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Abstract 

 

Were performed experimental setups using an X-ray equipment continuous 

emission Pantak DXT-3000 and three types of leaded aprons with thickness of 

0.25mm, 0.5mm and 0.75mm coated with Mylar Fiber coated Mylar on its surface. 

Apron was located at a distance of 2.5m with respect focus in order to cover a 

radiation field size of a meter in diameter. At the beam output were added aluminum 

filtration in order to reproduce qualities of narrow beams N40 (Eefective= 33keV), 

N80 (Eefective= 65 keV) and N100 (Eefective= 83 keV) according to the ISO standard 

4037 (1-3). Each lead apron were fixed 10 TLD dosimeters over its surface, 5 

dosimeters before and 5 dosimeters after with respect to X ray beam and were 

calibrated for Harshaw 4500 thermoluminiscent reader system order to assess the 

attenuation of each apron.  Were performed dosimeters readings and were calculated the 

attenuation coefficients for each effective energy of  X ray quality. In order to confirm the 

method of effective energy of ISO-4037 and evaluate effectiveness of lead aprons based on 

energy range for each medical practice was made a Monte Carlo Simulation using code 

GEANT4, calculating the fluence and absorbed dose in each one of  the dosimeters 

Monte Carlo, then coefficients of linear attenuation were calculated and compared 

with the experimental data and reported by the National Institute of Standards and 

Technology (NIST).Finally, results are consistent between theoretical calculation 

and experimental measures. This work will serve to make assessments for other 

personalized leaded protections. 
 

 

Keywords: TLD dosimeters, Monte Carlo, X rays, linear attenuation coefficients 
 

 

 



ISSSD 2016 
September 24 to 28

th
, 2016.  Tuxtla Gutiérrez, Chiapas. México. 

______________________________________________________________________________ 

177 
 
Proccedings of the ISSSD 2016                                                                                                                                 Vol. 3 

1. INTRODUCTION 

 

Leaded accessories of personal protection are fundamental in the medical radiodiagnostic, 

their objective is to reduce the radiation doses to occupationally exposed workers and in 

some cases in patients diagnosed in order to achieve the lowest possible level of radiation 

exposure As Low As Reasonably Achievable (ALARA) and allow it to make a process 

effective, reliable and safe [Kazempour et al., 2015]. 

 

Custom-made protections are manufactured commonly with material Pb of a low thickness 

and are used mainly in diagnostic radiology in all medical centers. Using simulation 

methods, there have been made many efforts in the design of protectors that, in addition to 

reducing the exposure to radiation for part of the POEs, to allow comfort in use, have long 

useful life and decrease the toxicity caused by Pb [Kazempour et al., 2015; Zehtabian et al., 

2015]. 

 

Various studies, about the exposure to X-rays in different medical practices, have been 

made so far. Santos et. al., studied exposures of personnel occupationally exposed in 

interventional radiology using Monte Carlo simulation with MCNPX and Dummy 

anthropomorphic [Santos, 2015]. In this same line using Phantom RANDO, Shulze et. al., 

studied the effects of the dose in skin with and without the use of apron leaded to practices 

digital panoramic x-ray photography. They found significant increase in mammary region 

when not in use protective material [Schulze et al., 2016]. 

 

About this matter, it is considered that this type of protection is not well used in the 

countries of Latin America, that is to say, they are used incorrectly, in the sense that there is 

no awareness on the part of medical staff about the degree of importance that has its use 

from the point of view of radiation protection [Valentin, 2007]. 

 

Although, it is known that the leaded aprons are not in continuous use in the work of the 

occupationally exposed workers. In some hospital centers leaded aprons are not used due to 

the discomfort that its portability causes in the workers, and besides, because they are not 
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available on a particular site. The most common case happens in interventional radiology, 

when the medical staff does not use the protections listed below: leaded aprons, the 

protectors of the thyroid, the protective gonadal and glasses sinkers, because these ones will 

cause discomfort for the time that the practice of medical intervention lasts. However, 

conclusive studies confirm the importance of the use of protective devices of radiation 

routinely with a purpose to reduce the irradiation of sensitive structures such as the lens of 

the eye and thus, to decrease the probability of induction of Cataractogenesis [Seals et al., 

2016]. 

