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Space radiation is a notable hazard for long-duration human spaceflight’. Associated
risks include cancer, cataracts, degenerative diseases?and tissue reactions from large,
acute exposures’. Space radiation originates from diverse sources, including galactic
cosmicrays*, trapped-particle (Van Allen) belts® and solar-particle events®. Previous
radiation data are from the International Space Station and the Space Shuttle in
low-Earth orbit protected by heavy shielding and Earth’s magnetic field’® and lightly
shielded interplanetary robotic probes such as Mars Science Laboratory and Lunar
Reconnaissance Orbiter®®. Limited data from the Apollo missions™ ® and ground
measurements with substantial caveats are also available!. Here we report radiation
measurements from the heavily shielded Orion spacecraft on the uncrewed Artemis|
lunar mission. At differing shielding locations inside the vehicle, a fourfold difference
indose rates was observed during proton-belt passes that are similar to large, reference
solar-particle events. Interplanetary cosmic-ray dose equivalent rates in Orion were as
much as 60% lower than previous observations’. Furthermore, achange in orientation

of'the spacecraft during the proton-belt transit resulted in areduction of radiation
doserates of around 50%. These measurements validate the Orion for future crewed
exploration and inform future human spaceflight mission design.

Characterization of the space radiation environment in the crew
cabin was a key objective of Artemis I. Radiation was assessed using
detectors at fixed locations in Orion (Fig. 1a,b and Extended Data
Figs.1-4) throughout the Artemis I mission (Fig. 1c) and measured
in the Matroshka AstroRad Radiation Experiment (MARE"™') using
instrumented life-size female radiation phantoms (Helga and Zohar)
that replicate the radiation-transport properties of the human body.
Here we used the NASA Hybrid Electronic Radiation Assessor (HERA)Y,
the European Space Agency (ESA) Active Dosimeter (EAD)’, the Ger-
man Aerospace Center (DLR) M-42 (ref.19) and the NASA CAD Crew
Active Dosimeter (CAD)* instruments. The principal experimental
difference between these detectorsis that HERA and EAD can be used

to estimate, as well astheionizing energy imparted or ‘absorbed dose’
ingray (Gy) measured by M-42 and CAD, the biological detriment of
radiation or ‘dose equivalent’insievert (Sv). Human organs show mark-
edly different radiosensitivities* and, for this reason, organ doses are
measured by MARE.

Measurements of the inner proton belt show an up to fourfold differ-
enceindoserates between the most (M-42SN127: 69 uGy min™) and the
two least shielded locations (EAD MUO1: 240 pGy minand HERA HSU2:
287 pGy min™) in Orion (Fig. 2a). Differences in the inner-belt dose rates
validate the shielding design of Orion for large solar-particle events.
Orion controls the total dose equivalent from a large solar-particle
eventtoatmost150 mSv (refs. 22,23) inside the ‘storm shelter’inwhich
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Fig.1|Artemislinstruments and radiation environments. a, Radiation
instrumentation and phantomsinside Orion. These consist of the NASAHERA
system, the ESAEAD system, as well as the NASA CAD and DLR M-42 instruments.
TheHERA system and the EADs were hard-mounted at various distinctly shielded
locationsin Orion. CAD and M-42 were placed on the front and back surfaces
(skin) and inside (organs) (M-42) of the MARE phantoms (Extended DataFigs.1-4).
b, Placement of the instrumentation and hardware inside the Orion spacecraft.
¢, The Orion flight profile with respect to radiation for the NASA Artemis |

the HERA HSULl is located (Extended Data Fig. 4). The HERA HSU2 is
located in the crew cabin. The measurement difference in peak dose
rates between these two locations was 287 uGy min™ to 134 uGy min™
or afactor of 2, afactor reproduced by simulations (Supplementary
Tablel). Large solar-particle events** and the inner belt have similar
peak fluxes, predicted dose rates, spectral shapes and consist almost
entirely of protons (Supplementary Fig. 4). Therefore, our result serves
tovalidate the shielding design for solar-particle events. Simulation of
thereference October1989 solar-particle event shows afourfold peak
dose rate difference between HERA detectorsin the crew and the ‘storm
shelter’ of 414 puGy min™to 95 pGy min, with the discrepancy attribut-
able tothe more energetic spectrumof the inner belt (Supplementary
Fig.5and Supplementary Table1).

