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Abstract The space environment is regularly used for experiments addressing astrobiol-
ogy research goals. The specific conditions prevailing in Earth orbit and beyond, notably
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the radiative environment (photons and energetic particles) and the possibility to conduct
long-duration measurements, have been the main motivations for developing experimental
concepts to expose chemical or biological samples to outer space, or to use the reentry of
a spacecraft on Earth to simulate the fall of a meteorite. This paper represents an overview
of past and current research in astrobiology conducted in Earth orbit and beyond, with a
special focus on ESA missions such as Biopan, STONE (on Russian FOTON capsules) and
EXPOSE facilities (outside the International Space Station). The future of exposure plat-
forms is discussed, notably how they can be improved for better science return, and how to
incorporate the use of small satellites such as those built in cubesat format.

Keywords Astrobiology - Exobiology - Astrochemistry - Hardware for space
experiments - BIOPAN - STONE - EXPOSE - Tanpopo - Cubesat - Nanosatellites -
International Space Station - Space environment
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1 Introduction

Science experiments designed to benefit from the unique conditions provided in situ by
the space environment began almost at the same time as the conquest of space in the late
1950s. When the word “exobiology” was coined by J. Lederberg in 1960 (Lederberg 1960),
at a time when the search for life beyond Earth started to settle on the scientific founda-
tion that prevails today (Cottin et al. 2015a), microorganisms were intentionally placed in
space as part of the scientific payloads of Sputniks, Vostoks and Gemini spacecraft, prin-
cipally to study the effects of microgravity (Taylor et al. 1974). The very first exposure of
microorganisms to space radiation, proving that life could survive the extremely harsh con-
ditions of open space, were conducted on sounding rockets in 1965 (150 km) (Hotchin et al.
1967), extended to the Gemini 9 and 12 missions in 1966 (300 km) (Hotchin et al. 1968)
and finally as the Apollo 16 mission was flying back to Earth from the Moon (Taylor et al.
1974).

After Apollo 16, space was used episodically as a tool for astrobiology in the 1980s
(Long Duration Exposure Facility—LDEF) and in the early 1990s (EUropean REtrievable
CArrier—EURECA). In parallel with the increasing number of organic molecules detected
in the interstellar medium and better understanding of the chemical complexity of carbona-
ceous chondrites, comets, and planetary environments such as the atmosphere of Titan, the
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number of experiments addressing chemistry with an astrobiological perspective increased.
It is now quite common to have both astrochemistry and biology experiments on a given fa-
cility. With the Biopan, STONE, and now the EXPOSE facilities on the International Space
Station (ISS), the European Space Agency (ESA) has shown sustained interest since the mid-
1990s in granting its science community regular access to the space environment. Two main
scientific questions related to astrobiology motivate the experiments supported by those fa-
cilities:

e What does the resistance of microorganisms to space conditions tell us about the possi-
bility to find life beyond Earth and what can we learn from space effects on microbes that
is pertinent to planetary protection?

e How was the chemistry leading to the origin of life on Earth influenced by processes in
space?

e What can we learn from these types of experiments to support future exploration mis-
sions?

Scientists involved in these types of complex and costly projects are often asked why
space access is necessary for such studies, what are the benefits, and why a more classical
laboratory approach is not preferred. In 2011 ESA funded a topical team on astrobiology
to address those questions. The team was asked to produce an update about the recent pro-
found achievements and transformations in the field of astrobiology that have occurred in
the last years (Cottin et al. 2015a) and to focus specifically on experimental studies either
in the field (i.e. using Earth as a tool for astrobiology) or in space, (i.e. using space as a tool
for astrobiology). The present paper, an interdisciplinary review of the latter subject, reports
on the history of some 60 years of research for astrobiology in space, focusing on the most
recent developments and results. It shows that the field is active and that many exciting new
experiments are planned in alignment with the current expectations of the science commu-
nity. To meet modern science requirements while guaranteeing added value similar to that
obtained from ground-based experimentation, passive exposure facilities in space will have
to be progressively modified to support more complex, active experiments including real-
time measurements. Orbits will have to be changed to provide larger doses of multiple types
of energetic particles, which cannot be provided in combination with solar simulators in
Earth laboratories.

This paper describes the benefits of the use of space radiation environment and research
in field of astrobiology conducted in space. Experimental space facilities, hardware, and
samples are presented and discussed. It must be noted that the organization of the paper is
such that first the exposure platforms common for both chemistry and biology are presented,
and then two distinct main chapters are dedicated to a selected number of specific experi-
ments related respectively to chemistry and biology, using sometimes the common facilities
presented in the first section. We have tried to give sufficient context information in each
chapter to provide independent self-consistent sections. Then, in both in the chemistry and
biology chapters, details about the experiment hardware and results for each experiment
are presented. A perspective for future developments in this research field is proposed and
recommendations from the Topical Team to ESA are presented.

2 The Space Radiation Environment

By definition, “outer space” (or more simply “space”) begins 100 km above the Earth’s
sea level, at the so called Kdrman line. At this altitude, the Earth atmosphere is so thin
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that the speed required for a plane to fly would equal or exceed orbital velocity. This is
therefore the boundary between aeronautics and astronautics, as accepted by the Fédération
Aéronautique Internationale. However, there is no strict physical boundary between Earth’s
atmosphere and space, since the atmosphere extends well beyond the 100 km limit. Figure 1
shows that the residual Earth atmosphere stretches above this arbitrary boundary and that
the International Space Station and other artificial satellites orbiting the Earth at the lower
levels of altitudes, referred to as low Earth orbit (LEO, ~400 km), are in an environment
dominated by O radicals (NASA 1976). Total pressure at 400 km is about 10~8 mbar (106
Pa); it is ~ 10~'9 mbar (10~ Pa) at 1000 km.

Outer space provides a challenging environment with regard to temperature: in absence
of appropriate system design, thermal extremes far exceeding Earth’s hottest and coldest lo-
cales are to be expected. In general, the temperature to which a biological sample is exposed
in space is a strong function of the design of its exposure and containment system: insula-
tion, emissivity, duration of exposure to direct or indirect sunlight and eclipse (determined
in part by the orbit), provision of active heating and/or cooling, strength of thermal linkages
to a parent structure or spacecraft, and so forth. In space-exposure experiments, temperature
is a parameter to be managed by careful design.

Terrestrial orbits are described by their altitude (from sea level) and inclination (tilt of the
orbital plane relative to Earth’s equator) (Stark and Swinerd 2003). Defining a non-circular
orbit also requires knowledge of perigee and apogee, the respective points of closest and
furthest distance from the Earth. Table 1 provides a number of parameters that summa-
rize Earth orbits and other locations at which inhabited space stations and satellites have
been deployed, or are likely in the coming decade to voyage, in order to provide a partic-
ular set of environmental conditions for a given science experiment. This table will also
be discussed in Sect. 2.2 since it includes data related to particle radiation sources and
doses.

Two physical phenomena that differ significantly in outer space relative to Earth’s sur-
face, often with great relevance for biological, astrobiological, and astrochemical studies,
are gravitation and radiation. The gravity field decreases slowly from sea level to classi-
cal orbits around the Earth. It is a common misunderstanding to believe that objects and
astronauts in Earth orbit are weightless because they have escaped Earth gravity. Gravity
caused by our planet is still some 8.6 ms~2 at 400 km altitude and 7.3 ms~2 at 1000 km.
Without that strong pull from the Earth, the ISS would not remain in orbit and wander away
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into space. Weightlessness in Earth orbit is a consequence of the fact that such objects are
freely falling within a gravity environment. Instead of weightlessness the word microgravity
is often used. This leads to even more confusion because it has nothing to do with micro
(= 107%), neither with a reduction of gravity. It is more appropriate to call it weightlessness
or (more accurately) near-weightlessness (see also van Loon 2007).

The space radiation environment can be divided into two main categories: photons emit-
ted by the Sun, and energetic particles from the solar wind and galactic cosmic rays. Photons
and energetic particles are progressively filtered through Earth’s atmospheric layers. Pho-
tons are not subject to significant variations or concentration processes due to interaction
with Earth’s electromagnetic field; they are only filtered once they enter the atmosphere. In
the following sections, the space radiation environment will be described in detail, and we
will address the relevance of conducting experiments in space as a complement to ground
laboratory investigations.

2.1 Photons

Electromagnetic radiation from the Sun is divided into spectral categories ranging from
gamma rays to radio waves (Table 2). At 1 astronomical unit (AU), i.e. in Earth’s vicin-
ity, the total solar irradiance (TSI) is equal to 1.361 kW m~2 (measured during the 2008
solar minimum period). This energetic input at the top of the atmosphere is made up of ap-
proximately 46% IR radiation, 46% visible light, and only 8% UV light (calculated from
Thuillier et al. 2004b (Fig. 2)). The amplitude of variation in the monthly average value
of TSI over an 11-year solar cycle is about 1.6 Wm™2 (0.12%), with rapid fluctuations
on the time scales of days or weeks superimposed that can reach 4.6 Wm™2 (0.34%)
(Kopp and Lean 2011). These variations may appear rather small and negligible in the
context of astrobiology studies (photochemistry of organic molecules, resistance of mi-
croorganisms to damage or death), but irradiance variations are not uniformly distributed
over the whole electromagnetic spectrum: they are especially intense in the VUV domain,
where photolytic processes are predominant. For instance, Lyman o daily average values
can vary from 6to 11 mWm~2nm~! over one solar cycle (+83%), while they vary from
7.3t0 8.0 mWm™2nm~! (+10%) at 200 nm over the same period (Fig. 3). Important varia-
tions are also measured over the 27-day rotation period of the Sun: during a solar maximum,
they can reach +30% at Lyman «, +5% at 200 nm, and are much less variable at longer
wavelengths (DeWolfe et al. 2010; Rottman et al. 2006).

In addition to contemporary fluctuations, it must be noted that the overall shape of the
emission spectrum of the Sun has changed since its formation. This behavior is important
and has to be taken into account to address astrochemistry and astrobiology questions in the
early Solar System (Giidel and Kasting 2011). The overall luminosity of the Sun has been
steadily increasing and it is now established that our star is 30% brighter today than when
it entered its main sequence of evolution 4.5 billion years ago (Gough 1981). However, this
global trend is driven by an increase within the visible and infrared regions, while the XUV
and VUV emission significantly decreased since 4.5 billion years: by a factor > 1000 at
0.1 nm, 100 at 10 nm, 10 at Lyman A (Claire et al. 2012).

