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Two DOSimetry TELescopes (DOSTELs) have been measuring the radiation environment in the Columbus module
of the International Space Station (ISS) since 2009 in the frame of the DOSIS and DOSIS 3D projects. Both in-
struments have measured the charged particle flux rate and dose rates in a telescope geometry of two planar
silicon detectors. The radiation environment in the ISS orbit is mostly composed by galactic cosmic radiation
(GCR) and its secondary radiation and protons from the inner radiation belt in the South Atlantic Anomaly (SAA)
with sporadic contributions of solar energetic particles at high latitudes. The data presented in this work cover
two solar activity minima and corresponding GCR intensity maxima in 2009 and 2020 and the solar activity
maximum and corresponding GCR intensity minimum in 2014/2015. Average dose rates measured in the Co-
lumbus laboratory in the ISS orbit from GCR and SAA are presented separately. The data is analyzed with respect
to the effective magnetic shielding and grouped into different cut-off rigidity intervals. Using only measurements
in magnetically unshielded regions at low cut-off rigidity and applying a factor for the geometrical shielding of
the Earth, absorbed dose rates and dose equivalent rates in near-Earth interplanetary space are estimated for the

years 2009 to 2022.

1. Introduction

Radiation exposure in Low-Earth-Orbit (LEO) is dominated by con-
tributions from galactic cosmic radiation (GCR) and charged particles
trapped in the Earth’s radiation belts. GCR consists mostly of fully
ionized atomic nuclei reaching Earth from interstellar space after
propagating through the interplanetary medium. During their travel
through the heliosphere, the intensity of GCR is modulated by the
magnetic field carried by the solar wind, which leads to the variation in
GCR intensity being anti-correlated to the solar activity. GCR nuclei
from hydrogen to iron with energies between about 100 MeV/n and a
few hundred GeV/n are considered relevant for the radiation exposure
in space. The outer radiation belt contains mostly electrons with en-
ergies below a few MeV which do not affect dose rates inside the In-
ternational Space Station (ISS) as they are effectively shielded by the
outer walls of the modules and equipment installed and stored inside the
ISS. The inner radiation belt, that the ISS crosses in the so-called South
Atlantic Anomaly (SAA), on the other hand, also contains protons with
energies up to several hundred MeV, that can penetrate the station walls
and contribute to the exposure inside the station directly and through
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the secondary radiation field that is created by interactions with the
station walls and equipment inside the station. Radiation exposure in
LEO differs from exposure in near-Earth interplanetary space not only by
the additional contributions from the radiation belts but is also affected
by two major protective mechanism provided by the magnetic field of
the Earth and the geometrical shielding from the body of the Earth,
which covers a large fraction of the sky at LEO altitudes. Nevertheless,
the comprehensive set of data that has been recorded within numerous
projects onboard the ISS can be used not only to assess the exposure in
the ISS but also to derive the radiation level that is to be expected in
interplanetary space for spacecraft shielding conditions that are iden-
tical or very similar to the conditions for which the data in LEO were
taken. Such data is important to estimate the exposure to be encountered
on interplanetary missions and to validate models that by themselves
can then be used for mission planning. Narici et al. (2015) have given an
overview over measurements with so-called active radiation detectors
performed onboard the ISS before 2015, for instance in the USLab, e.g.
(Lee et al., 2007), Zvezda, e.g. (Labrenz et al., 2015; Lishnevskii et al.,
2012; Petrov et al., 2006), and other locations in the ISS, e.g. (Semkova
et al.,, 2010, 2014; Zabori and Hirn, 2012). The advantage of active

Received 19 January 2023; Received in revised form 31 March 2023; Accepted 6 April 2023

Available online 12 April 2023

2214-5524/© 2023 The Committee on Space Research (COSPAR). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: Daniel Matthia et al., Life Sciences in Space Research, https://doi.org/10.1016/j.1ssr.2023.04.002



mailto:daniel.matthiae@dlr.de
www.sciencedirect.com/science/journal/22145524
https://www.elsevier.com/locate/lssr
https://doi.org/10.1016/j.lssr.2023.04.002
https://doi.org/10.1016/j.lssr.2023.04.002
https://doi.org/10.1016/j.lssr.2023.04.002
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Matthia et al.

