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Abstract 
This survey has shown, using the Monte Carlo N-Particle(MCNP) code to 

model a detection system, to demonstrate that it is possible to design a 

system to measure hazard elements in polluted water. At first, the 

measurement method needs to be determined. For measuring the 

specimen component without knowing the accuracy concentration in a 

short time, when compared with other methods, the Energy-dispersive 

X-ray fluorescence (ED-XRF) is a good choice for solving this problem. 

Then, a basic part of this method and actual experiment setting is using 

the simulation to find the suitable parameters such as the input X-ray 

energy level, the detector thickness, etc. At last, the polluted water has 

been measured for evaluating the system function.    

 

Keywords: MCNP, Monte Carlo modelling, XRF detection system 
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1 Introduction 

1.1 Background and problem motivation 

Apace with the rapid development of science and technology, the 

amounts of various metal elements used for manufacturing are 

increasing. Meanwhile, toxic metal pollution nowadays becomes a more 

and more critical problem all over the world. This not only affects the 

health of plants and animals but also upsets the balance between nature 

and biology. 

 

Those toxic metals will pollute water, which is easily spread everywhere. 

In order to avoid this damage to our land and people, it is important for 

us to test water specimens before people use them. 

 

There are several methods for measuring water depending on the 

preferred emphasis. For measuring the specimen content without a 

requiring a high accuracy concentration, the Energy-dispersive X-ray 

fluorescence (ED-XRF) method is a good response to this problem.  

 

Meanwhile, in a real experiment, there are lots of factors that can affect 

the result and make it unreliable. To get the required spectra without 

wasting time, it is necessary to build an X-ray fluorescence detection 

system. When building this system in the real world, it will be difficult to 

distinguish the noise coming from it. To solve that, simulating, before 

testing in an actual experiment, will be a good approach.  

 

On the other hand, the Monte Carlo N-Particle (MCNP) code is known 

for its convenient operation and flexible parameters setting widely used 

in X-ray related areas. In consideration of that, the MCNP is perfect for 

modelling the X-ray fluorescence detection system. 

 

1.2  Overall aim  

This project’s aim is to build an X-ray fluorescence detection system in 

the MCNP software and test polluted water specimen to evaluate the sys-

tem function. 
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1.3 Scope 

The study has its focus on building the X-ray detection system by using 

MCNP6 code. In the survey, the effect of the structure of the elemental 

compound is ignored. The materials in the specimen contain several 

elements which affect each other by matrix effect. This effect is considered 

in the simulations, but it is not quantified in the survey. 

 

1.4 Concrete and verifiable goals 

The survey has an objective to respond to the following questions: P1: 

what method has the best response for measuring polluted water in a 

short time with the accuracy concentration required? P2: for building an 

X-ray fluorescence detection system, what parameters have been selected 

for best results? In this survey, the main target for the detection system is 

the input X-ray energy level, environmental factors (air, vacuum), filter 

materials and their thickness, detector thickness and their minimum rec-

orded concentration. 

1.5 Outline 

The rest of the report is organized in different chapters as follows：Chap-

ter 2 shows the theory used in this project. Chapter 3 describes the reasons 

why an XRF method is used by comparing it with the other methods and 

also by comparing sensor materials to other sensor material. Chapter 4 

illustrates the simulation model and the theoretical value of the model 

part. Chapter 5 presents the simulation results and chooses the suitable 

factor for the model and discusses why to choose it. The last chapter co-

vers the phenomenon occurring in the process of the whole simulation 

and a summary of the suitable model factors and the noise source. In the 

end, the future work part shows the approach for improving the model 

for accurate results. 
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2 Theory 

2.1  X-ray tube 

In measurement, the X-ray is generated by X-ray tube. Like the figure 

2.1 present: 

 
Figure 2.1 the structure of the X-ray tube [1] 

 

In figure 2.1, the X-ray tube is made by the anode, cathode, anode target 

and the X-ray window, while all the components need to stay in the 

vacuum tube. When enough current passes through the tungsten wire, it 

produces an electron cloud.  At the same time, if enough voltage is 

applied between the anode and the cathode, the electron cloud is pulled 

toward the anode. The electrons with high kinetic energy impact the 

anode material producing the radiation continuous spectrum which 

called Bremsstrahlung.  

 

Because of the Bremsstrahlung, the kinetic energy from the electron cloud 

converts to radiation which produces the X-ray emission with the anode 

material’s fluorescence. 

 

In our case, when setting the input X-ray source for the simulation, this 

needs to be considered to keep as close to the actual experiment as much 

as possible.   
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2.2 Interaction of X-ray with matter 

When the X-ray is exposed to matter, there are several interactions that 

will happen which can be divided into three parts: scattering, absorption, 

and transmission. When the X-ray photons transit towards matter, those 

particles just pass through the matter directly. Nothing will happen. The 

other reflections are different. If the X-ray photons impact the matter, the 

absorption and scattering will occur like in figure 2.2.1.  

Figure 2.2.1 the structure of interaction of X-ray with matter 

 

The scattering based on energy loss can be separated to two parts: 

Compton scattering and Rayleigh scattering. The first one will lose part 

of its energy, while the other one will not. The most important part is the 

photons absorption which is also called attenuation when the input signal 

is radiation. The expected response will vary depending on the function 

of the illuminated object. The beam attenuation part focuses on when the 

X-ray beam is exposed, the other two affects will not subject to the X-ray’s 

type. They will depend on the input photon’s energy level, only for larger 

than required values the related particles will emit. 
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2.2.1 Rayleigh and Compton scattering  

As mentioned before, scattering based on energy loss can be divided into 

Compton scattering and Rayleigh scattering. When light shines on the 

matter, a fraction of the photons collides with electrons which bounce 

away. It will absorb a part of the photon’s energy which cause the 

decrease of this energy. This type of scattering has been called Compton 

scattering.  

 

Figure 2.2.2 Compton scattering principle [2] 

 

The energy changed can be calculated by using the formula below:  

𝜆 − 𝜆′ =
ℎ

𝑚𝑒𝑐
(1 − cos 𝜃)                  [2.1] 

Where ℎ  = Plank constant 

 𝑚𝑒 = electrons rest mass 

𝑐  = speed of light  

 𝜃  = the scattering angle 

The 
ℎ

𝑚𝑒𝑐
 constant also called the electron Compton scattering wavelength 

which equals 2.43×10−12 m. In our case, the input X-ray energy is 40keV, 

assuming the scattering angle is around 0º to 360º the photon energy can 

be defined as the following curve. Meanwhile, energy and wavelength 

can be transformed by the formula as follows: 

𝐸 =
ℎ𝑐

𝜆
                               [2.2] 

Similar to equation [2.1], the constants ℎ and 𝑐 represent Plank constant 

and speed of light. 
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The other type of scattering is called Rayleigh scattering [3]. It usually 

occurs when the attacked electron has a strong bond. At that time, the 

strong bond makes it hard to change the electron states. Because of that, 

the electron will emit the same energy level photons with the different 

moving angle by fully absorbing the input ones.  That makes the Rayleigh 

scattering look like the input photon is just changing the emitting 

direction without any other energy transfer.   

 

2.2.2 Photoelectron effect  

Figure 2.2.3 Photoelectric effect principle [4] 

 

The photoelectric effect is a common phenomenon. When the light is 

exposed to the object, if the energy is larger than the work function, the 

photoelectron emission will be like figure 2.2.3 shows. Based on the 

structure for the element, the work function has been present in 

Appendixes B [5]. 

 

In our case, the X-ray energy level is much higher than the work function 

request. That means the Photoelectric effect must occur with the 

simulation result.  

2.2.3 Beam attenuation  

When the input X-ray type is a narrow X-ray beam, the relationship 

between input X-ray energy and interaction material can be presented as 

a simple formula.  

 

Suppose the input X-ray intensity 𝐼0  incident is on the surface of the 

material. After crossing the material with the thickness x, the intensity 

decreases by toI(x). The connection between 𝐼0and I(x)being: 
 I(x) = 𝐼0𝑒−𝜇𝑥                     [2.3] 

The 𝜇 will be linear attenuation coefficient [6], which is easily located by 

the mass attenuation coefficient by the following formula [2.4]: 

X-ray  
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μ = (
μ

ρ
) ∗ ρ                       [2.4] 

Where 
μ

ρ
 is the mass attenuation coefficient and  ρ is the density of the 

material. The mass attenuation coefficient value can be found on the NIST 

website [7], which makes it easy for us to calculate the linear attenuation 

coefficient. 

 

To know the function of the material absorption, the absorption rate 

widely used in radiation area, which is based on the equation [2.3] 

𝐴 =
I(x)

𝐼0
= 𝑒−𝜇𝑥                     [2.5] 

Where A as the attenuation rate should be around 0 to 1. If A is equal to 

1, the output intensity I(x) has the same value as input intensity. At that 

rate, the material doesn't absorb any signal from the input. That is why 

high attenuation rate values mean low attenuation rate. On the contrary, 

low attenuation multiples give a high attenuation rate. 

 

When the A is equal to 0.5 it represents the thickness for any given 

material where half of the incident energy has been attenuated called 

Half-Value Layer (HVL) [8].  

 

Based on equation [3], the equation will change as  
0.5 = 1 ∗ 𝑒−𝜇𝑥                    [2.6] 

Therefore, the HVL value will be  

HVL =
0.693

𝜇
                [2.7] 

Based on the HVL description, when the radiation signal passes the 

material with HVL thickness, the signal will turn to 50%. According to 

that, if the thickness is 7 times that of the HVL, the input radiation can be 

fully absorbed. 

 

2.2.4 X-ray fluorescence  

An atom consists of a nucleus of protons and neutrons and orbiting 

electrons. The energy of the electrons is determined by the vacancies in 

the orbit. The orbit from the inner layer to the outer are respectively K, L, 

and M etc. The outer layer orbit has higher electron energy than the inner.  
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Generally, the atom is stable because all the electron has been ‘locked’ by 

blind energy which is decided by its structure. The blind energy also can 

be observed by the linear attenuation coefficient which is called 

absorption edge. The absorption edge for interested elements has been 

present in Appendix B. When the X-ray interacts with the atom in the 

specimen, if the incident energy higher than blind energy, the electron 

will escape like in figure 2.2.4. 

Figure 2.2.4 X-ray fluorescence principle [9] 

When the inner shell electrons are emitted, this will produce a vacancy. 

In order to keep stable, the electron in the other shell will transfer to the 

vacancy position.  As mentioned before, the energy in inner orbit is lower 

than in outer one. Which means when the outer electron moves to the 

inner shell, the extra energy will release to the outside, which produces 

fluorescence.  

 
Figure 2.2.5 main fluorescence type [10] 
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Based on the moving electron’s original energy level, the fluorescence has 

lots of type like in figure 2.2.4 above. Meanwhile, the energy difference is 

unique between two shells which can be used for identifying the element. 

The main fluorescence type and their stated orbit is on figure 2.2.5. 

 

According to the unique fluorescence value, it is easy to identify the 

elemental composition of the material. Usually, the XRF peaks will be 

present in the spectrum which include several components. Those XRF 

peaks positions represent the element they belong to and their height is 

related to its concentration. 

 

2.2.5 Transmission  

When the X-ray is exposed to the material, there always are photons 

transferring to the object without touching another particle. At that time, 

nothing will happen during this process. No energy loss and direction 

change, those photons just move in their original direction. 

 

2.3 Material structure influence 

When the X-ray reaches the specimen, according to the specimen’s 

material element structure, the photons will reflect differently. Usually, 

the material elements are the crystal which means the output photons will 

be totally different if the photons hit a different place, which can be 

calculated by Bragg’s peak. On the other hand, if the specimen contains 

more than two elements, those elements will affect each other, based on 

their influential impact, the spectrum will be changed. This is called the 

matrix effect. 

 

2.3.1 Bragg’s peak 

When the X-ray is exposed on the crystal in a special angle and wavelength, 

the reflected wave will overlap and add up together to produce a wave peak 

which called Bragg’s peak [11]. The Bragg’s peak represents the element and 

their components’ structure. 
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Figure 2.3.1 the Bragg’s peak principle in physical element model [12] 

 

In the other hand, the Bragg’s peak needs to follow the condition equation 

below which is called Bragg’s  condition: 
2d cos 𝜃 = 𝑛𝜆                       [2.9] 

Where n is a positive integer, 𝜆 is the wavelength of incident wave. 

