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Abstract: Detection of hazardous and radioactive (HR) elements in dust is very important for environment and human 
health. About 70 percent of Iran’s climate is arid and semi-arid, and one of the environmental challenges that it faces 
includes approaching dust storms from the southern and the western countries that neighbour Iran. Therefore, to solve 
this problem, it seems necessary to make a portable device to detect the HR elements of dust to eliminate social 
anxiety. In the present study, an isotopic X-ray fluorescence (IXRF) device was optimized to identify HR elements in 
dust, which arrive as environmental pollutants from neighbouring countries situated to the west and the south of Iran. 
Simulation results have indicated that the elements could be recognized by an IXRF device after the combination of 
241Am (26.4 and 59.6 keV) and 57Co (122 keV) as the source. In this device, a scintillation detector was used for the 
X-ray spectroscopy of elements. If the CsI(TI) detector that shielded with 1 mm copper, aluminum and tungsten, then 
the IXRF device with 1.64 mci 241Am and 57Co mixed source is able to measure the HR elements with low of detection 
(LOD) about 10 ppm. Therefore, the optimized IXRF device can be introduced to detect the HR elements in dust.
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Introduction

Detection of HR elements in dust is environmentally 
important because it can have detrimental effects on the 
health of a society (Župunski et al., 2010; Plumejeaud 
et al., 2010; Kampa and Castanas, 2008; Genc et al., 
2012; Briner, 2010; Pirsaheb et al., 2014). In this regard, 
various chemical and physical methods have been used. 
One of the most important chemical methods is atomic 
absorption spectrometry (Tonetti and Innocenti, 2009; 
Gondal et al., 2010). The physical methods mainly 
include the techniques of laser-induced breakdown 
spectroscopy (LIBS) and energy dispersive X-ray 
fluorescence (ED-XRF) (Genc et al., 2012; Yu et al., 
2002), which is a rapid and non-destructive method. 

Certain radioactive elements have a specific range of 
gamma rays, which can be used as an X-ray source 
instead of an X-ray tube in the ED-XRF technique. 
Today, the various radioactive sources such as 57Co, 
60Co, 137Cs, 55Fe and 241Am, are used in this regard 
(Zarasvandi et al., 2011). Each radioactive source has 
the ability to identify a few of the elements within 
a specific range. The aim of this study is to detect 
elements in the wide range of 16 < Z < 92. 

To this end, a combination of several radioactive 
sources was used to detect HR elements in dust to the 
south and the west of Iran. In addition, the combination 
was aimed to increase the possibility of using two 241Am 
(26.4 and 59.6 keV) and 57Co (122 keV) mixtures as 
radioactive sources in an isotopic X-ray fluorescence 
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(IXRF) technique based on Monte Carlo simulation 
to detect HR elements in dust as an environmental 
pollution factor. 

Materials and Methods

The aim of the study was to assess the feasibility of 
detecting HR elements in the dust using the Monte Carlo 
method. Dust is a combination of different elements in 
the range of 16 ≤ Z ≤ 92 and its pollutants and hazardous 
components are within the wide range of 24 < Z < 92. In 
addition to normal elements, HR elements are brought 
to Iran by dust storms from the western and southern 
neighbouring countries (Zarasvandi et al., 2011). In this 
regard, some of the hazardous elements reported in the 
dust include Cr, Co, Ni, Cu, Zn, Zr, Nb, Mo and Pb. 
In dust samples, the presence of radioactive elements, 
such as U and Th (Table 1) (Zarasvandi et al., 2011), 
has been reported.

Each of these elements has its own characteristic 
X-ray spectrum, which is the special characteristic of 
each element. This spectrum is produced due to the 
transfer of electron from higher atomic layers to a 
vacant place in inner layers and its electrons inject out 
by X-ray irradiation. 

