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Abstract: We describe a correction method in electron probe microanalysis (EPMA) for size effects in 

microparticles. Accounting for size effects is important in quantitative EPMA of microparticles, where bulk 

standards are usually used for quantification. In this work, the correction was applied using peak-to-background 

ratios ���� that are quasi-independent of absorption path lengths, which enables the difference in absorption 

between a microparticle and a bulk sample to be taken into account. For microparticles smaller than the X-ray 

generation volume, the X-ray emission inside the particle can be significantly affected by the transmission of 

electrons through the particle, thus requiring a correction in the measured 
�� ratios. Moreover, transmitted 

electrons induce Bremsstrahlung from the substrate that can also affect the 
�� ratios. This raises the necessity to 

include a correction of the substrate emission in the 
�� methods applied for microparticles. The present method 

enables to correct for the effects due to electron transmission as well as the parasitic emission of the substrate. In 

order to assess the validity of our method, the corrected 
�� of small particles were compared with those obtained 

for a bulk sample or a pseudo-bulk particle where size effects are negligible. Corrected 
�� were further used in a 

ZAF 
�� method [J. Lábár, S. Török, X-Ray Spectrom. 21 (1992) 183–190] to evaluate the correction model in 

terms of quantitative analysis. The study was performed on homogeneous spherical microparticles of K411 glass 

and microparticles of UO2. Both substrate and transmission effects were taken into account in the K411 glass 

particles, which led to significant improvements in terms of quantitative results. For UO2 particles, size effects 

did not have much impact on the 
�� ratios and accurate quantification was obtained from both uncorrected and 

corrected ratios. 
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INTRODUCTION  

Electron probe microanalysis is one of the most widely-used non-destructive techniques for 

the quantification of solid samples. The quantitative analysis is usually performed using bulk polished 

standard samples, where the X-ray characteristic intensity ����	
�� emitted from the element i of the 

sample being analyzed is compared to the intensity ���
������  emitted from the same element of the 

standard. The concentration �� can be further determined by means of the k-ratio, �� = �������� �������� �, to 

which a conventional ZAF or !(#$) method [1, 2] is applied for the correction of matrix effects, i.e. 

effects related to atomic number (Z), absorption (A), and fluorescence (F).  

Quantification based on standards usually requires both the sample studied and the standard to 

be analyzed under the same experimental conditions. Moreover, a sample preparation step is often 

necessary in order to reduce inaccuracies due to the geometric effects that have an impact on the X-ray 

emission inside the specimen.  

The quantification of powder composed of microparticle assemblies is a special example, 

requiring a preparation step where the powder is embedded inside a resin and polished before the 

analysis [3]. Other than being time consuming, the polishing procedure may induce defects in the 

sample, for example surface contamination [4,5]. Moreover, it is often important to know whether a 

powder manufacturing protocol produces a homogeneous stoichiometry and composition, or if the 

elements of a geological powder are homogeneously distributed. This information can only be gained 

reasonably accurately if the powder analysis is performed on each individual particle. 

On the other hand, quantifying the powder without a preparation step can have a major impact 

on the accuracy of quantitative results. This is mainly due to absorption and geometrical effects inside 

the microparticles that are not properly corrected by the ZAF models based on bulk polished 

standards.  

Many attempts have been made to adjust models based on bulk standards for microparticle 

analysis. Armstrong developed a particle-ZAF algorithm in which a bulk depth distribution of X-ray 

intensities (!(#$)) was integrated over the volume of the particle [6]. Despite its success, the model 

does not consider the effects of the incidence angle and radial distribution of X-ray emission, and only 

deals with cases where particles are analyzed with an electron beam at normal incidence.  
Another issue that is often encountered when dealing with microparticles is the emission of X-

rays from the substrate [7,8]. This originates from energetic electrons that leave the microparticle 

(through side scattering or transmission) and excite the substrate atoms. The substrate emission 

induces the detection of parasitic signals that may lead to false estimations of the particle chemical 

composition.  

In some cases, particles can exhibit surface roughness and complex morphology, which makes 

it even more complicated to provide suitable standard samples. These issues make the quantification 

of microparticles even more complicated and very challenging.  

An approach used by many authors when considering the loss of intensity due to absorption, 

and surface roughness is the peak-to-background ( � � ) method [9-12]. The assumption that the depth 

distributions of both characteristic and continuum radiation are similar, which is a reasonable 

consideration in a narrow energy band, guarantees the independence of their ratio 
� �  with respect to 

electron incidence angle and absorption path length. In addition, instrumental parameters are not 

required in 
� �  based methods as they allow compensation for multiple uncertainties. Accurate results 

have been obtained in a number of quantification procedures based on 
� �  ratios [13,14].  

In this work, we describe a correction of size effects for 
�& ratios that could be useful in the 

quantitative X-ray microanalysis of microparticles. A study was performed on NIST (National 

Institute of Standards) spherical microparticles of K411 glass and on microparticles of UO2. Different 

particle sizes were studied and those chosen were less than 3 µm. In order to investigate the influence 

of the substrate emission, a further study was carried out on particles deposited on four different 

substrates of B4C, Al, Ni and W. We suggest the correction of two main effects that can have an 

impact on the 
�& ratios of small particles, which are the loss due to electron transmission and substrate 
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effects. The applicability of our correction model for quantitative analysis was further tested by using 

it in the Lábár and Török ZAF 
�� method.  

