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A B S T R A C T

Radioactive aerosols from nuclear power plant decommissioning have not been actively studied compared to
those from severe accidents. However, it will be more critical issues in the future. The radioactive aerosols will
deposit on the surfaces of matter and disperse in the working space. Hence, the workers in nuclear power plant
decommissioning may inhale some of the aerosols during the normal operation or accident. The health effects of
aerosols depend not only on the particle size but also on the aerodynamic and thermodynamic characteristics.
Therefore, it is crucial to understand the distribution of radioactive aerosols regarding their aerodynamic dia-
meters, radioactive isotopes, and chemical forms to ascertain the respirable fraction. We analyze the effect of the
cutting method, cutting material, and cutting conditions on the mass and radioactivity distributions of radio-
active aerosols and identify the dominant factor for the safety of workers in the nuclear power plant decom-
missioning process. We confirm that the chemical composition and radioactive contamination in cutting material
affect the aerodynamic diameter distribution and the amount of aerosol. Finally, we suggest the underwater
plasma arc cutting process that could minimize the internal dose of workers at the nuclear power plant de-
commissioning sites.

1. Introduction

Radioactive isotopes can be incorporated into or trapped in aero-
sols. Such radioactive aerosols are dominant contributors to the internal
dose of workers during the decommissioning and decontamination (D&
D) of nuclear power plants (NPPs) [1,2]. During D&D, two processes
mainly produce radioactive aerosols. One is cutting radioactive metal
alloys including fuel channels, reactor pressure vessels, reactor inter-
nals, reactor heads, steam generators, and small pipe components
[3–5]. The other is melting radioactive metal waste to achieve a re-
duction in waste volume. Once radioactive aerosols are generated, they
grow from 1 nm in diameter to 1 μm through the condensation of a
supersaturated vapor and the collision of particulates [6]. They will
disperse in working space and eventually deposit on the surfaces of
matter including human organs.

Although radioactive aerosols from D&D have not been actively
studied compared to those from severe accidents at NPPs [7–16], they

will become more important as more NPPs will shutdown in the future
[17]. Produced radioactive aerosols are various with respect to the
metal components (neutron activated materials and contaminated ma-
terials) to be cut in closed nuclear reactors [18–21]. Fuel channels,
reactor internals, and reactor heads are expected to be neutron acti-
vated materials and radionuclides are distributed in volume. In con-
trast, steam generators and pressurizers are surface contaminated with
radioactive nuclides. In this study, we focused on the emissions of
radioactive aerosols from cutting processes with important radioactive
nuclides.

Workers may inhale some of the aerosols during the normal op-
eration of D&D. The inhalation of radioactive aerosols by workers is a
function of particle size (i.e., the aerodynamic diameter) [22,23]. Par-
ticles smaller than 0.1 μm in diameter are inhaled and deposited on the
surfaces of lungs [24–26]. Particles smaller than 10 μm in diameter are
respirable deposit in the various compartments of respiratory tract
depending on the size of the particles [27]. How aerosols affect human
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health has been investigated by previous studies [28,29]. The health
effects of aerosols depend not only on the particle size but also on
aerodynamic and thermodynamic characteristics [22,23,30]. Therefore,
it is crucial to understand the distribution of radioactive aerosols in
terms of their aerodynamic diameters, radioactive isotopes, and che-
mical forms to ascertain a respirable fraction [31,32]. The improved
knowledge of the characteristics of radioactive aerosols would con-
tribute to manage the internal exposure of workers below regulatory
limits and to keep it as low as reasonably achievable (ALARA). ALARA
is the fundamental principle of nuclear regulation for the public health
and the worker’s safety.

We analyzed the effects of cutting methods, various cutting mate-
rials, and cutting environments on the mass and radioactivity dis-
tributions of radioactive aerosols according to aerodynamic diameters.
Finding underlying principles will contribute to suggest optimized
cutting processes that could manage workers' internal exposure at D&D
sites. By collecting, aggregating, and analyzing the results from almost
all published existing data, we compared mechanical cutting, plasma
arc cutting, and laser cutting methods. The clear difference in the dis-
tributions was observed for different cutting methods. In addition, the
total amounts of aerosol generation were compared for different cutting
environments such as in air, Ar, and underwater. These cutting methods
and environments are supplementary to each other. All of them will be
required for numerous kinds and heterogeneous conditions of alloys
and structures from decommissioning. Radioactivity distribution is
compared to mass distribution to understand a respirable fraction of
radioactivity as well as mass for evaluating the radiological impact of
radioactive metal cutting.

2. Radionuclides from metal cutting during the D&D process

2.1. Radionuclides from radioactive aerosol sources during the D&D process

Radionuclides from neutron-activated materials in volume and
radioactively contaminated materials on surface are the main sources of
radioactive aerosols from the D&D process. Table 1 shows a list of
important radionuclides commonly concerned for internal dose of
workers [33]. Radionuclide levels emitted during the D&D process
depend on various factors such as the reactor type, operation time, and
time passed after shutdown.

Table 1. The dominant radionuclides from the reactor materials
when the nuclear reactor will be shut down [33], t1/2: half-life of the
radionuclide, EC: electron capture, β: beta decay.

After the shutdown of NPPs, important radionuclides are changed
depending on different decommissioning strategies. There are 3 de-
commissioning strategies. Each strategy has different time schedules,
and different radionuclides are dominant at different time due to the
decay of radionuclides. In the DECON (immediate decommissioning)
strategy which is in short-term, 3H, 60Co, 55Fe, and 137Cs are dominant
radionuclides [33,34]. In the safe enclosure (SAFSTOR) strategy which
is in mid-term, 63Ni, 137Cs, 60Co, and 90Sr are dominant. In the en-
tombment (ENTOMB) strategy which is in long-term, long-lived

transuranic actinides (241Am, 238,239,240Pu, and 244Cm) are dominant.
Transuranics are very limited to the surfaces of metals only in cases of
fuel leaks. We compared the effective dose conversion coefficients (Sv/
Bq) of the important radionuclides for the inhalation of workers in
Fig. 1. In the DECON strategy, 137Cs shows the highest effective dose
conversion coefficient, while in the SAFSTOR strategy, 90Sr is the
highest one. Note that this comparison is too simplified and has several
limitations; it does not consider the distribution of radionuclides in
reactor components and the generation of radioactive aerosols. Our
review on radioactive aerosols will provide a basis to understand the
important radionuclides in radioactive aerosols by suggesting dominant
factors that affect the characteristics of radioactive aerosols.

2.2. Detection and measurement of metal-containing aerosols

The accurate measurement of radioactive and surrogate aerosols
should be conducted in a clean chamber. In many laboratory-scale ex-
periments [35], a system for measuring radioactive aerosols from D&D
consists of two subsystems: a generation part and a measurement part.
The generation part has a cutting chamber where cutting devices and
metal specimens are in place and a sectioned hood to transport aerosols
to the measurement part. The cutting chamber is required to include an
automatic cutting system for the reproducibility of experimental re-
sults, which are omitted in some previous studies. The incoming air
flowing to the cutting chamber passes through a series of HEPA filters
to reduce background noise in measurement. The cutting chamber
prevents the generated aerosols from dispersing into the environment
outside the experimental system [36–43].

The cutting chamber is connected to the measurement part through
the section hood commonly right above the location for metal cutting.
Radioactive or surrogate aerosols pass through a ventilation pipeline
from the hood to the discharge. Before the discharge of air containing
aerosols, a series of HEPA filters are deployed to collect the aerosols and
prevent them from dispersing into the environment [44–46]. Mon-
itoring and collection systems are needed outside the experimental
system for safety.

The ventilation pipeline can have many bypass lines similar to the
branches of a tree, and each bypass is connected to several different in-
situ or ex-situ measurement instruments. The sequence of measurement
techniques depends on the proper concentration range of aerosols

Table 1
The dominant radionuclides from the reactor materials when the nuclear re-
actor will be shut down [33], t1/2: half-life of radionuclide, EC: electron cap-
ture, β: beta decay.

Steels Reinforced concretes Graphite

– 3H (β−, t1/2: 12.3 yr) 3H
39Ar (β−, t1/2: 269 yr) 14C (β−, t1/2: 5730 yr) 14C
55Fe (EC, t1/2: 2.7 yr) 41Ca (EC, t1/2: 102,000 yr) –
59Ni (EC, β+, t1/2: 76,000 yr) 55Fe –
60Co (β−, t1/2: 5.3 yr) 60Co –
63Ni (β−, t1/2: 98.7 yr) 152Eu (EC, β−, t1/2: 13.5 yr) 152Eu
94Nb (β−, t1/2: 20,300 yr) 154Eu (β−, t1/2: 8.6 yr) 154Eu

Fig. 1. Effective dose coefficients for inhaled aerosols (activity median aero-
dynamic diameters are 1 and 5 μm) for workers (60Co, 55Fe, 90Sr, and 137Cs) in
DECON strategy. Effective dose coefficients for inhalation of soluble or reactive
gases for workers (3H) in DECON strategy [30,33,34]. All effective dose coef-
ficient adapted from ICRP 119 report [30]. Effective dose coefficients for in-
halation from the reference workers (breathing rate= 1.2 m3/hour during a
working day) and fast absorption into the bloodstream.
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[47,48]. Some in-situ techniques require lower concentrations. During
transportation, additional cooling of the aerosols other than natural air
circulation may be needed, depending on the operating temperature of
instruments. The straight design of the ventilation pipe is the best op-
tion to avoid the loss of aerosols during transport.

