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Abstract

Tungsten is considered the most promising plasma-facing material for fusion reactors with exceptional performance. Under
certain conditions, activated tungsten dust can be generated through plasma—wall interactions and released into the atmos-
phere. Activated tungsten migrates downward in the soil after atmospheric deposition. However, effective methods for
evaluating the environmental dose of gamma rays emitted by activated tungsten are still lacking. Consequently, a method for
evaluating the air-absorbed dose rate of activated tungsten dust was proposed considering soil attenuation. Key parameters
including the mass attenuation coefficient and energy absorption build-up factor were determined for the main gamma ray
energies of radionuclides within the activated tungsten dust. Additionally, air-absorbed dose rates were calculated by assum-
ing that radioactive sources were located at different soil depths and radii. It was found that a soil depth of 50 cm significantly
attenuated the environmental dose by 99.9%, whereas the air-absorbed dose rates within the horizontal distance of 500 cm
accounted for 91% of the total dose rate. Therefore, this study underscored the importance of soil attenuation in environmental
dose assessments, which must be carefully re-examined for the safety analysis of fusion reactors.
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1 Introduction

Tungsten is considered the most promising plasma-facing
material (PFM) for fusion reactors. Tungsten PFMs have
been adopted in several tokamaks such as JET, ASDEX-
Upgrade, WEST, and EAST [1-5]. It was confirmed that
tungsten PFMs could also be adopted in ITER, the most
ambitious energy project in the world today, with 500 MW

This work was supported by the National Natural Science
Foundation of China (No. 12375314).

< Bao-Jie Nie
niebaojie @sjtu.edu.cn

>4 De-Zhong Wang
dzwang @sjtu.edu.cn

Institute of Nuclear Fuel Cycle and Materials, School
of Mechanical Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China

Institute of Applied Physics and Computational Mathematics,
Beijing 100094, China

Graduate School of China Academy of Engineering Physics,
Beijing 100193, China

fusion power [6]. Deuterium (D) and tritium (T) are the
fuels used in fusion reactors. High-energy neutrons can
be produced during D-T nuclear reactions. The activation
of materials caused by neutrons is the main radioactive
source, in addition to tritium, for fusion reactions [7, 8].
Most of the activated materials do not pose an environ-
mental threat because almost all of the materials cannot be
mobilized, except for the typical activated tungsten dust [9,
10]. Experimental evidence in tokamaks has confirmed that
tungsten dust can be produced by plasma—wall interactions
(PWD) [11]. The accumulated quantity in a vacuum vessel
increases with operation time. To decrease the risk of severe
accidents such as dust and hydrogen explosions, safety limits
of 1000 kg activated tungsten dust and 1 kg tritium were set
for ITER [12]. Once the limit is reached, the activated tung-
sten dust should be removed and transferred to a hot cell for
temporary storage.

Despite the implementation of essential measures for
fusion reactors, the risk of the release of activated tung-
sten dust into the environment persists under two specific
conditions. According to previous studies, the particle size
distribution of tungsten dust generated in fusion devices
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ranges from approximately ten nanometers to several tens
of micrometers and follows a log-normal distribution [13,
14]. During the normal operation of fusion reactors, a high-
efficiency particulate air system (HEPA) is used to mitigate
the release of dust [15]. However, investigations have found
that the HEPA filter efficiency decreases for dust smaller
than 300 nm [16]. Therefore, activated tungsten dust parti-
cles smaller than 300 nm may pose safety concerns during
normal operations. In addition, potential releases can occur
under accidental conditions, particularly in beyond design-
basis accidents, such as damage to vacuum vessels and cry-
ostats, as well as wet bypasses, as identified by ITER, EU-
DEMO, and PPCS [17-19]. In these accidents, the radiation
dose caused by the activated tungsten dust was calculated to
be larger than that caused by tritium.

