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ABSTRACT 
 
The Total-Reflection X-ray Fluorescence (TXRF) technique offers unique possibilities to study the 

concentrations of a wide range of trace elements in various types of samples. Besides that, the TXRF technique 

is widely used to study the trace elements in biological, medical and environmental samples due to its 

multielemental character as well as simplicity of sample preparation and quantification methods used. In general 

the TXRF experimental setup is not simple and might require substantial experimental efforts. On the other 

hand, in recent years, experimental TXRF portable systems have been developed. It has motivated us to develop 

our own TXRF portable system. In this work we presented a first step in order to optimize a TXRF experimental 

setup using Monte Carlo simulation by MCNP code. The results found show that the Monte Carlo simulation 

method can be used to investigate the development of a TXRF experimental system before its assembly. 

 

 

1. INTRODUCTION 
 

One of the most prominent applications of the TXRF method is the investigation of very low 

concentrations. In the last years, the considerable advantages of TXRF have made it a well-

established method of spectrochemical analysis [1]. However, as also occurs with other 

techniques, the quality of the results depends on all steps of the analytical process, mainly 

calibrations, sample preparation and spectra evaluation. 

 

Quantitative or semi-quantitative in-situ analyses of untreated samples are nowadays 

frequently discussed due to rapid progress in the construction of Portable Total Reflection X-

Ray Fluorescence (PTXRF) systems. In contrast to laboratory analyses, in-situ measurements 

are usually made without sample preparation, and it is very difficult to ensure the same 

geometric conditions for all measurements [2]. 

 

Design tasks of the TXRF measurement system can be carried out much more easily and 

efficiently by Monte Carlo simulation than by experiment. This is true because the Monte 

Carlo method is capable of accurately representing complicated geometries and modelling 



complex interaction processes to efficiently improve the TXRF system design whereas 

experiments are very difficult, expensive, or in some cases impossible to perform. 

Calculations based on Monte Carlo simulations do not require the preparation of real 

samples, and disturbing effects can be investigated before constructing the TXRF system. 

 

The main goal of this work is to evaluate the MCNP ability to simulate the phenomenon of 

TXRF in order to optimize the first steps of a TXRF experimental setup. 

 

 

2. INSTRUMENTATION FOR TXRF 
 

In the year 1923 Arthur H. Compton [3] described for the first time total reflection of X-rays 

under grazing incidence of the primary beam. Nearly sixty years later in 1971, Yoneda and 

Horiuchi [4] discovered the possibility to use the phenomenon of external total reflection of 

X-rays at a flat and even reflector surface for spectral analyses. This technique was 

subsequently developed and called Total-Reflection X-Ray Fluorescence (TXRF). 

 

TXRF is a variation of Energy-Dispersive X-Ray Fluorescence (EDXRF) with, however, one 

significant difference. In contrast to XRF, where the primary beam strikes the sample at an 

angle of about 45° (Figure 1A), TXRF uses a glancing angle of less than 0.1° (Figure 1B). 

Owing to this grazing incidence, the primary beam shaped like a strip of paper is totally 

reflected. 

 

In Figure 1, the experimental setup of conventional XRF and TXRF is schematically shown. 

As TXRF is basically an energy-dispersive analytical technique, the main difference to 

conventional XRF is neither the source nor the detector but the geometry of excitation at 

small incidence angles below the critical angle of total reflection. The conventional method 

of TXRF as illustrated in the Figure 1B is named of the grazing incidence X-ray fluorescence 

(GI-XRF) because of the geometry (0°, 90°). This geometry is the most commonly used in 

TXRF experiments. The primary beam is incoming at the grazing incidence and totally 

reflected at the sample carrier (reflector) and the detector is positioned at an angle of 90° to 

the incident beam [5]. 

 

 

 

Figure 1. Comparison between an EDXRF conventional system (A) and a TXRF system 

(B). 
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TXRF analysis is a powerful analytical tool with respect to detectable elemental range, 

simplicity of quantification and detection limits. A summary of the advantages while 

measuring in TXRF is listed below [6]: 

 

a) Double excitation by direct and reflected beams; 

b) Almost no penetration of the primary radiation into the substrate, resulting in low 

background; 

c) Large solid angle, as the detector can be placed close to the reflector surface; 

d) The consequent improved signal/background and improved detection limits; 

e) Very low detection limits: picograms per gram concentrations. 

 

The versatility of the method can be demonstrated easily when summarizing the applications 

presented over the years. TXRF is an extraordinary method for microanalysis; it reaches also 

the requirements of analytical tools for trace and ultratrace analysis. The most common and 

simple pre-concentration step is the evaporation of the solvent of a liquid sample deposited 

on the sample support. Further, if a well calibrated system is available a quantitative micro-

trace analysis can be performed in few minutes [7]. 

 

 

3. MONTE CARLO SIMULATIONS 
 

The MCNP-4B Code, developed and maintained by Los Alamos National Laboratory, is a 

Monte Carlo transport code for photons, neutrons, and electrons. This code is described in 

detail in the MCNP manual [8]. One of the reasons for applying this numerical calculation 

method is the ability to calculate radiation transport regardless of the complexity of the 

geometric setup and the angular and energy distribution of the X-rays emitted from the source 

[9]. 
 
