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The number of facilities using radiation generators increases and related regulations are 
strengthened, the establishment of a shielding management and evaluation technology has 
become important. The characteristics of the radiation generator used in previous report differ from 
those of currently available high-frequency radiation generators. This study aimed to manufacture 
lead, iron, and concrete shielding materials for the re-verification of half-value layers, tenth-value 
layers, and attenuation curve. For a comparison of attenuation ratio, iron, lead, and concrete shields 
were manufactured in this study. The initial dose was measured without shielding materials, and 
doses measured under different types and thicknesses of shielding material were compared with 
the initial dose to calculate the transmission rate on 50–300 kVp X-ray. All the three shielding 
materials showed a tendency to require greater shielding thickness for higher energy. The 
attenuation graph showed an exponential shape as the thickness decreased and a straight line as 
the thickness increased. The difference between the measurement results and the previous study, 
except in extrapolated parts, may be due to the differences in the radiation generation 
characteristics between the generators used in the two studies. The attenuated graph measured in 
this study better reflects the characteristics of current radiation generators, which would be more 
effective for shield designing.
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Introduction

In the “Enforcement Decree of the Serious Accidents 

Punishment Act,” which took effect on January 27, 2022, 

acute radiation syndrome (ARS) caused by exposure to 

ionizing radiation is one of several occupational diseases. 

ARS owing to ionizing radiation in three or more people in 

a year, is defined as a “serious industrial accident.” Regula-

tions have been strengthened for the safe use of industrial 

radiation generators and the minimization/optimization 

of radiation exposure dose in radiation workers and people 

who frequently access related radiation-generating facili-

ties [1]. In 2018, 6,372 institutions in Korea used industrial 

radiation generators. The number of institutions using in-

dustrial radiation generators increased by 5.1% to 6,696 in 

2019 and 3% to 6,898 in 2020 compared with those in previ-

ous years, showing a mean annual increase of 4% [2]. As the 

number of facilities using radiation generators increases 
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and related regulations are strengthened, the establishment 

of a shielding management and evaluation technology that 

can prevent human accidents caused by excessive exposure 

to radiation in workers and frequent visitors has increas-

ingly become important.

To evaluate the shielding safety of facilities that use ra-

diation generators, permeability coefficients for primary, 

scattered, and leakage radiations are calculated, and the 

type and thickness of the shielding material are determined 

based on the half-value layer (HVL), tenth-value layer (TVL), 

and attenuation curve data according to the energy level 

and shielding material suggested in NCRP Report No. 49 

[3]. However, NCRP Reports No. 49 and 51, which are com-

monly used as a reference for the evaluation of shielding 

safety and design, were published in 1976 and 1977, respec-

tively [4]. Although the radiation generators in these reports 

are different from currently available generators, the two re-

ports are still used as reference data for evaluating the safety 

of facilities that use industrial radiation generators. In 1972, 

Trout and Kelley [5] used a single-phase, full-wave radiation 

generator to measure the attenuation ratio of broad-beam 

X-rays in the range of 50 to 300 kVp in lead. The charac-

teristics of the radiation generator used in that study differ 

from those of currently available high-frequency radiation 

generators [6]. Additionally, several studies evaluated and 

compared the characteristics of critical factors of radiation 

generators with previous reports (NCRP Report No. 49), 

showing that the characteristics of the radiation generators 

were different [5,7,8]. Therefore, these differences in radia-

tion generators and radiation quality may limit the use of 

data in NCRP Report No. 49 for designing accurate shield-

ing. The primary, scattered, and leakage radiations pre-

sented in NCRP Report No. 49 must be re-evaluated to op-

timize the safety of current industrial radiation generators 

[9]. Thus, this study aimed to manufacture lead, iron, and 

concrete shielding materials for the re-verification of HVL, 

a b

c d

Fig. 1. The lead shielder and steel 
shielder. A steel and lead plate was 
cut (a, c) and assembled with frame 
(b, d).
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TVL, and attenuation curve for the energy level and shield-

ing material suggested in NCRP Report No. 49. Herein, the 

attenuation rate in each shielding material by energy level 

was evaluated and compared with the values suggested in 

NCRP Report No. 49.

Materials and Methods

1. Manufacturing of shields

The shielding materials suggested in NCRP Report No. 49 

are iron, lead, and concrete. For a comparison of attenua-

tion ratio, iron, lead, and concrete shields were manufac-

tured in this study. The lead shields were manufactured 

with three different thicknesses of 0.2, 0.5, and 1.0 mm. 