 𝜃 is the scattering angle and d represents the distance between two structures 

as shown in figure 2.3.1. 

 

2.3.2 Matrix effect  

Matrix effect represents an effect when measuring the specimen with the 

various elements, the matrix of the components of the specimen influence 

the analyte of interest. According to the structure of the analyte, the effect 

can be separated as positive absorption, enhancement effect and negative 

absorption [13].  

 

 

 

 

 

D  
2dsin 𝜃  
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3 Model 

3.1  Method comparison  

For chemical composition analysis, there are lots of methods that can 

achieve this goal, which are present in figure 3.1.  

Figure 3.1 chemical composition analysis method classification [14] [15] 

According to the different tools, the chemical composition analysis method 

can be divided into the spectrometer analysis method and manual reaction 

method. The spectrometer analysis method depends on the spectrometer and 

the other method is based on the researcher themselves. Manual reaction 

method will take a long time and also needs great care when the specimen is 

dangerous for human beings. This is not fit for a request for short term 

analyzing. In this case, the spectrometer analysis will be an appropriate 

choice for the quantitative analysis in a short time.  

 

By using the different theory of the spectrometer, this method can be 

separated by atomic emission spectrometry (AES) and atomic absorption 

spectrometry (AAS), one based on the atomic emission, the other one used 

for atomic absorption. AAS and AES methods can be found on chapter 3.1.1. 

 

The AES method also has three different classifications which is flame 

photometry method, atomic fluorescence spectrometry (AFS), and X-ray 

fluorescence method (XRF). Those methods are compared in chapter 3.1.2. 

 

 

 

Chemical 
composition 

analysis method

Spectrometer 
analysis

Atomic emission 
spectrometry(AES)

Flame photometry 

Atomic 
fluorescence 

spectrometry(AFS)

X-ray fluorescence 

Atomic absorption 
spectrometry 

(AAS)

Manual reaction 
method 
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3.1.1 Atomic Absorption Spectrometry (AAS) & Atomic Emission 
Spectrometry (AES) method comparison  

Method Advantage Disadvantage 

AAS 

Highly  selective,  sensitive, wide range 

of analysis, Anti-interference ability, 

High precision 

High  cost, complex sample processing 

and operation, Cannot analyse multiple 

elements at the same time 

AES 

Can analyse  multiple  elements  at  

the same time, Highly selective, fast 

analysis, Less sample consumption, 

low cost 

Insensitive, errors with analysis of 

common non- metallic elements 

Table 3.1.1 the comparison between AAS method and AES method [16] 

 

Table 3.1.1 shows the comparison between AAS method and AES 

method. After comparing those advantages and disadvantages, 

combining our interested part, the AES method is a good choice for 

analysis of the specimen which includes variants of the element and their 

compounds. 

 

3.1.2 Flame photometry & Atomic fluorescence spectrometry (AFS) & X-ray 
fluorescence (XRF) method comparison 

Method Speed Sensitive Cost 
Sample 

request 
Test range 

Flame 

photometry 
H H H H L 

AFS L L L H L 

XRF H L L L H 

Table 3.1.2 the comparison between Flame photometry, AFS and XRF method [17] 

 

Table 3.1.2 showing the comparison between Flame photometry, AFS and 

XRF method. In our case, which needs to test lots of element in the 

specimen with low-cost and high speed, the XRF method is a good choice 

for our measurements. 
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3.2 X-ray fluorescence (XRF) & X-ray diffraction (XRD) method 
comparison 

X-ray fluorescence and X-ray diffraction methods are both famous in the 

X-ray radiation field for measuring the compound in samples. Those 

methods have the same equipment: they need an X-ray source and 

detector [18]. The detector both records the response to X-rays 

interacting with substance, they also provide a measurement to help 

identify the compounds. Both XRD and XRF are suitable for measuring 

the sample contents in a short time.   

 

In addition to these same points, there are some different items which 

need to be considered.  

XRF XRD 

Chemistry element analysis Mineralogy compound analysis 

Contains Fe Contains Fe2O3 vs Fe3O4 

Contains Ca 
Polymorphs: CaCO3 

Calcite vs Aragonite vs Vaterite 
Table 3.1.3 the comparison between XRF and XRD [19] 

 

As table 3.1.3 presents, the XRF method focuses on the element type in 

the sample. If there is a Copper fluorescence peak showing up in the XRF 

method spectrum, it is hard to separate whether it belongs to the sample 

or to the copper filter even to distinguish the Coppers compounds. While 

the XRD method is totally different, it can easily divide the different 

compounds of the same element knowing the accuracy percentage for 

those compounds which cannot be achieved by the XRF method. 

 

In our case, the goal is to build the detection system for distinguishing the 

element inside the specimen.  The element compounds are not necessary 

for this case. Considering that, XRF is the better choice. 

 

3.3 ED-XRF & WD-XRF 

Both the energy-dispersive X-ray fluorescence(ED-XRF) method and the 

wavelength- dispersive X-ray fluorescence (WD-XRF) method are based 

on the XRF method while using a different parameter to analyse in 

different ways.  
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The ED-XRF based on the energy level while the WD-XRF depends on the 

wavelength. The comparison between those methods has been shown in 

table 3.1.3. 

Method Resolution Sensitive Test range 
Geometric 

efficiency 

WD-XRF H L H L 

ED-XRF L H L H 
Table 3.3 the compare between WD-XRF and ED-XRF [20] 

 

The ED-XRF method uses an analyser crystal and offers optimal 

measurement conditions, very high sensitivity, and low detection limits 

which make it more suitable for use research as compared to its 

counterpart.  

On the other hand, the WD-XRF method used an analyser crystal and it’s 

considered a low-cost alternative for routine applications. After 

comparing those two methods, it is clear that using ED-XRF is good for 

further experimenting. 

 

3.4 Detector analysis 

Usually, there are three types of detector used in XRF simulations: silicon 

(Si-PIN) detector, CdTe detector and GaAs detector.  

 
Figure 3.4 absorption for Silicon, CdTe and GaAs  

 

As the figure 3.4 shows, the absorption rate during the photon energy 

increasing is different in those three sensors. GaAs Sensor has the widest 

range for absorb fluorescence signal. While the silicon detector has the 

narrow interval for absorption. When the input energy is larger than 

20keV, part of input starts to get lost.  
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Meanwhile, according to the research [21], Si-PIN detector has better 

resolution, peak to background ratios, especially when the X-ray energy 

is lower than 25KeV. While the CdTe sensor has better efficiency and also 

operates at shaping time, this is helpful at high count rates when the X-

rays energy is higher than 25KeV. 

 

However, the Cadmium is one of the specimen analytes which cannot use 

the same material as the detector. If it does that, the fluorescence will 

come from both the specimen and detector thus affect the measurement.  

 

For analysing the fluorescence value for the detector, it is clear that those 

fluorescence value that are too close to the specimen material’s 

florescence value make it harder to distinguish fluorescence in simulation. 

In consider of that, the silicon is suitable for further simulation work. 

 

3.5 Simulation detection system   

Figure 3.5 simulation detection system 

 

Figure 3.5 gives the simulation detection system for further measurement. 

Blue area represents the sample. In this case, the sample will be the 

2*2*1cm cuboid.  

 

The yellow space is the lead shield. In order to shield all the unwanted 

signal, the shield will be 3cm length, 2cm width with 0.2cm thickness 

cube, while the purple one is the filer. Depending on their different filter 

material, various thicknesses will be used for finding the best result.  
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The last part is the green area which is the detector place. To achieve the 

goals, the detector will be 4*2*0.5cm. The most important is the X-ray 

source at (2, 0, 2). 

 

Based on the different test specimen, the 20keV and 40keV will be used 

for measuring. According to the experiment in the real case, the source 

emitting beam stream has a 45º angle between specimen and source. The 

detailed information is present in the following chapter. 
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4 Design  
Based on the simulation model built on chapter 3, this detection system 

can be separated into several parts: input X-ray source, specimen, detec-

tor and other improvement equipment such as filter and shield. The de-

sign part will introduce those parts setting in this system and give theo-

retical value based on the theory in chapter 2.  

4.1 Input X-ray source   

According to chapter 2.1, the real experiment X-ray is made by X-ray tube. 

However, in MCNP software, the input source cannot set the voltage with 

the anode target like the actual experiment.  

 

For simulating a real case as much as possible, the most convenient way 

is using the [ERG=D1] card, [SI] card and [SP] card defining the input 

source in the specified chart. The [SI] command defines the energy for the 

X-ray source and the [SP] card gives the relative intensity for each energy.  

 

In this case, simulate input X-ray spectra based on a silver target tube [22]. 

The Sliver  𝐾𝛼  value is around 22.16keV while the 𝐾𝛽  value is around 

25keV.   

 

On the other hand, for accurate results, the input X-ray energy needs to 

be 2 to 3 times larger than the specimen’s fluorescence value. Meanwhile, 

the specimen material usually is lower than 10keV or around 20keV 

which present in appendix C. Based on that, the input X-ray has been set 

as 20keV and 40keV. The detailed information is shown below. 
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(1) 20keV 

Figure 4.1.1 Matlab input (left) and MCNP output (right) 
 

Figure 4.1.1 left shows the Matlab input figure for 20keV, which made by 

Gaussian function and linear function. The blue line represents the 

Gaussian function and the red line is related to the linear function. The 

right side gives the MCNP input curve. In this case, the sensor on the right 

directly blows the X-ray source.  
 

(2) 40keV 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1.2 Matlab input (left) and MCNP output (right) 

 

Similar to figure 4.1.1, figure 4.1.2 left shows the Matlab input figure for 

40keV, which made by several Gaussian functions and linear functions. 

And the right side gives the MCNP input curve at 40Kev. The highest 

peak is represented by the Ag fluorescence 𝑘𝛼 and𝑘𝛽. 
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4.2 Specimen material absorption edge  

During the simulation process, when the X-ray contacts the specimen, 

only the X-ray energy level that is higher than absorption edge can emit 

fluorescence according to Chapter 2.2.4.  

 

Only when the input energy level is higher than absorption edge, will 

fluorescence emit from the specimen. In the simulation, the water sample 

has various elements with different edge values. The most interesting 

element is the toxic metal material. Their absorption edge value has been 

presented below:  

(1) Analyte: Chromium 

 
Figure 4.2.1 Chromium linear attenuation coefficient curve 

 

In figure 4.2.1, absorption edge has been found when the linear 

attenuation coefficient has the minimum value. In this case, the minimum 

is 5.9892keV which is the Chromium absorption edge value.  

(2) Analyte: Cadmium 

 
Figure 4.2.2 Cadmium linear attenuation coefficient curve 



Monte Carlo modelling of an X-ray fluorescence 

detection system by the MCNP code  

Xiaolei Xia 

Design 

2019-01-25 

 

20 

 

In figure 4.2.2, absorption edge has been found when the linear 

attenuation coefficient has a minimum value. In this case, the minimum 

is 5.9892keV which is the Cadmium absorption edge value. 

 

(3) Analyte: Molybdenum 

 
Figure 4.6.3 Molybdenum linear attenuation coefficient curve 

 

In figure 4.2.3, absorption edge has been found when the linear 

attenuation coefficient has a minimum value. In this case, the minimum 

is 5.9892keV which is the Molybdenum absorption edge value.  

4.3 Detector absorption rate  

In MCNP simulation, the detector needs to record the photon to show the 

spectra during the measurement. The recording method is based on the 

absorption by the sensor material. As discussed in chapter 3.2, the sensor 

material for detecting the specimen is silicon. For tracking more photons, 

the suitable thickness needs to be considered. 

 
Figure 4.3.1 absorption curve for silicon thickness and photon energy  
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As the figure 4.3.1 shows, the absorption rate decreases when the input 

X-ray energy is decreasing. Meanwhile when the detector thickness goes 

up, the absorption rate increases at the same time. When the input X-ray 

energy is larger than 50keV, the absorption rate drops to a small value 

which cannot improve a lot by giving more silicon thickness. In this case, 

most of the material in specimen fluorescence is lower than 50keV. That 

means using 5mm thickness is enough for this simulation with high 

absorption.  

 

In order to record all the signal during the simulation, the detector needs 

to be suitable for absorbing all the fluorescence at the different energy 

levels. On the other hand, the attenuation multiple can present the rate 

for material absorption of the X-ray beams. When it equal to 1, the 

material will absorb all the X-ray energy. However, based on the data 

from real experiments, it is difficult to achieve 100% absorption rate.  

