalized to the same Kα1,2 centroid intensity. The energy shifts (determined from the samples mixed with MgBr) of the Al Kα1,2 

line are clearly seen for different compounds.   

 

 
Figure 3. Kα1,2 region of the spectra of all the measured Al compound samples by 2 MeV proton excitation, showing the energy shifts of the 

Al Kα1,2 line. 

 

Table 1. Kα1,2 energy shifts determined from the samples mixed with MgBr for  

measured Al compounds and excitation by 2 MeV protons. 

 Measured Kα1,2 
M1 E shift (eV) 

Literature 
data* (eV) 

Reference 

AlN 0.139 ± 0.032 0.293 
0.14 

[23] 
[19] 

Al2S3 0.246 ± 0.033 0.276 [23] 

Al2O3 0.360 ± 0.036 0.314 
0.39 
0.4 
0.4 
0.5 
-0.5 

[23] 
[19] 
[24] 
[20] 
[45] 
[27] 

AlPO4 0.376 ± 0.033   

*Energy shifts as reported in the literature, not necessarily related to M1 positions. 
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Table 1 shows tabulated Al M1 Kα1,2 energy shifts from the present measurements together with the available data from literature. Energy 

shifts from the literature are not necessarily related to M1 positions. Most of the literature data can be found for Al2O3, where the reported 

energy shifts vary from +0.314 eV to +0.5 eV, with the exception of Suresh et al. [27] who reported negative energy shift (-0.5 eV). Most 

reported values refer to X-ray or electron beam excitation and none to proton or heavier ion excitation. Our measured energy shifts for Al2O3 

and AlN are in very good agreement with the values reported by Anagnostopoulos et al. [19] obtained by X-ray excitation and in the case of 

Al2S3 with the data reported by Asada [23]. Measured energy shift for AlPO4 is similar to the Al2O3, which is somehow expected since in both 

compounds Al is chemically bound to oxygen. 

 

For third-row elements like phosphorus, sulphur, and chlorine the Kα1 emission energies are shifted to higher energies with the decrease of 

the effective charge on investigated atoms [46]. The change in electron density of valence electrons reduces the effective nuclear potential 

experienced by core electrons producing small energy shifts [47]. To investigate this mechanism as well for Al, the ab-initio calculations based 

on density functional theory (DFT) were performed. The initial crystal coordinates are taken from the Materials Project [48] and the crystal 

structure was relaxed by the cp2k software package [49]. The TZV2P-MOLOPT-SR-GTH and DZVP-MOLOPT-SR-GTH [50] basis sets were used 

for Al and all other atoms, respectively, along with Goedecker-Teter-Hutter pseudopotential [51]. The unknown exchange-correlation 

potential was substituted with Perdew-Burek-Ernzerhof (PBE) functional, parameterized for the solid and surface state [52]. On the optimized 

crystal structure, the Hirshfeld population analysis [53] was performed, yielding the effective charge for each atom within the crystal. The 

results for the studied Al compounds are presented in Figure 4. The obtained results are consistent with the measured energy shifts, 

confirming the energy shift decrease with the increase of the calculated effective charge on Al atoms, which is also consistent with the 

observations for the other third-row elements. 

 
Figure 4. The experimental M1 Kα1,2 energy shifts vs effective calculated charges on Al atom. 

 



 

Figure 5 shows the KαL1 region of all the measured spectra with 2 MeV proton excitation. All the spectra are normalized to the same Kα1,2 

centroid intensity (as at Figure 3). Therefore, the figure demonstrates relative intensities (compared to Kα1,2 peak) and energy shifts of Al 

KαL1 components, i.e. Kα', Kα3 and Kα4 X-ray lines. 

 

Table 2. Kα3 and Kα4 energy shifts for measured Al compounds from 2 MeV proton excitation. 

 Kα3 M1 E 
shift (eV) 

Literature* data (eV), 
excitation and ref 

Kα4 E shift 
(eV) 

AlN 0.46 ± 0.10  0.46 ± 0.10 

Al2S3 0.36 ± 0.14  0.51 ± 0.14 

Al2O3 0.71 ±0.09 0.7    5 MeV He, [24] 
0.6    electrons, [20] 

0.9    X-rays, [45] 

 

AlPO4 0.61 ± 0.07  0.70 ± 0.07 

*Energy shifts as reported in the literature, not necessarily related to M1 positions. 

 

Table 2 shows measured energy shifts for Al M1 Kα3 and Kα4 lines together with the available data from literature, only found for Al2O3 Kα3 

line. Our value for Kα3 Al2O3 energy shift agrees well with the energy shift reported by Burkhalter et al [24] who used 5 MeV He ions for 

excitation. As previously explained, Kα3 energy shift was determined from the spectra obtained from the samples mixed with MgBr, while 

the Kα4 energy shift was determined from the spectra obtained from pure Al compounds. Intensities of Kα’ are at the detection limit level 

and therefore we could not determine their energy shifts. However, the intensities of satellite peaks are much higher for He excitation. 

Therefore, we could use the spectra excited by 3 MeV He ions to extract energy shifts of Kα’ and other lower intensity satellite components. 

 

Figure 6 shows normalized Al spectra from all the measured Al compounds by 3 MeV He ion excitation. Energy calibration was performed 

using the Kα1,2 and Kα3 energies determined from 2 MeV proton measurements. As expected, intensities of satellite lines are much larger 

than in the case of proton excitation, including KL2, KL3 satellites, and enhanced Kα’ line. 

 

 
Figure 6. Normalized Al spectra obtained after 3 MeV He excitation. 

 



Journal Name  ARTICLE 

 
Figure 7. Normalized Al KL0 and KL1 regions of the Al spectra from the measured Al compounds excited by 3 MeV He ions. 