 

There are several validation methods that allow to establish the reliability of the various 

devices used for protection of personnel to radiation. The most used are no doubt 

experimental measurements with thermoluminescent detectors (TLD). Hausler et. al., 

studied the dose received by 39 Medical Physics of 14 hospitals in Germany during 

procedures of interventional radiology. They conclude that if they are properly used, the 

protectors, the limits of annual doses, it is difficult to overcome [Hausler et al., 2009]. 

 

Although the use of the TLD is an excellent choice for demonstrating the effectiveness of 

leaded protectors, it is important to note that if experimental measurements could be 

substantiated with calculation of Monte Carlo, it is possible to get to design theoretical 

models that underpin any experiment [Kazempour et al., 2015; Zehtabian et al., 2015; 

Santos, 2015; Matyagin et al., 2016]. 

 

In this work, we used method Monte Carlo as a tool for the simulation with the code 

Geant4 [Agostinelli et al., 2003], to study the processes of interaction radiation field in 

protection accessories as customized leaded aprons, which are usually used in most medical 

centers. The purpose of the study is no other than to evaluate the degree of effectiveness of 

the apron leaded based to the thickness in lead and the effective power of broadcast 

proposed by the standard ISO 4037 [KSA, 2003]. 

1.1 Theoretical basis 
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When a mono energetic beam of electromagnetic radiation incident on a homogeneous 

material of density and thickness defined, the relative intensity subsequent to the processes 

of absorption and transmission are given by: 

 

     𝑒
                                                     (1) 

 

Where µ is the linear attenuation coefficient expressed in (cm
-1

), x is the thickness of the 

material expressed in (cm). Implicitly, it has attenuation coefficient mass µm, given by the 

relationship: 

 

    

 
         (2) 

 

Where ρ is the density of the material expressed in g/cm
3
. In mono energetic bundles, for 

each kind of energy and material there corresponds a coefficient   . In the case of poly 

energetic beams of X-rays for each spectrum there is an effective power which corresponds 

to an attenuation coefficient mass for a given material [Zehtabian et al., 2015]. 

 

The linear attenuation coefficient µ is directly related to the effective cross-section total 

interaction σ is defined as the probability of related interaction between a collision and the 

effective area expressed in barn (1 barn = 10
-24

 cm
2
). The relationship between the linear 

attenuation coefficient and the effective cross-section is given by: 

 
 

 
 

  
 
         (3) 

 

The main mechanisms of interaction of photons X of use in medical diagnosis with matter 

are the photoelectric effect and inelastic scattering of Compton. The effective cross-section 

of total attenuation is the resultant of the two effects above: 

 

                                   (4) 
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2. MATERIALS AND METHODS 

 
For the experimental study we used three types of leaded aprons of use in radiodiagnostics 

with thicknesses of 0.25 mm, 0.5 mm and 0.75 mm. Each apron leaded was located on a 

phantom anthropomorphic of Aldersson at a distance focus-surface of 2.5 m. We performed 

irradiations controlled from an equipment X-ray continuous emission Pantak DXT-3000 

the Secondary Standard Dosimetry Laboratory in Bogota-Colombia. The radiation beams 

N-40 (Eefective = 33 keV), N-80 (Eefective = 65 keV) and N-100 (Eefective = 83 keV) were 

reproduced using an ionization chamber plane parallel with calibration factors NDW for 

five (5) qualities of X-ray beams with HVL from 0.20 mm of Al to 1.5 mm of Cu. It was 

set, to the output of the beam of radiation, some leaks added in sheets of  Al with 

thicknesses from 0.1 mm, in order to establish the first Half Value Layer (HVL) and the 

second Half Value Layer (2 HVL) that guarantees  the uniformity of the radiation beam. 

 

In each apron were put in 10 crystals of TLD-100 calibrated in a Harshaw 4500 reader for 

the gamma energy of Cs-137: 5 dosimeters on the outside of the apron and the other 5 with 

the same positions but behind the apron in order to evaluate the attenuation of the apron for 

each energy of x-rays. Previously, the dosimeters were subjected to an erase cycle on the 

Harshaw device. 

 

The irradiation of the dosimeters was performed by using an arbitrary time of 5 minutes, 

because the objective of this work is to find relative values of the response of the 

dosimeters. They were later removed by the dosimeters of the apron and were read into the 

Harshaw devise along with two dosimeters that recorded the natural background. The same 

procedure with the other two leaded aprons was carried out. After obtaining the results of 

dose expressed in units of electrical charge (nC) tabulated the data by making difference 

between the groups of dosimeters and the conditions of quality of the radiation beam. 
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Figure 1. Geometry for the calculation is Monte Carlo with GEANT4 of the aprons, and 

detectors. 

