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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 atmosphere. Activated tungsten migrates downward in the soil after
atmospheric deposition. However, effective methods for evaluating the envi-
ronmental 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 in-
cluding the mass attenuation coefficient and energy absorption build-up factor
were determined for the main gamma ray energies of radionuclides within the ac-
tivated tungsten dust. Additionally, air-absorbed dose rates were calculated by
assuming that radioactive sources were located at different soil depths and radii.
It was found that a soil depth of 50 cm significantly attenuated the environmen-
tal 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 as-
sessments, which must be carefully re-examined for the safety analysis of fusion
reactors.
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Tungsten is considered the most promising plasma-facing material for fusion re-
actors due to its exceptional performance. Under certain conditions, activated
tungsten dust can be generated through plasma-wall interactions and released
into the atmosphere. Following atmospheric deposition, activated tungsten mi-
grates downward in the soil. However, effective methods for evaluating the en-
vironmental dose of gamma rays emitted by activated tungsten are still lacking.
Consequently, this study proposes a method for evaluating the air-absorbed
dose rate of activated tungsten dust that accounts for soil attenuation. Key
parameters including the mass attenuation coefficient and energy absorption
build-up factor were determined for the main gamma ray energies of radionu-
clides within the activated tungsten dust. Additionally, air-absorbed dose rates
were calculated by assuming that radioactive sources were located at different
soil depths and radii. The results demonstrate that a soil depth of 50 cm signif-
icantly attenuates the environmental dose by 99.9%, whereas the air-absorbed
dose rates within a horizontal distance of 500 cm account for 91% of the total
dose rate. Therefore, this study underscores the importance of soil attenuation
in environmental dose assessments, which must be carefully re-examined for the
safety analysis of fusion reactors.

Keywords: Fusion reactor, activated tungsten dust, soil attenuation, air ab-
sorbed dose rates, Monte Carlo method

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 has been confirmed
that tungsten PFMs could also be adopted in ITER, the most ambitious energy
project in the world today, with 500 MW 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 reac-
tions [7, 8]. Most of the activated materials do not pose an environmental threat
because almost all of the materials cannot be mobilized, except for typical acti-
vated tungsten dust [9, 10]. Experimental evidence in tokamaks has confirmed
that tungsten dust can be produced by plasma wall interactions (PWI) [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
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ITER [12]. Once the limit is reached, the activated tungsten 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 tungsten dust into the environment persists under
two specific conditions. According to previous studies, the particle size distri-
bution of tungsten dust generated in fusion devices ranges from approximately
ten nanometers to several tens of micrometers and follows a log-normal distri-
bution [13, 14]. During normal operation of fusion reactors, a high-efficiency
particulate air system (HEPA) is used to mitigate the release of dust [15]. How-
ever, investigations have found that the HEPA filter efficiency decreases for dust
smaller than 300 nm [16]. Therefore, activated tungsten dust particles 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 cryostats, 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 de-
posited on the soil surface by turbulent mixing and gravitational deposition [20,
21]. In soil, tungsten undergoes a cascade of migration and transformation pro-
cesses 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 physical trans-
portation processes, gamma rays are attenuated because of the shielding effect
of the soil layer [25, 26]. Although many previous studies have evaluated the
radiation shielding characteristics of various new materials [27, 28], the soil at-
tenuation 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, 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 emitted 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 horizontal distances. The
predicted results enhance the accuracy of radiation dose assessments related
to environmental release of activated tungsten dust. This methodology can be
extrapolated to calculate the surface sedimentary external radiation of other
radionuclides.
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II. MATERIALS AND METHODS
A. Radioactivity of Activated Tungsten Dust

Referring to the activation characteristics predicted for ITER, the composition
of the radionuclides and their physical characteristics are listed in Table 1 [29].
187W contributes most to the total radioactivity, followed by 185W and 181W.
The highest specific radioactivity is observed for 1011 Bq/g. The minimum and
maximum energies of the gamma rays are 55.8 keV, emitted from 179Ta, and
1332.5 keV, emitted from 60Co.