3. Aerodynamic diameter distribution for different cutting
methods

We obtained an aerodynamic diameter distribution data from dif-
ferent research. We categorized the data into the three different cutting
methods: Mechanical cutting, Plasma arc cutting, and Laser cutting. The
original data were converted into the normalized form and drawn to-
gether to compare the results directly. Normalized mass per logarithmic
diameter denoted by a “(dM/M)/dlogDp)” is plotted along the Y-axis to
avoid confusing from the different resolution of a measurement system
[49].

×
=

× −

dM
M d D

dM
M D Dlog (log log )p p u p l, , (1)

Where M is the total mass of particles, dM is the mass of particles in the
range, and dlogDp is the difference in the log of the aerodynamic dia-
meter width. dlogDp is calculated by subtracting the log of the lower
stage aerodynamic diameter (logDp,l) from the log of the upper stage
(logDp,u) in a measurement system.

We also attempted to perform the calculations including the accu-
mulated distribution of aerosols, fine particle fraction (FPF), and mass
median aerodynamic diameter (MMAD) for quantitative analysis.
MMAD, most widely known as a numerical factor of aerodynamic
particle size distribution, is the particle diameter which below with
50% of the accumulated mass distribution. FPF is defined by the
amount or fraction of aerosol below the 0.1, 1, and 2.5 μm range.

3.1. Mechanical cutting methods

A mechanical cutting machine exerts a load on a material to be cut,
induces friction, and deforms the material [50–53]. During this process,
the friction from cutting locations generates nanoparticles. Various
external factors, such as the types of materials, the thickness of cutting
materials, and the devices of cutting, affect the aerodynamic diameter
distribution of aerosols. In this section, we considered the factors that
may affect the aerodynamic diameter distribution of aerosols.

Fig. 2 compares mass aerodynamic distributions from a disk grinder

and a reciprocating saw for cutting A42 mild steel. The disk grinder
shows bimodal distribution while the reciprocating saw shows almost
tri-modal distribution. Main differences in the mass aerodynamic dia-
meter distribution between the two cutting devices are in the range of
0.1 μm. The mass aerodynamic distribution of reciprocating saw ranges
from 0.3 to 20 μm, whereas that of disk grinder ranges from
0.03–0.2 μm to 0.3–20 μm (Fig. 2(a)). The amount of aerosol from the
reciprocating saw is 0.04 g/m, and from the disk grinder is 20.0 g/m
(Fig. 2(b)).

Stainless steel 304 L has high corrosion resistance under high tem-
perature and is used in various components of an NPP. We compared
the mass aerodynamic distribution of aerosols from stainless steel 304 L
cutting with different thicknesses (5mm, 10mm, 30mm) for the disk
grinder cutting method in Fig. 3(a) [40]. The results are almost iden-
tical for 5mm, 10mm, and 30mm and show a bimodal distribution
with peaks around 0.1 μm and 6 μm. As the thickness of cutting material
increased, the trend of FPF was not confirmed. At 30mm thickness, the
fraction of aerosol smaller than 2.5 μm shows 0.29, which is the lowest
value. On the other hand, the highest value (0.47) appears when the
thickness is not 5mm but 10mm (Fig. 3(b)). Therefore, the thickness of
materials is not an essential factor for the mass aerodynamic distribu-
tion of stainless steel 304 L cutting with the disk grinder.

The comparison of the mass aerodynamic diameter distribution of
stainless steel 304 L and A42 mild steel cut with a disk grinder is shown
in Fig. 4(a). The first peak of mild steel plate occurs around
0.06–0.09 μm and the second peak around 3–5 μm. The fraction of
aerosol smaller than 2.5 μm is 0.45 for the mild steel and 0.29 for the
stainless steel. Mild steel has a higher FPF than that of stainless steel in
all region. (Fig. 4(b)). The main mechanisms for the mechanical cutting
process are macro- and micro-friction [50,54,55]. The differences in
mechanical properties can change the mass aerodynamic distribution.
A42 mild steel has a strength of 415MPa [A], and stainless steel 304 L
has 505MPa [B]. A42 mild steel breaks in relatively small stress than
stainless steel 304 L and achieves a higher peak in a small size region
(0.06–0.09 μm) than stainless steel 304 L. Hence, the material is a sig-
nificant factor for the aerodynamic diameter distribution.

As presented in Fig. 3, the thickness of cutting materials which were
considered one of the important factors by Bernard et al. (Table 2) has
no significant impact on the aerodynamic diameter distribution of
aerosols. On the contrary, the material and the cutting devices (types of
cutting devices) are important factors that could affect the aerodynamic
diameter distribution and the total amount of aerosols in mechanical
cutting methods.

Fig. 2. (a) Line with symbol: Mass aerodynamic diameter
distribution from the reciprocating saw and disk grinder with
the mild steel, Line without symbol: accumulation ratio of
aerosol mass with aerodynamic diameter. (b) The amount of
exhausted aerosol from reciprocating saw and grinder with
A42 mild steel in atmospheric condition. The data points were
extracted from Bernard et al. [40].

N. Chae, et al. Journal of Hazardous Materials 369 (2019) 727–745

729



Fine particles (PM2.5;< 2.5 μm) are more critical for human health
[56–58]. Because they can be inhaled deep into the lung alveoli that are
the ends of respiratory tree. Reciprocating saw generates the aerosols
under 0.1 μm range a relatively smaller than disk grinder. The fraction
of aerosol smaller than 2.5 μm is 0.45 for the disk grinder and 0.69 for
the reciprocating saw. On the contrary, considering aerosol smaller
than 0.1 μm, the fraction in case of disk grinder is much greater, 0.15,
than that of the reciprocating saw, zero (Table 2). Also, the amount of
aerosol from the reciprocating saw is five hundred times smaller than
that from the disk grinder (Fig. 2(b)). From the amount of aerosol ex-
hausted and mass aerodynamic diameter distribution, a reciprocating
saw is the better device for workers health. Also, stainless steel cutting
could have an advantage for workers health because it has a smaller
FPF value than that of mild steel (Table 2). However, amount of aerosol
inhalation is proportion to working time, and cutting time of re-
ciprocating saw is larger than that of disk grinder [40]. Therefore, re-
searchers also have to consider the cutting time to predict the amount
of aerosol inhalation.

3.2. Plasma arc cutting process

We analyzed the important parameters for mass aerodynamic dis-
tribution of plasma arc cutting by comparing the mass aerodynamic
diameter distribution. We compared the mass aerodynamic diameter
distribution from the same materials cut with a plasma arc torch by
different authors. Then, we compared the mass aerodynamic diameter
distribution of different the elements (Fe, Cr, Ni, Cu, and Zn) and the
materials (stainless steel, mild steel, and carbon steel).

Oki et al. [36] measured the mass of each element in the aerosols
using the aerodynamic diameter distribution. Fig. 5(a) displays the
distributions of each element in the aerosols from stainless steel cutting.
These distributions of Cr, Fe, and Ni look quite similar. However,
Fig. 5(b) shows different aerodynamic diameter distributions of Cu and
Zn in aerosols from the brass sample cutting. Zn shows a single-peaked
distribution at 0.2–0.3 μm, whereas, Cu shows a bi-modal distribution
which has two peaks at 0.2–0.3 μm and 4–8 μm. It can be explained by
the differences in vapor pressure between each element. Both FPF
under 1 μm and 2.5 μm increase in proportion to the rise in the vapor
pressure of the element (Fig. 5(c) and (d)). As the vapor pressure of the

Fig. 3. (a) Comparison of mass aerodynamic diameter dis-
tribution of stainless steel cut with disk grinder (thickness:
5 mm, 10mm, 30mm). The bimodal distribution and peaks
are around 0.1 μm and 6 μm. Order of peak height around
0.1 μm is 10mm, 5mm and 30mm. The 6 μm peak shows the
opposite order to the first peak (30mm, 5mm, and 10mm).
The data points were extracted from Bernard et al. [40]. (b)
Comparison of fine particle fraction at the different thickness
(5mm, 10mm, and 30mm) of stainless steel.