Following the belt transit, Orion spent 25 days in the interplane-
tary galactic cosmicray (GCR) environment. Dose rates were similar for
allinstruments (Fig. 2b,c), demonstrating the small effect that shield-
ing has on GCR absorbed doses, especially compared with the large
differences seen in the belt doses. Overall exposure was dominated

1 06:47 UTC 16 November
2 07:12-07:42 UTC 16 November Inner/proton belt transit

Launch

3 08:45-10:45 UTC 16 November Outer/electron belt transit
4 10:45 UTC 16 November Start of interplanetary GCRs
5 12:57 UTC 21 November
6 16:43 UTC 5 December

7 17:00 UTC 11 December

8 17:40 UTC 11 December

130-km lunar approach
128-km lunar approach
Polar re-entry

Landing

mission. After launchat 06:47 UTC on 16 November 2022, Orion passed the
inner (proton-dominated) and outer (electron-dominated) Earth radiation
belts. Orionthen venturedinto interplanetary space dominated by GCRs. It
passed the Moon twice on21November (first lunar fly-by at a distance of 130 km)
and on5December (second lunar fly-by atadistance of 128 km). During these
fly-bys, the Moon acts as ashield against GCRs. Orionre-entered Earth’s
atmosphere over the South Pole and landed in the Pacific Ocean close to
SanDiego, Californiaon11December2022at17:40 UTC.

by GCRs (Fig.2e), although the inner proton belt (Fig. 2d) contributed
up to 23% to the total cumulative dose for EAD MUO1 (Extended Data
Tables 1and 2 for cumulative inner and outer belt, GCR and mission
doses). Nosolar-particle events occurred during the Artemis I mission
and the only changes in the environment were dose reductions of the
GCR values of a third owing to the solid angle blocked by the Moon
during close approaches (Fig. 2f,g).

Towards the end of the inner-belt transit, Orion performed a 90°
rotation lasting 5 minto execute trans-lunar injection (Fig. 3a and Sup-
plementary Fig. 6). During this manoeuvre, an unexpected decrease
inthe dose rate of 50% was observed in comparison with AP9-IRENE*
calculated proton fluxes (Fig. 3b). Measurements of the proton pitch
angle by HERA show a 90° shift towards the long axis of Orion (Fig. 3c).
This axisis more shielded owing to the dorsal airlock and ventral Arte-
mis I second stage. AP9 modelling (Extended Data Fig. 5) and HERA
measurements (Fig. 3c) show that the inner-belt protons have pitch
angles perpendicular to the Earth’s magnetic field and so particle flux
comes fromaquasi-2D plane perpendicular to the magnetic field. Here
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Fig.2| Absorbed dose measurements on Artemisl. a, Inner (proton-
dominated) and outer (electron-dominated) belt passes as measured with the
HERA, EAD and M-42 instruments. Differences in dose rate during the passes
areattributed to thelocal shielding environments in which the detectorsare
placed. MUO1 and HSU2 being mounted on the Orion wall have the lowest
shielding. HSUl mounted in the Orion ‘storm shelter’ has higher shielding
and SN127 located at the back of the Helga phantom has the highest shielding,
owingtoits placement under the phantom.b,c, GCR dose rates for HERA and
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M-42 (b) and EAD and CAD for the interplanetary part of the mission (c).

d, Cumulative doses for the belt passes for HERA, EAD, M-42 and CAD dominated
by the proton-belt crossings (07:12-07:42 UTC), with only small contributions
fromthe electron-belt crossing (08:45-10:45 UTC). e, Cumulative whole-mission
dose values for HERA, EAD, M-42 and CAD reaching up to13.47 mGy for HSU2
(Extended DataTable1).f,g, First (f) and second (g) lunar fly-bys with the
reductionin GCR dose rate owing to the shielding effect of the Moon.
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Fig.3|Unexpected dose decrease during the inner-belt pass. a, Orion
spacecraft pitch (up and downwithrespectto the nose/docking adapter of the
Orion capsule) and yaw (left and right) angle. b, Measured absorbed dose rate
fromHERAHSU2and modelled AP9-IRENE proton flux. ¢, Measured particle
polar angle distribution from HERA HSU2. Ninety degrees corresponds to
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thelongaxis of the spacecraft.d, The Orion spacecraft with upper stage attached
showninrelationto the magnetic-field vector and the particle trajectories.
Individual particles rotate in tight spirals around the magnetic-field line,
forminga‘plane’ of radiation. The observed dose-rate dropisinterpreted
asthe vehiclerotatingits heavily shielded axis through this plane.



