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Abstract
     The aim of this study is to assess the risk of car passengers in Dual Energy X-ray inspection devices and to determine the 
maximum number of passes through the system in a given amount of time. The MCNPX code was used to simulate a newly fabri-
cated dual-energy X-ray car inspection device, which included an X-ray tube, detector arrays, and a rando phantom, to their exact 
specifications. A Rando phantom was placed in a car and TLD dosimeters were placed within different sections of the phantom 
for experimental dosimetry. The maximum equivalent dose was absorbed in the gastric, breast, and lungs in experimental re-
sults, while simulation results showed that this quantity belongs to bone surfaces and gastric. Based on simulation results and 
experimental dosimetry, the total equivalent dose of 155 kVp is 0.256 and 0.276 Sv, respectively, with a difference of 7%. The 
results showed that the MCNPX is suitable for dosimetry in this case. The system falls into the category of devices of limited 
utility, according to the ANSI standard. Anyone can move through this machine a maximum of 806, 66, and 15 times in a year, 
month, and week.
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Introduction

     Combating contraband smuggling, especially drug as well as terrorism, by conducting thorough inspections of postal shipments, 
passenger bags, and vehicles, particularly at borders, is critical to all countries’ security and economy. A radiation solution has been 
suggested and used for a long time to solve this problem and improve protection. In these applications, X-ray scanning systems are 
commonly used. In the case of drugs with a low atomic number, as well as many explosives such as plastic explosives that can be man-
ufactured and hidden in a variety of types and ways, diagnosis of the substance type, as well as the shapes of objects, is needed [1]; so 
dual-energy X-ray imaging and a variety of data and image processing algorithms are used in various ways.

     Today, as a non-destructive and non-invasive testing method for shape and material identification, this method is very common 
and reliable. Bone density calculation and contrast agent detection in radiography images are examples of a related approach used in 
medicine [2-5]. Due to the possibility of several passes from inspection, a person’s absorbed dose is extremely important, much as it 
is in medical applications. Based on the individual’s deposited dose per inspection and annual dose restriction, international radiation 
safety organizations have determined the maximum number of times a person can pass through the system. In this regard, the US na-
tional standard has given some tables that can be useful if the scan is fully justified [6]. As a result, every new inspection system would 
need to assess and calculate the average whole-body dose and the dose of the organ at risk.

     Although a large portion of the personal dose is due to inevitable accidental exposure, the dose from human activities such as med-
ical, industrial, and inspection is substantial and should be taken into account, according to ICRP standards [7]. Different inspection 
device parameters, such as the X-ray tube’s radiation spectrum, imaging geometry, materials, and other effective parameters, show 
that dosimetry is needed for each X-ray inspection device.  The beam energy of these devices can be adjusted for cars, containers, 
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and even trains, and they can be fixed or portable [8]. Khan et al. published a detailed report in 2003 on the dose received by humans 
during container inspection at US borders and with various forms of inspection cargo equipment. A Rando man equivalent phantom 
and TLD dosimeters were used to measure dose in this study [8]. One of the study’s most intriguing findings was that the absorbed 
dose is unaffected by the person’s location (sitting or standing). Hope et al. stated in 2005 that the dose received by people during indi-
vidual X-ray inspections ranged from 0.07 to 6 Sv [9]. While several studies have looked at the personal absorbed dose in a container or 
during an individual inspection, this study will look at the personal dose of a person sitting in a car as it passes through a dual-energy 
X-ray inspection system.

     X-ray inspection systems for cars and containers range in energy from 100 kVp X-ray tube output (similar to the fabricated system 
for this study) to 10 MeV linear accelerator output [10-12], with different results in terms of personal absorbed dose, detection preci-
sion, and application range. Based on the average dose per scan of a car passenger, the aim of this study was to calculate the maximum 
number of passing through the car inspection system in the allotted time.

Materials and Methods 
Fabricated Imaging System

     In this study, an XRB401 model of X-ray tube from Spellman Company was used, as well as an array detector from Detection Tech-
nology Company’s X-card 2.5-64DE model. Their specifications are mentioned in Table 1. Figure 1 shows a diagram of the imaging 
device configuration.