Fig. 4. (a) Line with symbol: Mass aerodynamic diameter
distribution of stainless steel (30mm) and mild steel (30mm)
with disk grinder, Line without symbol: accumulation ratio of
aerosol mass with aerodynamic diameter. The data points
were extracted from Bernard et al. [40]. (b) Comparison of
fine particle fraction at the different cutting devices (re-
ciprocating saw, disk grinder) and the materials (stainless
steel, mild steel).
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elements increases, the peaks at the larger aerosols decrease [36].
Therefore, when the vapor pressures of the respective elements are very
similar, such as the vapor pressures of Cr, Fe, and Ni, the differences in
FPF are small. However, when the vapor pressure difference between

Cu and Zn is very large as shown in Fig. 5(d), the aerodynamic diameter
distributions are very different. In the brass samples, Zn shows more
than twice the FPF of Cu (Fig. 5(d)).

It was suggested that the aerodynamic diameter distribution of

Table 2
Summary of characteristic data of mass aerodynamic diameter distribution at mechanical cutting conditions in this section.

Author Cutting Method Material Thickness (mm) MMADa (μm) Fine Particle Fraction

0.1 μm 1 μm 2.5 μm

Bernard et al. [40] Reciprocating Saw Mild Steel 30 1.2 0 0.24 0.69
Disk Grinder Mild Steel 30 2.9 0.15 0.26 0.45

Stainless Steel 30 4.7 0.06 0.19 0.29
10 2.8 0.06 0.29 0.47
5 4.2 0.14 0.22 0.34

a MMAD: Mass Median Aerodynamic Diameter.

Fig. 5. (a) Mass aerodynamic diameter distribution of chromium, iron, and nickel elements in aerosols from stainless steel sample cut with plasma arc torch. (b) Mass
aerodynamic diameter distribution of copper and zinc from brass cut with plasma arc torch redraw. The data points were extracted from Oki et al. [36]. (c) Fine
particle fraction of chromium, iron, and nickel according to vapor pressure at the melting point of stainless steel. (d) Fine particle fraction of copper and zinc
according to vapor pressure at the melting point of brass.
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elements in the aerosol is affected by the matrix elements of the cutting
sample; therefore, aerosols with aerodynamic diameter can have a
different chemical composition. Owing to these differences, the toxicity
of aerosols from the metal cutting process can be significantly different
in the aerodynamic diameter ranges. Hence, the chemical composition
in specific aerodynamic diameter ranges is a significant factor for
radioactive aerosols from the D&D process.

The mass aerodynamic distribution of aerosols from the stainless
steel cut with a plasma arc torch is displayed in Fig. 6(a). In two pre-
vious studies [40,42], the stainless steel was cut with the same cutting
method, but the mass aerodynamic distribution results were different.
Bernard et al. [40] reported a tri-modal distribution, whereas, Novick
et al. [42] reported a bi-modal distribution. Peaks in Bernard et al. [40]
occurred around 0.1, 0.7, and 7.0 μm, while, peaks in Novick et al. [42]
were at 0.2 and 10–11 μm. The difference is partly attributable to the
different stages of cascade impactors. Novick et al. [42] used 24 stages
of cascade impactors; however, Bernard et al. [40] did not report the
number of stages of cascade impactors. Hence, we compared the ac-
cumulation ratio of aerosols in Fig. 6(a). The result shows similar ac-
cumulation lines; therefore, the difference in the mass aerodynamic
diameter distribution is likely caused by different cascade impactor
stages. Cutting of aluminum samples shows similar problems. Fig. 6(b)
is the aerodynamic diameter distribution of aluminum from an alu-
minum sample [36,42]. The aerodynamic diameter distributions of
aluminum in aerosols from the aluminum sample cutting show similar
results. Novick et al. [42] and Oki et al. [36] show bimodal-distribu-
tion; however, the height of peaks is different in two studies (Fig. 6(b)).
The differences are caused by different cascade impactor stages and
experimental conditions such as plasma power, cutting time, and ven-
tilation rate. Hence, to enhance the reproducibility of experiments, the
cutting environment should be controlled, and same cascade impactors
should be used.

The plasma arc cutting process has been applied to various materials
(stainless steel, brass, copper, iron) [36,41,42,59,60]. Fig. 7 shows the
comparison of aerosols from mild steel, stainless steel, and carbon
samples. Mass aerodynamic diameter distribution of three samples are
different. As the plot in accumulation ratio, the difference is more clear.
Aerosol of mild steel is concentrated in sizeable aerodynamic diameter
(10 μm). In contrast, the aerosol of stainless steel is in small aero-
dynamic diameter (0.1–1 μm) (Fig. 7(a)). The carbon content in the
metals could induce the difference. Although the primary contents in
the steels are iron, this interpretation showed the minor content of the
material could govern the aerodynamic diameter distribution. The
content of carbon in carbon steel is 0.75-0.88%, mild steel is 0.3%, and
stainless steel is 0.080%. The carbon steel has the highest carbon

content (0.75-0.88%) and the steepest slope in the high region (10 μm).
The second is the mild steel (0.3%), and third is the stainless steel
(0.080%). FPF of the mild steel has lowest value 0.18, whereas that of
the stainless is 0.87 at the highest value. Mild steel has the PM 2.5
fraction 5 times less than that of stainless steel (Table 3).

From these comparisons, the size distribution of aerosol varies de-
pending on cutting material and element in plasma arc cutting. For
more precise interpretation, experiment with controlled the conditions
(adjustment of contents in steel, atmospheric condition and gas of
plasma arc torch) should be conducted.

3.3. Laser ablation and laser cutting

The laser is one of the methods to cut metallic materials for the
nuclear reactor D&D program. Nd:YAG laser and CO2 laser have been
used as cutting methods [43,61,62]. Laser cutting experiments have
been conducted under various conditions using different measurement
techniques. In this study, we gathered data and analyzed the effect of
important factors on the mass aerodynamic distribution of aerosols. We
attempted to determine the origin of aerodynamic modes by comparing
the mass aerodynamic distribution results of laser ablation and laser
cutting.

Alfillé et al. [43] cut the stainless steel 304 L by Nd:YAG laser and
CO2 laser in the air and underwater. Pilot et al. [62] cut the Uranus 65
austenitic stainless steel using the Nd:YAG laser method. Fig. 8 shows
the comparison of the mass aerodynamic distribution of aerosols from
the stainless steel 304 L and Uranus 65 austenitic stainless steel cut by
the Nd:YAG laser in these two experiments.

Both cases showed three different aerodynamic modes. The peaks of
stainless steel 304 L were at 0.03–0.06 μm, 0.1–0.5 μm, and around
1.0 μm. Uranus 65 austenitic stainless steel showed peaks at
0.05–0.06 μm, 0.3–0.6 μm, and 4–5 μm. The cutting conditions for the
two samples were different, and some conditions may have induced
differences in the mass aerodynamic distribution because of the dif-
ferences in power and chemical composition of the samples. The che-
mical composition of stainless steel 304 L and Uranus 65 austenitic
stainless steel is different that could cause some differences in its
thermodynamic properties. Such as melting point and boiling point,
however, the difference was not significant (Fe is about 70%, and the
rest is Cr-Ni or Cr-Ni-Nb).

Second, the power of Nd:YAG laser (stainless steel 304 L:
0.8–1.2 kW and Uranus 65 austenitic stainless steel 4 kW) is different.
For Uranus 65 austenitic stainless steel, the cutting process has pro-
duced 3–4 times higher laser power than for stainless steel 304 L.
Therefore, the laser power is a dominant factor in the mass

Fig. 6. (a) Line with symbol: Mass aerodynamic diameter
distribution of aerosol from stainless steel plate cutting with
the plasma arc torch, Line without symbol: Accumulation ratio
of measured aerosol. The data points were extracted from
Bernard et al. [40] and Novick et al. [42]. (b) Aerodynamic
diameter distribution of aerosols from cutting the aluminum
sample conducted by two different research groups (Oki et al.
[36] and Novick et al. [42]).
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aerodynamic diameter distribution of the laser cutting process. The
effect of laser power is represented by Fig. 9(a), which is a redrawing of
the experiments conducted by Koch et al. [59]. They have been con-
ducted in the same environment except for the power. The power dif-
ference between the experiments is six-fold that caused a difference in
the mass aerodynamic distribution.

As the laser power increases, the PM 2.5 value does not change
much, but the aerosol fraction below 0.1 μm decreases from 0.96 to
0.62 (Table 4). The effect of laser power on the mass aerodynamic
distribution of aerosols is related to the physiochemical properties of
the cutting material. At low laser flux, a material is heated by the ab-
sorbed laser energy. On the other hand, a material is converted to a
plasma at high laser flux. The melting temperature of brass is
900–940 °C. The boiling point of copper and zinc is 2562 °C and 907 °C
respectively. Hence, when the brass melts at high laser flux, the zinc
could be boiling. This boiling can induce the liquid droplet explosion
and vaporize the melted metal [60,63,64]. The increasing temperature
of spot site on laser ablation could induce the liquid droplet explosion
of zinc, generating larger-sized aerosols. This result from laser ablation
experiments indicates that laser power is a dominant factor for mass
aerodynamic diameter distribution (Fig. 9(b)).