Following its release into the environment, activated
tungsten dust can be deposited on the soil surface by turbu-
lent mixing and gravitational deposition [20, 21]. In soil,
tungsten undergoes a cascade of migration and transforma-
tion processes that remain largely unexplored [22—24]. For
radiation dose assessment, the external radiation dose due
to ground shine must be considered. As dust migrates into
deeper soil through chemical transformations and physi-
cal transportation processes, gamma rays are attenuated
because of the shielding effect of the soil layer [25, 26].
Although many previous studies have evaluated the radia-
tion shielding characteristics of various new materials [27,
28], the soil attenuation characteristics of gamma radiation
from activated tungsten dust have not yet been reported.
To accurately assess the air-absorbed dose rates of the
deposited activated tungsten dust at various soil depths,

Table 1 Composition of radionuclides for activated tungsten dust

this study investigated the attenuation characteristics of
gamma rays emitted from activated tungsten dust using the
open-source Monte Carlo program Geant4. Verification
with NIST-XCOM was performed to ensure the accuracy
and reliability of the model developed using Geant4. The
mass attenuation factor was obtained for gamma rays emit-
ted from the activated tungsten dust at various energies.
Furthermore, the energy absorption build-up values were
predicted by considering secondary scattering photons.
The impact of the air-absorbed dose rates was estimated
under various conditions at different soil depths and hori-
zontal distances. The predicted results enhance the accu-
racy of radiation dose assessments related to environmen-
tal release of activated tungsten dust. This methodology
can be extrapolated to calculate the surface sedimentary
external radiation of other radionuclides.

2 Materials and methods
2.1 Radioactivity of activated tungsten dust

Referring to the activation characteristics predicted for the
ITER, the composition of the radionuclides and their physi-
cal characteristics are listed in Table 1 [29]. '¥”W contributes
most to the total radioactivity, followed by W and '$!w.
The highest specific radioactivity is observed for 10!! Bq/g.
The minimum and maximum energies of the gamma rays
are 55.8 keV, emitted from '7°Ta, and 1332.5keV, emitted
from ®Co.

Radionuclides Specific activity Half-life Main energy Intensity MAC_soil
((Bg/g) att = 05) (keV) (%) (cm?/g)
187y 1.04 x 10" 24 h 479.5, 685.8 26.60, 33.20 0.088, 0.076
185y 3.72 x 1010 75d 125.3 0.02 0.149
18lyy 1.43 x 1010 121d 57.5 32.00 0.307
186Re 1.97 x 10° 89 h 137.2 9.47 0.142
188Re 1.19 x 10° 17h 155.0 15.49 0.134
18219 1.67 x 108 115d 1121.3,1221.4 35.24,27.23 0.060, 0.057
18619 6.40 x 107 10 m 510.6, 615.3,737.5 37.00, 28.00, 29.00 0.086, 0.080, 0.074
1837y 6.40 x 107 5d 59.3,246.1, 354.0 42.10, 27.20, 11.60 0.301, 0.113, 0.099
184Ta 433 % 107 9h 414.0,920.9 72.00, 32.00 0.094, 0.066
179Tq 2.74 x 107 2y 55.8 21.80 0.313
184Re 1.99 x 107 35d 792.1,903.3 27.70, 38.10 0.071,0.067
10mA o 3.72x 103 250d 657.8 95.61 0.077
3Co 1.14 x 10° 71d 810.8 99.50 0.070
%cCo 1.27 x 10° 1925d 1173.2,1332.5 99.85,99.98 0.059, 0.055
*Mn 2.57 x 10° 312d 834.9 99.98 0.070
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2.2 Theoretical basis

The narrow-beam attenuation law is a fundamental principle
that describes the decrease in photons while maintaining con-
stant energy and passing through materials. The narrow-beam
attenuation law is described by Eq. 1 [30]. The mass attenua-
tion coefficient (MAC) depends on the energy of the gamma
rays and material properties [31]. Mean free path (MFP)
shown in Eq. 2 represents the average distance that a photon
travels within a material before a collision occurs.

