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a b s t r a c t

To regulate the safety protocols in nuclear facilities, radioactive aerosols have been extensively
researched to understand their health impacts. However, most measured particle-size distributions
remain at low resolutions, with the particle sizes ranging from nanometer to micrometer. This study
combines the high-resolution detection of 500 size classes, ranging from 6 nm to 10 mm, for aerodynamic
diameter distributions, with a regional lung deposition calculation. We applied the new approach to
characterize particle-size distributions of aerosols generated during the plasma arc cutting of simulated
non-radioactive steel alloy wastes. The high-resolution measured data were used to calculate the
deposition ratios of the aerosols in different lung regions. The deposition ratios in the alveolar sacs
contained the dominant particle sizes ranging from 0.01 to 0.1 mm. We determined the distribution of
various metals using different vapor pressures of the alloying components and analyzed the un-
certainties of lung deposition calculations using the low-resolution aerodynamic diameter data simul-
taneously. In high-resolution data, the changes in aerosols that can penetrate the blood system were
better captured, correcting their potential risks by a maximum of 42%. The combined calculations can aid
the enhancement of high-resolution measuring equipment to effectively manage radiation safety in
nuclear facilities.
© 2021 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

Radioactive aerosols, ranging from nano-to micro-sized parti-
cles, are produced during severe accidents in nuclear power plants
or decommissioning of nuclear facilities [1,2]. During the treat-
ments of contaminated materials, cutting surface-contaminated
and neutron-activated radioactive materials is unavoidable [3e5],
which generates radioactive aerosols, with sizes ranging from a few
nanometers to tens of micrometers [6e8]. These generated aerosols
contribute to surface contamination in the workplace and subject
the workers and public to internal radiation exposure [6,9,10]. The
deposition of the inhaled aerosols on the respiratory tracts can be
determined using several parameters, such as the particle sizes of
the aerosols, respiratory airways, and breathing conditions [11].
Most previous studies determined the characterization of aerosols
in a low resolution with 15e20 size classes, ranging from a few
.

by Elsevier Korea LLC. This is an
nanometers to micrometers [12e21]. However, to calculate the
deposition ratios accurately and interpret the consequences of the
radioactive aerosols precisely, the aerodynamic diameter distribu-
tions of the aerosols must be determined using high-resolution
detection. By quantitatively comparing the computations of low-
resolution data with high-resolution data, this study identified
the importance of high-resolution detection for the safety assess-
ment of nuclear decommissioning.

The radioactive aerosols generated during the cutting of acti-
vated metals can affect the internal organs and penetrate the blood
systems. Therefore, a thorough understanding of the radiological
hazard and toxic effects of the metallic particles is essential. Thus
far, the health effects of the ambient particulate matter (PM) have
been studied extensively [22e27]. Considering the aerodynamic
diameter, PMs are classified into three categories, i.e., PM10, PM2.5,
and PM0.1, representing the classes of inhalable coarse particles,
fine particles (fine dust), and ultra-fine particles with a diameter
smaller than 10, 2.5, and 0.1 mm, respectively. PM2.5 and PM0.1 easily
enter the pulmonary alveoli, wherein gas exchange occurs across
the biological tissues [22]. Additionally, PM2.5 or smaller particles
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penetrate the blood circulation system through the lung cells
[26,27]. Inhaling these particles incorporated with radioactive
isotopes causes breathing problems, damages respiratory organs,
and accumulates radiation doses in the tissues.

Plasma arc cutting rapidly treats the thick and conductive
radioactivematerials such as aluminum, steel, and nickel alloys that
are commonly used in the nuclear industry [28e30]. This method
generates a plasma at a typical temperature of 28,000 �C [6,21,31]
and aerosol particles incorporated with radioactive isotopes under
extreme environments. Furthermore, the vaporized molten metals
form volatile oxides that explode into metallic droplets or gas
bubbles. Unlike plasma arc welding [32e50], the awareness of the
physio-chemical characteristics and health impacts of the radio-
active aerosols generated during plasma arc cutting is limited
[6e8,18]. Therefore, a deeper insight into the fine particle distri-
bution can provide an accurate interpretation of the health impacts
of these aerosol particles.

Therefore, this study analyzes the regional lung deposition of
the radioactive aerosols by combining the International Commis-
sion on Radiological Protection (ICRP) calculation model with the
measured aerodynamic diameter distributions. The combination of
the lung deposition calculation and the high-resolution detection
in 500 size classes improved the existing methods by measuring
the aerodynamic diameter distributions of the aerosol particles
generated during the plasma arc cutting of various metals, such as
steel alloys (304 and 316 stainless steel alloys, and mild steel),
aluminum, copper, and brass. The sampling and characterization of
aerosols in the size range of 6 nme10 mm were performed using a
high-resolution electrical low-pressure impactor (HR-ELPIþ). We
also investigated the distributions of aerosols, relative ratios of
PM2.5, PM0.1, and PM0.01, and the effect of alloying components on
the aerodynamic diameter distribution. The measured data aided
the calculation of the deposition ratios in different lung regions.
Further, we analyzed the uncertainties of the lung deposition cal-
culations using the low-resolution aerodynamic diameter data.
Moreover, the study analyzed the limitations due to the lack of data
in particle sizes smaller than 6 nm and the adoption of non-
radioactive simulated specimens.
Table 1
Transmuted ratio of nuclides in the components of the reactor pressure vessel after
completing the reactor operation. Results were drawn using the data reported by
Robertson et al. [51].

