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Abstract 
Conventional electron-probe microanalysis (EPMA) has an X-ray analytical spatial resolution on 
the order of 1-4 μm width/depth.  Many of the naturally occurring Fe-Si compounds analyzed in 
this study are smaller than 1 μm in size, requiring the use of lower accelerating potentials and 
non-standard X-ray lines for analysis.  The problems with the use of low energy X-ray lines (soft 
X-rays) of iron for quantitative analyses are discussed and a review is given of the alternative X-
ray lines that may be used for iron at or below 5 keV (i.e., accelerating voltage that allows 
analysis of areas of interest smaller than 1 μm).  Problems include the increased sensitivity to 
surface effects for soft X-rays, peak shifts (induced by chemical bonding, differential self-
absorption, and/or buildup of carbon contamination), uncertainties in the mass attenuation 
coefficient (MAC) for X-ray lines near absorption edges, and issues with spectral resolution and 
count rates from the available Bragg diffractors. In addition to the results from the traditionally 
used Fe Lα line, alternative approaches, utilizing Fe Lβ, and Fe Ll-η lines, are discussed.  
 
Introduction 
Conventional electron probe microanalysis (EPMA) uses high electron beam energies (15-20 
keV) to eject inner shell electrons, and measures the characteristic photon energy emitted when 
an outer shell electron transitions into a vacant inner shell electron state.  This technique is able 
to nondestructively and accurately determine the chemical composition of materials to within 
~1% accuracy.  The volume that the incident electron beam excites is directly proportional to the 
voltage of the incident beam and the material composition.  At 20 keV a general depth/width of 
the incident electron scatter (in common geologic materials) is on the order of 1-4 µm (figure 1).  
Conventional EPMA is therefore not suited for analyses of features under 2 µm width, because 
the electron beam would cause excitation of electrons in atoms that are outside of the feature of 
interest.  It has long been recognized that to properly analyze samples under 5 µm, it becomes 
necessary to use low voltage electron beams.  However, this has been difficult with traditional 
tungsten source electron probes.   With the development of field emission source electron probes, 
it is now possible to focus low voltage beams to sizes required for nanoscale features.  Doing so 
introduces many complications such as changes in X-ray peak position/shape, surface 
contamination, and limited understanding of the mass absorption coefficients for low energy 
(soft) X-rays (Pouchou, 1996).   
 
A recent study (Llovet et al., 2012) showed the difficulties of using L lines for quantitative 
EPMA.  Some of the causes of these problems include changes in peak position/shape of the X-
ray lines, increased sensitivity to surface contamination, and errors in accuracy of the tabulated  



  
    
 
 
 Figure 1: Monte Carlo 
simulation of the interaction 
volumes of a 5 keV (black) 
and 20 keV (blue) incident 
electron beam in FeSi.  
(using the CASINO 
software; Drouin et al, 
2007) 
 
 
 
 

 
mass attenuation coefficients (MACs) for low energy X-rays.  The Lα1,2 lines of the first-row 
transition metals are particularly problematic for quantitative analysis due to their proximity to 
their respective L3 absorption edges.  The Lα transitions is between the M5 and L3 orbital (figure 
2).  The M5 orbital in unfilled in the transition metals and is involved in bonding.  This causes 
the Lα transition to change energy depending on the bonding environment.  Since even a small 
change of the X-ray line energy near absorption edges, changes the MAC by a large amount, this 
leads to large problems for quantitative analysis (figure 3).  
 

 
Figure 2: Schematic diagram of Fe electron cloud showing the major X-ray lines in Siegbahn and IUPAC notation, 

as well as the five transitions Fe Lα1 Lα2, Lβ, Ll, Ln. 
 

Objectives 
This study's goal is to measure the chemistry of sub-micron iron-silicides found in lunar regolith 
believed to be associated with impact structures.  These iron-silicides are of particular 
importance because of the extreme reducing conditions required for their formation.  Analyses of 
lunar iron silicides has been attempted in the past by Anand, et al, 2004.  However, analyses 



 

were only done on the a small number of Fe-Si grains that were large enough for conventional 
analysis, due to the difficulty of analyses of sub-micron grains.  