N =Nye ™ = Nye (1)

1

MFP P )
where N, and N denote the number of photons before and
after passing through the material layer, respectively, u is the
line attenuation coefficient (cm™!), d is the thickness of the
material layer (cm), u,, is the mass attenuation coefficient
(cm?/g), and p is the density of the material (g/cm?).

Secondary scattered photons should not be ignored when
calculating photon attenuation effects in materials such as con-
crete [32], rock [33], and polyester resins [34]. To evaluate
the contribution of secondary scattered photons, a broad-beam
attenuation law was established by introducing a build-up fac-
tor, which is the ratio of the total photon flux to the non-col-
liding photon flux based on the mass attenuation factor. The
broad-beam attenuation law is described in Eq. 3.

N =B-Nye " 3)

where B is the build-up factor. The type of build-up factor
depends on the quantity of interest, including the exposure
build-up factor (EBF) and energy absorption build-up factor
(EABF). The EABF described in Eq. 4 represents the ratio
of the total radiation exposure of the total photon flux in air
to the non-colliding photon flux [35].

E .
EABF = 2 P, B) X B X 4" (E) AE “)
= (l')” % E() % /”Zir(EO)

where ¢, (r, E) is the total number of photons emitted from
the shield (cm™2), E is the energy of photon passing through
soil (keV), u;‘ir(E) is the mass-energy absorption coefficient
of air for photons with energy E (cm?/g), ¢ . 1s the number
of photons with unchanged photon energy after emission
from the shield (cm~2), and E,, is the energy of the emitted
photon (keV).
The air-absorbed dose rate was calculated using Eq. 5.

D=¢-u-E 5)

where ¢ denotes the injection rate (cm™/s).

2.3 Monte Carlo simulation for gamma photon
emitted from different soil depth

Invariant embedding, G-P fitting, and Monte Carlo methods
have traditionally been used to calculate the EABF [36-38].
The Monte Carlo method offers distinct advantages owing
to its ability to comprehensively account for various effects,
such as bremsstrahlung radiation, Compton scattering, and
X-ray fluorescence [35]. This capability stems from continu-
ous updates and enhancements in the latest versions, includ-
ing expanded libraries containing particle cross sections and
detailed models of the physical processes governing parti-
cle transport within the medium. In this study, we calcu-
lated gamma photon transport in the soil medium using the
Monte Carlo simulation program Geant4-v11.1.2. Geant4
is an open-source tool based on the Monte Carlo method
that is used to simulate the transport of particles through
different materials. This tool is widely used in high-energy
physics calculations, nuclear physics simulations, accelera-
tor physics modeling, and the prediction of the effects of
nuclear medicine. The spherical soil model illustrated in
Fig. 1 was developed to evaluate the relationship between
the MAC, MFP, EABF, and soil thickness. In this model, the
soil sphere surrounds an isotropic photon source. We created
our own physics list, including electromagnetic and hadronic
interactions as well as decays. A detailed physical treatment
of the photon interactions was performed, including the pho-
toelectric effect, Compton scattering, and pair production.
The generation of electrons from photons was also consid-
ered. The GEANT4 class G4RadioactiveDecayPhysics was

g Soil

Fig.1 (Color online) Schematic of the point-isotropic gamma source
with a spherical soil shield
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included to account for the decay of radionuclide particles.
The particle source was an isotropic radioactive source,
and the number of events was greater than 108. The photons
were collected on the surface of the soil sphere after passing
through spherical soil of a certain thickness.

