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ABSTRACT

The radiation environment encountered in space differs in nature from that on Earth, consisting mostly of highly energetic ions
from protons up to iron, resulting in radiation levels far exceeding the ones present on Earth for occupational radiation workers.
Since the beginning of the space era, the radiation exposure during space missions has been monitored with various active and
passive radiation instruments. Also onboard the International Space Station (ISS), a number of area monitoring devices provide
data related to the spatial and temporal variation of the radiation field in and outside the ISS. The aim of the DOSIS (2009-2011)
and the DOSIS 3D (2012—ongoing) experiments was and is to measure the radiation environment within the European Columbus
Laboratory of the ISS. These measurements are, on the one hand, performed with passive radiation detectors mounted at 11 loca-
tions within Columbus for the determination of the spatial distribution of the radiation field parameters and, on the other, with two
active radiation detectors mounted at a fixed position inside Columbus for the determination of the temporal variation of the radi-
ation field parameters. Data measured with passive radiation detectors showed that the absorbed dose values inside the Columbus
Laboratory follow a pattern, based on the local shielding configuration of the radiation detectors, with minimum dose values
observed in the year 2010 of 195-270 pGy/day and maximum values observed in the year 2012 with values ranging from
260 to 360 puGy/day. The absorbed dose is modulated by (a) the variation in solar activity and (b) the changes in ISS altitude.
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In Low Earth Orbit (LEO), a third contribution to human radi-
ation exposure is given by the trapped particles in the Earth
radiation belts (Van Allen belts), particularly when the
International Space Station (ISS) crosses the South Atlantic
Anomaly (SAA) (Reitz 2008). Further on, the radiation field

1. Introduction

It is well known that the radiation field in free space is one of
the most complex natural radiation fields consisting of contri-
butions from Galactic Cosmic Rays (GCR) and protons due to

sporadic Solar Particle Events (SPE) (Nelson 2016). These two
sources contribute to the radiation load as, for example, on the
way to Mars and can lead to dose equivalent values only from
GCR exposure of up to 1.84 mSv/day (Zeitlin et al. 2013).

inside the ISS is modulated due to different local shielding
thicknesses as well as due to orbital changes of the ISS.
Determination of radiation environmental parameters is essen-
tially aimed at gaining knowledge about the internal radiation
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Fig. 1. The International Space Station (ISS) (picture taken by an STS-134 crew member on the space shuttle Endeavor, May 29, 2011) with
the European Columbus Laboratory (in red) and the ISS flight direction (red arrow) Source: NASA.

environment onboard the ISS. In addition; only a reliably
measured dataset for radiation exposure and the variation of
the radiation load enables us to (a) use this data as input for
radiation model and benchmark calculations (Matthid et al.
2016) and (b) work toward a reasonably good radiation risk
estimation for future long duration space missions (Durante
& Cucinotta 2011). The radiation environment onboard the
ISS has been monitored since the beginning of the ISS era with
various active and passive radiation detector systems (see
reviews in: Berger 2008; Caffrey & Hamby 2011; Narici
et al. 2015) aiming for exact area monitoring within (Kodaira
et al. 2014) and outside the ISS (Berger et al. 2015). Further-
more; various experiments aimed at determining the effective
dose equivalent using phantoms for the improvement of radia-
tion risk estimations have been performed (see for example:
Reitz et al. 2009; Berger et al. 2013, Puchalska et al. 2014).
In addition, passive radiation detector systems have been used
as operational personal radiation detectors of the astro- and
cosmonauts (Straube et al. 2010). The DOSIS and DOSIS 3D
experiments currently performed onboard the ISS are aimed at
improving our understanding of the radiation environment
onboard the ISS and providing a set of data that can be used
by the radiation research community for the benchmarking of
radiation transport codes, as well for providing input to build a
real 3D model of the radiation environment inside the ISS.

2. The DOSIS and DOSIS 3D experiments

The aim of the DOSIS (2009-2011) and the DOSIS 3D
(2012—ongoing) experiments was and is to measure the
radiation environment within the European Columbus Labora-
tory of the ISS (see Fig. 1).

These measurements are, on the one hand, performed with
passive radiation detectors mounted at 11 fixed locations
within Columbus for the determination of the spatial distribu-
tion and long-term temporal evolution of the radiation field
parameters. Due to their passive nature the detectors need to
be returned to Earth for evaluation in the respective laboratories

and also provide only integrated values of the dose received
during their exposure. On the other hand, measurements are
also carried out with two active radiation detectors mounted
at a fixed position inside Columbus for the determination
of the temporal variation of radiation field parameters.
Due to their active nature they can provide near real-time
information about the radiation field parameters. The long-
term data gathered within the two experiments so far enables
us to see variations of the radiation environment due to
changes in solar activity, as well as due to altitude changes
of the ISS.

2.1. DOSIS and DOSIS 3D experiments: hardware

The experiment hardware for DOSIS and DOSIS 3D experi-
ments consists on the one hand of the so-called Passive
Detector Packages (PDPs) consisting of thermoluminescence
(TL), optically stimulated luminescence (OSL) detectors and
nuclear track etch detectors (CR-39), which are put together
in appropriate detector holders and sewed into Nomex Bags.
These PDPs are mounted with adhesive Velcro strips at 11
locations within the Columbus Laboratory. Table 1 shows the
PDPs location within Columbus, with the relevant related
Research Racks and the coordinates, based on the Columbus
coordinate system. The origin of the Columbus coordinate
system is on the central axis of Columbus, where the module
is connected to the ISS Node 2 (Axis orientations: +X along
the Columbus module axis toward the end cone (starboard side
of the ISS), +Y to Columbus forward side/ISS flight direction,
+Z to Columbus overhead/zenith) (EADS 2009).

Figure 2 provides a graphical illustration (“Fish Eye
View”) of the relevant detector locations, thereby showing that
the locations are chosen in such a way as to enable a 3D dose
distribution profile over the whole Columbus Laboratory.
Figure 2 also provides the flight direction of the ISS and shows
that five of the PDPs are located in the forward direction (see
also PDP locations in italics in Table 1) while five of the
PDPs are mounted in the backward direction of Columbus.
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Table 1. Location of the PDPs within the Columbus Laboratory of the ISS.

PDP No. Columbus location Related rack Position Columbus coordinate
system [mm)]

X Y Z
1 Star Cone - Behind bend in right cone structure 681 —57 0
2 A4 UIP HRF 2 Left side on UIP next to Vacuum connector 665 —123 -93
3 F4 UIP HRF 1 Left side on UIP next to Vacuum connector 570 123 —93
4 F4 HRF ] HRF 1 B1 upper right panel 600 104 60
5 A3 EPM EPM 410 mm left from upper right edge 463 —104 93
6 A2 UIP BLB Left side on UIP next to Vacuum connector 436 —123 -93
7 02 UIP - Left side on UIP next to Vacuum connector 436 —101 106
8 F1 UIP EDR Left side on UIP next to Vacuum connector 243 123 —93
9 F1 EDR EDR 77 mm left from upper right edge 333 104 93
10 End Cone - On PBA Cover 221 95 85
X DOSIS-MAIN-BOX EPM On the left side of the DOSIS-MAIN-BOX 516 —116 —60

Note. Positions given in italics (3 and 4 as well as 8-10) refer to the forward side of Columbus (see Fig. 2); HRF = Human Research Facility;
EPM = European Physiology Module; EDR = European Drawer Rack; BLB = Biolab; PBA = Portable Breathing Apparatus; UIP = Utility

Interface Panel.
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Fig. 2. The positions of the PDPs within the Columbus Laboratory of the ISS. PDP #3, 4, 8, 9, and 10 are positioned in forward and PDP # 1,
2,5, 6, and 7 in backward Columbus position. The 11th PDP (X) is positioned at the large red rectangle beneath EPM attached to the DOSIS-

MAIN-BOX (see also Fig. 3d). Source: NASA/ESA.

