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discharge rates are required. Figure 4B shows
that IE-Li(Ni, .Mn, ;)O, clearly retains its en-
ergy storage capacity even at the very high rate
required for those applications. At a 6-min
charge/discharge rate, IE-Li(Ni,Mn,)O, de-
livers almost double the energy density of SS-
Li(Ni, ;Mn, ;)O,. Initial tests on the capacity
retention with full charge/discharge cycling are
promising, with a fade of 0.6% per cycle for IE-
Li(Ni, {Mn, )O, versus 0.8% per cycle for SS-
Li(Ni, M )0, (17).

In conclusion, we have used ab initio com-
putational modeling to infer that the combined
use of low-valent transition-metal cations and
low strain in the activated state are key strategies
for increasing the rate capability of layered
cathode materials, and we have successfully syn-
thesized Li(Ni, ;Mn, ;)O, with very little intra-
layer disordering to optimize those factors. In
agreement with our theoretical predictions, this
material retains its capacity at high rates. Sub-
stitution of Co for Ni and Mn can also be used to
reduce the Li/Ni exchange and improve rate
performance (23, 24), although the use of Co
increases the cost and reduces the safety of the
material (25). Although Li(Nij Mn )0, dis-
plays an exciting combination of high rate and
high capacity, several other factors, such as

thermal stability, cycle life, and the extra cost
from the ion-exchange process, will need to be
further investigated before its application in
commercial products can be considered. If the
outcome of such development studies is positive,
Li(Ni, ;Mn, ;)O, would be a potential cathode
material for high rate applications.
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Auroras are caused by accelerated charged particles precipitating along magnetic field

lines into a planetary atmosphere, the auroral brightness being roughly proportional to the
precipitating particle energy flux. The Analyzer of Space Plasma and Energetic Atoms experiment
on the Mars Express spacecraft has made a detailed study of acceleration processes on the
nightside of Mars. We observed accelerated electrons and ions in the deep nightside high-altitude
region of Mars that map geographically to interface/cleft regions associated with martian

crustal magnetization regions. By integrating electron and ion acceleration energy down to

the upper atmosphere, we saw energy fluxes in the range of 1 to 50 milliwatts per square meter
per second. These conditions are similar to those producing bright discrete auroras above

Earth. Discrete auroras at Mars are therefore expected to be associated with plasma acceleration
in diverging magnetic flux tubes above crustal magnetization regions, the auroras being
distributed geographically in a complex pattern by the many multipole magnetic field lines

extending into space.

arth’s polar aurora and related phenome-
Ena, such as magnetic and ionospheric dis-

turbances, have been studied for well
over half a century. The first proof that the
aurora is caused by energetic electrons pre-
cipitating into Earth’s topside atmosphere
came from high-altitude sounding-rocket mea-
surements (/). Electrons accelerated downward
by magnetic field—-aligned electric fields cause
intense bright auroral arcs, often referred to as
discrete auroras. Intense fluxes of nearly mono-
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energetic electrons (2) were the first evidence
for magnetic field—aligned electric fields. Sub-
sequent observations of accelerated electrons
were made from polar orbiting satellites. The
electrons’ peak energy displayed a characteris-
tic “inverted-V” signature in an energy-time
spectrogram (3), which became the particle
attribute of a discrete aurora. An additional
proof of concept was observations of electrons
and ions accelerated in opposite directions
4, 5).

Inverted-V-like ion features near Mars, first
reported by the Phobos-2 spacecraft (6), were
associated with the temporal and spatial varia-
bility of the energy and momentum transfer
between martian plasma and the solar wind
(7, 8). This was because auroras, specifically
discrete auroras, are associated with magnetized
planets, and no strong intrinsic magnetic fields
were evident from Phobos-2 data, thus ruling
out any analogy with the terrestrial aurora.

