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ABSTRACT 

We present an energy-dispersive X-ray fluorescence (EDXRF) instrumentation mainly intended for 

the quantitative analysis of actinides based on their intense L X-ray lines. The experimental setup is 

equipped with a highly oriented pyrolytic graphite (HOPG) optic as a bandpass filter placed between 

a sample and a detection system. In such an arrangement, it modifies the spectral distribution of the 

fluorescence radiation and allows recording of a spectrum in the energy range from 10 keV to 18 keV, 

while suppressing parts considered to be useless. In order to perform accurate quantitative analysis 

of the recorded spectra, the classical quantification algorithm based on the fundamental parameters 

must be adapted to take into account the effect of the HOPG optic on the measured intensities. This 

requires to determine the transmission function of the HOPG filter and implement it in the algorithm. 

The validity of this approach is checked in different application examples. 

Keywords : X-ray fluorescence, quantitative analysis, fundamental parameters, HOPG optic, 

ray-tracing 

1. INTRODUCTION 

ATALANTE (ATelier Alpha et Laboratoires pour ANalyses, Transuraniens et Études de 

retraitement) is a nuclear facility of the French alternative energies and Atomic Energy Commission 

(CEA). Located on the Marcoule nuclear site, it is dedicated to research into spent nuclear fuel 

reprocessing and management of high-level long-lived radioactive wastes. The ATALANTE analysis 

laboratory focuses particularly on the analysis of actinides. Measurements are conducted in glove 

boxes and in hot cells on samples with radionuclides of intermediate and high levels of radioactivity, 

respectively. An energy dispersive X-ray fluorescence (EDXRF) system was designed and installed 

in the hot cell of the laboratory for the explicit purpose of performing analyses of samples containing 

mainly uranium (U) and plutonium (Pu) based on their intense L X-ray lines [1], [2]. The system 

includes: i) an Rh-anode X-ray tube (4 kW), ii) a cylindrical highly oriented pyrolytic graphite 

(HOPG) optic, and iii) a high purity germanium (HPGe) detector. HOPG is a mosaic crystal which 

consists of a large number of small crystallites and owns a high integrated reflectivity due to a large 

mosaicity [3], [4], [5]. It is widely used as focusing and dispersion device [6], [7]. In the present 

experimental (”nuclearized”) setup, the HOPG optic is employed as a bandpass filter between the 

sample and the detector for specific detection of the fluorescence radiation covering the energy range 

from 12 keV to 17 keV. The X-rays which are outside of the energy range of interest (e.g., 

characteristic lines of shielding elements and scattered X-ray tube radiation) are thus suppressed that 

reduces the emission rate [6]. This is especially advantageous for the detection of small contents of 

https://www.researchgate.net/institution/Atomic-Energy-and-Alternative-Energies-Commission
https://www.researchgate.net/institution/Atomic-Energy-and-Alternative-Energies-Commission
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analytes which requires to increase the tube current to get results within a short period of time 

(typically 800 s). In the present setup, the optic element allows selecting the energy region of L X-

ray lines of actinides such as Th, U, Np, Pu, Am, Cm, but also of K lines of Rb, Pb, Sr, Y, Zr. The 

system is lead-shielded, since the measurements are carried out on high-activity samples, inducing 

very high dose rates. 

The X-ray spectra obtained with the nuclearized setup are quantified with a processing software 

developed in the laboratory [2] which includes a library of standard spectra. Calibration is performed 

for each standard element, establishing a nonlinear relationship between the peak intensity and the 

element concentration [8]. However, the calibration is time-consuming and has to be performed 

regularly in order to ensure its validity. 

