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With the development of China’s crewed space mission, the space radiation risk for astronauts is increasingly promi-
nent. This paper describes a simulation of the radiation doses experienced by a Chinese female voxel phantom on board the
Chinese Space Station (CSS) performed using the Monte Carlo N-Particle (MCNP) software. The absorbed dose, equiva-
lent dose, and effective dose experienced by the voxel phantom and its critical organs are discussed for different levels of
shielding of the Tianhe core module. The risk of space-radiation exposure is then assessed by comparing these doses with
the current risk limits in China (the skin dose limit for short-term low-earth-orbit missions) and the NASA figures (National
Council on Radiation Protection and Measurements Report No. 98) for female astronauts. The results obtained can be used
to guide and optimize the radiation protection provided for manned space missions.
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1. Introduction

China has been constructing its space station since April
2021. Despite the protection provided by the Earth’s atmo-
sphere, astronauts on board the Chinese Space Station (CSS)
are still exposed to space radiation, which is the main health
risk during spaceflight.

Missions in different orbits face different levels of ra-
diation exposure. Astronauts on board the CSS are ex-
posed to two primary types of radiation: galactic cosmic rays
(GCRs) and trapped radiation (TR). Experiments and simula-
tions have been conducted to explore the space radiation haz-
ards that astronauts are exposed to. Experiments have been
performed to measure the radiation doses received by human-
like phantoms including a phantom head (1989-1990),!! a
spherical phantom (1979-1999),1?! the phantom torso ‘Fred’
(1998, 2001),391 and the MATROSHKA series of man-
nequins (MATROSHKA-R 2004-2005,¢-8 MATROSHKA-1
2004-2005,”’ MATROSHKA-2A 2005,!!%7 MATROSHKA-
2B 2007,119 and MATROSHKA-KIBO 2010-2011111) on
board spacecraft. These human-like phantoms were well in-
strumented with radiation detectors in their vital organs so as
to measure the biological radiation parameters, including the
dose, the equivalent dose, the effective dose, etc. Comput-
erized anatomical phantoms were also used to calculate the
risk posed to astronauts by space radiation. NASA has mod-
eled the computerized anatomical man (CAM), the computer-
ized anatomical female (CAF), the male adult voxel (MAX),

and the female adult voxel (FAX) for space radiation hazard
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analyses. [!?]

The above human phantoms were constructed based on
European human characteristics. In China, space bio-effect
experiments were successfully conducted on board the SJ-1,
SJ-4, and SJ-101"3! spacecraft and many space experiments
will be scheduled for the CSS.!'4l It is essential to construct
Chinese human phantoms for space radiation dosimetry simu-
lations.

It is known that long-term radiation sensitivity in females
is higher than in males.!'>! The dose absorbed by the human
body on board the CSS in low Earth orbit (LEO) is mainly due
to trapped electrons and protons.!'®! In the SZ5, SZ6, and SZ7
missions, the equivalent radiation dose rates contributed by
trapped radiation amounted to more than 85% in total.['”] As
the orbits of the CSS and those of the SZ5/6/7 missions are rel-
atively similar, trapped radiation is considered to be the main
radiation threat to the CSS astronauts. In contrast to GCR par-
ticles, trapped radiation is produced by a high flux of electrons
and protons. According to the theories describing the inter-
action between charged particles and the target materials, the
energy deposition and shielding strategy for astronauts should
take into account the trapped radiation’s characteristics.

This paper describes a Chinese female voxel phantom
which was modeled and then implemented using Monte Carlo
simulation software to analyze the trapped radiation exposure
on board the CSS. The space radiation exposure limits are also

discussed.
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2. Materials and methods
2.1. Chinese female voxel phantom

The voxel phantom designated to simulate the Chinese
female astronaut was incorporated into an Monte Carlo N-
Particle (MCNP) simulation in order to perform a space ra-
diation risk assessment. The original anatomical data of
a female was obtained from Anatonium TM 3D P1 V5.0
(www.anatomium.com); it included almost all the organs,
skeleton, blood vessels, and lymph present in the human body.
The phantom is modeled standing up straight to avoid prob-
lems caused by lying down, such as flattening of the female
breast. The Rhino 3D software is used to further adjust the
original model to the average anatomical characteristics of
Chinese women. The physiological parameters of Chinese ref-
erence people were obtained from the reference values given
in GBZ/T 200-2007, including height, weight, and critical or-

U181 The organ volume and density were matched to

gan mass.
the values given in Report 46 produced by the International
Commission on Radiation Units & Measurements (ICRU) and
Publication 89 of the International Commission on Radiologi-
cal Protection (ICRP).['”) As a result, a Chinese female phan-
tom with a height of 158 cm and a weight of 54 kg was mod-

eled, as shown in Fig. 1.
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Fig. 1. Chinese female astronaut model.