In addition, PDP #X (so-called Triple PDP) is mounted close
to the active radiation detectors beneath the EPM, thereby also
being positioned in the backward direction.

The active part of the DOSIS and DOSIS 3D hardware
consists of two silicon detector telescopes (DOSTEL-1 and
DOSTEL-2) looking in flight direction (DOSTEL-1) and per-
pendicular to the ISS flight direction (DOSTEL-2). The two
instruments are connected over the so-called DOSTEL Data
and Power Unit (DDPU) and mounted in a Nomex Box, called
the DOSIS-MAIN-BOX, at a fixed position beneath the EPM

rack. The DOSIS-MAIN-BOX is connected via a NASA 16 V
Power Brick to an SUP outlet for the provision of power to the
instruments. Data connection is done via the EPM LAN Inter-
face at the upper right part of the EPM Facility. The scientific
and housekeeping data are downloaded by the EPM rack via
Ethernet connection with a nominal period of four weeks.
Figure 3 shows as example two PDPs mounted at location
#1 (Star cone) (see Fig. 3a) and location #5 (EPM) (see
Fig. 3b), the DOSIS-MAIN-BOX beneath EPM (Fig. 3c),
and the Triple PDP mounted on the left side of the
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Table 2. DOSIS and DOSIS 3D overall timeline.

Fig. 3. DOSIS and DOSIS 3D hardware in the European Columbus Laboratory: (a) PDP #1 at star cone position; (b) PDP #5 at the upper part
of the EPM facility; (c) DOSIS-MAIN-BOX with the two DOSTEL and the DDPU beneath the EPM Module; (d) Triple PDP mounted on the
left side of the DOSIS-MAIN-BOX. Source: NASA/ESA.
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Note. A = active measurements; DOSIS 1 and 2 = passive measurement phases; DOSIS 3D 1-6 = passive measurement phases.

DOSIS-Main-Box (see Fig. 3d). Overall, with the active and
passive detectors, the instrument suite provides a tremendous
amount of data for the spatial and temporal variation of the
radiation environment inside Columbus.

2.2. DOSIS and DOSIS 3D experiments: timeline

For the investigation of the spatial and temporal distribution of
the radiation field inside the European Columbus module, the
European Space Agency (ESA) experiments DOSIS (Dose
Distribution Inside the ISS) (2009-2011) and DOSIS 3D

(2012—-onwards) were and are performed onboard the ISS.
Within these two experiments eight sets of passive radiation
detectors (DOSIS 1 and 2; DOSIS 3D 1-6) and two active radi-
ation detectors (DOSTEL-1 and DOSTEL-2) measured the
radiation environment over a wide timeframe. Table 2 gives
a graphical overview of the relevant measurement periods for
the active detectors (A) and the relevant passive detectors
(DOSIS 1 and 2; DOSIS 3D 1-6).

A mission-related timeline for the passive radiation detec-
tors is additionally shown in Table 3, while Table 4 provides
the mission-related timeline for the active radiation detectors.
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Table 3. Timeline for the passive detectors within the DOSIS and DOSIS 3D experiments.

Phase Timeline Duration [days] Coverage [%] ISS altitude [km]
DOSIS 1 Launch (STS-127) July 15, 2009 136 (127) 93.3 339-348
Installation July 18, 2009
Retrieval November 21, 2009
Return (STS-129) November 27, 2009
2 Launch (STS-129) November 16, 2009 191 (178) 93.2 337-349
Installation November 21, 2009
Retrieval May 18, 2010
Return (STS-132) May 26, 2010
DOSIS 3D 1 Launch (Soyuz 30S) May 15, 2012 125 (113) 90.4 397-417
Installation May 21, 2012
Retrieval September 11, 2012
Return (Soyuz 30S) September 17, 2012
2 Launch (Soyuz 32S) October 23, 2012 144 (137) 95.1 407-416
Installation October 27, 2012
Retrieval March 13, 2013
Return (Soyuz 32S) March 16, 2013
3 Launch (Soyuz 34S) March 28, 2013 167 (156) 934 407-416
Installation April 03, 2013
Retrieval September 06, 2013
Return (Soyuz 34S) September 11, 2013
4 Launch (Soyuz 36S) September 25, 2013 167 (156) 93.4 413-418
Installation October 01, 2013
Retrieval March 06, 2014
Return (Soyuz 36S) March 11, 2014
5 Launch (Soyuz 38S) March 25, 2014 170 (161) 94.7 407416
Installation March 27, 2014
Retrieval September 05, 2014
Return (Soyuz 38S) September 11, 2014
6 Launch (Soyuz 40S) September 26, 2014 167 (161) 96.4 413-418
Installation September 27, 2014
Retrieval March 09, 2015
Return (Soyuz 40S) March 12, 2015
Table 4. Timeline for the active detectors within the DOSIS and DOSIS 3D experiments.
Detector Timeline Measurement period Data [days] ISS alt. [km]
DOSIS DOSTEL-1 (1) Launch (STS-127) July 15, 2009 July 18, 2009-May 28, 2010 290 337-350
Installation July 18, 2009
Retrieval April 21, 2011
Return (Soyuz 25S)  May 24, 2011
DOSTEL-2 Launch (STS-127) July 15, 2009 July 18, 2009—June 16, 2011 645 337-375
Installation July 18, 2009
Retrieval June 17, 2011
Return (STS-135) July 21, 2011
DOSIS 3D DOSTEL-1/-2 Launch (Soyuz 30S) May 15,2012  May 21, 2012-March 15, 2015 969 398-418
Installation May 21, 2012 957

) DOSTEL-1 stopped acquiring data after 290 measurement days in space on May 28, 2010.

DOSIS started with the launch of the first experiment suite
(active and passive detectors) to the ISS on July 15, 2009 with
the STS-127 Space Shuttle Endeavor. The passive radiation
detectors were mounted within Columbus and were returned
back to Earth with STS-129 Space Shuttle Atlantis at the
end of November 2009. A second set of PDPs was launched
with STS-129 and returned in May 2010 with STS-132 Space
Shuttle Atlantis. This completed the first part of the DOSIS
experiment with two long-term dose measurements with pas-
sive detectors within Columbus (see Table 3) from July 2009
to May 2010.

The second (active) part of the DOSIS experiment was
mounted inside Columbus and activated on July 18, 2009.
Consecutive measurements for the active part of the DOSIS
project were performed up to May 28, 2010 for the
DOSTEL-1 instrument (290 days) and up to June 16, 2011
with the DOSTEL-2 instrument (645 days) (see Table 4).

At the end of DOSIS, two passive detector exposure peri-
ods with 136 and 191 days were accomplished, as well as one
long-term measurement period with the active DOSTEL-1

instrument of 290 days and one long-term measurement period
with the active DOSTEL-2 instrument of 645 days. The active
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Fig. 4. The average ISS altitude over the time of the DOSIS (red)
and DOSIS 3D (blue) experiments.

part of the hardware was returned to Earth with Soyuz 25S and
STS-135 (Atlantis) for refurbishment for the upcoming DOSIS
3D experiment.

The DOSIS 3D experiment started on May 15, 2012 with
the launch of the refurbished active radiation detectors (Table 4)
and a new set of PDPs with the Soyuz 30S mission. In the
framework of the DOSIS 3D project, the PDPs are up/down-
loaded with each even number Soyuz flight, with an overall
mission duration between 125 and 170 days (Table 3). Further
on, Table 3 also gives the time the passive detectors were
installed at relevant locations inside Columbus (see also
Sect. 2.1). The overall percentage of time the detectors were
installed at relevant positions accounts for between 93 and
96% of the overall mission duration.