Table 1| Absorbed dose values inside and outside the MARE
Helga phantom

M-42 Cumulative absorbed dose D (mGy)

No. Location Inner belt Outer belt GCR
SN126 Skin (front) 1.96+0.22 0.11£0.01 9.38+1.03
SN144 Left lung 1.00+0.11 0.09+0.01 9.44+1.04
SN145 Right lung 119+0.13 0.08+0.01 9.44+1.04
SN146 Stomach 0.91£0.10 0.08+0.01 9.42+10.4
SN147 Uterus 0.95+0.10 0.09+0.01 10.07+11
SN148 Spine 0.61+£0.07 0.06+0.01 9.56+1.05
SN127 Skin (back) 0.80+0.09 0.07+0.01 1017£112

Cumulative absorbed dose (D in mGy) split by flight phases (Fig. 1c). Flight phases relate to the
crossing of the inner and outer radiation belts, as well as the GCR environment in free space.
Data are provided for seven M-42 detectors mounted on the skin and in the internal organs of
the MARE Helga phantom (Extended Data Fig. 1). Absolute errors quoted after +.

we conclude that the dose reduction originated from the rotation of
bulkier parts of Orion into the proton plane (Fig. 3d). This shows that
preferential spacecraft orientations, in which the thickest shielding is
placedintothe path ofincomingradiation, have the potential for large
reductions in radiation exposure in directional fields. These include
orbits with frequentbelt passes, such as an Artemis abort scenario, as
well as the onset of solar-particle events?.

Measurements with M-42 (Table 1) inside and outside the MARE
Helga phantom show that inner proton belt doses vary roughly two-
fold from the least (right lung) to the most (spine) shielded internal
organs and the front skin dose has a threefold increase compared
with the spine. Inner proton belt pass measurements also showed a
20% difference between the left and right lungs, probably because of
local shielding and radiation field directionality. Similar to the exter-
nal measurements, GCR cumulative organ doses vary by only a few
percent, for which the back skin with the highest shielding has the
highest dose.

Modelling tools have not previously been validated in a heavily
shielded vehicle in the interplanetary GCR environment and are of
greatimportance for managing radiation on future missions. Detailed
models of the local shielding were constructed from CAD models of
Orion (Extended Data Fig. 6). We compared Artemis | measurements
with four different modelling solutions using the HZETRN?*"* and the
Geant4 (ref. 32) transport codes that transported the Badhwar-O’Neill
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Fig.4|Inner, outer and GCRspectrafromM-42and HERA. a, Energy
deposition (4, in F cm™s™ MeV™) spectrameasured by M-42 SN126 for
theinner (1) and outer (2) belt passes and for the subsequent free-space GCR
environment (3). Theinner-belt spectra peak at approximately 350 keV energy
depositionin Siowing to the dominant proton contribution, whereas the peak

model® of GCR flux through shielding and show broad agreement with
experimental data (Extended Data Fig. 7).

Time-dependent energy-deposition spectra and linear energy
transfer (LET) spectrawere measured by the M-42 and HERA detectors
(Fig.4a,b). During the outer electron belt transit, M-42 shows maximum
peaks in the spectra at energy depositions of about 70 keV (Fig. 4a,
(2)). Electrons in the outer belts have extremely short ranges of a few
centimetresinwater. Itis therefore concluded that the radiation envi-
ronment during the outer-belt passis mostly composed of secondary
Bremsstrahlung (X-rays), as also seeninthe HERA data (Fig. 4b) for the
outer-belt spectra. Although their dose contribution is small (Table 1
and Extended Data Tables 1and 2), this is a notable demonstration of
the natural variation in space radiation environments.

Calculation of the ICRP60 (ref. 34) mean quality factor <Q>from
the HERA LET spectra (Fig. 4b) provides an estimate of the biological
harm of GCRs. The product of <Q>and the absorbed dose in Gy yields
the biologically relevant dose equivalent in sievert. HERA <Q> were
2.30,2.63 and 3.06, with lower <Q> in the more shielded locations
(Extended Data Table 1). Calculated dose equivalent rates from GCRs
were 0.96-1.24 mSv d . These results are lower than the datareported
by other, more lightly shielded instruments for a similar period of the
solar cycle, suchasthe MSL-RAD (1.58 mSv d) (Supplementary Fig. 7) or
CRaTER (1.55 mSv d™). They are similar to those calculated for interplan-
etary space fromhigh-latitude measurementsinside the International
Space Station (1.40 mSv d™) (Table 2). Our data shows that thereis a
modest decrease in dose equivalent of around 30% for a roughly 80%
increase in shielding mass (Extended Data Table 1) (median aluminium
equivalentareal density: 25 g cm™for HSU2 and 45 g cm™for HPU). This
canbe compared with the substantial (factor of 2) reduction seen dur-
ingbelt passes. This provides confirmation of modern computational
studies showing that, although radiation shielding does not affect
the absorbed dose (imparted energy), the biological impact of GCRs
canbe affected by large amounts of radiation shielding. Total mission
dose equivalents were 26.7-35.4 mSy, with between1.80 and 3.94 mSv
attributable to the belt passes (Extended Data Table 1).

