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a b s t r a c t

Background: This study aims to develop an evaluator that can quickly and accurately evaluate the
shielding of low-energy industrial radiation generators.
Methods: We used PyQt to develop a graphical user interface (GUI)-based program and employed the
calculation methodology reported in the National Council on Radiation Protection and Measurements
(NCRP)-49 for shielding calculations. We gathered the necessary factors for shielding evaluation using
two libraries designed for Python, pandas and NumPy, and processed them into a database. We verified
the effectiveness of the proposed program by comparing the results with those from safety reports of six
domestic facilities.
Results: After verifying the effectiveness of the program using the NCRP-49 example, we obtained an
average error rate of 1.73%. When comparing the facility safety report and results obtained using the
program, we found that the error rate was between 1.09% and 6.51%. However, facilities that did not use a
defined shielding methodology were underestimated by 31.82% compared with the program (the final
barrier thickness satisfied the shielding standard).
Conclusion: The developed program provides a fast and accurate shielding evaluation that can assist
personnel that work in radiation generator facilities and government officials in reviewing safety.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, National Council on Radiation Protection and Mea-
surements (NCRP)-151 was introduced as a guideline for the
shielding design of radiation therapy facilities in the department of
radiation oncology, but NCRP-49, which was introduced in 1976, is
still used as a guide for shielding facilities for low-energy X-rays of
kilo-voltage energy [1,2]. In 2008, American National Standards
Institute (ANSI/HPS)-43.3 was published to improve upon NCRP-49
for the same radiation-generator energy range [3]. However, for the
shield-design calculation method, there was no change except for
ncology, Yonsei Cancer Cen-
iversity College of Medicine,

by Elsevier Korea LLC. This is an
the improvement in the 50e3000 kV area of the half value layer/
tenth value layer (HVL/TVL) iron (Fe) material of the leakage beam.

However, there have been representative changes in industrial
radiation generators over the past 45 years, including changes in
the tube-voltage application method and an increase in the di-
versity of filters [4]. Unlike the previous pulse-tube voltage appli-
cation method, the tube-voltage application method applies a
constant potential and high-frequency tube voltage to minimize
the change in the applied voltage over time. Furthermore, various
composite filters, such as titanium (Ti), polyetherimide (Ultem),
polyether ether ketone (PEEK), glass, and oil are currently used, as
opposed to beryllium (Be) (window), aluminum (Al), and copper
(Cu), which were mainly used as filters in the past [5,6]. These
findings suggest that the existing NCRP-49 reference shielding-
evaluation method, which evaluates shielding based on data from
45 years ago, can affect radiation safety [2].
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According to statistical data from Korea Radiation Safety Infor-
mation System, 7,728 facilities use these industrial radiation gen-
erators. Among them, 6,343 domestic industrial radiation-
generator general-use reporting and permitting facilities were
identified. In addition, if the maximum tube voltage is 170 kV or the
surface radiation dose rate is higher than 10 mSv/h, permissionmust
be obtained from the Korea Nuclear Safety and Security Commis-
sion, and 313 facilities were identified as permitting facilities [7].

In this study, we attempted to verify the safety of facilities that
use industrial radiation generators and promote the convenience of
radiation-shielding assessors. Accordingly, we analyzed the
shielding evaluation methodology and investigated the X-ray tubes
of the facilities using a recent industrial radiation generator to
determine whether the NCRP-49 shielding evaluation guidelines
are valid [2,8e10]. Additionally, we compared the safety report of
six domestic facilities with NCRP-49 and analyzed the current
status of shielding evaluation [2].

Human errors may occur if shielding evaluation is performed
manually. Therefore, based on the above, research was conducted
to develop a program that provides amore convenient and accurate
shielding evaluation [11e14].
2. Material and methods

2.1. Development of the shielding evaluation program

The program was developed based on Python and the NCRP-49
shielding calculation methodology [2]. The user can select the type
of barrier and radiation (primary, leakage, or scattering beam and
secondary barrier) to be evaluated, and the factors used for the
shielding calculation (workload, design exposure rate, use factor,
etc.) are input to calculate the transmission factor and barrier
thickness. A flowchart of the program is shown in Fig. 1. Using
Python Qt5 5.15.7, the program was developed using a graphical
user interface.

The shielding evaluation calculations were performed using
values from a database. The attenuation curve data were converted
into a table, and with the HVL/TVL tables, they were converted into
two-dimensional arrays (transmission factor and barrier thickness)
corresponding to energy and material. A shielding evaluation
database was constructed by aligning the converted two-
dimensional arrays (transmission factor and barrier thickness),
tube voltage energy, and shielding material information.