The injection of electron could be from the K, L or 
M layer; therefore, the corresponding radiation is given 
the same name. The energy emitted from the Kα layer 
of HR elements in dust was calculated by Bearden and 
Burr (1967). According to Bearden and Burr data, the 
maximum energy emitted from the Kα layer of those 
elements was 98.43 keV. Therefore, a 100–120 KV 
X-ray tube was required for the accurate detection 
of various elements because of the extent of the 
characteristic X-ray energy spectrum of HR elements, 
leading to an increase in the size of the device and its 
higher costs and non-portability. Therefore, radioactive 
sources were used to eliminate this problem (Bamford 
et al., 2004; Greaves et al., 1997). 

In this research, a combination of several radioactive 
sources with specific activities as an X-ray source was 
used in the IXRF device to determine HR elements in 
dust entering from neighbouring countries to the west 
and south of Iran. From the reported dust samples in 
the south and west of Iran, the AB1-87 pollutant sample 
was selected for simulation (Table 1) (Zarasvandi et 
al., 2011). 

To optimize the IXRF device, the MCNPX code was 
used based on the Monte Carlo method. This code can 
trace the characteristic X-ray spectrum produced by the 
irradiation target. In the first stage, the gamma radiation 
of 241Am (26.4, 59.6 keV) and 57Co (122 keV) sources 
were separately radiated by HR elements in dust with 
their percentage.

In the second stage, a mixed radioactive source was 
created by combining 241Am (26.4, 59.6 keV) and 57Co 
(122 keV) sources and the dust sample was irradiated 
with it. The X-ray energy spectrum of the characteristic 
emission could be obtained using Tally *f8 in the input 
file for each step in the MCNP code. The input file of the 
MXNPX code is described in the following section to 
calculate the characteristic X-ray spectrum as a function 
of energy. At first, a view of the geometry defined in 
the input file is presented in Figure 1.

Figure 1: Schematic representation of IXRF system.

Table 1: The major and trace elements in the AB1-87 dust sample (Zarasvandi et al., 2011)

SrRbPbNiNbCuClCoCrSElementsTrace
elements

0.0020.0020.0020.0020.1300.0020.1260.0020.0020.002Percent

YThUMoZnBrZrWElements

0.0020.0020.3320.2280.0020.3850.0020.002Percent

P2O5MnOTiO2K2OMgONa2OCaOFe2O3Al2O3SiO2ElementsMajor
elements

0.260.010.06728.62.14.21.620.346.26.8Percent
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In Figure 1, the cell number one is the target (or 
sample) and cell number two is a cylindrical tungsten 
shield, which is surrounded by an aluminum panel and 
contains 241Am with energies of Eγ = 59.6 (36%) and 
26.4 (2.4%) (keV) or 57Co sources with energies of Eγ = 
122 (85.6%), 14.4 (9.16%), and 136.47 (10.68%) (keV), 
or a mix of them. The cell number three is a cylindrical 
detector with a diameter of 3.83 cm, containing a crystal 
scintillator of CsI(TI), with a diameter of 3.81 cm and 
a height of 5.58 cm (Akkurt et al., 2015).

The target is irradiated with X-ray emitted from 
source. After the interaction of X-ray photons with the 
target atoms, the X-ray fluorescence is emitted by the 
target. The X-ray fluorescence spectrum reaches the 
inner surface of the cylindrical shell after radiation. 
In addition, Tally *f8 calculates the characteristic 
X-ray energy spectrum in the detector. The number of 
photons in the simulation was about 108 for reaching 
an error percentage of less than 1%. The percentage of 
HR elements in the AB1-87 dust sample is shown in 
Table 1 (Zarasvandi et al., 2011). In the Monte Carlo 
simulation to extract results related to the characteristic 
X-ray spectrum, the atomic number, mass number, and 
density of each element were required.

Results

Two stages are involved in the detection of HR elements 
in dust using the IXRF device: In the first stage, it is 
necessary to assess the validity of device performance, 
and, in the second stage, its components should be 
optimized after verifying the device. 

