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Abstract. Space ices containing water, carbon- and nitrogen- There is a lack of detailed investigations on an energetic
rich structures are important in certain chemical and radiaparticle processing of various ices modeling the cosmic ray
tion induced processes in Solar System dust systems. Up toradiation over the whole energy range from eV to GeV
now there are no detailed investigations on an energetic parCooper et al.2003.

ticle processing of various ices by ions and electrons, mod- In this paper we study the ion induced alteration of Solar
eling the cosmic ray irradiation over the whole energy rangeSystem ices by examining the linear energy transfer due to
from eV to GeV. Our studies on the ion induced conversionstopping processes, where the input projectile loses its orig-
of ices include an examination of the linear energy transferinal energy to particles in the target. This deposited energy
due to stopping processes, by which the input projectile losegate per unit length over the wide energy range (eV-GeV)
its original energy to particles in the target. This depositedfor various species has been calculated using the ion impact
energy rate has been calculated for various species and fafomputer code SRIMZjegler et al, 2003. The results will
different cosmic ray spectra inside and outside of the helio-be used to predict the radiation induced chemical conversion
sphere. The results can be used to predict a radiation inducette of some ices, including simple and complex hydrocar-
chemical conversion rate of simple chemical species to compons, by means of forthcoming experimental data.

plex ones by means of forthcoming experimental data.

2 Dosages for relevant time-scales

1 Introduction Cosmic rays (CR) and the solar radiation have altered the
chemical composition of ices on objects in the Kuiper Belt
Predicted long ago to be present on far-away bodies and reikBO) and the Oort Cloud (OC), so that what we observe
cently shown by observations to be ubiquitous in the Solartoday is the product of a complex interaction of UV-photo-
System, ices in a broad sense have become an extremely inand energetic particle induced chemistries and internal pro-
portant subject in planetary research. Ices found on objectgesses. On the surfaces of KBO the UV irradiance is dom-
formed in the remote parts of the Solar System contain in-nant, greater than that of from cosmic rays by many orders
formation about the composition and details of formation of of magnitude, while cosmic ray induced radiation chemical
our planetary system. There are also objects that contain icglteration dominates in deeper layers of ices and should be
materials that bear signatures of past events on a very longecessarily considered in addition to the UV radiation ef-
timescale Kludson and Moore2001). An important point  fects. Modeling the interaction of energetic particles with
regarding the comparison of UV- versus ion-irradiation hasices in the Solar System requires basic information about
been studied and compared to those effects known to occur itheir fluxes over the wide energy range from eV to GeV. Re-
interstellar and Solar System ices Ggrakines et al200)  cently Cooper et al(2003 have published summary obser-
andBaratta et al(2002). vational and model data of solar (SCR), anomalous (ACR)
and galactic (GCR) CR inside the heliosphere (at 40 AU and
85 AU) and outside of it. Data sources were available from

Correspondence toA. G. Yeghikyan operational interplanetary spacecraft to construct the com-
BY

(arayeg@web.am) posite of proton flux spectra at plasma to cosmic ray ener-

Published by Copernicus Publications on behalf of the Arbeitsgemeinschaft Extraterrestrische Forschung e.V.


http://creativecommons.org/licenses/by/3.0/

48 A. G. Yeghikyan: Cosmic ray processing of solar system ices

Table 1. Dosage rate®, (eV/s) and dosaged (eV) for species at 40 AU on surfaces of KBOs and at 10 000 AU on surfaces of comets of
the OC. The values for equivalent 16 amu are presented.

Specie Dosage Rate, Dosage, Dosage Rate, Dosage,
D, KBO D, t=1 Ma, KBO D,,0C D, t=1Ma, OC

eV/s, 10712 eV, 1% eV/s, 10712 eV, 10t
CHy 5.49 1.73 2.74 8.65
CoHg 571 1.80 271 8.55
CoH» 7.16 2.26 2.60 8.21
CoHy 6.27 1.98 2.68 8.47
C, graphite 9.58 3.02 2.32 7.32
H>O 5.45 1.72 2.52 7.94
CoO 8.90 2.81 2.15 6.79
COy 8.68 2.74 2.10 6.62
NH3 5.53 1.74 2.66 8.41
\P) 9.19 2.90 2.19 6.93