Within the DOSIS 3D project, the active radiation detec-
tors have been measuring for 969 (DOSTEL-1) and 957
(DOSTEL-2) days since the start of the experiment (Table 4).

2.3. DOSIS and DOSIS 3D solar cycle and space station altitude

Comparing the data from the DOSIS and DOSIS 3D experi-
ments over a timespan of more than six years (2009-2015)
requires the understanding of various parameters influencing
the recorded doses as the ISS altitude and the solar cycle.

The temporal variation of the ISS altitude is given in
Figure 4 for the DOSIS (in red) and the DOSIS 3D (in blue)
experiment timeframes. The altitude ranged from 337 to
375 km for the DOSIS (see Fig. 4 in red) experiment up to
the middle of June 2011. It is worthwhile to mention that dur-
ing the last days of the active part of the DOSIS experiment in
June 2011, the ISS started an altitude increase from ~340 km
to over 375 km. For the DOSIS 3D (see Fig. 4 in blue) exper-
iment starting in July 2012, the ISS altitude ranged from 398 to
417 km. Assuming similar shielding conditions, the contribu-
tion of Galactic Cosmic Ray particles is almost independent
of the station altitude, whereas the fluence of trapped protons
increases with altitude, also due to prolonged passages of the
ISS through the South Atlantic Anomaly (SAA).
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Fig. 5. The Oulu neutron monitor count rate over the time of the
DOSIS (red) and DOSIS 3D (blue) experiments.

One other parameter influencing the radiation environment
in LEO and the radiation load inside the ISS is the solar cycle.
Due to enhanced deflection by the interplanetary magnetic
field, increasing solar activity causes decreasing dose contribu-
tion from Galactic Cosmic Rays as well as for the protons in
the South Atlantic Anomaly. To illustrate this, Figure 5 shows
the Oulu neutron monitor count rate (http://cosmicrays.oulu.fi)
for the DOSIS (in red) and DOSIS 3D (in blue) experiment
timeframes. Whereas DOSIS (2009—-2011) was performed in
the deepest solar minimum conditions of the space age, espe-
cially in the year 2009, DOSIS 3D started in 2012 with already
increasing solar activity and was running during solar maxi-
mum conditions in the years 2013 and 2014.

3. Detector systems

The detector systems used within DOSIS and DOSIS 3D are
on the one hand passive integrating thermoluminescence
(TL) (Sect. 3.1), optically stimulated luminescence (OSL)
(Sect. 3.2), and nuclear track etch detectors (Sect. 3.3) and,
on the other, active silicon detectors (Sect. 3.4). Passive detec-
tor systems have been used since the Mercury missions
(Warren & Gill 1964) and especially the combination of lumi-
nescence detectors with nuclear track etch detectors is cur-
rently widely applied onboard the ISS because it allows not
only the determination of the absorbed dose, but also the dose
equivalent in combining these two detector systems (see for
example: Vanhavere et al. 2008). Active silicon detector sys-
tems are commonly used onboard the ISS (see also Narici
et al. 2015), and therefore offer good baseline data for inter-
comparison purposes.

3.1. Passive detectors: thermoluminescence detectors (TLDs)

Within the DOSIS and DOSIS 3D experiments, the following
thermoluminescence detectors (TLDs) were applied by the rel-
evant groups.

DLR, Cologne, Germany, and ATI, Vienna, Austria, used
extruded ribbons of °LiF:Mg,Ti (TLD-600) and 'LiF:Mg,Ti
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(TLD-700) and single crystals of CaF,:Tm (TLD-300) detec-
tors available from Thermo Fisher Scientific Inc., Waltham,
MA, USA (former Harshaw Chemical Co., Solon, OH,
USA), with the dimensions 3.2 x 3.2 x 0.9 mm’.

National Institute of Radiolo§1ca1 Sciences (NIRS),
Chiba, Japan, used TLD-100 (“*LiF:Mg.Ti), provided
by Nagase Landauer Ltd., Japan. The size is 3 x 3 X 0.9 mm°.
NASA/SRAG, Houston, USA, used single crystal chips of
NatiF:Mg,Ti (TLD-100) and CaF,:Tm (TLD-300) detectors
available from Thermo Scientific Inc., Waltham, MA, USA,
with the dimensions 3.2 X 3.2 X 0.9 mm’.

IFJ, Krakow, Poland, applied self-produced pellets of
*LiF:Mg,Ti (MTS-6), 'LiF:MgTi (MTS-7), and 'LiF:Mg,
Cu,P (MCP-7) with 4.5 mm diameter and 0.6 mm thickness.
MTA EK used pellets of °LiF:Mg, Ti (MTS-6) and "LiF:Mg,Ti
(MTS-7) with 4.5 mm diameter and 0.9 mm thickness,
produced by the Institute of Nuclear Physics (IFJ), Krakow,
Poland.

SCK-CEN, Mol, Belgium used thin square pellets of
°LiF:Mg,Ti (MTS-6) and 'LiF:Mg,Ti (MTS-7) with dimen-
sions 3.2 x 3.2 x 0.9 mm® and thin disk-shaped pellets of
°LiF:Mg,Cu,P (MCP-6) and 'LiF:Mg,Cu,P (MCP-7) with
4.5 mm diameter and 0.9 mm thickness, all produced by IFJ,
Krakow, Poland. NPI, Prague, Czech Republic, used
CaSQOy4:Dy detectors (CaSO,4:Dy powder fixed by thermostable
silicon binder in aluminum dishes) (Guelev et al. 1994) of the
type Protecta MMS, manufactured by Laboratories Protecta
Ltd., and single crystals of Al,05:C (TLD-500 K) from Ural
State University (Akselrod et al. 1990); both types of TLDs
with 5 mm diameter and 1 mm thickness.

The relevant readout procedures and protocols for the
applied detectors are given in Table 5. As can be seen, there
are some differences in experimental details, as each labora-
tory used its own procedure, based on its experience and prac-
tice. It has previously been demonstrated that, in spite of such
differences, the obtained results are consistent and agree well
within measurement uncertainties (Berger et al. 2013; Bilski
et al. 2013). The measured thermoluminescent signals were
converted to units of absorbed dose in water through calibra-
tions performed with secondary-standard gamma-ray radiation
sources (*°Co for ATI, SCK:CEN and "*’Cs for DLR, IFJ,
NIRS, MTA EK, NPI, NASA/SRAG).

3.2. Passive detectors: optically stimulated luminescence
detectors (OSLDs)

All OSLDs used in this experiment were prepared from the
same AlLO;:C material used in the Luxel™ and InLightTM
dosimetry systems and provided by Landauer Inc.

Nevertheless, each laboratory used its own preparation
(bleaching) and readout procedure and equipment. It has been
shown that the experimental readout parameters (e.g., choice
of signal, optical filters used, etc.) influence the relative
response of the OSLDs as a function of the linear energy trans-
fer (LET) and, therefore, may result in slightly different doses
in mixed heavy charged particle (HCP) fields (Sawakuchi et al.
2008). To assist in the comparison of the results, Table 6
summarizes the detector preparation, readout, and analysis
protocols used by the individual laboratories.