The NASA astronaut career dose limitis 600 mSy, known as the ‘NASA
effective dose’, a limit protective against cancer at the 3% mean risk
of radiation-exposure-induced death for 35-year-old females above
the non-exposed baseline mean®*. Overall predicted radiation expo-
sures for upcoming Artemis missions do not approach this limit owing
to their similar duration to Artemis I. Artemis I measurements can be
extrapolated to exemplary Mars missions> for a similar pointin the
solar cycle, as the GCR field is approximately constant outside the
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fortheouterbeltisatroughly 70 keVin Si owing to the dominantelectron (X-ray)
contribution. b, LET spectra (in water) for the three flight phasesinner belt,
outer beltand GCRs, asshowninafromthe HERAHSU2 instrument. The

LET spectraareshownasalethargy-style representation to preserve the area-
normalization feature of the histogram across the logarithmic x axis.
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Table 2 | Measured radiation data around the Solar System

Location H(mSvd™)
Johnson Space Center, Houston, USA 0.001
Germany average 0.006 (ref.38)

0.68 (ref.39)
1.40 (ref.39)
0.81(ref. 40)
1.55 (ref.10)

International Space Station

International Space Station (extrapolated free space)

Lunar surface

Low lunar orbit

Mars transit 1.58 (ref. 41)
Mars surface 0.65 (ref.37)
Artemis | 0.96-1.24

Average dose equivalent rate (H in mSvd™) for the December 2022 time frame for various
locations (Earth, the International Space Station and high-latitude extrapolation to free space,
Moon surface and Moon orbit, Mars transit and Mars surface), as well as the Artemis | GCR
data. The Mars transit data are based on comparable measurements from 2011-2012 during a
similar phase of the solar cycle (Supplementary Fig. 7).

Earth’smagnetosphere on this scale. The experimentally derived dose
equivalents for suchamission are about 30% lower than those reported
in theliterature so far*” and potentially within the 600 mSy limit (Sup-
plementary Materials 5). However, the details of future missions will
depend heavily on shielding, trajectory, modulation of GCR with the
solar cycleandseverity of solar particle events. Orionis asmall and mas-
sive spacecraft and therefore shows large improvements in radiation
exposures compared withmeasurements on planetary science missions.
Radiation protection policy aims to keep exposure ‘aslow asreasonably
achievable’ (ALARA), which suggests short missionsin heavily shielded
vehicles. Programmes have good reasons to prefer long missionsin light
vehicles. Itis therefore clear that effective management of radiation risk
will remain a key challenge for human space exploration.
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Methods

DLR M-42 detector

The DLR M-42 battery-powered radiation detector uses al.22-cm*area
and 300-pm-thick silicon photodiode for the measurements of
the space radiation environment. The instrument measures the
energy-deposition spectrainthe detector applying 210 energy bins (dis-
tributed in equidistant logarithmic bins with 75 bins per decade). With
this, the energy-deposition range (in Si) for the detector ranges from
0.06 tomore than 20 MeV. The highest channel is used as an overflow
channel. Allenergy depositions above the upper threshold are denoted
to this channel. For the NASA Artemis I mission, 16 of these M-42 detec-
torswere applied to measure theradiation load either on the surface of
the MARE female phantoms (Helga and Zohar) or directly positioned at
the most radiosensitive organs (lungs, stomach, uterus, spine). M-42
was powered with two primary batteries for the mission and stored
the science and housekeeping (voltage, temperature) dataevery300 s
in two non-volatile flash memories (primary and secondary). For this
study, data from seven of the M-42 instruments were applied, SN126
and SN127 mounted on the surface (skin) and SN144-SN148 positioned
in the right and left lungs, stomach, uterus and spine of the radiation
phantom Helga. To account for the time after installationin Orionand
before the NASA Artemis I launch, the systems were equipped with
accelerometer sensors. On installation of the batteries, the systems
were in sleep mode. The instruments were woken up as aresult of the
acceleration sensed following the launch of the NASA Artemis I mission
and then began the science data acquisition. M-42 data for the NASA
Artemis I mission therefore comprises the energy-deposition spectra
(in Si) and the absorbed dose derived from the spectra.

NASA CAD detector
The NASA CAD battery-powered radiation detector uses Direct lon Stor-
age (DIS) technology to store the cumulative dose in water (H,0). The
system setup was done in a way that data are stored either in relevant
timeintervals (180 to 300 s) and/or when a certain dose threshold was
reached during the mission. For the NASA Artemis I mission, atotal of
18 of these detectors were applied to measure the dose on the surface
(skin) of the MARE female radiation phantoms (Helga and Zohar). For
this study, two of the CAD systems were applied, CAD 0082 and CAD
0089, mounted on the surface (skin) of the radiation phantom Helga.
Data from the CAD detectors consist of time-resolved absorbed dose
rates.