Figure 1: Conceptual schematic of X-ray inspection machine made for cars.
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X-ray tube & Detector array
2.49 mm Pixel pitch

GOS sheet, 145 mg/cm2 

DRZ screen thickness:0.3 mm
Scintillator of low energy detector

Copper: 0.6 mm Filter among the low & high energy detector
CsI(Tl) 

Crystal thickness: 3 mm/4 mm
Scintillator of high energy detector

1536 Pixel Total range of detector
50-200 kVp Tube’s energy range

0.2-2 mA mA range
Fan Beam X-ray’s beam output shape

Table1: Detector and X-ray tube specifications in fabricated X-ray car inspection machine.

     The main objective of this device’s construction was to provide imaging capability while maintaining adequate inspection object 
quality, as well as material classification into organic and inorganic categories. Figure 2 shows a view of the inspection machine. Also 
visible in the results image and in figure 5 as the final response to the material classification algorithm is an example of a scanned car 
image containing a small drug in its trunk, underneath a chair, and into another chair, as well as a gun. The orange color spectrum in 
this picture represents organic matter, while the gray spectrum represents non-organic matter. The atomic number map’s logarithmic 
approach was used to perform the material classification algorithm. 

Figure 2: A picture of dual energy X-ray car inspection machine made in Iran.

MCNPX Monte Carlo Simulation

     Initially, dose evaluations of the car passenger were performed using the MCNPX 2.6 Monte Carlo (MC) code to simulate all of the 
system geometry and materials. The Monte Carlo N-Particle extended (MCNPX) code, created by Los Alamos National Laboratory in 
the United States, is a general-purpose MC code for radiation transport simulation that has applications in nuclear, manufacturing, and 
medical simulations. The MC code solves particle transport problems statistically, and the results are per particle. As a result, dosim-
etries in various parts of the human body do not have many experimental restrictions, such as placing dosimeters in different body 
organs and repeating the procedure under different conditions; thus, the MCNPX code may be a useful tool in this regard. This code has 
been used to simulate dual-energy X-ray imaging and dosimetry in several studies [13-16].

     To calculate the effective dose of body’s different organs in this study, an anthropomorphic phantom was used to mimic the human 
body in the MCNP MC code. The mathematical phantom of ORNL, which was originally specified to calculate the medical internal ra-
diation dose (MIRD), was employed for dosimetry. The phantom can be seen in figure 3 in three different views. This phantom uses 
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mathematical definitions and shapes to describe the different organs of the body as normal ones. Despite the fact that this phantom 
are easily discernible from humans, their intent is to be hermaphroditic and modeled on reference and human masses [17]. The X-ray 
tube was modeled as a point source, with the energy spectrum derived using the validated report IPEM 78 [2, 18] based on the X-ray 
tube specifications of inspection system. *F8 tally of MCNPX was used to calculate doses in different organs such as brain, thyroid, Sal-
ivary glands, breast, and et cetra. The output of this tally is the aboundance of energy recorded in each cell which is expressed in MeV 
and must be divided by the cell’s unit mass to achieve the dose. The results were reported with less than 5% error using a personal 
computer with four processor cores. Some corrections were made to all of the simulated parameters in order to optimize the accuracy 
between the experimental dosimetry geometry and the simulation, as well as to compare simulation and experimental results and 
unify their scales. 

Figure 3: ORNL-MIRD phantom used in this study in frontal and lateral views.

Experimental Dosimetry

     In the experimental dosimetry, a Rando phantom was used to test the experimental dose of the vehicle’s occupant. The equivalent 
dose for each organ was determined by placing dosimeters at a depth of 10 mm, and the effective dose was determined by applying 
each tissue’s weighting factors [19]. All dosimetries were performed with the same X-ray tube current of 1 mA and a 155 kVp energy.
TLD type and LiF(Mg, Cu, P) model dosimeters were manufactured in China under the GR-200 brand name. Based on a detailed anal-
ysis by Del Sol Fernandez et al., this TLD has a higher sensitivity (approximately 66%) and better dosimetric properties than the TLD-
100, which found that the TLD-100 is inaccurate for measurements below 4mGy [20]. Each dosimeter had a diameter of 4.9 mm and 
a thickness of 9 mm, with a total of 82 dosimeters used in the phantom. Table 2 shows the radiation weighting factors [21] in various 
body tissues as well as the distribution of dosimeter numbers in the Rando phantom. The calibration process was done by Elekta Pre-
cise Linear Accelerator (Elekta Precise model, Germany) and 6 MeVphoton beam with 50 cGy dose. A 3500 TLD reader (Harshaw-Bi-
cron, USA) was used to read the TLD pieces.