B. Theoretical Basis

The narrow-beam attenuation law is a fundamental principle that describes the
decrease in photons while maintaining constant energy and passing through
materials. The narrow-beam attenuation law is described by Eq. 1 [30]. The
mass attenuation 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 = 𝑁−𝜇𝑑
0𝑒 = 𝑁−𝜇𝑚𝑑𝜌

0𝑒

where 𝑁0 and 𝑁 denote the number of photons before and after passing through
the material layer, respectively, 𝜇 is the line attenuation coefficient (cm−1), 𝑑 is
the thickness of the material layer (cm), 𝜇𝑚 is the mass attenuation coefficient
(cm2/g), and 𝜌 is the density of the material (g/cm3).

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

𝑁 = 𝐵 ⋅ 𝑁−𝜇𝑑
0𝑒

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].

𝐸𝐴𝐵𝐹 =
∫𝐸0
0 𝜙𝑡𝑜𝑡(𝑟, 𝐸) × 𝐸 × 𝜇𝑎

𝑎𝑖𝑟(𝐸)
𝜙𝜇 × 𝐸0 × 𝜇𝑎

𝑎𝑖𝑟(𝐸0) 𝑑𝐸
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where 𝜙𝑡𝑜𝑡(𝑟, 𝐸) is the total number of photons emitted from the shield (cm−2),
𝐸 is the energy of photon passing through soil (keV), 𝜇𝑎

𝑎𝑖𝑟(𝐸) is the mass-energy
absorption coefficient of air for photons with energy 𝐸 (cm2/g), 𝜙𝜇 is the number
of photons with unchanged photon energy after emission from the shield (cm−2),
and 𝐸0 is the energy of the emitted photon (keV).

The air-absorbed dose rate was calculated using Eq. 5.

𝐷 = 𝜙 ⋅ 𝜇𝑎𝑖𝑟

where 𝜙 denotes the injection rate (cm−3/s).

C. Monte Carlo Simulation for Gamma Photon Emitted from Differ-
ent Soil Depth

Invariant embedding, G-P fitting, and Monte Carlo methods have tradition-
ally been used to calculate the EABF [36–38]. The Monte Carlo method offers
distinct advantages owing to its ability to comprehensively account for vari-
ous effects, such as bremsstrahlung radiation, Compton scattering, and X-ray
fluorescence [35]. This capability stems from continuous updates and enhance-
ments in the latest versions, including expanded libraries containing particle
cross-sections and detailed models of the physical processes governing parti-
cle transport within the medium. In this study, we calculated 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 simula-
tions, accelerator physics modeling, and the prediction of the effects of nuclear
medicine.

The spherical soil model illustrated in Fig. 1 [Figure 1: see original paper] 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 interac-
tions as well as decays. A detailed physical treatment of the photon interactions
was performed, including the photoelectric effect, Compton scattering, and pair
production. The generation of electrons from photons was also considered. The
GEANT4 class G4RadioactiveDecayPhysics was included to account for the de-
cay of radionuclide particles. The particle source was an isotropic radioactive
source, and the number of events was greater than 108. The photons were col-
lected 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
keV to 1332.5 keV. Therefore, the photon energy was chosen in the following
ranges: 50 keV to 700 keV, from 700 keV to 1200 keV, and from 1200 keV to
2000 keV, with an interval of 50 keV, 100 keV, and 200 keV, respectively. In
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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 pro-
grams were compared to verify the accuracy of the 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 es-
tablished, as shown in Fig. 2 [Figure 2: see original paper] by building 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/cm2 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 den-
sity of 1.20479 mg/cm3. It consisted of 0.01% carbon, 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 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. Sensitivity anal-
ysis 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.

D. 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 .

III. RESULTS AND DISCUSSION
A. Method Verification

Theoretical MAC values are commonly obtained from radiation shielding calcu-
lation programs, such as NIST-XCOM, developed by the National Institute of
Standards and Technology (NIST) in the United States [41]. To verify the reli-
ability of the Geant4 model, it was compared with NIST-XCOM. The photon
energy spectra of the eight soil samples were collected after traversing a 5 cm
soil layer in the energy band of 50 keV to 2 MeV. As shown in Fig. 3 [Figure 3:
see original paper], the narrow-beam attenuation results agreed well with the
theoretical values obtained from NIST-XCOM calculations. The deviation be-
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tween the simulation results obtained using Geant4 and the theoretical values
obtained using NIST-XCOM was less than 1.8%, and the R-square (R2) was
0.9998, providing a visual demonstration of the model correctness.