gies, along with low and high limits on suprathermal fluxes and 13%eV, respectively. The units of(E) and F(E)
in between these energy regimes. We have chosen their lowre eV/micron and particlecm—2s-1eV—1, respectively. It
suprathermal limit model curves. A decrease of the SCRshould be stressed that electronic stoppings of heavy ions
flux level between keV and GeV energies is caused by thébegin to increase more than by one order of magnitude at
solar wind modulation, preventing the low energy particles1 MeV and higher. The maximum values of both kinds of
of GCR to be entered into the heliosphere. A sharp max-stoppings (electronic and nuclear) for heavy ions are shifted
imum at a few keV corresponds to the solar wind protons,to larger energies as compared to that of for hydrogen. Total
flowing upward with an average velocity of 450 km/s in the dosage rate®, and accumulated dosagBs= D, -t in vari-
ecliptic plane. We will use these data to model irradiation of ous species during irradiation timesf 1 million years (Ma),
some KBOs and OC comets, located at distances 40 AU andre presented in Table
10000 AU, respectively.

When energetic ions enter into a medium they immedi-
ately start to interact with it and lose their kinetic energy (see3  Astrophysical implications in short
Ziegler et al, 2003 where all the details regarding the stop-

ping can be found). Knowing the stopping power of a sub- A difference between the dosage rates is no larger than a fac-
stance for energetic ions is necessary for describing the pengy of 2 (a factor of 4 for some other species, see Tdble
etration of these particles through matter and the calculationnat is there is no a strong radial dependence of dosages in
of dosages under different environment conditions and oveghe Solar System. It should be stressed here that the larger
relevant astrophysical time-scales. Linear stopping powergjosage rate on the KBOs surfaces as compared with that of
of 10 astrophysically important ice analogs for proton irradi- for the OC is just a result of our conservative choice of the
ation have been calculated by means of SRIM catiegler  |ow suprathermal limit in the low energy spectra, otherwise a
et al, 2003. Densities at corresponding temperatures haveyeyersal relation is valid (see for deta@®oper et al.2003

been compilated from various sources: as is known, stoptheir Fig. 5). The same is true and for all other species and
pings are scaled linearly to the density. Results are nearlyor contributions by electronic and nuclear stoppings, respec-
equal for all of the species: the highest value (graphite, dugjyely. In particular, the maximum contribution to the dosage
to the largest density) and the lowest one (CO, which hasate on the surfaces of comets in the OC is caused by the
only two atoms) differ by less than a factor of 3. To cal- gjastic nuclear collisions due to the fact that in this case the
culate a dosage raté() one needs to convolute the energy |ocal maximum at 1 keV of the spectral flux is absent.
dependent stoppingS(E)_ with the (interpolated) values of The dosages presented in TaHleare high enough to
the corresponding cosmic ray fluxe$E) (we assume here, jhiiate chemical changes of all species. To be more cor-

for simplicity, that fluxes are normal to targets): rect a few million years of irradiation is able to convert,
Ep say, a significant fraction of methane in the KBO and in

N - D, =/ S(E)F(E)dE, (1)  the OC into heavy hydrocarbons. For example, polycyclic
Ex aromatic hydrocarbons and aliphatic hydrocarbons (alka-

where D, is in units eV/s,N is a concentration of the tar- nes, alkenes), have been synthesized in prebiotic simula-
get's atoms (cm3) and E; and E» are equal to 19eV tion experimentsKaiser and Roesslet998 and references
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therein). A radiation chemical yield of the synthesized tion between different populations of the KBOs: depending
alkane molecules (up to 28 carbon atoms) has been estimatamh their own spatial distribution the time-scale of the accu-
asG ~ 1 moleculg100eV (Yeghikyan et al.200], and ref-  mulated dosages may be essentially different as compared
erences therein). Then the fraction of initial meth@ht be  to a collissionally induced resurfacing timeuu and Jewitt
converted to the mentioned oligomer is equalde=G - D 2002 with the result of the observed color diversity. An ob-
and close to 1 in only 1 Ma of irradiation. In fact, vari- served correlation between inclination and color in the classi-
ous matrices where methane can be frozen may either ineal Kuiper Belt {Trujillo and Brown 2002 probably reflects
hibit (H20) or catalyze (CO and Cfpthe growth of poly-  records of such events. A quantitative description of such a
mer chainslianoy, 1992. New experimental data are nec- model will be presented separately.