 

In the theoretical study the geometries of the detectors were constructed, the aprons, and 

their coating  were placed on a phantom tissue ICRU see Figure 1. It simulates the aperture 

of the radiation beam by a cone located at the distance of irradiation used in the 

experiemntal measurement. 

 

The focus of the tube where they originate X-rays was simulated as a beam monoenergético 

based on the effective power of the radiation beam (33 KeV, 65 KeV and 83 KeV).Were 

simulated 2 10
9
 stories in each case using a cluster-parallelized. The code used in the 

calculation was GEANT4, we calculated the coefficients of linear attenuation of the leaded 

aprons and compared the simulation results with those obtained experimentally and those 

reported by the NIST for each of the energy efficient [Hubbell & Seltzer, 1995]. 
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3. RESULTS AND DISCUSSION 

 
According to the Standard ISO 4037 energy effective for each one of the qualities of X-rays 

used are: N-40  33 keV, N-80  65 keV y N-100  83 keV. These energies were used 

as a source term in the calculation of a Monte Carlo. To find the linear attenuation 

coefficient µ, it was calculated according to the equation of damping for a beam collimated: 

 

  −
 

 
  (

 

  
)     (5) 

 

Where   and    are the intensities or readings of the dosimeters in front of and behind of the 

apron, respectively, and the constant x corresponds to the thickness of the apron leaded. To 

all thicknesses of lead is added to 0.005 cm due to the coating on Mylar that has the apron 

leaded on both sides. 

 

Apron 1: Table 1 shows the experimental results for the apron 1, has an average thickness 

of 0.25 mm to 5 dosimeters are located outside of the apron and 5 dosimeters located within 

the apron. This device is used especially in dental radiology. 

 

Table 1. Data collected by crystals of TLD-100 in 10 points of the apron. The average 

reading of natural background radiation was 32 nC. Quality N-80 (65 keV), thickness 0.25 

mm. 

In front the 

apron Io 

(nC) 

Behind 

the apron  

I (nC) 

Relationship 

(I/I0) 

Attenuation 

coefficient 

µ (cm
-1

) 

225 51 0.226 59.48 

246 57 0.231 58.61 

235 54 0.229 58.96 

241 55 0.228 59.13 

230 60 0.261 53.72 

 

 

The average value of the attenuation coefficient is 26.973 57.98 cm
-1

. In the tables of the 

NIST for material Pb and the energy of photons of 0.083 MeV, the attenuation coefficient 
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mass total µ/ = 5.02 cm
2
/g, thus the linear attenuation coefficient µ= 4.8 cm

2
/g  11.4 

g/cm
3
  = 57.57  cm

-1
. 

 

Apron 1: In Table 2 we show the experimental results for the apron 2, has an average 

thickness of 0.25 mm 5 dosimeters are located in front the apron and 5 dosimeters located 

behind the apron. This device is used especially in conventional radiology. 

 

Table 2. Data collected by crystals of TLD-100 in 10 points of the apron. The average 

reading of natural background radiation was 32 nC. Quality N-100 (83 keV) thickness 0.25 

mm 

In front the 

apron Io 

(nC) 

Behind 

the apron  

I (nC) 

Relationship 

(I/I0) 

Attenuation 

coefficient 

µ (cm
-1

) 

355 178 0.501 27.613 

360 181 0.502 27.504 

327 172 0.525 25.698 

371 183 0.493 28.268 

362 190 0.524 25.784 

 

The average value of the attenuation coefficient is 26.973 cm
-1

. In the tables of the NIST 

for material Pb and the energy of photons of 0.083 MeV, the attenuation coefficient mass 

total µ/ = 2.419 cm
2
/g,, thus the linear attenuation coefficient µ= 2.419 cm

2
/g x 11.4 g/cm

3
  

= 27.576  cm
-1

. 

 

Apron 2: In Table 3 we show the experimental results for the apron 2, has an average 

thickness of 0.55 mm. 5 dosimeters are located in front the apron and 5 dosimeters located 

behind the apron. This device is used especially in conventional radiology. 