2.2 Radiation Other than Photons

The non-electromagnetic radiation environment in interstellar space is dominated by galac-
tic cosmic rays (GCRs), which mainly consist of protons (95%) and helium (4%). Only
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Table 2 Definitions of spectral categories (from ISO-21348:2007 2007)

Spectral category

Spectral subcategory ~ Wavelength range (nm)

Notes

Total solar irradiance

Full-disk, 1 AU solar

irradiance integrated across

all A
Gamma-rays 0.00001 < A < 0.001
X-rays 0.001 <1 <0.1 Hard X-rays
XUV 0.1<x<10 Soft X-rays
Ultraviolet UV 100 < A <400 Ultraviolet
vUv 10 <A <200 Vacuum Ultraviolet
EUV 10<A <121 Extreme Ultraviolet
H Lyman o 121 <1 <122 Hydrogen Lyman-alpha
FUV 122 <A <200 Far Ultraviolet
uvcC 100 <A <280 Ultraviolet C
MUV 200 <A <300 Middle Ultraviolet
UVB 280 <A <315 Ultraviolet B
NUV 300 < A <400 Near Ultraviolet
UVA 315 <A <400 Ultraviolet A
Visible VIS 380 <A <760 Optical
Infrared IR 760 < 1 < 1000000
Microwave 1000000 < A < 15000000
Radio 100000 < A < 100000000000

a small fraction (about 1%) is contributed by heavier nuclei, electrons and positrons (Fer-
rari and Szuszkiewicz 2009; Gaisser 1990; Mewaldt 1996). Since these particles travel with
velocities close to the speed of light, their energies range from a few million to 102 elec-
tron volts (Horandel 2010; Newell and Naugle 1960). Their distribution is approximately
isotropic (Fig. 4) and their flux is stable over time. The elemental composition of GCRs
is very similar to the naturally occurring (hydrogen—uranium) elemental abundances in our
Solar System. Most GCRs reaching our Solar System originate from supernovae remnants
within the Milky Way Galaxy; however, research into other sources and acceleration mech-
anisms of GCRs is still an active field of astrophysics (Pasquale 2010).

In our Solar System, particles ejected by the Sun also contribute to observed background
radiation levels. These solar particle events (SPEs), with particle energies up to hundreds
of MeV (Potgieter 2010), are caused by eruptions on the Sun’s surface either due to Sun
spot activity or coronal mass ejections and therefore depend on the local variations in solar
magnetic activity. Solar activity fluctuates with well-known periodicities and is expected
to reach high levels in the years 2020-2040 (Norbury 2011) after having gone through a
minimum between 20062011 (Koshiishi and Matsumoto 2013). Changes in the magnetic
field of the Sun also affect trajectories of the lower energy GCRs and therefore impact GCR
radiation levels in solar proximity (including the vicinity of Earth), in a manner that is anti-
cyclical to solar activity (Ferrari and Szuszkiewicz 2009). Neutral atoms with origins in the
interstellar medium and Jovian electrons contribute only to the lower energy spectrum (up
to 30 MeV) of particle energies found within 10 AU from the Sun (Potgieter 2010).

The critical difference among the various possible Earth orbits, and other locales, for
most biological and many astrobiological space experiments, is the radiation environment
(Fig. 5). In LEO the Earth’s magnetosphere provides substantial shielding from high-energy
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Fig. 2 Irradiance spectrum of the Sun from 100 to 2500 nm. (From the Sorce web database,
http://lasp.colorado.edu/lisird/sorce/)
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Fig. 3 Time series for Lyman o and 200 nm daily averaged irradiance between 2003 and 2013, mea-
sured with the SOLSTICE instrument on the SORCE spacecraft (Pankratz et al. 2005; Rottman 2005).
The high frequency modulation is due to the 27 days solar rotation period. (From the Sorce web database,
http://lasp.colorado.edu/lisird/sorce/)

charged particles, including a majority of the charged-particle flux from SEPs, and to a lesser
extent GCRs, as per the local geomagnetic cutoff rigidity. The geomagnetic cutoff rigidity
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Fig. 4 Flux of cosmic ray particles as a function of their energy at the top of the Earth atmosphere. Lowest
energy particles mainly originate from the Sun. Energies up to 1013 eV are attributed to galactic cosmic rays,
and the highest energies are believed to have an extragalactic origin

(a particle’s momentum:charge ratio) “specifies the minimum rigidity a charged particle
must possess to enter a specific position in the geomagnetic field from a specified direction”
(Smart and Shea 1985). Magnetospheric shielding also exists to a lesser extent in higher
altitude orbits, but reaches essentially zero at polar latitudes. The magnetosphere extends
to varying distances relative to Earth, with strong influence by the solar wind: on the sun-
facing side of Earth, it extends about 65,000 km into space, whereas on the night-facing side
of Earth—in the “wake” of the solar wind—the magnetosphere extends some 6.3 million
km (McElroy 2012).

The second set of phenomena that vary according to orbital location and strongly influ-
ence a space experiment’s radiation environment are the regions of magnetically trapped
radiation known as the Van Allen Belts. The Outer Van Allen Belt, approximately formed as
a D-shaped cross-sectional toroid, extends from 13,000-60,000 km above Earth; it is com-
prised mainly of 0.1-10 MeV trapped electrons. The Inner Van Allen Belt forms a more C-
shaped cross-sectional toroid located principally from 1000-6000 km above Earth’s surface
at equatorial latitudes, and is comprised of significant numbers of mainly 0.1-450 MeV pro-
tons, as well as electrons with energies measuring tenths of one MeV. In a region known as
the South Atlantic Anomaly (SAA), the Inner Van Allen Belt reaches to within just 200 km
of Earth off the coast of Brazil; this region features the most significant localized weakness
in Earth’s magnetic field, and is due to the tilt between the Earth’s magnetic and rotational
axes. The SAA presents significant radiation dose rates to spacecraft even in low-inclination
LEO (~ 0-50°) at altitudes of a few hundred km, but only for that portion of each orbit spent
above the southern Atlantic Ocean and adjacent regions of South America (Fung 1996). At
the altitude of the ISS (330-435 km), the dose rate is around 12 uGyh ™! in the SAA.

The distances cited above for the extents of the two Van Allen Belts apply near the
equator; near arctic and Antarctic latitudes, the belts approach Earth closely. Thus, high-
inclination LEO (Table 1) can provide a much higher radiation ambient than low-inclination
LEO due to orbital paths crossing through regions of trapped radiation in one or both belts,
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and due to the magnetic field arrangement, which funnels both trapped and magnetically
interacting particles towards the polar regions (Walt 2005).

The final and most important aspect of the orbital environment summarized in Table 1 is
the typical anticipated monthly radiation dose, reported here when the experiment is sepa-
rated from the vacuum of space by either | mm or 5 mm of aluminum (or other materials
with equivalent stopping power). The former thickness is chosen as a practical minimum
shielding, particularly if samples are to be maintained at 1 bar behind a window or cover,
in order to maximize radiation exposure, as discussed further below. The latter thickness
represents moderate shielding that does not add excessive mass, and can be used to de-
crease radiation damage to electronic components in a small spacecraft in which every gram
of mass competes with the experimental capacity of the payload. By comparing the two
shielding thicknesses in Table 1, it should become apparent that the efficacy of shielding
vs. thickness depends strongly on the energy spectrum of the radiation: at one extreme, in
LEO at the orbit of the ISS, 4 mm of additional Al decreases the effective dose 80-fold, be-
cause the typical energies of trapped electrons and protons in that environment allow most
of them to be effectively blocked. At the other extreme, in interplanetary space, there can be
as little as a 6-fold decrease when shielding thickness is quintupled because the high-energy
particles of SEPs and GCRs are much more penetrating.

When particles with high energies interact with Earth’s atmosphere (mainly with nitrogen
and oxygen atoms), secondary particles are produced. These so called “air showers” are typ-
ically produced at ~20 km altitude. Depending on the initial energy of the arriving particle,
cascades of hadrons such as protons, neutrons and pions are formed. Pions decay and form
muons, neutrinos and their respective antiparticles (Ferrari and Szuszkiewicz 2009). These
particles eventually reach the Earth’s surface and add significantly to the natural background
radiation at sea level (around 10-80 nGy h™"). Protons and electrons trapped within the mag-
netic field of the Earth increase radiation levels predominantly at the poles and can be seen
as the Northern Lights due to emitted synchrotron radiation by these particles. The origin
of these particles is partly solar and partly decay products from high-energy galactic cosmic
rays.

Knowing the radiation environment in Earth orbit and beyond is not only important with
respect to radiation protection for human space flight missions but also for the design of
space hardware. The level of radiation protection required to fulfill radiation protection re-
quirements determines the cost and design of a space mission. Radiation levels in LEO
are well known due to direct measurements (Reitz et al. 2005) and can be reasonably well
predicted by computer simulations (Gustafsson et al. 2009). The radiation environment in
higher altitude orbits, interplanetary space, and near other planets or moons is less well
characterized. Additional data from space probes and planetary missions (Hassler et al.
2012, 2014) are providing better understanding of the radiation protection measures required
for future missions, thereby enabling scientists and engineers to develop space hardware and
experiments to further investigate the effects of ionizing radiation in space.