Based on this, the detector with the energy curve in 95% absorption rate 

is shown in below. 

Figure 4.3.2 silicon thickness curve when absorption rate is 95% 

 

Figure 4.3.2 gives the silicon thickness when silicon is the detector 

material for a 95% absorption rate. It is observed that when the silicon 

thickness increases for absorption this increases the input X-ray energy. 

This phenomenon matches that of actual experiment detector recording 

board thickness. For most of elements in the polluted water, their 

fluorescence is around 20keV, based on this, the detector thickness is 

enough for using 5mm for further simulation.  
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4.4 Filter window  

In order to reduce the background noise, the filter has been used to 

increased signal-noise-ratio (SNR). In this case, after analysing the toxic 

metal element fluorescence value, Copper and Tin will be a good choice 

due to their element structure. The filter window is shown below: 

 

(1) Filter material: Copper  

Figure 4.4.1 Copper filter window when photon energy is 20keV (left) and 40 keV 

(right) 

 

Figure 4.4.1 left shows the 0.5mm thickness Copper filter window using 

20keV X-ray input. It is clear that there is a peak around 8keV to 10keV. 

The intensity value represents the number of input photons pass 

through the filter. The photons whose energy level is between 8keV and 

10keV or larger than 18keV will go through. The others will be ‘blocked’ 

by the filter.  

 

Similar to the 20keV case, when the input X-ray energy level is increased 

to 40keV, the peak around 9keV will disappear completely. The photons 

whose energy level is larger than 25keV start to pass the 0.5mm Copper 

filter. 

 

(2) Filter material: Tin 

 

Due to the high atomic number compared with Copper, Tin as the filter 

material will lead to nothing passing the filter when the input X-ray 

energy level under 30keV.    
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Figure 4.4.2 Tin filter window in 30keV and 40keV 

 

When the input X-ray energy is higher than 30keV, as the figure 4.4.2 

show, the spectra will have a clear peak around 20keV and 30keV by 

using the 5mm thickness Tin filter.  When the input X-ray is lower than 

20keV, all the photons will be ‘blocked’ by the Tin filter absorption.  

When the energy is higher than 30keV, similar to the Copper filter, the 

input photons between 20keV and the 30keV will go through the filter 

with the different transmission rate. The photons with 30keV will pass 

the filter without any losses. If the X-ray energy is increased to 40keV, 

the photons larger than 35keV start to go through the filter with a very 

large loss. 

 

(3) Filter thickness  

In figures 4.4.1 and 4.4.2, the filter thickness is 0.5mm. While the filter 

thickness will affect the intensity its passing, it will look a lot like the 

figure 4.4.3 gives: 

Figure 4.4.3 Tin filter window in 0.015mm (left) and 0.5mm (right) 
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Like figure 4.4.3 present, when the filter thickness is 0.015mm, most of the 

photons will pass the filter which is not only like the right side present. 

This vividly illustrates the influence that filter thickness can make. In 

consideration of that, the filter thickness test will be scheduled for the 

detection system in the Results chapter.  

4.5 Shield thickness 

In the actual experiment, the input X-ray tube puts out the X-ray not 

exactly in a beam stream, in fact, usually the emitting X-ray has a core 

angle. Thus, the experiment will set a shield to protect the incident X-ray 

from going directly to the detector which may destroy the machine. 

 

In our case, the whole process is the simulation experiment, which means 

the input X-ray will not have that core angle. The input will be a narrow 

beam stream which has 45 angles. For shielding the detector from the 

input X-ray this will not have clear affect. While, during the simulation, 

there are also other things that may influence the simulation result e.g. 

the air environment space. For analysing the influence of that, the shield 

will be set for observing the function when used for reducing the 

background noise and other unwanted signals. 

 

Based on equation [2.7], the HVL principle and definition can be used for 

selecting the shield thickness. In this case, the shield material has been 

chosen as lead which not only cheap and stable for the actual experiment 

but also has high fluorescence which will not influence the simulation 

spectra. The following figure 4.5 gives the lead HVL value during the 

input photon energy increasing.  

Figure 4.5 Lead HVL changing curve 
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By using information given in figure 4.5, it is easy to find the lead HVL 

value is 0.004256cm. If we want the transmission particle lower than 1%, 

we can use 7 times HVL thickness lead shield which equals to 0.0298cm 

for shielding the detector. In this case, the shield thickness is 0.2cm which 

can completely protect the simulation system. 
 

 

 

 

 

 

 

 

 

 

 

 

. 
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5 Results 
The result has been presented in those six parts. The first part is used to 

find the suitable simulation time for further simulation. Using that time, 

it is easy to measurement these specimens and evaluate the detector’s 

limitations. For achieving our goal, the method for making the results 

more reliable like a shield and a filter has been used in this experiment.  

5.1 Simulation time  

During the simulation, the most important factors are the number of the 

input photons. If the photons are not enough for the experiment, the 

spectra will be hard to observe. In MCNP software, there are two methods 

that can control the particles number: [NPS] card and [CTME] card. The 

first one requests the number of particles directly. The simulation will be 

terminated when the particle number reaches that value.  

 

The other method requests the simulation time in the simulation. The 

simulation will be terminated when the simulation time reaches the 

request time.  On the other hand, the simulation time depends on the 

computer setting which runs the software. If the computer is advanced it 

will emit more particles than a slow one. In order to make the result as 

accurate as possible, all the process has been simulated in the 

supercomputer Pegasus. Thus, the further simulation particles requested 

use the simulation time method. 

5.1.1 Tested values 
Simulation Time(min) 90 180 360 900 1200 3600 

Table 5.1.1 the tested value for simulation time experiment 

 

Table 5.1.1 gives the different simulation times for the experiment. In 

order to observe the input X-ray energy peaks clearly, the specimen 

element concentration has been set at 0.1% and 10% Chromium. And the 

input X-ray energy is 20keV and 40keV. About the environmental factors 

setting, the air environment and vacuum environment both are used for 

this simulation. 

 

 



Monte Carlo modelling of an X-ray fluorescence 

detection system by the MCNP code 

Xiaolei Xia 

Results 

2019-01-25 

 

27 

5.1.2 Simulation spectra 
(1) High concentration analyte 

Figure 5.1.1 10% Chromium spectra for different simulation times (vacuum 

environment) 

 

In figure 5.1.1, the 10% Chromium spectra when the input X-ray energy 

is 40keV for different simulation times. Around 5keV, the Chromium 

fluorescence peaks are easy to see, while the input X-ray peaks are 

difficult to observe.  

Figure 5.1.2 10% Chromium fluorescence curve for different simulation times (air 

environment) 

 

As in the figure 5.1.2 present, the 10% Chromium fluorescence curve 

during the simulation times is seen increasing. During the simulation, it 

is clear to see that when the simulation time is greater than 500 minutes, 

the Chromium fluorescence intensity tends to stabilize. 

 

𝑘𝛼 𝑘𝛽 



Monte Carlo modelling of an X-ray fluorescence 

detection system by the MCNP code 

Xiaolei Xia 

Results 

2019-01-25 

 

28 

(2) Low concentration analyte 

Figure 5.1.3 0.1% Chromium spectra for different simulation times (air environment) 

 

In figure 5.1.3, the 0.1% Chromium spectra when the input X-ray energy 

is 40keV for different simulation times. In this case, for low concentration 

specimen material, the input X-ray energy will be easy to see. When 

increasing the simulation time, the input X-ray energy peaks and 

fluorescence peaks largely don’t increase. For the analyses’ fluorescence 

intensity, the value tends to be stable when the simulation time is long 

enough.   

Figure 5.1.4 0.1% Chromium fluorescence curve for different simulation times (air 

environment) 

 

As the figure 5.1.4 present, the 0.1% Chromium fluorescence curve during 

the simulation time increases. It is clear that when the simulation time is 

larger than 1200 minutes, the Chromium fluorescence value tends to 

stabilize. That is because the fluorescence value depends on the amount 

of the specimen’s material. 

𝑘𝛼 𝑘𝛽 



Monte Carlo modelling of an X-ray fluorescence 

detection system by the MCNP code 

Xiaolei Xia 

Results 

2019-01-25 

 

29 

 

Compared with the high concentration case and low concentration case, 

when the concentration decreases, the simulation needs more time to be 

stable. For 10% Chromium case, the simulation time only needs 500 

minutes, meanwhile, in the 0.1% Chromium case, the time will increase 

to 1200 minutes and even more.  

 

Meanwhile, the highest peaks high for input X-ray will be 2*10-7, the same 

peak in the high concentration case is lower than 0.5*10-7. That shows the 

signal is suppressed by the specimen's fluorescence signal. Similarly, the 

0.1% Chromium fluorescence intensity is around 0.5*10-7. Simultaneously, 

the 10% Chromium fluorescence brings 8.7*10-7. The relationship between 

those two are not exactly 100 times, actually, it’s only nearly 18 times. The 

detailed comparison will appear in the following chapter. 

5.2 Specimen analysis 

In this chapter, at first, the material related to fluorescence’s theoretical 

and simulation values has been presented. Then, based on this, the 

spectra using different specimen concentration will give the effect of the 

analyte concentration. The last part analyses the matrix effect for the 

whole simulation. 

5.2.1 Fluorescence position  

(1) Chromium  

Fluorescence type 𝒌𝜶𝟏 𝒌𝜶𝟐 𝒌𝜷 𝑳𝜶 𝑳𝜷 

Theoretical value 5.414 5.405 5.946 0.572 0.518 

Simulation value(20keV) 5.398 5.947 / 

Simulation value(40keV) 5.398 5.947 / 
Table 5.2.1 Chromium fluorescence value comparison 

 

The table 5.2.1 shows the comparison for theoretical values and 

simulations at different input X-ray energy levels. It is obvious that the 

input X-ray energy cannot influence the fluorescence peak position. 

Meanwhile, the comparison also shows than there is a shift between 

theoretical values and simulation results. 

 

That is because the simulation spectra energy level is based on the tally 

bin setting in the MCNP code. In this case, between 0keV and 100keV, 

there are 1986 bins. For this number of bins, it is no need to select each 

bin’s exact position. It will be atomically decided by the computer. The 

values will not as same as the theoretical fluorescence position.  
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Meanwhile, if the photon energy level is between two tally bin values, the 

value will be recorded by the closer one, not showing between those two. 

It will make the simulation result spectra have a small shift for presenting 

this result. On the other hand, most of the fluorescence will very close, 

with the background noise, close peak will mix together. That’s why there 

is a shift between theoretical values and simulation results.  

 

Like the table 5.2.1 present, the𝑘𝛼1 peak and 𝑘𝛼2 peak are mixing which 

make 𝑘𝛼 fluorescence peak turn to one. If the theoretical value is too low, 

the simulation will have trouble finding the fluorescence peaks.  

 

(2) Cadmium 

Fluorescence type 𝒌𝜶𝟏 𝒌𝜶𝟐 𝒌𝜷𝟏 𝒌𝜷𝟐 𝒌𝜷𝟑 𝑳𝜶 𝑳𝜷 

Theoretical value 23.173 22.984 26.096 26.643 26.061 3.133 3.135 

Simulation value 23.19 22.99 26.09 26.644 / 3.149 
Table 5.2.2 Cadmium fluorescence value comparison 

 

Like table 5.2.1, table 5.2.2 gives the Cadmium theoretical and simulation 

fluorescence values. The simulation is not exactly the same as the 

theoretical value. In this case, the𝑘𝛽1 peak and 𝑘𝛽3 peak are mixing which 

make 𝑘𝛽1 fluorescence peak turn to one.      

 

(3) Molybdenum  

Fluorescence 

type 
𝒌𝜶𝟏 𝒌𝜶𝟐 𝒌𝜷𝟏 𝒌𝜷𝟐 𝒌𝜷𝟑 𝑳𝜶 𝑳𝜷 

Theoretical 

value 
17.479 17.374 19.608 19.965 19.590 2.292 2.394 

Simulation 

value 
17.49 17.34 19.59 19.94 / 2.299 

Table 5.2.3 Molybdenum fluorescence value comparison 

 

Table 5.2.3 show the Molybdenum fluorescence value, the theoretical 

and the simulated fluorescence value. Similar to table 5.2.2, the𝑘𝛽1 peak 

and 𝑘𝛽3 peak are mixing which make 𝑘𝛽 fluorescence peak turn to one. 

