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Considerations for practical dose 
equivalent assessment of space 
radiation and exposure risk 
reduction in deep space
Masayuki Naito & Satoshi Kodaira*

Shielding from space radiation, especially galactic cosmic rays (GCRs), is a significant safety 
challenge for future human activities in deep space. In this study, the shielding performances of 
potential materials [aluminum (Al), polyethylene (PE), and carbon fiber reinforced plastic (CFRP)] 
were investigated using Geant4 Monte Carlo simulation considering two types of biological scale 
parameters, the International Commission on Radiological Protection (ICRP) quality factor  (QFICRP) 
and the plausible biological effectiveness  (RBEγacute), for GCRs. The effective dose equivalent was 
reduced by 50% for  QFICRP and 38% for  RBEγacute when shielding using 20 g/cm2 of CFRP. A spacecraft 
made from CFRP will have a better radiation shielding performance than conventional Al-based 
spacecraft. The contribution of heavy ions for  QFICRP based effective dose equivalent was larger by a 
factor of ~ 3 compared to that for  RBEγacute based effective dose equivalent. The shielding materials 
efficiently reduced the effective dose equivalent due to ions with  QFICRP > 3.36 and  RBEγacute > 2.26. 
 QFICRP and  RBEγacute have advantages and disadvantages in quantifying the dose equivalent of space 
radiation, and the establishment of a standard parameter specified for a mixed radiation environment 
occupied by protons and heavy ions is necessary for practical dose assessment in deep space.

An important factor restricting future human activities in deep space is radiation exposure from galactic cosmic 
rays (GCRs) and solar energetic particles (SEPs). Serious radiation damage poses a health hazard to space crews. 
Current and previous human space activities have been carried out in low-Earth orbit (LEO), where charged 
particles are partially shielded by geomagnetic fields. Future missions to the moon, the National Aeronautics and 
Space Administration’s Deep Space  Gateway1, Mars, and deep space will face the challenge of high radiation risks 
because of the small magnetic fields and long mission terms. In addition, space travel for the public will be offered 
as a commercial product in the future, meaning that long-term space stays will not be exclusively for space crew.

Most GCR particles are protons (~ 87%)2,3. The high linear energy transfer (LET) and biological effects of 
the high charge and energy (HZE) particles from He to Fe nuclei significantly contribute to the radiation dose 
e.g., Refs.4,5. Measurements by the Mars Science Laboratory indicated a dose equivalent of ~ 660 mSv or more 
during an Earth-Mars round trip flight and 0.64 mSv/day during a stay on the Mars  surface6,7. Considering the 
International Commission on Radiological Protection’s (ICRP) public and occupational exposure limits of 1 
and 50 mSv/y,  respectively8, reliable evaluation of radiation risks and effective radiation shielding is a significant 
challenge for safe and sustainable manned space development.

To evaluate the radiation risks from HZE particles, the dose equivalent, which is defined by the integral of 
the absorbed dose and radiation quality factor (QF), is  employed9. QF is a relevant parameter to relative biologi-
cal effect (RBE)10,11. ICRP has released the fluence conversion coefficients for the absorbed dose, mean QF, and 
dose equivalent to human tissues and organs and their effective  average9. Biological effects, such as simple and 
complex exchanges, gene mutation, and neoplastic transformation, have been investigated in terms of estimating 
cancer risks e.g., Ref.12–14. The QF provided by ICRP (1991)15 is a conventional value of  RBEmax under low-dose 
(< 0.2 Gy) and low-dose rate (~ 0.05 Gy/h) gamma-rays in model biological systems and it is described by a simple 
function of LET. A reduction in the effective dose equivalent is a good indicator for a reduction in radiation risk. 
However, the  RBEmax produces large uncertainties under various experiments, mainly due to the low yields of the 
biological effects of the low dose and dose rate gamma-rays5,16–18. An approach obtaining  RBEγacute values with 
relatively small uncertainties is to obtain them under acute conditions of high dose (0.5–3 Gy) gamma-rays5,17. 
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The acute gamma-ray model has obtained consistent RBEs by using the linear response to epidemiological data 
of atomic bomb  survivors19,20. Meanwhile, Cucinotta et al.21 suggested that the  RBEγacute might be insufficient to 
assess risk as well as QF due to restricted information on the physics of incident ions; e.g., Z∗2/β2 in (Eq. 3). After 
that, Cacao et al.22 obtained the  RBEγacute response to particle LET and charge number based on experimental 
datasets of 16O, 20Ne, 28Si, 48Ti, and 56Fe exposure.

Radiation shielding is a strategy used to reduce radiation exposure risks. Passive shielding is an approach to 
absorb relatively low energy particles and break up HZE particles into lighter particles in the shielding mate-
rial, resulting in dose reduction. HZE particle exposure and dose reduction by shielding materials have been 
studied through calculations and measurements using ground accelerators e.g., Ref.23–31 and in space modules 
e.g., Refs.6,32–39. Several types of shielding materials, such as aluminum (Al), polyethylene (PE,  (C2H4)n), and 
carbon fiber reinforced plastic (CFRP), have been studied. Al is commonly used in spacecraft construction, PE 
is known to be an effective shielding material, and CFRP is a potential structural material with a relatively high 
shielding efficiency for spacecraft owing to its high mechanical  strength40,41.