B. MAC and EABF of Soil Samples

The MAC values of the eight soil samples were obtained using the Geant4 sim-
ulation program. Figure 4 Figure 4: see original paper 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 sig-
nificantly in the low-energy band (<100 keV). For low photon energies ranging
from 50 keV to 200 keV, the mean MAC values decreased rapidly with increasing
gamma energy, primarily because of the predominance of the absorbed photo-
electric effect. The mean MAC values ranged from 0.352 cm2/g to 0.122 cm2/g
between 50 keV and 200 keV, and from 0.122 cm2/g to 0.044 cm2/g between 0.2
MeV and 2 MeV. Soil 8 exhibited the highest variation in MAC values, ranging
from 0.382 cm2/g to 0.122 cm2/g between 50 keV and 200 keV, and from 0.122
cm2/g to 0.044 cm2/g between 0.2 MeV and 2 MeV. This is because Soil 8 con-
tained more nuclides with a high mass number, such as iron (Fe) and calcium
(Ca), than the other soils.

Figure 4(b) shows that the MFP values of all soil samples increased gradually
with the photon energy. This indicates that the radiation attenuation properties
of the soil decreased with increasing energy. The relative deviation of the MFP
values among different soil samples was larger than that of the MAC values,
highlighting the importance of soil density in soil attenuation. The higher the
density, the more pronounced the attenuation effect.

To consider the contribution of the secondary scattered photons, the EABF val-
ues were calculated, as shown in Fig. 5 [Figure 5: see original paper], for the
eight soil samples based on soil thicknesses of 1 MFP, 3 MFP, 5 MFP, 7 MFP,
and 10 MFP in the energy band from 50 keV to 2 MeV. 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 photons. 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 oc-
cur in the medium-energy band because Compton scattering is the main source
of secondary-scattering photons. It is worth noting that the gamma ray en-
ergy corresponding to the EABF peak increased with increasing MFP because
lower-energy photons are rapidly 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 gen-
erated scattered photons through bremsstrahlung. Consequently, the EABF
values tended to stabilize at intermediate values. This phenomenon highlights
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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 variation 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 1 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 attenuation characteristics vary for radionuclides in activated tungsten
dust. Evidently, 181W and 179Ta had low EABF values because of their pri-
mary energies of 57.5 keV and 55.8 keV, respectively, where the photoelectric
absorption effect predominated. In contrast, 188Ta, 186Ta, and 184Ta had larger
branching ratios in the middle-energy band, where the percentage of Compton
effects increased, leading to high EABF values. The EABF values of 182Ta and
60Co 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 60Co 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.

C. 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 secondary scattered photons.

For 187W, the air-absorbed dose rate shown in Fig. 6 Figure 6: see original paper
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 187W migrated from the soil surface to 50 cm.
However, the air-absorbed dose rates decreased by five orders of magnitude when
187W 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.
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The air-absorbed dose rates were evaluated by considering all radionuclides in
grams of activated tungsten dust when the radioactive source was located at
different soil depths. As shown in Fig. 7 [Figure 7: see original paper], the dose
rate of the activated tungsten dust decreased significantly with soil depth owing
to soil attenuation. Compared with 187W, the activated tungsten dust including
15 radionuclides had a strong soil attenuation performance when assuming that
187W 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 185W, 181W, 186Re, 188Re, and 179Ta in activated
tungsten dust is lower than that in 187W, resulting in a weak penetration ability
in soil and low air-absorbed dose rates. Second, the specific activity of the
radionuclides excluding 187W contributes considerably to the total radioactivity
of 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 consider the attenuation factor
of gamma rays emitted from activated tungsten dust in the soil, contributing to
an accurate environmental dose assessment of activated tungsten dust released
from fusion reactors [43, 44].

IV. CONCLUSIONS
Tungsten-based materials are increasingly used in various tokamak devices and
are considered the most promising plasma-facing materials. Radiation-dose as-
sessment is a critical issue associated with the release of activated tungsten dust.
Considering the high dissolution and rapid migration 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 cm2/g to 0.122 cm2/g between 50 keV and 200 keV, and from 0.122
cm2/g to 0.044 cm2/g between 0.2 MeV and 2 MeV. The MAC values of 187W,
with the main energies at 479.5 keV and 685.8 keV, were 0.088 cm2/g and 0.076
cm2/g, respectively. Among the main contributing radionuclides, the EABF
values of 187W, 181W, 182Ta, and 60Co 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 activated 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 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, respec-
tively. Therefore, for realistic site assessments, the external dose rate should be
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assessed based on the vertical distribution characteristics of activated tungsten
in the soil.

