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In order to ensure the health and safety of female astronauts in space, the risks of space radia-
tion should be evaluated, and effective methods for protecting against space radiation should
be investigated. In this paper, a dose calculation model is established for Chinese female astro-
nauts. The absorbed doses of some organs in two historical solar particle events are calculated
using Monte Carlo methods, and the shielding conditions are 0 gcm=2 and 5 gcm2 aluminum,
respectively. The calculated results are analysed, compared, and discussed. The results show
that 5 gem=2 aluminum cannot afford enough effective protection in solar particle events.
Hence, once encountering solar particle events in manned spaceflight missions, in order to en-
sure the health and safety of female astronauts, they are not allowed to stay in the pressure ves-
sel, and must enter into the thicker shielding location such as food and water storage cabin.
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INTRODUCTION

Radiation is one of the most harmful environ-
mental factors to astronauts in space, and cannot be
avoided in manned spaceflight missions. In this con-
text, radiation derives from particles such as protons,
a particles, heavy ions, electrons and neutrons. The
degree of radiation damage depends on the doses ab-
sorbed by various organs or tissues and the radiation
type [1].

In the National Aeronautics and Space Adminis-
tration space flight human system standard
(NASA-STD-3001) [2], five organ-dose limits, which
pertain to the eye lenses, skin, blood-forming organs
(BFO), heart and central nervous system, are defined
to protect astronauts against space radiation. At the
same time, the career effective dose limits for one year
missions and average life-loss for an exposure-in-
duced death for radiation carcinogenesis are also
listed, showing the dose limits for women are less than
those for men and the average life-loss for women are
higher than that for men. Hence, generally speaking,
the radiation resistance of women is lower than that of
men. Despite this asymmetry, Chinese female astro-
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nauts have already entered space. In the future, more
females will explore the universe. Therefore, in order
to ensure the safety of space exploration as it pertains
to female astronauts, the requirements of space radia-
tion protection for female astronauts must be thor-
oughly analyzed [3, 4].

In this paper, a Chinese female astronaut radia-
tion dose calculation model is developed, and in com-
bination with Monte Carlo methods, the organ doses
of Chinese female astronauts are estimated. The iso-
tropic incident particles of interest are protons with an
energy range of 10-20 000 MeV. The shielding areal
densities investigated are 0 gem 2 and 5 gem ™ alumi-
num. Finally, considering the characteristics of the so-
lar particle event (SPE) spectrum, the calculated re-
sults were analysed, compared, and discussed.

MATERIALS AND METHODS
Chinese female astronaut model

Since organ doses cannot be measured in astro-
nauts' bodies directly, computational phantoms, to-
gether with Monte Carlo methods, are used to pre-
cisely simulate space radiation interacting with the
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human body and energy depositing in the human body.
Female astronaut model is the basic and key condition
of the research. The original images were taken from
the visible chinese human adult female (VCH-F)
high-precision data sets with an image resolution of
0.10 mm x 0.10 mm x 0.20 mm [5]. The data were ob-
tained from the successive cryosectioning of a
19-year-old female cadaver (156 cm in height and
46 kg in weight), who died of food poisoning without
any organ or tissue damage. In order to eliminate the
impact of movement, rotation and deformation in the
image acquisition process, image rectification was
carried out. Automatic segmentation and interactive
manual segmentation were used to identify tissues and
organs. Thirty tissues and organs, each labeled with a
specific identification number, were identified, and to-
tal 50,002 pictures were obtained after segmentation.
Using rapid 3-D parallel reconstruction software,
based on message passing interface (MPI) parallel li-
braries and the visualization tool kit (VTK), the 3-D
digital reconstruction of the female model was carried
out on multi-CPU computer clusters and distributed
memory systems.

The non-uniform rational B-spline (NURBS)
model is a 3-D surface model that can be adjusted to
achieve fairly realistic anatomy and to implement per-
sonalized deformation. The adjustments and deforma-
tions can be performed by scaling and rotating a few
control points. In order to accord with the precise char-
acteristics of Chinese female astronauts, the NURBS
model was adjusted and deformed by changing its
mathematical physical parameters, such as control
grid, control vertices, node vectors and weighting fac-
tor. The parameters of organs and tissues were also
modified [6, 7]. A comparison of some parameters be-
tween the average values of Chinese female astronauts
and Chinese female astronaut model (CFAM) is listed
in tab. 1, and CFAM is shown in fig. 1.