First Stage: Assessing the Accuracy of 
IXRF Device
In this research, radioactivity sources have been used 
in order to eliminate the HV device and to shrink the 
IXRF device. The photons generated by the radioactive 
sources collide with the target and induce its elements to 
radiate X-ray fluorescence characteristics. If the target 
is any of the HR elements, then their characteristic 
X-rays have their own energy and pulse height. The 
elements of Z < 42 and Z > 82 irradiate with emitted 
photons from 241Am and 57Co sources respectively, and 
energy and pulse height are calculated with an output 
command called Tally. 

In the MCNPX code, Tally is a command to calculate 
the dose, flux, energy, pulse height, etc., on a surface 
or within a volume. The most suitable Tallies for doing 
these calculations are *f8 and f8 Tallies respectively for 
calculating the energy remaining in the detector due 

to the arrival of fluorescence radiation and the pulse 
height generated by it in the detector. Therefore, the 
fluorescence energy of the HR elements in the dust 
irradiated by 241Am and 57Co sources are obtained 
using *F8 Tally. 

The results, compared with the experimental results, 
are shown in Table 2. The second column of this table 
presents the elements of HR in the dust, and the third 
and fourth columns show the e characteristic energy 
(Kα) of these elements obtained from an experiment 
(Thompson et al., 2016) and simulation with the IXRF 
device. The fifth column shows the percentage of relative 
error between experimental values and the simulation. 
The percentage of the relative error is equal to the ratio 
of the difference between the experimental values (exp) 
and the simulation (obs) to the experimental value as: 
Relative error = (exp – obs)/exp×100.

The last column in Table 2 presents the values 
of (Exp – Obs)2/Exp for each of the elements. The 
Pearson Chi-Square is obtained by their summation (χ2 = 
∑((Exp − Obs)/Exp)). The Chi-Square is an appropriate 
parameter for calculating the degree of confidence. The 
degree of confidence can be calculated by critical values 
of Chi-Square and the degree of freedom (Coleman and 
Steele, 2009). The degree of freedom (df) is one less 
than the number of variables. According to Table 2, the 
df value is 10. 

The results of Table 2 show that the percentage 
of errors in simulation and practical Kα energy for 
detecting of the HR elements in dust using the IXRF 
device varies from 0.06 to 0.52. The value of Pearson 
Chi-Square was 6.77E-3 for detecting these elements 
using the IXRF device. According to critical values of 
Chi-Square and the degrees of freedom, the p-value 
is less than 0.01.Therefore, the confidence level for 
detecting the dust elements is more than 99%.

The low relative error and the p-value indicate the 
accuracy of the simulation. Therefore, the second stage 
of simulation can be started with a confidence more 
than 99%.

Second Step: Optimizing the IXRF Device
The second stage of the simulation is the optimization 
of the IXRF device for the detection of HR elements. 
Figure 1 gives an overview of the IXRF device. 
Optimization includes the main parameters of the 
device, such as the distance from the source to the 
sample, the distance from the sample to the detector, the 
X-ray angle with the sample surface, the angle of the 
detector to the sample, and the shielding of the source 
and the detector. The loss and absorption of radiation 
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emitted by the source and the sample are a function of 
distance.

The distances between the source and the sample 
and sample and the detector should be as low as 
possible. The results indicate that this distance depends 
on the source and the detector shield materials. When 
lead or tungsten is used as shield, these distances are 
minimized. The results of the calculation of the pulse 
height indicate that the fluorescence radiation intensity 
is the maximum if the radiation angle to the sample 
surface is 27 degrees. Owing to the high surface of 
the detector, its angle of exposure is not significantly 
affected by the energy absorbed by the detector. 
Moreover, due to the importance of shielding in the 
results of simulation and user health, the results of 
shielding are widely discussed. 