The barrier thickness output was implemented by outputting
the barrier thickness in the same array through searching the
database for the nearest transmission factor that is higher than the
calculated transmission factor. The search process is implemented
as a binary search algorithm, which is advantageous for a sorted
data search, and the NumPy 1.23.0 version library was used in this
process.
2.2. NCRP-49 shielding methodology

To develop the program, the shielding evaluation methodology
from the NCRP-49 report as well as the X-ray tube voltage and filter
were investigated. In the case of the leakage beam, it was investi-
gated based on the diagnostic radiation generator [2].

The thickness of the primary barrier was calculated by deter-
mining transmission factor Kp (Eq. (1)) for the primary beam, fol-
lowed by substituting the obtained value into the logarithmic
graph, which shows the ratio of attenuation according to the bar-
rier. The conditions for the filter were considered for each energy
on the graph (NCRP-49, Figs. 1e7) [2].
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KP ¼
P
�
dpri

�2
WUT

�
Rm2
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�
� �� (1)

Here, P denotes the design exposure rate and the [R] unit, dpri
denotes the source-to-primary barrier distance and the [m], W
denotes the workload rate and the [mA$min] unit, U denotes the
use factor, and T denotes the occupancy factor.

The thickness of the secondary barrier was determined by
calculating the barrier thicknesses of the leakage and scattered
beams. The transmission factors of the leakage beam BL and scat-
tered beam KS were calculated using Eqs. (2) and (3), respectively.

BL ¼
PðdsecÞ2600I

WT

�
Rm2

min

�
� �� (2)

Here, dsec denotes the distance from the source to the exposure
point and the [m] unit, I denotes the tube current and the [mA] unit.

KS ¼
P

aWT
ðdscaÞ2ðdsecÞ2400F

�
Rm2

mA$min

�
� �� (3)

Here, dsca denotes the distance from the exposure point to the
secondary barrier and the [m] unit, a denotes the scatter ratio.

For the scattered beam, the same graph as that used for the
primary beamwas used to calculate the barrier thickness (NCRP-49
Figs. 1e7) from) [2]. However, in the case of the leakage beam, the
energy distribution is high because the beam is attenuated by the
housing; therefore, the barrier thickness was calculated using the
HVL/TVL table (NCRP-49 Table 27) [2].

Finally, the thickness of the secondary barrier was calculated by
determining the difference in the barrier thickness between the
leakage and scatter beams, specifying the barrier thickness as the
larger value, and if the difference value was smaller than the HVL/
TVL, the barrier was evaluated by adding the HVL/TVL.
2.3. Facility safety report shielding methodology

To investigate the shielding status of facilities, safety reports for
the years 2015e2022 from six domestic facilities using industrial
radiation generators were utilized. Among them, two facilities
evaluated whether the permitted dose was exceeded behind the
barrier when using a specific X-ray based on the thickness of the
shield wall that had already been erected. All facilities adhered to
the standards for the shielding calculation methodology followed
by NCRP-49, and it was confirmed that the method of applying
voltage to the X-ray tube or the type of filter used was not
considered.
3. Results

3.1. Development of the program

The program home screen is shown in Fig. 2. When moving to
the calculation window, users can select the material and energy
and input the necessary factors for the shielding calculation. If all
values are correctly input, the shielding evaluation can be per-
formed using the calculation button, and the previous shielding
evaluation results can be verified using the logarithmic graph. The
program is designed to show awarning message pop-up window if
the input value is incorrect, and the program manual can be
accessed at the top of the program to assist with calculations.



Fig. 1. Program flowchart.

Fig. 2. Execuation screen of program.
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Table 1
Comparative calculation results for programs and the NCRP-49 example.

Evaluation Methods Primary beam Leakage beam Scattering beam

Program calculation
(NCRP-49 Figs. 1e7 [2])

NCRP-49 example
(NCRP-49 Figs. 1e7 [2])

Program calculation
(NCRP-49 Table 27 [2])

NCRP-49 Example
(NCRP-49 Table 27 [2])

Program calculation
(NCRP-49 Figs. 1e7 [2])

NCRP-49 example
(NCRP-49
Figs. 1e7 [2])

Barrier
thickness

Pb 7.71 mm 7.90 mm 4.57 mm 4.57 mm 3.71 mm 3.80 mm
Relative error 2.4% 0.00% 2.37%
Concrete 37.95 mm 37.00 mm 14.82 mm 14.40 mm 23.53 mm 23.50 mm
Relative error 2.57% 2.92% 0.12%
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3.2. Program methodology verification

We verified the accuracy of the developed program using the
example of an NCRP-49 shielding evaluation [2]. As shown in
Table 1, the relative error rate was the highest in the concrete
calculation of leakage at 2.92% and lowest in the Pb calculation of
leakage at 0.00%. The average relative error rate was 1.73%, indi-
cating that the program is similar to NCRP-49.