EXPERIMENTAL SECTION 

Measurements. X-ray intensities were measured on a Merlin field-emission scanning electron 

microscope equipped with an Oxford energy dispersive spectrometer positioned at a take-off angle of ~35° from the sample. The spectrometer has a silicon drift detector and an AP3 Moxtek window 

supported by a rigid silicon grid. In order to collect a maximum number of emitted photons and 

minimize uncertainties, the distance between the spectrometer and the sample was set at 19.5 mm.  

All measurements were performed using the longest shaping time and an electron probe 

current of 0.1 nA~0.2 nA, so as to obtain a resolution of 125 eV FWHM at Mn Kα and a counting rate 

that did not exceed 30% in dead time. The uncertainties associated with the counting statistics were 

generally within 1-2% for characteristic lines and ranged from 4 to 8% for the background intensities. 

The precision in determining the number of incident electrons was estimated to be about 2% using a 

Faraday cup.  

Determination of Bremsstrahlung intensities. Experimental Bremsstrahlung intensities under 

characteristic lines were determined after adjusting the background of each measured spectrum. The 

adjustment was based on a method similar to the one described by Trincavelli et al [14], where the 

measured continuum is corrected and fitted using a non-linear least square method. Characteristic, 

escape, and pile-up peaks were removed from the measured spectra. The resulting spectrum was 

afterward corrected for absorption, detection efficiency and backscattering effects in order to obtain 

Bremsstrahlung intensities generated in the sample. 

The modified Philibert’s absorption factor [15] was used to account for absorption correction. Mass 

absorption coefficients used in this work are those tabulated by Henke et al. [16]. Backscattering loss 

corrections were carried out using Statham’s formula [17]:  

 ( = 1 − (1 − (+) , 21 + /0 1.34 ,0.79 + 0.44 991 0     (1) 

 

with / the backscattering coefficient [18] and (+ the backscattering correction factor for characteristic 

radiation given by Love et al. [18]: 

 (+ = 1 − / :�(;1) + / <(;1)=>.3?                               (2) 

 

where � and < are function of the overvoltage ;1 = 91/9. The Bremsstrahlung intensities �AB were 

further corrected for the loss caused by the detection efficiency. Since the thicknesses of layers of 

polymer, DuraCoatTM, and aluminum in the spectrometer window were not known with sufficient 

accuracy, the conventional EDS efficiency equation [19] could not be used. Instead, the method 

proposed by Merlet et al. [20] was implemented, in which the total detector efficiency is given as the 

ratio between the measured Bremsstrahlung intensities and those obtained by Monte Carlo (MC) 

simulations: 

 C(9) =  DA(9)∆9 F D(9)G9HI�HH                                              (3) 

 

where  DA(9) is the measured number of Bremsstrahlung photons emitted from a thick target at a 

given energy E, ∆9 the energy channel width, and D(9)G9 the simulated Bremsstrahlung emission 

obtained from the general purpose MC code PENELOPE [21] for the same material in the energy 

interval [E:E+dE]. The width ∆9 can be specified by the EDS software. To avoid the influence of 

characteristic peaks on the measured Bremsstrahlung, two thick targets were chosen: a silicon standard 
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for efficiency determination in the low energy region 200 eV ⩽ E ⩽600 eV, and a carbon standard for 

energies E >600 eV.  

Finally, the resulting spectrum was fitted by the Levenberg-Marquardt non-linear least square 

method, using the model of Castellano and Trincavelli for the generated Bremsstrahlung intensity 

[22]: 

 �ABLMN(9) = O√Q ,(91 − 9)9 0 RS> + ST9 + S4UV(Q) + SW 91�XQ Y Z1 + (S3 + S?91) Q9[ (4) 

 

where O is a scaling factor, Q is the atomic number, 91 is the incident electron energy (in keV) and S� 
are parameters to fit. The expression given in equation (4) was proved to give more reliable 

background construction than other models, such as those of Small et al. [23] and Duncumb et al. [24]. 

The inputs in the fitting process are O and 91. The value of O was a priori determined by fitting the 

Bremsstrahlung of a silicon thick target using equation (4). In this case, S� were not fitting parameters 

and their values given in Castellano and Trincavelli’s work [22] were used as inputs. For cases where 

Bremsstrahlung of the substrate had minor contribution to the measured background, Q of the particle 

was used as input in equation (4). Otherwise, Q was also a parameter to fit. A first version of the 

Bremsstrahlung model in equation (4) has already been shown to be suitable for the quantitative 

analysis of microparticles [14].  

The Bremsstrahlung intensity ��AB under the line associated with the element i can afterward be 

calculated as:              ��AB= �ABLMN\9�] C\9�] (\9�] ^\χ�]            (5)    
 

where 9� is the energy corresponding to the line of the element i.  

 

Correction of substrate effects.  A phenomenon that influences the 
�� ratios when analyzing particles 

deposited on a substrate is the substrate emission. The transmission of electrons through the particle 

induces Bremsstrahlung from the substrate that contribute to the measured background, leading to 

incorrect 
��  ratios of the particle. 

We can correct for the substrate emission by considering its contribution to the measured 

Bremsstrahlung emission:  

 ��AB =  ��ab
��
�+�� + ��ab�cA�
��
�                           (6) 

 �AB�  is the Bremsstrahlung intensity obtained from equation (5). Equation (4) includes many parameters 

that were adjusted to describe the Bremsstrahlung emission of bulk samples. For our purposes, the 

values of S� proposed by Castellano and Trincavelli [22] did not provide accurate corrections when 

applied to small particles (see below, Fig. 5). Instead, the model suggested by Small et al. [23] was 

used. Considering absorption and backscattering effects in Small et al’s model, we can write: 

 �ABe	���\9�] = ^\χ�](\9�]OQ	 R91 − 9�9� Y	 exp(i)            (7) 

 

where ^(χ) is the absorption factor and ( is the backscattering correction for Bremsstrahlung 

calculated from equation (1). The last term describes the Bremsstrahlung generated intensity given by 

Small et al where j = 0.0059991 + 1.05 and i = −0.032291.  