4. Comparison of the aerodynamic distribution for three different
cutting methods

In the general case, laser cutting method has the fastest cutting

speed, the second is a plasma arc cutting method, and the last is a
mechanical cutting method. The laser is one of the candidates for the D
&D process or other metal cutting process for this reason. Although the
fastest cutting method can save the time and inhalation amount of
aerosol, mass aerodynamic diameter distribution comparison is still
needed to understand the health effect on workers. In the previous
section, we compared the mass aerodynamic distribution for various
factors (thickness of the sample, cutting materials, and power of cutting
devices). In this section, we compared the effects of three different
cutting methods (mechanical cutting method, plasma arc cutting
method, and laser cutting method) on the aerosol generation and mass
aerodynamic diameter distribution.

4.1. Amount of aerosol generation from the different cutting methods

Pilot et al. [62] measured the amount of aerosols emitted by dif-
ferent cutting methods that generate aerosols (Fig. 10(a)). The mass per
cutting length base allowed us to compare the aerosol mass for different
cutting methods directly and was useful for application in numerical
analysis. The reciprocating saw had the lowest value for both A42 mild
steel plate and stainless steel 304 L plate. The results for the emitted
aerosols were similar for each cutting method for two different mate-
rials (stainless steel 304 L and A42 mild steel) except for the arc air
cutting method. The mass of exhausted aerosols from A42 mild steel cut
by the arc cutting method was three times more than that from stainless
steel 304 L.

Fig. 7. (a) Line with the symbol: Mass aerodynamic diameter
distribution of mild steel, stainless steel, carbon steel cut with
plasma arc torch, Line without symbol: Accumulation ratio of
measured aerosol. Mild steel data were extracted from M.
Ebadian et al. [27], Stainless steel and carbon steel were ex-
tracted from Novick et al. [42]. (b) Fine particle fraction of
different materials (mild steel, stainless steel, carbon steel).

Table 3
Summary of characteristic data of mass aerodynamic diameter distribution at plasma arc cutting conditions in this section.

Author Material Element of Aerosol Thickness (mm) MMADa (μm) Fine Particle Fraction

0.1 μm 1 μm 2.5 μm

Bernard et al. [40] Stainless Steel – 10 0.44 0.15 0.69 0.84
Novick et al. [42] – 9.5–19 0.35 0 0.78 0.87
Oki et al. [36] Ni 12 0.42 0.04 0.78 0.86

Fe 12 0.41 0.04 0.79 0.87
Cr 12 0.35 0.05 0.83 0.92

Brass Cu 12 3.1 0.014 0.29 0.43
Zn 12 0.44 0.022 0.76 0.91

Aluminum – 12 0.44 0.04 0.78 0.89
Novick et al. [42] – 19 0.4 0 0.88 0.96

Carbon Steel – 9.5–19 1.87 0 0.45 0.51
Ebadian et al. [27] Mild Steel – 6.3 5.62 0.003 0.06 0.18

a MMAD: Mass Median Aerodynamic Diameter.
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Fig. 8. (a) Mass aerodynamic diameter distribution of SUS 304 L and Uranus 65 SUS cut with a laser in atmospheric condition. SUS 304 L data were extracted from
Alfillé al. [43] and Uranus 65 SUS from Pilot et al. [62]. (b) Fine particle fraction of SUS304 L and Uranus 65 SUS.

Fig. 9. (a) Copper and zinc mass aerodynamic diameter distribution from brass ablation with a different power of Nd:YAG laser. The data were extracted from Koch
et al. [59]. (b) Fine particle fraction with the different laser power.

Table 4
Summary of characteristic data of mass aerodynamic diameter distribution at laser cutting conditions in this section.

Author Laser System (Power) Material Thickness (mm) MMADa (μm) Fine Particle Fraction

0.1 μm 1 μm 2.5 μm

Alfillé et al. [43] CO2(2.5 kW) SUS 304 L 10–31 0.65 0.05 0.72 0.93
Pilot et al. [61] Nd:YAG(4 kW, N2 gas) SUS Uranus 65 13–14 0.17 0.44 0.85 0.94
Koch et al. [59] CPA-type (2.5 Jcm−2, He gas) Brass – 0.017 0.96 0.99 0.99

CPA-type (15 Jcm−2, He gas) 0.043 0.62 0.85 0.96

a MMAD: Mass Median Aerodynamic Diameter.
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Fig. 10(b) compares the total amount of aerosols (g/m) and amount
of the PM 2.5 aerosols (g/m). The plasma (50 A) cutting method
showed both the least amount of total aerosol and amount of PM 2.5.
For this reason, from a perspective of health safety, plasma torch cut-
ting method is the best, and the laser cutting method is the worst;
however, this comparison has limitations. The comparison based on the
different experiments and their standard deviation is ungiven. Besides,
the amount of aerosol is different as indicated in Fig. 10. For these
reasons, further experiments should conduct. For these comparisons,
we confirmed that the aerosol generation mechanism would sig-
nificantly impact on the mass aerodynamic diameter distribution. Also,
we found that the plasma arc cutting can reduce the aerosol generation
by about 20% that of disk grinder. Therefore, selecting the plasma arc
torch could be used as an option to reduce aerosol emissions.

4.2. Aerosol generation mechanism and mass aerodynamic diameter
distributions of the different cutting methods

We compared the mass aerodynamic diameter distributions of
aerosols from stainless steel 304 L plate (thickness: 10mm) cut by the
mechanical cutting method (disk grinder), plasma arc cutting method,
and Nd:YAG laser (Fig. 11) [40,43]. The plasma arc torch showed four
peaks; however, the disk grinder displayed two. The highest peaks of
the plasma arc torch and the disk grinder are around 0.1 μm and 10 μm.
In contrast, the highest peak for the Nd:YAG laser was around 1 μm. The
different aerosol generation and growth mechanisms may cause the
difference in peaks.

The aerosol generation mechanism of disk grinder is friction
[50,65]:

= ⋅ −
− − +P K A e(1 )fr

B N X
l B ΔT( (1 ) )
C

1 0 2 (2)

where Pfr is the amount of aerosol from the friction; K is the char-
acteristic constant; B is a constant for a material combination; N0 is an
applied load at the tool tip; X is the distance between the tool tip and
the rake face; lc is the contact length; ΔT is the increasing temperature
of the shearing zone.

Plasma arc torch is vaporization [36,66,67] and it has a nucleation
process [68]:
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where na0 is the initial amount of condensable atom number density; Nn

is the number of atoms in a single nucleus; ΔG(req) is the Gibbs free

energy change of nucleation with equilibrium state with a given en-
vironment; kB is the Boltzmann constant; T is the current temperature.
The Eq. (3) use the minimization of Gibbs free energy to calculate the
equilibrium amount of nuclei in the radius. The mechanism of aerosol
generation from the laser cutting process is similar to the plasma arc
torch because both processes cut the materials by melting of the metals.
Friction produces more particles with aerodynamic diameters larger
than 1 μm, whereas, vaporization produces more particles with aero-
dynamic diameters smaller than 1 μm. Vaporized aerosols undergo
nucleation and growth (coagulation and agglomeration) processes to
form larger particles (> 1 μm). Vaporization and nucleation processes
likely cause the peak of 0.1 μm.

The difference aerodynamic diameter distribution of plasma arc
cutting and laser cutting can explain by the coagulation process. After
the generation of aerosols, all aerosols are collided and have a different

Fig. 10. (a) Amount of exhausted aerosols from different
cutting methods (Reciprocating saw, 4 kW laser, 200 A plasma
torch, 50 A plasma torch, Arc saw, 1 kW laser, Grinder, Arc
air) with 10mm thickness A42 mild steel plate and 10mm
thickness stainless steel 304 L plate. The data were extracted
from Pilot et al. [62]. (b) Comparison of aerosol generation
from the stainless steel 304 L plate with 10mm thickness cut
by plasma arc torch (50 A and 200 A), Nd:YAG Laser (1 kW
without gas) and disk grinder. Plasma arc data from Bernard
et al. [40], laser from Alfillé et al. [43], and disk grinder data
were extracted from Pilot et al. [62].