Components PWR Internals
304L Stainless Steel

BWR Internals
304L Stainless Steel

Shroud 0.2 0.073
Core Barrel 0.032 e

Thermal Pads 0.005 e

Vessel Cladding 0.0007 0.000005
2. Materials and methods

2.1. Aerosol chamber and metal cutting conditions

We designed a 130-cm wide, 100-cm long, and 66-cm high
isolated aerosol chamber to measure the generated aerosol parti-
cles without external leakage. A high-efficiency particulate air filter
system installed on the left side of the chamber facilitated a
continuous supply of clean air. The automatic cutting system
designed for the reproducibility of the experiments comprises a
dross box, servo-motor, programmable logic controller, and
touchscreen. A plasma cutter (Powermax125, Hypertherm) was
fixed at the center of the chamber ceiling. The movable table
controlled by the servo-motor system on X-axis helped the metal
plate cut automatically at a constant speed of 1 cm/s. In all exper-
iments, the plasma arc torch current was set to 75 A and cutting
lengths of 3 cm. The plasma cutting on steel alloys (SS304, SS316L,
and mild steel) and aluminum plates produced a kerf of around
0.3 cm. When cutting copper and brass samples, the smallest value
of kerf that can be obtainedwas 0.27 cm. The generated aerosol was
measured for 4 min after completing the cutting process. During
this period, the aerosol concentration reduced to the background
level.
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2.2. Physical and chemical properties of the sample metal plate

In the nuclear industry, the change in the chemical composition
of materials by irradiation is negligible, except in the case of nuclear
fuel. Table 1 presents the calculated results considering the trans-
muted ratio of the inner components of a reactor pressure vessel
maintained at an extremely high neutron flux [51]. Despite the high
value of neutron flux, the ratio of the maximum transmuted mass
to the total mass is 0.2 w/w%. Therefore, the chemical composition
of the activated materials is similar to that of the non-activated
materials.

Six different 10-mm thick metal samples with varying chemical
compositions that obtained an inspection certificate sheet from a
certification company were selected for plasma cutting (Table 2)
and placed on the dross box. According to the inspection certificate,
the aluminum used in the experiment contained approximately
0.6% silicon and 1% magnesium; it was identified as an alloy of
AA6061 in accordance with the Atomic Absorption Spectroscopy
standard [52].

Copper alloys were identified using the unified numbering
system (UNS), wherein families of alloys are categorized consid-
ering their elemental composition. According to the UNS standard,
the copper samples were equivalent to C11000, with a minimum
purity of 99%. Brass is an alloy of copper and zinc. The brass samples
used in our experiment were categorized as C26000 with approx-
imately 39% zinc content [53].

Two types of stainless steel and one low carbon steel (mild steel)
were used in the experiment. Stainless steel comprises varying
contents of chromium and nickel depending on the type of steel.
Furthermore, adding molybdenum, copper, silicon, aluminum, ti-
tanium, and niobium renders the stainless steel with specific
properties, such as halogen fitting and oxidation resistance. The
SS316L type used in the experiment contained approximately 2%
manganese and more nickel compared to the SS304 type.
Conversely, low carbon steel must not exceed the maximum con-
tent specified for manganese (1.65%), silicon (0.60%), and copper
(0.60%). We confirmed that the SS304, SS316L, and mild steel used
in the experiments satisfied the inspection certificate sheet as per
S30400, S31603, and G10180 UNS standards, respectively [54].
2.3. Properties of the aerosol measurement system

Metal cutting using a plasma arc cutter generated aerosols at the
chamber center. These aerosols were released externally through
sampling pipes (7.03 cm diameter) connected to the side of the
aerosol chamber. A certain number of released aerosols were
analyzed using an isokinetic sampler. The sampling point was
positioned at the center of the sampling pipe. As indicated in Fig. 1,
the length between the sampling point and the entrance of the
sampling pipe was 60.4 cm. The aerosol measurement was per-
formed using HR-ELPIþ (DEKATI). The number of aerosols gener-
ated exceeded the HR-ELPIþ measurement limit. Therefore, a
diluter (eDiluter, DEKATI) with a fixed dilution factor of 1:64 was



Table 2
Inspection certificate of steel alloys (SS304, SS316L, and mild steel), aluminum, copper, and brass, including the size specification of the metal plate, chemical composition, and
melting point.

Metal Type Aluminuma Copperb Brassb SS304c SS316Lc Mild Steelc

Plate size [mm] Thickness 10.0± 0.3
Width 1600± 3.0
Length 5000± 3.0

Chemical composition [wt%] Al:97.4, Mg:0.9,
Si:0.59, Fe:0.40,

Cu:0.28

Cu: 99.9 Cu:64.3, Zn:35.7,
Fe:0.009, Pb:0.009

Cr:17.5e19, Ni:
8e12, Mn:2,

N:0.1, Si:0.75, P:0.045,
S:0.03, C:0.03

Cr:16e18, Ni:10e14,
Mo:2e3,

Mn:2e3, N:0.1, Si:0.75,
P:0.045, S:0.03, C:0.03

Mn:0.6e0.9, C:0.2,
S:0.05, P:0.04

Melting point [◦C] 660 1085 900e940 1400e1455 1390e1440 1350e1530

a Aluminum alloys is categorized as AA 6061 which have Mg and Si are the principal alloying elements.
b Copper and Brass are categorized as UNS C11000 and C26000.
c SS304, SS316L, and Mild Steel are categorized as UNS S30400, S31603, and G10180.