Regarding the substrate emission, primary electrons are backscattered from both the particle 

and the substrate. Hence, two backscattering factors need to be included in equation (7). This is also 

the case for the absorption effects, since X-rays that are emitted from the substrate are absorbed inside 
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the substrate and inside the particle before reaching the detector. In addition, the Bremsstrahlung of the 

substrate needs to take into account the energy loss of electrons after crossing the particle. The 

remaining energy of electrons 91k  after exiting the particle can be approximated as [25]:               91k = 91(1 − lm)4/n                            (8)     
where l(µm) is the thickness of the particle and m the Kanaya-Okayama electron range radius [25]. 

Equation (6) can now be expressed as:  

 

��ab =  ��AB
��
�+�� pq
r1 + (Q�cA�
��
�)	s(Q
��
�+��)	 × (�cA
��
� ^(χ)�cA�
��
� ,91′ − 9�9� 0	s exp(i′)  

,91 − 9�9� 0	 exp(i)   
vw
x

 

(9) 
where jk, exp (ik), (�cA
��
� and  ^(χ)�cA�
��
� are calculated at 91k .  

There are, however some complications in the correction of substrate Bremsstrahlung that 

include determining the thickness l for particles with irregular shapes and evaluating the substrate 

emission induced by electrons that exit the particle through side scattering. In addition, calculating m 

in equation (8) requires a prior knowledge of the composition of the sample. This can limit the use of 

equation (9) in quantitative procedures. Therefore, an approximate method was used that enables a 

calculation of the energy loss of electrons from the analysis of the characteristic emission of the 

substrate. The X-ray emission of the substrate can be used as a good indicator of the mean distance 

travelled by electrons, as well as the average energy loss of electrons before crossing the particle. 

The method is based on determining the parameter � in the following equation : 

 

91k = 91 R1 − �91>.3?Y4/n                              (10) 

with 

 

 � = l Q1.yz#0.0276 {                                                  (11) 
 

where #(g cm-3) is the particle density and { the mean atomic mass (g).  

The first step is to analyze the particle at different electron energies  91|}>,T..� and to measure 

the X-ray intensity corresponding to the K line of the substrate in each case. The intensities are 

afterward normalized by the intensity obtained at one of the electron energies, e.g. the highest one 91�. 

This enables relative intensities that are independent of the absorption inside the particle to be 

obtained. The main parameters that are dependent on the relative intensities are the electron energy 

after crossing the particle and the absorption inside the substrate at 91k . Thus, by using the equation of 

Cosslett and Green [26] for characteristic intensities � ≈ �H� H ln �H� H � − H� H + 1� , the relative 

intensities �� as a function of 91 can be fitted using the following formula: 

 

��(91) = ^\χ, 90′ ]�cA�
��
�^\χ, 90′ �]�cA�
��
� × �1 �91 ln �91 �19� � − 91 + 9��1�
 �0n ,91�ln ,91� �0n9� 0 − 91� + 9� �0n0     (12) 

 

where:  
 

�1 = R1 − �91>.3?Y4n ,     �1� = R1 − �91�>.3?Y4n         (13)    
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 9� is the energy corresponding to the K line of the substrate, ^ �χ, 91k �� the absorption factor 

determined at the electron energy 91k �, and � is the parameter to fit.  

 

The values of �� at a given energy 91| are obtained from the ratio: 

  ��(91|) = ��|���        (14) 

 

with ��| the characteristic intensity of the K line of the substrate acquired at  91|. After introducing the 

value of � in equation (10), 91k  can be determined and used in equation (9). 

 

If seeking to determine the energy loss of transmitted electrons at a given initial energy 91�, it 

is recommended to work with V (3 ≤ V ≤ 7) different electron energies, with  91� being the medium 

value (see example in appendix, table A2). The deviation between electron energies should preferably 

be ≤ 1 keV, in order to obtain an interaction volume and a mean distance travelled by the electrons 

that are more or less similar to those at 91�.  

The method based on equation (12) can also enable the determination of an approximate 

thickness of the particle if the composition is known. To do so, it is recommended to work with large 

values of electron energies in order to reduce the amount of side scattered electrons and obtain 

electron trajectory segments that are more parallel. The thickness can be further determined from 

equation (11) using the value of � obtained from equation (12). This can solve some problems in 2D 

electron microscopy imaging of particles, such as determining a 3D form factor for a given particle.  

It is worth noting that for very small particles, equation (9) should also take into account the 

loss in Bremsstrahlung intensity due to transmission. This loss can to some degree be considered 

similar to the loss due to backscattering effects [13, 17]. It can be assumed that electrons which exit 

the particle through transmission are electrons that would have potentially contributed to the X-ray 

emission of the particle with an electron energy equal to 91k . In this case, the loss due to transmission 

can be taken into account by introducing a Bremsstrahlung backscattering correction factor, calculated 

at the energy 91k  of transmitted electrons, in which the backscattering coefficient / is replaced by the 

total transmission coefficient /N. /N  can be expressed using the formula given by Kanaya and 

Okayama [25]:  

 

                        /N = exp �− � lm1 − lm�                               (15) 

with � = 0.187 QT/4 and 
e� replaced by 

LH��.��.  