The primary energy of radionuclides in activated tungsten
dust ranges from 55.8 to 1332.5keV. Therefore, the pho-
ton energy was chosen in the following ranges: from 50 to
700keV, from 700 to 1200 keV, and from 1200 to 2000keV,
with an interval of 50keV, 100keV, 200keV, respectively.
In this study, the mass attenuation coefficients of various
photon energies were determined using the XCOM and
Geant4 programs, and the statistical errors of all simulations
were set to within 1%. The calculation results of the two
programs were compared to verify the accuracy of Geant4
program. The MFP values of the soil samples were derived
from the mass attenuation coefficients. Finally, 1 MFP, 3
MFP, 5 MFP, 7 MFP, and 10 MFP were selected as the soil
thicknesses, and the energy spectra after passing through the
soil samples were collected to study the effects of secondary
photon scattering on the attenuation performance of the soil.

Once the soil attenuation law was obtained, a realistic
flat soil model was established, as shown in Fig. 2 by build-
ing a 3D cylindrical model with a depth of 50 cm and a
radius of 500 cm. A model with a radius of 1500 cm was
built to discuss the dose contributions of areas with different
radii. A unit quality-activated tungsten source of 1 g/cm?
was defined to perform the dose assessment. A sphere with
a radius of 15 cm was set 100 cm above the soil surface to
collect photons and calculate air-absorbed dose rates [39].
The sphere was made of GEANT4 material G4_AIR with
a density of 1.20479 mg/cm?. It consisted of 0.01% car-
bon, 75.53% nitrogen, 23.18% oxygen, and 1.28% argon.
Isotropic particle point sources were positioned at various
radii and depths, and photons were collected in the sphere

r=15cm @ Air absorbed dose rate

H=100cm

\{ _Radius
(")

Soil ﬁ ﬁ
Gamma source

(Activated tungsten dust)

Fig.2 (Color online) Model for studying the soil attenuation effects
when assuming activated tungsten source located in different depth
and radius

@ Springer

using the same method. We calculated the air-absorbed dose
rates of the point sources at different radii and depths and
subsequently obtained the air-absorbed dose rates from the
planar source by integrating these point sources. Sensitiv-
ity analysis was performed by assuming that the activated
tungsten source was located at depths of 1 cm, 2 cm, 5 cm,
10 cm, 15 cm, 20 cm, 30 cm, 40 cm, and 50 cm, and at radii
of 0 cm, 50 cm, 100 cm, 200 cm, 300 cm, and 500 cm.

2.4 Soil sampling and composition

Eight soil samples with different compositions are listed in
Table 1. All soils were obtained from Shandong Province,
China [40]. Soil type is related to the Si content of the soil.
There were eight soil samples with decreasing Si content,
as presented in Table 2.

3 Results and discussion
3.1 Method verification

Theoretical MAC values are commonly obtained from radia-
tion shielding calculation programs, such as NIST-XCOM,
developed by the National Institute of Standards and Tech-
nology (NIST) in the USA [41]. To verify the reliability
of Geant4 model, it was compared with NIST-XCOM. The
photon energy spectra of the eight soil samples were col-
lected after traversing a 5 cm soil layer in the energy band
of 50 keV to 2 MeV. As shown in Fig. 3, the narrow-beam
attenuation results agreed well with the theoretical values
obtained from NIST-XCOM calculations. The deviation
between the simulation results obtained using Geant4 and
the theoretical values obtained using NIST-XCOM was less
than 1.8%, and the R-square (R?) was 0.9998, providing a
visual demonstration of the model correctness.