2.3 Space Environment Versus Laboratory Environment

A large number of experimental programs are conducted to study the photostability of solid
and gaseous organic compounds in the laboratory. As useful as they are, such experiments
have limitations. For example, it is extremely difficult to simulate the whole spectrum of
wavelengths corresponding to the most energetic part of solar radiation in the VUV range
(Fig. 6), although recent progress in laboratories has been achieved (Chen et al. 2014; Cook
et al. 2014; Es-sebbar et al. 2015). Discrepancies between the actual emission from the Sun
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Fig. 5 Earth’s particle Outer belt
environment (dominated by 1300060 000 km
galactic cosmic rays and solar

particles) and the two main

radiation (Van Allen) belts Galactic Cosmic Rays
around the Earth
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20000 km

International Space Station
~ 350 km

and simulators can result in important differences between kinetics measurements related to
photochemistry measured directly in space and similar experiments conducted in “classical”
ground laboratories and then extrapolated to space conditions (Guan et al. 2010). For specific
conditions, such as the simulation of the surface of Mars, where photons below 190 nm have
been filtered by the atmosphere (Cockell et al. 2000), deuterium discharge or high pressure
xenon UV lamps are able to reproduce quite faithfully the Sun emission continuum above
200 nm (Poch et al. 2013; Ten Kate et al. 2005). However, these simulations do not take
into account simultaneous UV radiation, temperature variations, the solar wind, and cosmic
rays. The laboratory experimental simulations are then advantageously complemented with
in situ space experiments in order to evaluate to which extent they reflect the reality of the
space environment.

Photochemical experiments related to space environments can also be conducted in gas
or the solid phase using synchrotron facilities. Although they are all different with their
own specificities, the SOLEIL synchrotron located in St Aubin (France) is taken as an
example in the following discussion. One of the SOLEIL beamlines, the “Dichroisme Et
Spectroscopie par Interaction avec le Rayonnement Synchrotron (DESIRS)” is of partic-
ular interest for the topics discussed in this paper. It is an undulator-based VUV beam-
line covering range from 25 to 300 nm (i.e. 5-40 eV) (Nahon et al. 2012). It provides
high spectral purity, high resolution, and variable polarization, and is thus a valuable tool
for astrochemical studies. As an example, it has been used to evaluate the photochem-
ical effect of circularly polarized light on chiral organic materials under simulated in-
ter/circumstellar conditions. The results provide information about the importance of asym-
metric interstellar photochemistry for supplying the Earth with some of the enantio-enriched
organic materials needed as prebiotic building blocks of life (de Marcellus et al. 2011;
Meinert et al. 2014).

However, such beamlines cannot be considered as a substitute for space exposure in Earth
orbit. First of all, due to the high demand, the maximum accessibility of DESIRS is 6 days
per year per project after it has approval by a committee. To deal with this short exposure
time, increasing the flux compared to the Sun to simulate longer irradiation times can of
course be considered. The integrated solar flux between 100 and 300 nm is of the order of
2 x 10" phem™2s~! (Thuillier et al. 2004b) while, in the same range of wavelengths, the
flux generated by the DESIRS synchrotron source can reach 10> phecm=2s7!, i.e. about 50
times more intense than from the Sun. Thus, 6 days of exposure at SOLEIL can generate
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Fig. 6 Comparison of the solar spectrum between 100 and 200 nm (from Thuillier et al. 2004a, upper left)
and typical laboratory VUV lamps (Hp) (from Cottin et al. 2003—lamp 1, upper right, from Chen et al.
2014—Ilamp 2, middle left and Es-sebbar et al. 2015—Ilamp 3, middle right). To date, no laboratory lamp is
able to accurately simulate the solar spectrum in the VUV, although the most recent developments are much
improved and have eliminated the strong emission at 160 nm by adding He to H,. The VUV spectra emitted
by the lamps are extremely sensitive to the pressure and composition of the gas circulating within the lamps.
The lower panel shows a comparison between a Martian laboratory simulator (high pressure Xe lamp—Ilamp
4) (Poch et al. 2013) with a simulated UV spectrum reaching the surface of Mars for two extreme scenarios:
(1) during northern summer low dust loading (t = 0.1), at the equator and local noon (taken from Patel et al.
2002); (2) during spring (vernal equinox) for a dusty day (v = 2.0), at 60°N and local noon (taken from
Cockell et al. 2000). Representability of solar Martian simulator is quite satisfactory for UV radiations

a dose similar to 7200 h of exposure to the Sun (i.e. about twice the amount of photons
collected during the EXPOSE-R experiment on the ISS between 2009 and 2011 (Rabbow
et al. 2015b)). However, it should be noted that samples are not continuously facing the
Sun when they are in space. Moreover, if the irradiated surface is considered, taking into
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account that the synchrotron beam irradiates a maximal surface of 0.5 cm?, samples similar
to those exposed in space (and described below, see Sect. 3.2.2.c1) can be exposed only one
by one. Hence, an experiment similar to AMINO described below, with 30 samples exposed
during 3000 h to the Sun on EXPOSE-R, would require about 15 weeks of continuous use
of the line, while about 37 weeks is needed in order to imitate PSS on EXPOSE-R2, with
75 samples.

Apart from this consideration regarding the duration of an experiment similar to those
conducted in space, an additional limitation has to be considered. A synchrotron beam can-
not be customized to reproduce at once faithfully the whole VUV spectrum emitted from
the Sun. If the Solar flux can be precisely reproduced at each wavelength, relative to the
others, this would only be in a sequential manner, scanning monochromatically the range
desired. The beam can embrace a larger range of wavelengths, but in this case, solar spectra
reproduction will be less accurate. This point is of prime importance since some organic
molecules such as purines or pyrimidines absorb photons with the same efficiency (same
order of magnitude for the absorption cross section) in all of this wavelength range (Saiagh
et al. 2014, 2015), and are then photolyzed in space simultaneously over a very broad UV
domain, a situation which is not feasible on a synchrotron beamline.

Therefore synchrotron beamlines cannot be used for the same kinds of studies as those
conducted in space. They are, of course, a great tool for measuring fundamental parameters,
such as photolysis quantum yield at a specific wavelength, branching ratio, and the exact
photodissociation threshold of a specific molecule, thus providing in-depth and valuable
additional information.

3 Current and Past Astrobiology Facilities

The exposure of microorganisms to space environment started almost with the conquest and
exploration of space in the 1960s. Such experiments were conducted outside the Gemini 9
and 12 modules 1966 for a few hours (Hotchin et al. 1968). The first elaborated exposure
facility was used during the Apollo 16 mission during the transearth coast, i.e. the journey
back to Earth (Taylor et al. 1974) where the potential for microorganisms to survive the harsh
conditions of outer space was revealed. Since then, space agencies regularly issue calls of
opportunities to use space facilities to conduct experiments in Earth orbit. Space exposure
facilities for both biological and chemical samples were initially conducted on the LDEF and
EURECA platforms, and then outside the MIR space station. In recent years (2004, 2009,
2014), joint announcements coordinated by ESA (Europe), NASA (USA), JAXA (Japan) &
CSA (Canada) entitled International Life Science Research Announcement (ILSRA) have
been released and experiments addressing astrobiology have been selected. In the follow-
ing section the main facilities used (past and present) are described. Specific details with
respect to hardware and science results for chemistry and biology related experiments are
also described.

3.1 Common Tools and Facilities

More than two decades of experiments on the International Space Station (ISS) and free-
flying satellites (since the Gemini mission in the 1960s) have provided new information
about the evolution of organic and biological material in space and planetary environments
(Fig. 7). Research in low Earth orbit has contributed to our knowledge on extraterrestrial
delivery processes, the responses of life to the space environment and crucial aspects of
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Fig.7 Some of the past and current astrobiology devices used in Low Earth Orbit. From upper left to bottom
right: LDEF, FOTON with embedded samples in its heat shield for STONE experiments, one lid of Biopan,
EURECA, EXPOSE-R, and O/OREOS nanosatellite (artist’s impression). (Credits: NASA, ROSCOSMOS,
ESA/Kayser-Threde, NASA, ESA & NASA)

planetary protection (Guan et al. 2010; Horneck et al. 2010; Nicholson et al. 2011). Some of
the main facilities used both for chemical and biological applications are described in this
section.

3.1.1 LDEF

The NASA Long Duration Exposure Facility (LDEF) was a 10 ton, cylindrical (4 x 9 m)
exposure facility launched in April 1984 by the Space Shuttle Challenger (STS-41-C). It
was initially scheduled to be retrieved after eleven months in space, however, its recovery
was delayed due to the dramatic loss of Challenger in 1986. It was finally recovered in
January 1990 using the Space Shuttle Columbia (STS-32), after remaining in space for 2107
days; making it the longest duration space exposure experiment. Its experiments and samples
were mainly selected for testing space radiation, temperature changes and collision with
space debris, on engineering materials, with the prospect of building future spacecraft and
space stations. Some experiments concerning the survival of spores and tomato seeds were
conducted and proved their radiation resistance after recovery (Kahn and Stoffella 1996).

3.1.2 EURECA

EURECA (EUropean REtrievable CArrier) was designed to conduct space experiments for
a duration of a few months. It was a 4.5 ton satellite meant to be released and retrieved
by NASA Space Shuttle. It was the first European satellite designed specifically for micro-
gravity experiments, after the Russian Bion (since 1973) and Foton capsules (since 1985).
An important feature for EURECA 1in its original conception was reusability: it was built to
survive five flights over a 10-year period. However, due to lack of funding it was used only
once (Innocenti and Mesland 1995).

EURECA-1 (including 15 experiments) was launched with the space shuttle Atlantis
mission STS-46 in July 1992 and was recovered during the space shuttle Endeavour mission
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STS-57 in June 1993. On EURECA, an exposure tray called ERA (Exobiology and Radia-
tion Assembly) was mounted, in which bacteria and organic materials were exposed to study
their survival and evolution in space (e.g. Dose et al. 1995; Greenberg et al. 1995).

3.1.3 Salute-6,7, Bion-9,11 and MIR Space Station

The Soviet space stations Salute-6 (1977-1982) and Salut-7 (1982—-1991) were used to ex-
pose a variety of samples with an astrobiology relevance. A series of exposure of 13 and
16 months on Salute-7, and similar experiments on MIR, as well as on the Cosmos-2044
(Bion-9) & Bion-11 spacecraft, is reported in Kuzicheva and Gontareva (1999, 2003).