radiation measurements is that they provide time resolved data in
contrast to passive radiation measurements, that typically provide in-
tegrated dose values. The time resolved data allows to identify the
different components of the radiation field, which can then be analyzed
separately. To characterize the radiation field, dose rate measurements
are accompanied by measurements that allow to quantify the biological
impact of the radiation. Most often, this is done using the quality factor
Q (ICRP, 1991, 2013), which is defined as a function of the unrestricted
linear energy in water. In the DOSIS and DOSIS 3D (Berger et al., 2016,
2017) projects the exposure in terms of dose rates and quality factor has
been measured in the Columbus laboratory of the ISS since 2009 with
passive and active radiation detectors. The data recorded within the
DOSIS and DOSIS 3D projects cover now more than one solar cycle and
the projects have provided dose rate measurements of GCR and of par-
ticles from the inner radiation belt during crossings of the SAA by the
ISS. In this publication we present data from the DOSimetry TELescopes
(DOSTELS) instruments that have been measuring since the beginning of
the DOSIS project in 2009. Procedures to identify the contribution from
radiation belt particles in the SAA and the impact of the shielding effect
of the Earth’s magnetosphere and the shielding effect from the solid
Earth are presented and the resulting estimate of the exposure in
interplanetary space from GCR is given.

2. The DOSimetry TELescope DOSTEL
2.1. Instrument description

Each DOSTEL instrument consists of two circular silicon detectors
(passivated implanted planar silicon, PIPS) with 14.85 mm radius (6.93
cm? area) and 315 um thickness. The silicon detectors are arranged in a
telescope geometry at a distance of 15 mm which allows to limit the
maximum incident angle of measured particles to below approximately
60° against the normal of the detector plane, if the two detectors are
used in coincident mode, i.e. if only events are considered which pro-
duce a signal in both planes. In coincidence mode the one-sided
geometrical factor is 824 mm?Zsr. Using the coincidence mode, the
linear energy transfer (LET) spectra of the measured particles can be
estimated using the energy deposition in a detector plane divided by the
mean path length in the detector. For an assumed isotropic field the
mean path length in the silicon detectors is 380 um. The LET spectra
measured in the detector can be used to calculate the quality factor Q of
the radiation field, which is defined as a function of LET (ICRP, 1991).
Energy deposition spectra are integrated over 45 min, i.e. approximately
one half-orbit. The dose rate in silicon is measured by the sum of all
energy depositions in a single detector plane divided by its mass and the
measurement interval, which is either 20 s during crossings of the SAA
or 100 s outside of the SAA; the switch between the measuring intervals
is triggered by an algorithm using the change in measured count rate.

More detailed descriptions of the measurement setup containing data
readout and data transfer can be found in Berger et al. (2016) and
Berger et al. (2017).

2.2. DOSTEL on ISS

The DOSTEL instrument family has a long history for measuring the
dose in space and had already been applied on various shuttle missions
(Beaujean et al., 1999, 1999; Reitz et al., 1998; Singleterry et al., 2001)
and on-board the space station MIR (Badhwar et al., 2002; Beaujean
et al., 2002; Burmeister et al., 2000) before DOSTEL instruments were
installed for dose measurements for the first time on the ISS in 2001
(Reitz et al., 2005) in the frame of the DosMap project. Further on, in-
struments of the DOSTEL family have been applied in paralled to DOSIS
and DOSIS 3D in the frame of the MATROSHKA project (Labrenz et al.,
2015). The measurements inside the Columbus laboratory of the ISS
started in the frame of the DOSIS project in 2009 (Berger et al., 2016).
With the start of DOSIS the two DOSTEL instruments were delivered
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together with the DOSTEL Data and Power Unit (DDPU) mounted within
a NOMEX®© pouch (DOSIS-MAIN-BOX) to the ISS and mounted at a fixed
position beneath the European Physiology Module (EPM) in Columbus.
The two DOSTEL instruments have been mounted perpendicular to each
other; the viewing direction of the telescope is along the ISS flight di-
rection for DOSTEL-1 (X) and perpendicular to the ISS flight direction
for DOSTEL-2 (Y).

In addition to the active instruments also passive detector packages
(PDPs) were delivered to monitor the radiation environment in Co-
lumbus at eleven fixed locations. Fig. 1 provides a picture of the EPM
rack within the Columbus laboratory of the ISS showing in the orange
frame one of the eleven PDPs mounted on top of EPM and in the blue
frame beneath the EPM rack the DOSIS-MAIN-BOX. The relevant data
cable connector for data transfer of the DOSTEL data via EPM to ground
is shown in green.

During the time the DOSTEL instruments have been measuring it was
possible at one hand to study the radiation environment in Columbus
and to compare the data with other instruments on-board the ISS, for
example the ALTEA instrument (Narici et al., 2017). Additionally, one of
the two Ground Level Enhancements (GLESs) of solar cycle 24 could be
measured in September 2017 and the corresponding dose caused by the
solar energetic particles on ISS and measured by DOSTEL was compared
with ISS-RAD data (Berger et al., 2018).