After adjustment, the phantom was re-meshed and trans-
formed into a voxel model for the Monte Carlo dose
calculation.””) The resulting voxel phantom file consisted of
300 slices. Each slice consisted of an array of 7x59 voxels.
Each voxel had a size of 5x5x5 mm3, so the total number of
voxels in the phantom was more than 1 890 000. A total of
49 organs and tissues can be identified in the voxel phantom.
Table 1 lists the organ masses and volumes of the Chinese ref-
erence parameters.

Table 1. The final volumes of the organs and tissues of the Chinese
female phantom.

Orean Number of  Voxel phanto}m Reference (cm®)
voxels volume (cm”)
Adrenal glands 90 13.14 12.621
Bladder 209 30.514 28.84
Brain 11506 1679.876 1278
Cartilage 442 64.532 -
Clavicle 156 22.776 27.838
Colon 1584 231.264 233.009
Leg bone 3810 556.26 501.0923
Ears 35 5.11 -
Esophagus 178 25.988 29.1262
Eye 94 13.724 11.4285
Femur 5027 733.942 632.3308
Foot bone 2067 301.782 270.4308
Forearm bone 988 144.248 127.2615
Hand bone 411 60.006 95.44615
Heart 1709 249.514 276.1904
Humerus 1462 213.452 186.9154
Kidneys 1663 242.798 247.619
Liver 8165 1192.09 1216
Gall bladder 48 7.008 6.796
Lungs 15892 2320.232 2526.316
Mandible 473 69.058 47.723
Pancreas 607 88.622 95.238
Pelvis 3257 475.522 417.57
Uterus 508 74.168 68.627
Ribs 1199 175.054 222.7077
Scapulas 869 126.874 127.1538
Skin 36505 5329.73 5333.3
Skull 3005 438.73 473.25
Spleen 938 136.948 141.509
Sternum 337 49.202 47.72308
Stomach 671 97.966 105.76
Teeth 56 8.176 -
Thymus 100 14.6 26.21359
Thyroid 107 15.622 16.19048
Tongue 154 22.484 -
Tonsils 6 0.768 -
Vertebrae 5781 844.026 822.2923
Ovaries 68 9.928 10.4761
Salivary glands 372 54312 60.7843
Muscles 65977 9632.642 -
Blood vessels 3097 452.162 -
Lymph 198 28.908 -
Breasts 501 73.146 -
ET 104 15.184 -
Trachea 128 18.688 -
Small intestine 2774 405.004 436.893
Stomach contents 367 53.582 -
Soft tissues 182952 26710.99 -
Air 1527259 222979.8 -

2.2. The core module and the equivalent shielding model

The CSS includes three modules: the core module, lab-
oratory module I, and laboratory module II,1?!! as shown in
Fig. 2. The core module, named Tianhe, which has a diameter
of 2.2 m and a height of 2.8 m, provides life support and living
quarters for the astronauts. In the simulation, aluminum was
considered to be an equivalent shielding material.

079401-2
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Fig. 2. Conceptual model of the Chinese Space Station.

The Tianhe core module was used in the simulation. In
the simulation, the core module was simplified to a cylinder
with a diameter of 2.2 m and a height of 2.8 m and its mate-
rial was considered to be equivalent to aluminum. The equiv-
alent shielding thicknesses of aluminum used were 0 g/cm?,
1 g/em?, 2 glem?, 5 g/em?, 10 g/cm? and 20 g/cm?. The space-
suit thickness was considered to be equivalent to 1 g/cm?, the
spacecraft shielding thickness was considered to be equal to 2—
5 glem?, and the shielding thickness for solar particle events
was considered to be equal to 10 x 20 g/cm?.

2.3. Radiation environment

The CSS travels on an orbit with 42° of inclination and
an altitude of 340-450 km. The trapped radiation includes
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Fig. 3. Trapped proton and electron flux: (a) trapped proton spectrum for

the solar maximum and minimum.

