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Introduction. The transition to long term lunar and space missions requires a revision of methods for assessing the 
occupational risks faced by astronauts due to exposure to ionizing radiation (IR).
The study aims to propose, based on a systematic review, a model for calculating cosmic radiation doses for typical mission 
scenarios, and a comparative analysis of dose distribution when choosing protective materials for space suits, ships and stations. 
Materials and methods. The authors used a deterministic model of linear dose accumulation based on data from the LRO 
(CRaTER), Curiosity (RAD), and DOSIS 3D instruments. The scientists developed a software package in Python for 
dosimetric planning and conducted a comparative analysis of radiation protection materials (regolith, HDPE, PEEK, basalt).
Results. The scientists have calculated the effective radiation doses: for a flight to the Moon — 5.4 mSv, to Mars — 378 mSv; 
for a one year stay at a lunar base without protection — up to 1200 mSv. It has been established that for stationary bases, the 
optimal choice is to use lunar regolith with boron containing additives (neutron absorption efficiency up to 92%), and for 
spacesuits — a multilayer combination of high density polyethylene and polyetheretherketone (PEEK).
Limitations. Analysis of radiation levels in space, the health effects of the "dose-effect" of astronauts, radiation safety standards.
Conclusion. Experts have substantiated the need for an approach to dose regulation based on risk assessment, the “time protection” 
strategy, and the use of special equipment/materials and local resources (ISRU) to minimize occupational risks in space.
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publicly available data and official regulatory databases).
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Introduction. The current strategy for the development 
of space exploration is characterized by a shift from 
short term orbital flights to the creation of permanent 
infrastructure in deep space. In 2024, cooperation between 
the Russian Federation and the People’s Republic of China 
on the creation of an International Scientific Lunar Station 
was legally enshrined [1], while NASA’s Artemis program 
and the Moon to Mars concept envisage the deployment of 
inhabited bases on the Moon as a springboard for Martian 
expeditions [2]. Ionizing radiation (IR) is one of the most 
dangerous and least manageable occupational risk factors in 
aerospace medicine [3]. In civil aviation, at the operating 
heights of flight personnel, the power of cosmic radiation 
exceeds the natural radiation background on the Earth's 
surface by dozens of times [4, 5]. However, in interplanetary 
space and on the surfaces of celestial bodies devoid of a dense 
atmosphere and a global magnetic field, AI levels increase 
by orders of magnitude, which creates the risk of not only 
stochastic oncological consequences but also deterministic 
tissue reactions [6, 7]. Ensuring radiation safety (RS) when 
planning interplanetary flights requires precision dosimetric 
control, taking into account the individual radiosensitivity of 
astronauts and designing effective protective barriers [8, 9].

The study aims to propose, based on a systematic review, 
a model for calculating doses from cosmic radiation for typical 
mission scenarios, and to conduct a comparative analysis of 
dose distribution when selecting protective materials for 
space suits, spacecraft, and stations.

Materials and methods. As part of the study, the physical 
parameters of four habitats were systematized: the Earth’s 
surface, low Earth orbit (LEO), using the International Space 

Station (ISS) as an example, and the surfaces of the Moon 
and Mars [1, 10, 11].

The assessment of the radiation environment was based 
on data from modern space based instrument systems: the 
CRaTER telescope aboard the Lunar Reconnaissance Orbiter 
(LRO) [10]; the RAD detector on the Curiosity rover [11]; 
and the DOSIS and DOSIS 3D dosimetric systems in the 
Columbus module on the ISS [12].

The assessment of radiation risk was carried out using the 
methodology for calculating the effective dose, as prescribed 
by the recommendations of the International Commission on 
Radiological Protection (ICRP) and the domestic radiation 
safety standards (RSS) [13, 14]. A deterministic model of 
linear dose accumulation was used to assess occupational 
risk. For multi phase missions, the total effective dose H was 
calculated using the formula:

H = Σn  Hi × ti

where H is the total effective dose for the entire mission, 
mSv; Hi is the average effective dose rate during the first 
phase of the flight or stay (e.g., flight to Mars, stay on the 
surface), mSv/day or mSv/year; ti is the duration of the first 
phase, days or years; n is the number of mission phases. To 
automate the calculations, the authors have developed the 
software package "Space RadCalc" (Python/Rich), which 
allows modeling dose loads on critical organs (bone marrow, 
lens, skin) taking into account weighting factors in accordance 
with NRB 99/2009. The program is available in the public 
domain on SourceForge1.
1	 https://sourceforge.net/projects/radiation/
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To select the optimal materials for radiation protection, 
a  multi criteria analysis was carried out based on the 
parameters of the mass attenuation coefficient of ionizing 
radiation (IR), specific density, the cost of transportation to 
orbit, and the potential for using local space resources (ISRU 
technology — In Situ Resource Utilization) — a concept 
and a set of technologies aimed at extracting, processing, and 
using local resources on other celestial bodies [15–17].