Further long-time analysis and comparison for the contribution of
GCR was performed including data from MSL-RAD at the surface of Mars

Fig. 1. The EPM rack in the European Columbus laboratory. The location of the
DOSIS-MAIN-BOX with the two DOSTEL instruments is indicated by the blue
box. The viewing directions of DOSTEL-1 (X, along ISS flight direction) and
DOSTEL-2 (Y, perpendicular to ISS flight direction) are indicated by the arrows.
The location of one of the PDPs mounted on top of EPM is highlighted by the
orange box. The green circle indicates the data cable connected to the EPM rack
for DOSTEL data downlink.
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and CRaTER in lunar orbit and is given in Berger et al. (2020). This
analysis comprised DOSTEL data until July 2019. In this work, addi-
tional data until December 2022 is provided covering the whole solar
activity minimum between solar cycle 24 and 25 and the drop in GCR
intensity in 2022.

3. Results
3.1. Dose rates in the ISS orbit

An important point of the DOSIS and the DOSIS 3D experiments has
been that both the active DOSTEL instruments and the passive radiation
detectors have been installed at the same locations since the beginning
of the measurements. Accordingly, these detectors provide long term
measurements of the radiation environment under relatively stable
shielding conditions covering now more than one solar cycle. An over-
view of the data coverage of the DOSTEL-1 and the DOSTEL-2 instru-
ment is provided in Table 1; in this work data until 20 December 2022 is
used.

The DOSTEL instruments measure absorbed dose in the 6.93 cm?
silicon detectors of the two instruments along the trajectory of the ISS.
Fig. 2 shows dose rates measured by the DOSTEL-2 instrument averaged
over three-month periods during solar maximum conditions (2014-01-
01 - 2014-03-31, Fig. 2 top) and solar minimum conditions (2020-04-01
- 2020-06-30, Fig. 2 bottom) over the whole latitude range covered by
the ISS orbit and the SAA region as a cut-out. The region of the SAA,
covering large parts of South America and the South Atlantic, is clearly
visible with dose rates exceeding the values outside this region by far.
Dose rates in the center of the SAA reach values of about 10-20 mGy/
d compared to maximum values of about 0.2 mGy/d at high latitudes
during solar maximum and about 0.3 mGy/d during solar minimum.
While differences in the dose rate in the SAA between solar minimum
and maximum can partly be attributed to changes in the altitude of the
ISS, the variation in the dose rate outside the SAA region is almost
exclusively caused by the variation in the primary GCR intensity. The
data shown in the figure also reflect the impact of the geomagnetic
shielding, showing that the highest values at low geomagnetic shielding
corresponding to regions of low cut-off rigidities at high latitudes and
eastern longitudes in the southern hemisphere and western longitudes in
the northern hemisphere, respectively.

Fig. 3 compares the measured total dose rate since 2009 with major
factors impacting the exposure on the ISS: Fig. 3a provides the monthly
and averaged Sun Spot Number (Sn; from: https://sidc.be/silso) as a
marker for the solar activity and Fig. 3b shows the corresponding Oulu
neutron monitor count rates (from: https://cosmicrays.oulu.fi/) as a
marker for the cosmic ray intensity as measured on ground; cosmic ray
intensity is anti-correlated to solar activity. The ISS altitude (Fig. 3c) has
a large impact on the dose rate contributed by charged particles in the
inner radiation belt, that the ISS crosses in the SAA region. These vari-
ations in the dose rate are caused by changes in the intensity of radiation
belt particles when the ISS is moved deeper into the radiation belt at
higher altitudes or towards the belt’s boundaries for lower altitudes. The
GCR dose rate, on the other hand, is mostly unaffected by altitude
changes. The remaining atmosphere at ISS altitudes is negligible and
does not provide any effective shielding from GCR. The small changes in
magnetic and geometric shielding related to altitude changes of a few
tens of km have no significant impact on the measured dose rate. The
temporal variation of dose rates in silicon averaged over one day
measured by DOSTEL-1 and DOSTEL-2 from 2009 to 2022 is illustrated