A spectrum measured with a conventional EDXRF setup can also be processed using an algorithm 

based on the fundamental parameters (FP) method [7], [9]. This requires the knowledge of the 

geometry of the experimental setup, flux and spectral distribution of the excitation radiation, sample 

matrix, detection efficiency, etc. However, the spectra obtained on the nuclearized setup cannot be 

quantified in the same manner because the modification of the fluorescence intensities by the HOPG 

optic is not taken into account in the algorithm. Thus, it is necessary to develop a specific algorithm 

for the quantitative analysis without standards. This requires to characterize the HOPG response in 

order to establish a better understanding of its diffraction behavior and define the transmission 

function. To determine an exact influence of the HOPG filter on the spectral distribution, ray-tracing 

simulations can be carried out. For the calculations, the exact geometrical parameters of the 

experimental setup are necessary. Unfortunately, some parameters are not known and the setup cannot 

be disassembled for such studies for an indefinite period. Thus, this motivated the construction of a 

miniaturized copy of the nuclearized setup to develop such a FP-based quantification approach and 

be able to perform tests to get experimental validation. 

This article aims to discuss the main characteristics of the miniaturized XRF setup equipped with a 

HOPG optic. The instrument covers the energy range from 10 keV to 18 keV. During this work, the 

setup was tested in a non-nuclear laboratory using samples with medium-Z elements (Se, Rb, Sr, Y, 

etc.) whose K X-ray emission lines are in the same energy range as the actinide L X-ray emission 

lines. A large part of this paper is devoted to the presentation of the optical model which mimics the 

detection line (from the sample to the detector) of the miniaturized setup using a ray-tracing 

algorithm. This is applied to calculate the HOPG transmission function which is included in the FP 

algorithm enabling an accurate quantification. Selected examples are presented to validate this 

approach. 

2. EXPERIMENTAL SETUP 

The studied XRF setup is custom-built and can be considered as a miniaturised copy of the 

nuclearized system. The principal components of the setup are i) an Ag-anode X-ray tube with a 

power of 4 W, ii) a HOPG cylinder (Optigraph, Germany) and ii) a silicon drift detector (SDD) 

(Amptek, USA). The picture of the experimental setup is shown in Figure 1. 
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FIGURE 1 Picture of the miniaturized XRF setup  

Transmission-anode X-ray tube with a maximum power of 4 W is used to irradiate the sample. The 

instrument is positioned at an angle of 22° to the normal of the sample holder at a distance of 16 mm 

from it. The Bragg diffracted fluorescence radiation is focused by the HOPG optic onto the SDD. The 

SDD is placed on the axis of HOPG cylinder, which is in the plane perpendicular to that of the X-ray 

tube and tilted at an angle of 46° with respect to the sample holder axis (see Figure 2). The detection 

line is based on the von Hamos full-cylinder geometry [10] where the sample is regarded as a 

geometrical source. 

 

 

FIGURE 2  Schematic drawing of the experimental setup 

To provide radiation shielding, part of the instrument is enclosed in a stainless-steel housing, with a 
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3 mm thick aluminium (Al) insert to minimize the contribution of fluorescence radiation from the 

stainless-steel elements. Both the HOPG filter and the silicon detector can be moved separately along 

their common axis. The samples are placed in a sample cup, which in turn is positioned in an 

aluminium sample holder. During this work, all samples were prepared from certified standards 

(1 000 mg L-1 in 2 %HNO3). 

The HOPG optic is a key element of the experimental setup. It has an inner radius R of 10 mm and a 

length L is 40 mm. The inner surface of the cylinder is coated with a 200 µm thick HOPG layer with 

a mosaicity of 0.4° (see Figure 3). 

The HOPG element was provided with an internal beam stop to avoid the direct transmission of the 

fluorescence radiation from the sample to the detector without being diffracted [11], [12]. The beam 

stop is covered with a thin HOPG layer as well. 

The energy band reflected by the HOPG optic depends on the size of the geometrical source viewed 

by the HOPG, the length of the cylinder, the sample-to-HOPG and HOPG-to-detector distances and 

the detection area. With the experimental setup, the fluorescence radiation is collected in the energy 

range from 10 keV and 18 keV. 