The OSLDs from OSU are 4 x 4 x 0.3 mm® detectors,
bleached overnight under a yellow light (fluorescent lamp
filtered by Schott GG-495) to erase any signal accumulated
during storage. The detectors were read out for 600 s to record

the OSL signal S during space exposure. They were then indi-
vidually irradiated with a reference dose Dy from at *°St/*°Y
that is part of the Risg reader and again read to obtain the
reference signal Sg. The *°St/*°Y source was calibrated using
the same type of detector and experimental condition against
a ®Co source at the National Institute of Standards and
Technology (NIST) in gamma dose to water. The dose was
then calculated (see Eq. (1)).

M(Gy) = 5 Dr. (1)

The reference dose Dg must be larger than the doses to
which the detectors were exposed, to avoid the influence of
sensitivity changes in the detector (Yukihara et al. 2006).
Another option is to obtain the full S/Sg versus dose calibration
curve, which takes into account sensitivity changes in the
detector. For the dose levels reported here, we found that the
results using these different methodologies differ by less than
1%. The Belgian Nuclear Research Center (SCK-CEN) used
disk-shaped Al,O5:C (Luxel™) OSLDs with 4.8 mm diameter
and 0.2 mm thickness. For bleaching, the OSLDs are exposed
to daylight for one day. The readout is done with green light
from an argon ion laser. The OSL signal is calculated either
as the maximum of or the area under the decay curve. The
optically stimulated luminescence material (i.e., Luxel ™) used
by NASA/SRAG for the DOSIS project is identical to that used
by the previous groups. The OSL measurements were per-
formed using a Risg TL/OSL-DA-15C/D reader that uses, as
light stimulation source, a 525 nm green diode module with
a total power at the dosimeter of ~40 mW/cm?®. The OSL sig-
nal was measured using 7.5 mm Hoya-U340 filters to allow for
proper discrimination between the stimulation and emission
light (Gaza et al. 2006). The NIRS used an OSLD (Al,05:C)
provided by Nagase Landauer Ltd., Japan. The size of this
OSLD is 7.2 mm in diameter with 0.5 mm in thickness.

3.3. Passive detectors: nuclear track etch detectors

Nuclear Track Etch Detectors were used by DLR, MTA EK,
NPI, IFJ, NIRS, and NASA/SRAG during all of the DOSIS
and DOSIS 3D missions. The relevant detector materials and
experimental protocols used by the individual laboratories for
detector preparation and readouts are summarized in Table 7.

The CR-39 track etch detectors used at DLR are made of
polyallyl-diglycol-carbonate (C;,H;30-) and manufactured by
American Technical Plastics Inc. (ATP), USA. The detectors
were chemically etched in a NaOH solution (6.25 N, 50 °C)
for 36 and 168 h in a two-step etching process. The resulting
tracks are analyzed manually using a Leitz Metalloplan micro-
scope with a PixeLINK digital camera using DLR developed
software (Straube et al. 2010).

The used track etch detectors from MTA EK were pro-
duced by Track Analysis Systems Ltd. (TASL). Bristol, UK.
A two-step etching process is applied: after the short etching
(6 h), high LET particle tracks become visible, while the
longer etching (15 h) reveals the lower LET particles as well.
The different geometric parameters of the particle tracks are
examined, using a Polyvar microscope (Reichert-Jung AG,
Austria) equipped with a digital complementary metal-oxide
semiconductor (CMOS) camera, in semi-automatic measure-
ment mode, except the high-energy and high-charge (HZE)
particles, which are measured manually. The image analysis
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Table 5. TLD readout, annealing, and calibration procedures applied by the DOSIS/DOSIS 3D participants.

Institute TLD name Readout system Heating Material Preheat Annealing Cooling Calibration method Calibration Glow
Rate [°C/s] cycle rate source curve
evaluation
DLR TLD-600/-700 Harshaw 5500 5 LiF:Mg,Ti No 400 °C Slow The same single-chip 37¢s Peak 5
TLD-300 (Hamamatsu RC095 HA) preheat (1 h), height
100 °C
(2 h
CaF,:Tm No 400 °C Slow Peak 5
preheat (1 h), height
100 °C
(2 h)
ATI TLD-600/-700 TL-DAT.II 5 LiF:Mg,Ti 120 °C 400 °C Slow The same single-chip 0Co Peak 5
TLD-300 (THORN EMI 9635 QB) (30 min) (1h) height
CaF,:Tm No 400 °C Slow Peak 5
preheat (1.5 h) height
IFJ (1) MTS-6 MTS-7 RA’94 (THORN EMI 9789 10 LiF:Mg,Ti 120 °C 400 °C Fast Seperate group of 137¢s Peak
MCP-7 QB) + Harshaw 3500 (ET (30 min) (1 h), TLDs integral
9125B) 100 °C
(2 h)
LiF:-Mg,Cu,P 120 °C 240 °C Fast Peak
(30 min) (10 min) integral
SCK-CEN  MTS-6 MTS-7 Harshaw 5500 1 LiF:Mg,Ti No 400 °C Slow Separate group of Co Peak
2) MCP-6 MCP-7 (Hamamatsu RC095 HA) preheat (1 h), TLDs from the same integral
100 °C batch
(2 h)
LiF:-Mg,Cu,P No 240 °C Fast Peak
preheat (10 min) integral
MTA EK ~ MTS-6 MTS-7  Harshaw 2000 A-B, PC 10 LiF:Mg,Ti No 400 °C Fast The same single-chip (e Peak 5
3) (Thorn EMI 9235QA) preheat (1 h), height
100 °C
(2 h)
NIRS TLD-100 Harshaw 5500 25 LiF:Mg,Ti No 400 °C Slow  The same batch 137¢s Peak 5
(Hamamatsu RC095 HA) preheat (1 h), Integral
100 °C
(2 h)
NASA/ TLD-100 Harshaw 5500 6 LiF:Mg,Ti 100 °C 400 °C Slow  The same batch Pcs Peak 5
SRAG TLD-300 (Hamamatsu RC095 HA) (30 min) (1 h) height
CaF,:Tm 400 °C Fast Peak 5
(1 h), integral
100 °C
(2 h)
NPI AlLO5:C RA’94 (THORN EMI 9789 10 ALO5:C No 700 °C Fast The same single-chip 137¢s Glow
CaSO,4:Dy QB) + TOLEDO 654 TLD preheat (20 min) curve
Reader integral
CaSO,4:Dy 150 °C 380 °C Fast
(22 ) (10 min)

M 1F] used RA’94 reader for the DOSIS and Harshaw 3500 reader for the DOSIS 3D experiments.
@ SCK-CEN TLD Glow curve evaluation for peak integral: 100 °C-260 °C (MTS) and 170 °C-230 °C (MCP).
) MTA EK started providing TLDs with the start of the DOSIS 3D experiment.
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Table 6. OSLD preparation: all groups applied Al,0O5:C (Luxel) detectors.