3.2 MAC and EABF of soil samples

The MAC values of the eight soil samples were obtained
using the Geant4 simulation program. Figure 4(a) shows
the average MAC values for the eight soil samples, with
error bars indicating the maximum and minimum values.
The MAC values for the photon energy in the high-energy
band were almost the same for the eight soil samples,
whereas they varied significantly in the low-energy band
(< 100 keV). For low photon energies ranging from 50 to
200 keV, the mean MAC values decreased rapidly with
increasing gamma energy, primarily because of the pre-
dominance of the absorbed photoelectric effect. The mean
MAC values ranged from 0.352 to 0.122 cm?/g between
50 and 200 keV, and from 0.122 to 0.044 cm?/gbetween
0.2 and 2 MeV. Soil 8 exhibited the highest variation in
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Table2 Chemical composition 00 nens Soill  Soil2  Soil3  Soil4  Soil5  Soil6  Soil7  Soil8
(wt%) of the collected soil
samples Si 0.3358 0.3247 0.3192 0.2834 0.2801 0.2745 0.2443 0.2401
Al 0.0610 0.0664 0.0681 0.0658 0.0688 0.0739 0.0725 0.0746
Fe 0.0244 0.0229 0.0288 0.0304 0.0328 0.0360 0.0391 0.0426
Ca 0.0082 0.0127 0.0116 0.0304 0.0311 0.0276 0.0504 0.0559
Mg 0.0053 0.0062 0.0071 0.0101 0.0106 0.0118 0.0126 0.0158
K 0.0188 0.0227 0.0185 0.0193 0.0180 0.0198 0.0202 0.0221
Na 0.0131 0.0162 0.0156 0.0127 0.0121 0.0110 0.0091 0.0084
C 0.0176 0.0170 0.0173 0.0297 0.0332 0.0357 0.0531 0.0424
Mn 0.0007 0.0005 0.0006 0.0005 0.0006 0.0006 0.0008 0.0008
N 0.0008 0.0008 0.0009 0.0011 0.0010 0.0011 0.0020 0.0016
P 0.0005 0.0006 0.0007 0.0011 0.0009 0.0008 0.0008 0.0011
S 0.0003 0.0002 0.0002 0.0003 0.0004 0.0003 0.0022 0.0004
Ti 0.0033 0.0029 0.0037 0.0037 0.0039 0.0041 0.0038 0.0038
(0] 0.5101 0.5063 0.5078 0.5115 0.5067 0.5028 0.4891 0.4905
Density (g/cm?) 1.54 1.39 1.43 1.48 1.46 1.41 1.37 1.41
0.40
0.40 -
R?=0.9998 —8—MAC
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Fig.3 (Color online) Comparison of MAC values calculated using 18
Geant4 and NIST-XCOM 16k b ‘
|
14 . E
MAC values, ranging from 0.382 to 0.122 cm?/g between Lzl e '
50 and 200 keV, and from 0.122 to 0.044 cm? /g between 7 e | )
0.2 and 2 MeV. This is because Soil 8 contained more i«m i .l..' ‘ N :z::;
nuclides with a high mass number, such as iron (Fe) and E 8 ..!! A Soil 3
calcium (Ca), than the other soils. Figure 4(b) shows that oL .,!!‘ : Zgﬁg
the MFP values of all soil samples increased gradually ’,g" Soil 6
with the photon energy. This indicates that the radiation r o gg::;
attenuation properties of the soil decreased with increasing 2 -‘
energy. The relative deviation of the MFP values among o , ) ) , ) ) . ) )
different soil samples was larger than that of the MAC 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Gamma ray energy (keV)

values, highlighting the importance of soil density in soil
attenuation. The higher the density, the more pronounced
the attenuation effect.

Fig.4 (Color online) Attenuation properties of photon energy emitted
from activated tungsten source in eight soil samples. a MAC and b
MFP
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To consider the contribution of the secondary scattered of 1 MFP, 3 MFP, 5 MFP, 7 MFP, and 10 MFP in the
photons, the EABF values were calculated, as shown in  energy band from 50 keV to 2 MeV.
Fig. 5, for the eight soil samples based on soil thicknesses
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Fig.5 (Color online) EABF of soil samples under different MFP and photon energies
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As shown in Fig. 5, the EABF values tended to increase
with the overall MFP. This is because the probability of
particle-matter collisions increases with increasing soil
thickness, leading to more secondary scattering of pho-
tons. In the low-energy band, the photoelectric absorption
effect causes the low-energy photons to be absorbed too
quickly for scattering, resulting in low EABF values. Peak
EABF values occur in the medium-energy band because
Compton scattering is the main source of secondary scat-
tering photons. It is worth noting that the gamma ray
energy corresponding to the EABF peak increased with
increasing MFP because lower-energy photons are rap-
idly absorbed during deep penetration. In the high-energy
band, pair production is another absorption process that
influences the build-up factor by reducing the high-energy
photon scattering within the soil sample. However, pair
production can also contribute to the newly generated
scattered photons through bremsstrahlung. Consequently,
the EABF values tended to stabilize at intermediate val-
ues. This phenomenon highlights the complex interaction
between the absorption and scattering mechanisms in soil
samples, ultimately resulting in the complex attenuation
characteristics of gamma rays passing through the soil.