In this study, we discuss the effective dose equivalents due to GCR exposure based on two types of biological 
scale parameters under passive shielding, which will be crucial for evaluating radiation-induced risks during 
upcoming long-term stays in space.

Results
GCR fluences behind shielding materials. Figure 1 shows the energy spectra of the major GCR ele-
ments in free space and behind the shielding materials: Al, PE, and CFRP. Error bars represent the statisti-
cal error of the calculation. Several space modules provide shielding of ~ 20 g/cm2 or more mass thickness on 
 average42,43, therefore, we employed 20 g/cm2 as the typical thickness of spacecraft shielding. The proton flux was 
increased by shielding because the target and heavier projectile fragmentation reactions produced numerous 
secondary protons along the pathway of the primary particles in the materials. The number of heavy ions was 
decreased by the projectile fragmentation reactions, while some light ions at low energies (< 10 MeV/n) were 
increased by particle energy loss and secondary particle production owing to the target and heavier projectile 
fragmentations. Secondary particle production in the high energy region was highest in PE by projectile frag-
mentation, whereas that in the low energy region was highest in Al by target fragmentation. This is explained by 
the fragmentation cross section per unit  mass41 and the particle production rate by fragmentation. PE has the 
largest cross section of the employed materials, followed by CFRP and Al. The fragmentation of heavier particles 
produces a larger number of particles e.g., Ref.44.

The energy spectra of the fluence were converted to LET-dependent fluence spectra in the ICRU four-element 
 tissues45, as shown in Fig. 2. Summed LET spectra were obtained and are shown in Fig. 3. LET peaks for He, 
C, O, and Fe appeared at approximately 0.9, 7.5, 15, and 150 keV/µm, respectively, in free space. The mean 
 QFICRP and  RBEγacute were obtained from these fluence spectra using Eqs. (2) and (3), respectively. Note that 
our results only include the contributions by the charged particles from protons to Fe ions; the contributions of 
neutrons, photons, pions, and muons were not considered. The shielding materials significantly reduced the flux 
of primary particles heavier than He owing to projectile fragmentation. The flux reduction rate increased with 

Figure 1.  Energy spectra of GCR major elements in free space and with 20 g/cm2 shielding. (a) H, (b) He, (c) 
C, (d) Ne, (e) Si, and (f) Fe. Red line denotes GCR primary element in free space. Green, blue, and yellow denote 
GCR element with 20 g/cm2 shielding with Al, PE, and CFRP, respectively. Dotted energy regions (1–10 MeV/n) 
are not included in calculation primary sources because these low energy primary particles are stopped in a thin 
layer and do not contribute to the flux behind material.
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heavier nuclei; this was observed for Fe, which is one of the major contributors to the total dose. The shielding 
of high LET particles should contribute to the efficient reduction of biological effects. The increase in low energy 
H appeared as an enhancement at LET = 1–30 keV/µm. This was mainly because of the target fragmentations. 
Similar enhancements appeared in the heavier particles: He (30–100 keV/µm), C (500–1000 keV/µm), and Ne 
(1000–1500 keV/µm) (Fig. 2).

Biological scale parameters. The absorbed dose rates and mean  QFICRP and  RBEγacute of GCR elements 
in free space are summarized in Table 1. The total mean  QFICRP and  RBEγacute values were obtained as follows:

Figure 2.  LET spectra of GCR major elements in ICRU four-element tissues in free space and with 20 g/
cm2 shielding. (a) H, (b) He, (c) C, (d) Ne, (e) Si, and (f) Fe. Red line denotes GCR primary element in free 
space. Green, blue, and yellow denote GCR primary element with 20 g/cm2 shielding with Al, PE, and CFRP, 
respectively.

Figure 3.  Summed LET spectra of Fig. 2a–f. Total GCR primary particles in free space (red line) and with 20 g/
cm2 shielding with Al (green), PE (blue), and CFRP (yellow).
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where subscript i is an element in the GCR particles (Z = 1–26). The total absorbed dose rate was 162 mGy/year 
and the  QFICRP based effective dose equivalent  (HE(ICRP)) was 523 mSv/year. The total mean  QFICRP was larger than 
the total mean  RBEγacute by a factor of ~ 2.5. It should be noted that the effective dose equivalents based on  QFICRP 
could not be overestimated by a factor of ~ 2.5.  QFICRP is defined based on radiobiological data for conditions 
of low dose and low dose rate gamma-rays15. The difference due to the reference gamma-ray is compensated by 
the dose and dose rate effectiveness factor (DDREF)15. The value of the DDREF is a critical factor for obtaining 
the absolute value of the dose equivalent. The ICRP recommends a DDREF of  28,15. However, the DDREF ranges 
from 2 to 5 depending on the targets and radiation quality e.g., Refs.46–51. The differences between  QFICRP levels 
and  RBEγacute (Table 1) were consistent with the DDREF range.