Institute Readout system Power Filter Stimulation Bleaching Calibration Source OSL
[mW/ Time [s] Method curve
cm?] evaluation

OSU Risg TL/OSL-DA- 13.3 7.5 mm 600 Yellow light ~ Single 08120y )
15C/D (Green Hoya-U340 over night “chip” (calib.
diodes: 525 nm) against
0Co)
SCK-CEN  Homemade (Ar+ 120 Melles Griot 100 No Separate %0Co
laser: 488 nm) 01MCGO019 (daylight) group from
the same
batch
NASA/ Rise TL/OSL-DA- 40 7.5 mm 300 Bleached Same batch 37Cs 3)
SRAG 15C/D (Green Hoya-U340 with
diodes: 525 nm) 525 nm for
120 s
NIRS MicroStar InLight 173 (1) 7.5 mm Fluorescent ~ Same batch B37Cs
(Landauer Inc.) Hoya-B390 light
(Green diodes: without UV
525 nm)
() Calculated value from nominal specification of employed LEDs.
@ Total OSL area (300 s or 600 s stimulation at 10 mW/cm?).
) OSL initial intensity (3 s) or total OSL area (300 s) at 40 mW/cm?.
Table 7. Overview of the CR-39 evaluation, etching, and analyzing procedure.
Institute Manufacturer/trade Etching time Etching temperature ~ NaOH conc. Bulk layer Analyzed area
name [hours] [°C] [N] [um] [cm?]
DLR ATP 36/168 50 6.25 8.83/50 0.14/0.1
MTA EK TASTRAK 6/15 70 6 8.04/20.1 0.5/0.5
NPI HARZLAS TD-1 18 70 5 15.3 0.09
IFJ TASTRAK 12 70 7 20.89 0.12
NIRS HARZLAS TD-1 8 70 7 14.7 0.0404
TechnoTrak
NASA/SRAG  ATP 38 60 6.25 24.29 0.03

and data processing are performed by MTA EK developed
software, which determines the LET spectrum for each etching
step, using the method described in Palfalvi (2009). To obtain
the final LET spectra, the results from the measurements of the
short and long etched detectors are combined. Absorbed dose
rates (D) in water, dose equivalent rates (H), and averaged
quality factors (Q) are calculated following the recommenda-
tions given in NCRP Report No. 137 (2001) and Palfalvi
(2009).

The Nuclear Physics Institute (NPI), Prague, Czech Repub-
lic, used HARZLAS TD-1 (Nagase Landauer Ltd.) detectors
with a thickness of 0.9 mm. After etching in 5 N NaOH at
70 °C for 18 h, the tracks are imaged and analyzed using the
system HSP-1000 and software HspFit (Pachnerova Brabcova
et al. 2013).

The Institute of Nuclear Physics (IFJ), Krakow, Poland,
used 0.7 mm thick TASTRAK detectors (Track Analysis Sys-
tems Ltd. (TASL), Bristol, UK). After etching in 7 N water
solution of NaOH at 70 °C for 12 h, the tracks are imaged
using a Leitz Metalloplan microscope with a PixeLINK digital
camera and analyzed using ImageTool software.

The NIRS used CR-39 (HARZLAS/TD-1) provided by
Nagase Landauer Ltd., Japan and CR-39 (TechnoTrak) pro-
vided by Chiyoda Technol Corp., Japan. Their detector size

is typically 18 x 16 x 0.9 mm>. After chemical etching with
7N NaOH at 70 °C for 8 h, the nuclear tracks are imaged
and analyzed using the system HSP-1000 and software HspFit
(Yasuda et al. 2005).

The CR-39 track etch detectors used at NASA/SRAG are
manufactured by American Technical Plastics Inc. (ATP),
USA. The CR-39 track etch detectors are chemically etched
in a NaOH solution (6.25N, 60 °C =5 °C) for 38 h. The
resulting tracks are analyzed manually using a Zeiss Axioskop
40 optical microscope. The bulk etch is calculated using the
mass difference before and after etching (Zhou et al. 2007a,
2007b).

3.4. Active detectors DOSTEL

The Dosimetry Telescope (DOSTEL) instrument applied
within DOSIS and the DOSIS 3D project has its heritage from
numerous space missions (Reitz et al. 1998; Beaujean et al.
1999a, 1999b; Reitz et al. 1999; Beaujean et al. 2002; Reitz
et al. 2005; Labrenz et al. 2015). The DOSTEL instrument
is based on two passivated implanted planar silicon (PIPS)
detectors each with a thickness of 315 um and an area of
6.93 cm? arranged in a telescope geometry. The detectors are
mounted at a distance of 15 mm, yielding a telescope with a
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geometric factor of 824 mm? sr for particles in coincidence
mode. With this detector configuration, the DOSTEL measures
count rates and dose rates of radiation hitting a detector (“dose
measurement”) and coincidental hits in the two detectors to
limit the pathlength in the detectors to derive information about
the LET (“telescope” or “LET” measurement). Based on the
measured data, DOSTEL provides absorbed dose and dose
equivalent values. Due to the fact that two DOSTEL instru-
ments are mounted in perpendicular positions, information
about the directionality of the radiation field inside Columbus
can also be determined.

4. Results and discussion

Within the eight experiment phases of the DOSIS (Phase 1
and 2) and DOSIS 3D (Phase 1-Phase 6) experiments over
the years 2009-2015, a tremendous amount of data has been
gathered. The current evaluation and discussion of the results
gathered within these eight experiment phases will be divided
into four steps and will only focus on the passive TL/OSL
detectors with a short comparison of results gathered with
the active radiation detector system. The first step is the
detailed comparison of data produced by all TL/OSL detectors
for one experiment phase of the DOSIS 3D experiment (Phase
2). All the relevant conclusions drawn for the TL/OSL compar-
ison for this phase are of course also valid for the other
experiment phases. The second step will show the full dataset
for the eight experiment phases using exemplarily data from
®LiF:Mg,Ti and 'LiF:Mg,Ti detectors provided by ATI, DLR,
IFJ, SCK-CEN, and MTA EK. The third step will compare
"LiF:Mg,Ti data gathered within two DOSIS 3D phases in
Columbus with data from NASA/SRAG taken at other loca-
tions inside the ISS. The fourth step will compare data mea-
sured with passive TLDs with data provided by one of the
active DOSTEL instruments (DOSTEL-1) for the whole dura-
tion of the relevant exposure phases in the years 2009-2015.

4.1. DOSIS 3D 2: TLD/OSL data for one experiment phase —
in-depth comparison

For the comparison of the different TL/OSL materials one full
dataset of results from the DOSIS 3D Phase 2 (October 2012—
March 2013) (see Table 3) experiment was taken as an exam-
ple. Figure 6 and Tables 8 and 9 provide an overview of the
relevant absorbed dose rate values measured by ATI, IF],
SCK-CEN, DLR, MTA EK, NPI, NASA/SRAG, and OSU
for all applied TL/OSL materials.

Figure 6 combines the datasets for CLiF:Mg,Ti;
'LiF:Mg,Ti;  CaFyTm; M'LiF:MgTi;  °LiF:Mg,Cu,P;
7LiF:Mg,Cu,P; Al,03:C (OSL); AlLLO3;:C (TLD), and
CaSOy4:Dy in several subplots, providing at the same time
the comparison of the relevant data for each research group
working with the relevant detector material.

It is clear that the data obtained by different groups with
the same detector type agree quite well: in almost all cases,
the measured absorbed dose rates agree within the statistical
uncertainties. At the same time, there are substantial
differences between absorbed doses measured with various
detector materials. One reason for this difference lies in the
distinct relative OSL/TL-efficiency to heavy charged particles
(protons, helium up to iron), which constitute a large portion of
the radiation environment onboard the ISS.

Studies relating to this have been carried out at various
accelerator facilities around the world mimicking as close as
possible the radiation field and its constituents in space.
Especially during the ICCHIBAN experiments a tremendous
amount of comparison data has been gathered providing a bet-
ter way of interpreting the results (Uchihori & Benton 2004).
Based on the knowledge of the differences in OSL/TL-
efficiency, all the relevant results and their differences can be
explained.