     To minimize the error between the simulation and experimental results, the experimental coefficients were determined by putting 
the phantom alone under the X-ray tube exposure and comparing the findings to those of the simulation. The phantom was then placed 
in the car and passed through the inspection system, and dosimetry was performed as a car occupant by using the experimental coef-
ficients. The experimental coefficients of 1.14 and 1.22 were obtained at energies of 175 and 195 kVp, respectively. The phantom was 
then placed in the car, and dosimetry was performed using the experimental coefficients as a car occupant.

     The vehicle’s speed is about 10-15 km/h. The system gate’s RF receivers detect the car approaching location and activate the device. 
The radiation lasts 2 seconds, and it will finish in 2 seconds even if the car comes to a halt at the gate for some reason. The device’s 
alarm lights illuminate when it is turned on. The user has control over the X-ray source parameters (voltage and current) and can ad-
just them to suit the situation. The phantom was stowed behind the driver’s seat. The condition of an average mid-sized person in the 
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sitting position is simulated on the car seat with this configuration, and since all areas inside the car’s cabin receive approximately the 
same dose rate, this calculation may be called an occupant’s dose index for all cabin areas. This is because of the X-ray tube and detec-
tor are located at the top and bottom of the car inspection device, respectively, and the only buffer between the occupant and the X-ray 
tube is the car’s roof. Since the roof thickness is consistent throughout, it is expected that all occupants will receive the same dose.

     Moreover, different automobiles were used for dosimetries because changing the dose of a car passenger is possible by changing the 
type and model of the car. To minimize statistical error and improve the accuracy of the results, 103scans/dosimetry were performed, 
with the average of the results recorded. Figure 4 depicts a used Rando phantom and its location inside the vehicle.

Tissue Type
Tissue Weighting 

Factors
Dosimeters 

Number
Tissue Type

Tissue Weighting 
Factors

Dosimeters 
Number

Brain 0.01 3 Gonads 0.08 2
Esophagus 0.04 3 Skin 0.01 6

Thyroid 0.04 6 Eye lens 2
Salivary 
glands

0.01 2 Bone marrow 0.12 4

Bone surface 0.01 4 Colon 0.12 4
Lung 0.14 14 Liver 0.04 9

Breast 0.12 8 Other organs 0.12 10
Gastric 0.12 3 Total 1 8
Bladder 0.04 2

Table 2: Body tissue weighting factors, as well as the number distribution of dosimeters inserted in the Rando phantom.

Figure 4: Rando phantom placement along with dosimeters planted inside it and on 
its surface, in the same position as ordinary people at the time of scanning.

Results and discussion 

     Table 3 shows the results of the simulation using the MC code for 155 kVp energy. Based on these findings, the lungs, bone surface, 
and gastric received the largest absorbed doses of 0.0486, 0.0416, and 0.0406 μSv, respectively. Furthermore, the average cumulative 
received dose for this energy by car passengers was 0.2564 μSv, which is very low as compared to the annual allowable dose for indi-
viduals. As a result, it can effectively reduce concerns about an occupant’s absorbed dose, but the exact amount of passes through the 
system should be regarded. Glands, especially gonads, have been identified as one of the most ionizing radiation-sensitive tissues. Both 
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of these issues are essentially addressed by dose measurements of 0.0001 and 0.0160 μSv in simulation and experimental dosimetry, 
respectively. The simulation results show that the minimum dose is linked to salivary glands, gonads, and bone marrow, respectively.

     The effects of experimental dosimeters using the TLD and the equivalent human phantom for each organ, individually and for the 
entire body, have been measured and are referred to as “Effective doses.” According to these findings, the minimum dose of 155 kVp 
energy belongs to the skin surface and bone surface, and it is equivalent to 0.0024 μSv. With a dose of 0.044 μSv in the gastric and 
other organs, the highest effective dose was achieved. The average effective dose obtained in this energy is 0.276 μSv, based on these 
findings. In addition, as X-ray energy increases, the average effective dose rises. As a result, the effective dose for a car’s occupant was 
0.315 and 0.338 μSv for 175 and 195 kVp energy, respectively.