Fig. 1. Schematic of the metal cutting system and aerosol collection system. Aerosols generated during metal cutting were captured by the isokinetic sampler using the air-flow
generated in the exhaust system.
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connected before the HR-ELPIþ input port.
HR-ELPIþ is an advanced version of the electric low-pressure

impactor (ELPIþ, DEKATI), which provides number distribution at
high resolution using an advanced iterative inversion calculation
method. Unlike a typical cascade impactor with less than 20
inertial-based classes, HR-ELPIþ calculates the number distribu-
tions of aerosols with 500 size classes. In addition, HR-ELPIþ can be
used also in standard ELPIþ mode by changing the detection set-
tings. HR-ELPIþ comprises a unipolar corona charger, cascade
impactor, and sensitive electrometers. The particles charged by the
unipolar corona charger transmit electrical signals to 14 collection
stages. The measured current signals are converted into the num-
ber concentrations using the particle-size-dependent relationships
that determine the properties of the charger and impactor stages.
Particles with sizes ranging from 6 nm to 10 mm are collected in
each of the different-sized 14 stages. Owing to the broad range of
measurement (6 nme10 mm), linear scales deem the distinction of
the peaks in the distribution data difficult. Therefore, the size dis-
tribution function is plotted in a lognormal form. The particle
number per logarithmic diameter, denoted by “dN/dlogDp,” is
plotted along the Y-axis, wherein dN and dlogDp represent the
number of particles in the range and the log difference of the
aerodynamic diameter widths, respectively. The subtraction of the
log of the upper stage (logDp,u) and that the lower stage (logDp,l)
aerodynamic diameters determine the dlogDp in HR-ELPIþ prop-
erties. The 50% cut-off diameters of the collection stages were
0.006, 0.0146, 0.0289, 0.0541, 0.0946, 0.155, 0.256, 0.381, 0.602,
0.947, 1.63, 2.47, 3.65, 5.36, and 9.88 mm.
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2.4. Performance and calculation method of ELPIþ and HR-ELPIþ

ELPIþ measures the aerodynamic diameter distributions of the
aerosol particles in the range of 6 nme10 mm. ELPIþ measured the
raw current when charged particles are attatched on each stage.
Therefore, the electric currents measured by the ELPIþ electrome-
ters rely on the charger performance. The measured current value
was converted into the aerosol concentrations using the software.
Equations (1)e(3) explain the relationship between the charging
efficiency and particle-size distributions.

XðdiÞ¼1:83d1:225i di < 1:035 mm
�
; (1)

XðdiÞ¼1:8114d1:515i ð1:035 mm < di < 4:282 mmÞ; (2)

XðdiÞ¼3:3868d1:085i ð4:282 mm < diÞ; (3)

where di is the geometric mean of a channel (aerodynamic diam-
eter), and X is the charging efficiency.

After determining the charging efficiency, the number and mass
concentrations are calculated using equations (4) and (5).

dN
h
1
.
cm3

i
¼Ci � Dilution

XðdiÞ
; (4)
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�
� Dilution� Density� 0:001

XðdiÞ
; (5)

where Ci is the measured current value.
Generally, the measurement accuracy relies on the particle size,

as the charge effect of a large particle is significantly higher than
that of a small particle. Therefore, the measurement sensitivity of
the number concentration is better with large particles, whereas in
the case of mass concentration, a contradictory behavior is
observed; a small error in the data causes a largemass value change
when considering large particles.

HR-ELPIþ has the same principle of measurement as ELPIþ, but a
calculation method has been applied to obtain a high resolution
aerosol size distribution. The inversion calculation method is based
on the kernel functions and iterative calculations. Although the
calculation method for evaluating the mass size distribution still
require additional research, the iterative inversion calculation
method improves particle size resolution, allowing 500 data to be
identified using 14 existing data in number size distribution.
However, a previous study confirmed that the performance of HR-
ELPIþ limits at a certain size range [55]. Although the HR-
ELPIþ inversion worked efficiently at low levels of electrical noise,
more than 1% of electrical noise levels caused a significant error in
the size distribution. A large electrical error of 2e10% was observed
in the small particle-size range of approximately 10 nm. However, if
the electrical noise of ELPIþ is 0.1e1 fA, and the raw electric current
exceeds 100 fA in actual measurement, the error is expected to
decrease to less than 1%. Regardless, both HR-ELPIþ and ELPIþ

encounter difficulties in measuring the concentrations of particles
sized less than 10 nm because the lowest impactor cut-off is 16 nm
and that of the filter stage is 6 nm.