 

 

FIGURE 3  HOPG optic 

A series of measurement were performed in order to investigate the performances the HOPG filter 

and demonstrate how this optical element modifies the spectral distribution. Indeed, the HOPG optic 

can be easily removed to enable recording of the direct X-ray spectrum in the energy range from 

3 keV to 30 keV. 
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FIGURE 4  Fluorescence spectra of a sample containing Se, Rb and Sr at concentrations of 

100, 50 and 50 mg L-1, respectively in HNO3 0.5 M measured without (upper panel) and with 

(lower panel) HOPG optic  

As an example, fluorescence spectra of a sample with Se, Rb and Sr recorded without and with HOPG 

are compared in Figure 4. With the HOPG, the spectrum in the energy band covered by the filter is 

intense whereas a low-energy part of the spectrum as well as the coherently and incoherently scattered 

excitation radiation are considerably reduced. 

3. QUANTIFICATION ALGORITHM 

For the quantification of the spectra recorded without HOPG optic, we used the FP-based software 

PyMCA developed at the European Synchrotron Research Facility (ESRF) [13]. This uses spectrum 

evaluation presented by Van Espen and Janssens [14]. In fact, the fluorescence lines of an element 

can be grouped (e.g. 𝐾𝛼, 𝐾𝛽 groups, or the entire family of lines (K, L, M etc.) of a given element), 

and characterised by the total number of counts of all lines, A, in a relevant group. The spectrum of 

an entire element can be expressed as: 
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𝑦𝑝(𝑖) = 𝐴 ∑ 𝑅𝑗
 𝐺(𝑖, 𝐸𝑗)

𝑁𝑝

𝑗=1

 (1) 

where G is the function for a line of energy 𝐸𝑗 with relative intensity 𝑅𝑗. 𝑁𝑝 represents all the lines in 

a respective group. The modelling of an entire element permits a reduction in the number of fitting 

parameters. In the present work, the characteristic X-ray peaks were approximated by a Gaussian 

function. Other functions such as Lorentzian and Hypermet can also be used to fit the various peaks. 

The relative transition probabilities of the fluorescence lines between (sub)shells are constant. 

However, their apparent intensities depend on the absorption in the sample and on absorbers between 

the sample surface and the active area of the detector. Thus, the attenuation of X-ray must be 

considered in Eq. (1) to define the correct fitting function. In such a case, the apparent intensities are 

multiplied by the transition probabilities with an absorption correction term. 

In the case of a polychromatic excitation (e.g., the X-ray tube excitation), the approach considers an 

incident beam of X-rays of energies 𝐸0𝑘 with relative rates 𝑤𝑘. The relative intensity ratios are defined 

as: 

𝑅′
𝑗 = ∑

𝑤𝑘𝑇𝐴(𝐸0𝑘)𝜔𝑗𝑃𝑗(𝐸0𝑘)𝑅𝑗𝑇𝐴(𝐸𝑗)[1 − 𝑇𝐷(𝐸𝑗)]

𝜇𝑇(𝐸0𝑘) + 𝜇𝑇(𝐸𝑗)
𝑠𝑖𝑛𝜑1

𝑠𝑖𝑛𝜑2

 

𝑘

× [1 − 𝑒𝑥𝑝 {[
𝜇𝑇(𝐸0𝑘)

𝑠𝑖𝑛𝜑1
] + [

𝜇𝑇(𝐸𝑗)

𝑠𝑖𝑛𝜑2
] 𝜌𝑑}] 

(2) 

 

where 𝜔𝑗 is the fluorescence yield of the given shell, 𝑃𝑗 considers the possibility of leaving a vacancy 

in the j shell, 𝜇𝑇 is the total mass attenuation coefficient of the sample for the primary radiation 𝐸0𝑘 

and the fluorescence radiation 𝐸𝑗, 𝜑1 and 𝜑2 are the incoming and outgoing angles of the beam with 

respect to the sample surface, 𝜌 is the sample density, and 𝑑 is the sample thickness. The absorption 

correction terms 𝑇𝐴(𝐸𝑂𝑘) and 𝑇𝐴(𝐸𝑗 
) consider all attenuators between the sample and the active area 

of the detector for incident and fluorescence energies, respectively. The second absorption correction 

term [1 − 𝑇𝐷(𝐸𝑗)] represents the absorption of the detector for X-rays. 