The iron shields were manufactured with the four different 

thicknesses of 0.5, 1.0, 2.0, and 5.0 mm, and the concrete 

shields were manufactured with the six different thick-

nesses of 3, 5, 7.5, 10, 20, and 50 mm. An attenuation graph 

including the HVL and TVL was obtained. The shields were 

manufactured according to the tray standard on the front 

of the radiation generator for installation. The lead and iron 

shields were processed as shown in Fig. 1a, c and manufac-

tured to satisfy the tray specification in Fig. 1b, d.

As concrete has low ductility, concrete shields cannot 

be manufactured using the same processes as lead and 

iron shields [10]. As shown in Fig. 2, a mold identical to the 

specification of the frame was produced with a 3D printer 

and filled with concrete. The thickness of the manufactured 

shields was evaluated using a calibrated caliper. The thick-

ness and configurable range of thickness of each shielding 

material are shown in Table 1. 

2. Attenuation ratio graph measurement

The attenuation ratio of radiation for different thicknesses 

a b

c d

Fig. 2. Making process of the concrete 
shielder. To work with 3D printer, 
the concrete shielder was designed 
like (a). Then the mold (b) was made 
and was filled with concrete (c). 
The Concrete needs some days for 
hardening (d).
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of shields was measured at the X-ray irradiation facility in 

the Medical Radiation Quality Control Center of Korean As-

sociation for Radiation Application. An MXR-320/26 (Comet 

AG, Wünnewil-Flamatt, Switzerland) radiation generator 

with a maximum tube voltage of 320 kV and a maximum 

tube current of 26 mA was used [11]. The shielded radiation 

dose was measured with Exradin A3 Spherical Ion Cham-

ber, 3.6 cc (Standard Imaging, Middleton, WI, USA), an ion 

chamber commonly used to measure standard X-rays. The 

results were cross-validated by measuring with RaySafe 

452 survey meter (FLUKE Biomedical, Everett, WA, USA), a 

GM+solid-state sensor type detector, under the same con-

ditions. To correct for temperature and air pressure in the 

irradiation facility, the temperature and air pressure were 

measured simultaneously with radiation dose, using the 

multi-functional precision thermometer CTR3000 (WIKA, 

Klingenberg am Main, Germany) and precision pressure 

indicator CPG2500 (WIKA), respectively [12-14]. The ex-

perimental devices were configured as shown in Fig. 3a 

to reflect the layout used in the measurement of dose and 

half-layer in “AAPM Protocol TG-61” in Fig. 3b [15,16].

The same conditions used in NCRP Report No. 49 were 

used to compare our results with previous findings. The 

initial dose was measured without shielding materials, and 

doses measured under different types and thicknesses of 

shielding material were compared with the initial dose to 

calculate the transmission rate. Measurements were made 

within the range of possible configurations of the manufac-

tured shields by reflecting the additional filter conditions 

for each energy level and type of shielding material (Table 

2). Unlike lead and concrete, additional filter information is 

not specified for iron in NCRP Report No. 49. Thus, in this 

study, additional filter conditions for each energy level for 

lead were used for iron. The density of the manufactured 

concrete shields was 2.01 g/cm3, and the density of the con-

crete shields used in NCRP Report No. 49 was 2.35 g/cm3 

[3,17]. The difference in the density of concrete shields was 

corrected in the attenuation ratio curve of this study. Under 

the different conditions, X-rays were irradiated for 70 sec-

onds. The average and standard deviation were calculated 

for the charge measured in the ion chamber at one-second 

interval during irradiation. 

Results and Discussion

To cross-validate the ion chamber used in the study, the 

Table 1. Thickness and quantity of each shielding material

Shielding material Thickness (mm)
Configurable 

thickness range (T)

Lead 0.2
0.5
1.0

0.2 mm≤T≤5.1 mm

Steel 0.5
1.0
2.0
5.0

0.5 mm≤T≤22 mm

Concrete 3.0
5.0
7.5

10.0
20.0
50.0

3.0 mm≤T≤117 mm

Fig. 3. Arrangement of performed 
experiments component (a), AAPM 
protocol TG-61 arrangement (b).