The Mars Global Surveyor (MGS) findings of
crustal magnetic anomalies at Mars (9) con-
siderably changed the picture. We now expect to
find diverging magnetic field “cusps” above
Mars (10) and closed magnetic loops (1), with
local magnetic conditions similar to those found
above Earth’s polar region, albeit weaker and
topologically different. A set of magnetic multi-
poles at specific longitudes and latitudes of Mars
may characterize the crustal magnetization. In-
deed, the first observation of auroral emission at
Mars (/2) was made above a strong crustal mag-
netization at 177°E and 52°S. The emissions in
the 150- to 300-nm bands (CO and O) were most
likely excited by high fluxes of charged particles.

Our study identified regions with downward-
accelerated electrons and upward-accelerated
ionospheric ions near local midnight. We studied
how the acceleration regions map to magnetic
cusps and clefts bound by strong magnetizations
at Mars. We compared the energy spectra of
accelerated electrons in the nightside of Mars
with those associated with terrestrial discrete
auroras. Finally, we computed the energy flux of
precipitating electrons and estimated, from a
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terrestrial analogy, the expected intensity of the
nightside aurora at Mars.

The Analyzer of Space Plasma and Ener-
getic Atoms (ASPERA-3) experiment (/3) has
two plasma instruments: an Eectron Spectrom-
eter (ELS) and an Ion Mass Analyzer (IMA).
The ELS provides electron measurements in
the energy range from 0.001 to 20 keV, with
8% energy resolution. The intrinsic field of
view is 4° x 360°. The 360° aperture is divided
into 16 sectors.

The IMA provides ion measurements in the
energy range from 0.01 to 30 keV for the main
ion components H*, He**, He", and O" and
for the group of molecular ions [20 < M/g <
~80 (M, mass; ¢, electric charge)]. The IMA
has a 4.6° x 360° field of view. Electrostatic
sweeping provides elevation (+45°) coverage
for a total field of view of about 2x.

ASPERA-3 data from 33 Mars Express
(MEX) traversals of the martian cavity were
analyzed, most of the data being taken during a
period of favorable eclipse orbits in February
and March 2005. During this period, the
spacecraft traversed the midnight-sector cavity.
An important selection criterion was the accel-
eration of ions and electrons; the ionospheric
ions accelerated upward and the electrons ac-
celerated downward. The spacecraft “footprint”
was mapped in geographic latitude and longi-
tude down to a 400-km MGS “open-closed”
magnetic field map.

During an inverted-V event on 20 February
2005 (Fig. 1), narrow beams of heavy ions [O"
(30%), O, (49%), and CO,* (21%)], consistent
with the ionospheric composition at 220 to
250 km (14), were observed to flow upward/
tailward while substantial fluxes of electrons
moved in the opposite direction (downward/
sunward). Displaced Maxwellian distributions
were used for temperature calculations (that is,
the temperatures were determined from the high-
energy tail of the electron and ion distributions).
The beams are relatively cool (Fig. 1), the beam
energy being substantially higher than the
thermal energy. The general characteristics of
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these inverted-V events are (i) the coincident
existence of narrow upgoing ionospheric ion
beams and energized downgoing electrons and
(i) a tendency for the downward electron
acceleration to increase with decreasing alti-
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tude. These are characteristics analogous to
those of auroral acceleration near Earth. The
trajectory in fact maps to semi-open magnetic
field lines: in the boundary between a magnetic
anomaly and open field lines. It does not map

ASPERA-3 IMA, ELS 20 Feb 2005
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Fig. 1. Energy-time spectrogram for ions and electrons during an inverted-V event in the tail
eclipse. The third panel from the top shows the acceleration energy (peak energy) and total
acceleration (electrons + ions). The bottom panel shows electron and ion temperatures.
Coordinates are Mars east longitude and latitude. UT, universal time; H, height.
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Fig. 2. Three ASPERA-ELS electron energy spectra taken at different altitudes and times, suggesting
acceleration through a potential drop V, (E, = elV/,). Te, electron temperature. The energy regimes
correspond to accelerated primaries (1) and backscattered + secondary electrons (2).
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directly to the closed flux-tube magnetic
anomaly. This is another analogy with Earth’s
auroral zone: The inverted V’s are usually
found in the boundary region between open and
closed magnetic field lines.