 

 

Correction of transmission effects.  According to Newbury et al. [11] the difference between the 

emission inside a particle and inside a bulk can be accounted for using 
�� ratios, except for very small 

particles. This can be explained to a certain extent by the fact that in particles bigger than the X-ray 

generation range the intensities are mostly influenced by absorption, whereas for smaller particles, the 

intensities are also affected by the loss due to transmitted electrons. As suggested by Lábár and Török 

[13], the loss due to transmission could be corrected by considering the non-linear dependence of the 
�� 

ratio to the mass thickness. The ratio being inversely proportional to #�1.>n, a similar correction was 

applied in this work as  � LH��.���1.>n. 
 

We can now express the corrected 
�� ratio of the element i in the particle as:  
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              R�i+���Y�  =  R �91>.3?Y1.>n  �� − ��AB
��
�+����AB
��
�+��                      (16) 

 

where �� is the characteristic intensity emitted from the element i. ��AB
��
�+�� is the Bremsstrahlung 

intensity of the element i in the particle, obtained from equation (9). 

 

Quantitative procedure.  The quantitative method used in this work is the Lábár and Török [13] 

approach where the concentration of the element i can be determined using the following 
� �   ZAF 

method: 

 �� = �� Q+  (+  {+  �+                             (17) 
 

with 

 

�� = ��i��
��	
�� ��i��

�
������
�    (18) 

 Q+, (+, {+ and �+ are correction factors of atomic number, backscattering, absorption and 

fluorescence, respectively. The authors pointed out that the main effects are those associated with 

atomic number. Factors of absorption and backscattering are only second-order corrections and 

fluorescence effects were neglected in the model. For this article, we will refer to the quantitative 

method as ZAF 
��+���

 when corrected 
�� ratios are used in equation (17) and ZAF 

��c�+���
 when no 

correction is applied. 

 

RESULTS AND DISCUSSION  

In order to investigate the influence of size effects, experimental 
�� ratios were determined at 

various acceleration voltages for K411 glass particles deposited on an Al substrate. A particle of ~2 

µm was compared to a pseudo-bulk particle of 25 µm where size effects are negligible. Since the 
�� 

ratios are quasi-independent of absorption path lengths, they can give a good understanding of how X-

ray emission is affected by the size of the particle. Fig 1 shows the deviations in uncorrected 
�� ratios 

as the electron energy increases.  
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Fig. 1 Normalized uncorrected peak-to-background ratios of a 2 µm K411 glass particle on an Al 

substrate as a function of electron energy. The error bars represent standard deviations of 

measurements performed on 4 to 5 particles having the same diameter.    

At 91=10 keV, the X-ray generation volume is within the small particle volume and the 

deviations of uncorrected 
�� ratios from a bulk particle are less than 10%. The decrease of 

��c�+���
(2 

µm) becomes significant at 25 keV, which is mainly due to the contribution of the continuum radiation 

of the substrate to the measured background. If not taken into account, the substrate emission can lead 

to an overestimation of the Bremsstrahlung intensities and thus to lower ratios. 

For 15 keV≤ 91 ≤20 keV, the decrease due to the substrate emission in the 
��c�+���

ratios of 

the particle is more or less compensated for by the transmission effects. In fact, Wendt [27,13] 

suggested that characteristic intensities increase with the mass thickness #� as #� >.>n, whereas 

Bremsstrahlung intensities are proportional to #� >.4. This results in 
�� ratios of small particles bigger 

than those of a bulk sample.  

Another important parameter that should be considered when studying the influence of the 

substrate emission is the substrate atomic number. The contribution of the substrate to the measured 

Bremsstrahlung increases with its atomic number. We show in Fig 2 the measured Bremsstrahlung of 

a 2 µm glass particle deposited on W and B4C substrates. It can be observed that the measured 

background becomes more important when a W substrate is used.  
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Fig. 2 Backgrounds of a 2 µm K411 spherical particle deposited on W and B4C substrates. 

The characteristic intensities of the particle deposited on a B4C substrate did not differ 

significantly from those of a W substrate. Thus, secondary X-ray emission caused by the substrate 

radiation was ignored in our correction model. 

In order to assess the validity of the substrate emission correction, the first step was to evaluate 

equation (12) and to determine the parameter � for particles with known thicknesses. Analyses were 

therefore performed on five different sizes of calibrated NIST K411 spherical particles, as shown in 

Fig 3.  

 
Fig. 3 Comparison between the values of C given by equation (11) and those obtained from the method 

based on equation (12) as a function of the thickness S.  

It can be seen that the results obtained with equation (12) agree with the values of C given by 

equation (11). The deviations found probably result from electrons that exit the particle through side 

scattering. The distance travelled by these electrons is shorter than the diameter of the spherical 

particle. This led to a calculated value of � by equation (12) slightly smaller than the one obtained 

with equation (11) where l is set equal to the diameter. Nevertheless, estimating the energy loss of 

electrons through the substrate emission gives a more realistic description than if it is determined at a 

given depth where the electrons are assumed to undergo the same energy loss and strike the substrate 

at the same energy. 
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Bremsstrahlung emission was further analyzed at 91=20 keV for the case of a 2.4 µm K411 

particle deposited on four B4C, Al, Ni, and W substrates. The experimental Bremsstrahlung intensities 

were determined from equation (5) and compared to results calculated by equation (9). The 

comparison was performed in terms of 
����(&W�) ����(�,��,��) ratios as shown in Fig 4. 