Ion chamber

X-ray
generator

1 m

Additional filter

Shielding material

CollimatorX-ray generator
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attenuation ratios according to the thickness of the lead 

shields measured using the A3 ion chamber and RaySafe 

452 survey meter were compared. The results are shown 

in Fig. 4. Table 3 shows the measured HVL and TVL. Com-

pared with the values suggested in NCRP Report No. 49, the 

two ion chambers showed a difference of 0.34% for HVL 

and 1.93% for TVL. In detail, compared with the values sug-

gested in NCRP Report No. 49, at 150 kVp, the RaySafe 452 

survey meter showed a difference of 1.68% for HVL and 

0.30% for TVL in the case of lead, and the A3 ion chamber 

showed a difference of 1.34% for HVL and 1.63% for TVL in 

the case of lead. 

Fig. 5 shows the measured attenuation ratio of each 

shielding material. In the attenuation ratio curve, values 

that exceeded the detectable range or shielding configura-

tion range of the A3 ion chamber were extrapolated through 

linear interpolation. All the three shielding materials 

showed a tendency to require greater shielding thickness 

for higher energy. The attenuation graph showed an expo-

nential shape as the thickness decreased and a straight line 

as the thickness increased.

The attenuation graph for different thicknesses of each 

shielding material measured under the proposed energy 

conditions was different from the graph shown in NCRP 

Report No. 49. Compared with the graph shown in NCRP 

Report No. 49, the attenuation graph for lead showed lower 

shielding of radiation as the shielding thickness decreased 

and more excellent shielding of radiation as the shielding 

thickness increased (Fig. 6). As the shielding thickness in-

creased, the coefficient of variation of the measured value 

increased. Subsequent extrapolation based on these values 

with a significant coefficient of variation may be attributed 

to this result. Therefore, in future studies, an ion chamber 

with a greater detection range would need to be used.

Compared with the graph presented in NCRP Report No. 

49, the measured attenuation ratio curve for concrete in 

this study showed greater radiation shielding (Fig. 7). The 

limitations in the density of the produced concrete shield-

ing were corrected in the attenuation ratio curve; however, 

the precise density was not reflected. Therefore, in future 

studies, concrete shielding with identical density needs to 

be manufactured for re-evaluation. 

Table 3. Measured HVL/TVL of lead compared with RaySafe 452 
and A3 Ion chamber

Reference
For 150 kV X-ray

HVL (mm) TVL (mm)

NCRP Report No. 49 0.3 0.99

Detector

   RaySafe-452 0.295 (1.68%) 0.993 (0.30%)

   A3 Ionchamber 0.296 (1.34%) 0.974 (1.63%)

HVL, half-value layer; TVL, tenth-value layer.
Difference with NCRP Report No.49 and measured value is 
described in parentheses.

Table 2. Experimental condition

Shielding 
material

X-ray tube potential 
energy (kVp)

Additional filter 
(mmAl)

Lead, steel 50 0.5

70 1.5

100 2.5

125 2.5

150 3.0

200 3.0

250 3.0

300 3.0

Concrete 50 1.0

70 1.5

100 2.0

125 3.0

150 3.0

200 3.0

250 3.0

300 3.0

Fig. 4. Attenuation ratio curve com pared with RaySafe 452 and A3 
Ion chamber.
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Conclusions

This study verified the validity of critical factors in the as-

sessment of shielding safety in NCRP Report No. 49. Lead, 

iron, and concrete shields were manufactured to measure 

attenuation ratios, HVL, and TVL. To verify the validity, the 

measured attenuation graph was compared with that in 

NCRP Report No. 49. Differences were observed between 

the two attenuation graphs. The difference between the two 

graphs, except in extrapolated parts, may be due to the dif-

ferences in the radiation generation characteristics between 

the generators used in the two studies. The attenuated 

graph measured in this study better reflects the character-

istics of current radiation generators, which would be more 

effective for shield designing. However, further studies must 

be conducted for the extrapolated data of the measured 

Fig. 5. Measured attenuation ratio curve of (a) lead, (b) steel, and 
(c) concrete.
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lead compared with measurements 
and NCRP Report No. 49, 50 kVp/70 
kVp (a), 250 kVp/300 kVp (b).
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attenuation graph. Therefore, a follow-up study will be per-

formed using a detector with a broader range of detection 

and shields that are adequate for the conditions of concrete 

shields suggested in NCRP Report No. 49. 
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