Fig. 11. Comparison of mass aerodynamic diameter distribution of aerosol from
the stainless steel 304 L plate with 10mm thickness cut by disk grinder, plasma
arc torch, Nd:YAG laser. The disk grinder and plasma arc torch data were ex-
tracted from Bernard et al. [40]. The Nd:YAG laser data from Alfillé et al. [43].
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aerosol size. The coagulation (growth) mechanism of three different
cutting method (Mechanical Cutting, Plasma Arc Cutting, Laser
Cutting) can describe as Smoluchowski’s Eq. (4) [69]:

∫

∫
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∂
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where n(v,t) is the number of aerosols having size v assuming binary
collisions at time t; K(u,v-u) is the coagulation kernel; n(v-u,t) is the
number of aerosols having size v-u at time t. The right first term of the
Eq. (4) is the production amount of aerosol of size v from the size u and
v-u aerosols. The second term calculates the loss of aerosols by colli-
sions between u and v. The physical meaning of the coagulation kernel
is the collision probability, and there are several coagulation kernels
suggested by various authors [70–74]. The different kernels combined
by the root-mean-square of kernels [71]. Among the combined the
coagulation kernels, the Brownian, Turbulent and Gravitational com-
bined kernel is the most suitable for the coagulation of aerosols from
the metal cutting process. The combined kernel [75]:

= + + +K γ K K K K( ) ( )BTG BT B TD G TI
2 2 1

2 (5)

where γBT is the constant for the combined kernel of the Brownian and
Turbulent; KB is the Brownian kernel; KTD is the Turbulent kernel of
diffusion; KG is the Gravitational kernel; KTI is the turbulent kernel of
inertial. Due to the different gas environment (coagulation kernel) of
plasma arc cutting and laser cutting, aerodynamic diameter distribution
is different as in Fig. 11(a).

In short, aerosols reacted with oxygen or nitrogen in the air and
formed larger aerosols around 1 μm. Disk grinder generated a larger
amount of aerosols; however, the aerodynamic diameter distribution of
aerosols under 2.5 μm (PM 2.5) generated by the plasma arc torch was
higher. Hence, more quantitative mass comparisons for aerosols with
diameters under 2.5 μm (PM 2.5) are required. For these comparisons,
we confirmed that the aerosol generation mechanism would sig-
nificantly impact on the mass aerodynamic diameter distribution.

5. Variations in aerodynamic diameter distribution under
different environmental conditions

5.1. Aerodynamic diameter distribution in the air and underwater

Different cutting conditions can significantly affect the aerosol

generation and mass aerodynamic diameter distribution. We focused on
the cutting environment (i.e., in the air to underwater) because this
factor has been confirmed as a major contributor to reducing the total
amount of aerosols [35,43,76]. Fig. 12 shows the comparison of the
mass of aerosols cut with the plasma cutting method in the air and with
stainless steel and mild steel underwater. About 80–90% of the aerosol
mass was reduced in the submerged cutting condition compared to the
in the air cutting condition. In addition, increased the depth of water
(0.5–1.5m) shows the decreased amount of aerosol. The environmental
settings of the cutting processes are dominant factors of aerosol gen-
eration. Although the underwater cutting process could significantly
reduce the amount of aerosols, it also has some disadvantages com-
pared to the in the air cutting process. The underwater cutting process
increases the amount of radioactive waste due to water contamination,
and it should be required to improve the cutting capability in terms of
thickness.

The cutting environment can also affect the mass aerodynamic
diameter distribution of aerosols. Fig. 13(a) shows the comparison of
the mass aerodynamic distribution of aerosols from the Nd:YAG laser
cutting process with stainless steel (SUS316 L) [43]. Peaks of the mass
aerodynamic diameter distribution occurred at diameters close to each
other, and the intensities were slightly different (negligible). The mass
accumulation ratio is not significantly different for both cases (air and
underwater). Hence, the environmental impact is negligible for the
mass aerodynamic diameter distribution.

However, the underwater cutting significantly reduced the amount
of aerosols from the cutting processes compared to in the air cutting
[35,43] (Fig. 13(b)). The Peillon et al. [39] reported the number of
aerosols is reduced by 86% at 0.5 m depth of water (Fig. 13(b)) and
99% at 7m. In the experiment of Alfillé et al. [43], the number of
aerosols reduced by 74%, 62%, 55% for 10mm, 20mm, 31mm thick-
ness of the stainless steel at 0.5m depth. The reducing efficiency is
entirely different in Peillon et al. [39] and Alfillé et al. [43] however,
both experiments proved the amount of aerosol decreased significantly
compared to the atmosphere condition.

5.2. Aerodynamic diameter distribution in different atmosphere

Although cutting in the air and underwater had similar effects on
the mass aerodynamic diameter distribution, cutting in the argon and in
the helium atmosphere showed different results. Fig. 14 shows the
comparison of the mass aerodynamic diameter distribution from brass

Fig. 12. (a) Amount of aerosol generation from stainless steel
with the plasma cutting process in atmospheric and under-
water cutting conditions. (b) Amount of aerosol generation
from mild steel process in atmospheric and underwater plasma
cutting. The data of 20mm and 30mm thickness were ex-
tracted from Bach et al. [35], and the data of over 40mm
thickness were from the Arndt et al. [77].
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with laser ablation under different conditions [59,78]. Most of the mass
aerodynamic diameters were distributed above 0.1 μm for laser ablation
in the argon atmosphere and below 0.1 μm in the helium atmosphere.
This result suggests that different atmosphere gives a different cooling
rate (i.e., oxygen, nitrogen) because aerosols with diameters above
0.1 μm and below 1 μm represent the accumulation mode (coagulation
process) [67,79]. In summary, the effect of the atmospheric conditions
on the mass aerodynamic diameter is a dominant factor [80–82].

6. Radioactivity distribution compared to aerodynamic diameter
distribution

6.1. Radioactivity distributions of aerosols from the cutting processes

Radioactivity distributions of aerosols from the cutting processes
may vary depending on the elements of cutting materials. In the pre-
vious sections, we showed these effects on the mass aerodynamic dia-
meter distribution and the amount of aerosol generation. The effects of
these factors on the radioactivity of aerosols are similar. First, we

focused on the elements of cutting materials, which significantly affect
the radioactivity distribution. We confirmed that the impact of isotopes
on is insignificant, but chemical properties of the elements have a
strong correlation with the FPF of radioactivity distribution. And then
we compared the radioactivity distribution from the reactor compo-
nents. From the comparisons, radioactivity distribution follows the
distribution of mass radioactive nuclides summation.

The 60Co is a dominant radioisotope generated during the D&D
process. Fig. 15 shows the radioactivity distribution of aerosols emitted
from the reactor components of the forced circulation cooling system in
the Japan Power Demonstration Reactor (JPDR) and liquid waste
treatment in the Prototype Japanese Nuclear Test Reactor (FUGEN) cut
with the plasma arc torch [41]. Also, the radioactivity aerodynamic
diameter distribution of aerosols from the cutting of irradiated copper is
represented [36]. Different chemical compositions of cutting materials
influence the radioactivity aerodynamic diameter distribution of the
radioisotope (60Co) (Fig. 15). Hence, the radioactivity distribution of
60Co is different owing to the chemical composition effect (JPDR is
stainless steel, and FUGEN is carbon steel).

Fig. 13. (a) Line with symbol: Mass aerodynamic diameter
distribution of aerosol from laser cutting process with 10mm
thickness stainless steel 316 L plate, Line without the symbol:
accumulation ratio of aerosol mass with aerodynamic dia-
meter. The data were extracted from Alfillé et al. [43]. (b)
Reduced amount of aerosol generation from the laser cutting
process underwater to the atmospheric cutting conditions. The
data were extracted from Peillon et al. [39] and Alfillé et al.
[43].

Fig. 14. (a) Solid line: Mass aerodynamic diameter dis-
tribution of aerosol from the brass during the laser abla-
tion in the argon atmosphere, Dash line: Mass aero-
dynamic diameter distribution of aerosol from the brass
during the laser ablation in helium. The data at argon at-
mosphere were extracted from Jaworski et al. [78] and the
data at helium atmosphere from Koch et al. [58]. (b)
Comparison of fine particle fraction at the different at-
mospheric conditions.
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Fig. 15. (a) Radioactivity aerodynamic diameter dis-
tribution of 60Co from the different irradiated materials
with plasma arc torch, Square and solid line: stainless steel
304 extracted from Shimada et al. [41], Circle and dash
line: carbon steel extracted from Shimada et al. [41],
Triangle and dash-dot line: copper extracted from Oki
et al. [36]. (b) Comparison of fine particle fraction at the
different irradiated materials.

Fig. 16. (a) Radioactivity aerodynamic diameter distribution of 60Co, 51Cr, 52Mn, and 22Na from irradiated stainless steel 304 cut with plasma arc torch redraw from
Oki et al. [36]. (b) Radioactivity aerodynamic diameter distribution of 57Co, 58Co, 60Co from irradiated stainless steel 304 cut with plasma arc torch. The data were
extracted from Oki et al. [36]. (c) Fine particle fraction of 60Co, 51Cr, 52Mn, and 22Na according to vapor pressure at the melting point of stainless steel.

Table 5
The numerical factors of radioactivity aerodynamic diameter distribution of radioisotopes from irradiated stainless steel cut with the plasma arc torch.