Later, the Soviet and then Russian space station MIR orbited Earth from 1986 to 2001. In
1999, an exposure facility called Perseus Exobiology was mounted for 97 days outside the
space station to conduct experiments, including both chemical (amino acids and peptides)
and biological samples (Boillot et al. 2002; Rettberg et al. 2002). The Perseus mission was
launched on February 20th 1999 with a Soyuz TM-29 from Baikonour (Kazakhstan) with
three astronauts onboard. The scientific material built by COMAT Aerospace (Toulouse,
France) was carried to MIR with a Progress cargo on April 2nd. The Exobiology exper-
imental hardware was installed outside the station on the Kvant 2 module on April 16th
1999. The Perseus-Exobiology experiment was then run until July 23th 1999, i.e. for 97
days

3.1.4 Biopan on Foton Capsule

Biopan is a pan-shaped retrievable exposure facility (Fig. 8) for experiments in the domains
of astrobiology, chemical evolution, radiation biology and radiation dosimetry (Demets et al.
2005). Externally mounted on unmanned recoverable satellites of the Foton type, Biopan
flies 2-week missions in low Earth orbit at 63.0° inclination, allowing exposure of biological
samples to the harsh space conditions. Six flights were completed between 1992 and 2007
with up to ten different experiments per flight. Biopan carries its experiment packages (total
mass 4 kg max.) on two mounting plates (total surface area 1,080 cm?).

After 2007 the Biopan project was stopped by ESA for political reasons. Since then, the
Russian Foton programme has been continued without ESA payloads. A new generation of
Foton capsules has been introduced, equipped with solar panels to stretch the flight dura-
tion from two to six weeks. For implementation in the current Foton capsule, the thermal
compatibility of Biopan would need to be re-assessed because the new Fotons have for the
first time a permanent hot side (pointing in zenith direction) and cold side (pointing in nadir
direction).

In orbit, the hinged lid of Biopan is opened by remote control whereupon the experiments
are exposed to the space environment. At the end of the flight the lid is hermetically closed
and locked. During reentry into the atmosphere Biopan and its contents are protected against
the frictional heat by an ablative heat shield.

Biopan is equipped with a variety of sensors to monitor and record the environmental
history of the test samples. Included are ultraviolet (UV) sensors, a radiometer and a set of
eight thermistors to measure the experimental temperatures. The sensor data are stored on
board and retrieved after landing. The temperature profile of the experiments is selectable.
A non-controlled mode can be chosen with temperatures freely oscillating between < —20
and > +10°C, in synchronization with the alternating periods of solar illumination and shad-
owing in orbit. Alternatively, by using electrical heaters and thermal blankets, a stable tem-
perature can be provided with a fixed set point in the 10-25°C range for experiments in the
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\
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Fig. 8 Scheme and picture of the Biopan facility. The photograph shows the experimental configuration of
the Biopan 6 payload (diameter: 38 cm, height: 23 cm, mass: 27 kg, bottom on the right and lid on the left)

bottom half of Biopan. Organic molecules, bacterial spores and vegetative cells, archaea,
plant seeds, lichens, and tardigrades have been exposed in Biopan to a combination of so-
lar UV, space vacuum, space radiation, wide temperature fluctuations, and weightlessness.
Biopan carries reference samples, which are kept under identical conditions but shielded
against UV radiation. Additional control samples are maintained on the ground. The typi-
cal operational cycle of Biopan includes experiment integration at 1 week before launch, 2
weeks of orbital flight, and return of the experiments to the investigators 4 days after landing.

Biopan was designed and built for ESA by Kayser-Threde (Munich, Germany, now
OHB) with Kayser Italia (Livorno, Italy) responsible for the flight software and the elec-
tronics. The heat shield is manufactured by TsSKB-Progress (Samara, Russia). A list of all
the experiments conducted on Biopan is shown in Table 3.

3.1.5 EXPOSE Outside the International Space Station
The ESA EXPOSE multi-user facility is used for long-term exposure of experimental sam-
ples to extraterrestrial solar UV under LEO space vacuum or defined atmosphere on external

platforms on the ISS. Two EXPOSE facilities have been used at two different locations of the
ISS. The general architecture of the interior of the EXPOSE trays is based on the exposure
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trays developed and built by the DLR (Cologne, Germany) for accommodation in the cargo
bay of Spacelab 1 and D2 as well as on ERA of EURECA (Horneck et al. 1984a, 1984b).

The EXPOSE-R facility, named after its final destination on the Russian external plat-
form is secured to the outer hull of the Service Module Zvezda of the ISS as part of the
Russian Segment. This external platform, called URM-D, provides mechanical, electrical,
and data interfaces. EXPOSE-R accommodated 10 biological and biochemical experiments,
mounted in 4 cavities, called compartments, in each of the three removable containers, called
trays (Fig. 9). These trays can also be exchanged when EXPOSE-R is mounted on the URM-
D and exposed to the open space, providing increased programmatic flexibility. Attachment,
retrieval, and exchange take place by Extra Vehicular Activities (EVA) of the ISS crew
(Rabbow et al. 2015b). The first EXPOSE-R and its experiment inserts were launched on
flight 31P on November 26, 2008 on an unmanned PROGRESS cargo ship on a SOYUZ
launcher from Baikonur, Kazakhstan. After a storage period inside the ISS, it was mounted
to the external URM-D by EVA. On March 10, 2009 the exposure of the experiments to
the open space environment was initiated. The complete EXPOSE-R monoblock with its
three mounted trays was recovered by EVA on January 21, 2011 and brought inside the ISS;
here, the trays were extracted from the monoblock and returned to Earth by one of the last
Shuttle flights, STS-133/ULF 5 landing on March 9th, 2011. The 682-day period outside
the ISS provided continuous exposure to the cosmic-, solar-, and trapped-particle radiation
background and > 2500 h of unshadowed solar illumination.

The monoblock of EXPOSE-R, without trays, remained on board of the station. It has
been reused for the third mission, EXPOSE-R2, re-loaded with fresh trays equipped with
samples of three new experiments from ESA and one from IBMP. The upload of the new
trays was on July 24th 2014 on Progress 55P. EXPOSE-R2, thus consisting of a veteran
monoblock and three new trays, was deployed on August 18th on the URM-D platform of
the Zvezda module.

To allow for full outgassing of all volatiles without ensuing Sun-induced contamination
of the window surfaces (as experienced on EXPOSE-R, see Demets et al. 2015), the Sun
shield was retained on top of the trays for several weeks. On October 22nd 2014 a second
EVA was performed to remove the Sun shield, starting a 16-month period of solar exposure
which lasted until February 3rd 2016. On March 2nd 2016 the first tray was downloaded
back to Earth with Soyuz 44S. Trays number two and three were brought back on Earth on
June 18th 2016 with Soyuz 45S. A follow-on flight, EXPOSE-R3, is currently not included
in the ESA plans for the coming years.

Another EXPOSE facility, EXPOSE-E, was very similar to EXPOSE-R, but provided 3
lids to cover 7 compartments of the 3 trays. EXPOSE-E was launched February 7th 2008
with the Atlantis Space Shuttle, STS-122, to the ISS. The facility was part of the Euro-
pean Technology Exposure Facility platform (EuTEF) and integrated from launch on the
starboard cone of the European Columbus module. Seven international experiments were
selected by ESA for this 18 month-long mission, including 2 dosimetry experiments. On
September 2 2009, the complete EuTEF platform with EXPOSE-E was recovered and di-
rectly stowed in the cargo bay of the Discovery Space Shuttle (STS 128) for return to Earth.
During the 18 months (547 days) of exposure in space, samples were submitted to 1300
to 2500 hours of illumination (depending on their actual location on EXPOSE-E) due to
the orbit of the International Space Station around the Earth, its orientation toward the Sun,
and various shadowing effect due to the geometry of the facility (open lids) and its local
implantation on the ISS.

All three EXPOSE missions were prepared in an extensive preflight test program us-
ing the Planetary and Space Simulation Facilities (PSI) at the Deutsches Zentrum fiir Luft
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und Raumfahrt (DLR—German Aerospace Center) in Cologne.! This ground facility is de-
scribed in further details in Martins et al. (2017); Rabbow et al. (2015a). Several Experi-
ment Verification Tests (EVT) ensured that experiment designs and individual samples were
suitable for the rough ride to and from and a long duration stay in the hostile LEO envi-
ronment. Experiment Sequence Tests and Science Verification Tests (EST, SVT) were the
final ground tests and rehearsal for flight: experiments were accommodated as for flight in
identical ground trays to verify the whole series of procedures.

During the ground tests, the experiments were exposed to space parameters similar to
those expected during the mission: high and low temperatures and temperatures repeat-
edly cycling through the freezing point 0°C, short wavelength polychromatic UV down
to 200 nm, and vacuum, provided individually or in combination. At the same time as
the EXPOSE-E and EXPOSE-R/-R2 space missions, an identical set of flight trays fully
equipped with samples was exposed in the PSI at DLR as in space, as far as technically
feasible and according to the data available.

The space EXPOSE facilities measured environmental data every 10 seconds, such as
temperature and visible or UV photons reaching the facility, as well as housekeeping and
functionality data of the facility. While EXPOSE-E data were received by telemetry regu-
larly, EXPOSE-R data were downloaded from the ISS on PCMCIA cards and by telemetry
every few months.

The two past missions EXPOSE-R and EXPOSE-E were an overall success, although
some environmental data were missing due to a variety of reasons from both missions. The
results of the EXPOSE-E are published in the Issue No 5, Volume 12 of Astrobiology, pub-
lished in May 2012. The results of the EXPOSE-R mission and experiment results are pub-
lished in Issue 1, Volume 14 of the Journal of Astrobiology, published in January 2015.
A list of all the experiments conducted on EXPOSE facilities is shown in Table 4.

3.1.6 TANPOPO Outside the International Space Station

Named after dandelion in Japanese, the “Tanpopo” mission is Japan’s first astrobiology
space experiment at Kibo, or the Japanese Experiment Module (JEM), Exposed Facility
on the ISS. The mission utilized the Exposed Experiment Handrail Attachment Mecha-
nism (ExHAM) designed for multipurpose exposure experiments by JAXA (Fig. 10). The
official ISS experiment code name is “Astrobiology Japan” representing “Astrobiology ex-
posure and micrometeoroid capture experiments”. The aim of this mission is to investigate
the possible interplanetary transfers of prebiotic organic compounds to the Earth as well as
the transfer of the terrestrial microbes out of the earth, by sample return analyses of both
Capture and Exposure Panels in the low Earth orbit (Yamagishi et al. 2009).