Owing to environmental and radiation health reasons, 
the source shield is one of the most important issues 
in the design of the detector system. And, because the 
distance from the source to the sample and the distance 
from the sample to the detector have a great impact 
on the intensity of the X-ray reaching the detector, 
it is necessary to use a material that can protect the 
source with a lesser thickness. In this case, lead and 
tungsten are two substances that can meet this important 
requirement. However, if lead is used as a source shield 
because it itself has secondary radiation, it would act 
as a noise. To remove lead noises, there should be a 
layer of copper and aluminum shields inside the parallel 
maker and the outer cover of lead. In this design, 
tungsten is a more appropriate option for shielding the 
source. The results of shielding using a tungsten shield 

show that tungsten with a thickness of 0.25 cm for 57Co 
source and with a thickness of about 0.15 cm for 241Am 
source with 10 mci activation can be used as a suitable 
source shield. 

The Response of the Optimized IXRF Device to 
Dust Elements
According to Table 2, the X-ray fluorescence energy of 
HR elements can be divided into two 5.41–17.48 keV 
and 74.98–98.43 keV intervals. The 241Am source that 
emits 26.4(%) and 59.8(%) keV photons is suitable for 
the identification of the hazardous elements Cr, Co, 
Ni, Cu, Zn, Zr, Nb and Mo in the first interval and 
57Co, which emits the 122 keV photon, is suitable for 
the identification of the Pb and radioactive elements 
such as U and Th in the second interval. To calculate 
the response of the optimized IXRF device to dust HR 
elements, the AB1-87 dust sample that enters from 
neighbouring countries to the south and west of Iran was 
first chosen. Second, the HR elements of this sample 
were separately irradiated with two 241Am and 57Co 
sources. Figures 2 and 3 show the absorbed energy in 
CsI (Tl) due to the Ka X-ray characteristic emitted by 
the irradiation of HR elements in the dust sample.

Figure 2 shows the hazardous elements (except Pb) 
are identifiable by the 241Am source. Figure 3 shows 
that the Pb and radioactive elements are detectable by 
the 57Co source. The Monte Carlo calculation of the 
pulse height created in the CsI (Tl) detector due to the 
entry of the fluorescence radiation produced by the 
HR elements in the dust sample that are individually 

Table 2: The Chi-Square for the calculation of the Kα energy of HR elements by the Monte Carlo Simulation

Classification
Kα(keV)

Element Exprimental (Exp) Simulation (Obs) Percentage error (Exp – Obs)2/Exp
Hazardous
elements

Cr 5.41 5.40 0.18 1.85E-5
Co 6.93 6.90 0.43 1.30E-4
Ni 7.48 7.45 0.40 1.20E-5
Cu 8.04 8.05 0.12 1.24E-5
Zn 8.64 8.60 0.46 1.85E-4
Zr 15.77 15.75 0.12 2.53E-5
Nb 16.61 16.60 0.06 6.02E-6
Mo 17.48 17.45 0.17 5.15E-5
Pb 74.98 75.30 0.42 1.30E-3

Radioactive
elements

Th 93.35 93.80 0.48 2.17E-3
U 98.43 98.95 0.52 2.75E-3

Pearson Chi-Square: χ2 = ∑((Exp – Obs)2/Exp) = 6.77E-3
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irradiated with 241Am and 57Co sources are shown in 
the second and third columns of Table 3. The data from 
these columns can be used to calculate the percentage 
of the HR elements in the dust sample.

Calculating the Percentage of Elements Using 
Pulse Height
To calculate the percentage of elements, the dust sample 
must be irradiated by the 241Am and 57Co sources. The 
percentage of element can be calculated by dividing the 
pulse height of the element in the irradiated dust sample 
at each characteristic energy (Kα) (the fourth and fifth 
columns of Table 3) to the pulse height obtained from 
the pure element in the same characteristic energy (Kα) 
(the second column of Table 3). 

In Table 3, the percentage of HR elements computed 
with an MCNPX simulation was compared with their 
reported values in the AB1-87 (Table 1) sample. The 
Pearson Chi-Square value to detect these elements 
using the IXRF device by 241Am and 57Co sources are 
obtained respectively 2.52×10-5, 4.36×10-2. According 
to the critical values of Chi-Square and the degrees of 
freedom, the p-value is <0.01; hence, the confidence 
level is more than 95%.