Figure 4 shows elemental contributions to the effective dose equivalents in free space. The contributions 
of H, He, C, N, and O to  HE(RBEγacute) were larger than their contributions to  HE(ICRP). The contribution of Fe to 
 HE(RBEγacute) was smaller than that to  HE(ICRP) by a factor of ~ 2.5. The LET dependences of effective dose equivalents 
in free space and with 20 g/cm2 Al, PE, and CFRP shielding are given in Fig. 5. The vertical axis of Fig. 5b, i.e., 
 HE(RBEγacute), does not consider the DDREF value. Therefore, direct comparisons between (a) and (b) cannot be 
made. The reduction rates of  HE(ICRP) and  HE(RBEγacute) were similar for the whole LET range. While the enhance-
ment of the low energy and high LET particles generated in the shielding materials made a small variation in 
flux for LET < 100 keV/µm, the fragmentations from heavier ions than C contributed much to a dose reduction 
for LET > 8 keV/um. The mean  QFICRP and  RBEγacute (Table 1) indicate that the shielding material is efficient 
at reducing the effective dose equivalent due to the high LET particles of  QFICRP > 3.36 or  RBEγacute > 2.26. The 
dose reduction by CFRP was by a factor of ~ 2 at 10 keV/µm, ~ 5 at 100 keV/µm, and ~ 25 at 1000 keV/µm. The 
variations of relative absorbed dose, mean  QFICRP and mean  RBEγacute for the different shielding materials are 
summarized in Table 2.

(1)�QF(orRBE)� =
∑

QFiDi
∑

Di
,

Table 1.  Absorbed dose rates and mean  QFICRP and  RBEγacute of GCR elements in free space (with no shielding 
materials).

Di (mGy/y) QFICRP RBEγacute

H 98.6 1.62 1.04

He 33.1 1.59 1.19

Li 0.26 1.89 1.39

Be 0.21 2.00 1.65

B 0.29 2.50 1.94

C 4.72 3.36 2.26

N 1.58 4.09 2.52

O 6.73 5.45 2.83

F 0.19 6.20 3.06

Ne 1.60 8.20 3.42

Na 0.45 9.90 3.61

Mg 2.39 10.41 3.77

Al 0.55 12.22 3.79

Si 2.55 13.65 4.06

P 0.15 14.89 4.14

S 0.64 16.18 4.06

Cl 0.16 17.45 4.25

Ar 0.32 18.61 4.13

K 0.26 19.59 4.29

Ca 0.64 20.06 4.17

Sc 0.14 20.62 4.14

Ti 0.52 20.52 4.04

V 0.29 19.99 3.90

Cr 0.61 19.39 3.76

Mn 0.65 18.90 3.66

Fe 4.46 18.60 3.55

Total mean – 3.23 1.48
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Discussion
The calculated total absorbed dose and  HE(ICRP) in this study were 10–15% and ~ 20% lower than previous inter-
planetary measurements,  respectively6,39. Here, we note that  HE(ICRP) was compared with the measured dose 
equivalents. The effective dose equivalent, which is a protection value, is determined by normalizing dose equiva-
lent of human body, which is an operational value, with tissue or organ weighting factors. Although the effective 
dose equivalent is not equal to the dose equivalent, their comparison is reasonable considering the differences 
in irradiation targets (human body for our calculations and detector mediums for measurements). Considering 
discrepancies between the simple calculation geometry and actual measurement configuration, measurement 
uncertainties, the differences in the solar modulation factor, and contribution from secondary particles, which 
were not included in our calculation, these results are almost consistent. The reduction rates of  HE(ICRP) by 
material shielding in this study were 45–55% at 20 g/cm2, which are also similar values to previous calculations 
considering the above  discrepancies38,52. There was an important difference between  RBEγacute and  QFICRP in 
the ratio of light and heavy ions (e.g., H vs. Fe): the  QFICRP value of Fe was 11–12 times higher than that of H, 
compared to 3.5 times higher for  RBEγacute. This difference implies that the contribution of heavy ions to  HE(ICRP) 
is ~ 3 times higher than that to  HE(RBEγacute).

Comparing Figs. 3 and 5 indicates that the low energy edge of H does not contribute to the  HE spectra and a 
small enhancement due to Mg and Si makes a contribution to LET of ~ 30 keV/µm. Because the kinetic energy 
of the secondary H around the edge is ~ 1 MeV, its energy deposition is not large enough to increase the dose. 
Meanwhile, heavy ions, such as C and O, for LET ~ 10 keV/µm are relativistic, which increases the dose. The 
penetrative ability of ions is an important factor when considering the energy deposition in the human body. 