Table 1
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in Fig. 3d. The measured dose rate contains contributions from GCR,
SAA and several solar energetic particle events, the latter not being
distinguishable from other variations, and roughly follows the changes
in the cosmic ray intensity measured by Oulu with the exception of an
observed increase of the measured dose rate in Columbus between 2011
and 2012. The relatively large change in altitude from about 340 km to
400 km in 2011 is the cause for the increased dose rates measured by the
DOSTEL instruments. Without this effect, it could have been expected
that the otherwise decreased cosmic ray intensity (Fig. 3b) would have
led to a corresponding decrease of dose rate in Columbus. The higher
altitude increased both the duration of the crossings of the radiation belt
in the SAA and the particle fluxes and correspondingly the dose rates
within the SAA. The decrease in altitude at the end of 2014 and the
beginning of 2015 is also partly responsible for the decrease in the
measured total dose rate at the time, but it also coincides with a decrease
of cosmic ray intensity. The altitude of the ISS mainly affects the
contribution of the SAA to the absorbed dose, and the total dose addi-
tionally varies within the solar cycle. The measurements with the
DOSTEL units started in mid-2009 during a period of exceptionally low
solar activity, which led to record high GCR intensities (Mewaldt et al.,
2010) not measured since the beginning of the systematic measurement
of GCR with neutron monitor stations in the 1950s and 1960s, let alone
during the era of human space flight. Apart from an interruption be-
tween the DOSIS and DOSIS 3D projects in late 2011 and early 2012, the
measurements covered the time of increasing solar activity and
decreasing GCR intensity until the solar maximum was reached in
2014 - 2015 and the following decrease in solar activity and increase in
GCR intensity towards the recent solar minimum in 2020. Recently, in
2022, the sun has entered a phase of increasing activity towards the next
solar maximum of solar cycle 25. While much of the increase in dose rate
measured between 2011 and 2012 can be attributed to the altitude
change, most of the increase observed between 2015 (~0.15 mGy/day)
and 2021 (0.3 mGy/day - 0.35 mGy/day) is caused by variations in the
primary particle populations of GCR and radiation belt particles during
the solar cycle.

3.2. Galactic cosmic radiation and radiation belts

The three major sources for the radiation measured in the ISS orbit
are GCR, radiation belt particles and solar energetic particles. The spo-
radic occurrence of solar energetic particle events only rarely affects the
exposure on the ISS during the largest events and only at high latitudes
and low magnetic shielding. Normally these events do not contribute
substantially to the integral mission exposure of astronauts. Most events
are too weak to be measured inside the Columbus module by the DOS-
TEL detectors. Table 2 lists time intervals that were excluded in the
further analysis of the exposure from GCR and the SAA due to the
occurrence of strong solar energetic particle events, that were distin-
guishable in the DOSTEL data. For additional information about these
events the reader is referred to Berger et al. (2018) and Berger et al.
(2020). Event #1 was identified for the first time in the DOSTEL data
during the in-depth analysis of the data for this evaluation.

In order to analyze the remaining contributors to the radiation
exposure, the GCR and the radiation belt particles, in detail, the two
components need to be separated. A method to separate the contribu-
tions from the inner radiation belt in the SAA to the dose rates measured
by the DOSTEL instruments was described in (Berger et al., 2020). In this
method, statistically highly significant increases of the dose rate at any
given point above the expected dose rate from GCR based on

Days of measurements for the DOSTEL-1 and DOSTEL-2 instruments in the frame of DOSIS and DOSIS 3D until 20 December 2022.

DOSIS (2009 - 2011)

DOSIS 3D (2012 - 2022) DOSIS+ DOSIS 3D

DOSTEL-1 (days) 290
DOSTEL-2 (days) 644

2977 3267
3438 4082
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Fig. 2. Dose rate in silicon measured by DOSTEL-2 in ISS Orbit for solar maximum (top) and solar minimum (bottom) conditions. Cut-out regions show the area of
the South Atlantic Anomaly (SAA) where dose rates are strongly increased due to charged particles from the inner radiation belt. Variations outside the SAA are
caused by the geomagnetic shielding, that can be quantified by the cut-off rigidity (c.f. Section 3.2 and Fig. 6a). The contour lines in the SAA figures show thresholds

to 0.2 mGy/d, 1 mGy/d and 10 mGy/d.

geomagnetic shielding are used to identify the region of the SAA. Based
on this method, monthly averages from 2009 to 2022 of the dose rates
from GCR and radiation belt particles in the SAA were calculated from
the DOSTEL-1 and DOSTEL-2 measurements (Fig. 4a); the dose rates
measured in the silicon detectors have been converted to dose in water
using a factor of 1.23 in accordance with previous publications (Beau-
jean et al., 2002; Berger et al., 2017, 2020). From the separation of dose
rates it becomes clear that most of the variations, that were observed in
the total dose rate in Fig. 3d can be attributed to variations in the ra-
diation belt. The intensity of the particle flux in the inner radiation belt

varies during the solar cycle due to variations in the source process, i.e.
the cosmic ray albedo neutron decay (CRAND), and the enhanced loss
processes during solar active periods. While the average daily dose rate
from SAA particles almost doubled between 2015 (DOSTEL-1: 0.08
mGy/day, DOSTEL-2: 0.10 mGy/d) and 2020 (DOSTEL-1: 0.20 mGy/-
day, DOSTEL-2: 0.25 mGy/d), the variation in the dose rate from GCR is
only about 20%: from approximately 0.12 mGy/day during solar
maximum to approximately 0.15 mGy/day during solar minimum. Fig. 4
also shows that the differences between DOSTEL-1 and DOSTEL-2 dose
rate measurements can be almost exclusively attributed to differences in
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Fig. 3. (a) The monthly and 13 months smoothed sun spot number (Sn); (b) the Oulu neutron monitor counts rates; (c) the average ISS altitude; (d) the daily dose
values as measured with the DOSTEL-1 and the DOSTEL-2 instruments in the frame of the DOSIS and DOSIS 3D project on board the Columbus laboratory of the ISS.