2.4. Simulation method

Monte Carlo simulations are frequently used to simulate
energetic particles’ interactions with matter.?*! In this study,
the Monte Carlo software MCNP6 was adopted. MCNP6 is
designed to track many particle types: not only N particles, but

also charged particles including electrons, protons, and heavy

electrons and protons, which play a key role in the radiation
exposure risk of astronauts.*?! The energy spectrums of the
trapped protons and electrons can be calculated using the AP8
and AE8 models, as shown in Fig. 3. The maximum ener-
gies of the protons and electrons are 400 MeV and 7 MeV,
respectively. In this orbit, the trapped radiation flux exhibits
a solar cycle variation. For protons, high fluxes are observed
during solar minima and low fluxes are observed during so-
lar maxima. The electron flux varies asynchronously with the
solar cycle; specifically, high fluxes are observed during so-
lar maxima and low fluxes are observed during solar minima.
The integral flux of protons is two orders of magnitude higher
than that of electrons during solar minima and four orders of
magnitude higher than that of electrons during solar maxima.
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the solar maximum and minimum; (b) trapped electron spectrum for

ions over broad energy ranges.!?*! In the ray-tracing method,
the physical interactions between particles and the atoms of
the target material are listed in a table. The energy (AE;) de-
posited in each voxel (i) of the digital model of the human

body was recorded using

AE; = £ SjAx. O]
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Here §; is the mass stopping power of the particle; assuming
that the mass length of the particle passing through the voxel
is Ad, we divide it into n parts (n = 100 in this calculation),
Ax = Ad/n. On this basis, the dose absorbed by each voxel
can be expressed as follows:

AE;

D; = ) (2
m;

where m; is the mass of voxel i. The dose equivalent H; of the
voxel can now be calculated as follows:

H; = D;xQ;, 3)

where Q; is the radiation quality factor of the particles incident
on voxel i.

The absorbed dose and the dose equivalent given to the
organ or tissue T are respectively obtained by summing the
absorbed dose and the dose equivalent of all the voxels that
make up the organ

k
Dr =YD, 4)
i=1

k
Hro =Y H ®)
i=1
where k is the number of voxels that make up the organ 7.
The equivalent dose Hr given to an organ or tissue is cal-
culated as follows:

Hr =Y wgDrp, (6)
R

where Dr g is the mean absorbed dose from radiation R in a
tissue or organ 7', and wg is the radiation weighting factor.

The effective dose E can be calculated according to the
equation

E = ZWTHT = ZWT ZWRDT,R, (7N
T T R

where Wr are the tissue weighting factors and Hr is the equiv-
alent dose given to an organ or tissue 7. The recommendations

for the tissue weighting factors are listed in Table 2.2

Table 2. Tissue weighting factors from ICRP publication 103.

Tissue Tissue weighting factor
Red marrow, colon, lungs, stomach, breasts, 0.12
remainder®

Gonads 0.08

Urinary bladder, esophagus, liver, thyroid 0.04

Bone surface, brain, salivary glands, skin 0.04

3. Results and discussion
3.1. Total absorbed dose

The doses Dr absorbed by the female phantom for differ-
ent equivalent shielding thicknesses of aluminum during the

solar maximum and the solar minimum are shown in Fig. 4.
The absorbed dose decreases monotonically with increasing
shielding thickness. The dose value during the solar minimum
is larger than that at the solar maximum, and both doses de-
crease dramatically for thinner shielding layers. With 1 g/cm?
of shielding, the values decrease to 27% and 61% of the to-
tal doses during the solar maximum and the solar minimum,
respectively. A thickness of 1 g/cm? of aluminum serves as
There-
fore, spacesuits contribute significantly to protecting astro-

a proxy for the shielding provided by a spacesuit.

nauts from radiation hazards. With 10-20 g/cm? shielding,
more than 70% of the dose can effectively be removed at both
extremes of the solar conditions.
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Fig. 4. The dose absorbed by a human phantom and the shielding effec-
tiveness in terms of the equivalent aluminum shielding thickness at the
solar maximum and the solar minimum: (a) total absorbed dose rate;
(b) shielding effectiveness.

This paper uses f as a measure of the shielding effective-
ness, which is given by the following formula:

_dDr

in which D7 is the dose absorbed by the tissue or organ T
shielded by a thickness of x. Figure 4(b) represents the shield-
ing effectiveness as a function of the shielding thickness. Ap-
parently, the shielding effectiveness decreases rapidly with in-
creasing shielding thickness, and its value is larger during the
solar minimum than during the solar maximum for shielding

2

thicknesses of more than 1 g/cm“. This is the case because

079401-4



Chin. Phys. B 32, 079401 (2023)

most of the dose that passes through the thin layer of shield-
ing is due to trapped electrons and can be easily stopped by
material atoms (as detailed in the next section). The shielding
effectiveness changes only slightly for more than 5 g/cm? of

shielding.