Figure 4.  Contribution ratio of GCR particles to the effective dose equivalent. (a)  QFICRP and (b)  RBEγacute in 
free space (with no shielding materials).

Figure 5.  LET dependencies of the effective dose equivalents. (a)  HE(ICRP) and (b)  HE(RBEγacute). Red line denotes 
total GCR primary particles in the free space. Green, blue, and yellow denote total GCR primary particles with 
20 g/cm2 shielding with Al, PE, and CFRP, respectively.
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Therefore, the underestimation of ions with a lower energy of < 1 MeV/n was not significant. Like the H edge, 
the shielding materials diminished the He edge at 20–100 keV/µm, inducing a small enhancement in Mg and Si.

The reduction in the absorbed dose mainly came from the fragmentation of HZE particles. Around the mean 
energy of the GCR particles (~ 1 GeV/n), the energy loss in the shielding materials, which depended on the 
stopping power, was not significant. The mean  QFICRP and  RBEγacute values decreased as a function of shielding 
thickness. The reduction rate of HZE particles by fragmentation in the shielding materials was larger than the 
rate of increase in protons. At a typical mass thickness of 20 g/cm2, the mean  QFICRP and  RBEγacute decreased to 
30% and 15% for Al, 40% and 20% for PE, and 37% and 18% for CFRP, respectively. The reduction rates of mean 
 RBEγacute were lower than those of mean  QFICRP because the heavy ion contributions to mean  QFICRP were larger 
than those to mean  RBEγacute. The relative variations in  HE values among the shielding materials were obtained 
from the relative absorbed doses and relative mean  QFICRP or  RBEγacute (Eq. 3). At a thickness of 20 g/cm2, the 
reduction rates of  HE(ICRP) and  HE(RBEγacute) were 45% and 32% for Al, 55% and 40% for PE, and 52% and 38% for 
CFRP, respectively. PE achieved ~ 24% and ~ 5% higher reduction rates than Al and CFRP, respectively. An idea 
for deep space missions is to construct some spacecraft parts made of CFRP, which has a better shielding capabil-
ity than conventional Al based materials. Our previous evaluation implied that the material switching from Al to 
CFRP at the same actual thickness provided a similar dose reduction despite that the total mass of CFRP module 
was much smaller than that of Al by a factor of their density  ratio41. The actual shielding materials are not only 
spacecraft materials but also fuel, water and other supplies. The materials to construct a spacecraft will be selected 
by not only radiation shielding performance but also many requirements such as thermal property, ultraviolet 
resistance, moisture absorption resistance and so on. If the complete material switching from Al to CFRP is 
attained by the same mass thickness (g/cm2), CFRP will give a benefit for the protection of crews from GCRs.

The results were discussed for charged particles from protons to Fe ions as mentioned in the results sec-
tion; the contributions of neutrons, photons, pions, and muons were not considered. In particular, the neutron 
contribution to the dose equivalents may not be small among secondary radiation particles (e.g., Refs.4,5). The 
neutron contributions obtained from the ICRP conversion coefficients,  HE(ICRP)neutron, are also listed in Table 2. 
The neutron contribution rate was much lower than the charged particle contributions (5.9% of the  HE(ICRP) at 
most). The fragmentation reactions of the primary particles, which produce neutrons, occur effectively in light 
shielding materials. The higher neutron contribution in Al indicates a high thermalization with hydrogen atoms 
in PE and CFRP.  RBEγacute for neutrons is one of issues to be addressed in future.

The difference between  QFICRP and  RBEγacute, except for the reference gamma-ray, is in the models:  QFICRP 
depends on the energy deposition (i.e., LET) while  RBEγacute depends on the charge and energy of the incident 
particles. The energy of the secondary particles is dependent on that of the primary particles. One possible 
explanation for the larger  QFICRP peak than  RBEγacute peaks in their LET dependencies (Fig. 6) is the difference 
in targeted radiation for dose assessment. Heavy ions at their peaks have relativistic energy, which produces 
relativistic secondary particles. The fact that the  RBEγacute peaks are lower than the  QFICRP peak reflects the 
significant contribution of low energy secondary particles because electrons are biologically effective at low 
energies (< 10 keV)10.

The advantages and disadvantages of  QFICRP and  RBEγacute are summarized in Table 3. The  RBEγacute evaluates 
relative biological effectiveness with a smaller uncertainty than  RBEmax relevant to  QFICRP, as mentioned in the 
introduction. One of the difficulties in using  RBEγacute is the selection of the parameters. The selected parameters, 
and thus  RBEγacute, depend on the targeted radiation field and biological effects. Thus, the obtained dose equiva-
lent was not comparable in different radiation environments. Meanwhile,  QFICRP, which is determined by LET, 
offers good usability. However, the effective dose equivalents and  QFICRP have been established for general dose 
assessment on the ground and have been replaced with the effective  dose15. The radiation environment on the 

Table 2.  Variation of the relative effective dose equivalent,  HE, with shielding materials of differing mass 
thickness. The relative neutron contribution rates  (HE(ICRP)neutron) and contributions to the charged particle 
contributions  (HE(ICRP)) are given.