3.3. Facility safety report shielding methodology evaluation

The safety reports of six domestic facilities using industrial ra-
diation generators were evaluated by comparing the shielding
evaluation of the program with the safety reports of the facilities
that followed the shielding evaluationmethodology of the NCRP-49
report. As shown in Table 2, the average relative error rate was
maximum �31.82% to þ50.88%. Because facility A conducted
leakage beam evaluation NCRP-49 Figs. 1e7 [2], the shielding
evaluation compared to the program was underestimated by
31.82%. The E facility evaluated the X-ray tube of constant potential
differently from the A facility. Since the leakage beam calculation
was used the same as for A facility (NCRP-49 Figs. 1e7 [2]), it was
overestimated by 50.88%. The final barrier thickness satisfied the
shielding standards and did not violate the relevant regulations.

Some facilities used a shielding evaluation method based on the
design exposure rate, and all barriers that were erected identically
satisfied the shielding criteria. Accordingly in the case of facilities D
and F, the calculation method was left blank. Because the shielding
evaluation was conducted by calculating the expected dose rate
based on the thickness of the shield wall erected on the right side of
the blank and checking whether it exceeded the legal dose rate.

In addition, as shown in this study, it has been confirmed that
facilities use constant-potential X-ray tubes instead of the pulsed-
waveform X-ray tubes, as mentioned in the NCRP-49 report [2,4].
Moreover, various composite filters, such as Ti, Ultem, PEEK, glass,
and oil, are currently used in industrial radiation generators as
opposed to Be (window), Al, and Cu, which were used as filters as
per the NCRP-49 report [2,5,6].

Additionally, because the upper limit of the leakage dose rate
has not been announced for industrial radiation generators, the
reference distance and measured leakage dose are different, as
shown in Figs. 3 and 4, respectively. This implies that the shielding
evaluation may have been underestimated.

4. Discussion

The results showed that facility safety shielding reports were
underestimated by up to 31.82% and overestimated by up to 50.88%.
However, it was found that the final barrier thickness satisfied the
3857
shielding standard because the shielding barrier of the facility was
constructed conservatively. Because these errors were caused by
facilities not complying with the shielding evaluation method, care
must be taken during the evaluation. However, even after calcu-
lating the correct trans-mission factor, it was confirmed that there
was a difference of up to 6% for each organ because the barrier
thickness was obtained from the NCRP-49 Attenuation figure.

The program selects the energy and tube voltage and inputs the
factors that print the transmission factor calculation and shielding
thickness conversion; thus, the error is low. The program displays
the errors; therefore, human errors rarely occur, even when argu-
ments are incorrectly input. The program provides a safe and easy
shielding evaluation method, which has an error rate of less than
3% with respect to NCRP-49; thus, it is a useful tool for shielding
managers.

In the NCRP-49 report, data of less than 300 kV is provided for
pulsed waveforms, but only data of 300 kV or more is presented for
constant potential. As most industrial radiation generators use a
high frequency and constant potential, if the rated voltage of the
radiation generators is less than 300 kV, following the NCRP-49
methodology for shielding evaluation may underestimate the
shielding evaluation.

Unlike the filters evaluated in NCRP-49, modern radiation gen-
erators are composed of various composite filters such as Ti, Ultem,
PEEK, glass, and oil. Because the degree of radiation attenuation
varies depending on the filter, the shielding evaluation may be
overestimated or underestimated. Therefore, certain criteria should
be added for modern filters.

Despite these limitations, the developed program is practical for
radiation managers in the current situation of evaluating the
shielding of industrial radiation generators based on NCRP-49
owing to its convenience and accuracy.

Accordingly, we are currently conducting a dose-rate experi-
ment with a modern radiation generator and filter, and through
this, we hope to advance the shielding regulation technology. In the
future, we plan to update the program to reflect this and add an
automatic safety report-creation function to build an automatic
shielding safety evaluation/management system.
5. Conclusion

We developed a simple and accurate program to provide
shielding evaluation results for low energy x-ray generator facil-
ities. We are developing shield regulation technology and adding
automatic safety report creation of program. After that, it is hoped
that the results obtained through measurements from various op-
tions will be introduced into developed shielding design program
so that users can manage them more safely.
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Fig. 3. Comparison of leakage dose rates by 31 domestic industrial radiation genera-
tors heatmap
heatmap is means leakage beam evaluation by distance being adopted by the facilities.

Fig. 4. Comparison of leakage dose rates by 31 domestic industrial radiation genera-
tors piechart
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