3.2. Critical organ doses

The dependence of the critical organ dose on shielding
thickness in the human phantom during the solar maximum
and the solar minimum is shown in Fig. 5. Among the 49 or-
gans simulated, ten critical organs, including the skin, eyes,
brain, heart, ovaries, uterus, stomach, lungs, liver, and breasts,
were considered in detail. The shallow organ dose rates are
significantly higher than internal organ dose rates, as the shal-
low organs are susceptible to absorption in the low-energy por-
tions of the electron and proton spectra. Among these ten or-
gans, the skin receives the highest dose and the ovaries re-
ceive the lowest dose. The organ dose ratio at the solar max-
imum is larger than at the solar minimum without shielding,
while after shielding, the results are reversed. For example,
the skin dose rate reaches 11.9 mGy/d at the solar maximum
and 8.29 mGy/d at the solar minimum without shielding, while
with 20 g/cm? of shielding, the values are 0.08 mGy/d and
0.34 mGy/d, respectively.

. 0.6 B
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The critical organ doses given by different trapped parti-
cles after shielding are shown in Fig. 6. These results illustrate
that the dose depends on the solar conditions, the shielding
thickness, the radiation source, and the organ location inside
the human phantom. From Figs. 6(a)-6(d), one can see that
the dose rate of trapped protons absorbed by organs during
the solar minimum is about five times higher than the dose re-
ceived during the solar maximum. Conversely, the absorbed
dose rate caused by trapped electrons during the solar mini-
mum is smaller than that caused at the solar maximum. This
result can be deduced from the relationship between solar con-
ditions and the trapped electron and proton flux, as shown in
Subsection 2.3. Theoretically, 5 g/cm? of shielding can stop
electrons and protons with energies of less than 8.5 MeV and
67.5 MeV, respectively, as listed in Table 3, which means that
almost all of the trapped electrons can be shielded. Without
shielding, the dose rate induced by trapped electrons in the
shallow organs is greater than that induced by trapped pro-
tons, while with a thin layer of shielding, the organ dose is
mainly due to trapped protons. In addition, the internal or-
gan dose rates produced by trapped electrons can be neglected
compared to those produced by trapped protons. The shal-
low organs received larger dose rates at the solar maximum
than at the solar minimum, while the internal organs or organs
protected by a certain thickness of shielding show the oppo-
site result. The internal organ dose rates are mainly due to
trapped protons at both the solar maximum and the solar min-
imum. The trapped electron-induced organ doses received by
the stomach, heart, uterus, and ovaries with 1 g/cm2 shielding
are larger than the doses received with no shielding. This oc-
curs because of the complexity of electron-induced secondary
particles and backscattered electrons.

Table 3. The stopping energies of the equivalents of 1, 5, and 10 g/cm?
of aluminum shielding.

Stoppi MeV
Thickness (g/cmz) opping energy (MeV)

Electron Proton
1 1.75 27.5
5 8.5 67.5
1 2 100

3.3. The equivalent dose and the effective dose

The quality factor, Q, of the particles used by the ISS and
China’s “Shenzhou” series spacecraft is 1.8.1>61 Accordingly,
this value is also used in our study. The resulting equivalent
doses given to the vital organs at the solar maximum and the
solar minimum are shown in Fig. 7. The total dose equiva-
lents received by the human phantom with 0 g/cm?, 1 g/cm?,

5 g/em?, and 10 g/cm? of shielding are shown in Table 4.
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Fig. 7. Organ and tissue equivalent dose rates for a trapped radiation
environment with various equivalent aluminum shielding thicknesses:
(a) at the solar maximum and (b) at the solar minimum.

Table 4. The total equivalent doses received by the human phantom.

Thickness (¢/cm?) Equivalent dose (mSv/d)

Solar maximum Solar minimum

0 51.99 103.33
1 20.35 75.22
5 14.36 49.05
1 9.64 31.16

Figure 8 shows the effective doses as a function of the
shielding thickness during the solar maximum and minimum.
As illustrated by Eq. (7), the effective dose is organ- or tissue-
related, and the tissue weighting factor of skin is 0.04, which
is three times less than the weighting value used for organs
such as the breast, lungs, stomach, ovaries, and liver. As a re-
sult, the effective dose received by the skin is lower than those
received by the breast, lungs, stomach, ovaries, and liver at the
solar minimum or after a thin layer of shielding at the solar
maximum, as shown in Fig. 8. The total effective dose ab-
sorbed by the whole human body after shielding is shown in
Table 5. Figure 8 shows that the effective dose rate absorbed
by the reproductive organs of females, including the ovaries
and the uterus, is not negligible. It is also the case that the ef-
fective dose rate received by the ovaries is smaller than those
received by the eyes, lungs, and stomach, but larger than the

dose rates of most critical organs after a thin layer of shielding.
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Table 5. The total effective dose rate received by the human phantom.