the measurements of the radiation belt particles. While dose rates from
GCR measured by DOSTEL-1 and DOSTEL-2 agree within a few percent,
the differences for the monthly averages of the dose rates in the SAA
were between 10% and 40%, the latter occurring during solar
maximum. The larger differences between the dose rate measurements
in the SAA are caused by a combination of the orientations of DOSTEL-1
and DOSTEL-2 and the respective local shielding environment, which
has a higher impact on the SAA particles.

In addition to the absorbed dose rate in Fig. 4a, Fig. 4b shows the rate
of daily dose equivalent based on the measurement of the quality factor
for the GCR and the SAA contributions. The quality factors are based on
the average LET spectra over the whole project duration of DOSIS and
DOSIS 3D measured by DOSTEL-1 for the relevant GCR and by DOSTEL-
1 and DOSTEL-2 for the SAA crossings. For GCR a mean quality factor of
Q = 3.19 £ 0.12 was calculated and for the SAA Q = 1.24 4+ 0.24. The
statistical uncertainties of the measurement of the quality factor are
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Table 2

Time periods (UTC) with contributions from solar energetic particle events that

have been excluded for the study of the dose from GCR.

#

Start (UTC)

End (UTC)

Previously described

07.06.2011 06:00
22.05.2013 12:00
06.01.2014 00:00
25.02.2014 00:00
02.09.2014 00:00

09.06.2011 00:00
24.05.2013 00:00
09.01.2014 00:00
27.02.2014 00:00
05.09.2014 00:00

Berger et al. (2020)

N o gbhwN =

10.09.2014 21:00
11.09.2017 00:00

12.09.2014 00:00
13.09.2017 00:00

Berger et al. (2018)
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below 1% and can be neglected. The uncertainty given here is estimated
from the expected variations in different viewing directions of the
telescope by comparing the measurement of DOSTEL-1 and DOSTEL-2.
The resulting total dose equivalent rate ranges from 0.5 mSv/day dur-
ing solar maximum conditions in 2015 to around 0.8 mSv/day for solar
minimum conditions in 2021. GCR contribute between 0.4 mSv/day and
0.5 mSv/day to these values, and the rest originates in radiation belt
particles in the SAA.

In order to investigate the impact of the geomagnetic shielding on
the dose rates, the measurements can be parameterized by the effective
vertical cut-off rigidity R, here referred to simply as cut-off rigidity. In
this context, the cut-off rigidity is interpreted as the lower threshold
below which charged particles cannot reach a specific point in the
magnetosphere and above which particles have access to the point of
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Fig. 4. (a) Total dose rates converted to dose in water and measured by DOSTEL-1 (D-1) and DOSTEL-2 (D-2) averaged over one-month intervals and the separation
in contributions from GCR and SAA and (b) total dose equivalent rate calculated as product of the dose rate averaged over one month and the mean quality factor for
GCR and SAA, respectively.
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interest, for details see (Cooke et al., 1991; Shea et al., 1965). The lower
the cut-off rigidity the weaker is the protection of the geomagnetic field
against GCR. Towards high latitudes where the cut-off rigidity ap-
proaches zero, the shielding effect of the geomagnetic field is negligible.
In general, the cut-off rigidity is a dynamic parameter that changes
during geomagnetic disturbances and storms at time scales of hours and
days and also slowly shifts with the variations of the internal magnetic
field of Earth. Here, however, a static set of cut-off rigidities has been
used that was calculated with PLANETOCOSMICS (http://cosray.unibe.
ch/~laurent/planetocosmics) for the latest IGRF description of the in-
ternal field of Earth (Alken et al., 2021) for 1 January 2015 and the
external field model by Tsyganenko (1989) at an altitude of 400 km.
Variation in the internal field are expected to be small and are neglected
in this work. Impacts of geomagnetic disturbances affect mostly regions
of a few GV, where the cut-off rigidities can be significantly reduced
during geomagnetic storms. Low cut-off rigidity regions that are the
main focus for investigations concerning exploration are not affected by
geomagnetic disturbances from space weather.