Element Isotope Vapor Pressureb(torr) AMADa (μm) Fine Particle Fraction

0.1 μm 1 μm 2.5 μm

Cobalt (Co-59) Co-60 0.00268 0.42 0.054 0.73 0.81
Co-58 0.47 0.065 0.7 0.78
Co-57 0.45 0.062 0.73 0.81

Chromium(Cr-50) Cr-51 0.0219 0.43 0.08 0.78 0.86
Manganese(Mn-55) Mn-52 10.4 0.41 0.07 0.85 0.93
Sodium(Na-23) Na-22 7,600 0.27 0.1 0.95 1

a AMAD: Activity median aerodynamic diameter.
b Vapor pressure calculated at the melting temperature of SUS 304 (1450 ℃).
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Oki et al. [36] measured the radioactivity aerodynamic diameter
distribution of radioisotopes from irradiated stainless steel 304 cut with
the plasma arc torch. We adopted the results from Oki et al. [36]
(Fig. 16(a)). 60Co, 52Mn, 51Cr, and 22Na showed different radioactivity
distributions, indicating that chemical compositions of aerosols vary
depending on the aerodynamic diameter distribution and radioactivity
can be enriched in the typical aerodynamic diameter range. 22Na
mainly exists under 1 μm. 60Co has a wider range, 0.06–11 μm. How-
ever, a large portion of 60Co radioactivity exists under PM 2.5. The
radioactivity distributions of 51Cr and 52Mn are quite similar to that of
60Co, but both 51Cr and 52Mn have the larger portion of small particles
than 60Co (Table 5).

Fig. 16(b) shows the effect of isotopes on the radioactivity aero-
dynamic diameter distribution. 57Co, 58Co, and 60Co have very similar
radioactivity aerodynamic diameter distributions (Table 5). As dis-
cussed in Section 3.2, the FPF of radioactivity also seems to increase in
proportion to the vapor pressure of element Fig. 16(c). By analyzing the
fraction of radioactive particles in Co, Na and Cr isotopes, we confirmed
that the chemical properties of the elements are more important than
the nuclear properties.

The chemical compositions of cutting materials are important;
however, the isotope effect is negligible. These results suggest that
radioactivity distribution is governed by physicochemical properties of
elements in the cutting materials. Physicochemical properties including
boiling point, vapor pressure, thermal conductivities, and surface
properties of particles can affect the generation and growth of aerosols
[36,83–87]. Because the impact of isotopes on the radioactivity aero-
dynamic diameter distribution is negligible, it is possible to use non-
radioisotopes for the experiments instead of the radioisotopes to predict
the amount and distribution of radioactive aerosol generation

Fig. 17 compares the mass aerodynamic diameter distribution and
the radioactivity aerodynamic diameter distribution. Fig. 17(a) shows
mass aerodynamic diameter distribution of stainless steel 304 and
radioactivity aerodynamic diameter distribution of an irradiated
stainless steel 304 pipe although experiments (Fig. 17(a)) conducted by
different researchers (Shimada et al. [41] and Novick et al. [42]), both
of experiments used the plasma arc cutting to cut the stainless steel 304.
From Fig. 17(a), the radioactivity of aerosol concentrated on PM 2.5,
and the radioactivity distribution is different from the mass distribu-
tion. The similar trend occurs in Fig. 17(b). Fig. 17(b) also compares the
mass aerodynamic diameter distribution and the radioactivity

distribution, but the cutting material is carbon steel. The pipe is the part
of the liquid waste treatment part of FUGEN. Hence, the primary source
of radioactivity is the CRUD (Surface contaminated with 60Co).
Fig. 17(b) also shows a different mass and radioactivity distribution,
and most of the radioactivity (83%) concentrated on PM 2.5.

By comparing Fig. 17(a) and (b), the total radioactivity distribution
is not proportional to the total mass distribution of the radioactive
aerosol. Papastefanou showed that the activity size distribution follows
a different distribution depending on the generated mechanism of
aerosols [88]. The radioactivity distribution follows the surface dis-
tribution expected for condensation-derived aerosols [89] as predicted
by Junge's model [90] of radioactivity associations with natural
aerosol. Whereas, the radioactivity distribution of the thermal cutting
aerosols dominates the mass distribution of radionuclides. Charging of
nuclear is one of the key factors for both natural radioactive aerosol and
the thermal cutting radioactive aerosols (plasma and laser cutting). The
nucleation process of equation (3) includes the minimization of Gibbs
free energy change to decide the critical radius of a nucleus. Mini-
mization of Gibbs free energy change equation [68] is:
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where the first term is the surface energy, the second term is the volume
energy, and the third term is the interphase energy exchanger, Eγ and Eq
are a change of Gibbs free energy by the electrical double layer on the
surface of nucleus and nucleus charging. This mechanism is very similar
to the generation of natural radioactive aerosols [88].

The charging of the nucleus is very important; however, the radio-
active aerosol generation conditions are very different. The temperature
of radioactive aerosol generation of natural radioactive aerosol is very
low the thermal cutting radioactive aerosol. In addition, even though
131I from the Chernobyl accident (radioactivity distribution follows the
surface distribution) has generated from the high temperature, most of
iodine were formed as gaseous form at the initial stage (during the two
weeks after the accident) [91–94]. After the initial stage 40% of iodine
were formed in aerosol, and 35% is still gaseous form [95,96]. There-
fore, it is hard to apply the radioactivity distribution follows the surface
distribution expected for condensation-derived aerosols [89].

In Fig. 17(a) and (b) shows each different mass and radioactivity
distribution. In Fig. 17(a), the source of radioactivity exists relatively
homogeneous in the bulk of stainless steel (activated pipe and stainless

Fig. 17. (a) Short dash line with triangle: Radioactivity aerodynamic diameter distribution of 60Co from forced circulation cooling component of JPDR reactor, Dash
dot line with diamond: Radioactivity aerodynamic diameter of 60Co and 63Ni from forced circulation cooling component of JPDR reactor. The data were extracted
from Shimada et al. [41], Straight Line with square: Mass aerodynamic diameter distribution of stainless steel from Novick et al. [42]. (b) Short dash line with
diamond: Radioactivity aerodynamic diameter distribution of 60Co from the liquid waste treatment component of FUGEN reactor cut with plasma arc torch from
Shimada et al. [41], Straight line with square: Carbon steel from Novick et al. [42]. (c) Solid line with square: Mass of Cr in aerosol from activated stainless steel 304,
Short dash line with triangle: Radioactivity of 51Cr in aerosol from activated stainless steel 304 from Oki [36].
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steel). In contrast, Fig. 17(b), the source of radioactivity (CRUD, Chalk
River Unidentified Deposits) exists on the surface of the pipe segment.
In Fig. 17(c), the source exists relatively homogeneous in the irradiated
sample, shows very similar aerodynamic diameter distributions for
mass and radioactivity. It is evident that the mass and radioactivity
distribution is different in Fig. 17(a). From Fig. 17(c), the radioactivity
of isotope is proportion to its mass, however in Fig. 17(a), the mass of
60Co and 63Ni is much smaller compare to major element (Fe and Cr).
Due to the relatively small amount mass of 60Co and 63Ni, the mass
distribution of Fe and Cr overlapped the mass distribution of 60Co and
63Ni. In Fig. 17(b), the difference of mass and radioactivity distribution
also governed by the mass distribution, however, the location of the
radioactivity source is different. Thus, the radioactive aerosols are
generated more in the initiation of the cutting process and its effect on
the radioactivity distribution is not clear.

We found that the location of the radioactivity source could be the
dominant factor for the radioactivity distribution of aerosol and the
amount of radioactive aerosol generated at the initiation of cutting
process. The locations of radioactivity source are different for each
reactor component and fuel debris. Hence, radioactive aerosol re-
searchers should consider the location of the radioactivity source
carefully.

6.2. Internal exposure to worker in D&D depending on radioactivity
distributions of aerosols

The generation of radioactive aerosol from cutting of contaminated
metal caused the worker’s internal exposure. The inhalation of such
metal-containing aerosols is main route of the internal does. The fun-
damental concepts of internal dose assessment described by the
International Commission on Radiological Protection (ICRP) publica-
tions. Most of the risk assessment of aerosol is used the biokinetic
models which listed in ICRP 68 [97] for the human respiratory tract
model (ICRP 66) [98] and gastrointestinal (GI) tract model (ICRP 30)
[99]. Normally this model is implemented using the IMBA Professional
Plus (IMBA) which is the one of the most well-known as internal do-
simetry computer code [100,101]. The other way is using the com-
mitted effective dose coefficients for inhalation of radioactive aerosol
[30,97]. The general formulations for inhalation dose estimation are
described in the following equations [102,103].