MCNP is rich in variance reduction techniques that improve the efficiency of difficult 

calculations, and has numerous detector and tally options. For photons, the code takes 

account of incoherent and coherent scattering, the possibility of fluorescent emission after 

photoelectric absorption, absorption in pair production with local emission of annihilation 

radiation and bremsstrahlung. A continuous slowing down model is used for electron 

transport that includes positrons, k-shell X-rays, and bremsstrahlung. Important features that 

make MCNP very versatile and easy to use include a powerful general source, criticality 

source, and surface source; both geometry and output tally plotters; a rich collection of 

variance reduction techniques; a flexible tally structure; and an extensive collection of cross-

section data [10]. 

 

3.1. Setup Model 
 

The established MCNP models were set up to exactly reproduce the measurements of 

geometry 0°, 90° (Figure 1B) according to the design specifications of the TXRF. A parallel 

beam of monochromatic photons was considered with an energy of 17.48 keV (Kα emission 

of molybdenum). The main experimental conditions simulated are listed below: 

 

a) The incident beam has a width of 10 mm and a thickness of 10 µm. It focuses on the 

sample at an angle of 100 mrad (TXRF condition) and 10
0
 (out of TXRF condition); 



b) The sample is cylindrical with a diameter of 5 mm and height of 50 nm. The sample is 

positioned at the center of the reflector surface. The simulated samples were aqueous 

solutions of rubidium and zinc with concentrations of 100 µgg
-1

; 

c) The reflector of lucite has a parallelepiped form with a length of 30 mm, width of 20 mm 

and a thickness of 3 mm; 

d) The detector has a cylindrical form with a diameter of 10 mm and height of 5 mm. The 

detector was positioned on the reflector-sample system at a distance of 5 cm from the 

reflector and at an angle of 90° relative to the surface of the reflector. The detector was 

shielded with lead collimation with aperture in front of detector of 10 mm in diameter. 

Figure 2 shows schematically the geometry of a TXRF system used in Monte Carlo 

simulations. 

 

 

 

 
Figure 2. Simulation setup. 

 

 

 

4. RESULTS AND DISCUSSION 
 

Figure 3 shows the energy spectrum for simulation in Total Reflection condition (beam 

grazing). The X-Ray Fluorescence peaks can be observed for the elements zinc (Kα e Kβ), 

rubidium (Kα e Kβ), Compton scattering and Rayleigh scattering. Figure 3 also shows that 

even though the concentrations of the elements rubidium and zinc are the same, the 

difference in intensity is directly related to the X-ray Fluorescence yield of rubidium which is 

higher than for zinc. Figure 4 and Figure 5 show the energy spectrum for the elements Zn and 

Rb, respectively, in Total Reflection condition and out of Total Reflection condition. In Total 

Reflection condition, the contributions of Compton and Rayleigh scattering are greatly 

reduced. 

In Total Reflection condition the small beam impinges on the sample (zinc and rubidium) at a 

very small angle (100 mrad) causing Total Reflection of the beam. In addition, the effects of 
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Total Reflection reduce the scattering of the beam in the sample and in its matrix. Therefore, 

the benefits in results are the large reduction in background noise and, consequently, an 

increase in sensibility and a significant reduction of matrix effects. 
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Figure 3. Energy spectrum obtained using the MCNP. 
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Figure 4. Comparison between Total Reflection condition (grazing angle) and out of 

Total Reflection condition (10
0
) for the sample of zinc. 
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Figure 5. Comparison between Total Reflection condition (grazing angle) and out of 

Total Reflection condition (10
0
) for the sample of rubidium. 

 

 

 

The table 1 shows the data about scattering contribution in TXRF and out of TXRF for zinc 

and rubidium samples. The intensity of scattering out of TXRF condition is almost 40 times 

higher than in the TXRF condition. 

 

 

 

Table 1. Scattering Contribution in TXRF and out of TXRF. 

 

Scattering 

Rb Zn 

TXRF 
Out of 

TXRF 
TXRF Out of TXRF 

Compton 1.264E-04 5.148E-03 1.299E-04 5.545E-03 

Rayleigh 3.009E-05 9.417E-04 3.059E-05 1.021E-03 

 

 

 

 



5. CONCLUSIONS 
 

The main task of the MCNP code in TXRF lies in predicting relative net peak areas without 

placing any restriction on the source configuration, the X-ray spectrum, and the specimen 

shape, structure and position. It can be applied in setup optimization, in studies of the 

influence of variation of sample properties on the X-ray spectrum (heterogeneities, matrix 

and grain effects, rugged surface, etc.), and quantitative analysis. 

 

This work presented the first step in the Monte Carlo simulation to aid the construction and 

optimization of TXRF systems. The results showed that Monte Carlo simulation by MCNP 

code was able to reproduce the TXRF condition using a simple geometry (0°, 90°), a 

monochromatic incident beam and two elements in the samples. The results also showed that 

the Monte Carlo simulation method can be applied to investigate the development of a TXRF 

experimental system before its assembly. 

 

There are some suggestions for the future works. One of them is to use the MCNP code to 

study different TXRF geometries. Beside that, the next step is to use a similar X-ray beam 

generated by the Molybdenum tube, as incident beam for excitation, to evaluate the 

contribution of scattering in Total Reflection condition and out of Total Reflection condition.  

It can be applied to evaluating the accuracy in quantitative analysis and can help in 

optimizing TXRF devices using X-ray tube as excitation source. 
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