To achieve these objectives, the Tanpopo mission consists of following six, sub-divided
themes:

(1) Intact capture of terrestrial aerosols that may contain microbial colonies, in the low
Earth orbit.

(2) Long exposure of extremophile microbes in the low Earth orbit.

(3) Long exposure of the pre-biological organic analogue compounds in the low Earth orbit.

(4) Intact capture of organic bearing micrometeoroids in the low Earth orbit.

(5) Spaceflight evaluation of ultralow-density aerogels (0.01 g/cm?) originally developed.

(6) Flux measurement of meteoroids and orbital debris in sub-mm ranges at the vicinity of
the ISS.

1http://www.dlr.de/spacesim.
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Fig. 9 EXPOSE-R monoblock (480 x 520 x 327.5 mm) with 3 inserted trays with 4 compartments each
(77 x 77 x 26 mm). The EXPOSE facility is made of three experiment trays into which four square sample
carriers are fitted. (Pictures courtesy of RUAG/Kayser-Threde GmbH)

As stated above, the experimental apparatus consists of two major components: the
Capture and Exposure Panels. The Capture Panels (Fig. 11a) are used for intact capture
of microparticles such as terrestrial aerosols, micrometeoroids and orbital debris for the
sub-themes 1, 4, 5 and 6, with ultralow-density aerogel blocks with inner and outer bulk
densities of 0.01 and 0.03 g/cm?, respectively (Tabata et al. 2015). The Exposure Panels
(Fig. 11b) allow pre-loaded samples of microbes and organic compounds in laboratories to
be exposed for 1-3 years in the low Earth orbit for the sub-themes of 2 and 3. For each
Exposure Panel, twenty Exposure Units are attached on one common base plate. All Cap-
ture and Exposure Panels to be utilized in Tanpopo’s 3-year mission plan were onboard the
Space-X Dragon commercial cargo spaceship CRS-6 and then launched on April 15th, 2015
(JST) from Cape Canaveral (USA) by the Space-X Falcon-9 rocket. The panels for the first
year exposure were manually installed on the space-pointing, ram, and north faces of the
ExHAM-1 by the ISS crew S. Kelly inside the Kibo pressurized facility and transferred to
its airlock on May 14th. The first year exposure experiment of the EXHAM-1 has started
since May 26th, and currently it is planned that these panels will be recovered after ap-
proximately one-, two- and three-year exposure. The first year samples are currently under
investigations.

@ Springer
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Fig. 10 The Exposed
Experiment Handrail Attachment
Mechanism (ExXHAM) on the
Japanese Exposure Facility at
Kibo, ISS. The Tanpopo
Exposure Panels are on board.
(Courtesy: JAXA)

Fig. 11 (a) A flight model of the Tanpopo Capture Panel (Courtesy: JAXA/Tanpopo Team). (b) A flight
model of the Tanpopo Exposure Panel (Kawaguchi et al. 2016). Twenty Exposure Units are attached on a base
plate of an Exposure Panel. Both panels are 100 x 100 x 19.5 mm in dimension. (Courtesy: JAXA/Tanpopo
Team)

3.1.7 O/OREOS Nanosatellite

The NASA 3U cubesat Organism/Organic Exposure to Orbital Stresses (O/OREOS) was
launched in November 2010 to undertake a 6-month mission to demonstrate astrobiological
measurement technologies. After more than five years, the nanosatellite is still operational in
LEO above 600 km and is used for educational purposes, including routine radio telemetry
of spacecraft health and status; science data are no longer downlinked. O/OREOS achieved
its overall goal to utilize autonomous instrumentation and sensors for the in-situ investiga-
tion of microbes and biomarkers in space conditions using a free-flying nanosatellite. Its
launch to a high-inclination (72°), 650-km Earth orbit aboard a US Air Force Minotaur
IV rocket from Kodiak, Alaska provided conditions where in-orbit solar and galactic par-
ticle radiation doses—much of it from significant durations spent in the inner Van Allen
Belt—exceed ISS dose rates by approximately a factor of fifteen. The O/OREOS 3U satel-
lite (3 dm® volume total) consists of a control bus and two high-capability science payloads,
each contained in 1U cubesat module (Fig. 12).
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Fig. 12 NASA Ames’s
O/OREOS triple-cubesat (with

the de-orbit mechanism 4 Solar and
deployed) achieved full mission - S’ba: r::;isa'?ilgn
success in May 2011; the first radi cosmic
science results from both - i
astrobiology payloads have been
reported (Cook et al. 2014;
Mattioda et al. 2012; Nicholson
et al. 2011). Credit: NASA ARC

The SESLO experiment collected data on the survival and metabolic activity for microor-
ganisms three times during the 6-month mission. This payload consists of three “bioblock”
modules, each with twelve 75-uL. sample wells connected by microfluidic channels and
valves that allow the introduction of germination/growth media. Prior to spacecraft inte-
gration and flight, bacterial cells were dried onto the walls of the sample wells and the
bioblocks were sealed using a gas-permeable membrane. Using 3-color LED illumina-
tion (470, 525, and 615 nm), the growth and metabolism of the microbe Bacillus subtilis
was successfully measured during the mission at 2 weeks, 3 months and 6 months af-
ter launch (Nicholson et al. 2011). Results are summarized below in “O/OREOS Results”
(Sect. 3.2.3.e).

The Space Environment Viability of Organics (SEVO) experiment accomplished real-
time analysis of the photostability of organic biomarkers. Four different molecular classes
(a polycyclic aromatic hydrocarbon, an amino acid, a quinone and a metalloporphyrin) were
selected for flight based on their astrobiological and exobiological relevance. The samples
were deposited as thin films by vacuum sublimation onto MgF, windows. The SEVO pay-
load consists of a miniaturized UV-visible-NIR spectrometer and a 24-sample carousel that
houses hermetically sealed sample cells, described in more detail below in “O/OREOS-
SEVO payload sample cells” (Sect. 3.1). Integrated optics enable the use of the Sun as
the light source for both sample electromagnetic radiation exposure and sample spectro-
scopic measurement. The SEVO payload returned spectral data sets over 17 months of
space exposure (Mattioda et al. 2012). Results are summarized below in “O/OREOS Re-
sults” (Sect. 3.2.3.¢).

The O/OREOS mission, including launch, successful operation of both payloads, and
download of collected mission data, achieved full success in May 2011 (Ehrenfreund et al.
2014; Kitts et al. 2011). The SESLO and SEVO experiments serve as precursors for exper-
iments on the ISS, future free-flyers, and planetary surface exposure facilities. Future flight
opportunities can leverage this tested and proven triple-cubesat configuration, particularly
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Fig. 13 OREOcube design: two . e
SEVO cubes allowing . Organic film/
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phase at ESA
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the flight engineering (power, communications, control, and data handling) and payload en-
vironmental control systems (temperature, pressure, humidity).

3.1.8 OREOcube: An ISS Hitchhiker and New In-situ Exposure Platform

Some of the technologies that have been recently demonstrated on small satellites are ideal
candidates for minimal-development payloads for accommodation on the ISS. Modular,
multipurpose payload racks storing and supporting ISS experiments are located on the Des-
tiny, Columbus, and KIBO Modules of ISS. These EXpedite the PRocessing of Experiments
for Space Station (EXPRESS) racks and 33% of NASA’s external research platforms will be
used for science instrumentation, including cubesat-derived instruments, which are housed
in Nanoracks, Inc. systems designed for that purpose. This availability enables ISS to sup-
port not only NASA, ESA, and JAXA research, but also that of the broader worldwide
scientific community.

A recent example of utilizing a cubesat payload as the basis of an ISS facility instrument
is the OREOcube experiment, which is based on O/OREOS-SEVO technology described
above. OREOcube will be installed as an external exposure facility on the ISS under ESA’s
European Program for Life and Physical Sciences in Space (ELIPS) to study the evolution
of organic and prebiotic materials in space. OREOcube will consist of two SEVO cubes
(Fig. 13) and can record daily changes in ultraviolet and visible light absorption spectra of
organic compounds, revealing the consequences of their exposure to solar UV and visible
light and space ionizing radiation. The advantages over a free-flyer experiment are that data
can be downloaded from the ISS more effectively and more frequently with on-board data
averaging and storage capability using a standard power-and-command interface. Addition-
ally, the payload or its sample carousels can be retrieved to enable additional sample- and
photoproduct-characterization experiments in the laboratory on Earth.

Some of the same organic materials characterized in space by SEVO (Mattioda et al.
2012) will thus be characterized in an environment with very similar levels of UV and
visible light, but some 15 times less ionizing particle radiation dose rate than the SEVO
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samples experienced during the O/OREOS mission, assisting in the differentiation of the
consequences of these two different radiation environments.

While O/OREOS SEVO studied thin films of organic molecules, OREOcube’s science
goal is to understand the interaction mechanisms of organic and inorganic thin films un-
der the influence of solar and cosmic radiation. Organic thin-film candidates are similar to
the ones from O/OREOS, whereas inorganic compounds of interest are, for example, metal
alloys and metal oxides. Their photocatalytic impact is highly important from an astrochem-
istry/astrobiology point of view and pre-flight ground-based test and simulation experiments
revealed an intriguing photo-protection effect by some iron oxides (Elsaesser et al. 2014).

Possible implementation scenarios for OREOcube consider attachment on either the
Columbus module, the JAXA-KIBO facility, or the NanoRacks External Payload Platform
(NREP). The last of these would require little modification of the SEVO cube-format pay-
load in terms of additional hardware and add the benefit of already-available data and power
connections. NanoRacks NREP was deployed outside the ISS in August 2016, while ORE-
Ocube is schedule to be delivered to the ISS in the 2018 time frame. Recent plans at ESA
also include integration of OREOcube in a newly designed and developed ‘European Ex-
posure Facility’, which would be able to accommodate various space exposure experiments
with the need for in-situ measurements.