I =Cair × (Breathing Rate) × (Exposure Duration) / (Respiratory
Protection Factor), (7)

where I is inhalation intake of radionuclides [Bq]; Cair is airborne
Radionuclide Concentration [Bq/m3]. The breathing rate for a worker
has been selected an average breathing rate of 1.2 m3/h which was
given in ICRP 66 publication. The next step for internal dose assessment
is to convert the amount of radioactive aerosol intake into the internal
dose.

Inhalation dose = ∑ Ii × Di, (8)

where i is type of radionuclide; Di is inhalation dose coefficient for
radionuclide i [Sv/Bq]. For selecting an appropriate coefficient, it
should be based on the parameters such as the chemical composition of
aerosols, activity median aerodynamic diameter (AMAD), and the ab-
sorption rates. The absorption rates which is the respective rates of
absorption into the blood could be established in three categories: ab-
sorption Type F (for a fast rate of solubilization), Type M, and Type S
[104]. These are dependent on the chemical composition and the for-
mation of aerosols and can find the recommended absorption types in
ICRP 68.

Unlike these parameters, the AMAD is associated with the aero-
dynamic diameter of aerosols. AMAD is a physical parameter which
fifty percent of the activity in the cumulative size distribution. The
distribution of the deposition of aerosols in the different regions of the

respiratory tract depends on the AMAD [30,105]. ICRP recommends a
default particle size of 5 μm AMAD for radiation workers with previous
researches reported radioactive aerosol particle size distributions in the
workplace [22,106]. However, 5 μm AMAD is just useful as a default
value for unknown radioactive aerosols. Also, the submicron particles
were collected in high temperature, and arc saw cutting operations
[22]. Therefore, if it is possible to measure realistic AMAD, we should
use the actual value rather than the default for more accurate dose
calculation.

For Eq. (7), Inhalation intake of radionuclides increases pro-
portionally to radionuclide concentration and working time. By con-
trast, it decreases proportionally to respiratory protection efficiency.
The internal exposure dose from radioactive aerosols can be minimized
by using an appropriate ventilation system. For example, using exhaust
ventilation with air flow rate 2500m3 h−1, the volumetric activity in
place was drastically decreased, and the collective inhalation dose will
be decreased by four thousand times [107]. Therefore, the radiation
risks of public and environment are not under consideration when
HEPA filter works well for this expectation. However, it is still a risk for
the internal exposure of the worker [41,108]. For Eq. (8), worker’s
internal dose increases proportionally to inhalation dose coefficient for
radionuclide which is decided by AMAD and absorption rates. Conse-
quently, the internal exposure from radioactive aerosols can be mini-
mized by using an appropriate ventilation system and reducing working
time. However, even if you take an appropriate safeguard, exposure
may still increase with the characteristics of the aerosol because small
particles of radioactive aerosols have the effect of increasing internal
exposure.

In general, Inhalation dose increased with decreasing particulate
size; Committed effective doses due to inhalation of 0.01 μm particu-
lates were much higher than the doses due to 100 μm sized particulates
[109]. For example, the inhalation dose coefficient of 60Co in un-
specified compounds (Type M) is 7.1× 10−9 Sv/Bq at 5 μm AMAD
whereas that of 60Co in oxides compounds (Type S) is 2.9× 10-8 Sv/Bq
at 1 μm AMAD [30]. This means that if there is no information on an
aerosol distribution, a worker’s internal exposure could be under-
estimated by a factor of 4. Therefore, fine particle fraction associated
with AMAD is a critical factor for assessing the correct exposure to
workers at D&D sites, especially in the event of a loss of ventilation.

7. Knowledge gaps and research challenges for worker’s internal
dose assessment at D&D sites

7.1. Limitations of the previous studies that require improvement

7.1.1. Deficiency of radioactivity distribution data for internal dose
calculation

Data on radiation effects are very poor when compared to aerosol
mass distribution data. There has not been an experiment to simulate
the state of aerosol generated during the metal cutting that is emitted
from actual NPPs. Besides, it is difficult to obtain real radioactive metal
samples from NPPs and establish a laboratory with radiation safety.
Therefore, a lab-scale radioactive aerosol measurement system is re-
quired, but non-radioactive simulated samples could be used for sup-
plementing the insufficient data. Since the properties of radioactive
aerosols can be deduced from the data of non-radioactive aerosol dis-
tributions as shown in the previous Section 6.1. Oki et al. showed the
isotopes of cobalt had very similar radioactivity aerodynamic diameter
distributions [36]. However, few studies have identified aerosol dis-
tributions for each isotope, and Oki et al. only used the irradiated metal
samples, so there may be different results depending on the radioactive
environment of metal as shown in Fig. 17. Therefore, we concluded that
non-radioactive sample data can be used as a preliminary experimental
result, but more discussion is needed on the similarity of mass dis-
tribution and radioactivity distribution.
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7.1.2. Lack of reproducibility verification of aerosol distribution data
Most of the previous experimental results did not confirm the re-

producibility. In order to verify reproducibility, it is necessary to carry
out repeated experiments with the same aerosol measuring equipment
on the same cutting environment. As shown in Fig. 6, the aerosol mass
distributions are highly dependent on the resolution performance of the
impactor as well as the cutting environment (such as atmosphere con-
dition, cutting speed, and ventilation rate), even in the case of cutting
the same material with the same cutting method. Therefore, to perform
a quantitative analysis by comparing different aerosol distributions, it is
necessary to achieve reliable data under the same experimental con-
ditions.

Measurement errors can also distort the interpretation of aerosol
measurement. Except for the errors occurring in the response of the
detector or statistical analysis, a significant error may also occur in the
process of aerosol passing through the sampling line due to particle
losses [25,110,111]. The particle losses may be caused by gravitational
settling, impaction, and thermophoretic force in the sampling line
[110,112]. For minimizing particle losses, the sampling line should be
as short as possible without bending, and also free from particles
sticking to the surface. Although we cannot confirm whether or not the
measurement errors were taken into account in the previous studies, the
reproducibility of the experiment could not be verified without the
discussion and awareness of the measurement errors. In particular, the
measurement environment of actual D&D field is expected to be very
severe due to high temperature and vibration. Therefore, more atten-
tion must be given to minimize measurement errors. Consequently, it is
necessary to standardize detection equipment and experimental con-
ditions for verification of reproducibility of aerosol distribution data.

7.1.3. Lack of considering actual components and radioactive elements
related to the D&D process

The radioisotopes are significantly different in actual components of
the NPP because each component uses different materials, different
neutron flux and surface contamination (i.e., CRUD). Even at the same
component, the radioisotopes concentration can be significantly dif-
ferent due to neutron flux and surface contamination [41]. Therefore,
the radioactive aerosol research for health risk assessment should
consider the parameters of the actual components of NPP such as
chemical composition, the concentration of radionuclides, and thick-
ness.

The amount of radionuclides are different for nuclear reactor com-
ponents. Fig. 18 compares the most abundant radionuclides in the four

different components (shroud, core barrel, thermal pads, and vessel
cladding) of a PWR reactor pressure vessel from the calculation [113].
The four components located in the reactor vessel; hence they are
highly irradiated by the fission neutrons. From the calculation, 3H, 14C,
54Mn, 55Fe, 59Ni, 60Co, 63Ni, 65Zn are the most abundant radionuclides
in the four components (Fig. 18). 55Fe is the most abundant radio-
nuclides for all four components because the shroud located at the
highest neutron flux position compare to other three components. As
listed in Fig. 18, 3H, 55Fe, 60Co, 63Ni are dominant radionuclides in the
perspective of effective dose coefficients, and they are abundant in the
four components of the PWR reactor pressure vessel. In contrast, 14C,
54Mn, 59Ni, 65Zn are abundant in the four components; however, they
are not in Fig. 1.

From the difference of abundance materials and high effective dose
coefficients, the different reactor components should simultaneously
consider the number of radionuclides and effective dose coefficients.
However, it should be noted that this comparison is too simple and has
some limitations. One is to consider the number of radionuclides and
the effective dose factor separately. The other is that there is no cor-
relation between the radionuclide distribution of the reactor compo-
nents and the production of radioactive aerosols. We will provide a
basis to understand the important radionuclides in radioactive aerosols
by suggesting dominant factors that affect the characteristics of radio-
active aerosols. However, most research we found did not take into
account the actual components and radioactive elements from the D&D
sites.

7.1.4. Limitation of the aerosol modeling in the metal cutting process
The studies of modeling and predicting the generation and size

distribution of aerosols have been continued, but the limitations are still
clear. Furthermore, most aerosol researches have focused on atmo-
spheric aerosols, and there are relatively few studies on aerosols oc-
curring in the metal cutting process [88–96]. Since AMAD and chemical
components greatly affect the internal exposure of radioactive aerosols
[30,105], using predicted aerosol distributions with inaccurate mod-
eling can be a significant error.