 

  

Fig. 4 Experimental and calculated contribution of the substrate to the measured background of a 2.4 

µm K411 spherical particle deposited on Al (a), Ni (b), and W (c). The contribution of the substrate is 

evaluated in terms of 
����(�WL) ����(�,��,��). The error bars represent standard deviations of 5 to 6 measurements 

performed on one particle, each time a substrate is used.     

It can be noticed that except for Si K in the case of a W substrate, equation (9) gives a good 

description of the substrate contribution, with calculated values falling within the range of 

experimental error bars. The deviations between averaged experimental values and calculated ones do 

not exceed 10%. The discrepancy seen in Fig 4c is probably due to the fact that W has an absorption 

edge at an energy of ~1810 eV, close to the Si Kα line, which results in reduced accuracy in the 

background construction model. The background of the substrate increases with the atomic number Z, 

which leads to a high contribution of the substrate to the measured background. At low energies, the 

emission of the substrate is constrained by absorption inside both the substrate and the particle.  

It is important to note that the accuracy of the correction of substrate effects is also dependent 

on the Bremsstrahlung model used in equation (9). This is shown in Fig. 5 by comparing experimental 

values of 
����(&W�) ����(��)  for a 0.8 µm K411 spherical particle, to calculated ones using two different 
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Bremsstrahlung models. Good results were obtained when the contribution of the substrate is 

calculated from equation (9), which is based on the Small et al.’s model. The contribution of the Ni 

substrate to the measured background was underestimated when the Castellano and Trincavelli’s 

model was applied, which led to an overestimation in the calculated ����(&W�) ����(��) . 

 

 

 

 

Fig. 5. Experimental and calculated 
����(�WL) ����(��)  of a 0.8 µm K411 spherical particle deposited on Ni and 

B4C substrates. The contribution of the substrate is calculated from Castellano & Trincavelli (C-T) and 

Small et al. models. The error bars represent standard deviations of measurements performed on 5 

particles having approximately the same diameter. 

The effects of transmission were studied for two sizes (0.8 µm and 2.4 µm) of spherical K411 

particles deposited on a Ni substrate. Table 1 presents the normalized 
�� ratios of the particle (i.e. ��M������ ����������� �����  divided by 

�� ratios of a pseudo-bulk particle) and corrected ones determined from 

equation (16). The Bremsstrahlung emission of the substrate was removed using equation (9).  

 

 It can be seen that 
�� ratios increase for all elements as the size of the particle decreases. The 

deviations from a pseudo-bulk particle are considerable for the 0.8 µm particle, with   =

 

Table 1. Normalized peak-to-background ratios   = ¡¢(
��
�+��)         ¡¢(£¤¥¦§¨M©¦��)   for K411 spherical particles. 

�� ratios were obtained at 91=20 keV.  +��� stands for the normalized 
��+���

 determined from 

equation (16).  

  (0.8μj)  (2.4μj)  +���(0.8μj)  +���(2.4μj) « 1.36 1.03 1.03 0.94 ¬b  1.18 1.05 0.89 0.96 l­  1.40 1.17 1.06 1.07 �S  1.31 1.10 0.99 1.00 

Fe 1.58 1.22 1.19 1.12 
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�i(®S¯°­±U²)         �i(pseudo−bulk)   increasing up to 1.58 for Fe. Similar results were obtained by Newbury et al. [11], 

where MC simulations were performed on spherical and cylindrical glass particles. The authors 

associated the effects of transmission on 
�� ratios with anisotropy in the Bremsstrahlung generation and 

the difference in the behavior of a cross section for continuum and characteristic radiations. By 

applying the necessary corrections, it can be observed that except for Fe, the variation of 
�� ratios with 

particle size becomes less significant, with deviations from the pseudo-bulk particle that do not exceed 

11%. These deviations probably result from discrepancies in the background construction model, 

equation (9), and the method used for the correction of transmission effects.  

 

In order to evaluate the correction models in terms of quantitative analysis, concentrations 

were calculated for the 0.8 µm K411 particle using equation (17). We show in table 2 the results 

obtained from using both corrected and uncorrected 
�� ratios as well as their deviations from nominal 

concentrations Cn. It must be noted that uncorrected 
�� ratios used for quantification are those 

determined directly from the X-ray spectrum of the particle (i.e. the substrate Bremsstrahlung was not 

removed from the measured background). The results presented in table 2 indicate clearly that using 

uncorrected 
�� ratios for quantitative analyses can lead to significant errors when size effects are 

pronounced. The concentrations of Ca and Fe were underestimated with deviations from nominal 

concentrations reaching up to 38% for Ca. On the other hand, accurate quantitative results were 

obtained from using corrected 
�� ratios and the deviations from nominal concentrations did not exceed 

7%.   

 

For the analysis of uranium oxide, studies were performed on a 0.9 µm spherical UO2 particle 

and on an agglomerated UO2 particle with an irregular shape, both deposited on an Al substrate. Fig 6 

shows the comparison between the X-ray spectrum of the spherical particle and that obtained for a 

bulk sample. As expected, two important phenomena are observed in the case of the small particle, i.e. 

the significant emission of the Al substrate and its own X-ray emission that is affected by both 

absorption and size effects. 