The 𝐿𝛼 peak and 𝐿𝛽 peak are mixing into one peak showing in the 

simulation spectra. 
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5.2.2 Specimen concentration analysis 

(1) Tested concentration   

Concentratio

n (%) 

0.00000

1 

0.0000

1 
0.000

1 
0.00

1 

0.0

1 

0.

1 

1

0 

5

0 

10

0 

Table 5.2.4 the tested value for specimen concentration 

 

The table 5.2.4 gives the tested specimen concentrations for the different 

specimen analyte concentration. The concentration changes from 

0.0000001% to 100%. During this simulation, the input X-ray is 20keV and 

40keV. And the analyte is the toxic metal: Chromium, Cadmium, and 

Molybdenum. In Chromium’s case, the input X-ray energy can choose 

both 20keV and 40keV, because of the low absorption edge. For the filter 

chosen, in the 20keV case, the 0.020mm Copper filter will be a good 

choice. While testing the Cadmium and Chromium in 40keV, the 

0.020mm Tin filter will be used. And the 0.025mm Tin filter will be 

applied to measure the Molybdenum. 

(2) Tested material: Chromium 

A.20keV 

Figure 5.2.1 Chromium spectra for different concentration (20keV)  

 

Chromium with 20keV input in the air environment has been presented 

in figure 5.2.1. The top right zoom in spectra gives the specimen Chro-

mium’s fluorescence peaks. It is clear that as the analyte concentration 

increases, the fluorescence intensity increased too. The increasing rate 

when the concentration is lower than 10% are positive, on the contrary, 

the increasing rate will turn to 0 or even negative.  

𝑘𝛼 𝑘𝛽 

0.01% 
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About the minimum concentration value for simulation, after observing, 

when the concentration is lower than 0.01%, the fluorescence value will 

fully disappear in the spectra. Meanwhile, the input X-ray peak has been 

more easily being observed than in high concentration. 

 

B.40keV  

Figure 5.2.2 Chromium spectra for different concentration (40keV) 

 

Similar to figure 5.2.1, when the input X-ray energy level is up to 40keV, 

the relationship between the analyte concentration and their fluorescence 

are not linear too. The increasing rates where the concentration is lower 

than 10% are positive, on the contrary, the increasing rate will turn 

negative which make the spectra with 50% analyte peaks nearly coincide.  

 

About the minimum concentration value for simulation, unlike from 

figure 5.2.1, when the concentration is down to 0.01%, the fluorescence in 

𝒌𝜷  part is very difficult to see. Thus, the minimum concentration for 

Chromium in 40keV is 0.1%. 

𝑘𝛼 𝑘𝛽 

0.01% 
𝑘𝛼 
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(3) Tested material: Cadmium    

Figure 5.2.3 Cadmium spectra for different concentration  

 

The figure 5.2.3 shows the different concentrations for Cadmium in water 

for 40keV input X-ray energy. When the analyte concentration is lower 

than 10%, the input X-ray peaks is clear to observe.  

 

Also, the highest fluorescence peaks depend on the specimen 

concentration and the density setting. According to the research [23], if 

the material density reaches 1g/cm3, the fluorescence count remains 

constant. During this simulation, when the specimen concentration is 

lower than 1%, the specimen uses water density. While, when the 

specimen concentration increased to 50%, the density for the specimen 

uses half of the Cadmium. Then for the 100% Cadmium, the density turns 

out to be totally Cadmium density. 

 

Those density settings will influence the fluorescence value in the spectra. 

That’s why the 100% concentration Cadmium specimen covers the others 

analyte fluorescence peaks. When the input X-ray energy and the analyte 

concentration are large enough, the fluorescence on L shell can be 

observed.   

 

0.001% 

𝑘𝛼1 𝑘𝛼2 
𝑘𝛽1 𝑘𝛽2 

𝑙𝛽 
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After comparing the concentration and their intensity value, it is clear 

when the minimum value for measuring the Cadmium is 0.001%. If the 

concentration is lower than that, the fluorescence value will be very 

difficult to see. 

(4) Tested material: Molybdenum  

Figure 5.2.4 Molybdenum spectra for different concentrations  

 

Same as the figure 5.2.2, the spectra with 50% concentration Molybdenum 

are hard to separate from the spectra with 100% concentration. When the 

analyte concentration changes, the fluorescence intensity will be greater 

and lower. After observing the top side zoom in figure, it is clear that the 

minimum concentration is 0.001%. 

 

5.2.3 Matrix effect for toxic metal element  

According to chapter 2.6, when a sample contains multiple elements, they 

will affect each other. The matrix effect shows the different results for the 

various analytes. Based on the binary experiment method, like the 

Cadmium for the main target, the results shown are following:  

0.001% 

𝑘𝛼1 

𝑘𝛼2 
𝑘𝛽1 

𝑘𝛽2 
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Figure 5.2.5 Relationship between radiation intensity of Cd and weight fraction of Cd 

 

Based on the matrix effect, when the specimen analyte is Cadmium, this 

differs from if the matrix element is Chromium and Molybdenum and 

shows different results. In the case of Cadmium and Chromium, the red 

line illustrated an enhancement effect when the weight fraction lower is 

than 0.8. On the contrary, in the Cadmium and Molybdenum case, most 

of the time, the blue line obtained positive absorption.  

 

5.3 Environmental factors analysis 
There are several parameters that can influence the result which can be 

separated into two parts. The first part includes the shield and filter. Both 

types of equipment can help the increase their reliability. During the sim-

ulation, the parameter which can judge the reliability of the signal is the 

SNR value. The calculation method will be shown in chapter 5.3.1. 

 

The other part of the influence parameter come from the photon emitting 

and transmission. During the process, there are two types of input X-ray 

energy used: 20keV and 40keV. Chapter 5.3.4 will explain the difference 

when using those two levels of X-ray energy and the background noise 

coming from the source.  

 

The other parameter comes from the environment photons transferring. 

Air environment and Vacuum environment will bring distinct spectra. 

Also, the Compton scattering effect will be discussed in the following 

chapter. 
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5.3.1 SNR  

For knowing the credibility of the components, the Signal-Noise-Ratio 

(SNR) has been used for the following analyzing. The formula for SNR 

are shown below: 

The signal, in this case, will be the fluorescence peaks intensity, while the 

Noise which presents the background noise will be the average of 

surrounding peaks.  

Consider the resolution of the detector and MCNP software, the noise 

selected needs to avoid choosing the peaks which belong to part of the 

fluorescence peaks. 

5.3.2 Shield influence analysis 

However, unlike the actual experiment, the X-ray source didn't have a 

core angle.  While, during the Compton scattering, the fraction of input 

X-ray photons emit in all angles, which also influences the spectra result.  

 

As mentioned in chapter 4.5, the shield may help improve the SNR value 

in the spectra by helping reduce the background noise and air Argon 

fluorescence. The simulation result will be separated in the high 

concentration and low concentration parts.  

 

 

(1) High concentration specimen 

Figure 5.3.1 & 5.3.2 10% Cadmium spectra in Vacuum (left) and Air (right) 

environment 

 

𝑆𝑁𝑅 =
𝑆𝑖𝑔𝑛𝑎𝑙

𝑁𝑜𝑖𝑠𝑒
                       [5.1] 
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Comparing with figure 5.3.1 and 5.3.2, when the concentration increases 

to 10%, the Argon fluorescence peaks are covered. In figure 5.3.1, the 

Cadmium fluorescence intensity is clearly not higher than in the air 

environment. Shielding does not bring a huge change in the fluorescence 

intensity. The intensity value has been presented as follows: 

Peak statement Air environment Vacuum environment 

Shield status With Without With Without 

Cadmium fluorescence k𝛼1(a.u) 3.763E-06 3.81E-06 3.83E-06 3.87E-06 

Cadmium fluorescence k𝛼2 (a.u) 2.015E-06 2.034E-06 2.023E-06 2.041E-06 

Cadmium fluorescence k𝛽1 (a.u) 1.15E-06 1.167E-06 1.137E-06 1.141E-06 

Cadmium fluorescence k𝛽2 (a.u) 2.536E-07 2.607E-07 2.336E-07 2.387E-07 

Argon fluorescence k𝛼1 (a.u) 1.064E-09 2.562E-09 / / 
Table 5.3.1 fluorescence value in different environmental factors 

 

In table 5.3.1, the fluorescence value has been shown clearly. It is easy to 

see that using the shield cannot increase the SNR value during the 

simulation experiment.  

 

Because of the air environment, the Argon can be recorded during the 

measurement. Comparing all the fluorescence peaks, the Argon 

fluorescence peak has absorbed most.  

 

The reason causing this is that the fluorescence coming from the air not 

only produces an X-ray emitting procedure but also appears after 

reflecting from the specimen. That gives the fluorescence almost all the 

direction, while the specimen analyte will not have this. 

 

As long as the particle goes through the air, the fluorescence will be 

produced by chance. Without the shield, the Argon fluorescence before 

the X-ray reaches the specimen can be recorded by the detector, which 

makes the fluorescence intensity higher than in other cases. 
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(2) Low concentration specimen 

Figure 5.3.3 & 5.3.4 0.1% Chromium spectra in 20keV (left) and 40keV 

(right)   

 

Using the 0.1% Chromium specimen, the spectra using a shield or not has 

been given in figure 5.3.3. If the 20keV is the input X-ray level like figure 

5.3.31 gives, the shield will decrease the input X-ray energy peak. While, 

in the 40keV case, the effect is difficult to observe as figure 5.3.4 shows. 

About the fluorescence presented by the analyte concentration, the shield 

will absorb a small part of the signal, the detail is shown as following： 

Peak statement 20keV input 40keV input 

Shield status With Without With Without 

Chromium fluorescence k𝛼1 (a.u) 4.628E-08 4.806E-08 2.864E-08 2.924E-08 

Chromium fluorescence k𝛽1 (a.u) 9.342E-09 1.097E-08 5.350E-09 5.627E-09 

Argon fluorescence k𝛼1 (a.u) 1.226E-09 3.766E-09 1.070E-09 2.303E-09 

Table 5.3.2 fluorescence value in different input X-ray energy level  
 

Table 5.3.2 shows the Chromium fluorescence value in several cases. 

After analysing those data, it is clear that when using the shield, it can 

absorb the fluorescence signal if the fluorescence is emitting to the 

specimen at those angles.  

 

Compared with the table 5.3.1 and 5.3.2, it is clear that using the shield 

will reduce the Argon fluorescence signal when it is not the specimen 

analyte. In light of that, using the shield is good for further simulation. 
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5.3.3 Filter influence analysis  

As mentioned before, the filter is another one which can increase the SNR 

value for improving the reliability for the resulting spectrum. Based on 

the toxic metal fluorescence value range, there are two types of filter 

material suitable for the experiment: Copper and Tin. The filter window 

has been presented in chapter 4.4. 

 

Also, the filter thickness will change the filter window width changing 

the number of pass-through photons, which need to be considered. In this 

case, the filter thickness has been tested from 0.01mm to 0.05mm, by 

looking for their spectrum to find the suitable filter thickness in this 

detection system. 

(1)Tested value  

Filter thickness(mm) 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 

Table 5.3.3 the tested value for different filter thickness 

 

Chart 5.3.3 gives the different filter thickness for the experiment. In order 

to observe the effect of the filter clearly, the specimen element 

concentration has been set, which is related to Chapter 5.4 minimum 

concentration for simulation. The input X-ray energy is 20keV and 40keV. 

About the environmental factor setting, the air environment and vacuum 

environment both are used for this simulation. 

 

(2) Filter material: Copper  

Based on the 8keV to 10keV Copper filter window in chapter 4.4, if the 

test material is Molybdenum, the fluorescence will be hard to observe. 

For the best response, the tested material has been chosen as Chromium. 

Comparing with the Chromium’s fluorescence, the input X-ray energy 

value is 20keV and 40keV. 

 



Monte Carlo modelling of an X-ray fluorescence 

detection system by the MCNP code 

Xiaolei Xia 

Results 

2019-01-25 

 

40 

a.20keV 

Figure 5.3.5 0.01% Chromium spectra for different filter thickness (air 

environment) 

 

In figure 5.3.5, the figure presents the 0.01% Chromium with different 

Copper filter thickness. In order to get accurate results, the simulation 

time has been set as 1200 minutes. 