REFERENCES
[1] R.G. Abernethy, Predicting fusion environment: A literature view. Mater.
Technol. (2017). https://doi.org/10.1080/02670836.2016.1185260
[2] J. Mlynar, M. Imrisek et al., Soft X-ray tomographic reconstruc-
tion of JET ILW plasmas with tungsten impurity and different spec-
tral response of detectors. Fusion Eng. Des. 96, 869–872 (2015).
http://dx.doi.org/10.1016/j.fusengdes.2015.04.055
[3] N. Jaksic, H. Greuner, A. Herrmann, FEM investigation and thermo-
mechanic tests of the new solid tungsten divertor tile for ASDEX Upgrade. Fu-
sion Eng. Des. 88, 1789–1792 (2013). http://dx.doi.org/10.1016/j.fusengdes.2013.04.048
[4] M. Missirlian, J. Bucalossi, Y. Corre et al., The WEST project: Current
status of the ITER-like tungsten divertor. Fusion Eng. Des. 89, 1048–1053
(2014). http://dx.doi.org/10.1016/j.fusengdes.2014.01.050
[5] Z. Xu, Z.W. Wu, L. Zhang et al., Tungsten control in type-I ELMy H-mode
plasmas on EAST. Nucl. Sci. Tech. 32, 95 (2021). https://doi.org/10.1007/s41365-
021-00929-4
[6] A.O. Kovalev, R.N. Rodionov, D.V. Portnov et al., Analysis of Radiation
Conditions of DNFM ITER Diagnostic Tool. Phys. Atom. Nuclei. 85, 1271–
1277 (2022). http://dx.doi.org/10.1134/S106377882207016X
[7] Q.Y. Huang, S.L. Zheng, Y.X. Chen et al., Activation analysis of structural
materials irradiated by fusion and fission neutrons. J. Nucl. Mater. 307, 1031–
1036 (2002). http://dx.doi.org/10.1016/S0022-3115(02)01306-5
[8] Y. Wu, Z. Chen, L. Hu et al., Identification of safety gaps for fusion demon-
stration reactors. Nat. Energy 1, 16154 (2016). https://doi.org/10.1038/nenergy.2016.154
[9] N. Taylor, B. Merrill, L. Cadwallader et al., Materials-related issues in the
safety and licensing of nuclear fusion facilities. Nucl. Fusion 57, 092003 (2017).
https://doi.org/10.1088/1741-4326/57/9/092003
[10] X.Z. Yu, Z.H. Zhang, X.Q. Yan et al., Explosion characteristics and
combustion mechanism of hydrogen/tungsten dust hybrid mixtures. Fuel 332,
126017 (2023). https://doi.org/10.1016/j.fuel.2022.126017
[11] Z. Liu, R. Ding, X.Q. Xu et al., Modeling of small tungsten dust grains in
EAST tokamak using the NDS-BOUT++. Phys. Plasmas 28, 122503 (2021).
https://doi.org/10.1063/5.0076098
[12] N. Taylor, P. Cortes, Lessons learnt from ITER safety & licensing
for DEMO and future nuclear fusion facilities. Fusion Eng. Des. (2014).
http://dx.doi.org/10.1016/j.fusengdes.2013.12.030
[13] Y.X. Wang, B.J. Nie, S.L. Zheng et al., Emerging activated tungsten dust:
Source, environmental behaviors, and health effects. Environ. Int. 188, 108774
(2024). https://doi.org/10.1016/j.envint.2024.108774
[14] Q.M. Lu, Z. Wang, S.C. Zhang et al., Dust explosion in fusion reactors: Ex-
plosion characteristics and reaction mechanism of tungsten micro-powder. Com-
bust. Flame 248, 112551 (2023). http://dx.doi.org/10.1016/j.combustflame.2022.112551

chinarxiv.org/items/chinaxiv-202504.00045 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00045