 

Table 2. Averaged calculated concentrations (Cc) and their standard deviations for a 0.8 µm 

spherical particle of K411 glass. The quantification was performed on 5 particles having 

approximately the same diameter (0.80 ± 0.02 µm). The particle composition is certified by the 

National Institute of Standards and Technology as Cn.%(O)=42.9±1.2, Cn.%(Mg)=9.2±1.4, 

Cn.%(Si)=25.6±1.7, Cn.%(Ca)=11.2±2.3 and Cn.%(Fe)=11.2±2.3. ∆�  (%) = |L+ML�|L� × 100 

represents the deviation from nominal concentration Cn. 

 

ZAF 
��c�+���

 
O Mg Si Ca Fe 

Cc (wt. %) 51.3±1.7 11.2±0.6 22.8±1.1 6.9±0.5 7.8±0.7 ∆� (%) 19.5 21.7 10.9 38.4 30.4 

ZAF 
��+���

 
     

Cc (wt. %) 45.1±1.4 8.7±0.6 23.8±1.2 10.5±0.8 11.8±1.0 ∆� (%) 5.1 5.4 7.0 6.2 5.4 
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Fig. 6 X-ray spectrum of a 0.9 µm UO2 spherical particle on an Al substrate compared to that obtained 

for a bulk sample. 

At low energies, absorption has a considerable effect, leading to an X-ray intensity loss which 

is more prominent in the case of a bulk sample. As photon energies increase, absorption has less 

influence, and the intensity loss due to transmission effects is more pronounced. The contribution of 

the substrate to the measured background is less significant in this case, since Q
��
�+��>>Q�cA�
��
�. 

No correction for substrate effects was therefore required in the analysis of UO2 particles. The 
�� ratios 

of the spherical particle were further determined and compared to those of a bulk sample, as shown in 

table 3. The deviations between 
�� ratios of the particle and those of a bulk sample were found to be 

less than 10% even for uncorrected ratios. The small difference between uncorrected and bulk ratios is 

a direct consequence of the weak influence of the substrate emission on the measured background of 

the particle. In addition, corrected ratios were different from uncorrected ones by a factor of ~0.86, 

which indicates that electron transmission had only minor effects on the particle’s 
��.  

 The agglomerated particle was later analyzed at an electron energy of 20 keV. The electron 

incidence point was randomly set at the position indicated by the red circle in Fig 7a. The energy loss 

of electrons at this position was estimated to be about 80%, corresponding to a thickness of ~0.8 µm. 

The X-ray spectrum measured at the red circle can give an idea as to whether the estimated thickness 

is reliable. Fig 7b illustrates the X-ray spectrum of the agglomerated particle and that of the 0.9 µm 

spherical particle, which show close X-ray intensity values. The deviations in characteristic intensities 

at the top of the peaks do not exceed 20%, whereas for Bremsstrahlung intensities under the peak the 

deviations range from 10 to 22%. As it is difficult to conclude as to where these deviations come from, 

but a probable explanation is that they result from the difference in absorption path lengths and in the 

surface shape of the two particles. On the other hand, this difference can be taken into account by 

using 
�� ratios, as shown in table 3. It can be observed that the deviations between all the ratios are not 

significant, which can be explained by both the weak influence of the substrate emission and the minor 

effects of electron transmission.   
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Fig. 7 a) Scanning electron microscopy image of the studied agglomerated UO2 particle. b) X-ray 

spectrum of a 0.9 µm spherical UO2 particle on an Al substrate in comparison with that obtained for an 

agglomerated particle at a position (red circle in Fig 7a) corresponding to a thickness of about 0.8µm. 

 

In order to identify the ratio deviations in terms of quantitative results, concentration were 

calculated for UO2 particles using equation (17). We present in table 4, the calculated concentrations 

Cc for each particle as well as their deviations from nominal concentrations Cn. In comparison, results 

obtained by a conventional ZAF method are also presented.    

 

 

 

 

 

 

 

 

 

 

Table 3. Comparison between uncorrected and corrected 
�� ratios of UO2 particles as well as those 

obtained for a bulk sample. For particles, uncertainties are presented as the standard deviation of 
�� 

ratios determined from 4 to 6 measurements performed on each particle. For the bulk, uncertainties 

are evaluated from measurements of 5 different zones of the sample.   

 U  O  ��c�+���
 (0.9 µm) 

 

23.1±0.7 7.3±0.3 

��+���
(0.9 µm) 

 

19.9±0.6 6.3±0.3 

��c�+���
 (agglomerated particle) 

 

22.5±0.8 7.7±0.6 

��+���
 (agglomerated particle) 

 

19.1±0.7 6.5±0.5 

�� (bulk) 21.1±0.8 6.8±0.3 
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As expected, the weak deviations between the particle’s 
�� ratios and those of the bulk resulted in a 

negligible difference between the calculated concentrations. This suggests that a correction step is only 

necessary in cases where substrate and transmission effects are prominent. Nevertheless, using a 
�� 

method for standard based quantification of microparticles is essential. As shown in table 4, equation 

(17) provided accurate quantitative results with deviations from Cn that did not exceed 7%. On the 

other hand, inaccurate results were obtained by using the conventional ZAF method and the deviations 

between Cc and Cn reached up to 84% for O in the agglomerated particle. Conventional methods do 

not account for the difference in absorption between particles and the bulk, or for transmission effects. 

It is worth reminding that even though the transmission of electrons through the particle had minor 

effects on the 
�� ratios, it had a significant impact on the characteristic intensities, especially at high 

energies (Fig. 6). Without correcting for these effects, conventional quantitative methods where 

characteristic intensities are used can lead to large errors.   