Based on the EABF comparison of the various soil
samples, the EABF values at the same MFP gradually
decreased with decreasing Si content. However, this vari-
ation had only a small impact on the EABF. For instance,
the EABF value decreased by 12% for the different soil
samples with the lowest and highest Si content. However,
the EABF value at 10 MFP was approximately 50 times
higher than that at I MFP when the gamma ray energy was
300 keV. Therefore, the EABF values mainly depended on
the soil depth rather than the soil type.

The EABF values for typical radionuclides of activated
tungsten dust are listed in Table 3 based on the primary
energy and branching ratios shown in Table 1. Soil attenu-
ation characteristics vary for radionuclides in activated
tungsten dust. Evidently, "¥'W and '7°Ta had low EABF
values because of their primary energies of 57.5 keV and
55.8 keV, respectively, where the photoelectric absorption
effect predominated. In contrast, 18874, 180Ta and '%4Ta
had larger branching ratios in the middle-energy band,
where the percentage of Compton effects increased, lead-
ing to high EABF values. The EABF values of '#*Ta and
%0Co were intermediate because their primary energies
were concentrated in the high-energy band above 1000
keV, where pair production predominates. Among the
main contributing radionuclides [42], the EABF values of
187w, 181w, 182Ta, and ®°Co were 68.54, 14.39, 37.23, and
44.92 at 10 MFP. Therefore, scattered photons cannot be
ignored when evaluating the dose of migrating activated
tungsten dust in soil.

Table 3 EABF of main radionuclides in activated tungsten dust under
different MFPs

Radionuclides 1MFP 3MFP 5MFP 7MFP 10 MFP
187w 1.98 5.87 13.14 23.32 68.54
185y 1.85 4.85 9.38 15.11 40.00
181y 1.57 3.29 4.94 6.58 14.39
186Re 2.01 5.88 12.48 21.35 59.85
188Re 2.19 7.05 16.21 29.14 85.59
182Tp 1.84 4.70 9.14 14.52 37.23
186Ty 2.13 6.87 16.29 30.02 90.70
183Tq 1.87 5.19 10.89 18.86 54.51
184Ta 2.10 6.69 15.86 29.19 88.58
179Ta 1.55 3.20 4.70 6.15 13.18
184Re 1.90 5.21 10.91 18.34 50.20
HomA o 2.02 5.98 13.53 23.79 68.12
BCo 2.05 6.27 14.52 26.05 75.98
%cCo 1.92 5.10 10.51 17.17 4492
*Mn 2.02 5.98 13.54 23.75 67.26

3.3 Dose rate of planar radioactive sources

Under accidental conditions, activated tungsten dust can be
deposited on the soil surface and can migrate to deeper soil
layers after being released into the atmosphere. Therefore,
the air-absorbed dose rates of planar radioactive sources at
different soil depths and radii were investigated using the
model shown in Fig. 2, considering the effects of the second-
ary scattered photons.

For '87W, the air-absorbed dose rate shown in Fig. 6(a)
rapidly decreased with soil depth and radius. For the source
directly below the collection region (radius of 0 cm), the
air-absorbed dose rates decreased by two or three orders of
magnitude when '¥’W migrated from the soil surface to 50
cm. However, the air-absorbed dose rates decreased by five
orders of magnitude when '’W was located at a radius of
500 cm.