Fig. 5aillustrates the calculated cut-off rigidities reaching from 0 GV
at high latitudes to about 16 GV close to the equator at around 100°E,
where the maximum values are reached. Due to the tilt and shift of the
dipole-like magnetic field of Earth against the rotational axis, the areas
of low cut-off rigidity are not symmetrically distributed in the
geographic coordinate system. The low cut-off rigidity region extends
over a larger area on the southern hemisphere compared to the northern
hemisphere. In its orbit at an inclination of 51.6° the ISS reaches cut-off
rigidities R¢ < 0.5 GV only at very limited regions at northern latitudes
at around 80°W-100°W and at southern latitudes at approximately 80°E
—160°E. The ISS is located only about 2% of the time in regions with R¢
< 0.5 GV. The effect of the magnetic shielding is obvious comparing the
cut-off rigidity and the measured dose rates (Fig. 2) ignoring the
contribution of the SAA.

Using the cut-off rigidities from Fig. 5a, the dose rate measurements
can be parameterized according to the geomagnetic shielding. Fig. 5b
and Fig. 5c contain the 27-day averages (one solar rotation) of the dose
rate measured by DOSTEL-1 and DOSTEL-2 since 2009 versus the cut-off
rigidity with SAA and solar energetic particle contributions removed.
The figure illustrates the variation of the GCR dose rates over the solar
cycle showing the largest variations at low cut-off rigidities. At high cut-
off rigidities no variation can be recognized. This fact is investigated in
the following section in more detail.

3.3. Relevance for exploration missions outside the magnetosphere

The protection by the geomagnetic field from GCR provided to the
ISS LEO has been illustrated in the previous section. Additionally, the
shadowing of the Earth reduces the number of primary GCR particles
reaching the ISS. These two mechanisms are the main causes for dif-
ferences in the dose rates from GCR at LEO compared to near-Earth
interplanetary space, if identical or similar local shielding conditions
by the spacecraft are assumed.

If the effect of geomagnetic shielding is investigated, it can be
observed that the dose rates reach a maximum at small cut-off rigidities
(Fig. 6a, errors bars show the standard deviation of the dose rates in each
bin). Towards lower cut-off rigidities the absolute value of the derivative
of the measured dose rate decreases and, depending on the solar activity
and corresponding primary particle spectrum, the dose rate is approxi-
mately constant and forms a more or less pronounced plateau below
about 0.7 GV (solar maximum) and 0.4 GV (solar minimum). The figure
shows the dependency of the measured GCR dose rate on the geomag-
netic shielding expressed by the cut-off rigidity for three different three-
month periods representing solar minimum, intermediate and solar
maximum conditions. For higher solar activity, which corresponds to a
flatter spectrum at lower energies, the plateau extends to higher cut-off
rigidities. For the purpose of estimating the dose rates outside the
geomagnetic field measurements at locations of R¢ < 0.5 GV can be
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considered as effectively unshielded. Fig. 6a also shows that magnetic
shielding is more effective for low solar activity (highest GCR intensity;
2019-06-01 — 2019-09-01) compared to high solar activity (lowest GCR
intensity; 2014-01-01 to 2014-04-01) because lower energetic particles
contribute relatively less during solar active periods but are more
affected by the geomagnetic field and the corresponding shielding effect.

The reduced variations during the solar cycle at higher geomagnetic
shielding (greater cut-off rigidity) also show in Fig. 6b (errors bars show
the standard deviation of the dose rates in each time interval), in which
the time dependence of the measured dose rates at three different cut-off
rigidity regions is illustrated: unshielded (R¢ < 0.5 GV), intermediate (4
GV < R¢ < 5 GV) and strong geomagnetic shielding (R¢ > 10 GV). For
strong geomagnetic shielding, the measured dose rate is approximately
constant at around 0.05 mGy/d in silicon. In contrast, for no geomag-
netic shielding, the dose rate increases by more than 50% from solar
maximum conditions (~0.2 mGy/d) to solar minimum conditions
(~0.32 mGy/d). Total dose rates in silicon and water for the three time
intervals are given in Table 3 together with the dose equivalent rates for
the identical time intervals using the average quality factor. The
absorbed dose rate in Table 3 is given with the statistical uncertainties of
the values which are below 1%; for the dose equivalent rate the sys-
tematical uncertainties of the quality factor is included.

The second effect reducing the intensity of cosmic radiation at low
orbits is the obstruction by the Earth which decreases with increasing
altitude. At an altitude of about 400 km the Earth blocks about 30% of
the sky. The fraction of particles from interplanetary space measured at
a corresponding orbit also depends on the angular distribution of the
primary particles and the detector sensitivity. For GCR particles, which
have an isotropic distribution, the fraction of particles reaching a certain
altitude corresponds to the fraction that is not blocked by the Earth, i.e.
approximately 70%. Approximating the Earth as a sphere, the corre-
sponding shadow factor s at an altitude hg can be calculated as

s =(1-0.5-(1—cos(arcsin(Rg / (Rg + he)))))