2.5. Regional lung deposition model

The fundamental mechanism of aerosol inhalation and deposi-
tion are described in the ICRP publications. Most risk assessments
of aerosols are used as biokinetic models listed in ICRP 68 [56] in
the human respiratory tract model (ICRP 66) [57] and gastroin-
testinal tract model (ICRP 30) [58]. However, the mathematical
model considered each region of the respiratory tract, such as the
extrathoracic, bronchial, and alveolar-interstitial regions, as an
equivalent particle filter acting in series. Equation (6) calculated the
filtering efficiency of each compartment.

hi ¼1� e�aRp
; (6)

where hi is the filter efficiency of the ith compartment, and e, a, and
Rp are the constant values obtained from the ICRP experimental
data.

A volume of tidal flow that reaches each region and filtration
efficiency of each region is considered to calculate the efficiencies
of preceding filters in the series. Deposition ratios of aerosols are
calculated using semi-empirical equations obtained by substituting
the experimental data as functions of the particle size and flow. The
deposition in each region of the respiratory tract is calculated as the
ratio of aerosol deposited in the compartment using equation (7)
[59,60].

Di ¼Di�1hiεi

�
1

hi�1
�1

�
; (7)

where Di and εi represent the deposition ratio and volume of ith
compartment, respectively.

The aerosol size determines the fractional deposition of aerosol
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in the nasopharyngeal, tracheobronchial, and alveolar regions.
Impaction, diffusion, and interception are the three mechanisms
that determine the deposition in different regions of the respiratory
tract [61,62]. Particles larger than 1 mm deposit primarily in the
upper airways following the dominant impaction mechanism,
whereas particles smaller than 1 mm reach the deep parts of the
lungs, depositing in the tracheobronchial and alveolar regions,
following the diffusion mechanism.

3. Results and discussions

3.1. Number distribution of aerosols generated during plasma
cutting of steel alloys

The number distributions of aerosols considering the aero-
dynamic diameters were measured and compared for various steel
alloys, such as SS304, SS316L, and mild steel. The obtained results
were quantitatively analyzed by calculating the fine particle frac-
tion (FPF) to confirm the effect of the chemical composition of steel
on the PM generation. The FPFs were categorized into three groups,
i.e., PM0.01, PM0.1, and PM2.5, based on the aerodynamic diameters of
the aerosol of less than 0.01, 0.1, and 2.5 mm, respectively.

As depicted in Fig. 2(a) and (b), the number aerodynamic
diameter distributions of aerosols generated during the plasma arc
cutting of the steel alloys (SS304, SS316L, and mild steel) exhibited
a similar trimodal distribution with three peaks at 0.01, 0.15e0.2,
and 4e9 mm. The steel alloys were cut under controlled conditions,
such as the cutting speed, material thickness, and current. An
automatic cutting system, described in Section 2.1., was employed
to enhance the reproducibility of the cutting process.

Peak patterns are governed by the mechanism of aerosol gen-
eration and development; aerosol develops from small nuclei to
particles with large diameters. Nuclei generate during the metal
cutting process under extreme conditions and develop using
condensation, coagulation, and agglomeration processes, including
particle collision [63e65]. The trimodal aerodynamic diameter
distribution indicates that the dominant mechanism of aerosol
generation during plasma arc cutting is vaporization [18,66,67]. The
evaporation leads to a peak in the case of 0.1 mm size. However,
after the generation of aerosol seeds, particles larger than 1 mm are
formed during the nuclei development to create a peak in 4e9 mm
range [6].

Most of the aerosols generated were identified as PM2.5. The
total number concentrations for SS304, SS316L, and mild steel were
5,801,809, 5,271,693, and 11,502,909 particles/cm3, respectively.
Table 3 indicates that higher concentrations of PM0.01, PM0.1, and
PM2.5 were present in mild steel cuts than in the cuts of other steel
alloys. As depicted in Fig. 2(c), PM0.1 and PM0.01 increased during
the cutting of mild steel compared to other steel alloys. The aerosol
concentration during the cutting of mild steel was more than twice
that generated during the SS304 and SS316L cutting. In addition,
the ratio of PM0.1 was 41.8% for mild steel cuts, whereas those of
SS304 and SS316Lwere 17.9% and 26.9%, respectively. Table 3 shows
that the ratio of PM0.01 generated frommild steel was 5.99%, which
is twice and 140 times higher than that of SS316L (2.41%) and SS304
(0.0429%), respectively. The different fractions of PM0.01, PM0.1, and
PM2.5 were caused by the different elemental compositions of al-
loys. Oki et al. proved that the different component proportions of
metal alloys affect the aerodynamic diameter distribution [18] and
Chae et al. confirmed that the vapor pressures of chemical elements
are proportional to the micro-particle fraction of the aerosol [6].

Several shoulder-like peaks are observed in the size range of
approximately 0.01e1 mm (Fig. 2(a)). This is because the aerosols
interact with other particles during their development, wherein
their shapes and physicochemical properties vary. The interactions



Fig. 2. (a) Number aerodynamic diameter distribution of three different steel alloys (SS304, SS316L, and mild steel) under operating conditions of 75 A plasma arc current and 3 cm
cutting length. (b) A hidden peak in 1e10 mm from (a). (c) Comparison of the fine particle fractions (FPFs) defined using the number fraction of aerosols below the 0.01, 0.1, and
2.5 mm range.