 

However, in the spectra, the Chromium fluorescence peak is difficult to 

observe. The peaks around 10 to 20keV are input X-ray peaks, while the 

other peaks are Copper filter window peaks. For further analyse, the 

fluorescence curve with increased filter thickness has shown the 

following: 

Figure 5.3.6 0.01% Chromium ka1 fluorescence curve with SNR changing curve  
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The figure 5.3.6 gives the fluorescence intensity changing when the filter 

thickness goes higher. During that time, the fluorescence intensity 

decreased clearly. That is because the Copper filter will absorb the input 

X-ray energy. When the filter is thick enough to absorb all the energy, the 

specimen will not have extra energy to emit the fluorescence which makes 

the detector unable to record the signal.  

 

In this case, filter material absorption is the reason that the fluorescence 

value decreased. On the contrary, the right figure shows the SNR curve. 

When the fluorescence intensity decreased, the SNR value increased at 

the same time. Although when the filter thickness is 0.04mm, the result 

has a high SNR value.  

 

Meanwhile, a high filter thickness also brings a long simulation time and 

low recorded photons number. To achieve our goals, the filter thickness 

not only needs to keep high-intensity value but also need to consider the 

SNR value. In light of that, 0.025mm will be a good choice for further 

experimentation. 

 
Figure 5.3.7&5.3.8 0.01% Chromium spectra without (left) and with (right) filter 

(20keV) 

 

Figure 5.3.7 and 5.3.8 clearly present the fluorescence with Copper filter 

and without a filter with 20keV input X-ray energy. The peaks between 

5keV to 10keV in figure 5.3.8 are the Copper fluorescence peaks. While 

the highest peaks belong to input X-ray input. 
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b.40keV 

Figure 5.3.9 0.1% Chromium spectra for different filter thickness (air environment) 

 

When input X-ray energy turns to 40keV, the spectra uses 0.1% 

Chromium spectra with different filter thickness. Unlike in figure 5.3.5, 

the Copper fluorescence is around 8keV, even the Chromium 

fluorescence intensity only can be observed when the specimen 

concentration is 0.1%. The fluorescence curve and SNR values are below: 

Figure 5.3.10 0.1% Chromium ka1 fluorescence curve with SNR changing curve 

 

Different from figure 5.3.6, the SNR has a maximum value when filter 

thickness increases which is 0.025mm. In order to get the best result, the 

0.025mm is appropriate for further simulation. 
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Figure 5.3.11&5.3.12 0. 1% Chromium spectra without (left) and with (right) filter 

(40keV) 

 

Figures 5.3.11 and 5.3.12 clearly present the fluorescence with a Copper 

filter and without a filter with 40keV input X-ray energy. Unlike the 

figure 5.3.7, in figure 5.6.11 one can easily observe the Chromium 

fluorescence peaks around 5.4 keV and 5.95keV. 

 

Unlike figure 5.3.5, the shape of input peaks is clear to see, because of the 

filter 'block' the photons are lower than 25keV like in figure 4.3.2 

presented in the chapter on filter windows, while the Chromium and 

Copper fluorescence peaks are small but obvious. 

 

(3)Filter material: Tin 

When testing the Tin filter, there are two materials that can be tested in 

this filter: Cadmium and Molybdenum. The tested filter thickness range 

still is from 0.01mm to 0.05mm. In this experiment, the important things 

to be considered are that the input Silver fluorescence is around 22keV 

and 26keV, while the Cadmium fluorescence is around 22keV and 26keV 

too. The close fluorescence will negatively affect the simulation.  

 

When the test changed to Molybdenum, the fluorescence values are 

around 17keV and 19keV, far away from the Tin and Silver fluorescence 

values. This will make it easy to find the suitable filter thickness. 
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a. Tested material: Cadmium  

Figure 5.3.13 0.001% Cadmium spectra for different filter thickness (air 

environment) 

 

In figure 5.3.13, we see when 0.001% Cadmium is used in different Tin 

filter thickness levels.  For Cadmium fluorescence value, it will show in 

the zoom-in figure on the top right side. After analysing the fluorescence 

intensity, it is clear that when increasing filter thickness, the Cadmium 

fluorescence value decreased. To clearly see the actual effect for the Tin 

filter, the fluorescence curve with the SNR value is shown below: 

Figure 5.3.14 0.1% Cadmium fluorescence curve with SNR changing curve 

 

When decreasing fluorescence intensity, the SNR value increased. It is 

then clear that the SNR value achieves a good resulting spectra when 

filter thickness is 0.02mm.  

𝑘𝛼1 𝑘𝛼2 
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Figure 5.3.15&5.3.16 0.0001% Cadmium spectra without (left) and with (right) filter 

 

Figure 5.3.15 and 5.3.16 clearly present the fluorescence with a Tin filter 

and without a filter. Because the Cadmium and Silver fluorescence values 

are very close, when the specimen concentration is at a low level, the 

Cadmium fluorescence will be mixed with input Silver fluorescence 

peaks like in figure 5.3.16, which makes it hard to separate those peaks by 

distinguishing their origin.    

 

b. Tested material: Molybdenum  

Figure 5.3.17 0.001% Molybdenum spectra for different filter thickness (air 

environment) 

 

𝑘𝛼1 𝑘𝛼2 
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In figure 5.3.17 is the 0.001% Molybdenum spectra with different filter 

thickness. It is clear that around 17keV, the Molybdenum fluorescence 

intensity changes. The clear curve of fluorescence and SNR values show 

as follows:   
Figure 5.3.18 0.0001% Molybdenum fluorescence curve with SNR curve  

 

As the figure 5.3.18 shows, when the filter thickness increases, the 

Molybdenum fluorescence value decreases too. At the same time, the 

SNR value increases, for comparing the intensity, and the suitable 

thickness for further experiments, the 0.025mm will be a good choice for 

simulation.  

 

 

 
Figure 5.3.19&5.3.20 0.0001% Molybdenum spectra without (left) and with (right) 

filter 
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Figures 5.3.19 and 5.3.20 show the fluorescence with a Tin filter and 

without a filter. Unlike the figures 5.3.15 and 5.3.16, the Molybdenum 

fluorescence has a difference with Silver fluorescence values, which 

makes the specimen fluorescence values easy to observe.  

 

By comparison, it is clear that when using the filter, the photons around 

Molybdenum fluorescence decrease a little which increases the SNR 

value for the simulation result. 

 

5.3.4 X-ray source analysis 

By using MCNP software, the input source has been set based on chapter 

4.1. As mentioned before, in this case, the input X-ray has 20keV and 

40keV. When the specimen is Chromium, those two have been used for 

the measurements.  

 

Different input energy levels need to be analysed when testing other 

parameters such as simulation time or analyte concentration in the 

detection system.  

 

Meanwhile, the input source spectrum is from the real experiment by 

using Silver target, which means the input signal will bring the 

background noise that also effects the resulting spectra too. 
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 (1) Different X-ray energy level affect  

1. Analyte concentration  
Figure 5.3.21 & 5.3.22 0.1% (left) and 10% (right) Chromium fluorescence curve with 

different input X-ray energy level 

 

Figures 5.3.21 and 5.3.22 illustrate the input X-ray energy level influence 

for 0.1% and 10%. It is clear that when using the same factors for the 

experiment, the fluorescence in 20keV is higher than in 40keV, which 

match the idea that the simulation input X-ray energy level should be 

around 2 to 3 times that of the analyte fluorescence value.   

 

2. Simulation time  

a. High analyte concentration 

Figure 5.3.23 Chromium fluorescence curve with different input X-ray energy levels 
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Similar to the situation in testing the analyte concentration, the 

fluorescence value in 20keV is much higher than in 40keV, while 

fluorescence value will tend to be stable when the simulation time is 

higher than 1200 minutes. 

Comparing with those stable times at different energy levels, it is clear 

that for measuring Chromium, using 40keV as X-ray energy input needs 

more time to stay stable than using 20keV. 

 

b. Low analyte concentration 

Figure 5.3.24 Chromium fluorescence curve with different input X-ray energy levels 

 

Similar to the situation in testing the high analyte concentration, the 

fluorescence value in 20keV is much higher than in 40keV, while 

fluorescence value will tend to be stable when the simulation time is 

higher than 1200 minutes.   

(2) Background noise  

Figure 5.3.25 example of background noise in input X-ray energy 

Background noise 
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As figure 5.3.25 shows, the input X-ray 40keV energy spectrum has added 

the background noise into the input signal as the yellow square 

demonstrates.  

 

Without this background noise, the input signal will just two single peaks 

which represent to the X-ray tube target material Sliver’s fluorescence 

value.  

 

The background noise will influence the detector recording the specimen 

analyte fluorescence signal and cover the noise signal, which will 

negatively affect the simulation result. 

5.3.5 Transmission environment  

In the experiment, the Vacuum and Air environments both have been 

chosen. In the air environment, all the element set is based on the real air 

condition for resembling the actual environment, which will influence the 

result. The effect on the other situation will be presented in the following 

chapter. On the other hand, the air environment also causes the Compton 

scattering; the related discussion will explain as follows. 

(1) Analyte concentration 

1. Chromium 

a.20keV 

Figure 5.3.26 & 5.3.27 0.1% (left) and 50% (right) Chromium spectra in different 

environments (20keV) 

 

𝑘𝛼 

𝑘𝛽 

𝑘𝛼 

𝑘𝛽 
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As the figures 5.3.26 and 5.3.27 demonstrate, the left one has the 0.1% 

chromium specimen in the vacuum and air environment. And in the right 

one analyte concentration is 50%. Like the top right spectra in figure 5.5.6, 

the 𝑘𝛼fluorescence intensity in the vacuum will be clearly higher than in 

air condition, while for the case of k𝛽1, the difference is not that large. 

Also, when the analyte is 0.1%, the Argon’s fluorescence intensity can be 

observed while at 50% case, this peak will disappear.  

 

After analysing, it is clear that when the Chromium concentration in-

creases, the fluorescence intensity in vacuum environment will be higher 

than in the air environment. That is because when the fluorescence trans-

fers in the environment, it might be absorbed by the air. The energy loss 

will occur all the time during the measurement. It will not only include 

the input X-ray photons, but also the fluorescence transfer in the air.   

 

This series of effects will absorb part of their energy which makes the flu-

orescence intensity in the specimen also decrease, it is also the reason why 

the low atomic number fluorescence is difficult to see. It will be absorbed 

immediately when they are emitting.   
  

b.40keV 

Figure 5.3.28 & 5.3.29 0.1% (left) and 50% (right) Chromium spectra in different 

environments (40keV) 

 

Similar to the figures 5.3.26 and 5.3.27, when the input X-ray energy 

level is increased to 40keV, the fluorescence intensity shows the same 

phenomenon: the peaks in vacuum environment will clearly be higher 

than in the air environment.  

 

𝑘𝛼 

𝑘𝛽 

𝑘𝛼 𝑘𝛽 
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2. Cadmium 

Figure 5.3.30 & 5.3.31 0.1% (left) and 50% (right) Cadmium spectra in different 

environments  

 

Unlike the Chromium case, the difference for analyte fluorescence 

intensity is not that obvious in 0.1% (left) and the 50% (right) Cadmium 

shows in figures 5.3.30 and 5.3.31. Sometimes, the fluorescence intensity 

in the air will be a little larger than in the vacuum environment.  

 

The reasons causing this might be that the Cadmium is not as sensitive as 

the Chromium based on their structure which makes it difficult to absorb 

by air. On the other hand, when doing the MCNP simulation, each 

intensity value has a relative error presented in the estimated standard 

Deviation of the tally mean divided by the estimated tally means. If the 

relative error is 1, the intensity in that tally will not reliable. Meanwhile, 

because of the amount of data, the relative error is not in the data 

processing range. This missing data might lead to the result of a wrong 

conclusion. 

 

𝑘𝛼1 
𝑘𝛼2 𝑘𝛽1 

𝑘𝛽2 
𝑙𝛽 

𝑘𝛼1 𝑘𝛼2 

𝑘𝛽1 

𝑘𝛽2 

𝑙𝛽 
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3. Molybdenum 

 Figure 5.5.32 & 5.5.33 0.1% (left) and 50% (right) Molybdenum spectra in different 

environments 

Similar to the figures 5.4.30 and 5.4.31, when the specimen analyte is 

Molybdenum, the intensity of those environments is too small to be 

observed. While, for the intensity value comparison, the intensity in the 

vacuum condition will be a little larger than in the air environment. 