The Activity of 241Am and 57Co Sources to Identify 
HR Elements
The response of the CsI (Tl) detector before the 
amplification of X-ray emitted from the sample is a 

Figure 2: Absorbed energy spectrum of hazardous 
elements irradiated with 57Co source.

Figure 3: Absorbed energy spectrum of Pb and radioactive 
elements irradiated with 57Co source.

Table 3: The Kα pulse height and Chi-Square in the calculation of HR element percentage 
by Am and Co source irradiation

Classification

Element

Kα(keV)
Pulse height in

pure elements by
Pulse height in

mixture by
Element

percent by
(Exp – Obs)2/Exp

Am Co Am Co Am Co by Am by Co
Hazardous
elements

Cr 5.46E-4 7.89E-5 9.86E-7 2.15E-7 0.0018 0.0027 2.00E-5 4.50E-5
Co 1.24E-3 2.29E-4 2.72E-6 5.43E-7 0.0022 0.0024 2.00E-5 8.00E-5
Ni 1.48E-3 2.61E-4 3.12E-6 6.06E-7 0.0021 0.0023 5.00E-5 4.50E-5
Cu 1.12E-3 2.41E-4 2.52E-6 4.80E-7 0.0022 0.002 2.00E-5 2.45E-6
Zn 2.23E-3 2.79E-4 5.28E-6 7.60E-7 0.0023 0.0027 4.50E-5 2.45E-5
Zr 5.06E-3 6.34E-4 1.08E-5 1.54E-6 0.0021 0.0024 5.00E-5 8.00E-5
Nb 5.57E-3 7.02E-4 7.18E-4 8.96E-5 0.13 0.127 2.65E-6 4.05E-2
Mo 6.01E-3 7.64E-4 1.30E-3 1.66E-4 0.21 0.22 1.42E-3 2.80E-4
Pb - 3.91e-4 - 8.72E-6 - 0.0022 - 2.00E-6

Radioactive
elements

Th - 4.49e-3 - 9.86E-5 - 0.002 - 2.45E-5
U - 4.61e-3 - 1.54E-3 - 0.33 - 1.20E-5

Pearson Chi-Square: χ2 = ∑((Exp – Obs)2/Exp)  2.52E-5 4.36E-2
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function of source activity as in Equation (1) (Wagner 
et al., 2001).

		  I
E
W

ekA= g g g1 2 3 	 (1)

In Equation (1), I is the current entered into the 
preamplifier in the unit of Pico Ampere (pA), which 
must be in the range of 10–100 nA, the E is energy 
remaining in every range in the detector per source 
particle in electron volts (eV), the W is the energy 
required for production of an ion pair in the CsI(TI) 
crystal (equal to 2.3 (eV)) (Wagner et al., 2001), γ1 
CsI(TI) the scintillation crystal quantum efficiency 
(equal to 12%) (Knoll, 2010), γ2 is the light guiding 
efficiency (equal to 80%) (Knoll, 2010), γ3 is the 
photocathode efficiency in converting photons to 
electrons (equal to 25%) (Carter, 1980), e is the electron 
charge (1.6×10-19c), k is detector multiplication factor 
(equal to 5.4×104) (Carter, 1980) and A is the activity 
of the source in units of Becquerel (Bq).

Assuming that the current entering the preamplifier 
was in the range of 10–100 nanoamperes, the calculation 
results in this research was based on Equation (1), and 
the simulation results demonstrated that 1.64 mCi and 
19 γ μci activities were required for the sources of 
241Am and 57Co in the one-source version to detect HR 
elements in dust respectively. 