 
Figure 3:   Experimental MAC’s (taken from Sokaras et al., 2010) at the energies around the Fe Lα, Lβ, Ll and Lη 

lines, overlain with the corresponding tabulated line energies, and L3 and L2 absorption edges (values taken 
from Deslattes et al., 2003) 

 
The motivation for the current study was an attempt at a proper EPMA analysis on sub-micron 
lunar Fe-Si compounds reported by Spicuzza et al. (2011) in Apollo 16 lunar regolith grains A6-
8 (figure 4) and A6-7.  These are hypothesized to have formed in the reducing environment of 
the moon after micro-meteorite impacts (Annad et al., 2004).  They are significant because of the 
extreme reducing conditions required for formation.  While native iron is fairly common in lunar 
dust, native silicon and iron-silicides have been rarely found.  This is due to the order of 
magnitude lower reducing conditions needed to reduce to native silicon, as compared to native 
iron.  However, their small size (< 1 µm) precludes quantitative measurements using 
conventional EPMA.   

 
 Figure 4: BSE image of plagioclase grain A6-8 from Apollo 16 regolith showing nano-phase Fe-Si 

compounds (bright phases), in a plagioclase matrix, the medium bright phases are silicon metal. 



 

Background 
These Fe-Si compounds are rarely found on Earth, the most notable example is in fulgarite 
deposit studied by Essene and Fisher (1986), but they do appear to be important in 
extraterrestrial bodies where highly reduced environments need for their formation are more 
common.  Extra-terrestrial iron silicides have been described in samples collected from the 
comet Wild-2 (Rietmeijer, et al 2008), in iron-rich meteorites, and lunar impact environments.  
Such lunar impact iron-silicides were identified by Spicuzza et al. (2011) in a shocked 
plagioclase grain (grain A 6-8) from Apollo 16 lunar regolith sample 61501,22.  However, due to 
the small size of the iron silicides (0.1-2 µm) chemical analyses if the Fe-Si compounds was not 
possible with conventional EPMA (15 keV).  When soft X-ray EPMA (5 keV) was attempted on 
these lunar Fe-Si compounds, highly erroneous analyses were produced, both by standards-based 
EDS on an SEM and WDS on an electron microprobe.     
 
Interest in Fe L lines is nothing new in EPMA.  Early interest focused upon changes in peak 
shape and position between Fe metal and Fe oxides (Fischer, 1965). Anderson (1967) in a review 
of soft X-ray EPMA, included a study of the use of three Fe L lines: Fe-Lα, Fe-Lβ, and Fe-Ll. He 
used pure Fe and Fe3O4 standards to quantify the Fe in two Fe oxides, FeS2 and Fe3C, and noted 
major problems. O’Nions and Smith (1971) evaluated Fe Lα - Lβ spectra of a variety of minerals 
with different oxidation states in the hope of using EPMA to easily determine Fe3+/Fe2+ ratios. 
The results were not encouraging. All of these studies refer to the issue of carbon contamination 
and of surface artifacts having a deleterious role. They have ranged from describing the detailed 
electron structure of iron compounds, to being able to determine the ferrous to ferric iron ratio in 
minerals of interest to geologists. 
 
Methods 
Analyses were first conducted at the Eugene Cameron Electron Microprobe Laboratory (UW 
Madison) using a CAMECA SX-51 electron microprobe (W filament source, operated at 5 keV) 
and Probe for EPMA software (Donovan et al., 2012).  Initial data obtained on the Fe-Si 
reference materials (mounted in epoxy and coated with an ~200 Å carbon coating) using the Fe 
Lα and Si Kα lines returned ~120 wt.% totals.  In each case the Fe wt.% was anomalously  ~20 
wt.% high).  In all cases we used the same high purity metals as standards (99.99 % Fe, and 99.9 
% Si).  The metal standards were mounted in each Fe-Si block.  To validate the high wt.% totals, 
a sample mount with the Fe-Si reference materials was sent to the University of Barcelona to be 
analyzed there on a CAMECA SX-50.  Also, the reference materials, as well as the lunar grain, 
were analyzed on the prototype CAMECA SX-5 FE, located in Fitchburg, Wisconsin, at the 
time.  Similar erroneous results were obtained on all machines.  
 
Our approach was to obtain several synthetic Fe-silicides with well determined compositions, 
then study the possible factors involved in the inaccurate Fe compositional determinations, 
initially focusing on (1) chemical peak shifts, (2) comparing usage of the 3 possible crystal 
diffractors: TAP, PC0, PC1 (count rates versus spectral resolution), and (3) MACs. 
 
The Fe-Si samples had to be large enough to be analyzed with a tungsten source. Some were 
supplied by a colleague (Heikinheimo, E., Aalto University, Espoo, Finland).  Others were 
synthesized in the UW-Madison Departments of Material Science and Chemistry.  Fe:Si ratios in 
the synthetic samples were chosen to ensure that the full range of compositions in the Fe-Si 



 

system were covered.  Samples were first weighed as a powder, using reagent grade material, 
then pressed into pellets.  The pellets were then transferred to an arc-melter, where the samples 
were arc-melted three times.  The entire procedure (weighing, pressing, and arc melting) was 
carried out in an argon-filled glove-box to minimize oxidation.   
 