Effective dose rate (mSv/d)
Solar minimum

Thickness (g/cmz) -
Solar maximum

0 2.24 6.91
1 1.53 5.30
5 1.11 3.77
1 0.76 2.46

3.4. Radiation hazard assessment

The hazards posed to astronauts by space radiation are un-
avoidable. Various space agencies have proposed astronauts’
permissible exposure limits. China has recommended short-
term flying dose limits for the skin, as follows: for Chinese as-
tronauts taking part in LEO missions, the limits are 0.15 Sv for
three days, 0.20 Sv for seven days, and 0.40 Sv for 30 days. !4l
Figure 9 shows the skin equivalent dose received by female
astronauts after different thicknesses of shielding during the
solar maximum and the solar minimum and the equivalent ra-
diation dose limits for Chinese flight crews for a 30-day LEO
mission. Trapped radiation deposits a large dose of radiation
in the skin when it is slightly shielded. The radiation dose
behind 1 g/cm? shielding exceeds 400 mSv at the solar mini-
mum. However, such a low level of shielding is equivalent to
space suit shielding, which is only modeled for extravehicu-
lar activity and makes up a small proportion of an astronaut’s
time in space. To ensure that the effective doses received by

astronauts stay below the radiation limits, 2 g/cm? of shielding

is required.
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Aluminum thickness (g/cm?)

Fig. 9. A comparison of the results for the 30-day LEO flight skin
equivalent dose limit.

As is well known, the radiation exposure risk is age- and
gender-specific due to latency effects, differences in tissue
types and sensitivities, and differences in average life spans
between genders. NASA used career effective dose (E) limits
for a REID =3% for missions that had a duration of one year
or less. NASA also adopted a career effective dose limit of

[27] Figure 10 com-

470 mSv for 30-year-old female astronauts.
pares this limit for a one-year mission and the effective doses
induced by trapped radiation after different shielding thick-
nesses. This effective dose rate is always far less than the dose
limits under solar maximum conditions. However, under so-
lar minimum conditions, the organ-equivalent dose value ex-
ceeds NASA'’s limits when the shielding thickness is less than
5 g/em?. The total effective dose is estimated to be 0.36 Sv
for female astronauts after 5 g/cm? of shielding. These re-
sults are also consistent with the recommendation of the Chi-
nese National Standard of Radiation Protection requirements
for spacecraft crew modules (ID: GJB 4018-2000) that the
thinnest mass shielding thickness of the crew cabin should not

be less than 2 g/cm?.
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Fig. 10. Comparison between the one-year mission effective dose and
the NASA limit.
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4. Conclusions

In this paper, we took a Chinese female voxel phantom
with a height of 158 cm and a weight of 54 kg as a model
and discussed the absorbed dose, the dose equivalent, as well
as the effective dose received by the female voxel phantom
and the critical organs for different levels of shielding of the
Tianhe core module in flows of trapped radiation during the
solar maximum and the solar minimum. The shallow organs,
including the skin and eyes, received larger doses and larger
equivalent doses, while the effective dose received by the skin
was lower than those of the other critical organs listed in this
paper. Without shielding, the doses received by the shallow
organs were mainly produced by trapped electrons. When a
thin layer of shielding was employed, the doses were mainly
induced by trapped protons. Inner-organ doses mainly orig-
inated from trapped protons. For female astronauts, the ef-
fective dose rate received by the ovaries was larger than those
received by most of the critical organs.

In addition, the risk of space-radiation exposure was as-
sessed by comparing the doses with the current risk limits pub-
lished by China and NASA. The results show that for 30-day
LEO missions, the effective doses received by astronauts after
2 g/cm? shielding are guaranteed to remain below the radiation
limit of 0.40 Sv proposed by China. After 5 g/cm? of shield-
ing, the effective dose received by female astronauts is 0.36 Sv
for a one-year mission. This value is below NASA’s career ef-
fective dose limit for 30-year-old female astronauts. In sum-
mary, the results of this paper are in agreement with the rec-
ommendations of both the Chinese National Standard of Radi-
ation Protection and NASA. Hence, the results and methods of
this work can be used to guide and optimize the radiation pro-
tection provided for space missions. Female astronauts are ex-
posed to more radiation risks by flying in space. More detailed
work should be conducted for female astronauts. In addition, a
preliminary study has been proposed to investigate the equiv-
alent biological dose and effects of high-energy heavy ions,

5,128

such as Fe ions,?®! for which further study should be carried

out.
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