In Eq. (2), this apparent transition has to be taken into account with 𝑅𝑗
′′=𝑅𝑗

′/ ∑ 𝑅𝑗
′

𝑗 . 

The total count rate A in an X-ray group of an element is determined by the incident beam intensity 

𝐼0, the mass fraction C of this element in the sample, and the geometrical efficiency of the detector. 

The count rate for the group of an element is expressed as: 

𝐴 = 𝐼0𝐶
𝛺

4𝜋
∑ 𝑅𝑗

′

𝑗

 (3) 

where 𝛺 is the solid angle of detection, which is determined by the sample-to-detector distance and 

the sensitive area of the detector. 

In Eq.(3), the total count rate A is a measured value. The flux of the excitation radiation can be 

determined from the reference material and the geometrical efficiency of the detector can be 

calculated within the software since all setup parameters are known. In the present experimental 

setup, in addition, the measured fluorescence intensities are also dependent on the transmission of X-
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rays through the HOPG optic. Thus, this must be included in Eq. (3) as an extra transmission factor. 

4. TRANSMISSION FUNCTION OF THE HOPG FILTER 

The investigation of the reflection properties of the HOPG element was performed with the help of 

the ray-tracing package XRT [15]. The developed optical model includes a source of rays, a HOPG 

cylinder and an image plane. The sample, being exposed to the primary X-rays, is regarded as the 

physical source of rays in the simulation model. For the sake of simplicity, the source was modelled 

as a disc perpendicular to the principal axis of the optical system and parallel to the image plane (see 

Figure 5). The aperture between the source and the HOPG optical element was created according to 

the mechanical constructions of the setup which limits the propagation of rays. 

 

 

FIGURE 5  Illustration of the ray path from the extended source of radius 𝑟𝑠 toward the HOPG 

cylinder passing the circular aperture of radius 𝑟𝑎 

The monoenergetic rays, emitted in a conic ring from a point source lying on the cylinder axis, are 

reflected from a small crystal surface (blue lines in Figure 5). In the case of an extended source 𝑟𝑠, 

monoenergetic rays can be emitted from any point of the source and consequently with different 

directions they impinge on the crystal surface at the same axial position. In this case, the angular 

acceptance of the optical surface is dependent on the size of the source viewed by the crystal, the size 

of the crystal, and its distance from the source D1. Thus, all effective angles need to be considered in 

this respect. 

Rays are incident on the optical surface with an angle θ lying in the range: 

𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑅 − ∆𝑟𝑠

D1 + 𝐿
) ≤ 𝜃 ≤ 𝑎𝑟𝑐𝑡𝑎𝑛 (

𝑅 + ∆𝑟𝑠

D1
) (4) 

The effective incident angles dictated by Eq. (4) are further limited by the circular aperture of a radius 

ra at a distance d from the source. Thus, the condition (4) must satisfy the next relation: 

𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑟𝑎 − ∆𝑟𝑠

𝑑
) ≤ 𝜃 ≤ 𝑎𝑟𝑐𝑡𝑎𝑛 (

𝑟𝑎 + ∆𝑟𝑠

𝑑
) (5) 

From Eq. (4) and Eq. (5), the maximum 𝜃𝑚𝑎𝑥 angle can be calculated to define the angle of the 

truncated cone delimiting the beam source (see Figure 5, red shaded area). Thus, all possible angles 

on the crystal surface are taken into account. 

Since rays from an extended source propagate with a uniform distribution and with all their directions 

from the starting point to the optical surface, it is necessary to include a beam stop to prevent direct 

passing of rays. The exact shape of the beam stop is complicated to reproduce in the simulation model. 

It can be represented as simple obstacles in the system: two identical circular beam stops on each side 

of the cylinder and a larger one in the centre, as depicted in Figure 6. The energy window of the 
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collected X-rays is dependent on the solid angle of detection subtended by the detector from the 

HOPG cylinder, i.e., the detector size and crystal-to-detector distance D2. In order to model the 

detection area of the SDD, a circular aperture of a size equivalent to that of Si was positioned just in 

front of the image plane. Thus, the beam collected on the image plane is representative of the detector 

view. 