[15] S.L. Alderman, M.S. Parsons, K.U. Hogancamp et al., Evaluation of the
Effect of Media Velocity on Filter Efficiency and Most Penetrating Particle Size
of Nuclear Grade High-Efficiency Particulate Air (HEPA) Filters. J. Occup.
Environ. Hyg. (2008). http://dx.doi.org/10.1080/15459620802383934
[16] H.K. Ku, H. Boo, G.D. Song et al., Performance assessment of HEPA
filter aerosol efficiency against radioactive particles to reduce internal exposure
and nuclear decommissioning. Nucl. Eng. Technol. 55, 1830–1837 (2023).
http://dx.doi.org/10.1016/j.net.2023.01.016
[17] S.Q. Chen, D.C Ge, Z. Wang et al., Preliminary Comparison of Wet By-
pass Accident Consequences Between ITER and a Helium-Cooled Power Plant.
Fusion Sci. Technol. (2018). https://doi.org/10.1080/15361055.2018.1461966
[18] N. Taylor, S. Ciattaglia, D. Coombs et al., Safety and environment studies
for a European DEMO design concept. Fusion Eng. Des. 146, 111–114 (2019).
https://doi.org/10.1016/j.fusengdes.2018.11.049
[19] W.E. Han, Consequence calculations for PPCS bounding accidents. Fusion
Eng. Des. 79, 1205–1209 (2005). https://doi.org/10.1016/j.fusengdes.2005.08.003
[20] B.J. Nie, M.Y. Ni, C. Lian et al., Preliminary analysis of tritium release
from CFETR gaseous effluent. Fusion Eng. Des. 91, 25–29 (2015).
https://doi.org/10.1016/j.fusengdes.2014.12.007
[21] Y.X. Wang, B.J. Nie, D.Y. Chen et al., Predictive atmospheric dispersion
and deposition characteristics of activated tungsten dust. Fusion Eng. Des.
198, 114097 (2024). http://dx.doi.org/10.1016/j.fusengdes.2023.114097
[22] H.H. Du, Y. Li, D. Wan et al., Tungsten distribution and vertical migration
in soils near a typical abandoned tungsten smelter. J. Hazard. Mater. 429,
128292 (2022). http://dx.doi.org/10.1016/j.jhazmat.2022.128292
[23] S. Bolan, H. Wijesekara, A. Ireshika et al., Tungsten contamination,
behavior and remediation in complex environmental settings. Environ. Int.
181, 108276 (2023). http://dx.doi.org/10.1016/j.envint.2023.108276
[24] H.Y. Song, Y.W. Cao, Z.Y. Miao et al., Characterization of tungsten dis-
tribution in tungsten-rich slag and sediment via leaching experiments. Environ.
Earth Sci. 82, 52 (2023). http://dx.doi.org/10.1007/s12665-022-10727-9
[25] D. Satoh, K. Kojima, A. Oizumi et al., Development of a calculation
system for the estimation of decontamination effects. J. Nucl. Sci. Technol.
51, 656–670 (2014). http://dx.doi.org/10.1080/00223131.2014.886534
[26] F.C. Hila, A.M.V. Javier-Hila, M.I. Sayyed et al., Evaluation of photon
radiation attenuation and buildup factors for energy absorption and exposure
in some soils using EPICS2017 library. Nucl. Eng. Technol. 53, 3808–3815
(2021). http://dx.doi.org/10.1016/j.net.2021.05.030
[27] M.I. Sayyed, M.H.A. Mhareb, K.M. Kaky, Characterization of mechanical
and radiation shielding features of borosilicate glasses doped with MoO3.
Silicon 16, 1955–1965 (2024). https://doi.org/10.1007/s12633-023-02801-z
[28] M.I. Sayyed, K.A. Mahmoud, Faras Q. Mohammed et al., A compre-
hensive evaluation of Mg-Ni based alloys radiation shielding features for
nuclear protection applications. Nucl. Eng. Technol. 56, 1830–1835 (2024).
https://doi.org/10.1016/j.net.2023.12.040
[29] NNDC Databases, NuDat https://www.nndc.bnl.gov/nudat3/;2024 [Ac-

chinarxiv.org/items/chinaxiv-202504.00045 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00045