For example, it was found that CaSO4:Dy applied by the
NPI has a much higher efficiency to heavy ions than the
applied Al,O5:C material from the NPI (Spurny & Jadrnickova
2008). With this knowledge, the differences in the TL readings
(on average, around 9% higher for CaSO4:Dy) can be
explained. The same applies to the difference in LiF:Mg,Ti
and LiF:Mg,Cu,P detectors used by the IFJ and SCK-CEN.
On average, the values for "LiF:Mg,Ti are 15% (7IFJ) and
18% (SCK-CEN), higher than those for the applied 'LiF:Mg,
Cu,P detectors (Bilski 2006; Berger & Hajek 2008; Bilski &
Puchalska 2010; Bilski et al. 2011; Bilski et al. 2016). The
LiF:Mg,Ti and LiF:Mg,Cu,P response ratio is also discussed
further in Section 4.2. The TL-efficiency for CaF,:Tm is
slightly higher than that for the nominally applied "LiF:Mg,Ti
(Hajek et al. 2008; Berger & Hajek 2008), which gives
comparable results for the ATI and DLR applied CaF,:Tm
detectors and the "LiF:Mg,Ti ones.

The comparison of "LiF and °LiF data reveals that the latter
are systematically higher. This indicates the presence of the
neutron-induced signal, due to the °Li isotope, which possesses
a very high cross-section for (#, o) reactions with thermal and
epithermal neutrons. The observed difference between
'LiF:Mg,Ti and °LiF:MgTi data is on average below
20 uGy/day, which amounts to about 5% of the total °LiF sig-
nal. The same comment applies to the difference in °LiF:Mg,
Cu,P and 7LiF:Mg,Cu,P material with an average of
13 uGy/day. It should be emphasized that this value is not
the real neutron-absorbed dose, but rather a gamma-ray dose
that would be needed to produce a thermoluminescent signal
of equal intensity (sometimes called “gamma-equivalent
neutron dose”) (see also Berger et al. 2013). NLiF:Mg,Ti
containing 7.5% of °Li produced ical dose values in
between those of highly enriched "LiF/°LiF detectors. No sig-
nificant differences of the neutron signal between PDP loca-
tions were observed.

The OSL data from OSU and SCK-CEN agree reasonably
well, considering the differences attributed to the experimental
readout conditions. SCK-CEN uses blue-light stimulation and a
filter that detects only (or mostly) F-center luminescence in
Al,O5:C, whereas OSU uses green-light stimulation and the
Hoya U-340 filter that transmits signals from both the F and
F+-centers in Al,O5:C. As shown earlier, the relative lumines-
cence efficiency will depend on the experimental readout con-
ditions, including the choice of filters (that allows or not the
detection of Al,05:C UV emission band) and the choice of sig-
nal (initial part of the OSL curve or the entire OSL curve)
(Sawakuchi et al. 2008). Comparing OSU results, which are
based on the total OSL area, with SCK-:CEN results for the
total OSL area, OSU results are typically higher by 8-27% (av-
erage of 15%). Based on the data from Sawakuchi et al. (2008),
relative luminescence efficiencies when the UV center emis-
sion is detected are 2.9—39.3% higher than when the UV center
emission is not detected, with an average of 19.2% between the
different experiments (of course, this simple average does not
take into account the actual composition of the space radiation
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Fig. 6. Summary of the results for all TLD/OSL detector materials for DOSIS 3D Phase 2 (October 2012—March 2013). The PDP numbering
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Columbus following the locations on the Columbus forward side up to PDP #1 and coming back to the Columbus backward side, ending at

PDP position #7.

environment). The important finding, however, is that both
OSU and SCK-CEN data follow the same pattern, as can be
observed in Figure 6.

The use of Hoya U-340 filters by OSU has been based on
better agreement with °LiF:Mg,Ti results. Comparing OSU
results with °LiF:Mg,Ti results in Figure 6, this assumption
seems to be confirmed.

In summary, all these investigations concerning the rele-
vant changes in OSL/TL-efficiency as well as the contribution
of thermal and epithermal neutrons to the readings of °Li
detectors explain in detail the behavior of the absorbed dose
rates for the relevant detector materials, especially if one looks

at the data from the “working horse” of TLDs, namely the
"LiF:Mg,Ti detector values. For the relevant mission phase,
the absorbed dose rates measured with "LiF:Mg, Ti range from
around 250 pGy/day for at the lowest dose rate positions (PDP
positions #10, #9, #3, and #4) up to around 350 pGy/day at the
highest dose rate position (PDP position #2). In comparison,
the values measured with Al,O;:C (TL) are around
200 nGy/day for the lowest dose values and around
260 nGy/day for the highest, and the respective positions
inside Columbus, which account for a decrease of around
20% in measured dose. Table 10 and Figure 7 further illustrate
this statement by presenting the ratios of the absorbed dose
measured with a given material to that of "LiF:Mg,Ti, clearly
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Table 8. LiF:Mg,Ti results for the DOSIS 3D Phase 2 experiment.

Absorbed dose rate [uGy/d]

PDP LiF:Mg,Ti "LiF:Mg,Ti Natp iF:Mg,
Ti
DLR ATI IFJ SCK-CEN MTA EK DLR ATI IFJ SCK-CEN MTA EK NASA/
SRAG
1 318+9 329+£10 332+5 326+32 317+14 3077 298+16 312+3 321+19 303+10 331+3
2 354 +4 353+10 3735 312+16 332+8 348+ 6 321+13 352+7 350+22 330+8 358 +3
3 279 £8 270+ 11 280+4 263+19 241 +14 258+6 259 +8 259 +£2 251 +18 240+ 11 271 £2
4 276 +7 2716 2785 280+13 254+10 258+7 254+9 258+2 258+16 252+12 271+3
5 275+7 284 +9 288 +7 267+20 275+10 263 +5 255+15 2685 274+17 260+8 274 £2
6 312+8 307+11 321+4 308+17 303+8 295+4 290+16 305+2 291 +18 288 +8 314 £ 4
7 331+5 305+11 337+£5 333+16 315+8 3104 303+9 319 +4  317+19 301+6 335+ 5
8 3108 298 +£8 309+4 308+15 294+£16 283 +3 288+14 290+3 269+17 278+8 299 £ 6
9 263 +5 242 +5 264 +7 263+ 11 248+ 11 241 +4 227+14 244+2 242+15 246+6 251 +2
10 260 +2 249+ 6 268 +8 278 £ 11 254+ 10 244 +3 233+ 15 249+4 245+ 15 244 +17 263 £ 3
X 297 +5 300=+7 299 +5 30113 2917 290 +5 285+8 278 +4  267+19 283 +18 302+4
Table 9. CaF,:Tm; LiF:Mg,Cu,P; Luxel and CaSO,4:Dy and Al,O5:C results for the DOSIS 3D Phase 2 experiment.
Absorbed dose rate [uGy/d]
PDP CaF,:Tm °LiF:Mg,  ’LiF:Mg,  ’'LiF:Mg,  Luxel Luxel®™® Luxel™™ (CaSO4;Dy ALO;:C
Cuy,P Cu,P Cu,P
DLR ATI SCK-CEN 1F] OSuU SCK-CEN NPI
1 304 £ 9 310 £ 10 278 £ 11 275 £ 13 262 £ 5 316 £ 3 280 + 22 245 + 26 281 £ 4 242 £ 11
2 339 £22 349+ 8 304 + 12 277 £ 13 308 £ 9 337+2 307 £20 290 + 15 297 £ 5 265 £ 8
3 259 £ 10 264 £5 237+£9 210 £ 9 229 £1 261 £ 1 225 £ 13 219 £ 12 227+ 6 198 £ 9
4 245 £ 7 260 + 4 232 £9 223 £ 10 226 £+ 2 267 £ 2 231 £ 16 233 £ 12 227+ 3 215+ 5
5 248 £ 9 272 £ 5 233+ 9 231 £ 17 235+ 5 269 £4 246 + 15 254 £ 15 229 £ 3 201 £9
6 292 £ 10 298 £1 265 £ 10 251 £ 11 265 +4 299 £ 3 267 £ 21 267 £ 17 253 £ 4 252 £ 8
7 316 £5 319 £ 11 272 £ 10 254 £ 11 272 £ 4 318+ 3 276 + 24 282 + 26 263 +£5 280 £ 13
8 285+ 8 284+ 3 259 £ 10 242 + 10 249 + 4 298 + 1 249 + 13 238 £ 16 254 £2 261 £ 4
9 231+ 10 251 «£5 213 £ 8 208 £ 9 216 £ 4 248 £ 2 229 £ 13 218 £ 12 216 £ 4 176 £ 15
10 235+ 5 246 + 4 220 £ 8 207 £ 9 217 £ 4 255 +2 222 +11 208 = 10 217 £ 3 200 £ 8
X 293 £11 295+ 14 235 £ 25 232 + 10 242 £ 2 307 £ 4 242 + 15 236 + 12 262 £ 2 242 £ 11
Table 10. Ratio of various TL/OSL data to "LiF:Mg,Ti data. 1,1 T T | | T T T |
Material Ratio
SLiF:Mg,Ti 1.06
Natp iF:Mg, Ti 1.06
°LiF:Mg,Cu,P 0.90
"LiF:Mg,Cu,P 0.87
Al,05:C (OSL) 1.04
CaF,:Tm 1.01
CaSO4:Dy 0.88
Al,05:C (TL) 0.82