3.1.9 STONE Experiments

The STONE experiments were conceived to determine if sedimentary meteorites from Mars
could survive entry into the Earth’s atmosphere, the rationale being that it is more likely
that traces of hypothesized Martian life would be associated with rocks formed in an aque-
ous sedimentary environment. Although there are over one hundred known meteorites from
Mars, they all are igneous (although Tissint, a fall recovered in 2011, shows evidence of
having been influenced by water (Chennaoui Aoudjehane et al. 2012)). The three main ob-
jectives of STONE experiments are:

(1) Determine whether Martian sedimentary meteors could resist entry into the Earth’s at-
mosphere and reach the ground.

(2) Determine whether life forms embedded in the rocks could survive entry into the Earth’s
atmosphere.

(3) Determine whether natural biosignatures contained in the sediments could survive entry
into the Earth’s atmosphere

In these experiments, rock samples were fixed around the stagnation point of the
heat shield of FOTON capsules used to carry out experiments in lower Earth orbit
(Fig. 14). Of six missions flown between 1999 and 2007, three were successful (Stone 1,
Stone 5 and Stone 6). The rocks exposed included dolerite, a medium-grained basaltic
rock as representative of volcanic rocks on Mars, dolostone (a carbonate), an artificial
sediment consisting of 80% basalt and 20% gypsum in a carbonate/sulphate cement, a
quartz sandstone, a gneiss, a volcanic sandstone (with a siliceous cement), and a car-
bonaceous laminate (Brack et al. 2002; Brandstaetter et al. 2008; Foucher et al. 2010;
Parnell et al. 2011). Both the volcanic sandstone and the laminite contained carbona-
ceous biosignatures. In the former case, they consisted of carbonaceous microfossils of
primitive prokaryotic organisms (similar to those expected on Mars (Foucher et al. 2010;
Westall et al. 2011)). For some of the samples, microorganisms (the photosynthetic endolith
Chroococcidiopsis; Cockell et al. 2007) were inserted in holes drilled into the rocks or, for
Stone 6, placed (painted) onto the back surfaces of the rocks, away from the exposed surface
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Heat protection shield
Screw
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STONE 6 SAMPLE

Holder
Insert STONE Sample

Fig. 14 Stone samples inserted at the bottom of the heat shield of the FOTON M3 capsule in 2007. Ac-
tual photographs of the FOTON shield at the top showing the location of the samples (one of the samples
was lost during reentry), accommodation scheme at bottom left, and picture of one sample in the STONE 6
configuration at bottom right

and protected from the heat of entry by 2 cm of rock. The samples were embedded into the
Foton heat shield as 6 cm diameter, 1 cm thick discs except for Stone 6 which was dome
shaped, having an apex 2 cm thick.

3.2 Space Experiments for Chemistry

In this section, the experiments related to astrochemistry are described (Table 5). Beyond
the exposure space carriers detailed in the previous section, samples, hardware, and results
specifically dedicated to chemistry are presented and discussed.

3.2.1 Diversity of Samples for Astrochemistry Experiments in Space

a. Interstellar Medium Astronomical observations have shown that carbonaceous mat-
ter is ubiquitous in our own as well as distant galaxies. A number of organic struc-
tures that are used in contemporary biochemistry on Earth are observed in the Solar
System environments as well as in circumstellar and interstellar regions. The interstel-
lar medium (ISM) is essentially made of H and He and is about a few percent of the
galactic mass. Interstellar material is dominated by gas (99%). The remaining 1% is
made of silicate in the solid state and carbon-based mm-sized dust particles that can
be observed throughout interstellar clouds. They provide surfaces for accretion of gas
phase species and subsequent grain surface chemistry (Ehrenfreund and Charnley 2000;
Herbst and van Dishoeck 2009). Fundamental physical parameters such as temperature and
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density vary strongly across the spectrum of interstellar clouds. Currently ~180 molecules
are detected in the interstellar and circumstellar gas although some of them are only ten-
tatively identified and need confirmation. Fifty-three molecules are found in extragalactic
sources (http://www.astro.uni-koeln.de). H; is by far the most abundant molecule in cold
interstellar regions, followed by CO, the most abundant carbon containing species, with
CO/H, ~ 107+,

Circumstellar envelopes of carbon-rich evolved stars are regions favorable to a car-
bon chemistry that is similar to soot formation. Polycyclic aromatic hydrocarbons (PAHs),
fullerene-type material and large aromatic networks are efficiently formed in those environ-
ments. Those large carbon-bearing molecules are then observed in the interstellar medium
(ISM) in various charge states (see Tielens 2008 for a review). In the ISM mixed neutral
and ionized PAHs are thought to be responsible for the unidentified infrared emission bands
(UIBs) and the UV and visible diffuse interstellar bands (DIBs) (Allamandola et al. 1999).
Since the abundance of any PAH and complex carbonaceous molecules depends on its bal-
ance between formation and destruction, the knowledge on the survival times (or destruction
rates) of these molecules is crucial.

In cold dark clouds with a temperature of 3—10 K the sticking coefficient of most atoms
and molecules is close to unity and particles freeze as ice layers that contain molecules
such as H,O, CO,, CO and CH;0H, with smaller admixtures of CH4, NH;, H,CO and
HCOOH (Boogert et al. 2008; Gibb et al. 2004; Oberg et al. 2011; Pontoppidan et al. 2008).
Dark clouds provide a favorable environment for the formation of larger molecules. There,
density is rather high (~ 10° cm~3) and they experience a quite low radiation field of ~
103 photonscm?s~! induced by cosmic rays (Prasad and Tarafdar 1983). Low density (~
10° atomscm™3) and temperatures ~ 100 K characterize the diffuse interstellar medium.
Diffuse clouds are filamentary structures surrounding the cold dense interstellar regions.
Ices are not present in those regions and a strong radiation field of ~ 10% photonscm™2s~!
(Mathis et al. 1983) dominates the formation and evolution of molecules and dust. Small
carbonaceous molecules in the gas phase are easily destroyed by radiation. Atoms with
ionization potentials less than 13.6 eV are photo-ionized. Stellar sources in their late stage
of evolution are injecting “Stardust,” in the form of dust and molecules, into interstellar
clouds. Whereas in dense interstellar clouds ice is covering the low temperature dust, and
experiences low UV radiation flux, in diffuse clouds dust it is strongly processed by UV
radiation and shocks. Understanding the evolution of interstellar material, environmental
conditions and dust cycling provides important insights into the nature of the material that
is later incorporated into protoplanetary regions. Exposure experimentation in Earth orbit
is a useful tool to study the stability and long term evolution of molecules such as PAHs,
fullerenes, and material resulting from ice irradiation.

b. Planetary Atmospheres and Endogenous Sources of Organic Compounds in Plan-
etary Environments As reviewed in Cottin et al. (2015a), the origin of organic mate-
rials preceding the emergence of life on the Early Earth is one major topic in astrobi-
ology. Several complementary sources are considered, among them the coupled system
ocean/atmosphere (the primitive soup theory) (see e.g. Oparin 1953; Trainer et al. 2004).
A key question resides in the capacity of the primitive atmosphere to produce large or-
ganic molecules enriched by nitrogen and oxygen chemical functional groups, represen-
tative of prebiotic molecules. In this context, methane (CH4) atmospheric photochem-
istry appears as a source of large hydrocarbons in planetary atmospheres, driving organic
growth in those environments (Raulin and Bruston 1996). Unfortunately, methane pho-
tolysis has been mostly studied only at Lyman o wavelength. To complete this sparse
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experimental knowledge, previous EXPOSE missions have enabled a direct measure-
ment of the methane photochemical system in space conditions (Carrasco et al. 2015;
Cottin et al. 2012).

Atmospheric chemistry enabling nitrogen incorporation in hydrocarbons is the next is-
sue to be addressed to understand the production of large prebiotic molecules in planetary
atmospheres. For this purpose, Titan, the largest satellite of Saturn, is a unique place in the
Solar System to observe the coupling between methane photochemistry and nitrogen reac-
tivity. Titan’s dense atmosphere, made primarily of N, and CHy4, hosts an extremely efficient
“chemical factory” in which these simplest molecule evolve towards complex nitrogen con-
taining organic hazes (Isra€l et al. 2005; Waite et al. 2007). Furthermore, it was shown in the
laboratory that prebiotic molecules, such as adenine (CsHsNs), could be formed via chem-
istry mimicking what occurs in the atmosphere of Titan (Horst et al. 2012). However, the
limitations of the instruments on-board the ongoing Cassini-Huygens space mission does not
allow for an identification of the processes responsible for the production of compounds of
high prebiotic interest. The chemistry coupling nitrogen and methane remains to date largely
unknown. Moreover, observations of the high atmosphere of Titan made by Cassini’s INMS
and CAPS instruments show that a complex organic chemistry is occurring in Titan’s iono-
sphere, potentially yielding high molecular weight compounds (Waite et al. 2007). These
complex organic compounds in the atmosphere of Titan are submitted to energetic UV ir-
radiation in the ionosphere. What is their chemical behavior under such UV bombardment?
What could be the products of such irradiation? What is the effect of other energetic ra-
diations in addition to UV radiation? Again, to answer these questions, the use of space
exposure experiments using CH4 and N, are improving our knowledge about these complex
chemical mechanisms thanks to an appropriate input of energy both in the form of photons
and other energetic particles to initiate the chemical evolution.