Shielding 
material

Mass thickness 
(g/cm2)

Relative 
absorbed dose Mean  QFICRP

Relative 
 HE(ICRP)

Relative 
 HE(ICRP)neutron Mean  RBEγacute

Relative 
 HE(RBEγacute)

0 1.00 3.23 1.00 0 1.48 1.00

Al

5 0.91 2.88 0.81 0.01 (1.2%) 1.41 0.87

10 0.87 2.61 0.70 0.02 (2.6%) 1.35 0.79

15 0.83 2.41 0.62 0.03 (4.1%) 1.30 0.73

20 0.79 2.25 0.55 0.03 (5.9%) 1.26 0.68

PE

5 0.90 2.67 0.75 0.01 (1.2%) 1.36 0.83

10 0.85 2.32 0.61 0.02 (2.6%) 1.28 0.73

15 0.79 2.09 0.51 0.02 (4.2%) 1.22 0.66

20 0.75 1.94 0.45 0.03 (5.7%) 1.18 0.60

CFRP

5 0.90 2.76 0.77 0.01 (1.2%) 1.38 0.84

10 0.85 2.44 0.64 0.02 (2.6%) 1.31 0.75

15 0.80 2.21 0.55 0.02 (4.2%) 1.25 0.68

20 0.76 2.04 0.48 0.03 (5.9%) 1.21 0.62
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ground is primarily composed of photons from natural radioisotopes. Other contributors to this environment 
are protons, alpha particles, and neutrons in specific radiation fields, such as medical accelerators and nuclear 
power plants. HZE particles were not the main target of  QFICRP on the ground.  QFICRP has not been updated 
since the 1990 ICRP  recommendation15. The establishment of a standard parameter specified for a mixed radia-
tion environment occupied by protons and heavy ions is necessary for practical dose assessment in deep space.

Conclusion
We investigated the radiation shielding performance and effective dose equivalents based on the ICRP radia-
tion QF and the plausible RBE for three shielding materials, Al, PE, and CFRP, using the Geant4 Monte Carlo 
simulation. The  QFICRP values of Fe were 11–12 times larger than those of H, compared to ~ 3.5 times larger for 
 RBEγacute. Therefore, the contribution of heavy ions to  HE(ICRP) was larger by a factor of ~ 3 compared to that to 
 HE(RBEγacute). The shielding materials reduced the flux of primary particles heavier than He due to projectile frag-
mentation. The flux reduction rate increased with successively heavier nuclei and the increase was particularly 
large for heavier ions. The shielding materials efficiently reduced the effective dose equivalent due to ions with 
 QFICRP > 3.36 and  RBEγacute > 2.26. The reduction rates of  HE(ICRP) were higher than those of  HE(RBEγacute) because 
of the large contribution of heavy ions. The expected radiation exposure risk was reduced by 50% for  QFICRP and 
38% for  RBEγacute when using 20 g/cm2 CFRP. Therefore, a spacecraft made of CFRP could improve the radiation 
shielding performance compared to conventional Al-based spacecraft and help mitigate space radiation hazards 
in future space missions. The discrepancy between  QFICRP and  RBEγacute highlighted the necessity of a new stand-
ard for mixed radiation environments occupied with protons and heavy ions in deep space.

Methods
We calculated the fluences of GCR protons and heavy ions up to Fe (Z = 1–26) with energies ranging from 
1 MeV/n to 100 GeV/n in free space and with shielding materials using Monte Carlo simulation with Geant4 ver. 
10.04.0253–55. The primary particles in the energy region of 1–10 MeV/n (Fig. 1 dotted lines) did not contribute 
to the flux behind the materials because these low energy particles were stopped within a thin shielding layer 
of only a few micrometers. Primary particles in this energy range were excluded from the projectile to reduce 
the calculation cost. The mean  QFICRP and  RBEγacute values were obtained, including the particles in this energy 
range. Al, PE, and CFRP with mass thicknesses of 5, 10, 15, and 20 g/cm2 were employed as shielding materi-
als. The GCR source was derived from the DLR model during the solar minimum  phase56. The solar minimum 
assumption provides the worst case for radiation exposure. The number of each primary ion was fixed at  106 to 
obtain the total dose rate by merging all the dose rates. The elemental composition of the CFRP was assumed 
to be that of a commercial composite material, CF/PEEK (Toray Cetex TC1200, Toray Advanced Composites, 

Figure 6.  LET dependencies of biological scale parameters.  RBEγacute (left axis) for simple exchanges to human 
peripheral blood  lymphocytes22 and  QFICRP (right axis)15.

Table 3.  Advantages and disadvantages for  QFICRP and  RBEγacute.