(2) Compton scattering  

According to Chapter 2.2.1, the Compton scattering will occur in all the 

times during the simulation in which it is the main background noise 

source. In order to figure out their influence size, by using the equation 

[2.1], the shift of wavelength is shown below: 

Figure 5.3.32 wavelength shift by scattering angle 
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Figure 5.3.32 shows the wavelength shift when the Compton scattering 

occurs. Meanwhile, when the Scattering angle is 0 degrees, the 

wavelength is 0m. Meanwhile, when the angle increases to 180 degrees, 

the shift goes to the maximum value. 

5.4 Water specimen analysis 

In order to find the most suitable parameters for the detection system, 

after those simulations and analysis, the simulation time should be longer 

than 1200 minutes.  The detector thickness is 5mm and the shield should 

be larger than 0.004256cm. When the input X-ray energy is 20keV, using 

the 0.02mm Copper filter will increase the SNR value. When the input X-

ray is increased to 40keV, the 0.02mm Tin filter is good for measuring the 

Cadmium and the 0.025mm Tin filter is suitable for Molybdenum.  

 

Meanwhile, using 20keV as the X-ray input, input energy levels will be 

lower than part of the element in water. To analyse as quick as possible, 

using 40keV will be the better choice. For the filter thickness case, after 

comparing those spectra, the 0.020mm thickness has been chosen for the 

water specimen experiment. 

 

To that end, the detection system has been built by using the parameters 

above, based on the chemical method concentration table showing in the 

Appendix D.  It is easy to find that most of the material concentration is 

lower than the concentration tested in the analyte concentration chapter. 

This means that when using the original concentration it will be difficult 

to observe the fluorescence signal in the simulation spectra. 

 

In order to find the fluorescence signal, the concentration used for testing 

the detection system has been adjusted. The simulation spectra have been 

shown here: 
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Figure 5.5 the spectra after using adjust concentration using shield and 0.02mm Tin 

filter 

 

Like in figure 5.5 present, when using the adjusted concentrations, most 

of the fluorescence for most of the analyte can be recorded in the spectra. 

The peaks corresponding material has been shown in the figure and the 

detailed information has been presented in Appendix E.  

 

Based on Appendices C, D, and E, the material fluorescence, which is 

lower than 1keV, will not be recorded because of the silicon absorption 

edge. It is clear that when all the analyte concentration increases, the 

Chlorine fluorescence turns too hard to be seen in the spectra. One of the 

reason causing this problem is that the other material concentration is 

higher than Chlorine a lot which may ‘cover’ these fluorescence peaks. 

The other reason might be that the adjusted concentration used is the 

same level as most of the concentration of the analyte is being increased 

while Chlorine might be decreased based on their fluorescence that has 

been absorbed by the air due to a low atomic number. 
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6 Conclusions  

6.1 Detection system   

ED-XRF is a convenient method for measuring the specimen in a short 

time without destroying the specimen. Based on the theoretical and 

experimental test, the X-ray detection system has been modelled in 

MCNP6. By using this system, the actual experiment can use the same 

parameters to test the polluted water for protecting the environment from 

those toxic metal pollutants.  

 

The measurement system and different analyte concentrations are 

modelled. The results from analyte concentration simulations show a 

detection limit above 0.0001% for the modelled XRF system. To improve 

and optimize the system by further simulation modelling, future study is 

suggested. 

6.2 Water specimen measurement 

According to Appendices C, D, and E, the water component element and 

their content are seen. It is easy to find that it is very difficult to detect the 

water specimen in such a low concentration situation when using the 

chemical method concentration. 

 

Even when the detector records the intensity at that energy level, it still is 

difficult to distinguish as fluorescence intensity or just background noise 

because of this low-intensity value. 

 

To know the water specimen material fluorescence position, the adjusted 

concentration has been used for observing fluorescence peaks. 

 

Even doing this, the element's fluorescence values are very close which 

makes it difficult to separate them. During the simulation, the tally setting 

only has 1896 points between 0keV to 40keV recorded intensities. If the 

photon has the energy level it is not the same as the computer atomic 

Tally bin value, it will be recorded by the closest tally bin which is not 

exactly the same as what it actually is. This makes it complex to recognize 

their origin. 
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After that, the other problem during the experiment is to judge their 

source. If there is a fluorescence peak which belongs to Copper, in a 

Copper filter case, it is hard to say if peaks are coming from the specimen 

or the filter. Due to their very low or high fluorescence level, the 

simulation cannot find them in the spectra like with Lead, Fluorine, etc. 

6.3 Noise source  

6.3.1 MCNP setting  

(1) Input setting  

Because of the bremsstrahlung in the X-ray tube, the output X-ray 

actually has a core angle instead of a simple photon beam in the 

simulation.  

 

On the other hand, in MCNP, there are several settings for the input X-

ray energy, in this case, the source only requests the photon emission in 

45 degrees without any other setting which is different from the real 

experiment, which may influence the result.  

 

(2) Bin size setting  

The detector is Silicon which will absorb most of the energy if the input 

energy lower than absorption edge. The silicon absorption edge is around 

1.3keV which has a peak around this energy level. The signal lower than 

1.3keV will be absorbed by the detector and not be recorded. 

 

(3) Relative error  

Relative error presents the estimated standard deviation of the tally mean 

divided by the estimated tally means. If the relative error is 1, the intensity 

of that tally will not reliable. Meanwhile, because of the amount of data, 

the relative error is not in the data processing range. This missing data 

might lead to the result of a wrong conclusion. 

 

(4) Specimen material setting  

The density setting of the specimen also influences the simulation result 

when the specimen increases. In this case, when the specimen is lower 

than 1%, the specimen density will be set as water. When the specimen 

concentration increases, the density will be increased too, which also 

makes the density change become a factor in influencing the result. 
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6.3.2 Matrix effect 

In the water specimen, there are various elements affecting each other. As 

in chapter 2.3.2 above, for different element structures there is 

enhancement and suppression. In this case, the number for the analyte is 

13. They interact with each other, which makes it hard to build the 

equation to correct their intensity value, which will influence the 

simulation result. 

6.4 Social and environmental aspects 

Using these simulations to build a detection system for measuring the 

polluted water will help monitor the environmental status and will not 

cause any secondary pollution. At the same time, X-rays also can harm 

the human body, which means the equipment needs to be shielded to not 

expose humans accidentally. This system will help society to create an 

environmentally sustainable city. 

6.5 Future work 

The detection system has been built as a simulation model, but it also 

needs to be tested in real life. While during the simulation, not all the fac-

tors were tested in the system, the emitting angle and detection limitation 

can be improved in the future. Meanwhile, all the spectra in this thesis are 

presented without any post-processing.  

An improvement and optimisation of the simulation model of the system 

is also needed. Using a filter when analysing the data from the MCNP 

might make the results more acceptable. 
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Appendix A: MCNP program code 
c cell cards  

1 1 -2.3290    -1 2 3 -4 5 -6 14 -15 16 -17   $si  

2 2 -1.0     7 -8 9 -10 11 -12                $water 

3 3 -11.34     18 -19 20 -21 22 -23           $lead 

4 4 -7.265     24 -25 26 -27 28 -29           $Sn 

5 5 -0.001293  -13 #1 #2 #3 #4   $ air 

6 0     13                  $ outer void    

c end of cell cards for sample problem 

 

C surfaces card 

1 P 1 0 -1 -4 

2 P 1 0 -1 -4.707 

3 P -1 0 -1 -2.8284 

4 P -1 0 -1 2.8284  

5 PY -1 

6 PY 1  

7 PX -1 

8 PX 1  

9 PY -1  

10 PY 1 

11 PZ -1    

12 PZ 0              $ sensor 

13 SO 20             $ outer void 

14 PX -3.76756   

15 PX -0.58578        

16 PZ 0.58578 

17 PZ 3.76756          $ sensor 

18 PZ 1 

19 PZ 4 

20 PX -0.1 

21 PX 0.1 

22 PY -1 

23 PY 1              $ lead 

24 PZ 1.25            

25 PZ 1.252          $ filter thickness 0.020mm 

26 PX 0.1 
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27 PX 3.1 

28 PY -1 

29 PY 1  

 

MODE P E 

IMP:P 1 1 1 1 1 0  

SDEF ERG=D1 POS=2 0 2 PAR=2 DIR=0.707 VEC=0 0 -1  

SI1 A 0.00000 0.00005 0.00010 0.00015 0.00020 0.00025 & 

   0.00030 0.00035 0.00040 0.00045 0.00050 0.00055 & 

   0.00060 0.00065 0.00070 0.00075 0.00080 0.00085 & 

   0.00090 0.00095 0.00100 0.00105 0.00110 0.00115 & 

   0.00120 0.00125 0.00130 0.00135 0.00140 0.00145 & 

   0.00150 0.00155 0.00160 0.00165 0.00170 0.00175 & 

   0.00180 0.00185 0.00190 0.00195 0.00200 0.00205 & 

   0.00210 0.00215 0.00220 0.00225 0.00230 0.00235 & 

   0.00240 0.00245 0.00250 0.00255 0.00260 0.00265 & 

   0.00270 0.00275 0.00280 0.00285 0.00290 0.00295 & 

   0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 & 

   0.00330 0.00335 0.00340 0.00345 0.00350 0.00355 & 

   0.00360 0.00365 0.00370 0.00375 0.00380 0.00385 & 

   0.00390 0.00395 0.00400 0.00405 0.00410 0.00415 & 

   0.00420 0.00425 0.00430 0.00435 0.00440 0.00445 & 

   0.00450 0.00455 0.00460 0.00465 0.00470 0.00475 & 

   0.00480 0.00485 0.00490 0.00495 0.00500 & 

   0.00505 0.00510 0.00515 0.00520 0.00525 0.00530 & 

   0.00535 0.00540 0.00545 0.00550 0.00555 0.00560 & 

   0.00565 0.00570 0.00575 0.00580 0.00585 0.00590 & 

   0.00595 0.00600 0.00605 0.00610 0.00615 0.00620 & 

   0.00625 0.00630 0.00635 0.00640 0.00645 0.00650 & 

   0.00655 0.00660 0.00665 0.00670 0.00675 0.00680 & 

   0.00685 0.00690 0.00695 0.00700 0.00705 0.00710 & 

   0.00715 0.00720 0.00725 0.00730 0.00735 0.00740 & 

   0.00745 0.00750 0.00755 0.00760 0.00765 0.00770 & 

   0.00775 0.00780 0.00785 0.00790 0.00795 0.00800 & 

   0.00805 0.00810 0.00815 0.00820 0.00825 0.00830 & 

   0.00835 0.00840 0.00845 0.00850 0.00855 0.00860 & 

   0.00865 0.00870 0.00875 0.00880 0.00885 0.00890 & 

   0.00895 0.00900 0.00905 0.00910 0.00915 0.00920 & 

   0.00925 0.00930 0.00935 0.00940 0.00945 0.00950 & 

   0.00955 0.00960 0.00965 0.00970 0.00975 0.00980 & 
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   0.00985 0.00990 0.00995 0.01000 & 