Multiple  samples of each phase were synthesized.  The samples were annealed at either 900°C 
or 1125°C for a month at a time until each sample was deemed fully homogenous (figure 5).  
After each month of annealing one of the samples from each phase was quenched, cut in half, 
and checked with high contrast backscattered electron imaging (on a Hitachi S3400-N scanning 
electron microscope) to verify phase homogeneity.  The reference materials were then analyzed 
with the UW Madison CAMECA SX-51 at 15 keV to determine the composition of the reference 
materials, as there is some solid solution in some of the phase fields.   
 

 
Figure 5: BSE images of FeSi after 1 week (a) and 4 weeks (b) annealing at 1100°C. 

 
The Fe-Si reference materials mounted in electrically conductive indium (so as the samples 
could remain uncoated) were then quantitatively analyzed using 5 keV/100 nA using both the Fe 
Lα and Lβ lines.  By analyzing an uncoated sample at 100 nA with short count times (20 seconds 
on peak/ 10 seconds on the background) we avoided most of the time dependent effects of the 
carbon buildup.  Alternatively a time dependent intensity (TDI) correction, such as that used in 
the Probe for EPMA software (Donovan et al., 2012) could be used; however it was not needed 
in the case of our analyses because of the care taken to avoid carbon coated samples.  The iron 
wt.% was closer to the nominal composition, but still high (Table 1).   
 
 Fialin et al. (1998) suggested the use of Ll and Lη lines, as alternatives to the normally 
used Lα and Lβ lines.  As none of the commercially available electron probe software allows for 
the use of Ll-η lines for quantitative analysis, an alternative method was used to test the 
feasibility of the Fe Ll line for quantitative EPMA.  The raw counts were obtained on the UW 
Madison CAMECA-SX 51, using the Probe for EPMA software, and “mispeaking” the Fe Lα 
line on the Ll line.  The K-ratios obtained were then run through the Pouchou and Pichoir (PAP) 
model (Pouchou and Pichoir, 1984) matrix corrections in "Son of Desktop Spectrum Analyzer" 
(DTSA II) (Ritchie, 2009).  The quantification tool in DTSA II does not allow for use of Ll lines; 
however, in the newest version of the software (Gemini), a command window is available for 
implementing a desired code.  Phillippe Pinard at RTWH Aachen (Germany), wrote a script for 



 

DTSA II that allowed the quantification of Ll lines.  This code was then used to determine the 
compositions of our Fe-Si compounds, with the K-ratios determined in Probe for EPMA.   
 
After the groundwork to develop the technique to analyze sub-micron phases, we were able to 
analyze lunar Fe-Si using a JEOL 8530 FE at the RWTH University Aaachen and another JEOL 
8530 FE at ExxonMobil Research and Engineering Corporation.  Care was taken to reduce the 
carbon contamination on the sample prior to analysis, because we were interested in the carbon 
concentration in the Fe-Si blebs. 
 

 
Figure 6:  Measured at low voltage versus nominal (as measured at 15 keV with Fe Kα; dashed line) Fe 

concentrations obtained on the various Fe-Si reference materials, in the epoxy mount coated with platinum.  Fe 
Lα and Lβ were acquired and quantified in Probe for EPMA, using the full PAP matrix correction.  Fe Ll was 
acquired in Probe for EPMA, but quantified in DTSA II using the PAP model.   

 
Results 
Table 1 shows the results of using the Fe Lα, Lβ, and Ll lines, as well as different MACs, for the 
analysis of Fe-Si compounds, at 5 keV.  The data with the greatest deviation from the nominal 
composition is that acquired with the Fe Lα line.  The Fe Lβ line gives Fe wt.% closer to 
nominal, but still off by over 10 wt.% for Fe30Si70.  The Si wt.% obtained at 5 keV are 
systematically higher than those obatined at 15 keV by a factor ranging from 1.03-1.05, except 
for the Fe90Si10 alloy.  This discrepancy is probably due to measurement difficulty combined 
with a change in the matrix correction with the incorrect Fe concentration. The effect of using 
different MACs is noticeable (~ 2 wt% difference in Fe counts), but is not enough to correct for 
the large errors in Fe numbers using the Fe Lα and Lβ lines.  Using the Fe Ll line (L3-M1 
transition), in conjunction with the DTSA II, for quantitative analysis gives compositions closer 
to the nominal values, even whilst using pure metals as standards.   
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Table 1: Comparison of Fe Lα, Lβ, and Ll and the effect of different MACs for quantitative EPMA at 5 keV.  Fe Lα 

