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Abstract

Radiation processing in the solar system

We performed experiments of irradiation of astrophysical ices made of water, methanol and
ammonia. The radiation used was sulfur ions.
In addition to the chemistry usually induced
in ice by irradiation, we investigated the effect
of sulfur, a highly reactive element, in forming
new organic compounds. We find that the process creates numerous CHNOS speces, with high
masses compared to the original organic material (methanol). This chemistry is applicable to
the outer solar system, such as the surface of
Kuiper Belt Objects exposed to the solar wind.
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Jupiter’s radiation belts.
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Radiation processing is ubiquitous in the So-

lar System. It comes in the form of photons
(UV from the sun) or charged particles (electrons/ions). The solar wind represents a constant source of radiation processing for any object not protected by a magnetosphere. The radiation belts of planets contain a large amount of
energetic electrons and ions that can process the
surface of their satellites; Jupiter, with its powerful magnetic field and the material expelled from
Io, is an extreme example of active radiation
belts that transform the surface of the Galilean
moons.

My god, it’s full of ice!

Figure 1: Enceladus, an ocean world
covered in water ice.Image: NASA/JPL.

Water ice is found in a variety of objects
in the solar system. Most of the moons of
the giant planets are covered in water ice,
some of them with a water ocean underneath. Kuiper belt objects, transneptunian objects, comets... all include a large
proportion of water ice. Observations indicate that along with water, organic compounds (such as methanol, CH3 OH) and
nitrogen-bearing (ammonia, NH3 ) are also
present. Analysis of meteoritic matter in-

dicate a very wide array of complex organic compounds that may be the result
of the processing of these simpler ingredients.
Chemistry occurring in these ices may
have led to the formation of prebiotic compounds. In icy worlds with an ocean, clues
about the ocean’s chemistry and maybe
traces of life could be trapped in this ice.

Figure 2:

Comet 67P ChuryumovGerasikmenko, rich in ice but also organic
matter and volatiles. Image: ESA.

Main science question
Both the solar wind and Jupiter’s radiation belts feature a non-negligible amount of energetic sulfur, that can be implanted into ices. Sulfur is a very
reactive element and one of the CHNOPS elements that are considered the basis of biotic chemistry. This work aims to answer the following question:
Can sulfur implantation into astrophysical ices create complex organosulfur compounds? For this study, "astrophysical ices" feature water,
ammonia and methanol; thus 5 out of the 6 CHNOPS are involved.

Experiments
An ice sample (2:1:1 mixture of water:methanol:ammonia) was deposited on a cold sample holder (10K). This sample was irradiated with sulfur ions at
105 keV. Once the sample reaches a steady state as seen in the IR, it is heated to room temperature, leaving only an organic residue. A sample irradiated
with argon (non reactive projectiles) was also produced. Both residues were then analyzed with very high resolution mass spectrometry.

Results

Way forward

The infra-red monitoring during the experiment shows no qualitative difference between the sulfurirradiated and the argon-irradiated samples: no sulfur product appears in the IR. The relatively low
amount of sulfur implanted may explain why even sulfuric acid (one of the main products of sulfur
implantation in water ice) is not seen.
Mass spectrometry analysis of the residue shows almost 10,000 different species formed, of which
over 1,100 are CHNOS compounds unique to the sulfur-irradiated sample.

On the surface of the moons of Jupiter, conditions are different but the same kind of chemistry could be possible. Our next experiments
will involve a sample temperature of 130 K, and
compounds that will be targeted by future missions to Europa (e.g., glycine, the simplest of
amino acid, to be used as a reference when looking for potential biomarkers).
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Figure 4: Van Krevelen diagram of the CHNOS compounds
formed in the sulfur-irradiated
sample. DBE is the "Double
bond equivalent", a quantity indicating the proportion of double bonds between carbon atoms
(and therefore indicative of the
presence of cycles). The m/z is
roughly indicative of the mass
(in atomic mass units) of the
compounds. From Ruf, Bouquet,
et al., in press in The Astrophysical Journal Letters.
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The compounds formed are mostly aliphatic, can reach masses up to 900 amus (methanol is only
32!) and usually bear one sulfur atom. Nitrogen is a key participant in the chemistry: no CHOS
compound has been found.

Figure 5: Europa, an ocean world with an icy surface bombarded by sulfur. Image: NASA/JPL.

Our goal is to answer two questions: How would
biomarkers from the ocean survive on the surface? Can the radiation chemistry on the surface
produce molecules that could kick-start prebiotic chemistry on these moons?