 

The region of Kα1,2, Kα’, Kα3 and Kα4 is enlarged in the Figure 7. The energy shifts of individual components and variations in Kα3 and Kα4 line 

intensities are clearly seen. Table 3 shows numerical values for Kα' and Kα4 energy shifts obtained with 3 MeV 4He excitation.  

Table 3: Kα' and Kα4 energy shifts (eV) obtained with 3 MeV 4He excitation. 

Al 

compound 

Kα' Kα4 

AlN 0.521 ± 0.084 0.393 ± 0.009 

Al2S3 0.669 ± 0.080 0.499 ± 0.009 

Al2O3 0.832 ± 0.080 0.697 ± 0.010 

AlPO4 0.93 ± 0.11 0.732 ± 0.012 

 

Figure 8 shows the relationships between the experimentally determined Kα’ and Kα4 energy shifts and effective calculated charges on Al 

atom. Similar linear trends have been observed as for Kα1,2 energy shifts observed by the excitation with 2 MeV protons (Figure 4). 

 

 
Figure 8: The experimental Kα’ and Kα4 energy shifts vs effective calculated  

charges on Al atom obtained with 3 MeV He excitation. 



 

 

Table 4 shows numerical values for KLi normalized intensities obtained with 3 MeV 4He excitation, including for comparison Kα3 to Kα4 

intensity ratios obtained by 3 MeV 4He and by 2 MeV proton excitations. For 2 MeV proton excitation and our thick targets, KL1 overall 

intensities relative to KL0 are: 0.146 ± 0.004 for Al, 0.152 ± 0.002 for Al2O3, 0.150 ± 0.002 for AlN, 0.146 ± 0.003 for Al2S3, and 0.146 ± 0.004 

for AlPO4. There is no statistically significant difference in relative KL1 intensities between the measured targets. Small differences could be 

explained by the thick target X-rays’ self-absorption [54]. Observed variations in Kα3 and Kα4 X-ray line relative intensities between Al metal 

and the measured compounds are much larger and could not be explained with thick target self-absorption, especially since Kα3 and Kα4 X-

ray lines are separated by only about 2 eV. For example, Kα4/Kα3 intensity ratios for Al and Al2O3 are 0.416 ± 0.026 and 0.638 ± 0.018 

respectively (≈ 53% difference). 

 

Table 4: Normalized KL0, KL1, KL2 and KL3 intensities obtained with 3 MeV 4He excitation and  

Kα3 to Kα4 intensity ratios obtained by 3 MeV 4He and 2 MeV proton excitations. 

 Al AlN Al2S3 Al2O3 AlPO4 

KL0 0.329 ± 0.004 0.338 ± 0.004 0.330 ± 0.007 0.398 ± 0.012 0.352 ± 0.022 

KL1 0.462 ± 0.005 0.461 ± 0.006 0.469 ± 0.009 0.429 ± 0.012 0.463 ± 0.029 

KL2 0.187 ± 0.008 0.178 ± 0.009 0.176 ± 0.019 0.158 ± 0.025 0.170 ± 0.060 

KL3 0.022 ± 0.004 0.023 ± 0.005 0.024 ± 0.006 0.015 ± 0.005 0.015 ± 0.011 

3 MeV He Kα4/Kα3 0.381 ± 0.006 0.480 ± 0.006 0.510 ± 0.006 0.520 ± 0.007 0.536 ± 0.013 

2 MeV H Kα4/Kα3 0.416 ± 0.026 0.579 ± 0.018 0.550 ± 0.021 0.638 ± 0.018 0.720 ± 0.041 

 

Conclusions 

The measured Kα x-ray emission spectra of Al and selected compounds after excitation by 2 MeV protons and 3 MeV He ions exhibit 

statistically relevant variations of the peak position and relative intensities that depend on the chemical state. Energy shifts of Kα1,2 first 

moments (M1) are small but measurable and for the measured compounds they show linear decrease with the increase of the calculated 

effective charge on Al atoms.  

 

Other Kα spectral features that can be extracted from the measured spectra may add additional information into chemical speciation 

capabilities. Therefore, we investigated the shapes and energy shifts of Al Kα1,2 multiple ionization satellites (MIS) emitted after proton and 

helium excitation with 2 and 3 MeV respectively. With 2 MeV proton excitation, the overall relative intensity of all MIS components is at the 

level of only several percent and only KαL1 can be measured in reasonable time. When measured with 3 MeV He excitation, relative intensity 

of the KαL1 MIS component is at the level of about 46%, i.e. it makes the dominant contribution to the Kα total intensity. In that case even 

the low intensity Kα' line is clearly seen in the measured spectra and shows measurable energy shifts which are more than a factor of two 

larger than the reported Kα1,2 energy shifts. And similarly, linear dependence of the peak energy shift vs. the effective charge on Al atoms 

have been observed on KαL1 multiple ionization satellite components Kα' and Kα4 measured by 3 MeV He excitation. 

 

In case of the overall KL1 intensities relative to KL0, they heavily depend on the type of ions used and their energies. We have not observed 

statistically significant differences in these relative intensities between the measured targets for both 2 MeV proton and 3 MeV He 

excitations. Small differences could be explained by the thick target X-rays self-absorption. However, statistically relevant variations in KL1 

components’ (Kα3 and Kα4) relative intensities between Al metal and its compounds have been confirmed. The related shapes of Kα3 and Kα4 

peaks are very similar for both 2 MeV proton and 3 MeV He excitation that confirms large influence of chemical effects. It means that the 

use of 3 MeV He ions for excitation can be an efficient way to distinguish between the Al and its compounds in investigated microsamples. 
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