The generation of the radioactive aerosol is critical for the FPF.
However, the studies on radioactive aerosols have insufficient under-
standing of the mechanism of aerosol generation. This is especially true
because the mechanism of aerosol generation in plasma arc cutting
processes is difficult to define through experiments. The aerosol gen-
eration occurs in short time with various environmental conditions
[68]. Hence, the aerosol generation model is necessary to understand
the various environments and material properties effect on aerosol
generation. Through the development of aerosol generation model
based on the important factors, D&D process could not only increase
safety but also decrease the cost and time. Furthermore, the fume of the
plasma arc welding process is well developed [68,69]. Therefore,
modeling of the plasma arc welding process could be the start point of
the aerosol generation model of plasma arc cutting.

7.2. Advances and outstanding techniques for radioactive aerosol analysis

7.2.1. Quantitative comparisons of aerosol distribution using MMAD and
FPF values

In this review paper, we identified the major factors affecting
aerosol generation by each cutting method. It is suggested to consider
the factors confirmed in this review for future radioactive aerosol ex-
periments. However, at present the knowledge base, there is a limit to
predicting actual aerosol distributions with these factors. The aerosol
distributions are difficult to predict, but MMAD and FPF which con-
firmed in this review could be used as a scaling factor.

Fig. 19 shows that mechanical cutting has a drastic change in
MMAD depending on the cutting environment and device selection. On
the other hand, thermal cutting methods such as plasma arc and laser
have a relatively small variation in each experiment and show a lower

Fig. 18. Distribution of specific activity of radioisotopes in the shroud, core
barrel, thermal pads, and vessel cladding of a reactor pressure vessel [113].
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MMAD value than the mechanical cutting method. When disk grinder is
used for stainless steel, the MMAD has the highest value in Fig. 19. The
lowest MMAD is observed in the case of laser cutting for the brass
sample, which is about 270 times smaller than the highest value. Fur-
ther experiments and analysis are needed, but the MMAD of various
cutting methods will be expected to follow a certain range of values
shown in Fig. 19.

As identified in Fig. 5(c), (d), and Fig. 16(c), the vapor pressure of
chemical element has a proportional relation with the FPF of the
aerosol, whether the aerosol is radioactive or not. As evidence in sup-
port of the assertion, FPF values of the aerosol generated by the plasma
arc cutting are fitted as a logarithmic function of the vapor pressure of
the element (Fig. 20). As shown in Fig. 20, the relationships between
FPF(y) and vapor pressure(x) are described in the equation in the form
of y= a + b ·log(x) above the graph and confirmed by the R-squared
values. The unknown FPF value of an element that has not yet been
tested can be predicted from the fitted equation.

In the present situation where there are insufficient information and
experimental data on radioactive aerosol generation, these scaling

factors (MMAD and FPF) could be utilized as a work procedure and
strategy for worker’s safety in the actual D&D process by predicting
radioactive aerosol properties

7.2.2. Requirement of high-resolution detector system for accurate internal
dose assessment

As mentioned in the previous Section 7.1.2., the high-resolution
performance of the cascade impactor has a significant impact on com-
paring the aerosol distribution. There are a variety of instruments
available for measuring an aerosol distribution, such as electrical
aerosol analyzer [114], cascade impactor [115,116], and electrical low-
pressure impactor (ELPI) [117,118]. The resolution and accuracy of the
distribution have a limitation depending on the technology and prin-
ciple of each instrument [119]. Among these devices, a cascade im-
pactor is widely used to sort aerosol particles according to aerodynamic
diameter size. Because aerodynamic diameter is a key property for
characterizing respiratory deposition, we should measure the aero-
dynamic size, not the physical size of the aerosol. However, a typical
cascade impactor has two significant drawbacks. One is that the long
sampling time should be required, and the other is only the particle in
the 0.3–10 μm range can be measured [117]. To improving these pro-
blems, the development and improvement of measurement equipment
have been continued [120–122]. The latest launched new ELPI which is
called high resolution ELPI+ (HR-ELPI+, Dekati Ltd), is a real-time
instrument that can analyses particles down to 6 nm size with the im-
proved resolution up to 500 stages. Therefore, the high-resolution
ELPI+ can be applied to the actual D&D worksite sufficiently both as a
real-time monitoring system and as more detailed analysis equipment
of the radioactive aerosol generated during cutting metal.

As mentioned in Section 6.2., the chemical analysis is also needed
because aerosol elements and chemical forms have a decisive effect on
internal exposures dose. Conventional chemical and radioactivity
measurements have been performed by analyzing the particles captured
by the cascade impactors using high-purity germanium (HPGe) detector
for gamma-ray spectrometry [88,93,123]. However, since this method
is possible aerosol capture, it takes a long time to analyze and there is a
disadvantage that an error is caused by the aerosol collection method.
In this regard, using Raman spectroscopy might be a better option for
real-time aerosol analysis. Raman spectroscopy is a well-known method
for molecular analysis with excellent spatial resolution in chemical and
biological research [124,125]. The Raman spectroscopy for single
aerosol collection has been reported previously [126,127]. Moreover,
the first detection of single flowing airborne particle flowing through
Raman spectroscopy has been reported by Aggarwal et al. [128]. The
analysis system using Raman spectroscopy has many possibilities as the
newest equipment capable of detecting radionuclides in real time.
Therefore, the combination of high resolution ELPI+ and Raman
spectroscopy will have a great advantage for internal dose assessment
by measuring the accurate characteristics of radioactive aerosol.

8. Conclusion

We analyzed the effects of cutting methods, various cutting mate-
rials, and cutting environments on the mass and radioactivity dis-
tributions of radioactive aerosols according to aerodynamic diameters.
We identified dominant factors could affect the mass and radioactivity
distribution of aerosols for different cutting methods by collecting and
analyzing the results from almost all published existing data.

Mechanical cutting methods show different mass aerodynamic dia-
meter distributions and aerosol generation depending on the types of
materials and the devices. When using disk grinder, selecting stainless
steel has a smaller FPF than mild steel. The amount of aerosol from the
reciprocating saw is 500 times smaller than that from the disk grinder.

When the plasma arc cutting is used, the mass aerodynamic dia-
meter distributions depend on the chemical composition of cutting
materials. The plasma arc cutting can reduce the aerosol generation by

Fig. 19. Distribution of MMAD values as calculated by the previous experi-
mental studies which were performed by the different cutting methods (disk
grinder, reciprocating saw, plasma arc, and laser) on the various metal samples
(stainless steel, mild steel, carbon steel, aluminum, and brass).

Fig. 20. Experimental correlation between the vapor pressure of chemical
elements and FPF of aerosol during plasma arc cutting. The fitting equations
with the R-squared values are calculated by using OriginPro program.
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about 20% that of disk grinder. The FPF of zinc is more than twice that
of copper in the brass sample. The mild steel has the lowest FPF, which
is 5 times lower than that of stainless steel.

The mass aerodynamic diameter distributions under laser cutting
methods are strongly influenced by the power of the laser and the
chemical composition of cutting materials. As the laser power increases,
the FPF does not change much, but the FPF below 0.1 μm decreases
from 0.96 to 0.62 at the brass sample. The increasing power of the laser
can produce larger sizes of aerosols by inducing the liquid droplet ex-
plosion.

The environmental conditions can greatly affect the amount of
aerosol. The number of aerosols is reduced by more than 80% in the
underwater cutting. As water depth increases, the reducing rate of
aerosol increases (decreased 99% at 7m depth). In conclusion, under-
water cutting method is an ideal way to minimize aerosol emissions by
up to 100 times.

The mass and radioactivity aerodynamic diameter distribution de-
pend on the chemical composition of cutting materials. The impact of
isotope on the aerosol distribution can be negligible. As the vapor
pressure of the elements increases, the FPF of aerosol increases in
proportion. For this reason, the data on vapor pressure of the elements
could be used to predict the radioactivity distribution of aerosol.
However, the type and composition of the metals used in NPPs are very
diverse and the radioactive environment is different. Therefore, pre-
dicting radioactive aerosol characteristics is very limited and should be
corrected through actual experimental data.

Through the analysis of previous researches, we suggested the fol-
lowing future challenges for further research on radioactive aerosol: (1)
Additional experimental study on the radioactive aerosol, (2)
Verification procedures for reproducibility of aerosol distribution data,
(3) A radioactive aerosol research considering the actual radioactive
elements related to the D&D process, (4) Improvements of the aerosol
generation model in metal cutting condition. The latest measurement
techniques such as high-resolution ELPI+ and Raman spectroscopy
could contribute greatly to analyzing radioactivity distribution of
aerosols more efficiently.

Summing up, the comparisons of the mass and radioactivity dis-
tribution by the different cutting method could help to predict the
characteristic of aerosol generation in the D&D process. We suggested
that using a plasma arc torch could be the best choice for managing
workers' internal exposure at the D&D sites. However, the worker will
be expected to cut the various type and thickness of metal in a small
workspace during the D&D. Therefore, we should consider all possible
cutting methods rather than specific methods.
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