Three ELS electron spectra from three sep-
arate orbits (Fig. 2) provide further evidence for
auroral acceleration in a quasi-static electric
potential drop. Based on an acceleration model
(15), the characteristics of downward/parallel
acceleration of electrons in a potential drop ¥,
can be identified: a sharp energy peak, £, re-
lated to accelerated primary electrons (£, = eV,),
and secondary electrons originating from reflec-
tion and backscattering above Mars. Upgoing ions
form narrow monoenergetic beams; the down-
going electrons are more isotropic and less
monoenergetic. These characteristics are consistent
with theory (/6) and observations (5) near Earth.

A good correlation is seen between ion beam
energy and ion beam temperature (Fig. 3, left).
The linear relation y = 8.5x + 623 (eV) has a
correlation coefficient R? = 0.76. Studies of
upward-flowing H* ions near Earth by the
Viking satellite [figure 2.28 of (5)] give a similar
linear relation y = 4.9x + 210 (eV), with R?> =
0.74. The relations imply that ion heating goes
together with parallel acceleration. The ion beams
are cool below ~1 keV, with the temperature
increasing proportional to the parallel energy
above ~1 keV, but the beam energy remains at
least a factor of 10 higher than the beam
temperature. In analogy with Earth, the increased
ion beam temperature may be due to a transverse
(to the magnetic field) acceleration process (/7).
The electron beam energy and electron thermal
energy (Fig. 3, right) also appear to be cor-
related, although with less significance (R*> =
0.58) than the ion correlation. Electron temper-
atures for low-energy peaks are in the range
typical for the magnetosheath (20 to 50 eV).
Wave activity inferred from high-time resolu-
tion ELS data in connection with ion and
electron heating (18, 19) suggests that waves
are the cause of the gradual electron heating.

A statistical analysis of the maximum ion
inverted-V peak energy shows no altitude
dependence (R? = 0.15). This implies that the
acceleration process is quite variable, governed
by external solar wind dynamics (pressure and
interplanetary electric and magnetic fields). As
for the mapping of the acceleration regions to
magnetic anomalies, we find a tendency for
inverted V’s to occur near local midnight, the
observations clustering around the mean 162°E
and —7°S. The clustering of observations close
to local midnight is in part due to the selection
criteria (the cavity).

When the inverted-V footprints are plotted
versus geographic latitude and longitude, an
interesting picture emerges (Fig. 4): a clustering
of data points in boundaries between open and
closed field lines. Few data points fall within
larger areas of open (red) or closed (black)
magnetic field. We therefore conclude that the
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Fig. 3. lon and electron inverted-V peak energy versus temperature in the nightside of Mars. (Left) lons.
The dashed line marks a linear fit with function y = 8.5x 4 623 (eV), R? = 0.76. (Right) Electrons. The
dashed line marks an exponential fit with function y = 27.2 - exp(0.026x) (eV). R? = 0.58.
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Fig. 4. Satellite ground track projections of nightside ion inverted V's and their relation to crustal
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altitudes (=400 km), with red indicating 100% open and black 100% closed magnetic flux tubes.
The satellite ground tracks are indicated by dashed lines; the red arrowheads mark the exit of the
inverted V's. The black dashed line near longitude 240° marks the entire ground track of the
inverted-V traversal shown in Fig. 1.
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inverted V’s are associated with boundary
regions between open and closed field lines.
The precipitation of electrons and the corre-
sponding acceleration and escape of ionospher-
ic ions take place in clefts interfacing magnetic
anomalies and in the boundary interfacing the
large-scale magnetization region with the non-
magnetized region at Mars.

Results from ASPERA-3 on MEX (20) sug-
gest that energization and outflow of plasma
may initiate at fairly low altitudes. Similarly,
the nightside energization and outflow may also
reach down to low altitudes, perhaps even lower
in view of the low nightside ionization. The
observations of upward-accelerated ions com-
bined with downward-accelerated electrons are
observed on flux tubes that are semi-open or
open, connecting to strong crustal magnetiza-
tions. However, we also observe acceleration in
boundaries enclosing the large-scale regions of
crustal magnetization. The intense fluxes of
upgoing ionospheric ions represent the erosion
of ionospheric plasma and the formation of
plasma density cavities (27). A combination of
parallel electric fields and waves deepens the
cavities and promotes an acceleration process
in which parallel acceleration and heating are
strongly coupled. This is consistent with the
linear relation found between the ion peak/
beam energy and the beam temperature (Fig. 3,
left), as previously observed above terrestrial

discrete auroras associated with field-aligned
plasma acceleration (5).