Results and discussion. An analysis of the current 
standards shows significant differences in the approaches of 
national space agencies, hygienic RSS in sanitary rules and 
regulations (SanPiN), and occupational radiation standards 
in the RSS of the International Atomic Energy Agency 
(IAEA) (Table 1).

The risks associated with space exploration fall on the 
shoulders of a small group of people (cosmonauts, astronauts, 
taikonauts, and v’omanauts), but the benefits are enjoyed by 
the entire society. This imbalance places the responsibility 
on space agencies to ensure maximum protection for the 
specialists (the hull of the spacecraft and stations, spacesuits, 
exposure time) in order to minimize operational disruptions 
during the flight, throughout their entire career, and after 
leaving the agencies. Attempts are being made to predict the 
risks associated with lunar and Martian missions, taking into 
account their duration (days), absorbed doses (Gy), effective 
doses (mSv), and fatal risks (%) [8].

A systematization of the physical factors affecting 
humans in the studied habitats has been carried out. 
Special attention is paid to the role of the natural radiation 
background, temperature fluctuations, and the level of gravity, 
which synergistically affect the physiological adaptation of 
astronauts (Table 2).

An analysis of the radiation parameters shows that on the 
surfaces of the Moon and Mars, IR becomes the dominant 
extreme occupational risk factor [15, 16, 19]. Based on 
formula (1), doses were calculated for five basic scenarios of 
manned missions (Table 3).

Table 3 shows the average data of the effective dose ranges 
measured by CRaTER (LRO), RAD (Curiosity) and DOSIS 3D 

(ISS) instruments and are not linked to a specific solar activity 
cycle (SA). The lower limits of the ranges (230 mSv/year for 
Mars and 800 mSv/year for the Moon) correspond to the period 
of maximum SA (minimum flux of galactic cosmic rays (GCR), 
the upper limits (350 and 1200 mSv / year) — the period of 
minimum SA (maximum flux GCR).

In risk based approaches, it is worth noting the significance 
of the Methodological Recommendations approved by 
Roscosmos and Federal Medical-Biological Agency (FMBA) 
on January 17, 2021 — "Limiting the Radiation Exposure 
of Astronauts during Flights in Near Earth Space" — which 
provide the conceptual foundations, dosimetric functions, 
and calculation formulas.

Near-term Generalized Dose (NGD) (in Russ. — generali
zed dose (Hb)) is a value used as a measure to determine 
the risk of adverse consequences for the performance and 
viability of crew members during a space flight.

Lifetime Generalized Dose (LGD) (in Russ. — generali
zed dose (Ho)) is a value used to assess the lifetime risk of 
long term adverse effects on the health and performance of 
astronauts (carcinogenic and non carcinogenic risks) after 
the completion of long duration missions and the astronauts’ 
careers in general; it is determined based on a specific set 
of coefficients, as other critical body systems and long term 
consequences are taken into account.

The obtained critical levels of radiation doses and risks 
at the level of the ISS’s near Earth orbits indicate the high 
relevance of developing and applying highly effective means 
of collective and individual protection during long duration 
manned space flights and stays on the surfaces of the Moon 
and Mars.

When planning missions, the calculation of radiation 
doses to critical organs should be compared with the 
threshold values of clinical manifestations in order to prevent 
the development of cataracts of the eye lens, cognitive 
impairments, and acute suppression of hematopoiesis 
(Table 4) [17, 20].