and Lβ were acquired and quantified in Probe for EPMA, using the full PAP matrix correction.  Fe Ll was 
acquired in Probe for EPMA, but quantified in DTSA II using the full PAP matrix correction.  The Ll data only 
shows results for Heinrich and Chantler because DTSA II only allows for use of those two MAC tables.  At the 
top of each composition(black background) is both the nominal composition of the phase (left), and the 
composition as measured at 15 keV (right) using the Fe Kα line with the LIF crystal, the PAP matrix correction, 
and the Chantler MACs.  All data was acquired on a platinum coated block of our Fe-Si standards, with the 
exception of the 15 keV data which was acquired in the same block when it had a carbon coating. 

 



 

Figure 6 graphically shows the improvement in the measurements, using the various Fe L lines. 
One possible explanation for the better results obtained by using the Fe Ll line is that this line is 
the furthest L line away from the L3 absorption edge (figure 3), and unlike the Lβ line, it has a 
relatively low MAC, and should not be affected by near-edge absorption effects.  Moreover, the 
L3-M1 transition involves electron orbitals other than the 3d which are not involved in chemical 
bonding (figure 2), thus keeping an “atomic-like” character.    
 
The Fe Ll X-ray lines do not yield high count rates (relative to those of Fe Lα/Lβ).  Low count 
rates mean that either more current or longer counting times (or both) must be used to get 
statistically significant data.  Longer counting times and higher currents lead to larger surface 
effects being produced over the course of the analysis.  This may lead to changing counts on the 
various samples. Given that the Fe Lη (L2-M1 transition) has virtually the same character as that 
of the Ll line, their combination should not be critical. Even though the Fe Ll line has the lowest 
count rates out of the three possibilities being investigated (Lα, Lβ, and Ll lines), it appears to be 
the best X-ray line for quantitative EPMA at low voltage.  Fialin et al (1998) however, already 
made the prescient suggestion related to the transition metals, that “Despite their low intensities, 
the ‘atomic’ Ll -η peaks (3s-2p transition) are more convenient [than Lα-β] for those applications 
to [EPMA] practice.”  
 
Figure 7 shows the results of our EPMA data acquired on the JEOL 8350 FE.  We found 
appreciable carbon concentrated in the Fe-Si blebs.  Due to concern over contamination we do 
not know exactly how much carbon is present in the Fe-Si, but the X-ray maps of carbon clearly 
show that the carbon is concentrated in the Fe-Si.  While iron metal is common on the moon as a 
product of micro-meteorite impacts, the conditions for silicon metals and iron-silicides to occur 
are an order of magnitude more reducing.  The presence of carbon would explain how such a 
highly reduced phase could have formed on the moon.  A carbonaceous impactor is a likely 
scenario as to how the carbon ended up in the Fe-Si blebs.  The meteorite would have impacted 
the lunar surface and locally vaporized the lunar surface.  The vacuum of the lunar environment 
would have reduced the vapor cloud to a large degree, but the presence of carbon in the vapor 
would have scavenged the remaining oxygen and allowed for the extreme reducing conditions 
required to form the iron-silicides.    
 
Conclusions 

Currently one of the factors holding back full application of the low voltage, high spatial 
resolution EPMA (e.g. field emission EPMA) is the “energy barrier” raised by usage of the 
traditional X-ray analytical lines, e.g. Fe Kα. We have demonstrate that non-traditional lines 
such as Fe Ll-η can provide significant improvements in EPMA of iron silicides at low voltages.  
Additionally, fully quantitative EPMA using standards with un-normalized totals must be 
utilized as the analytical total is a critical tool for quality control of micro-analytical results. 
Using this new technique for analysis of sub-micron phases we were able to quantitatively 
measure the Fe-Si blebs and determine that they contained an appreciable amount of carbon.  
This finding provides new interesting insight into lunar geology.   
  



 

 
 

Figure 7:  BSE image of lunar grain A6-8 showing location of quantitative analyses as well as locations of X-ray 
maps, with the carbon maps for each shown on the left.  

Table 2:  Results of 
quantitative analysis 
on Fe-Si blebs in 
lunar grain A6-8.  
Note the carbon 
measurements in 
blebs 1-5 are 
compromised because 
of contamination. 
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