Table 3
Number concentrations of steel alloys (SS304, SS316L, and mild steel) during plasma
cutting with 3 cm cutting length. The concentration of the particulate matter in the
aerodynamic diameter region is divided into three different ranges: under 0.01, 0.1,
and 2.5 mm.

Material CMADa [mm] Number concentration [#/cm3]

PM0.01 PM0.1 PM2.5

SS304 0.166 2180 910,304 5,081,809
SS316L 0.146 127,250 1,548,323 5,271,693

Mild Steel 0.102 689,429 5,497,493 11,502,909

a CMAD is count median aerodynamic diameter, which means the half of the
particle have an aerodynamic diameter smaller than that value.
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induce several peaks in the larger diameter range of the aerosols.
Moreover, these peaks were possibly induced owing to the
contribution of different chemical compositions of the original
samples to the distributions of aerosols. Additionally, the over-
lapped peaks can originate from different nuclei, with varying
initial chemical compositions. For instance, mild steel contains less
chromium and nickel compared to other steel alloys. By contrast,
chromium and nickel are the primary ingredients of SS304 and
SS316L, contributing approximately 30% to the total chemical
composition.
3.2. Effect of alloying components on number distributions of
aerosols

Section 3.1 described the relative difference of alloying elements
in terms of vapor pressure and its effect on the different distribu-
tions of aerosol size. For a deeper understanding, additional ex-
periments with aluminum, copper, and brass were conducted to
compare the results with that of the plasma cutting of steel alloys.
Although aluminum, copper, and brass are rarely used in com-
mercial reactors in high-temperature environments, these mate-
rials are commonly used as structural components in accelerators
[18,68]. Moreover, aluminum alloys are generally used as nuclear
fuel claddings in research reactors [69].

As illustrated in Fig. 3(a) and (b), most aerosols generated during
the plasma arc cutting of aluminum, copper, and brass are PM2.5,
similar to steel alloys. However, the number aerodynamic distri-
bution of each metal is different. Aluminum presents a bimodal
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distribution, wherein peaks of similar heights are identified at 0.01
and 0.04 mm. The highest and the second-highest peaks for copper
are observed at 0.01 and 0.15 mm, respectively. These differences of
size distributions can be explained by the vapor pressure and
melting point of the element. The vapor pressure of copper at
melting point (5:9� 10�2 Pa) is much higher than that of
aluminum (3:4� 10�7 Pa). According to a previous study [6], The
FPF increases with the vapor pressure of the element. Therefore, the
average aerosols size of copper is less than that of aluminum. By
contrast, a single peak exists at 0.3 mm in the case of brass, unlike
the distributions of aluminum and copper (Fig. 3(a)). Although the
primary ingredient in brass is copper, the distribution is different
compared to that of the aerosols generated in copper samples
owing to the differences in vapor pressures between copper and
zinc. In addition, the boiling point of zinc (907 �C) is lower than the
melting temperature of brass (940 �C). Hence, zinc can be boiling,
which can induce the liquid droplet explosion generating larger-
sized aerosols.

3.3. Comparison of aerosol distribution data between ELPIþ and
HR-ELPIþ

We compared the data collected using two different modes, HR-
ELPIþ and ELPIþ, to confirm the effect of size resolution on the
measured number distributions.

The resolution of number distributions in the measurement
system significantly affects the FPFs. A low-resolution measure-
ment can lead to the overestimation of the aerosol concentration
below 0.1 mm. Fig. 4 indicates that the values of PM0.1 measured for
the three samples, aluminum, copper, and brass, using ELPIþ were
higher than that of HR-ELPIþ. PM0.1 of aluminum and brass in the
ELPIþ mode are 1.5 and 3.5 times higher than that of the HR-ELPIþ

mode, respectively. Contrastingly, the PM0.1 of copper reduces to
20% in ELPIþ measurements, and the difference in PM0.01 is higher
than that of PM0.1. When aerosols were measured using the low-
resolution instrument (ELPIþ), PM0.01 of aluminum, copper, and
brass increased 8.5, 5, and 17 times, respectively, in comparison
with the measurements using HR-ELPIþ (Table 4). However, the
number concentration of aerosol can be incorrectly determined
when using a low-resolution measurement system. Therefore, the
aerosol properties measured using different instruments must be
compared carefully.

The mechanism of aerosol generation can be interpreted



Fig. 3. (a) Number aerodynamic diameter distribution of aluminum, copper, and brass using HR-ELPIþ. (b) Number and (c) mass aerodynamic diameter distributions of aluminum,
copper, and brass using ELPIþ. The cutting process operated at 75 A plasma arc current and 3 cm cutting length.

Fig. 4. Comparison of fine particle fractions (FPFs) defined by the number fractions of
aerosols below the 0.01, 0.1, and 2.5 mm range for aluminum, copper, and brass using
(a) high-resolution mode of ELPIþ (HR-ELPIþ) and (b) ELPIþ.
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differently based on themeasurement resolution. In low resolution,
both themass and number distributions were measured to obtain a
single peak in the ranges of 0.0946e0.155 mm and
0.006e0.0146 mm in copper. By contrast, the number distribution of
Table 4
Number concentrations of aluminum, copper, and brass during plasma cutting with 3 cm
region is divided into three different ranges: under 0.01, 0.1, and 2.5 mm.