c. Small Bodies and Exogeneous Sources of Organic Compounds in Planetary Envi-
ronments Small bodies in the Solar System are known to contain organic matter that
could have been delivered into the primitive Earth, potentially playing a significant part in
chemical evolution leading to the origin of life. Initiated either in the ice phase (Colangeli
et al. 2004; Cottin et al. 1999; Meinert et al. 2012, 2016; Strazzulla and Palumbo 1998;
Vinogradoff et al. 2013) or in the gaseous phase in the protosolar nebula (Nuth et al. 2008),
complex organic compounds are observed in carbonaceous chondrite (Martins 2011), mi-
crometeorites, UltraCarbonaceous Antarctic micrometeorites (UCAMMSs) and interplane-
tary dust particles (IDPs) (Clemett et al. 1993; Dartois et al. 2013; Matrajt et al. 2013) and in
comets (Capaccioni et al. 2015; Elsila et al. 2009; Goesmann et al. 2015; Wright et al. 2015;
Altwegg et al. 2016; Fray et al. 2016). The surfaces of comets, asteroids, and their frag-
ments (i.e. meteorites, micrometeorites and IDPs) are exposed to ultraviolet radiation and
cosmic rays, which transform and/or degrade any organic molecule present on their sur-
face. High energy processes in the surface of those planetary bodies may break molecu-
lar bonds, leading to new molecular rearrangements and new molecular species, or to the
destruction of the organic content of the object. Recent data from the Rosetta comet ren-
dezvous mission show a large number of organic molecules, in particular those containing
N and O on the surface (Goesmann et al. 2015; Wright et al. 2015). A study of the stabil-
ity of organic species in a relevant space environment is crucial to constrain the amount
of organic material that might have been imported to the primitive Earth, especially on
small particles such as IDPs in which the organic content is much less protected from ra-
diations than in the larger bodies where only the surface is affected by radiation (Muiioz
Caro et al. 2006). In addition cosmic rays change the elemental and isotopic composition
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in meteorites (Marti and Graf 1992). However, certain minerals protect organic molecules
against degradation by radiation (i.e. they have a shielding effect), with organic molecules
being able to survive for geologically long periods (billions of years) (Aubrey et al. 2006;
Garry et al. 2006; Peeters et al. 2009). Sulphates such as gypsum and jarosite (Aubrey et al.
2006; dos Santos et al. 2016) and clay minerals (dos Santos et al. 2016; Martins et al. 2011;
Poch et al. 2015) seem to have a shielding effect protecting organic molecules against de-
struction. Sulphates protect amino acids likely because of their opacity to UV radiation (dos
Santos et al. 2016).Therefore, samples including amino acids, small peptides, nitrogenated
bases, or organic residues resulting from laboratory irradiated ice mixtures (Baratta et al.
2015), and exposed to real space environments provide crucial information about the en-
ergetic processes that comets, asteroids, meteorites and IDPs are exposed to, as well as
the role of mineral surfaces in the photochemical stability of organic molecules (Saiagh et
al. 2014, 2015).

d. Organic Molecules and Biosignatures at Mars Surface Mars is a primary astrobi-
ological target (Cottin et al. 2015a) because its past environmental conditions may have
been favorable to the emergence of a prebiotic chemistry, and maybe even of a biologi-
cal activity. Since 2004, several space missions (Mars Exploration Rovers, Mars Express,
Phoenix, Mars Reconnaissance Orbiter and Mars Science Laboratory) have provided data
emphasizing the past presence of liquid water on the surface of the planet, an essential in-
gredient for life as we know it. Thus, Mars is certainly the best target in the Solar System
to search for past and, eventually, even for present extraterrestrial life since the Red Planet
harboured more liquid water on its surface about 4 billion years ago (Bibring et al. 2006;
Squyres et al. 2004). At that time, environments on both Mars and the early Earth
showed more similarities than today (Westall 2005; Westall and Cockell 2015; Westall et
al. 2011, 2013). Moreover, there is a good possibility that records of prebiotic chemistry or
primitive life could still be present, even after 4 billion years since the tectonic activity that
has eliminated almost all rocks older than about 4 Gy on Earth was either non-existent or of
extremely limited extent on Mars.

The present MSL mission and the future ExoMars 2020 and Mars 2020 missions to
Mars aim to search for traces of past life on the planet. As in situ exploration currently
takes place at the surface of Mars, specific laboratory studies are implemented to determine
if life could exist or have existed under martian surface conditions. The objective of such
studies is to investigate the potential records that the prebiotic chemistry and/or biological
activity are/were able to produce and their ability to resist and be preserved in the Martian
environment.

Since terrestrial life consists of organic molecules, a logical step after the “follow the
water” strategy is “follow the organic compounds”. The detection of organic molecules is a
key objective because they are among the best indicators for prebiotic chemistry and even
past or present biological activity. These organic signatures should therefore be detectable
near the surface or in the surface rocks. In addition, since Mars is still experiencing bom-
bardment of meteoritic and cometary material, its surface should also include organic matter
imported through these processes (Flynn 1996). However, the amount and forms of organics
present on the surface of Mars remains an open question because harsh surface conditions,
such as UV radiation and the production of oxidants are most likely a key factor deter-
mining their evolution and/or destruction (Stalport et al. 2008, 2009; Ten Kate et al. 2005;
Poch et al. 2015). A combination of both environmental factors and alteration during in situ
sample analysis may explain why only few chlorinated compounds have been detected in
Martian soil to date (Freissinet et al. 2015; Leshin et al. 2013).
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As life also produces biominerals (i.e. minerals resulting from a biological activity such
as bones, shells or stromatolites), an alternative approach would be to “follow the minerals”.
Carbonates are among the most important biominerals that are produced by terrestrial life
today (Lowenstam 1981; Mann 2001; Weiner and Dove 2003) but were uncommon on the
early Earth (Habicht et al. 2002). Moreover, to date, no large deposits of carbonates have
been detected at Mars, only low amounts at very specific local areas (Boynton et al. 2009;
Ehlmann et al. 2008). UV radiation has been proposed to explain the photodecomposition
of the carbonates and hence their possible evolution (Mukhin et al. 1996), however, other
research has shown that carbonates are photochemically stable under Mars-like conditions
(Quinn et al. 2006). On Earth, biocarbonates are stable over millions or billions of years. It
is reasonable to assume that if they exist at Mars, they could also remain over long period
of time (especially in absence of tectonic activity).

Beyond organic compounds and biominerals, the signatures of microbial life can be pre-
served in the geological record when they are entombed in a mineral matrix. These signa-
tures may be organic in nature, textural (or morphological), or geochemical (Westall and
Cavalazzi 2011; Westall and Cockell 2015). The degraded organic molecules of the organ-
isms can be concentrated in and chelated to fine-grained, anaerobic sediments, such as clays
and silts. Another possibility is that the organisms may be replaced by a mineral that pre-
serves their morphological shape and, in anaerobic conditions, also the organic molecules
that made up the cell. The latter will degrade with time, eventually after about 2 billion
years, becoming simple aromatic structures that cannot be related to a specific microbial
component. Other signatures of microbial life include the fractionation of carbon and other
life-essential elements, such as S. There are also a host of more ephemeral signatures that in-
clude minerals or corrosion features in minerals and rocks formed through microbial activity.

Mars is considered to have had habitable conditions conducive to the appearance of life
in its very early history. About 3.8 Ga ago, the conditions deteriorated at the surface of the
planet with putative viable cells relegated to subsurface habitats, although there could have
been brief moments of habitability at the surface at any time since. However, in order to
have been inhabited, viable cells would have had to have been transported to these locations
from the subsurface refuges (Westall and Cavalazzi 2011; Westall and Cockell 2015).

In this scenario of “punctuated” habitability, in suitable conditions living cells could
have been preserved encased in a mineral and rocky matrix. Missions to search for traces of
Martian life are concentrating their efforts on ancient terranes dating from the early period
(Noachian) when there was a greater likelihood of life on the surface of the planet. Rocks
containing the signatures of microbial life will have been exposed at the surface of the planet
to radiation for variable lengths of time, depending upon how long they have been uncovered
by erosion. While UV radiation only penetrates a few mm into the surface of a rock, cosmic
and galactic radiations go much deeper (Pavlov et al. 2012).

Therefore, in order to investigate the impact of radiation reaching the surface of Mars,
various samples have been exposed to space conditions using LEO experiments. Among
the organic molecules those selected for Mars case studies can be related either directly or
indirectly through a set of diagenetic alterations to biogenic sources and cannot be synthe-
sized by abiotic processes (Simoneit et al. 1998). The study of the stability of prokaryotic
bio-indicators (such as hopanoids and hopanes like diploptene and diplopterol) is of prime
interest because, if life occurred on Mars, it was likely under a primitive form (such as ter-
restrial prokaryotic organisms), due to the short period of favorable conditions. Hopanoids
and hopanes can resist terrestrial alteration by reductive or oxidative environments, diage-
nesis or catagenesis processes up to a couple of billion years (Brocks et al. 2003, 1999).
It is therefore of great interest to investigate their stability versus radiation and/or to de-
termine whether they produce new resistant organic compounds with regard to the search
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Fig. 15 Photograph of the
Meduza exposure facility used
for experiments outside the
Salute-7 space station. plate:
620 x 490 x 110 mm (picture
credit: Kuzicheva and Gontareva
2003)

for terrestrial prokaryotic-like life on Mars. The stability of mineral bio-indicators, such as
biogenic carbonates, is also of interest. On the other hand, life would not be the only source
of organic material at Mars surface, since there is another source from interplanetary infall
(meteorites, micrometeorites, IDPs and comets). This exogenous source is ubiquitous on the
surface of Mars (as on Earth) and it is important to determine the evolution of these abiotic
molecules (like PAHs, nucleobases, amino acids for instance) in order to distinguish them
from biotic ones. The protective or activating effect of mineral matrices such as clays (non-
tronite, montmorillonite), sulphates (jarosite) or silicates (olivine) can be also studied. Of
course, the atmosphere of Mars filters the most energetic part of the UV (below 190 nm,
see Fig. 26), therefore specific filters are used and will be discussed in the next section.
Energetic particles, however, reach the surface of Mars.

3.2.2 Hardware for Chemistry

a. Salute-6,7, Kosmos 2044, Bio-11 and MIR Astrochemistry experiments have been
conducted since the late seventies by Soviet Union outside the Salute-6 and Salute-7 space
stations. Kuzicheva and Gontareva (2003) describe a series of experiments studying the for-
mation of nucleoside and nucleotide under space conditions that were conducted outside
the Salute 6 & 7 space stations (Khenokh et al. 1979; Kuzicheva et al. 1989), and were
continued using the Kosmos 2044 (Bion-9) (Kuzicheva and Gontareva 1999) & Bion 11
(Kuzicheva and Simakov 1999) spacecraft, as well as sharing the Perseus-Exobiology hard-
ware described below, outside the MIR space station.