CONCLUSION 
Correction for X-ray intensity loss in small sized particles was achieved using a peak-to-

background method. Two important effects can be identified in the analysis of microparticles, i.e. 

absorption and size effects. With 
� �  ratios being almost independent of absorption path lengths, a 

correction model for size effects has been proposed enabling the influence of both transmission effects 

and substrate emission to be taken into account. Inaccuracies in the correction model could be due to 

detector efficiency determination, uncertainties in mass absorption coefficients at low energies and the 

different empirical formulas used in this work.   

The correction for size effects in microparticles depends on the estimation of the energy loss 

of transmitted electrons. This requires a prior knowledge of the distance that electrons travel inside the 

particle, which often seems very complicated to obtain. The method based on equation (12) enables 

such a difficulty to be dealt with, and can serve in the determination of an approximate thickness for 

particles with undefined geometry. 

Table 4. Average quantitative results Cc and their standard deviations obtained from equation (17) 

for particles of stoichiometric UO2. Standard deviations represent uncertainties associated with the 

measurements described in table 3. ∆� (%) = |L+ML�|L� × 100 represents the deviation from nominal 

concentration. 

0.9 µm particle Cc %(U) ∆�  (%) Cc %(O) ∆�  (%) 

Conventional ZAF  81.1±0.2 8.0 18.9±0.2 69.5 

ZAF 
��c�+���

  

 

88.4±0.8 0.3 11.6±0.8 2.1 

ZAF 
��+���

 

 

88.3±0.8 0.2 11.7±0.8 1.3 

Agglomerated particle     

Conventional ZAF 78.2±0.3 11.3 21.8±0.3 84.0 

ZAF 
��c�+���

  

 

87.4±0.7 0.9 12.6±0.7 6.3 

ZAF 
��+���

  

 

87.5±0.7 0.7 12.5±0.7 5.4 
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For K411 glass particles, 
� �  ratios were significantly affected by both the substrate emission 

and electron transmission, which led to inaccurate results when a 
� �  method was used for quantitative 

analysis. After correcting for size effects, significant improvements were obtained in terms of 

quantitative results with deviations from nominal concentrations that did not exceed 7%. In the case of 

UO2 particles, size effects did not have much impact on 
� �  ratios and accurate quantitative results were 

obtained from both corrected and uncorrected ratios.  

Although the approach described here only concerned the case of individual microparticles, it 

has the potential to be applied to the correction of size effects in microparticle assemblies with unusual 

shapes. This therefore opens up the possibility of performing quantitative analyses of industrial 

powders, such as catalyst pellets or geological sample powders for energy production and 

environmental purposes. 
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APPENDIX 

 

A worked-through example is presented in this appendix where the correction of transmission and 

substrate effects is applied on peak-to-background ratios of a K411 spherical particle deposited on an 

Al substrate.  

 

1-Determination of Bremsstrahlung intensities.  
 

The fist step in determining Bremsstrahlung intensities consists on removing all the peaks from the 

measured spectrum as shown in Fig. A1 for the case of a 2.2 µm K411 spherical particle deposited on 

an Al substrate. 
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Fig. A1. Background of a 2.2 µm K411 spherical particle deposited on an Al substrate, measured at an 

electron energy 91 = 20 keV   

The resulting background should afterward be corrected for absorption, Backscattering effects and 

detection efficiency. The aim of this correction step is to obtain a shape of the curve that could be 

fitted with a model that describes the generated Bremsstrahlung intensity. After dividing the measured 

Bremsstrahlung intensities by absorption factor »(¼), backscattering factor ½ and detector efficiency ¾, the resulting spectrum can be fitted using a model that describes the Bremsstrahlung generated 

intensities. The model of Trincavelli and Castellano (C-T) was applied to this end: �ABLMN(9) = O√Q  ,(91 − 9)9 0 RS> + ST9 + S4UV(Q) + SW 91�XQ Y Z1 + (S3 + S?91) Q9[     ({1) 

Fig. A2.  shows the corrected Bremsstrahlung intensities of the 2.2 µm K411 spherical particle as well 

as their fit using equation (A1). 

 

 

Fig A2. Corrected Bremsstrahlung intensities of the 2.2 µm spherical particle fitted using equation 

(A1).  

The Bremsstrahlung intensity ��AB under the line associated with the element i can afterward be 

calculated as:              ��AB= �ABLMN\9�] C\9�] (\9�] ^�\χ�]            ({2)    
where 9� is the energy corresponding to the line of the element i. For the example shown in figure A2, 

the values of ��AB obtained from equation (A2) are presented in table A1.  

Table A1. Values of ��AB obtained from equation (A2) for a 2.2 µm spherical particle deposited on an 

Al substrate.  

Elements O  Mg Si Ca Fe 9�(�²¿)-K line 0.52 1.25 1.74 3.69 6.39 ��AB (counts/s/nA) 5.81 10.10 6.48 3.97 2.01 
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2-Correction of substrate effects.   