Advantages Disadvantages

QFICRP

Uniquely determined by LET
Traditionally used and easy to compare in different radiation 
environments

Targeted for exposure on the ground
Not updated since 1990

RBEγacute
Smaller uncertainty than  RBEmax  (QFICRP)
Based on measured data of HZE particles

Parameters depend on targeted radiation field and biological 
effects
Difficult to compare in different radiation environments
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USA). The dose and LET changes due to nuclear fragmentation simulated by Geant4 have been experimentally 
validated in our previous  studies40,41.

The absorbed dose (D) for the whole human body, due to each particle in free space and behind the target 
materials, was obtained from the particle fluences and ICRP conversion coefficients for isotropic  exposure9. The 
ICRP defines the  QFICRP as the  following15:

The mean  RBEγacute was obtained through the charge and energy dependences for the targeted effects model 
as  follows21,22:

where Z∗ and β are the effective charge number of the particle and particle velocity relative to light, respectively; 
parameters σ0 , m, and κ are constants based on radiobiological experiments; and αγ is the linear regression coeffi-
cient for the acute dose of gamma-rays at the same endpoint. We employed these parameters for simple exchanges 
with human peripheral blood lymphocytes from Cacao et al.22 since blood is uniformly distributed in the whole 
body. Here, the dose rate in space is of the order of hundreds of micro grays per day e.g., Refs.6,33,34,37,43,57. Non-
targeted effects are expected to be negligible at sufficiently low doses of < 1 mGy e.g., Refs.58–61 and a large number 
of DNA double-strand breaks are required for complex exchanges. Therefore, we selected a targeted effects model 
and assumed a simple exchange with human lymphocytes. Although the parameters studied in previous  works17,21 
provided 2–5 times larger  RBEγacute values, these studies targeted solid cancer or leukemia, which are also relevant 
to nontargeted effects and complex exchanges. Other parameters must be used to target these critical radiation 
hazards. The  RBEγacute and  QFICRP values of major GCR particles as a function of LET are presented in Fig. 6 15,22. 
The LET range of each particle corresponded to an energy range of 1 MeV/n–10 GeV/n. The dose equivalent  HE 
was obtained by the products of the absorbed dose and the  QFICRP or  RBEγacute:

where i indicates the GCR particle (Z = 1–26).

Data availability
The datasets generated in this study are available from the corresponding author upon reasonable request. There 
were no restrictions in terms of data availability.

Received: 15 February 2022; Accepted: 20 July 2022

References
 1. Crusan, J. C. et al. Deep space gateway concept: Extending human presence into cislunar space. In 2018 IEEE Aerospace Conference 

1–10 (IEEE, 2018). https:// doi. org/ 10. 1109/ AERO. 2018. 83965 41.
 2. Simpson, J. A. Elemental and isotopic composition of the galactic cosmic rays. Annu. Rev. Nucl. Part. Sci. 33, 323–381 (1983).
 3. George, J. S. et al. Elemental composition and energy spectra of galactic cosmic rays during solar cycle 23. Astrophys. J. 698, 

1666–1681 (2009).
 4. Cucinotta, F. A. Space radiation risks for astronauts on multiple international space station missions. PLoS One 9, e96099 (2014).
 5. Cucinotta, F. A., Alp, M., Rowedder, B. & Kim, M. H. Y. Safe days in space with acceptable uncertainty from space radiation 

exposure. Life Sci. Sp. Res. 5, 31–38 (2015).
 6. Zeitlin, C. et al. Measurements of energetic particle radiation in transit to Mars on the Mars Science Laboratory. Science (80-). 340, 

1080–1084 (2013).
 7. Hassler, D. M. et al. Mars’ surface radiation environment measured with the mars science laboratory’s curiosity rover. Science (80-). 

343, 1244797 (2014).
 8. ICRP. The 2007 recommendations of the international commission on radiological protection. ICRP Publ. 103. Ann. ICRP 37, 

1–332 (2007).
 9. ICRP. Assessment of radiation exposure of astronauts in space. ICRP Publ. 123. Ann. ICRP 42, 1–339 (2013).
 10. ICRP. Relative biological effectiveness (RBE), quality factor (Q), and radiation weighting factor (wR). ICRP Publ. 92. Ann. ICRP 

33, 1–117 (2003).
 11. NCRP. The relative biological effectiveness of radiations of different quality: Recommendations of the National Council on Radia-

tion Protection and Measurements. NCRP Rep. No. 104, (1990).
 12. Yang, T. C. H., Craise, L. M., Mei, M. T. & Tobias, C. A. Neoplastic cell transformation by heavy charged particles. Radiat. Res. 104, 