 

 

FIGURE 6  Illustration of the complex optical system for ray-tracing simulation, including 

all principal components  

Let us define the central energy as the energy of the rays reflected from the centre of the HOPG 

cylinder in the case of a point source (see Figure 5, blue lines). In the geometrical configuration with 

equal distances D1 and D2, the reflectivity from the first and second order reflections can be 

calculated. For example, in the case of a point source and a mosaic crystal [16] to maximize the first 

order of reflection of 13 keV rays the distances D1 and D2 must be set at 50 mm. In this arrangement, 

the rays of twice the central energy are reflected in the second order. These rays with higher energies 

can be reflected from deeper crystal planes, contributing to the output results. Since the experimental 

measurements were performed at up to over 30 keV, both the first and second orders of reflection had 

to be computed. 
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FIGURE 7  Simulation of the reflectivity for the polychromatic beam in the energy range 

from 5 keV to 35 keV in the first (upper panel) and second (lower panel) orders of reflection. 

Both simulations were performed for the central energy of 13 keV in the first order of reflection  

From Figure 7, it can be seen that rays reflected in the first order of reflection are collected in the 

energy range from 10 keV to 17 keV, while the rays with energies from 15 keV to 33 keV correspond 

to the second order of reflection. It is important to point out that almost all optical surface contributes 

to the first order of reflection, whereas only a narrower part of the crystal reflects the rays in the 

second order. The full width at half maximum (FWHM) of profiles are 4 keV and 8 keV in the first 

and second order of reflections, respectively. 

The intensities of the reflected rays in the second order are much lower, however, and they appear in 

the energy range of the coherent and incoherent scattering of the excitation radiation. The calculations 

were performed separately for the same number of rays. 

The reflection profile of the optical element with the source sampled with a uniform ray distribution 

was first calculated. At this point, it is necessary to represent mathematically the output of ray 

distribution after the crystal, in order to integrate it into the PyMCA code. However, since the 

broadening of the reflection profile varies with the HOPG filter position, the response had to be 

calculated for each desirable central energy. 

The reflection profiles of the HOPG optic in the first and second orders of reflection are asymmetric. 

The complex profile could be fitted with several Gaussian functions [17], but this would involve a 
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large number of parameters. To simplify the fitting of the filter output and perform it independently 

of the cylinder position, a spline function was used. This estimates a spline representation of the curve 

and can be evaluated for a desired set of points. Figure 8 illustrates the complex reflection profile 

calculated with XRT (blue line) and fitted by spline function (red line). 

 

 

FIGURE 8  Fit of the reflection profile of the HOPG filter calculated with the source sampled 

with a uniform ray distribution by means of the ray-tracing method. Calculations were 

performed in the first and second orders of reflection  

5. RESULTS AND DISCUSSION 

Without considering of the transmission function of the HOPG optic, a spectrum is processed 

incorrectly by the PyMCA package. In Figure 9, it can be seen that the Sr peaks are fitted inaccurately, 

especially the Sr K-M peak which is largely overestimated by the software. The latter peak is located 

on the shoulder of the hump of the spectrum, where the transmission is reduced. 
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FIGURE 9 Processing of the spectrum from the sample with 100 mg L-1 of Sr in HNO3 0.5 M. 

The spectrum analysis model does not take into account the modification of spectra l distribution 

by the HOPG filter 

In fact, the model can consider the presence of the bandpass filter as a new attenuator between the 

sample and the detector. To take this into account in Eq. (3), each relative intensity 𝑅′𝑗
  of the line of 

energy 𝐸𝑗
  is multiplied by a new attenuator term 𝑇𝑀𝑗

 , which is the relevant transmission function 

estimated for given positions of the HOPG cylinder and the SDD. 

Thus, the apparent intensities become: 

𝑅𝑗
∗=[𝑅𝑗

′ ∗ 𝑇𝑀𝑗
] (6) 

This approach was implemented in the PyMca code. 