 

The measured ��AB shown in table A1 contain both the particle and the substrate Bremsstrahlung. In 

order to derive the Bremsstrahlung intensity emitted from the particle ��AB
��
�+��, the following 

equation can be used:   ��AB
��
�+�� = ��ab���             ({3) 

with �AB�  the Bremsstrahlung intensity obtained from equation (A2). ��� is given by: 

 

��� =
pq
r1 + (Q�cA�
��
�)	s(Q
��
�+��)	 × (�cA
��
� ^(χ)�cA�
��
� ,91′ − 9�9� 0	s exp(i′)  

((91k , /N) ,91 − 9�9� 0	 exp(i)   
vw
x ({4) 

 

with j = 0.0059991 + 1.05 and i = −0.032291. 91k  is the remaining energy of electrons  after 

crossing the particle. ((91k ,  /N) is the transmission factor with  /N the total transmission coefficient. 91k  can be obtained from the following equation: 

91k = 91 R1 − �91>.3?Y4/n                              ({5) 

with � = l Q1.yz#0.0276 {                                                  ({6) 
 

where #(g cm-3) is the particle density and { the mean atomic mass (g).  

 

The parameter � can be determined from the X-ray emission of the substrate on which the particle is 

deposited. The first step is to analyze the particle at different electron energies  91|}>,T..� and to 

measure the X-ray intensity �� corresponding to the K line of the substrate in each case. The intensities 

are afterward normalized by the intensity obtained at one of the electron energies, e.g. the highest 

one 91�. This enables relative intensities that are independent of the absorption inside the particle to 

be obtained. If seeking to determine the energy 91k  corresponding to a given initial energy 91�, it is 

recommended to work with V (3 ≤ V ≤ 7) different electron energies, with  91� being the medium 

value. The deviation between electron energies should preferably be ≤ 1 keV. The relative intensities �� are given by:            ��(91�) = ��|���                    ({7) 

with ��| the characteristic intensity of the K line of the substrate acquired at 91| (��� the substrate 

intensity corresponding to 91�). Table A2 shows the values of  �� obtained from measuring ��| of the 

Al substrate after analyzing the 2.2 µm spherical particle at six different energies  91|}>,T..3. In this 

example, 91k  was determined for an initial energy of 20 keV. The medium value was therefore set to 91�=20 keV and the highest value of energies 913 was set equal to 23 keV. 

Table A2. The values of  ��  obtained from equation (A7) by analyzing a 2.2 µm spherical particle 

deposited on an Al substrate. Six electron energies were used: 91>= 18 keV,  91T= 19 keV… 91n= 22 

keV with 913 = 23 keV the highest value used for normalization.  

91�(keV) 18 19 20 21 22  �� 0.35 0.44 0.55 0.70 0.85 
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The second step consists on fitting the values of �� as a function of 91� using the following formula: 

��(91) = ^\χ, 90′ ]�cA�
��
�^\χ, 90′ �]�cA�
��
� × �1 �91 ln �91 �19� � − 91 + 9��1�
 �0n ,91�ln ,91� �0n9� 0 − 91� + 9� �0n0     ({8) 

where:  

�1 = R1 − �91>.3?Y4n ,     �1� = R1 − �91�>.3?Y4n         ({9)    
9� is the energy corresponding to the K line of the substrate, ^ �χ, 91k �� the absorption factor 

determined at the electron energy 91k �, and � is the parameter to fit. 91 is the variable in equation (A8). 

Figure A3 shows the fit of �� values presented in Table A2. A value of �=84.07 was obtained. 

 

 

Figure 3. Relative intensities  �� fitted using equation (A8) with � the parameter to fit.  

After introducing the value of � in equation (A5), 91k  can be determined and used in equation (A4). 

The method based on equation (A8) can also enable the determination of an approximate thickness of 

the particle if the composition is known. For instance, using a value of �=84.07 in equation (A6) gives 

a thickness l of about 2.16 µm which is in excellent agreement with the real value (the density of  

K411 glass is # = 2.946 g cm-3).  /N can afterward be determined from � using the following equation:  

 

                        /N = exp À− � �91>.3?
1 − �91>.3?Á                               ({10) 

with � = 0.187 QT/4. The transmission factor ((91k ,  /N) in equation (A4) can be further calculated 

from the backscattering factor ( in which 91k  is used instead of 91, and the backscattering coefficient / 

is replaced by the total transmission coefficient /N. Table A3 shows the values of ��AB
��
�+�� of the 

2.2 µm K411 particle obtained from equation (A3).  

 

Table A3. Values of ��AB
��
�+�� obtained from equation (A3) for a 2.2 µm spherical particle 

deposited on an Al substrate.   

Elements O  Mg Si Ca Fe 9�(�²¿)-K line 0.52 1.25 1.74 3.69 6.39 ��AB
��
�+�� 
(counts/s/nA) 

5.01 6.77 5.21 2.66 1.42 
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3-Correction of transmission effects.   

The intensity loss due to transmission effects could be corrected by multiplying the 
�� ratios of the 

particle to the factor  � LH��.���1.>n
. The corrected 

�� ratio of the element i in the particle are expressed as:  

              R�i+���Y�  =  R �91>.3?Y1.>n  �� − ��AB
��
�+����AB
��
�+��                      ({11) 

where �� is the characteristic intensity emitted from the element i. Table A4 shows the values of ���+�����
 of the 2.2 µm K411 particle obtained from equation (A11). In comparison, the 

�� ratio of a 

pseudo-bulk K411 particle, where size effects are negligible, are also presented.  

Table A4. Comparison between corrected peak-to-background ratios ���+�����
  of a 2.2 µm spherical 

particle deposited on an Al substrate and those of a K411 pseudo-bulk particle. 

Elements O  Mg Si Ca Fe 9�(�²¿)-K line 0.52 1.25 1.74 3.69 6.39 

R�i+���Y�
 

53.36 16.06 60.02 22.94 15.92 

R�i
��c��MAc�ÂY�
 

61.07 17.20 63.47 20.16 14.65 

 