During deep space flights, conventional heavy metals 
(for example, lead) are ineffective due to their high atomic 

Table 1
Comparative analysis of occupational exposure standards for astronauts and hygienic standards

Space Agencies, Rospotrebnadzor, 
IAEA — subjects of rationing Career limit / professional standards Sex/age dependency

Russian Space Agency*
Canadian Space Agency*
European Space Agency*

1000 mSv No sex or age dependency

Japanese Aerospace Exploration* 3% REID the mean
Lower limit: 500 mSv for 27- to 30-year-
old female. Upper limit: 1,000 mSv for > 
46-year-old male

National Aeronautics and Space 
Administration (NASA) (current)* 3% REID the 95% confidence level

Lower limit: ~180 mSv for 30-year-old 
female Upper limit: ~700 mSv for 60-year-
old male

NASA (proposed update)* 600 mSv No sex or age dependency
Rospotrebnazor, occupational radiation 
standards, SanPiN NRB-99/2009

Annual dose limits of 100 mSv for 5 years 
/ not more than 50 mSv per year No sex or age dependency

Federal Medical-Biological Agency 
(FMBA), guidelines 17.01-2021

300 mSv per year, 1000 mSv per 
professional period, 2000 mSv per skin 
per year, 600 mSv per lens per year

No sex or age dependency

IAEA, occupational exposure standards, 
IAEA Radiation safety standards

Annual dose limits of 100 mSv for 5 years 
/ not more than 50 mSv per year No sex or age dependency

Notes: * — data from source [8].
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number, which, when interacting with the nuclei of galactic 
cosmic rays (GCR), triggers the formation of cascades of 
hard secondary braking radiation and neutron radiation 
[23]. A comparative analysis of promising passive protection 
materials is presented in Table 5 [15, 16, 22, 23].

The introduction of boron compounds into polymer and 
regolith matrices ensures effective absorption of thermal and 
epithermal neutrons [15, 27]. Sintering of regolith makes it 
possible to produce durable protective blocks directly at the 
construction site (ISRU), reducing the cost of delivering 
heavy loads from Earth [15, 24]. 

For individual space suits (spacesuits), the most effective 
material is recognized as a multilayer polymer composition 
based on polyetheretherketone (PEEK) and high density 
polyethylene (HDPE), which provides a significant reduction 
in the dose load from GCR while maintaining mechanical 

strength and moderate weight [26-28]. According to some 
data, HDPE and regolith absorb up to 92–98 % of neutrons 
and weaken GCR by approximately 3–5 times.

In the context of discussion, it is worth noting the current 
contribution of Russian scientists to the development of the 
subject matter. The authors conducted an assessment of the 
neutron component of the radiation background on Mars 
[29].

The “Generalized Dose” was substantiated as the main 
dosimetric functional to normalize the effects of cosmic 
radiation to standard irradiation conditions on Earth (acute, 
short term, uniform irradiation from sources with a radiation 
quality factor (QF) of 1.0); based on it, an algorithm was 
developed and calculations of the total radiation risk (TRR) 
were carried out over the lifetime of cosmonauts of different 
ages after completing a two year mission to Mars, during the 

Table 2
Comparative matrix of physical parameters of the studied habitats

Habitat Surface 
temperature, °С

Atmospheric 
pressure, Ра

Radiation 
background 

(total), mSv/year
Gravity 

acceleration, m/s² Data source*

Earth from –88 to +60 1.013×10⁵ 2,35 9,81 [13, 14]

ISS (LEO) from –150 to +120 
(outside) 1.013×10⁵ (inside) 180–300 –8.70 

(microgravity) [12, 18]

Moon from –170 to +130 10–⁹ (vacuum) 588–1200 1,62 [10, 19]
Mars from –138 to +20 610 230–350 3,71 [11]

Notes: * — in addition to the sources cited, there are data on measurements of parameters, doses, radiation risk levels, etc., in the research 
materials of the Institute of Biomedical Problems of the Russian Academy of Sciences, the Skobeltsyn Research Institute of Nuclear 
Physics at Moscow State University, the Space Research Institute of the Russian Academy of Sciences, the A. I. Burnazyan Federal Medical 
Biophysical Center, the Scientific and Technical Center for Radiation and Chemical Safety and Hygiene, and the Research Center for 
Aerospace Medicine and Military Ergonomics.