S177–S187 (1985).
 13. Kiefer, J., Schmidt, P. & Koch, S. Mutations in mammalian cells induced by heavy charged particles: An indicator for risk assess-

ment in space. Radiat. Res. 156, 607–611 (2001).
 14. George, K. A., Hada, M., Chappell, L. & Cucinotta, F. A. Biological effectiveness of accelerated particles for the induction of chro-

mosome damage: Track structure effects. Radiat. Res. 180, 25–33 (2013).
 15. ICRP. 1990 Recommendations of the international comission on radiological protection. ICRP Publ. 60. Ann. ICRP 21, (1991).
 16. Edwards, A. A. Neutron RBE values and their relationship to judgements in radiological protection. J. Radiol. Prot. 19, 93 (1999).
 17. Cucinotta, F. A. A new approach to reduce uncertainties in space radiation cancer risk predictions. PLoS One 10, e0120717 (2015).
 18. NCRP. Radiation protection for space activities: Supplement to previous recommendations. NCRP Comment. No. 23, (2014).
 19. UNSCEAR. Effects of Ionization Radiation. UNSCEAR 2006 Report (United Nations Publication, 2006).
 20. NRC. Health Risks from Exposure to Low Levels of Ionizing Radiation (The National Academies Press, 2006). https:// doi. org/ 10. 

17226/ 11340.

(2)QFICRP =







1

0.32LET − 2.2

300/
√
LET

(LET < 10)

(10 < LET < 100)

(LET > 100).

(3)
RBEγ acute = (1− P)+ 6.24σ0/αγ LET

P = (1− exp(−Z∗2/κβ2))
m
,

.

(4)HE = �DiQFICRPi
(

orRBEγ acutei
)

,

https://doi.org/10.1109/AERO.2018.8396541
https://doi.org/10.17226/11340
https://doi.org/10.17226/11340


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:13617  | https://doi.org/10.1038/s41598-022-17079-1

www.nature.com/scientificreports/

 21. Cucinotta, F. A., Kim, M.-H. Y. & Chappell, L. J. Space radiation cancer risk projections and uncertainties-2012. NASA/TP 2013-
217375 (2013).

 22. Cacao, E., Hada, M., Saganti, P. B., George, K. A. & Cucinotta, F. A. Relative biological effectiveness of HZE particles for chromo-
somal exchanges and other surrogate cancer risk endpoints. PLoS One 11, e0153998 (2016).

 23. Miller, J. et al. Benchmark studies of the effectiveness of structural and internal materials as radiation shielding for the International 
Space Station. Radiat. Res. 159, 381–390 (2003).

 24. La Tessa, C. et al. Fragmentation of 1GeV/nucleon iron ions in thick targets relevant for space exploration. Adv. Sp. Res. 35, 223–229 
(2005).

 25. Guetersloh, S. et al. Polyethylene as a radiation shielding standard in simulated cosmic-ray environments. Nucl. Instrum. Methods 
Phys. Res. Sect. B Beam Interact. Mater. Atoms 252, 319–332 (2006).

 26. Zeitlin, C., Guetersloh, S. B., Heilbronn, L. H. & Miller, J. Measurements of materials shielding properties with 1 GeV/nuc 56Fe. 
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 252, 308–318 (2006).

 27. DeWitt, J. M. et al. Assessment of radiation shielding materials for protection of space crews using CR-39 plastic nuclear track 
detector. Radiat. Meas. 44, 905–908 (2009).

 28. Giraudo, M. et al. Accelerator-based tests of shielding effectiveness of different materials and multilayers using high-energy light 
and heavy ions. Radiat. Res. 190, 526 (2018).

 29. Schuy, C. et al. Experimental assessment of lithium hydride’s space radiation shielding performance and Monte Carlo Benchmark-
ing. Radiat. Res. 191, 154–161 (2019).

 30. DeWitt, J. M. & Benton, E. R. Shielding effectiveness: A weighted figure of merit for space radiation shielding. Appl. Radiat. Isot. 
161, 109141 (2020).

 31. Cai, M., Yang, T., Li, H., Yang, H. & Han, J. Experimental and simulation study on shielding performance of developed hydrogenous 
composites. Sp. Sci. Technol. 2022, 9754387 (2022).

 32. Beaujean, R., Kopp, J., Burmeister, S., Petersen, F. & Reitz, G. Dosimetry inside MIR station using a silicon detector telescope 
(DOSTEL). Radiat. Meas. 35, 433–438 (2002).

 33. Benton, E., Benton, E. & Frank, A. Passive dosimetry aboard the Mir Orbital Station: Internal measurements. Radiat. Meas. 35, 
439–455 (2002).

 34. Berger, T. et al. DOSIS & DOSIS 3D: Long-term dose monitoring onboard the Columbus Laboratory of the International Space 
Station (ISS). J. Sp. Weather Sp. Clim. 6, A39 (2016).

 35. Shavers, M. R. et al. Implementation of ALARA radiation protection on the ISS through polyethylene shielding augmentation of 
the Service Module Crew Quarters. Adv. Sp. Res. 34, 1333–1337 (2004).

 36. Kodaira, S. et al. Verification of shielding effect by the water-filled materials for space radiation in the International Space Station 
using passive dosimeters. Adv. Sp. Res. 53, 1–7 (2014).

 37. Kodaira, S. et al. Analysis of radiation dose variations measured by passive dosimeters onboard the International Space Station 
during the solar quiet period (2007–2008). Radiat. Meas. 49, 95–102 (2013).