demonstrating that for the interpretation of dosimetric values
gained with passive luminescence detectors in Low Earth Orbit
(LEO), one has to clearly understand the detector material.

TL/OSL ratio (baseline 7LiF:Mg,Ti)

4.2. DOSIS and DOSIS 3D: TLD data for eight experiment
phases

The second part aims at the comparison of data gathered dur-
ing the two DOSIS and the six DOSIS 3D experiment phases.
For the absorbed dose, values shown in the following
Figures 811 are taken from ATI, IFJ, SCK-CEN, and DLR

for DOSIS and from ATI, IFJ, SCK-CEN, MTA EK, and
DLR for the DOSIS 3D experiment phases.

Fig. 7. TL/OSL ratio for the relevant applied detector materials
normalized to 7LiF:Mg,Ti detector data.
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The blue band represents the weighted standard error of the mean.

Figure 8 provides the mean values with the respective
uncertainties for the 7LiF:Mg,Ti detector material, while
Figure 9 provides the same data for °LiF:Mg,Ti for all eight
exposure phases. As can be seen, the mean value of
°LiF:Mg,Ti is always, as expected and further explained in
Section 4.1, higher than the respective 'LiF:Mg,Ti data. The
higher spread in °LiF:Mg,Ti detector data compared to the
"LiF:Mg,Ti data is based on various reasons. One is the fact
that the groups used °LiF:Mg,Ti detectors of different thick-
nesses. The detectors were also stacked (up to six detectors
in one stack). Different thicknesses of °LiF:Mg,Ti, especially
in a stacked configuration, can lead to different absorption
and self-absorption of the thermal and epithermal neutrons
(Burgkhardt et al. 2006), thereby decreasing the neutron signal
to detectors below or in between. This was observed not only in

various space missions (Berger et al. 2013), but also during
aircraft measurements (Berger et al. 2008).

For all eight exposure missions (Fig. 8), we see a similar
pattern of absorbed dose rate over the 11 positions in Colum-
bus. The reason for this pattern lies in the different local shield-
ing thicknesses for the 11 PDP positions inside the Columbus
Laboratory. Changes in the local shielding configuration
mostly influence the contributions to the absorbed dose values
due to the low-energy protons of the South Atlantic Anomaly
crossings.

For DOSIS 1 and DOSIS 2, the absorbed dose values are in
the range between 200 and 300 pGy/day, with a reduction in
dose from DOSIS 1 to DOSIS 2 due to a slow increase in solar
activity. From DOSIS 2 to DOSIS 3D 1, we observe a sharp
increase in dose rates (with minima at around 260 pGy/day
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Fig. 9. °LiF:Mg,Ti data for the two DOSIS (DOSIS 1 and DOSIS 2) and the six DOSIS 3D (DOSIS 3D1 to DOSIS 3D6) experiment phases.

The red band represents the weighted standard error of the mean.

and maxima up to 360 nGy/day), which can be attributed to the
increase in ISS altitude by more than 70 km in the year 2011,
resulting in higher contributions of protons from the South
Atlantic Anomaly Crossings. From DOSIS 3D 1 onwards,
the ISS altitude remained high, but solar activity increased fur-
ther up to solar maximum in the years 2013-2014, leading to a
reduction in trapped and galactic cosmic ray contributions. For
DOSIS 3D 6, in the beginning of 2015, we arrive at similar
dose values as for DOSIS 1 in 2009. This illustrates again
the need for long-term dose monitoring and the influence of
solar activity and ISS altitude on the doses onboard the ISS.
The variation discussed before is further illustrated in
Figure 10. It gives the mean as well as the range of dose values
measured with 'LiF:Mg,Ti detectors for all relevant mis-
sion phases in relation to the changes in the space radiation

environment (from solar minimum to solar maximum) as well
as to the changes in the altitude of the ISS.

As can be seen over the time of the DOSIS 3D missions,
the dose rate gradually decreased due to increases in solar
activity, and at the end of DOSIS 3D Phase 6, it almost reached
the same levels as for the DOSIS 1 Phase.

Figure 11 shows the variation of "LiF:Mg,Ti data separated
in the forward and backward PDP positions in Columbus.
Figure 1la gives the data for the forward PDPs, while
Figure 11b shows the data for the backward positioned PDPs.
It is clearly seen that the absorbed dose rate in the forward
direction is lower for all DOSIS and DOSIS 3D experiment
phases than the dose for the backward direction.

Recently, the dependence of the response ratio LiF:Mg,Ti
to LiF:Mg,Cu,P on the cosmic radiation spectrum was studied
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Table 11. Timeline for one NASA/SRAG ISS RAM exposure phase.

Timeline

Duration [days] Coverage [%] ISS altitude [km]

NASA/SRAG ISS RAM Launch (Soyuz 38S)
Installation
Retrieval

Return (Soyuz 39S)

March 25, 2014
April 02, 2014
November 06, 2014
November 10, 2014

229 (218) 95.1 On average ~415.3

Table 12. NASA/SRAG ISS RAM Locations and respective dose values.

NASA/SRAG ISS RAM location

Total mission dose Absorbed dose rate

[mGy] [nGy/d]
1 LABI1_D3 Inside of WOREF rack, in the vicinity of the Lab D3 window 96.44 £ 2.75 421 £ 12
2 LABI_OSO Closeout panel on the starboard side of forward hatch, upper edge 5527 £ 142 241 £ 6
of panel
3 LABI_D4 CheCS RSR centered on the inner side of D2 locker door. 46.23 £1.20 201 £5
4 A/L1 AD3 Aft wall, low outboard in large section 87.04 + 2.60 380 £ 11

Note. LAB = US Laboratory (Destiny); WORF = Window Observational Research Facility; CheCS = Crew Health Care System;

A/L = Airlock.

(Bilski et al. 2016). It was found that this ratio is especially
influenced by the shielding thickness, decreasing with increas-
ing thickness. The values measured within the DOSIS missions
fluctuate around 1.15, which is fairly consistent with the pre-
dictions for the Columbus module (Bilski et al. 2016) and cor-
responds to the effective shielding of about 50 g/cm? The
differences between various positions of PDPs are rather small,
suggesting that the effective shielding is probably mainly dom-
inated by the mass of the Columbus module and the whole sta-
tion, and less influenced by local shielding. Nevertheless, some
PDP locations seem to show systematically somewhat higher
or lower values, suggesting effects of local shielding. For
example, the lowest value of this ratio was nearly always found
for PDP #3, while the highest for PDP #7 and these locations
correspond to the lowest and to the highest measured dose
rates.