Relevantlocations and mounting of the M-42 and CAD instruments
onandinside the MARE radiation phantom Helgais givenin Extended
DataFig.1.

ESAEAD detector

The ESA EAD battery-powered radiation instrument comprises four
radiation detectors: two 0.3-cm?-areasilicon (Si) detectors with thick-
nesses of 300 pm and 7 pm, one DIS detector and a radiation-sensing
field-effect transistor (RadFET). In this study, the focus was on the
data from the combination of the thick and thin silicon diode. The
relevant energy-deposition ranges (in Si) are 0.055-16.496 MeV for
the 300-pm-thick diode and 0.194-27.613 MeV for the 7-um-thin diode.
The energy depositions are stored in 32 equidistant logarithmic bins
each for both diodes. For the determination of the absorbed dose in
Si, the two diode datasets are combined to account for overlapping
energy-deposition regime, thereby applying 26 channels from the
thick diode in combination with 31 channels from the thin diode. This
also allows us to determine the LET spectra combining the thick and
thindiodesforaLET rangeinH,0 from 0.09t01,470 keV pm™. For the
NASA Artemis I mission, five of these units were mounted inside the
Orion spacecraft. Each unit was equipped with two primary batteries.
Relevantscience and housekeeping datawere stored every 300 s dur-
ing the mission. For this study, datafrom two of the EADs was applied,

EAD MUO1 mounted on the wall of Orion and EAD MUO4 mounted in
the stormshelter of Orion. To account for the time after installationin
Orionand before launch, the system was equipped (as for the M-42) with
an accelerometer sensor. On installation of the batteries, the system
was in sleep mode. The instruments were woken up as a result of the
acceleration sensed following the launch of the NASA Artemis I mission
andthenbegan thescience dataacquisition. Extended Data Figs.2 and
3 provide the location of the units inside the Orion capsule.

NASA HERA detector

The NASAHERA detector is the flight radiation detector for the Orion
spacecraft. It consists of three separate sensors (the HERA Process-
ing Unit (HPU) and two HERA Sensor Units (HSU1 and HSU2)). Each
HERA sensor contains a Timepix hybrid pixel detector*?**. The Timepix
detector consists of 256 x 256 pixels of 55-pm pitch for a total area of
1.4 x1.4 cm (about 2 cm?). The salient feature of hybrid pixel detectors
isthat eachindividual pixel contains afull electronic pulse processing
chain including preamplifier, shaper, threshold discriminator and
analogue-to-digital converter fit into the footprint of the overlying
semiconductor pixel. The effect of the matrix of pixelsis that traversing
particles create characteristic ‘tracks’ or ‘clusters’ in the sensor, which
can be processed to reveal information about the crossing particle*.
These quantitiesinclude track geometry such as the polar/pitch angle,
track length and deposited energy. In turn, the per-particle stopping
power dE/dx can also be calculated. Each Timepix is calibrated over a
wide energy range fromaminimum detectable threshold of 5-keV X-rays
throughto heavyions of 500 keV pum™to ensure performance measur-
ing the GCR environment* . For high-dose-rate proton events such as
solar-particle events or radiation belts crossings, each sensoris accept-
ance tested with a proton beam at dose rates between 10 pGy min™
and 10 mGy min™at the Chicago Proton Center in Naperville, IL, USA.
The HERA systemis hard-mountintegrated into the Orion spacecraft.
HERAreports processed engineering, science, display and cautionand
warning telemetry to the Orion vehicle, which sends it on to mission
control. Italso saves raw data onto an onboard 8-GB storage drive for
post-mission analysis. The complete HERA system weighs roughly 1.5 kg
and consumes 8 W of power. HERA was automatically powered up by
the Orion flight computers at 50,000-ft altitude and then remained
powered until shortly before re-entry, when it was shut off. HERA sent
telemetry ona minute-wise cadence to the vehicle and mission control
inHouston throughout the mission. HERA also saved higher-resolution
raw frame datainits onboard storage for post-mission analysis. HERA
data consist of per-minute dose and LET spectra, as well as detailed
pixel data and per-‘cluster/track’ data. Extended Data Fig. 4 provides
pictures of the HERA instruments.

Cumulative shielding distributions of HERA instruments in the
Orion crew cabin

The distribution of shielding around sensors in Artemis [ was deter-
mined from the available high-fidelity CAD models of the Artemis
Orioncrew capsule (Extended DataFig. 6). Ten thousand evenly distrib-
uted rays were cast at each sensor position and the thickness, density
and type of material intersected by each ray is tabulated. Materials are
subdivided into aluminium-like and polyethylene-like materials based
ondensity, and each ray is assigned an aluminium and polyethylene
areal density (units of g cm™). We note the general reliability of these
models during the NASA Artemis I spaceflight as the ‘crew’ did not move
during the mission and no mass was moved in or out of the storage lock-
ers. This analysis was only carried out for the NASAHERA instruments,
which largely bracket the radiation environment in the crew cabin.