Table 3
Calculated data of the effective radiation dose of the crew in various mission scenarios

Space mission scenario
Calculated dose range 

for the mission period, 
mSv

Percentage of the 
RF career limit 

(1000 mSv)
Degree of radiation 

health risk Data source

Flight to the Moon (transit 
round trip, 6 days) 5.4 0.54% Minimal [10, 19]

Flight to Mars (one-way 
transit, 210 days) 378.0 37.80% High [11, 17]

1 year on the ISS 180.0–300.0 18.00%–30.00% Moderate-high [12, 22]
1 year on the Moon 
(without shielding) 800.0–1200.0 80.00%–120.00% Critical (risk of tissue 

reactions) [10, 19]

1 year on Mars (unshielded 
surface) 230.0–350.0 23.00%–35.00% Moderate-high [11, 21]

Table 4
Equivalent dose limits for critical organs of astronauts and clinical consequences of exceeding them

Organ or tissue Limit for 30 days, 
Gy-eq

Limit for 1 year, 
Gy-eq

Clinical effects of exceeding 
the thresholds Data source

Red bone marrow 0.25 0.50 Hematopoiesis suppression, 
lymphopenia [13, 20]

Хрусталик глаза / Lens 
of the eye 1.00 2.00 Cataractogenesis, clouding of 

the lens [20]

Skin 1.50 3.00 Radiation erythema, dry 
epidermitis [20]

Central nervous system 0.50 1.00 Cognitive deficit, synaptic 
degradation [9, 21]
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period of maximum SA, and also after the end of their career. 
Based on the generalized dose, the scientists calculated an 
integral indicator — the reduction in the average remaining 
life expectancy (ARLE) [30].

In 2021, a dependence was established in the Russian 
Federation. It is based on the maximum values of the relative 
biological effectiveness (RBE) coefficient for low absorbed 
doses in the range of 0.001–0.05 Gy, with respect to the 
risk of various long term effects from exposure to gamma 
radiation and neutrons, including damage to neurons in the 
cerebral cortex and the risk of developing cataracts. The 
RBE coefficients for these effects reach 50 or more [31]. 
The coefficients of modification (CM of NGD, CM of LGD 
(in Russ. КМБ, КМО) for the radiation response of the 
body in the short and long term have been substantiated, 
taking into account the cumulative effect of stress factors 
during long duration orbital and interplanetary flights [32]. 
Scientists have justified local radiation doses to tissues by 
presenting depth dose distributions for various protective 
materials and their thicknesses, taking into account the 
decrease in the efficiency of protons and helium ions 
during flights outside the Earth's magnetosphere; they 
have estimated the coefficient of modification of the body's 
radiation response CM LGD=2.0, taking into account other 

stress factors associated with interplanetary space flights  
[33].

Conclusion. Ionizing radiation in the conditions of deep 
space is the leading adverse occupational factor, capable of 
generating an effective radiation dose of 800–1200 mSv over 
a year of work at an unprotected lunar base, which significantly 
exceeds the career limit established in the Russian Federation. 

The calculations of radiation doses for five typical flight 
scenarios showed that a hygienically permissible level of 
occupational risk is ensured only if a well developed passive 
protection system is created. The main danger during a flight to 
Mars (~378 mSv over 210 days) is heliospheric radiation, which 
requires the development of shields on a manned spacecraft.

The principle of using local resources (ISRU) has been 
substantiated as the optimal concept for the collective protection 
of lunar and Martian habitable bases: covering the modules 
with a protective layer of compressed regolith with the addition 
of boron, with a thickness of at least 1.5–2 m, combined with an 
inner layer of hydrogen containing polymer (HDPE).

When designing individual cosmonaut equipment (spacesuits), 
the use of multilayer polymer compositions based on PEEK and 
HDPE is justified, which reduce the dose from galactic cosmic 
rays while maintaining the necessary weight characteristics and 
high mechanical strength.

Table 5
Comparative analysis of promising radiation protection materials

Shielding material Massdensity, 
g/cm³

Neutron 
absorption 

efficiency, %

Economic 
evaluation (space 

delivery)
In-situ availability 

(ISRU) Data source

Regolith with 
boron additives 
(B4C)

1.5–2.5 up to 92% Minimal (in-situ 
soil used)

Maximum 
(everywhere on 

Moon/Mars)
[15, 24]

High-
densitypolyethylene 
(HDPE)

0.95–0.96 up to 98% (with B)
High (requires 
delivery from 

Earth)
Extremely low (no 

local synthesis) [16, 28]

Polyether ether 
ketone (PEEK) 
with 30% B4C

1.3–1.4 up to 88% (at 
100 mm thickness)

Very high 
(precision polymer)

Zero (depends on 
Earth supply) [27]

Basalt fiber with Gd 
additives 2.0–2.8 up to 81.7%

Medium 
(production from 

local rocks)

High (volcanic 
zones of Moon/

Mars)
[23]
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