4.3. DOSIS 3D: TLD data from other parts of the ISS

This third chapter provides additional "LiF:Mg,Ti (TLD-700)
data from NASA/SRAG for their nominal applied Radiation
Area Monitoring (RAM) devices used by NASA/SRAG
throughout the Station. For the comparison with DOSIS 3D
data, an overlapping time period was used as given in Table 11.

The ISS RAM detectors were launched with Soyuz 38S
and remained installed for a total mission time of 229 days
for returning back with Soyuz 39S. This time period would
cover the DOSIS 3D Phase 5 (March—September 2014) as well
as the first part of DOSIS 3D Phase 6 (September 2014-March
2015). Within these two time periods, the "LiF:Mg,Ti data for
Columbus ranged from 216 =8 to 313 + 9 uGy/day. Data
from NASA/SRAG is provided for four positions outside of
Columbus (see Table 12). While Positions 1-3 were inside
the US LAB (Destiny), Position 4 was in the Airlock.

Table 12 provides the total absorbed mission dose as well
as the absorbed dose rates in 1Gy/day for these four respective
positions. In comparison to the dose values in Columbus, we
see similar minima of the absorbed dose rate 201 + 5 nGy/day,
but also an increased maximum of 421 + 12 nGy/day at the
location close to the LAB D3 window, which can be attributed
to lower shielding close to the window. Overall, the additional

data confirms that within the relevant modules, the dose values
can vary up to a factor of 2, depending on the local shielding
environment.

4.4. DOSIS and DOSIS 3D: TLD/DOSTEL comparison

This section shows a comparison between the measurements of
the active DOSTEL-1 instrument and the passive 'LiF:Mg,Ti
detectors mounted close to it for the DOSIS and DOSIS 3D
experiments. Figure 12 provides, as an example, the count rate
(counts/sec) measured with one of the DOSTEL instruments
for a time period of 12 h. It shows the nominal and expected
behavior for a silicon detector onboard the ISS, with the vari-
ations in counts related to the Galactic Cosmic Rays over the
nominal orbits of the ISS and the additional spikes (on average
up to six per day) for the crossings of the South Atlantic
Anomaly (SAA) (see for example: Reitz et al. 2005; Labrenz
et al. 2015). Figure 13 provides in addition the corresponding
absorbed dose rate in silicon for this 12-h time period, with the
minima at the equator of between 1 and 2 pGy/h followed by
the respective maxima at high northern and southern geomag-
netic latitudes of up to 20 pnGy/h and the highest dose rates due
to the SAA crossings with up to 300 pGy/h.

With the DOSTEL instrument, due to its active dosimetry
data, one is able to distinguish between contributions from
GCR and SAA to the total absorbed dose. For example, during
Phase 2 of the DOSIS experiment, the average DOSTEL-1
absorbed dose rate accounted for 234 + 18 pGy/day (see
Table 13), with contributions from GCR of 150 nGy/day and
a contribution from the on average 4—6 daily SAA crossings
of 84 nuGy/day. For DOSIS 3D Phase 1 with the increase in
ISS altitude (see also Fig. 4), the daily absorbed dose values
account for 286 + 25 nGy/day with contributions from GCR
of 145 nGy/day, and a contribution from the SAA crossings
of 141 uGy/day. With this, the SAA contribution increased
by around 75% due to the changes in ISS altitude. In terms
of comparison with other active radiation detectors onboard
the ISS, one can state that the absorbed dose rates measured
with the DOSTEL-1 instruments are in line with data provided
by the Russian DB-8 instrument located in the Russian Zvezda
Module of the ISS (Lishnevskii et al. 2012), taking into
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Table 13. Comparison of the daily dose rate measured with the DOSTEL-1 instrument with data from ’LiF:Mg,Ti detectors for DOSIS Phase 1

and 2 and the DOSIS 3D Phase 1-6.

Experiment Phase Duration ISS altitude [km] Absorbed dose rate [LGy/d]
DOSTEL-1 "LiF:Mg,Ti

DOSIS 1 July 15, 2009—November 27, 2009 339-348 248 + 20 261 + 21

2 November 16, 2009—May 26, 2010 337-349 234 £ 18 238 £ 10
DOSIS 3D 1 May 15, 2012—September 17, 2012 397-417 286 + 25 311 £9

2 October 23, 2012-March 16, 2013 407416 288 £ 20 281 +9

3 March 28, 2013—September 11, 2013 407-416 297 £ 23 204 £ 7

4 September 25, 2013—-March 11, 2014 413-418 294 + 23 294 + 12

5 March 25, 2014—September 09, 2014 413-417 279 £ 22 262 £7

6 September 26, 2014-March 12, 2015 401-416 256 + 20 256 £ 7

account the different shielding thicknesses the four DB-8 units
have inside the Russian part of the ISS.

For the entire DOSIS and DOSIS 3D missions, one PDP
(Triple PDP) was always attached at the left side of the
DOSIS-MAIN BOX (see Fig. 3d). Table 13 provides a compar-
ison of the absorbed dose data (converted to absorbed dose in
water) measured with the DOSTEL-1 instrument with the
"LiF:Mg,Ti data provided by the Triple PDP located around
15 cm from the DOSTEL-1 instrument. DOSTEL-1 data was
therefore averaged over the relevant mission duration as given
in Table 3. As can be seen, the data agrees very well within the
respective error bars. In addition, it should be noted that (a) the
PDP was located directly at the DOSIS-MAIN BOX only
between 93 and 96% of the mission time (see Table 3), with
the rest of the mission time either flying to the ISS or already
stowed for return from the ISS, and (b) the DOSTEL instru-
ments measure with almost 100% efficiency in a wider LET
range than the TLDs, while the TL-efficiency starts dropping
above around 10 keV/um. However, the newest calculations
by Bilski et al. (2016) show that "LiF:Mg, Ti would still mea-
sure, in terms of absorbed dose in water, about 95% of the
relevant dose inside the ISS.
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5. Summary and conclusion

In the framework of the DOSIS (2009-2011) and the DOSIS
3D (2012-ongoing) experiments, the spatial and temporal
variation of the radiation environment in the European
Columbus Laboratory onboard the ISS has been and is still
being mapped with a variety of active and passive radiation
detectors. The passive radiation detectors (TLD and OSLD)
enabled determination of the variation of the absorbed dose
rates at 11 positions inside Columbus, with data from eight
research groups providing in total a number of 10 different
TLD/OSLD materials. This provided a direct comparison of
the absorbed dose rate gathered with these different materials
and, due to extensive ground-based calibration efforts, enabled
the explanation of differences in the relevant absorbed dose
readings. Data measured with passive radiation detectors
showed that the absorbed dose values inside the Columbus
Laboratory follow a pattern, based on the local shielding con-
figuration of the radiation detectors, with minimum dose values
observed in the year 2010 of 195-270 nGy/day and maximum
values observed in the year 2012 with values ranging from 260
to 360 pnGy/day. The absorbed dose is modulated by (a) the
variation in solar activity and (b) the changes in ISS altitude.
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In summary, the data inside Columbus shows variations of up
to 50%. A comparison with data gathered by the active
DOSTEL-1 instrument over the mission phases showed close
agreement of the absorbed dose values measured by the active
systems and data from the passive 'LiF:Mg,Ti detectors.
The database generated up to now will be further expanded
to include data from the combination of the passive TLD/
OSLD systems with the Nuclear Track Etch Detectors and
further comparison with the active systems.
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