Rg = 6371 km is the mean radius of the Earth (https://nssdc.gsfc.
nasa.gov/planetary/factsheet/earthfact.html). The inverse of the shad-
owing factor can be used to scale the measurements in orbit to obtain an
estimate for the dose rates for which the effect of the shielding by the
Earth is eliminated. If only measurements at values of R¢ < 0.5 GV are
used, one can obtain a good estimate for the corresponding value in
interplanetary space. Fig. 7 shows 27-day averages of the altitude of the
ISS (Fig. 7a) and the corresponding shadowing factor (Fig. 7b) for
measurements in the region of R¢ < 0.5 GV. As the data coverage was
not identical for DOSTEL-1 and DOSTEL-2, the shadowing factor was
individually calculated for each measuring point of the two detectors
and averaged over 27 days. The impact of altitude variations of the ISS is
small leading to shadowing factors between approximately 0.66 and
0.675. The inverse was used together with the 27-day averages of the
dose rate at R¢ < 0.5 GV (Fig. 6b) to calculate the expected dose rate in
interplanetary space. Additionally, as above, a factor of 1.23 was applied
to convert the measured dose rate in silicon to dose rate in water. Fig. 7c
shows the resulting estimate of the dose rate in water in interplanetary
space over the time interval of the DOSIS and DOSIS 3D experiments, i.e.
between 2009 and 2022. The values extend from approximately 0.35
mGy/d during the solar maximum in 2014/2015 and 0.57 mGy/d and
0.58 mGy/d during the solar minima in 2009 and 2020, respectively.

With the average quality factor (Q = 3.19+0.12) from above, the
dose rate in water can be converted to dose equivalent rate. The
resulting estimate for the dose equivalent rate in free space derived from
the DOSTEL-1 and DOSTEL-2 measurements and its variation is illus-
trated in Fig. 7c (grey markers, errors bars show the standard deviation
of the dose rates in each time interval) with minimum values of about
1.1 mSv/d during solar maximum in 2014 and reaching peak values of
about 1.9 mSv/d in 2009 and 2020. Again, the decrease of dose rates in
2022 related to the increasing solar activity of solar cycle 25 is clearly
visible.


http://cosray.unibe.ch/~laurent/planetocosmics
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https://nssdc.gsfc.nasa.gov/planetary/factsheet/earthfact.html
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Table 3

Measured mean dose rate in silicon dg; in three month intervals during solar minimum, solar maximum and intermediate solar activity and the derived dose rate in
water dyz0 and dose equivalent rate h measured by DOSTEL-2 with uncertainties (unc.).

ISS orbit averaged dose rates from GCR

ds; mGy/day unc. du20 mGy/day unc. Q unc. h mSv/day unc.
Solar minimum* 0.130 <1% 0.160 <1% 3.19 0.12 0.51 0.02
Intermediate* 0.114 0.141 0.45 0.02
Solar maximum* 0.103 0.126 0.40 0.02

" Solar minimum: 2020-04-01 — 2020-07-01; intermediate: 2016-01-01 — 2016-04-01; solar maximum: 2014-01-01 — 2014-04-01.

The values for three selected three-month intervals representing
solar minimum, intermediate and solar maximum activity are given in
Table 4. The calculation is based on the average dose rates in silicon
measured by DOSTEL-2 in the respective intervals. Conversion to dose
rate in water is again performed using the conversion factor of 1.23.
Applying the average quality factor results in the mean dose equivalent
rate at low cut-of rigidities, i.e. without relevant geomagnetic shielding.
The values for low geomagnetic shielding are then divided by the cor-
responding shadow factor to obtain the estimates of the dose rates in
near-Earth free space: 0.35 mGy/d and 1.134+0.04 mSv/d during solar
maximum conditions and 0.58 mGy/d and 1.85+0.07 mSv/d during
solar minimum conditions; uncertainties of the dose equivalent rate
include the uncertainty of the quality factor. It has to be emphasized that
these estimates are valid under the assumption, that the local mass
shielding distribution is similar to the actual measurement environment,
i.e. for a spacecraft with shielding similar to the Columbus module.
Based on the shielding distribution used in Berger et al. (2018), derived
with a ray-tracing technique from a CAD model of Columbus (Lee et al.,
2016; Rios, 2018; Stoffle et al., 2012), the median shielding at the