Simulation methodologies

OLTARISis an online tool available at https://oltaris.nasa.gov (ref. 31).
It provides a convenient interface for running HZETRN simulation
studies of the space radiation environment and its interaction with


https://oltaris.nasa.gov
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shielding. OLTARIS simulations described in the main text used asingle
spherical shell with the detector shielding depth as an approxima-
tion for the shielding distribution of Orion. The Badhwar-O’Neill 2020
(BON2020)* GCR flux model was used to create the primary energy
spectrum. OLTARIS was set to output dose in tissue and dose equivalent
intissue using both the ICRP60 quality factor and the NASA quality fac-
tor. The geometry used was set to ‘Sphere’, allowing for computation
with the latest 3DHZETRN?% transport code. IDHZETRN? was used
totransporttheinput BON2020 GCR environment through a detailed
shielding model of the Orion vehicle. In HZETRN, a two-layer lookup
tableis generated by transporting particlesin 1D through varying thick-
nesses of aluminium and polyethylene slab layers. The particle flux
versus depth tableis multiplied by a material stopping power table for
siliconto generate a dose versus depthlookup table. The point dose for
eachsensor is derived by interpolating the lookup table and computing
dose for the areal density of eachray, then taking the sum of eachray’s
particle flux contribution weighted by its solid angle. The Geant4*
simulation used for this article used cosine radiation generated from
al5-cm-diameter spherical shell to generate isotropic space radiation.
Theinput particle spectrawere generated from the BON2020 model ran
over the Artemis I mission, and these were generated in Geant4 by using
the Geant4 General Particle Source. These spectra were transported
through an1l-cm-diameter sphere aluminiumshell, in which the density
was varied over different runs to account for differing thicknesses of
shielding around the HERA instrument. The resultant LET and particle
spectrawere assumed tobealinear combination of the above runs (that
is, for a hypothetical shielding distribution with10% 5 g cm2and 90%
10 g cm™?, the results were weighted by 90% of the 10-g simulation and
10% of the 5-g simulation). The Livermore model was used to model
electromagnetic physics and the INCLXX model for hadronic physics.
The physics cut was setat2 um. The Timepix sensor was modelled as a
simple silicon slab and the resultant energy depositions in the sensor
digitized. To simulate the per-particle tracking style measurements
of the Timepix, the track length was calculated from the individual
energy-deposition eventsin the Monte Carlo simulation and the d£/dx
was scored ona per-particle basis. To ensure areasonable number of hits
inthe Timepix fromlow LET particles, a step limit of 5 pmwas enforced.
The Timepix sensor has dimensions 14 mm x 14 mm x 500 pm, so these
limits were considered much smaller than the geometry and therefore
reasonable. Doses in water and quality factors were calculated as per
the main text (that is, with a flat 1.24 conversion factor). The Geant4
code s available from the authors on request, along with macros for
input particle spectra and combination of simulation results. Results
for the simulations are provided in comparison with measured data
in Extended Data Fig. 7.

Estimation of uncertainties in dose rate and ICRP60 quality
factors
We estimate that the systematic error in the dose measurementis 10%
forall detectors. Previous comparisons of various radiation detectors
onboard the International Space Station generally show agreement
within 5-10%. For the HERA detector in particular during instrument
acceptance testing at a proton facility, welevy arequirement that our
flight instruments agree with dose measurements from anindepen-
dently calibrated ion chamber calibrated to dose in water over the
energy range100-200 MeV witha National Institute of Standards and
Technology (NIST) traceable Cs-137 source to within10%.10%is a con-
servative estimate and this uncertainty captures much of the variation
indifferentinstrument-calibration techniques. However, the authors
note that, in detailed comparisons, the silicon detectors (M-42, EAD
and Timepix) generally agree with each other at a much higher preci-
sion than10%.

Thesilicon-to-water (Si/H,0) conversion factor is asubject of some
discussion for space-radiation measurements. We use a factor of 1.24
for these results, the same as that used by us previously for the REM

detectors onboard the space station and the BIRD detector, and simi-
lar to the DLR/CAU DOSTEL instruments. Following ref. 8, we set the
uncertainty on this conversion to 5%. The dose rate systematic error
isfound by combining the 10% and 5% errorsin quadrature and is esti-
mated as 11.1%. The statistical error in the dose-rate measurement for
all detectors over the whole mission is extremely small.