At last, the CFAM was re-meshed and then trans-
formed into the voxel model with the appropriate reso-
lution for radiation doses calculation. In order to bal-
ance calculation precision and calculation time, the
voxel size of the model was setas 1 mm x 1 mm % 1 mm.
The database includes 370 million items of data infor-
mation. Each item includes the co-ordinates of the
voxel, the identification code of the organ or tissue, the
density, and the element category. The total storage ca-
pacity of the database is about 6.33 GB.

Table 1. Comparison of some parameters

Pameer | CPAM|Avepie s ol chinse
Height [mm] 1642606 1644
Shoulder width [mm] | 348.401 350
Chest thickness [mm] 216.704 211
Trunk length [mm] 661.807 670
Weight [kg] 57.980 57

Figure 1. Chinese female astronaut model

Solar particle events

The particles involved in SPE are primarily pro-
tons (96 %-99 %), and thus such an event can also be
referred to as a solar proton event. During low-Earth
orbit flight, owing to the protection afforded by the
Earth's magnetic field, SPE affect astronauts only min-
imally. For manned lunar-landing missions or
deep-space exploration, SPE may bring a great threat
to health and safety of astronauts.

The August 1972 event has been used in various
publications and was also used as a design environ-
ment for the NASA Constellation program. The Octo-
ber 1989 event represents a hard spectrum (i. e. more
intense low energy component) that complicates
shielding strategies. The integrated proton fluence
spectra of these two historical SPE are shown in fig. 2
[8]. The organ doses during these two SPE were calcu-
lated to research the radiation protection effects.

1013 s

.——_“._7_’ =5

W

& 101

E

'

©

e 107

(7]

=

5

= 10* —m— August 1972

a —a— October 1989

B

@ 1

5 10

2

=

1072

T T T T
10° 10’ 10° 10°

Incident energy [MeV]

Figure 2. Integrated proton spectra of SPE



F. Xu, et al.: Analysis of Aluminum Protective Effect for Female Astronauts ...
46 Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 1, pp. 44-51

Calculation method

In this paper, by making use of Geant4 [9, 10],
organ and tissue doses in the CFAM caused by proton
were calculated.

Firstly, we calculated the organ doses Dy (E)
caused by mono-energetic proton with energy E,,, us-
ing the following calculation conditions: the energy
range investigated was 10-20 000 MeV; the incident
direction was isotropic; the shielding areal densities
used were 0 gem 2 and 5 gem 2 aluminum (the relative
thin shielding location of manned spacecraft, for ex-
ample the pressure vessel whose average shielding
thickness is about 5 gcm™ aluminum).

The proton doses were calculated by integrating
the product of each differential proton spectrum f(E)
and Dy (E) as

D=0[ f(E)Dy(E)E (1)

where @ denotes the flux rate through a spherical sur-
face that is the normalization factor related to the
spherical source plane used in the Monte Carlo simula-
tion, and E denotes energy.

To perform rapid assessments, the differential
proton spectra were represented approximately by
their values at discrete points. The doses were then de-
termined as

N
D=®Y f(E; Dy (E; AL, b
i=1

where N denotes the number of discrete points.

RESULTS
Calculation results

In order to satisfy the requirement of calculation
error, 10® samples at each energy point were set. On this
condition, the calculation errors were less than 5 % ex-
cept at a few low-energy points, and even less than 1 %
at almost all high-energy points.

The fluence to organ absorbed dose conversion
coefficients, in units of pGy cm?, were calculated and
compared to the corresponding coefficients for the
ICRP reference woman [11]. The comparisons of six
organs' absorbed doses (skin, red marrow, heart, brain,
stomach, and ovary) between CFAM and ICRP refer-
ence woman are shown in fig. 3. These six organs are
representative: skin and red marrow distribute
throughout the body and represent external organ and
internal organ, respectively; brain, heart, and, stomach
are positioned in head, chest, and abdomen, respec-
tively; ovary is the unique organ of a female.