Material Measurement mode CMADa [mm] MM

Aluminum ELPIþ 0.029
HR-ELPIþ 0.0433

Copper ELPIþ 0.018
HR-ELPIþ 0.0155

Brass ELPIþ 0.152
HR-ELPIþ 0.237

a CMAD is count median aerodynamic diameter, which means the half of the particle
b MMAD is mass median aerodynamic diameter.
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aerosols from copper samples displayed two peaks in high-
resolution measurement. In the case of brass, the peak at the
smaller size range, approximately 0.01 mm, was estimated to be
higher in the ELPIþ mode than the HR-ELPIþ. Typically, in the low-
resolution measurement, both mass and number distributions
resulted in a bimodal distribution with two peaks. The peaks in the
mass and number distributions were identified in the ranges of
0.381e0.602 mm and 5.36e9.88 mm, and 0.006e0.0146 mm and
0.256e0.381 mm, respectively (Fig. 3(b) and (c)). Moreover, the two
peaks shifted their locations. For example, aluminum presented
peaks at 0.01 and 0.04 mm in the high-resolution measurement,
whereas these peakswere observed in the ranges 0.006e0.0146 mm
and 0.0541e0.0946 mm in the low-resolution measurement.
3.4. Particle distribution based on the chemical composition of the
material

Although non-radioactive materials simulated the radioactive
aerosol generation, the experimental results can be applied to
predict the generation of radioactive aerosols during the plasma arc
cutting. The isotopes do not contribute to the aerodynamic diam-
eter distribution of aerosols, as the radioactivity is governed by the
mass distribution of aerosols [6]. Therefore, the measured mass
distribution of non-radioactive aerosols is essentially identical to
the mass distribution of radioactive aerosols, provided that the
chemical composition (element composition) in the cutting mate-
rials is identical. The subsequent paragraphs validate that
cutting length. The concentration of particulate matter in the aerodynamic diameter

ADb [mm] Number concentration [ #/cm3]

PM0.01 PM0.1 PM2.5

0.190 3,009,046 8,203,356 8,593,349
N.A. 352,886 5,313,545 6,550,561
0.117 2,418,428 4,250,831 4,277,466
N.A. 491,310 5,013,575 5,284,715
1.32 1,087,585 3,653,059 11,218,803
N.A. 63,294 1,042,456 7,776,101

have an aerodynamic diameter smaller than that value.



Fig. 6. (a) Activity median aerodynamic diameter (AMAD) of radioisotopes (57Co, 58Co,
60Co, 52Mn, and 54Mn) present in the radioactive aerosols generated during the plasma
arc cutting of stainless steel 304 and brass. (b) Fine particle fractions (FPF) of radio-
isotopes. All data were obtained from the study reported by Oki et al. [18].
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radioactivity is governed by the mass distribution, and the isotopes
do not contribute to the aerodynamic diameter distribution.
Additionally, the simulation of radioactive aerosols through non-
radioactive materials using plasma arc cutting is explained.

Oki et al. measured the radioactivity and the mass of radioactive
aerosols generated during the plasma arc cutting of activated
stainless steel 304 and iron [18]. The radioactivities of 51Cr, 59Fe, and
65Zn radionuclides were measured using a high-resolution Ge
semiconductor detector; the masses of Cr and Fe elements were
measured using inductively coupled plasma emission spectrom-
etry. As indicated in Fig. 5(a), the activity median aerodynamic
diameter (AMAD) of radioisotopes (51Cr, 59Fe, and 65Zn) maintain a
well-fitted linear relationship with the correspondingmass median
aerodynamic diameter (MMAD) of elements (Cr, Fe, and Zn),
wherein the obtained R-squared value is 0.7789. In addition, the
FPFs in 0.1, 1, and 2.5 mm ranges present a better linear relationship
between radionuclides (51Cr, 59Fe, and 65Zn) than between the el-
ements (Cr, Fe, and Zn) (Fig. 5(b)). Therefore, the radioactivity
distribution can be estimated using the mass distribution based on
the linear relationship, validating that it is governed by the mass
distribution of aerosols generated during the plasma arc cutting.

Fig. 6 illustrates the calculated AMAD and FPF of the radioactive
aerosols generated during the plasma arc cutting of activated
metals (stainless steel 304 and brass). As indicated in the figure, the
AMAD difference between the isotopes is negligible in comparison
with the same materials used in the cutting process [18]. For cobalt
isotopes (57Co, 58Co, and 60Co from activated stainless steel 304),
themaximumdifference of AMAD is 0.05 mm, and the differences of
AMAD of isotopes from stainless steel 304 (52Mn and 54Mn) and
brass (57Co and 58Co) are less than or equal to 0.01 mm. Additionally,
the FPFs of all the isotopes are nearly identical. Therefore, as the
AMAD and FPF between isotopes were identical when the same
materials were used in the cutting process, we concluded that the
isotopes do not contribute to the aerodynamic diameter
distribution.