The error in the quality factor is found by means of Monte Carlo
bootstrapping. Here the full list of hits was resampled on the basis of an
attempttorealistically quantify the errors in our measurement. Three
kinds of errors were assumed. The first was those corresponding to the
systematic errors, which were applied with the same weight asasingle
run of the Monte Carlo. The second is counting (Poissonian) errorsin
the histogram bin counts and the third is those that are applied on a
per-hit/particle basis, namely, the energy resolution of the hit that is
assumed to be 10% for low LET particles and 30% for particles with
LET > 50 keV pm™, in line with the loss of energy resolution from the
high LET calibration of the Timepix detectors*. The fractional error
inthe dose equivalent rate was found by combining the dose rate and
quality factor fractional errors in quadrature. The above information
issummarized in Extended Data Table 3.

Dataavailability

Alldatasets generated and/or analysed during this study are available
from the corresponding authors on reasonable request. The authors
intend to make all data publicly available, pending concurrence from
the Orion programme, onthe NASA Open Science Data Repository Rad-
Labathttps://visualization.osdr.nasa.gov/radlab/gui/overview/. Source
data are provided with this paper.
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Extended DataFig.1| The MARE Helga phantom with mounted radiation
detectors. The phantom front side (a) and back side (b) are covered with ablue
poncho made of flame-retardant Nomex material, which includes pockets for
the placement of the radiation detectors. CAD 0082 and M-42 SN126 were
placed on the front side (skin) of the Helga phantom (lesser shielding) and

CAD 0089 and M-42SN127 were placed at the back side (skin) of the radiation

M-42 127

phantom (higher shielding). Also, five M-42 instruments were placed with the
detector head inside the most radiation-sensitive organs of the phantom
(orange rectangles), namely, the left (SN144) and right (SN145) lungs, stomach
(SN146), uterus (SN147) and spine (SN148). The relevant detector heads of the
M-42instrumentsinside the phantomare connected with asilver cable to the
readout electronics, which are positioned inside the blue poncho pockets.



Extended DataFig.2| EAD MUO1 placementinOrion.a, EAD MUO1 was
hard-mounted on the outer wall of Orion and is shown in relation to the MARE
radiation phantoms Helga and Zohar. b, EAD MUO1 (zoomed-in view) as hard-
mounted at alow-shielding location on ablank wallin sector Dinside Orion.
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Extended DataFig.3|EAD MUO4 placementinOrion.a, EAD MUO4 was hard-
mounted close tothe HERAHPU and showninrelation to the MARE radiation
phantoms Helgaand Zohar.b, EAD MUO4 (zoomed-in view) as hard-mounted
atahigh-shielding location below the seatsin the stormshelter of Orion.



Extended DataFig.4|The NASAHERA system.a, HERA system with ruler for thestormshelter (high-shielded location) of Orion, HSU2isin the crew cabin
reference. Thelarge boxisthe HPU, the smaller boxes are the two HSUs. b, HERA (lower shielded location). The HPU is contained inside the life supportavionics
systemwith ‘lids open’ during calibration. The small gold boxes contain the boxandis the most shielded HERA sensor.

Timepix detectors, visible as the mirror-like surfaces. HERAHSUlis mounted in
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Extended DataFig.5|Modelled proton pitch-angle distribution for
Artemislinner-belt transit. The pitch-angle distribution was calculated with
the AP9-IRENE radiation belt model run over the ArtemisItrajectory through
theinner protonbelt.
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Extended DataFig. 6 | Shielding distributions for the HERAHPU, HSUland
HSU2sensors. The shielding distributions were calculated from a detailed
computer-aided design model of the Orion vehicle, through which10,000
equidistant rays were traced fromeach detector location. Theamount of
material along each ray was then calculated and normalized to areal density.
To obtain the aluminium equivalent thickness, we can divide the x axis by the
density of aluminium (2.7 g cm™). Owing toits dense construction, Orionisa
heavily shielded vehicle, with 80% of rays to the HSU1locationin the storm
shelter having more than20 g cm™ (7.4 cm of aluminium equivalent thickness).
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a
Sensor Data OLTARIS OLTARIS HZETRN 2020 Geant4
(QICRP) (QICHF) (QNASA) (QICHF') (QICRP)
D (mGy/d) 0.42 0.48 0.48 0.38 0.44
HPU <Q> 2.3 2.3 2.2 2.7 2.2
H (mSv/d) 0.96 1.0 1.22 1.03 0.96
D (mGy/d) 0.41 0.47 0.47 0.36 0.43
HSU1 <Q> 2.6 2.3 2.3 2.7 2.3
H (mSv/d) 1.06 1.11 1.24 0.96 0.99
D (mGy/d) 0.40 0.43 0.43 0.35 0.41
HSU2 <Q> 3.1 2.6 3.0 3.39 2.8
H (mSv/d) 1.24 1.14 1.29 1.17 1.14
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Extended DataFig.7| Comparisons of spaceradiation GCRdataand
simulations. a, Table of relevant dose quantities as the absorbed dose rate
(DinmGy day™), the mean quality factor <Q>and the dose equivalent rate
(HinmSy day™) as measured with the three HERA sensors and the relevant
calculated values applying the OLTARIS, HZETRN and Geant4 codes. Calculations
forthe HERA sensors are based on the ray-traced shielding locations as
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providedin Extended Data Fig. 6. b, Comparison of Geant4 Monte Carlo-
simulated GCRLET spectrainsiliconand measured data for the HPU (the
most shielded sensor). Note, that LET spectraare shown as alethargy-style
representationto preserve the area-normalization feature of the histogram
across thelogarithmicxaxis.