 38. Slaba, T. C., Mertens, C. J. & Blattnig, S. R. Radiation shielding optimization on mars. NASA/TP 2013–217983 (2013).
 39. Mazur, J. E. et al. New measurements of total ionizing dose in the lunar environment. Sp. Weather 9, S07002 (2011).
 40. Naito, M. et al. Investigation of shielding material properties for effective space radiation protection. Life Sci. Sp. Res. 26, 69–76 

(2020).
 41. Naito, M. et al. Applicability of composite materials for space radiation shielding of spacecraft. Life Sci. Sp. Res. 31, 71–79 (2021).
 42. Shurshakov, V. A. et al. Solar particle events observed on MIR station. Radiat. Meas. 30, 317–325 (1999).
 43. Kodaira, S. et al. Space radiation dosimetry at the exposure facility of the international space station for the Tanpopo mission. 

Astrobiology 21, 12 (2021).
 44. Bertini, H. W. Intranuclear-cascade calculation of the secondary nucleon spectra from nucleon-nucleus interactions in the energy 

range 340 to 2900 MeV and comparisons with experiment. Phys. Rev. 188, 1711–1730 (1969).
 45. ICRU. ICRU Report 39: Determination of dose equivalents resulting from external radiation sources. J. ICRU  os-20, 1–10 (1985).
 46. Alpen, E. L., Powers-Risius, P., Curtis, S. B. & DeGuzman, R. Tumorigenic potential of high-Z, high-LET charged-particle radia-

tions. Radiat. Res. 136, 382–391 (1993).
 47. George, K. et al. Chromosome aberrations in human lymphocytes induced by 250 MeV protons: Effects of dose, dose rate and 

shielding. Adv. Sp. Res. 30, 891–899 (2002).
 48. Elmore, E., Lao, X.-Y., Kapadia, R., Swete, M. & Redpath, J. Neoplastic transformation in vitro by mixed beams of high-energy 

iron ions and protons. Radiat. Res. 176, 291–302 (2011).
 49. Stisova, V., Abele, W. H., Thompson, K. H., Bennett, P. V. & Sutherland, B. M. Response of primary human fibroblasts exposed to 

solar particle event protons. Radiat. Res. 176, 217–225 (2011).
 50. Peng, Y., Nagasawa, H., Warner, C. & Bedford, J. S. Genetic susceptibility: Radiation effects relevant to space travel. Health Phys. 

103, 607–620 (2012).
 51. Weil, M. M. et al. Effects of 28Si Ions, 56Fe ions, and protons on the induction of murine acute myeloid leukemia and hepatocel-

lular carcinoma. PLoS One 9, e104819 (2014).
 52. Dobynde, M. I. & Shprits, Y. Y. Radiation environment created with GCRs inside a spacecraft. Life Sci. Sp. Res. 24, 116–121 (2020).
 53. Agostinelli, S. et al. Geant4—A simulation toolkit. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 

506, 250–303 (2003).
 54. Allison, J. et al. Geant4 developments and applications. IEEE Trans. Nucl. Sci. 53, 270–278 (2006).
 55. Allison, J. et al. Recent developments in Geant4. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 

835, 186–225 (2016).
 56. Matthiä, D., Berger, T., Mrigakshi, A. I. & Reitz, G. A ready-to-use galactic cosmic ray model. Adv. Sp. Res. 51, 329–338 (2013).
 57. Reitz, G. et al. Astronaut’s organ doses inferred from measurements in a human phantom outside the international space station. 

Radiat. Res. 171, 225–235 (2009).
 58. Huo, L., Nagasawa, H. & Little, J. B. HPRT mutants induced in bystander cells by very low fluences of alpha particles result primarily 

from point mutations. Radiat. Res. 156, 521–525 (2001).
 59. Little, J. B., Nagasawa, H., Li, G. C. & Chen, D. J. Involvement of the nonhomologous end joining DNA repair pathway in the 

bystander effect for chromosomal aberrations. Radiat. Res. 159, 262–267 (2003).
 60. Yang, H. et al. Effects of very low fluences of high-energy protons or iron ions on irradiated and bystander cells. Radiat. Res. 176, 

695–705 (2011).
 61. Liber, H. L., Idate, R., Warner, C. & Bailey, S. M. Radiation quality and mutagenesis in human lymphoblastoid cells. Radiat. Res. 

182, 390–395 (2014).

Acknowledgements
This work was partially supported by JSPS KAKENHI Grant Number 21K19850.



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13617  | https://doi.org/10.1038/s41598-022-17079-1

www.nature.com/scientificreports/

Author contributions
S.K. designed the study. M.N. performed simulations. S.K. and N.M. analyzed the data and drafted the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Considerations for practical dose equivalent assessment of space radiation and exposure risk reduction in deep space
	Results
	GCR fluences behind shielding materials. 
	Biological scale parameters. 

	Discussion
	Conclusion
	Methods
	References
	Acknowledgements