The absorbed doses of fourteen organs and tis-
sues (skin, red marrow, eyes, heart, brain, colon, lungs,
stomach, breast, ovary, urinary bladder, esophagus, liv-

Table 2. Tissue weighting factors in ICRP publication 103 [12]

Tissue Tissue weighting factor
Red marrow, colon, lungs, stomach, 0.12
breast, remainder® :
Gonad 0.08
Urinary bladder, esophagus, livers, 0.04
thyroid :
Bone surface, brain, salivary glands, 0.01
skin :

* Component organs for remainder in ICRP 103: adrenals,
extra-thoracic airways, gallbladder, heart, kidneys, lymphatic
nodes, muscle, oral mucosa, pancreas, prostate, small intestine,
spleen, thymus and uterus/cervix

ers, and thyroid) on upon two different shielding condi-
tions (0 gcm™ and 5 gem™ aluminum) are presented in
fig. 4. Skin, red marrow, eyes, heart and central nervous
system (CNS) are used for space radiation safety evalu-
ations in NASA-STD-3001 [2]. The weighting factors
of other eight organs and tissues are relatively large
compared to the rest of the organs and tissues. The rec-
ommendations for tissue weighting factors (from ICRP
publication 103 [12]) are listed in tab. 2.

Organ doses in SPE

The proton differential spectra were calculated
from fig. 2. The calculated results are shown in fig. 5
and fig. 6.

DISCUSSION
Comparison of calculation results

From figs. 3 and 4, the following characteristics
can be identified.

Though there are deviations between calculated
and reference coefficients, the variation trend is con-
sistent. At most of the energy points, the deviations are
less than 30 %; at some high energy points, the devia-
tions are less than 20 %. These deviations may be
caused by two reasons: the first reason is the differ-
ences between CFAM and ICRP reference woman; the
second reason is the differences between Geant4 and
PHITS (the Monte Carlo transport code used to calcu-
late the corresponding coefficients in ICRP Publica-
tion 123) [11].

For red marrow, there are large differences be-
tween the calculated coefficients and those of the
ICRP reference woman, and at low energy points the
differences are even in magnitude. The reason for
these discrepancies could be that because red marrow
is distributed differently in different regions of the hu-
man body, minor changes in the models could have
strongly affected the calculation results, especially at
low energy points.

When the incident energy is approximately be-
low 100 MeV, most of organ doses decrease obviously
on 5 gcm 2 aluminum shielding condition compared to
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Figure 3. Comparison of the absorbed dose between CFAM and ICRP reference woman

0 gem 2 shielding condition. Taking skin for example,
the skin dose decreases to about 30 %-35 % at the en-
ergy range 10-60 MeV.

When the incident energy is about 100-1000 MeV,
the organ doses exhibit no obvious differences on two
shielding conditions (5 gem™ aluminum and 0 gem™2),
and the deviations are almost all less than 10 %.

When the incident energy is 1000 MeV, the or-
gan doses increase on 5 gem™ aluminum shielding
condition compared to 0 gcm™ shielding condition,

and the increment become large with the increase of
incident proton energy. Taking skin for example, the
skin dose increases by 17 %-34 % at the energy range
2000-20000 MeV.

For some organs, even when the incident energy
is below 100 MeV, the organ doses increase on 5 gcm ™
aluminum shielding condition compared to 0 gcm™>
shielding condition. Taking ovary for example, the
ovary dose increases by 37 % at 10 MeV and 34 % at
60 MeV.
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Based on the above-mentioned observations, it
is evident that the organ dose variations on two shield-
ing conditions are complex. To clarify the radiation
protection effect of 5 gem™ aluminum, the organ
doses on these two different shielding conditions dur-
ing two historical SPE were calculated.

Extent of protection against SPE

From figs. 5 and 6, the following observations
can be made.

The skin dose in the October 1989 SPE is higher
than that in August 1972 SPE, because the low energy
proton flux is greater for the former SPE.
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The internal organ doses resulting from October
1989 SPE are lower than those from August 1972 SPE.
These differences are present because the maximum
internal organ absorbed dose conversion coefficients
appear around 100 MeV. Hence, the internal organ
doses' orders of magnitude depend upon the fluence of
incident protons with energies around 100 MeV. Al-
though the fluence of protons with energies below
30 MeV is higher for October 1989 SPE than for Au-
gust 1972 SPE, the fluence of protons with energies
30-100 MeV is lower for October 1989 SPE than for
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August 1972 SPE. Therefore, the internal organ doses
caused by October 1989 SPE are lower than those
caused by the August 1972 SPE.