Extended Data Table 1| HERA dose quantities split by phase of flight

Instrument
Flight phase HPU HSU1 HSU2
D (mGy) <Q> H (mSv) D (mGy) <Q> H (mSv) D (mGy) <Q> H (mSv)
Inner belt 1.45 1.24 1.80 1.49 1.26 1.88 3.13 1.26 3.94
+0.16 +0.03 +0.20 +0.17 +0.03 +0.21 +0.35 +0.03 +0.45
Outer belt 0.08 1.46 0.12 0.08 1.60 0.13 0.13 1.40 0.18
+0.01 +0.13 +0.02 +0.01 +0.15 +0.02 +0.01 +0.10 +0.02
GCR 10.75 2.30 24.7 10.32 2.63 271 10.21 3.06 31.2
+1.19 +0.05 +2.8 +1.15 +0.05 + 3.06 +1.13 +0.06 + 3.52
L 12.28 26.7 11.90 29.2 13.47 35.4
Whole mission £1.28 - £2.8 £1.32 - 3.1 £15 - 3.6

The flight phases relate to the crossing of the inner and outer radiation belts, as well as the GCR environment in free space and the whole mission. Provided is the relevant cumulative absorbed

dose (D), the mean quality factors <Q> and the cumulative dose equivalents (H) split by phase of flight. Relevant mounting locations are provided in Extended Data Fig. 4. Absolute errors quoted
after +.
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Extended Data Table 2 | M-42, CAD and EAD dose quantity split by phase of flight

Instrument
Flight phase
M-42 126 M-42 127 CAD 082 CAD 089 EAD MUO1 EAD MU04
Inner belt 1.96 £ 0.22 0.80 £ 0.09 2.06 £0.23 1.03 £ 0.11 3.02+0.34 1.75+0.19
Outer belt 0.11£0.01 0.07 £0.01 0.10 £ 0.01 0.08 £ 0.01 0.10 £ 0.01 0.08 £ 0.01
GCR 9.38 £ 1.03 1017 £1.12 9.84 +£1.08 10.62 £ 1.16 10.20 £ 1.13 10.97 £ 1.22
Whole mission 11.45+1.26 11.05+1.22 12.00 £ 1.35 11.74 £ 1.35 13.33+1.48 12.80 £ 1.42

The flight phases relate to the crossing of the inner and outer radiation belts, as well as the GCR environment in free space and the whole mission. Provided is the relevant cumulative absorbed
dose (D in mGy) split by phase of flight. M-42 SN126 and CAD 0082 are positioned on the skin (front) and M-42 SN127 and CAD 0082 are mounted on the skin (back) of the Helga phantom
(Extended Data Fig. 1). EAD MUO1 is located on the wall of Orion, whereas EAD MUO4 is mounted in the storm shelter (Extended Data Figs. 2 and 3). Absolute errors quoted after +.




Extended Data Table 3 | Sources and magnitudes of errors for quality-factor calculation

Error description Magnitude (%) Applied to Error type
Dose/dE systematic error 10 Whole spectrum Gaussian
Silicon/water systematic error 5 Whole spectrum Gaussian
Bin Count Statistical Error - Histogram bin Poissonian
Energy resolution (low LET) 10 Per particle Gaussian
Energy resolution (high LET) 30 Per particle Gaussian

The quality factors for absorbed dose to dose equivalent conversion reported in this article are calculated using the ICRP60 LET based formalism and the reported LET spectrum/histogram
measured by the HERA instrument. This analysis attempts to realistically model all error contributions to the quality factor calculation. The quoted systematic dose error of 10% is based on
instrument intercomparisons and is generally considered conservative as the HERA and M-42 instruments tend to agree much better than this. The silicon water conversion error is based
on prior Monte Carlo simulation work in the literature (see Methods). The bin count error is based on Poissonian statistics and energy resolution on experimental measurements of the HERA
system. The errors shown above are applied to the calculation of ICRP60 quality factor using Monte Carlo bootstrapping/resampling and the reported error in quality factor is the standard
deviation of the resultant distribution of calculated quality factors.
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