 

The average value of the attenuation coefficient is of 23.995 cm
-1

. In the tables of the NIST 

for material Pb and the energy of photons of 0.083 MeV, the attenuation coefficient mass 

total µ/ = 2.419 cm
2
/g, thus the linear attenuation coefficient µ= 2.419 cm

2
/g  11.4 g/cm

3
 

= 27.576 cm
-1

. 
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Table 3. Data collected by crystals of TLD-100 in 10 points of the apron. The average 

reading of natural background radiation was 32 nC. Quality N-100 (83 keV) thickness 0.55 

mm 

In front the 

apron Io 

(nC) 

Behind the 

apron  I 

(nC) 

Relationship 

(I/I0) 

Attenuation 

coefficient 

µ (cm
-1

) 

354 94 0.265 24.109 

362 94 0.259 24.515 

329 96 0.291 22.394 

375 97 0.258 24.585 

363 95 0.261 24.373 

 

 

Apron 3: In Table 4 we show the experimental results for the apron 3 has an average 

thickness of 0.75 mm to 5 dosimeters are located outside of the apron and 5 dosimeters 

located within the apron. This device is used especially in interventional radiology. 

 

Table 4. Data collected by crystals of TLD-100 in 10 points of the apron. The average 

reading of natural background radiation was 32 nC. Quality N-100 (83 keV) thickness 0.75 

mm 

In front the 

apron Io 

(nC) 

Behind the 

apron  I 

(nC) 

Relationship 

(I/I0) 

Attenuation 

coefficient 

µ (cm
-1

) 

354 48 0.135 26.641 

362 50 0.138 26.394 

329 background 0.097 31.070 

375 45 0.120 28.270 

363 40 0.110 29.409 

 

The average value of the attenuation coefficient is 28.356 cm-1. In the tables of the NIST 

for the material Pb and the energy of photons of 0.083 MeV, the attenuation coefficient 

mass total µ/ = 2.419 cm
2
/g, thus the linear attenuation coefficient µ= 2.419 cm

2
/g 11.4 

g/cm
3
 = 27.576  cm

-1
. 

 

In the following qualities was not possible to estimate the coefficients of the linear 

attenuation due to the readings on the dosimeters within the apron are of the order of the 
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natural background of radiation quality N-40 (33keV) thickness 0.55 mm, quality N-80 

(65keV) thickness 0.55 cm, quality N-40 (33keV) thickness 0.75 mm and quality N-80 

(65keV) thickness 0.75 mm 

 

 

Table 5 shows the results obtained by the two methods and are compared with those 

reported by the NIST. 

 

Tabla 5.  Coeficientes de atenuación lineal. Measurement (Meas), NIST, Monte Carlo (MC) 

 

    N-40       N-80       N-100   

Apron Meas. NIST MC   Meas. NIST MC   Meas. NIST MC 

0.25mm 269.15 291.06 268.35 
 

57.980 57.570 
56,36

9  
26.973 27.576 27.449 

0.55mm 
backgroun

d 
291.06 

backgroun

d  

backgroun

d 
57.570 45.70 

 
23.995 27.576 21.153 

0.75mm 
backgroun

d 
291.06 

backgroun

d 
  

backgroun

d 
57.570 

45.65

4 
  28.356 27.576 22.809 
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4.- CONCLUSIONES 

 
Effective energies of X rays narrow qualities (ISO-4037) that were reproduced 

experimentally in the Secondary Standard Dosimetry Laboratory corresponding with very 

good approach to monoenergetic values reported by the National Institute of Standards and 

Technology (NIST) based on the intercomparison of coefficients linear attenuation. 

Similarly, results obtained by simulation Monte Carlo method are generally consistent with 

the experimental data, except for lead aprons of 0.75mm and 0.5mm and effective energies 

of 33 keV and 65 keV due to attenuating more than 99% of radiation and are untrusted 

values of attenuation coefficients. The experiment reproduced in GEANT4 in this work is 

reliable to evaluate at the future any custom accessory shielding. 

 

Experimental measurements and Monte Carlo calculations showed good agreement, which 

allows us to conclude that the values reported by the NIST for 0.55 and 0.75 mm for grades 

N-40 and N-80 requires review, because the Monte Carlo calculations have uncertainties < 

1%, which ensures the reliability of the estimates. 
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