The experiments conducted outside the Salute-7 space station were performed (for 13
and 16 months) using a device called Meduza shown in Fig. 15. In this device, samples were
loaded in the experiment and covered by quartz lids characterized by a cutoff at 220 nm.
Samples consisted in mixture of nucleosides, mixed with phosphate, in order to study the
efficiency of nucleotide formation in space conditions (Kuzicheva et al. 1989). Later, similar
experiments were performed outside the Kosmos 2044 (in 1989—14 days) and Bion 11 (in
1996-1997—14 days) in an outside container (OC) (see Fig. 16) adjusted on the spacecraft
before launch, which was automatically opened once the satellites were in orbit, and closed
before return to Earth (on a similar principle than the Biopan ESA facility).

The MIR/Perseus-Exobiology (Boillot et al. 2002) experimental setup consisted of a
large piece of anodized aluminum shown in Fig. 18. The two opposite faces accommo-
dated 66 symmetrical cells with sample holders and magnesium fluoride (MgF,) windows
glued at one end. A typical transmission spectrum of MgF, in VUV-UV is shown in Fig. 17.
Samples were deposited as solid films (by evaporation) in the cavity facing the window. The
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Fig. 16 The outside container
(OC) for exobiological
experiments was set outside
Cosmos-2044 and Bion-11
satellites. (A) baseplates with a
sample holders; (B) temperature
sensor; (C) y-radiation
dosimeter; and (D) circular
glasses with dry samples (picture
credit: Kuzicheva and Gontareva
2003)

outer surface of the hardware was covered with white silicon, light-reflecting paint. Tem-
perature sensors installed inside two opposing cavities measured the temperature in both
exposed and light protected cells every 5 min during the mission. The temperature inside
the cavities varied between —14°C and +44°C with a 5°C difference between the exposed
and dark cavities. The radiation flux was meant to be recorded outside the cavities by two
UV sensors, but this direct measurement failed and finally the UV dose was estimated from
an exposure time reconstructed by summing up all the periods of high temperature, resulting
in a total irradiance of 5.16 x 10° Jm~2 and a UV flux of 2.9 x 10%' photonscm 2.

The samples (amino acids and small peptide molecules) were exposed either unprotected
or associated with different mineral simulating micrometeorites such as montmorillonite
clay, powdered basalt and the Allende meteorite. Various thicknesses of mineral films were
used to estimate a protection threshold. Some of the samples cells were loaded by mixtures
of nucleoside and phosphate as a follow up of the experiments on Salute-7 (Kuzicheva and
Gontareva 2003).

b. Biopan (Dust/Organic/Uvolution) The Biopan facility is described in Sect. 3.1 and
Fig. 8. Various kinds of exposure cells for samples have been used in the Biopan chemistry
related experimental programs: open or closed cells (Fig. 19). In the open cells, gaseous
fragments resulting from the photolytic processes on the exposed samples are released into
space and lost for analysis. In this case, those volatile molecules cannot further interact with
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Fig. 17 Typical transmission 100 T v T v T v T v T
spectrum of a MgF, windows
measured between 110 and

230 nm with a Horiba-Jobin
Yvon VUV spectrometer is
shown (more details on this
instrument in Saiagh et al. 2014).
It must be noted that MgF; is
transparent up to 10 pum

(1000 cm ™) in the infrared (not
shown)

90 4 -
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Fig. 18 Photograph of the ™
exposure facility used for the
Perseus-Exobiolgy experiment
outside the MIR space station.
Plate: 620 x 490 x 110 mm.
(Picture credit: Boillot et al.
2002)

the solid phase sample deposited on the window. Vented cells were used for the UVolution
experiment. They are made of an aluminum cylindrical body onto which a 9 mm (diameter)
by 1 mm (thickness) MgF, or quartz window is glued (epoxy glue). The walls of the cell are
coated with Alodine to ensure electrical conductivity and prevent discharges during flight.
The sample is deposited on the inner side of the window. The refractory sample can be ana-
lyzed before and after exposition via spectroscopic (IR, UV) measurements. After exposure,
it can be recovered by dissolving in a solvent for further analyses with gas chromatography
coupled to a mass spectrometer (GC-MS) and/or liquid chromatography-mass spectroscopy
(LC-MS).

A first type of closed cells was used during the ORGANICS and UVolution experiment.
ORGANICS cells are made of an MgF, window that contains the deposited molecules, a
Viton O-ring to close the sample compartment, a quartz window as bottom sealing window
and a Delrin spacer with O-ring as fixture. The sample cells are contained in aluminum
sample containers that are closed by stainless-steel bolts (M3). All aluminum surfaces were
treated with Alodine. All samples were closed in a sealed glove-box and stored under 1 atm
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argon. Another type of closed cell was used for UVolution. They are made of two cylindrical
aluminium bodies which can be screwed one into the other. A Viton O-ring prevents leaks
between the two parts. The volume inside the cell is approximately 275 mm?>. Sealed cells
can be used to study the photolysis of a 100% gaseous starting mixture, or for the same
kind of solid materials as those deposited in the vented cells. In this case, gaseous fragments
resulting from photolytic processes of any solid exposed samples are kept inside the cell and
can be analyzed after the recovery of the experiment. The walls of the two parts are treated
with Alodine. MgF, or quartz windows are glued at both ends of the cell to enable the
photolysis of the sample from the top window and an in-situ IR or UV analysis. However,
infrared analysis of the cell content is limited by the cutoff of the windows at 1000 cm™!
for MgF, and ~3000 cm~! for quartz. The deposition of a solid sample can be made when
the two parts are separated using the same procedure as that used for an open cell. If the
starting material inside the cell is made only of gaseous compounds, then the preparation
of the cell proceeds only through the analytical cell described in Sect. 3.2. In each case,
solid or gaseous sample, the total pressure inside the cell before launch was adjusted with
Ar to 1.5 bar to avoid contamination from Earth’s atmosphere before launch. The closed
cells had a small enough leak rate for short duration experiments such as the Biopan’s ones,
but too high for long exposure experiments such as the one conducted on the ISS EXPOSE
facilities.

In each Biopan experiment, all exposed samples were accompanied by unexposed coun-
terparts that were positioned just underneath the samples exposed to solar photons as shown
in Fig. 20, the so called dark controls. Photons can only reach the upper layer, while ener-
getic particles might also interact with the second layer (which has never been observed in
LEO).

After their return to Earth, depending on the experiment, samples were analyzed
by infrared or UV transmission spectroscopy, HPLC, GC-MS, and electrophoresis tech-
nics.

c. EXPOSE (Process/Organic/Amino/PSS) The EXPOSE facility is presented in detail
in Sect. 3.1 and Fig. 9. Sample carriers for experiments related to astrochemistry can contain
up to 25 sample cells with MgF, windows for the transmission of solar UV photons to the
samples down to 110 nm (Fig. 21).

Usually, ESA provides sample cells that are open (or vented), towards open space, or
semi-tight (presented as RUAG closed cells in this paper). In such a sample accommodation,
gaseous compounds produced by the degradation of the exposed refractory molecules are
vented out to space. It also makes the irradiation of gaseous mixtures impossible. Therefore
the scientific team at LISA, and CNES, have been working on the development of closed
cells (called here CNES closed cells) which have been used since 2007 and continuously
improved since then.

cl. Open Cells Open cells used in EXPOSE-E are the same as those used in the
Biopan/UVolution experiment presented earlier in this paper. Configuration for EXPOSE-
R/-R2 is different. Open cells used in the PSS experiment on EXPOSE-R2 are shown in
Fig. 22. Samples are deposited on the inner side of the window (MgF,). Such cells can be
used for kinetics studies of solid organic compounds. Although gaseous photoproducts can-
not be analyzed because they are vented to space, this is in the end beneficial for accurate
kinetic measurements because the gases cannot be photolyzed and interact with the sample
as it would be the case in a closed cell.

c2. RUAG Closed Cells For some of the samples, another configuration is used, called
RUAG closed cells (Fig. 23). Two discs separated by a spacer are adjusted inside the sample
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Fig. 19 Top a and b: view of the BIOPAN/U Volution open cells (height: 9.1 £ 0.1 mm, ¢: 9 + 0.1 mm).
They are made of a cylindrical aluminum body onto which a 9 mm (diameter) by 1 mm (thickness) MgF»
or quartz window is glued (epoxy glue). Middle ¢ and d: view of the UVolution close cells (height: 9.1 mm,
@: 9 mm). They are made of two cylindrical aluminium bodies which can be screwed one into the other. An
O-ring prevents leaks between the two parts. Two MgF; or quartz windows are glued at both ends of the cell
Bottom e: schematic view of the BIOPAN/ORGANICS sample cells. Each sample cell contains an MgF;
window that contains the deposited molecules, a Viton O-ring to close the sample compartment, a quartz
window as bottom sealing window and a Delrin spacer with O-ring as fixture. (Picture credit: H. Cottin,
Ruag, Air Liquide)

carrier and kept in place with a bushing. This configuration can be used for semi-volatile
samples to prevent their passive outgassing towards space. However, these cells are not tight
enough to be considered for use with gaseous samples, or to keep the gaseous photoproducts
of solid samples trapped for analysis after return on Earth. Incidentally. this configuration
protects samples in case of a contamination event from the inside of the facility. RUAG
closed cells can also be used for radiation measurements conducted on samples that are
extremely fragile, for example, graphite disks.
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Fig. 20 Samples holders for the
BIOPAN/ORGANICS (fop) and
BIOPAN/U Volution (bottom)
experiments. For each of them,
two layers of samples could be
accommodated: one facing the
solar UVs, and the other one

ORGANICS

Bottom sample carrier

underneath, that could be only sample cell
reached by energetic particles sam gl‘le”’ge'ﬂum foil

and experiencing the same

thermal history than the upper Dust cover (removed before flight)
layer

UVolution

Carrier 2

N-==-EE-==-

Wil
Not Exposed Cells
(dark controls)

Fig. 21 Sample carrier for EXPOSE-R2/PSS was designed to receive up to 25 exposure cells. They can
accommodate open cells (grey) RUAG closed cells (purple) or CNES closed cells (yellow, more easy to see
on the right panel). Two layers of samples are flown at the same time: one layer exposed to space, and one
layer right below acting as a flight control layer. Pictures courtesy of RUAG/Kayser-Threde GmbH

¢3. CNES Closed Cells CNES closed cells can be used either to study the photolysis
of a gaseous mixture (simulation of an atmosphere), to collect the photodissociation prod-