     Figure 6 depicts a comparison of simulation results and practical dosimetries. As can be seen, the results from both   methods are 
highly correlated in many organs and the total absorbed dose. The difference in average passenger dose between the two methods for 
155 kVp energy is 7%, demonstrating that the MCNPX code is justified and accurate in this application. Despite the small differences 
between simulation and experimental results for the overall effective dose, it should be noted that the dose in individual organs dif-
fered greatly, particularly in smaller organs. If it’s because there aren’t enough simulated events.

     Khan et. al. conducted a thorough investigation in 2004 into seven cargo, railroad, or truck inspection systems that used X-ray, 
Gamma, and neutron to identify materials [7]. Low-energy X-ray devices had energies of 420-450 kVp and currents of 6.6-10 mA, with 
relative doses of 0.4-2.3 μSv. Hupe et. al. (2006) recorded 0.2 and 0.4 μSv received dose using 450 kVp and 6.6 mA in two fast and slow 
modes [14]. The obtained doses are found to be minor but not zero, and are dependent on energy, current, scan time, and geometry.

     In the case of trucks, one method of lowering the driver’s dose is to avoid direct exposure. The driver’s exposure is only due to scat-
tered radiation from the truck’s load inspection in this case [22]. Although this operation cannot be carried out during a car inspection, 
a robust and automated conveyor for the car going through the device’s gate is recommended to protect passengers. Furthermore, 
since the passenger’s irradiation period on these devices is very short and the obtained dose is dependent on time, the passenger dose 
decreases as a result. Moreover, by adjusting the form of vehicles, a difference of 0.2 to 0.55 μSv was measured in the average dose. 

Figure 5: The material classification algorithm’s final response for a scanned car image with a little 
drug in the trunk, underneath a chair, and into another chair and a gun.
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Figure 6: Dose of the body’s various organs in experimental measurements 
and simulation for 155 kVp.

     The American National Standards Institute (ANSI) divides X-ray inspection systems into two categories: general application and 
limited use. Generic devices are those in which each person’s effective dose per scan is less than 0.25 μSv, and the cumulative personal 
dose received over a year is less than 250 μSv. Limited devices are those in which each person’s effective dose per scan is more than 
0.25 μSv and less than 10 μSv, and the total received dose is less than 250 μSvper year.

     Table 3 shows that the examined device falls into the restricted application group when considering the average effective dose of 
a person going through the machine based on experimental dosimetry results per scan time (0.31 μSv). The United States National 
Standard [6] provided this table with complete justification for performing the scan. The allowable number of passes for each person 
from this system for one year, one month, and one week is equal to 806, 66, and 15, respectively, using the LabFit program and ensuring 
that the data is correctly fitted with the “ChiSq” test. An individual who adheres to this standard will not be permitted to exceed these 
figures.

Effective individual 
dose per scan (μSv)

Maximum number 
of annual scan

Average number of scans per 
month for not exceeding the maxi-

mum allowed for a year

Average number of scans per 
week for not exceeding the maxi-

mum allowed for a year
0.05 5000 416 96
0.10 2500 208 48
0.15 1667 138 32
0.20 1250 104 24
0.25 1000 83 19
0.31* 806 66 15
0.5 500 41 9
1.0 250 20 4
2.0 125 10 2
3.0 80 6 1
4.0 62 5 1
5.0 50 4

10.0 25 2
*The average equivalent dose of the system studied in this research was calculated using interpolation in the ANSI table. It’s also worth 
noting that all measurements are done at a speed of 10 km/h, and the dose obtained by the person varies linearly with the vehicle’s speed.

Table 3: The maximum number of scans allowed for different values of the individual dose in each inspection scan [6].       
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Conclusion

     The findings of this study show that the MCNPX MC code is a useful and trustworthy method for X-ray car inspection. It was also 
discovered that using TLD dosimeters in conjunction with a Rando-MIRD phantom in a dual-energy X-ray car inspection machine al-
lows for material classification. Furthermore, according to ANSI standards, the fabricated machine is a restricted application unit, and 
a person can be scanned a maximum of 806, 66, and 15 times per year, week, and month, respectively, if the scan is completely justified. 
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