Cassini Finds an Oxygen—Carbon Dioxide Atmosphere at Saturn's Icy
Moon Rhea

B. D. Teolis, et al.

Science 330, 1813 (2010);

AVAAAS DOI: 10.1126/science.1198366

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this infomation is current as of February 23, 2011 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/330/6012/1813.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2010/11/22/science.1198366.DC1.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/330/6012/1813.full. html#related

This article cites 22 articles, 3 of which can be accessed free:
http://www.sciencemag.org/content/330/6012/1813.full. html#ref-list-1

This article has been cited by 1 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/330/6012/1813.full.html#related-urls

This article appears in the following subject collections:
Planetary Science
http://www.sciencemag.org/cgi/collection/planet_sci

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2010 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on February 23, 2011


http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/330/6012/1813.full.html
http://www.sciencemag.org/content/suppl/2010/11/22/science.1198366.DC1.html
http://www.sciencemag.org/content/330/6012/1813.full.html#related
http://www.sciencemag.org/content/330/6012/1813.full.html#ref-list-1
http://www.sciencemag.org/content/330/6012/1813.full.html#related-urls
http://www.sciencemag.org/cgi/collection/planet_sci
http://www.sciencemag.org/

References and Notes
1. L. Berger, J. Appl. Phys. 55, 1954 (1984).
2. L. Berger, Phys. Rev. B 33, 1572 (1986).
3. S.S. P. Parkin, M. Hayashi, L. Thomas, Science 320, 190
(2008).
4. ]. Grollier et al., Appl. Phys. Lett. 83, 509 (2003).
5. A. Yamaguchi et al., Phys. Rev. Lett. 92, 077205 (2004).
6. M. Yamanouchi, D. Chiba, F. Matsukura, H. Ohno,
Nature 428, 539 (2004).
7. N. Vernier, D. A. Allwood, D. Atkinson, M. D. Cooke,
R. P. Cowburn, Europhys. Lett. 65, 526 (2004).
8. M. Kldui et al., Phys. Rev. Lett. 95, 026601 (2005).
9. D. Ravelosona, D. Lacour, ]. A. Katine, B. D. Terris,
C. Chappert, Phys. Rev. Lett. 95, 117203 (2005).
10. M. Hayashi et al., Phys. Rev. Lett. 98, 037204 (2007).
11. S. Yang, ). L. Erskine, Phys. Rev. B 75, 220403 (2007).
12. G. Meier et al., Phys. Rev. Lett. 98, 187202 (2007).
13. M. Hayashi, L. Thomas, R. Moriya, C. Rettner,
S. S. P. Parkin, Science 320, 209 (2008).

14. G. Tatara, H. Kohno, Phys. Rev. Lett. 92, 086601 (2004).
15. Z. Li, S. Zhang, Phys. Rev. Lett. 92, 207203 (2004).
16. S. Zhang, Z. Li, Phys. Rev. Lett. 93, 127204 (2004).
17. A. Thiaville, Y. Nakatani, ]. Miltat, Y. Suzuki,
Europhys. Lett. 69, 990 (2005).
18. S. E. Barnes, S. Maekawa, Phys. Rev. Lett. 95, 107204
(2005).
19. A. P. Malozemoff, ]. C. Slonczewski, Magnetic
Domain Walls in Bubble Materials (Academic Press,
New York, 1979).
20. L. Thomas et al., Nature 443, 197 (2006).
21. R. Moriya et al., Nat. Phys. 4, 368 (2008).
22. 1. M. Miron et al., Phys. Rev. Lett. 102, 137202 (2009).
23. T. A. Moore et al., Phys. Rev. B 80, 132403 (2009).
24. M. Eltschka et al., Phys. Rev. Lett. 105, 056601 (2010).
25. E. Saitoh, H. Miyajima, T. Yamaoka, G. Tatara, Nature
432, 203 (2004).
26. D. Bedau et al., Phys. Rev. Lett. 99, 146601 (2007).
27. L. Thomas et al., Science 315, 1553 (2007).

REPORTS

28. L. Bocklage et al., Phys. Rev. B 78, 180405 (2008).

29. Materials and methods can found as supporting material
on Science Online.

30. The rise and fall times of the shift current pulses,
measured in a transmission geometry through the devices
using a real-time oscilloscope and corresponding to a
variation of 20/80% of the pulse amplitude, were ~0.5 ns.