The Low of Detection (LOD) of IXRF Device
Usually, for any device, Low of Detection (LOD) should 
be calculated because of the radiation intensity of the 
background. The LOD is defined based on the standard 
error of the radiation intensity of the background. In 
case the background error (σB) and the pulse error 
are equal, the device error (σ) is σ = (2σB)1/2. For a 
confidence level of 99%, the LOD will be equal to 
Equations (2) and (3) (Tiwari et al., 2005).

	 LOD = CDL =	 3×(deviation)/ (slope of calibration) 

	 =	 3 σB/m                                                  (2)

	σB = (IB)1/2, m =	 IA/CA, IA = A×f 8

	 ⇒ CDL =	 CA×3(IB)1/2/A×f 8	 (3)

where IA, CA, A, f8, NB and CDL(LOD) respectively are 
the net intensity, the percentage of element in mixture, 
the source activity, the pulse height, the background 
counts in a given time T, the minimum detectable 
concentration of analyte. IB is the background intensity 
(NB/T) and m = IA/CA, is the slope of analyte count-
concentration curve or net intensity per one percentage 
of element in a mixture.

To enable the IXRF device to measure an element 
with 10 ppm concentration, the LOD must be less than 
10 ppm, for example, 5 ppm. In this case, according to 
Equation (3), the source activity is equal to Equation (4).

	 A =	 3CA(IB)1/2/CDL ×f 8

	 =	 30(IB)1/2/ 5 ×f 8 = 6 (IB)1/2/f 8 	 (4)

According to Table 3, the lowest pulse height for 
241Am source is reported as 9.86×10–7. The experimental 
background radiation (IB) of the 2″×2″ crystal size 
CsI(TI) detector with and without shield is 18.4 cps 
and 525 cps respectively. In this case, according to 
Equation (4), the required activities for non-shield and 
shield detectors are 3.75 mci and 0.70 mci, respectively.

In the non-shield CsI(TI) detector case, the 241Am 
source activity (1.64 mci) (calculated in previous 
Section) is less than the activity required to detect 
elements with 10 ppm LOD (3.75 mci). Therefore, in 
this case, the IXRF device is not able to measure the 
HR elements with a concentration of 10 ppm. If the 
CsI(TI) detector has a shield, then the activity required 
to detect elements with 10 ppm LOD is 0.7 mci, which 
is less than the 241Am source activity (1.64 mci), and 
the IXRF device is able to measure HR elements with 
a concentration of 10 ppm.

The practical and simulation results show that by 
shielding the CsI (Tl) detector with copper, aluminum 
and tungsten having a thickness of 1 mm, the 
background noise is reduced by more than 95%. As 
a result, by shielding the CsI (Tl) detector, the IXRF 
device (with 1.64 mci 241Am source) is able to measure 
the HR elements at a concentration of 10 ppm.

According to Table 3, the lowest pulse height for 
heavy metals and 57Co source is reported as 8.72E-5. 
In this case, according to Equation (4), the activity 
required for a non-shield and shield detector is 17.27 
mci and 3.21 mci, respectively.

The calculated activity of 57Co source in previous 
Sections is 19 µci. It is less than the activity required 
to detect elements with 10 ppm LOD with and without 
shield (3.21 mci and 17.27 mci respectively). Therefore, 
the IXRF device (with 19 µci 57Co source) is not able 
to measure the HR elements having a concentration of 
10 ppm.

Conclusions

In this research, the parameters of an IXRF device were 
optimized to accurately detect HR elements in dust. To 
evaluate the IXRF device performance, the MCNPX 
code was applied. This code has the ability to trace 
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gamma radiation and the characteristic X-rays of various 
elements. At first, the accuracy of the code in detecting 
each HR element was evaluated and confirmed using 
the two sources 241Am (26.4 and 59.6 keV) and 57Co 
(122 keV). The results showed that for the detection of 
hazardous elements, except Pb with 10 ppm, the LOD 
needed a 241Am with 1.64 mci activity; the detection 
of Pb and radioactive elements, needed a 57Co with 19 
µci activity. Simulation and practical results show that 
the optimized IXRF device is able to accurately detect 
HR elements in dust.
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