essary to reveal the details of such processes. In any case itis ,

well known that complex organics on the surfaces of KBOs#4 Conclusions

may be responsible for their photometric datay and Je-
witt, 2002 Cooper et al.2003. These authors discuss to
what extent initially light icy species can be reddened by the
ion irradiation and a resurfacing by collisions during KBOs
evolution. In particularCooper et al(2003 have noted an

Whether the ices exist as surface layers, that are subjected
to modification processes such as the cosmic ray and UV ir-
radiation, solar heating or meteoritic impact, or are buried
masses, ice-rich regions of the KBO can form very differ-
ent repositories of material. Similarly, analysis of the ice-

important contribution of ACR, dominated at keV energies ~ . : ;
. . - . enriched subsurface of an active comet provides clues about
and which radial variation might account for the KBOs color : L . :
the formation histories of such bodies and their subsequent

diversity. One may suggest an additional process needs tQ : : . .
. X . ., evolution. Information on the primary dosage modes of solid

be taken into account in this problem, namely a consider- . . . AV :
icy species following the absorption of radiation is very im-

able change of energetic particle spectra at KBOs during fre- ortant from the astrophysical point of view. It can be re-

quent passages of the Solar System through relatively dens\?aealed by examining the stopoing of energetic protons un-
interstellar cloudsKahr et al.2006 and references therein). y 9 ppIng 9 b

The number of encounters has been estimated as 135 argc?r conditions directly applicable to environments associated
X 3 with surfaces of KBOs and comets in the Oort Cloud. We
16 traversings of clouds denser than 10¢érand 16 cm™3,

. . . have calculated the energy loss of protons in 10 species by
respectively. A cross-over time for an usual diffuse cloud SRIM code Ziegler et al, 2003. The resulting energy de-
(n. > 10cnT3) of 10pc with av =20km/s relative veloc- 9 ’ ) 9 9y

ity is about 0.5Ma (much larger than the orbital time of a pendent stoppings are convoluted with the cosmic ray spec-

KBO about of a few 1000 years at a usual distance of afeWtral fluxes (inside and outside of the heliosphere) adopted

100 AU). This means that during that time there would be nofrom Cooper et al(2009, to get the values of final inter-
. . est, the dosage rates and dosages. Calculated dosages show
solar wind protons, ACR particles upstream, or modulated

GCR particles at KBOs surfaces upstream, i.e. along the diEhat the energies absorbed by species on the surfaces of the

. . olar System bodies like KBOs and comets during 1 Ma or

rection of the Solar System motion. Instead, a spectrum o S s . . )

) ; ; S .~ . _more may be significant and initiate drastic changes in their
cosmic rays withe > 1 MeV exists, which is usual for interi-

ors of interstellar clouds. All of the KBOs are located in this structure and composition. The contribution of GCRS to the

upstream case outside of the compressed heliosphere. ngsage inside of the heliosphere is negligible, excluding spe-

SO .. cific cases of the encountered dense interstellar clouds. In
cause the GCR spectrum at MeV energies inside the dlf'fUS?hiS case the different groups of KBOs depending on their
clouds is a few ten times largeM¢Call et al, 2003 this

means first, that the dosage rate may be of the same ord(-:§|p e_mal distribution, m|gr_1t have recelvgd d|fferen_t dosages,
which may cause the different reddening of their surfaces,

as compared with that of the OC, and second, deeper layery addition to other possible mechanisms, discussed in the

. X o i
iir;\t/)i f :\(/I)gsls;etdﬁe Zﬂgvzi;?gggarrggliz:}?bvEngi(rjéaerr]gifalﬂ_erature. Su_ch studies on the proton irradiation qf species
magnitudes higher, due to the increased flux of ACR WhiChW|th the details of the absorbed energy accumulation in the
' ’ different classes of compounds, followed by possible chem-

ical reactions, are necessary to enhance the ability to predict

is linearly scaled with the cloud number density(Fahr et
al, 2008. Thus one can draw a conclusion that during thethe radiation chemical conversions on the icy surfaces of the
oyter Solar System bodies.

total 50 Ma pass-over time through the more than 100 dif-

fuse clouds, the KBO surfaces have accumulated dosages 0
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