31. M. Hayashi et al., Phys. Rev. Lett. 97, 207205 (2006).

32. V. Vlaminck, M. Bailleul, Science 322, 410 (2008).

33. We thank S.-H. Yang, X. Jiang, and B. Hughes for useful
discussions and help with sample fabrication.

Supporting Online Material
www.sciencemag.org/cgi/content/full/330/6012/1810/DC1
Materials and Methods

Figs. S1 to S3

References

7 September 2010; accepted 16 November 2010
10.1126/science.1197468

Cassini Finds an Oxygen—Carbon
Dioxide Atmosphere at Saturn’s

Icy Moon Rhea

B. D. Teolis,™* G. H. Jones,>3 P. F. Miles," R. L. Tokar,* B. A. Magee,* ]. H. Waite,* E. Roussos,®
D. T. Young,* F. ]. Crary,* A. ]. Coates,>* R. E. Johnson,® W.-L. Tseng,® R. A. Baragiola®

The flyby measurements of the Cassini spacecraft at Saturn’s moon Rhea reveal a tenuous oxygen
(0z)—carbon dioxide (CO,) atmosphere. The atmosphere appears to be sustained by chemical
decomposition of the surface water ice under irradiation from Saturn’s magnetospheric plasma. This
in situ detection of an oxidizing atmosphere is consistent with remote observations of other icy bodies,
such as Jupiter’s moons Europa and Ganymede, and suggestive of a reservoir of radiolytic O, locked
within Rhea’s ice. The presence of CO, suggests radiolysis reactions between surface oxidants and
organics or sputtering and/or outgassing of CO, endogenic to Rhea’s ice. Observations of outflowing
positive and negative ions give evidence for pickup ionization as a major atmospheric loss mechanism.

n 2 March 2010, the Cassini spacecraft

executed a flyby of Saturn’s icy moon

Rhea, with a trajectory inbound toward
Saturn passing 97 km over the surface at 81° north
latitude. The Ion Neutral Mass Spectrometer
(INMS)—a quadrupole mass analyzer equipped
with an antechamber and electron-impact ionizer
for in situ collection and detection of neutral gas
(1) —was operated during the flyby with the an-
techamber inlet pointed favorably at an angle of
44° to Cassini’s trajectory, enabling the measure-
ment of neutral species. INMS detected a tenuous
atmosphere of oxygen and carbon dioxide in mass
channels 32 and 44 daltons, reaching peak densi-
ties along the trajectory of 5 and 2 £ 1 x 10'* mol-
ecules per m’, respectively. A highly non-uniform
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atmosphere was observed, with the CO, seen
almost exclusively on the outbound portion of the
trajectory over the day-lit hemisphere (Fig. 1). In
contrast, the O, profile is more symmetrical about
the point of closest approach, but it is nevertheless
shifted slightly outbound to the day side (Fig. 1).

Spectra from the Cassini Plasma Spectrometer
(CAPS) (2), acquired during the more distant 502-
and 5736-km flybys on 26 November 2005 and
30 August 2007, also show clear signatures (Fig. 2)
symptomatic (3) of outflowing streams of positive
and negative ions, which are produced by ioniza-
tion of the atmosphere and electron capture, respec-
tively. These ions are subsequently swept up into
Saturn’s rotating magnetosphere (4). The timing
of the positive and negative ion signatures inbound
and outbound from Rhea (Fig. 2) is consistent
with the expected £ x B cycloidal trajectories (where
E and B are the electric and magnetic fields, re-
spectively) of pickup ions in the mass ranges of 26
to 56 daltons (possibly O," or CO,") and 13 to
26 daltons, respectively; thus, we tentatively iden-
tify the negative species as O™. The mass uncer-
tainty results from the CAPS energy and angular
resolution (2), as well as the still-uncertain corota-
tion electric field and corotation speed in Rhea’s
plasma wake (5). Unlike the 2005 encounter, only
positive ions were detected during the 11 times more
distant 2007 flyby, suggesting rapid (6) removal of

loosely bound electrons from the negative ions by
photo or electron impact ionization as the ions
move away from Rhea.