The organ dose variations with shielding condi-
tion range from 0.22 to 0.91 in August 1972 SPE and
from 0.27 to 0.96 in the October 1989 SPE. Hence,
some of the organ doses clearly decrease due to 5 gem™
aluminum shielding condition, while others do not. The
detailed discussions are as follows.

e In general, the shielding effect of 5 gem > alumi-
num is better for August 1972 SPE than for Octo-
ber 1989 SPE.

e On 5 gem? aluminum shielding condition, the
skin, eyes, breast, and thyroid doses decrease to
below 40 % in both SPE, consequently for these
organs, the shielding effect of 5 gem * aluminum
is evident.

e On 5 gem*” aluminum shielding condition, the
heart, ovary, urinary bladder and esophagus doses
decrease to above 70 % in both SPE, consequently
for these organs especially for ovary, the shielding
effect of 5 gem * aluminum is not evidently.

e For the other organs, the shielding effect of 5 gem ™
aluminum is in the middle level in both SPE.

CONCLUSIONS

In this study, Chinese female astronaut model
(CFAM) was developed. The radiation doses received
by some organs in CFAM due to protons were calcu-
lated using the Monte Carlo method. Finally, the organ
dose variations on different shielding conditions in
two historical SPE, were analyzed. The conclusions
are as follows.

For manned lunar-landing mission or
deep-space exploration, the radiation risk is signifi-
cant due to the lack of protection afforded by the
Earth's magnetic field [13]. For different organ or tis-
sue, the shielding effect of 5 gem 2 aluminum varies
in SPE. Some organ doses obviously decrease on
5 gem? aluminum shielding condition, while others
do not. Taking some organs for example, the decrease
of eyes dose and thyroid dose is more than 70 %,
whereas the decrease of ovary dose is less than 10 %.
Hence, though 5 gem™ aluminum can afford some
protection for female astronauts in SPE, however it
cannot ensure female astronauts' safety once encoun-
tering SPE. For instance, on 5 gcm ™ aluminum shield-
ing condition, skin dose is still over 20 Gy and the red
marrow dose is approximate 0.7 Gy in October 1989
SPE. Therefore, once encountering SPE in manned
spaceflight missions, in order to ensure the health and
safety of female astronauts, they are not allowed to
stay in the pressure vessel whose average shielding
thickness is about 5 gcm™ aluminum, and must enter
into the thicker shielding location such as food and
water storage cabin.
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®enr CJY, Cjenxonr HA, hen JINY, Bej JIY, Llanpyen ITAH, Yyencun JAHI

AHAIM3A 3ANITUTHUX MOI'YRHOCTH ATYMUHUIYMA
O COJAPHUX YECTHUIHA 3A XKEHA ACTPOHAYTE

Jla 6u ce o6e30eauia 3alITUTA 3[[paBiba U CATYPHOCT X€Ha acCTpOHAyTa y CBEMUPY, TOTPEOHO je
MIPOLEHUTH PU3UK yCIIE]] H3Iarama 3padchy U ICIUTATH IeIOTBOPHOCT METOJIA 32 3aIITUTY O KOCMUIKOT
3pauera. Y OBOM pajly IpHKa3aH je Mojes MpopavyHa f03e 3a KMHecKe XXeHe acTpoHayTte. [IpuMeHoM
Monre Kapno meTope mpopauyHaTe cy ancopOoBaHe [03¢ y OopraHMMa 3a [iBa cojlapHa jgorabaja u3
MPOULIOCTH, P YEMY j€ yHOTpeO/beHa 3amTuTa n3Hocuna 0 gem 2 u 5 gem™ anyMuHUjyMa. AHAIM30M U
ynopebuBameM TOOMjeHUX pe3ynTaTa yTBphHEeHO je a 5 gem™ aqyMUHHMjyMa HHUje TOBOJbHA 3AIITHTA Of
3pauema TOKOM colapHux gorabaja. Crora, yKonuko fobe mo conapHux jorabaja TOKOM Mucuja ca
JbYACKOM ITOCAJIOM, >KEHaMa aCTPOHAyTUMa He Tpeba JOMyCTUTH fia OCTaHy y KaOWHU OJ IPUTHUCKOM Beh ce
MOPajy IOMEPUTH Ha MecTa ca 60JbOM 3aIITHTOM, Ka0 IITO CY OCTaBe 3a CKIAUIITEH:E BOJIC M XpaHe.

Kmwyune peuu: 3awitiuitia 00 3pauersa, xeHa aclipoHayitl, Kocmuiko 3paderbe, Monitie Kap.ao meitiooa,
003a 3a opzate