Based on Figs. 5 and 6, we confirmed that the radioactivity
distribution can be estimated using the mass distribution of aero-
sols by maintaining the chemical composition in non-activated
materials identical to the activated materials. In addition, a
Fig. 5. (a) Linear relationship between activity median aerodynamic diameter (AMAD)
and mass median aerodynamic diameter (MMAD) between the following isotopes and
elements: 51Cr vs Cr, 59Fe vs Fe, 65Zn vs Zn, obtained from the aerosols generated
during the plasma arc cutting of activated stainless steel 304 (51Cr, Cr), iron (59Fe, Fe),
and brass (65Zn, Zn). (b) The fine particle fractions (FPF) of radioisotopes and elements.
All data were obtained from the study reported by Oki et al. [18].
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maximum variation of 0.2 w/w % can occur during the irradiation
under an extremely high neutron flux environment [51], as
explained in Section 2.2. Therefore, non-activated materials can
simulate the radioactive aerosols to calculate the radiation dose
absorbed during inhalation.

3.5. Deposition of aerosol particles in the respiratory tract based on
the aerodynamic size

To assess the biological risk of aerosols, detailed information on
particle-size distribution is required, as the ratio of partial deposi-
tion on the lungs is determined primarily by the particle size of the
aerosol. We identified the effect of the measurement equipment
performance on the prediction of aerosol deposition in the respi-
ratory tract by comparing the calculated deposition ratios of aero-
sols obtained from HR-ELPIþ and ELPIþ data. We also calculated the
FPF to quantify the impact on the prediction of aerosol deposition.

Typically, both in vivo and in vitro studies determine the aerosol
deposition in the human respiratory tract. However, a limitation
exists in the experimental models when simulating realistic phys-
iological conditions. Moreover, the lung deposition analysis based
on clinical trials raises ethical issues despite being highly useful
[70]. To overcome these limitations, several mathematical models
of human respiratory systems have been developed to calculate the
deposition ratio of inhaled aerosols [60,71e75]. The human respi-
ratory tract model (HRTM) [57] is widely used to estimate the ra-
diation dose resulting from exposure to radioactive aerosols. The
aerodynamic size of aerosol significantly affects the ratio of depo-
sition in the different regions of the respiratory tract, such as nasal,
pharyngeal, laryngeal, trachea, bronchiole, and alveolar sacs [76].
The deposition in the top portion of the lung reduces as the particle
size decreases to submicron dimensions. However, with the further
decrease in particle size to a nanometer scale, the deposition in the
top portion of the lung increases to levels that equal or remain
higher than those of the micronized particles [77]. Conversely, the
aerosols in the size range of 0.01e0.1 mm are chiefly deposited in
the alveolar region (Fig. 7).

The risk of aerosol inhalation is based on the mass median
aerodynamic distribution. However, the number distribution is
vital when the size of particles is smaller than 0.1 mm [78]. Initially,
mass distributionwas considered a useful factor, connecting a wide



Fig. 7. Regional particle deposition in the lungs based on the particle diameter considering the ICRP human respiratory tract model [57]. Deposition of inhaled particles in the
nasopharyngeal, tracheobronchial, and alveolar regions of the human respiratory tract, under the conditions of breathing through the nose at rest, was calculated using the ICRP
mathematical model.

Fig. 8. Number distribution of aerosols deposited in three areas of the respiratory tract predicted by the ICRP model considering the aerodynamic diameter using HR-ELPIþ mode
data. Six metal samples are compared, namely (a) SS304, (b) SS316L, (c) mild steel, (d) aluminum, (e) copper, and (f) brass.
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Table 5
Regional particle deposition in three classified regions of the lungs depending on the
resolution mode of ELPIþ.

Material Measurement mode Total particles
deposition in lung

[%]

PM0.1 deposition in
lung [%]

ETa THb Alveoli ETa THb Alveoli

SS304 ELPIþ 10.4 8.7 30.4 10.1 12.7 40.5
HR-ELPIþ 11.3 5.4 22.5 7.8 8.4 34.3

SS316L ELPIþ 10.5 6.6 25.8 8.6 10.4 38.1
HR-ELPIþ 11.4 7.1 25.6 10.5 12.7 38.8

Mild Steel ELPIþ 10.8 9.5 31.0 10.9 13.8 31.9
HR-ELPIþ 11.4 9.9 30.8 12.0 15.2 41.6

Aluminum ELPIþ 13.1 16.1 40.8 12.1 15.9 39.0
HR-ELPIþ 10.8 12.8 39.4 11.0 14.5 43.3

Copper ELPIþ 15.7 20.3 44.4 15.4 20.2 43.7
HR-ELPIþ 13.3 17.8 46.1 13.5 18.5 47.3

Brass ELPIþ 14.8 7.3 23.7 9.5 12.2 29.2
HR-ELPIþ 14.1 5.5 21.4 10.4 13.3 41.6

a ET is an acronym for the extrathoracic region, including the nasal and oral
passages, pharynx, and larynx.

b TH is an acronym for the thoracic region, including the trachea and bronchiole
region.
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range of aerosol distributions and health outcomes; however,
multiple cases validated that mass is insufficient to assess risks,
particularly in nanoscale aerosols [79e82]. Although the contri-
bution of the mass fraction of nanoparticles to the total mass of
aerosols is negligible, these particles can be significantly harmful.
For instance, aerosol can increase the risk of cancer by reaching the
alveolar region and moving toward other sensitive organs, such as
the thyroid and brain, through the bloodstream. Therefore, several
studies identified better symptoms to determine the biological
toxic effects of aerosols, such as inflammatory and oxidative stress
reactions, that rely on the number or shape of the particles rather
than the mass [78,83,84].