The in situ detection of O, and CO, at Rhea is
consistent with remote observations of Jupiter’s
icy moons, where the Galileo spacecraft’s Near-
Infrared Mapping Spectrometer observed resonantly
scattered 4.26-um infrared emission from atmo-
spheric CO, at Callisto (7), and the Hubble Space
Telescope measured 1304 and 1356 A ultraviolet
fluorescence from electron-impact dissociatively ex-
cited atmospheric O, at Europa and Ganymede (8).
Oxygen at Europa and Ganymede is generated by
radiation chemistry and sputtered from the surface
ice into the atmosphere by bombarding ions and
electrons from Jupiter’s magnetosphere (8). The
Jupiter findings, and the detection by Cassini of
O, from ultraviolet (UV) photodecomposition of
ice in Saturn’s rings (9), have long suggested the
possibility of oxygen atmospheres around the sa-
turnian icy satellites (/0), which orbit inside Saturn’s
magnetosphere. Ganymede’s ice (//) and that of
Europa and Callisto (/2) also exhibit the weak
5770 and 6275 A optical absorption signatures of
trapped radiolytic O, (/3), which has been shown
in laboratory experiments to lead to ozone as a by-
product (/4), along with eventual O, ejection from
the surface through sputtering (/5). Rhea and
Saturn’s icy moon Dione are especially interesting
because O3 is present in their surface ices (/6), a
trait that they share with Ganymede (/7). Together
with the existence of ozone in Rhea’s ice, the de-
tection of an O, atmosphere is consistent with sur-
face radiolysis, as seen at other icy satellites, and
indicative of O, trapped in the surface ice.

On the basis of CAPS and Magnetospheric
Imaging Instrument (MIMI) measurements of the
saturnian ion and electron plasma, as well as up-
dated laboratory estimates of O, production and
desorption from ice irradiated with different pro-
jectiles and energies, we have modeled the ex-
pected production of O, from different radiation
sources (/8). The principal oxygen source in the
model is bombardment by water group ions (W)
from Saturn’s corotating plasma (Table 1), which
sweep past Rhea along its orbit while preferen-
tially bombarding its trailing hemisphere. The ox-
ygen is, therefore, produced preferentially on the
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trailing hemisphere. Relative to the amount of en-
ergy deposited by the different radiation sources,
the W ions are also the most efficient O, produc-
ers (Table 1). Because of their mass, these ions are
the most effectively stopped on impact within the
ice; that is, they deposit the most energy close to
the material surface where, according to experi-
ments, O, synthesis is favored most (18). The
predicted total global production rate of ~2.2 x
10%* O, molecules per second is within the ~0.4
to 4 x 10** s~ range implied by the elevated O,"
densities seen by CAPS near Rhea’s orbit (/9).
In contrast to O,, knowledge of Rhea’s CO,
source is much less well constrained. Atmospher-
ic CO, might result from sputtering of primordial
CO, in Rhea’s ice or from radiolysis reactions
between surface water molecules, radiolytic ox-
ygen, and carbonaceous minerals or organics pos-
sibly present in the surface ice (/3, 20, 21) and/or
deposited by micrometeorite bombardment (22).
The trailing hemispheres of Rhea and Dione both
show a darkening in their visible-infrared reflec-
tance spectrum, which is indicative of such non-
ice material. At Dione, the Cassini Visible and
Infrared Mapping Spectrometer (VIMS) detected
the 4.26-um absorption of CO, in the dark re-
gions (22). However, the Rhea measurements are
inconclusive: A possible detection of the CO, ab-
sorption in Rhea’s global spectrum (22) was not
confirmed in subsequent VIMS mapping measure-
ments (23) of the surface. A completely endogenic
CO, source is also possible: for instance, outgassing
of primordial CO, or of CO, produced by aqueous
chemistry from Rhea’s interior, similar to scenarios
suggested at Enceladus (24) and Callisto (7).

Fig. 2. (A) Diagrammatic Rhea north polar view with the 26 November 2005
Cassini flyby trajectory (black line in Rhea’s reference frame) during which
CAPS detected pickup ions. The time scale is matched to that of (B) and (C).
The day and night hemispheres are shown during CA at 22:37:39 UT. The

1000 km

Ev—op

trajectory traversed Rhea's plasma wake, with CA at 502-km altitude, 226 km CO,

south (Fig. 1) of the equator. Our model prediction of the O, density (226-km

south cross section) is also shown. The O,* and O™ (orange) and CO,* trajectories PO

(blue) are those required to enter anodes 4 and 3 (33) of the CAPS Electron
Spectrometer (ELS) and lon Mass Spectrometer (IMS) at the time and energy
of the ion signatures. The trajectories assume (ln Saturn’s reference frame) a
B of 26 nT (34) and a corotation electric field E [within uncertainty (5)] of
1.77 (0,*, 07) or 1.51 (CO,*) V/km. Before fonization, most atmospheric neu-
trals have thermal speeds less than 1 km/s, so |E | is optimized such that ions

backtracked from Cassini come nearly to rest (the trajectory starting point). 10%F
FOV, field of view. (B) ELS negative particle flux spectrogram from anode 4
(20° FOV), which had optimal pointing. Negative pickup ions are indicated by 10°F
the sharp feature near 22:41 UT (+0.35 min) and 1.14 (+0.15) keV over the

electron background. (C) Positive ions from IMS anode 3: Pickup ions produce 10?
the sharp 22:32 UT (+0.5 min), 2.06 (+0.2)-keV signature over the
background of (mostly) corotating H*/W* (31).
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Table 1. Estimated O, production from differ-
ent radiation sources.