To determine the proper calculation region, air-absorbed
dose rate fractions with different radii were evaluated, as
shown in Fig. 6(b). The results indicate that the air-absorbed
dose rates within radii of 100 cm and 500 cm contributed
50% and 91% of the dose rate within a radius of 1500 cm,
respectively. Thus, the main external radiation dose rate was
derived from the near zone. Therefore, it is unnecessary to
build an endless model to assess the external radiation dose
rate at a high computational cost.

The air-absorbed dose rates were evaluated by consid-
ering all radionuclides in grams of activated tungsten dust
when the radioactive source was located at different soil
depths. As shown in Fig. 7, the dose rate of the activated
tungsten dust decreased significantly with soil depth owing
to soil attenuation. Compared with 187W, the activated
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Fig.6 (Color online) Air-absorbed dose rate for the '’W in the soil.
a Dose rate when the radioactive source was located at different
depths and radii and b dose rate contributions at various radii

tungsten dust, including 15 radionuclides, had a strong soil
attenuation performance when assuming that '*’W had the
same specific activity as the activated tungsten dust. The
reasons for this are as follows. First, the principal gamma
ray energy emitted from typical radionuclides such as '*>W,
18lyy 186Re 188Re and '"°Ta, in activated tungsten dust is
lower than that in '8’W, resulting in a weak penetration abil-
ity in soil and low air-absorbed dose rates. Second, the spe-
cific activity of the radionuclides excluding '8’W contributes
considerably to the activated tungsten dust.

For the activated tungsten dust, the air-absorbed dose
rate decreased by 10% and 99.9% when the dust migrated
to soil depths of 1 cm and 50 cm, respectively. Considering
the previous investigations on the high oxidative dissolution
and fast migration rates of tungsten in soil, it is crucial to
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consider the attenuation factor of gamma rays emitted from
activated tungsten dust in the soil, contributing to an accu-
rate environmental dose assessment of activated tungsten
dust released from fusion reactors [43, 44].

4 Conclusion

Tungsten-based materials are increasingly used in various
tokamak devices and are considered the most promising
plasma-facing materials. Radiation-dose assessment is a
critical issue associated with the release of activated tung-
sten dust. Considering the high dissolution and rapid migra-
tion rates of tungsten in soil reported in previous studies, the
soil attenuation characteristics of gamma rays emitted from
activated tungsten dust were investigated. The main findings
of this study are as follows. 1) The attenuation performances
of eight soil samples with different elemental compositions
were nearly identical. 2) Key parameters such as MAC and
EABF were determined for the emerging activated tungsten
dust for the first time. The mean MAC values of the eight
soil samples ranged from 0.352 to 0.122 cm? /g between 50
and 200 keV, and from 0.122 to 0.044 cm?/g between 0.2
and 2 MeV. The MAC values of '¥W, with the main energies
at479.5 and 685.8 keV, were 0.088 cm? /g and 0.076 cm? /g,
respectively. Among the main contributing radionuclides,
the EABF values of '87W, 181w, 182Ta and ®Co were 68.54,
14.39, 37.23, and 44.92 at the 10 MFP, respectively. 3) The
air-absorbed dose rates decreased significantly as the acti-
vated tungsten migrated deeper into the soil. For instance,
the dose rate decreased by 10% and 99.9% when the dust
migrated to depths of 1 cm and 50 cm, respectively. 4) The
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air-absorbed dose rate was mainly influenced by nearby
zones. For instance, the dose rates within radii of 100 cm
and 500 cm contributed 50% and 91% of the dose rate within
a radius of 1500 cm, respectively. Therefore, for realistic
site assessments, the external dose rate should be assessed
based on the vertical distribution characteristics of activated
tungsten in the soil.
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