   0.01005 0.01010 0.01015 0.01020 0.01025 0.01030 & 

   0.01035 0.01040 0.01045 0.01050 0.01055 0.01060 & 

   0.01065 0.01070 0.01075 0.01080 0.01085 0.01090 & 

   0.01095 0.01100 0.01105 0.01110 0.01115 0.01120 & 

   0.01125 0.01130 0.01135 0.01140 0.01145 0.01150 & 

   0.01155 0.01160 0.01165 0.01170 0.01175 0.01180 & 

   0.01185 0.01190 0.01195 0.01200 0.01205 0.01210 & 

   0.01215 0.01220 0.01225 0.01230 0.01235 0.01240 & 

   0.01245 0.01250 0.01255 0.01260 0.01265 0.01270 & 

   0.01275 0.01280 0.01285 0.01290 0.01295 0.01300 & 

   0.01305 0.01310 0.01315 0.01320 0.01325 0.01330 & 

   0.01335 0.01340 0.01345 0.01350 0.01355 0.01360 & 

   0.01365 0.01370 0.01375 0.01380 0.01385 0.01390 & 

   0.01395 0.01400 0.01405 0.01410 0.01415 0.01420 & 

   0.01425 0.01430 0.01435 0.01440 0.01445 0.01450 & 

   0.01455 0.01460 0.01465 0.01470 0.01475 0.01480 & 

   0.01485 0.01490 0.01495 0.01500 & 

   0.01505 0.01510 0.01515 0.01520 0.01525 0.01530 & 

   0.01535 0.01540 0.01545 0.01550 0.01555 0.01560 & 

   0.01565 0.01570 0.01575 0.01580 0.01585 0.01590 & 

   0.01595 0.01600 0.01605 0.01610 0.01615 0.01620 & 

   0.01625 0.01630 0.01635 0.01640 0.01645 0.01650 & 

   0.01655 0.01660 0.01665 0.01670 0.01675 0.01680 & 

   0.01685 0.01690 0.01695 0.01700 0.01705 0.01710 & 

   0.01715 0.01720 0.01725 0.01730 0.01735 0.01740 & 

   0.01745 0.01750 0.01755 0.01760 0.01765 0.01770 & 

   0.01775 0.01780 0.01785 0.01790 0.01795 0.01800 & 

   0.01805 0.01810 0.01815 0.01820 0.01825 0.01830 & 

   0.01835 0.01840 0.01845 0.01850 0.01855 0.01860 & 

   0.01865 0.01870 0.01875 0.01880 0.01885 0.01890 & 

   0.01895 0.01900 0.01905 0.01910 0.01915 0.01920 & 

   0.01925 0.01930 0.01935 0.01940 0.01945 0.01950 & 

   0.01955 0.01960 0.01965 0.01970 0.01975 0.01980 & 

   0.01985 0.01990 0.01995 0.02000 & 

   0.02005 0.02010 0.02015 0.02020 0.02025 0.02030 & 

   0.02035 0.02040 0.02045 0.02050 0.02055 0.02060 & 

   0.02065 0.02070 0.02075 0.02080 0.02085 0.02090 & 

   0.02095 0.02100 0.02105 0.02110 0.02115 & 

   0.02120 0.02125 0.02130 0.02135 0.02140 0.02145 & 
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   0.02150 0.02155 0.02160 0.02165 0.02170 0.02175 & 

   0.02180 0.02185 0.02190 0.02195 0.02200 0.02205 & 

   0.02210 0.02215 0.02220 0.02225 0.02230 0.02235 & 

   0.02240 0.02245 0.02250 0.02255 0.02260 0.02265 & 

   0.02270 0.02275 0.02280 0.02285 0.02290 0.02295 & 

   0.02300 0.02305 0.02310 0.02315 0.02320 0.02325 & 

   0.02330 0.02335 0.02340 0.02345 0.02350 0.02355 & 

   0.02360 0.02365 0.02370 0.02375 0.02380 0.02385 & 

   0.02390 0.02395 0.02400 0.02405 0.02410 0.02415 & 

   0.02420 0.02425 0.02430 0.02435 0.02440 0.02445 & 

   0.02450 0.02455 0.02460 0.02465 0.02470 0.02475 & 

   0.02480 0.02485 0.02490 0.02495 0.02500 & 

   0.02505 0.02510 0.02515 0.02520 0.02525 0.02530 & 

   0.02535 0.02540 0.02545 0.02550 0.02555 0.02560 & 

   0.02565 0.02570 0.02575 0.02580 0.02585 0.02590 & 

   0.02595 0.02600 0.02605 0.02610 0.02615 0.02620 & 

   0.02625 0.02630 0.02635 0.02640 0.02645 0.02650 & 

   0.02655 0.02660 0.02665 0.02670 0.02675 0.02680 & 

   0.02685 0.02690 0.02695 0.02700 0.02705 0.02710 & 

   0.02715 0.02720 0.02725 0.02730 0.02735 0.02740 & 

   0.02745 0.02750 0.02755 0.02760 0.02765 0.02770 & 

   0.02775 0.02780 0.02785 0.02790 0.02795 0.02800 & 

   0.02805 0.02810 0.02815 0.02820 0.02825 0.02830 & 

   0.02835 0.02840 0.02845 0.02850 0.02855 0.02860 & 

   0.02865 0.02870 0.02875 0.02880 0.02885 0.02890 & 

   0.02895 0.02900 0.02905 0.02910 0.02915 0.02920 & 

   0.02925 0.02930 0.02935 0.02940 0.02945 0.02950 & 

   0.02955 0.02960 0.02965 0.02970 0.02975 0.02980 & 

   0.02985 0.02990 0.02995 0.03000 & 

   0.03005 0.03010 0.03015 0.03020 0.03025 0.03030 & 

   0.03035 0.03040 0.03045 0.03050 0.03055 0.03060 & 

   0.03065 0.03070 0.03075 0.03080 0.03085 0.03090 & 

   0.03095 0.03100 0.03105 0.03110 0.03115 & 

   0.03120 0.03125 0.03130 0.03135 0.03140 0.03145 & 

   0.03150 0.03155 0.03160 0.03165 0.03170 0.03175 & 

   0.03180 0.03185 0.03190 0.03195 0.03200 0.03205 & 

   0.03210 0.03215 0.03220 0.03225 0.03230 0.03235 & 

   0.03240 0.03245 0.03250 0.03255 0.03260 0.03265 & 

   0.03270 0.03275 0.03280 0.03285 0.03290 0.03295 & 

   0.03300 0.03305 0.03310 0.03315 0.03320 0.03325 & 
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   0.03330 0.03335 0.03340 0.03345 0.03350 0.03355 & 

   0.03360 0.03365 0.03370 0.03375 0.03380 0.03385 & 

   0.03390 0.03395 0.03400 0.03405 0.03410 0.03415 & 

   0.03420 0.03425 0.03430 0.03435 0.03440 0.03445 & 

   0.03450 0.03455 0.03460 0.03465 0.03470 0.03475 & 

   0.03480 0.03485 0.03490 0.03495 0.03500 & 

   0.03505 0.03510 0.03515 0.03520 0.03525 0.03530 & 

   0.03535 0.03540 0.03545 0.03550 0.03555 0.03560 & 

   0.03565 0.03570 0.03575 0.03580 0.03585 0.03590 & 

   0.03595 0.03600 0.03605 0.03610 0.03615 0.03620 & 

   0.03625 0.03630 0.03635 0.03640 0.03645 0.03650 & 

   0.03655 0.03660 0.03665 0.03670 0.03675 0.03680 & 

   0.03685 0.03690 0.03695 0.03700 0.03705 0.03710 & 

   0.03715 0.03720 0.03725 0.03730 0.03735 0.03740 & 

   0.03745 0.03750 0.03755 0.03760 0.03765 0.03770 & 

   0.03775 0.03780 0.03785 0.03790 0.03795 0.03800 & 

   0.03805 0.03810 0.03815 0.03820 0.03825 0.03830 & 

   0.03835 0.03840 0.03845 0.03850 0.03855 0.03860 & 

   0.03865 0.03870 0.03875 0.03880 0.03885 0.03890 & 

   0.03895 0.03900 0.03905 0.03910 0.03915 0.03920 & 

   0.03925 0.03930 0.03935 0.03940 0.03945 0.03950 & 

   0.03955 0.03960 0.03965 0.03970 0.03975 0.03980 & 

   0.03985 0.03990 0.03995 0.04000 

SP1 0.0020 0.0021 0.0022 0.0023 0.0024 0.0025 0.0026 0.0028 0.0029 & 

    0.0030 0.0032 0.0033 0.0035 0.0037 0.0038 0.0040 0.0042 0.0044 & 

    0.0046 0.0048 0.0051 0.0053 0.0055 0.0058 0.0060 0.0063 0.0066 & 

    0.0069 0.0072 0.0075 0.0078 0.0082 0.0085 0.0089 0.0093 0.0096 & 

    0.0101 0.0105 0.0109 0.0114 0.0118 0.0123 0.0128 0.0133 0.0138 & 

    0.0144 0.0150 0.0155 0.0161 0.0168 0.0174 0.0181 0.0188 0.0195 & 

    0.0202 0.0209 0.0217 0.0225 0.0233 0.0242 0.0250 0.0259 0.0268 & 

    0.0278 0.0287 0.0297 0.0307 0.0318 0.0328 0.0339 0.0351 0.0362 & 

    0.0374 0.0386 0.0399 0.0411 0.0424 0.0438 0.0451 0.0465 0.0479 & 

    0.0494 0.0509 0.0524 0.0539 0.0555 0.0571 0.0588 0.0605 0.0622 & 

    0.0639 0.0657 0.0675 0.0693 0.0712 0.0731 0.0750 0.0770 0.0790 & 

    0.0810 0.0831 0.0852 0.0873 0.0895 0.0916 0.0939 0.0961 0.0984 & 

    0.1007 0.1030 0.1054 0.1077 0.1102 0.1126 0.1151 0.1175 0.1200 & 

    0.1226 0.1251 0.1277 0.1303 0.1329 0.1356 0.1382 0.1409 0.1436 & 

    0.1463 0.1490 0.1517 0.1544 0.1572 0.1599 0.1627 0.1655 0.1682 & 

    0.1710 0.1738 0.1766 0.1794 0.1821 0.1849 0.1877 0.1904 0.1932 & 

    0.1960 0.1987 0.2014 0.2041 0.2068 0.2095 0.2122 0.2148 0.2174 & 
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    0.2200 0.2226 0.2251 0.2277 0.2302 0.2326 0.2350 0.2374 0.2398 & 

    0.2421 0.2444 0.2466 0.2488 0.2510 0.2531 0.2552 0.2572 0.2591 & 

    0.2611 0.2629 0.2647 0.2665 0.2682 0.2699 0.2714 0.2730 0.2744 & 

    0.2759 0.2772 0.2785 0.2797 0.2809 0.2820 0.2830 0.2839 0.2848 & 

    0.2856 0.2864 0.2871 0.2877 0.2882 0.2887 0.2891 0.2894 0.2897 & 

    0.2899 0.2900 0.2900 0.2893 0.2885 0.2878 0.2871 0.2864 0.2856 & 

    0.2849 0.2842 0.2835 0.2828 0.2820 0.2813 0.2806 0.2798 0.2791 & 

    0.2784 0.2777 0.2769 0.2762 0.2755 0.2748 0.2740 0.2733 0.2726 & 

    0.2719 0.2711 0.2704 0.2697 0.2690 0.2682 0.2675 0.2668 0.2661 & 

    0.2653 0.2646 0.2639 0.2632 0.2624 0.2617 0.2610 0.2603 0.2596 & 

    0.2588 0.2581 0.2574 0.2566 0.2559 0.2552 0.2545 0.2537 0.2530 & 

    0.2523 0.2516 0.2508 0.2501 0.2494 0.2487 0.2479 0.2472 0.2465 & 

    0.2458 0.2450 0.2443 0.2436 0.2429 0.2421 0.2414 0.2407 0.2400 & 

    0.2392 0.2385 0.2378 0.2371 0.2363 0.2356 0.2349 0.2342 0.2334 & 

    0.2327 0.2320 0.2313 0.2305 0.2298 0.2291 0.2284 0.2276 0.2269 & 

    0.2262 0.2255 0.2247 0.2240 0.2233 0.2226 0.2218 0.2211 0.2204 & 

    0.2197 0.2189 0.2182 0.2175 0.2168 0.2160 0.2153 0.2146 0.2139 & 

    0.2131 0.2124 0.2117 0.2110 0.2102 0.2095 0.2088 0.2081 0.2073 & 

    0.2066 0.2059 0.2052 0.2044 0.2037 0.2030 0.2023 0.2015 0.2008 & 

    0.2001 0.1994 0.1986 0.1979 0.1972 0.1965 0.1957 0.1950 0.1943 & 

    0.1936 0.1928 0.1921 0.1914 0.1907 0.1900 0.1892 0.1885 0.1878 & 

    0.1870 0.1863 0.1856 0.1849 0.1841 0.1834 0.1827 0.1820 0.1812 & 

    0.1805 0.1798 0.1791 0.1783 0.1776 0.1769 0.1762 0.1754 0.1747 & 

    0.1740 0.1733 0.1725 0.1718 0.1711 0.1704 0.1696 0.1689 0.1682 & 

    0.1675 0.1667 0.1660 0.1653 0.1646 0.1638 0.1631 0.1624 0.1617 & 

    0.1610 0.1602 0.1595 0.1588 0.1580 0.1573 0.1566 0.1559 0.1551 & 

    0.1544 0.1537 0.1530 0.1522 0.1515 0.1508 0.1501 0.1493 0.1486 & 

    0.1479 0.1472 0.1465 0.1457 0.1450 0.1443 0.1435 0.1428 0.1421 & 

    0.1414 0.1407 0.1399 0.1392 0.1385 0.1377 0.1370 0.1363 0.1356 & 

    0.1349 0.1341 0.1334 0.1327 0.1320 0.1312 0.1305 0.1298 0.1290 & 

    0.1283 0.1276 0.1269 0.1262 0.1326 0.1451 0.1628 0.1874 0.2203 & 

    0.2630 0.3163 0.3805 0.4550 0.5380 0.6264 0.7160 0.8017 0.8779 & 

    0.9391 0.9806 0.9992 0.9933 0.9634 0.9119 0.8429 0.7614 0.6732 & 

    0.5836 0.4973 0.4181 0.3483 0.2893 0.2412 0.2034 0.1747 0.1535 & 

    0.1385 0.1282 0.1212 0.1168 0.1140 0.1123 0.1113 0.1107 0.1104 & 

    0.1102 0.1101 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 & 

    0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 & 

    0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 0.1100 & 

    0.1100 0.1100 0.1100 0.1100 0.1182 0.1330 0.1500 0.1689 0.1889 & 

    0.2090 0.2280 0.2447 0.2579 0.2665 0.2700 0.2679 0.2604 0.2482 & 
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    0.2323 0.2137 0.1937 0.1736 0.1544 0.1369 0.1216 0.1086 0.0982 & 