Radiation Energy Estimated O,
source deposition production
(x 10%¢ eV/s) (x 1022 0,/s)
w* 14.8 170
H* 9.5 7.4
Electrons 73 38
Solar UV 8.1 4.2
Total 105 220

The surface source processes compete with
atmospheric loss mechanisms to determine the
atmospheric O, and CO, abundances. The loss
mechanisms are Jeans escape and atmosphere-
plasma interactions—that is, ionization, dissocia-
tion, charge exchange, and electron capture. The
plasma-interaction channels result in fast neutral
and ionized species that, depending on their point
of origin (Fig. 2), either (i) collide with Rhea’s
surface (and implant into the ice or adsorb or react
on the surface) or (ii) escape into space directly or
(for ions) by E x B pickup, as seen by CAPS.

We used a Monte Carlo approach to model the
atmosphere by initializing O, molecules according
to the expected surface position—dependent produc-
tion (/8) while allowing the molecules to execute
random ballistic trajectories between surface impacts.
The simulation assumed no surface adsorption, ther-
mally equilibrated molecules with the surface on
impact by reinitializing the speed with a Maxwell-
Boltzmann distribution at the local surface temper-
ature (25), and destroyed the molecules in mid-flight,
according to the loss rate from plasma interactions
or on leaving the Hill sphere (Jeans escape).

Our model predicts a day-side bulge due to
the higher (25) temperatures (and, therefore, in-
creased scale height) that is well matched by the
outbound O; tail seen by INMS (Fig. 1); i.e., the
warmer day-side temperatures expand the atmo-
spheric gas to the altitude of Cassini’s trajectory
in this hemisphere. The bulge is also consistent
with the predicted origin of the positive pickup
ions at high altitudes during the 2005 flyby (Fig.
2). Non-negligible night-side O, adsorption could
account (26) for the model’s slight overestimate
of the INMS inbound measurements (Fig. 1). The
mean free path is ~6 to 30 x 10° km at the pre-
dicted day-night surface densities of ~9 to 40 x
10'° 0, m™ (26); therefore, the atmosphere can
be considered as collisionless. The estimated Jeans
escape of 6(+1) x 10> O, s ' is ~2.7% of the
estimated total O, produced (~2.2 x 10*0, sfl),
with the remainder lost because of plasma
interactions and pickup. The total atmospheric
0, abundance is estimated to be 2.5(x0.5) x 10%°
molecules, corresponding to an average atmospher-
ic molecule lifetime of ~10° seconds, or ~1 day.

Whereas for O, the sticking times are short,
CO, is much less volatile (27); thus, the night side
could act as a much more effective cold trap for
CO, condensation, possibly explaining the almost
nonexistent CO, signal inbound on the night side

(Fig. 1). Locally condensed CO, would be re-
released by solar heating as the dawn terminator
advances across the surface, although some CO,
might be trapped for longer periods in shadowed
polar regions [analogous to lunar (28) volatiles].
Although surface CO, on the night side would be
undetectable by Cassini VIMS (which measures
reflected sunlight), CO, near the faintly illuminated
poles or dawn terminator might be observable.
The estimated mean atmospheric O, column
density of 3.4(0.7) x 10"® m™ over Rhea’s sur-
face is two orders of magnitude below the 2.4 to
14 and 1 to 10 x 10'® m™ abundances at Europa
and Ganymede (8), respectively, a difference like-
ly attributable to the greater O, desorption flux
from the warmer and more intensely irradiated
Galilean satellites (29). Rhea’s atmospheric abun-
dance is also well below the 10'® m™ detection
limit of MIMI and the Cassini Ultraviolet Imaging
Spectrograph, explaining why earlier attempts by
these instruments to detect an atmosphere remote-
ly were unsuccessful (30). In comparison, labo-
ratory measurements on irradiated ice imply that
10" to 10 O, m 2 (14, 15) are synthesized by
penetrating ions as trapped molecules inside the
bulk H,O solid, from which diffusive loss is
expected to be slow; thus, it is likely that a large
fraction of Rhea’s oxygen is actually locked in-
side the moon’s ice. The laboratory column den-
sities correspond to ~0.4 to 4 x 10* metric tons of
trapped O, globally on Rhea, but these are a lower
limit because diffusion and micrometeorite
gardening can disperse O, into the subsurface ice.
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