cessed July 8, 2024]
[30] A. Khan, A.A. Alhareth, S. Mobark et al., Experimental and theoretical in-
vestigations of 𝛾-rays shielding performance from samples in Jazan region. Ann.
Nucl. Energy 183, 109676 (2023). http://dx.doi.org/10.1016/j.anucene.2022.109676
[31] J.M. An, H. Lin, E.Y.B. Pun et al., Evaluation of gamma and neutron
shielding capacities of tellurite glass system with Phy-X simulation software.
Physica B 634, 413433 (2022). https://doi.org/10.1016/j.physb.2021.413433
[32] Y.H. Zuo, J.H. Zhu, P. Shang, Monte Carlo simulation of reflection effects
of multi-element materials on gamma rays. Nucl. Sci. Tech. 32, 10 (2021).
https://doi.org/10.1007/s41365-020-00837-z
[33] K.A. Mahmoud, M.I. Sayyed, Gamma shielding characteristics and
exposure buildup factor of some natural rocks using MCNP-5 code. Nucl. Eng.
Technol. 51, 1835–1841 (2019). http://dx.doi.org/10.1016/j.net.2019.05.013
[34] D.A. Aloraini; A.H. Almuqrin, K.M. Kaky et al., Radiation shielding
capability and exposure buildup factor of cerium(iv) oxide-reinforced polyester
resins. e-Polymers 23, 20230128 (2023). https://doi.org/10.1515/epoly-2023-
0128
[35] M.M. Rafiei, H. Tavakoli-Anbaran, Study of exposure buildup fac-
tors with detailed physics for cobalt-60 gamma source in water, iron,
and lead using the MCNPX code. Eur. Phys. J. Plus 133, 548 (2018).
http://dx.doi.org/10.1140/epjp/i2018-12355-8
[36] S. Danial, D. Sardari, M.S. Jozani, Semi-empirical relationship for the
energy absorption buildup factor in some biological samples. Nucl. Technol.
Radiat. Prot. 31, 382–387 (2016). http://dx.doi.org/10.2298/NTRP1604382S
[37] M.G. Dong, X.X. Xue, V.P. Singh et al., Shielding effectiveness of boron-
containing ores in Liaoning province of China against gamma rays and thermal
neutrons. Nucl. Sci. Tech. 29, 58 (2018). https://doi.org/10.1007/s41365-018-
0397-x
[38] O. Kadri, A. Alfuraih, Photon energy absorption and exposure buildup
factors for deep penetration in human tissues. Nucl. Sci. Tech. 30, 176 (2019).
https://doi.org/10.1007/s41365-019-0603-7
[39] G. Dietze, D.T. Bartlett, D.A. Cool et al., ICRP PUBLICATION 123:
Assessment of Radiation Exposure of Astronauts in Space. Annals of the ICRP.
1, 42 (2013). https://doi.org/10.1016/j.icrp.2013.05.004
[40] J.R. Dai, Soil Geochemical Background Values in Shandong Province
(Ocean Press, 2018), pp. 39
[41] NIST, XCOM. https://physics.nist.gov/PhysRefData/Xcom/). html/xcom1.html/;
2024 [accessed July 8, 2024].
[42] B.J. Nie, M.Y. Ni, S.P. Wei, Individual dose due to accidental
radioactivity release from fusion reactor. J. Hazard. Mater. (2017).
https://doi.org/10.1016/j.jhazmat.2016.12.018
[43] G.S. Tuna, W. Braida, A. Ogundipe et al., Assessing tungsten transport
in the vadose zone: From dissolution studies to soil columns. Chemosphere, 86,
1001–1007 (2012). http://dx.doi.org/10.1016/j.chemosphere.2011.11.036
[44] S.J. Liu, R.X. Yuan, X.D. Wang et al., Soil tungsten contamination and
health risk assessment of an abandoned tungsten mine site. Sci. Total Environ.

chinarxiv.org/items/chinaxiv-202504.00045 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00045


852, 158461 (2022). http://dx.doi.org/10.1016/j.scitotenv.2022.158461

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202504.00045 Machine Translation

https://chinarxiv.org/items/chinaxiv-202504.00045

	Methodology for estimating external radiation dose exposed to deposited activated tungsten dust in the soil
	Abstract
	Full Text
	Preamble
	INTRODUCTION
	II. MATERIALS AND METHODS
	A. Radioactivity of Activated Tungsten Dust
	B. Theoretical Basis
	C. Monte Carlo Simulation for Gamma Photon Emitted from Different Soil Depth
	D. Soil Sampling and Composition

	III. RESULTS AND DISCUSSION
	A. Method Verification
	B. MAC and EABF of Soil Samples
	C. Dose Rate of Planar Radioactive Sources

	IV. CONCLUSIONS
	REFERENCES