DOSTEL location is 36.9 g/cm?. Also, a small contribution from albedo
particles to the original measurements can be expected which would not
be present in free space. This contribution, however, is expected to be
small. Sato et al. (2011), for instance, estimated the combined contri-
bution of albedo protons and neutrons to be approximately 4% of the
effective dose equivalent and less than 1% for the skin dose equivalent.
The quality factor applied to convert the absorbed dose to dose equiv-
alent is expected to somewhat underestimate the quality factor in free
space as it is based on measurements over the orbit of ISS. The quality
factor at higher geomagnetic shielding is lower than at lower geomag-
netic shielding as the average energy of the primary particles is higher.
Higher energetic particles have, on average, a lower LET and a lower
quality factor. This effect is most pronounced for heavy ions, but the
relatively high mass shielding of Columbus leads to the fragmentation of
the majority of the heavy ions. Accordingly, it can be assumed that this is
a small effect for a shielding environment as Columbus. For a subset of
DOSTEL data, Kollhoff (2015) has calculated that for the cut-off rigidity
interval from 0 GV to 5 GV this effect increases the quality factor by
approximately 3% against the orbit average.
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Table 4

Estimates of dose rates d and dose equivalent rates h in free space derived from measurements of DOSTEL-2 in low cut-off rigidity regions (R¢ < 0.5 GV) and applying an
altitude dependent correction factor (1/shadow factor) with uncertainties (unc.).

Calculation of dose rates in free space based on data for R¢c < 0.5 GV

R¢ < 0.5 GV at ISS altitude

Free space estimate

dyo0 unc. Q unc. h mSv/day unc. shadow factor unc. dyz0 unc. h mGy/day unc.
mGy/day mGy/day
Solar minimum* 0.391 <1% 3.19 0.12 1.25 0.05 0.676 <1% 0.578 <1% 1.85 0.07
Intermediate* 0.301 0.96 0.04 0.673 0.447 1.43 0.05
Solar maximum* 0.239 0.76 0.04 0.675 0.354 1.13 0.04

* Solar minimum: 2020-04-01 — 2020-07-01; intermediate: 2016-01-01 — 2016-04-01; solar maximum: 2014-01-01 — 2014-04-01.

4. Summary

The two DOSTEL instruments have been measuring the radiation
environment in the Columbus laboratory of the ISS for almost 13 years,
starting in 2009. The data cover the solar cycle 24 and the initial phase
of solar cycle 25 and peak GCR intensities in 2009 and 2020 and

10

minimum intensities in the years 2014 and 2015 were measured. At
altitudes of about 400 km — 420 km, which was the approximate altitude
range after 2012, the total dose rate was between 0.16 mGy/day in
silicon or 0.20 mGy/day in water during solar maximum conditions and
about twice these values during solar minimum conditions. The
contribution of radiation belt particles in the SAA was about 40% during
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solar maximum (2015) and about 60% during solar minimum (2020/
2021). The higher SAA contribution in 2020,/2021 is partly explained by
an altitude increase in 2019, which lifted the ISS from 400 km to 420
km.

The mean quality factor measured between 2009 and 2022 was 3.19
+0.12 for GCR and 1.24+0.24 for contributions of radiation belt parti-
cles in the SAA. The resulting total dose equivalent rates were between
0.5 mSv/day in 2015 and up to 0.8 mSv/day in 2021.

The extreme values of the dose rates from GCR were reached in 2014
(GCR intensity minimum) and 2020 (GCR intensity maximum). The
measured orbit-averaged dose rates from GCR in the Columbus labora-
tory at these times were 0.10 mGy/d in silicon, 0.13 mGy/d in water and
0.40+0.02 mSv/d during solar maximum in 2014 and 0.13 mGy/d in
silicon, 0.16 mGy/d in water and 0.51+0.02 mSv/d in the solar mini-
mum in 2020 (statistical uncertainties of dose rates are below 1%).

Considering the shielding effect of the Earth’s magnetic field, effec-
tively unshielded regions were selected by using low cut-off rigidity
regions (<0.5 GV). The results were corrected for the shadowing effect
of Earth in LEO to estimate the dose rates that would be expected in free
space under similar mass shielding conditions. Estimates for the dose
rates in water during solar minimum (2020) and maximum conditions
(2014) are 0.58 mGy/d, 1.85+0.07 mSv/d and 0.35 mGy/d, 1.13+0.04
mSv/d, respectively. For the current NASA career dose limit of 600 mSv
(NASA, 2022), this would correspond to a maximum mission duration of
314 days during solar minimum and 513 days during solar maximum.
For the current ESA career limit of 1 Sv (ECSS, 2010; Straube et al.,
2010), it would correspond to a maximum mission duration of 524 days
during solar minimum and 855 days during solar maximum. It is
important to note that the corresponding dose limits are for protection
quantities that differ from the measured dose equivalent in the detector,
namely NASA effective dose (NASA, 2013) and effective dose (ECSS,
2008). The relevant quantities are whole body quantities based on nu-
merical phantoms using weighted sums of organ doses within the
phantoms. Model calculations show that the measured dose equivalent
is a conservative estimate of the corresponding protection quantities,
which are typically 30% — 40% lower due to the additional self-shielding
effect of the body. Accordingly, the estimates on the derived mission
durations within the dose limits can be understood as lower limits.
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