To predict the number of aerosols deposited in each lung region,
the partial deposition ratios were multiplied with the number of
distribution data of HR-ELPIþ and ELPIþ. Figs. 8 and 9 depict the
number distributions of aerosols deposited in three areas of the
respiratory tract using data from HR-ELPIþ and the low-resolution
ELPIþ modes, respectively. The deposition ratios vary significantly
depending on the type of metal. Furthermore, the deposition ratios
in the alveolar sacs are dominant in regions of all sizes because the
number concentration of aerosols generated during metal cutting
was typically less than 1 mm.
Fig. 9. Number distribution of aerosols deposited in three areas of the respiratory tract predicted by the ICRP model considering the aerodynamic diameter using ELPIþ mode data.
Six metal samples are compared, namely (a) SS304, (b) SS316L, (c) mild steel, (d) aluminum, (e) copper, and (f) brass.
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Fig. 10. Difference ratio depending on the resolution mode of ELPIþ for (a) total particle deposition and (b) PM0.1 deposition in three areas of the respiratory tract. ET represents the
extrathoracic region, including the nasal and oral passages, pharynx, and larynx. TH represents the thoracic region, including the trachea and bronchiole region.
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As presented in Table 5, the alveolar depositions obtained from
the HR-ELPIþ datawere higher than that of ELPIþ in all cases, except
for the aerosols generated during the SS304 cutting. This is because
the predicted alveolar deposition of aerosols is maximum in the
range of 0.01e0.1 mm. Fig. 4 confirms that the FPF of aerosols in the
range of 0.01e0.1 mm calculated using the HR-ELPIþ data is higher
than that of ELPIþ data. Moreover, Fig. 10 validates the effect of the
change in the measurement mode (HR-ELPIþ versus ELPIþ) on the
prediction of the deposited aerosols as a percentage change.
Equation (8) calculates the differences in the partial deposition.

DDR½%� ¼
�
DRHR�ELPI

DRELPI
�1

�
�100

�
; (8)

where DDR is the difference in the deposition ratio, DRHR-ELPI and
DRELPI are the deposition ratios calculated using HR-ELPIþ and
ELPIþ data, respectively.

In the alveolar deposition of PM0.1 generated during brass cut-
ting, the deposition ratio difference between HR-ELPIþ and ELPIþ

increased to a maximum of 42%. The percentage changes fluctuated
significantly depending on the type of material and the partial re-
gion wherein the aerosols were deposited. However, PM0.1 depo-
sition calculated using HR-ELPIþ was larger than that of ELPIþ in
most metal alloys, excluding SS304. Consequently, PM0.1 was
measured precisely in the high-resolutionmode of ELPIþ; the result
was close to the predicted alveolar deposition ratio. Therefore, to
assess the biological risk of PM, the number distribution of the
nano-sized aerosols must be analyzed precisely. Thus, this study
demonstrated the need for enhanced measuring equipment in the
high-resolution mode by comparing the ELPIþ and HR-ELPIþ data.

Furthermore, the radioactivity distribution data must be
analyzed to calculate the internal radiation doses. However, it is
difficult to obtain actual radioactive metal samples from a nuclear
power plant and establish a laboratory environment that follows
radiation safety, unless the laboratory-scale study is government-
approved. Therefore, an analytical method is required to obtain
the aerodynamic distribution data of metal aerosols to compute the
internal radiation doses. Additionally, the particle data in the size
range of 1 nme0.01 mm is essential because the alveolar region is a
major deposition site wherein the particles are more inclined to
penetrate the blood, reaching a maximum at approximately 50%
deposition for nanoparticles under 0.01 mm. However, particles
smaller than 6 nm cannot be measured owing to the measurement
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limit of ELPIþ. Additionally, the measurement error in the 10 nm
size range significantly affects the calculation of particle deposition
in the lungs. As the existing equipment cannot measure the aero-
sols in the range of 1 nme10 mm [85e88], the performance of the
equipment must be improved through further research.

4. Conclusions

To understand the effects of radioactive aerosols generated
during the dismantling of nuclear facilities, this study focused on
characterizing the aerosol contaminants using high-resolution
measurements. Typically, the characteristics of aerosols generated
during the plasma cutting are highly associated with themetal type
used in the cutting process. We confirmed that the chemical
composition of the cutting material significantly affects the aero-
dynamic diameter distribution and the number of aerosols gener-
ated. Moreover, the resolution of the aerosol instrument, used to
calculate the lung deposition ratio of the aerosol, affects the
measured number concentration of the nano-sized particles. The
biological effect of the aerosols in the size range of 0.01e0.1 mm is
significant, as the alveolar deposition is predominant. Therefore, a
more accurate risk assessment is necessary to analyze the con-
centration of aerosol that can be safely inhaled, which requires
further research into high-resolution measuring equipment.
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