In order to validate the new spectrum analysis model, several experiments were performed with 

different samples and at various distances D1 and D2. A number of transmission functions for central 

energies in the range from 12.8 keV to 15 keV were calculated beforehand, to be applied in the model. 

Figure 10 shows the spectrum acquired for the solution containing 100 mg L-1 of Se in HNO3 0.5 M 

(black line) and the result of the fit (red line). The comparisons of the prepared and estimated mass 

fractions are reported in Table 1 (Processing №1). 
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FIGURE 10  Processing of the spectrum from the sample containing Se at a concentration of 

100 mg L-1 in HNO3 0.5 M 

Another example of a fit procedure is depicted in Figure 11. For this experiment, Rb and Y at a 

concentration of 100 mg L-1 of each element in HNO3 0.5 M were used. The HOPG cylinder was 

positioned at the furthest possible distance from the sample surface allowed by the setup to reach the 

central energy of 15 keV. It can be seen that the fitting of the spectrum has been performed accurately, 

and that the Y K-L and Rb K-M peaks are resolved. Thus, only small deviations of the computed 

concentrations from the prepared values are observed (see Table 1, Processing №2). 

 

FIGURE 11  Processing of the spectrum from the sample containing Rb and Y at concentrations 

of 100 mg L-1 in HNO3 0.5 M 

To go further in the analyses, the spectrum from a sample with three elements at different 
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concentrations was processed (see Figure 12). It can be seen that the lines on the shoulders of the 

hump, where the reflectivity is decreased, fit perfectly. The concentrations of all elements in the 

sample could be accurately calculated, despite intensities reduced by the filter 

(see Table 1, Processing №3). 

 

 

FIGURE 12  Processing of the spectrum from a sample with 100, 50, and 50  mg L-1 of Se, Rb, 

and Sr, respectively, in HNO3 0.5 M 

6. CONCLUSIONS 

We demonstrated the possibility of analysing spectra obtained with an EDXRF setup equipped with 

HOPG optic, using a quantification algorithm based on the fundamental parameters. The HOPG optic 

device was used as a broadband filter, which favoured the collection of the fluorescence radiation in 

the desired energy ranges, and suppressed the low energy peaks and scattered radiation of the 

excitation source. The selected energy domain extended from 10 keV to 18 keV, which corresponds 

to that of the actinide L X-ray lines. 

For the accurate quantitative analysis of the recorded spectra, the transmission function of the HOPG 

cylinder (taken into account both the first and second orders of reflexion) was calculated by means 

of the ray-tracing package XRT. This enabled us to represent the entire detection channel of the 

experimental setup. The calculated transmission functions, fitted with spline functions, were 

implemented in the FP-based code PyMCA in such a way that each intensity of each measured line 

of a given energy was multiplied by the relevant transition efficiency. The new model was tested for 

different concentrations of medium-Z elements (Se, Rb, Sr, Y). While the direct quantification, i.e. 

without the calculation of HOPG transmission, was strongly biased with relative differences up to 

50 % compared to the prepared mass fractions. Whereas, the new approach successfully estimated 

mass fractions with a relative difference less than 5 % from the prepared values. More details on this 

work can be found in the exhaustive study [18]. In the future, this approach could be applied to the 
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nuclearized instrumentation in order to avoid time-consuming calibration steps. 
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TABLE 1  Comparison of prepared and estimated mass fractions with PyMCA, taking into 

account the transmission function of the HOPG filter  

Processing Element 
Prepared mass 

fraction 

Estimated mass 

fraction 

Relative difference, 

% 

1 Se 9.79×10-5 10.25×10-5 +5 % 

2 
Rb 9.79×10-5 10.22×10-5 +4 % 

Y 9.79×10-5 9.24×10-5 -5 % 

3 

Se 9.79×10-5 9.58×10-5 -2 % 

Rb 4.89×10-5 4.80×10-5 +2 % 

Sr 4.89×10-5 4.92×10-5 +0.6 % 

 