    0.0900 0.0838 0.0792 0.0760 0.0738 0.0724 0.0714 0.0708 0.0705 & 

    0.0703 0.0701 0.0701 0.0700 0.0700 0.0700 0.0700 0.0700 0.0700 & 

    0.0700 0.0697 0.0695 0.0692 0.0689 0.0687 0.0684 0.0681 0.0678 & 

    0.0676 0.0673 0.0670 0.0668 0.0665 0.0662 0.0660 0.0657 0.0654 & 

    0.0652 0.0649 0.0646 0.0643 0.0641 0.0638 0.0635 0.0633 0.0630 & 

    0.0627 0.0625 0.0622 0.0619 0.0617 0.0614 0.0611 0.0608 0.0606 & 

    0.0603 0.0600 0.0598 0.0595 0.0592 0.0590 0.0587 0.0584 0.0582 & 

    0.0579 0.0576 0.0573 0.0571 0.0568 0.0565 0.0563 0.0560 0.0557 & 

    0.0555 0.0552 0.0549 0.0547 0.0544 0.0541 0.0538 0.0536 0.0533 & 

    0.0530 0.0528 0.0525 0.0522 0.0520 0.0517 0.0514 0.0512 0.0509 & 

    0.0506 0.0503 0.0501 0.0498 0.0495 0.0493 0.0490 0.0487 0.0485 & 

    0.0482 0.0479 0.0477 0.0474 0.0471 0.0468 0.0466 0.0463 0.0460 & 

    0.0458 0.0455 0.0452 0.0450 0.0447 0.0444 0.0442 0.0439 0.0436 & 

    0.0433 0.0431 0.0428 0.0425 0.0423 0.0420 0.0417 0.0415 0.0412 & 

    0.0409 0.0407 0.0404 0.0401 0.0398 0.0396 0.0393 0.0390 0.0388 & 

    0.0385 0.0382 0.0380 0.0377 0.0374 0.0372 0.0369 0.0366 0.0363 & 

    0.0361 0.0358 0.0355 0.0353 0.0350 0.0347 0.0345 0.0342 0.0339 & 

    0.0337 0.0334 0.0331 0.0328 0.0326 0.0323 0.0320 0.0318 0.0315 & 

    0.0312 0.0310 0.0307 0.0304 0.0302 0.0299 0.0296 0.0293 0.0291 & 

    0.0288 0.0285 0.0283 0.0280 0.0277 0.0275 0.0272 0.0269 0.0267 & 

    0.0264 0.0261 0.0258 0.0256 0.0253 0.0250 0.0248 0.0245 0.0242 & 

    0.0240 0.0237 0.0234 0.0232 0.0229 0.0226 0.0223 0.0221 0.0218 & 

    0.0215 0.0213 0.0210 0.0207 0.0205 0.0202 0.0199 0.0197 0.0194 & 

    0.0191 0.0188 0.0186 0.0183 0.0180 0.0178 0.0175 0.0172 0.0170 & 

    0.0167 0.0164 0.0162 0.0159 0.0156 0.0153 0.0151 0.0148 0.0145 & 

    0.0143 0.0140 0.0137 0.0135 0.0132 0.0129 0.0127 0.0124 0.0121 & 

    0.0118 0.0116 0.0113 0.0110 0.0108 0.0105 0.0102 0.0100 0.0097 & 

    0.0094 0.0092 0.0089 0.0086 0.0083 0.0081 0.0078 0.0075 0.0073 & 

    0.0070 0.0067 0.0065 0.0062 0.0059 0.0057 0.0054 0.0051 0.0048 & 

    0.0046 0.0043 0.0040 0.0038 0.0035 0.0032 0.0030 0.0027 0.0024 & 

    0.0022 0.0019 0.0016 0.0013 0.0011 0.0008 0.0005 0.0003 0.0000 

*F8:P,E 1  

E8 0.0 1.e-05 0.00010 1980i 0.04000 

M1 14028 1 $ SI 

M2 8016 -0.33 1001 -0.66  & $ h2o 

   9018    -0.0088           & $ F 

   17035   -0.0900           & $ Cl 

   13027   -0.0097           & $ Al 

   51121   -0.0074           & $ Sb 
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   33074   -0.0021           & $ As 

   82207   -0.0033           & $ lead 

   26055   -0.0061           & $ Fe 

   48112   -0.0027           & $ Cd 

   29063   -0.0014           & $ Cu 

   24052   -0.0940           & $ Cr 

   42096   -0.0042           & $ Mo 

   28059   -0.0061           & $ Ni 

   30000   -0.0068             $ Zn 

M3 82207 1 $ lead 

M4 50119 1 $ Sn 

M5 8016 0.201774 7014 0.78084 18040 0.009340 $ air 

CTME 3600 
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Appendix B: Work function and 
absorption edge for tested material 

Element Work function(eV) 
K Absorption 

edge(keV) 

Aluminium(Al) 4.06 – 4.26 1.5596 

Antimony(Sb) 4.55 – 4.70 30.4912 

Arsenic(As) 3.75 11.8667 

Cadmium(Cd) 4.08 26.7112 

Copper(Cu) 4.53 – 5.10 8.9789 

Chromium(Cr) 4.5 5.9892 

Iron(Fe) 4.67 – 4.81 7.1120 

Lead(Pb) 5.22 – 5.60 88.0045 

Molyb-

denum(Mo) 
4.36 – 4.95 19.9995 

Nickel(Ni) 5.04 – 5.35 8.3328 

Silicon(Si) 4.60 – 4.85 1.8389 

Tin(Sn) 4.42 29.2001 

Zinc(Zn) 3.63 – 4.9 9.6586 
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Appendix C: X-Ray Data Booklet 
Table 

Elemen

t 
𝒌𝜶𝟏 𝒌𝜶𝟐 𝒌𝜷𝟏 𝒌𝜷𝟐 𝒌𝜷𝟑 𝑳𝜶 𝑳𝜷 

Al 1.4867 1.4863 1.5574 - - - - 

Ar 2.9557 2.9556 3.1905 - 3.1905 - - 

As 
10.543

7 
10.508 

11.726

2 
11.864 

11.720

3 
1.282 1.317 

Ag 
22.162

9 
21.990 24.942 25.456 24.911 2.983 3.150 

Cd 23.173 22.984 26.095 26.643 26.061 3.133 3.135 

Cl 2.6224 2.6208 2.8156 - - - - 

Cu 8.0478 8.0278 8.905 - 8.905 0.928 0.947 

Cr 5.414 5.405 5.946 - - 0.572 0.518 

F 0.677 - - - - - - 

Fe 6.4038 6.3908 7.0580 - 7.0580 0.705 0.718 

Mo 17.479 17.374 19.608 19.965 19.590 2.292 2.394 

Ni 7.4782 7.4609 8.2647 - 8.2647 0.849 0.866 

Pb 
74.969

4 

72.804

2 
84.936 87.320 84.450 

10.55

1 

12.61

4 

Sb 
26.359

1 

26.110

8 

29.725

6 

30.389

5 
29.679 3.604 3.842 

Si 1.740 1.7394 1.8359 - - - - 

Sn 25.271 25.044 28.486 29.109 28.444 3.444 3.663 

Zn 8.6389 8.6158 9.5720 - 9.5720 1.012 1.317 
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Appendix D: Water content table by 
chemical method  

Element Concentration 

Fluorine(F) 8.8 𝑚𝑔 𝐿⁄  

Chlorine(Cl) 900 𝑚𝑔 𝐿⁄  

Aluminium(Al) 970 𝜇𝑔 𝐿⁄  

Antimony(Sb) 7.4 𝜇𝑔 𝐿⁄  

Arsenic(As) 21 𝜇𝑔 𝐿⁄  

Lead(Pb) 3.3 𝜇𝑔 𝐿⁄  

Iron(Fe) 6.1 𝑚𝑔 𝐿⁄  

Cadmium(Cd) 0.27 𝜇𝑔 𝐿⁄  

Copper(Cu) 140 𝜇𝑔 𝐿⁄  

Chromium(Cr) 94 𝜇𝑔 𝐿⁄  

Molybdenum(Mo) 42 𝜇𝑔 𝐿⁄  

Nickel(Ni) 61 𝜇𝑔 𝐿⁄  

Zinc(Zn) 68 𝜇𝑔 𝐿⁄  

 

 

 

 

 

 

 

 

 

 

 

 



Monte Carlo modelling of an X-ray 

fluorescence detection system by the 

MCNP code 

Xiaolei Xia 

Appendix E: Water 

specimen spectra peaks 

material table 

2019-01-25 

 

73 

Appendix E: Water specimen 
spectra peaks material table 

Peak 

position(keV) 

Corresponding 

material 

Theoretical 

value(keV) 

Fluorescence 

type 

2.299 Mo  2.292 𝑳𝜶 

2.649 Cl  2.6224/2.608 𝒌𝜶𝟏/𝒌𝜶𝟐 

2.949 Ar  2.9557/2.9556 𝒌𝜶𝟏/𝒌𝜶𝟐 

3.149 Cd  3.133/3.135 𝑳𝜶/𝑳𝜷 

3.499 Sn  3.444 𝑳𝜶 

3.649 Sn  3.663 𝑳𝜷 

5.398 Cr  5.414/5.405 𝒌𝜶𝟏/𝒌𝜶𝟐 

5.947 Cr  5.946 𝒌𝜷𝟏 

6.397 Fe  6.4038/6.3908 𝒌𝜶𝟏/𝒌𝜶𝟐 

7.047 Fe  7.0580 𝒌𝜷𝟏 

7.447 Ni  7.4782/7.4609 𝒌𝜶𝟏/𝒌𝜷𝟏 

8.046 Cu  8.0478 𝒌𝜶𝟏 

8.246 Ni  8.2647 𝒌𝜷𝟏/𝒌𝜷𝟑 

8.646 Zn 8.6389/8.6158 𝒌𝜶𝟏/𝒌𝜶𝟐 

8.946 Cu  8.905 𝒌𝜷𝟏/𝒌𝜷𝟑 

9.546 Zn  9.5720 𝒌𝜷𝟏/𝒌𝜷𝟑 

10.55 As  10.5437 𝒌𝜶𝟏 

11.3 Pb  10.551/12.614 𝑳𝜶/𝑳𝜷 

11.7 As  11.7262 𝒌𝜷𝟏/𝒌𝜷𝟑 

17.34 Mo  17.374   𝒌𝜶𝟐 

17.49 Mo  17.479 𝒌𝜶𝟏 

19.59 Mo  19.608 𝒌𝜷𝟏/𝒌𝜷𝟑 

19.94 Mo  19.965 𝒌𝜷𝟐 

22.99 Cd  22.984   𝒌𝜶𝟐 

23.19 Cd 23.173 𝒌𝜶𝟏 

25.04 Sn  25.044   𝒌𝜶𝟐 

25.29 Sn 25.271 𝒌𝜶𝟏 

26.09 Cd 26.095 𝒌𝜷𝟏 

26.39 Sb  26.3591 𝒌𝜶𝟏 

26.64 Cd  26.643 𝒌𝜷𝟐 

28.49 Sn  28.486 𝒌𝜷𝟏 

29.14 Sn  29.109 𝒌𝜷𝟐 

29.73 Sb  29.7256 𝒌𝜷𝟏 

30.38 Sb  30.3895 𝒌𝜷𝟐 

 