Discrete auroras are therefore expected to
occur in clefts interfacing with strong crustal
magnetization regions at Mars (Fig. 5), but also
in the interface region connecting the void and
presence of crustal magnetizations at Mars. To
complete the analogy between terrestrial dis-
crete auroras and martian auroras, the precip-
itating energy flux of electrons @, is derived by
adding the local energy flux ©, and the energy
flux gained by electron acceleration P, down to
the atmosphere. P, is computed using the
acceleration voltage (V) inferred from upgoing
ionospheric ion beams (Fig. 3, left). For electro-
static acceleration along a unit magnetic flux
tube, assuming acceleration in a narrow altitude
range, the total energy flux gain is given by
P, = eV, @, where @, represents the local
downward electron flux. Thus © , = ©, + eV ®,.
From 17 inverted V’s, we obtain the local max-
imum energy flux ©, = 0.01 to 3 mW/m?, from
which we derive ®, = 1 to 50 mW/m?2 The
latter corresponds to 2- to 80-kilorayleigh visible
emissions (at 557.7 nm; the “green line”) above
Earth. In a similar manner, the density distribu-
tion of atomic oxygen from a time-averaged
model of the martian atmosphere (22) suggests
that the green-line aurora is generated above
magnetic cusps and clefts in the nightside of
Mars at atmospheric heights of 50 to 80 km.
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Dissociation of MgSi0, in the Cores of
Gas Giants and Terrestrial Exoplanets

Koichiro Umemoto,* Renata M. Wentzcovitch,** Philip B. Allen®

CalrO,-type MgSiO, is the planet-forming silicate stable at pressures and temperatures beyond
those of Earth’s core-mantle boundary. First-principles quasiharmonic free-energy computations
show that this mineral should dissociate into CsCl-type MgO -+ cotunnite-type SiO, at pressures
and temperatures expected to occur in the cores of the gas giants and in terrestrial exoplanets.
At ~10 megabars and ~10,000 kelvin, cotunnite-type SiO, should have thermally activated
electron carriers and thus electrical conductivity close to metallic values. Electrons will give
a large contribution to thermal conductivity, and electronic damping will suppress radiative

heat transport.

into the CalrO,-type structure near Earth’s
core-mantle boundary (CMB) conditions
(1-3) invites a new question: What is the next
polymorph of MgSiO,? The importance of this
question has increased since the discoveries of
two new exoplanets: the Earth-like planet with

The transformation of MgSiO,-perovskite
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~7 Earth masses (4) (Super-Earth hereafter)
and the Saturn-like planet with a massive dense
core with ~67 Earth masses (5) (Dense-Saturn
hereafter). The extreme conditions at the giants’
cores (6) and exoplanet interiors are challenging
for first-principles methods. Electrons are ther-
mally excited, and core electrons start to par-
ticipate in chemical bonds. This requires either
all-electron methods or the development of
pseudopotentials based on core orbitals. Neither
density functional theory (DFT) nor the quasi-
harmonic approximation (QHA) have been
tested at these ultrahigh pressures and temper-
atures (PTs). Here, we use the Mermin func-
tional (7), i.e., the finite electronic temperature

(T,) version of DFT that includes thermal
electronic excitations, and ultrasoft pseudopo-
tentials (8) based on orbitals with quantum
number n = 2 and 3 for all three atoms. We
studied MgSiO,, MgO, and SiO,, up to 80 Mbar
and 20,000 K (figs. SI and S2, A to C).
MgSiO, could transform to another ABX -
type silicate or dissociate. We searched system-
atically for possible ABX; structures having
likely high-pressure coordinations and connectiv-
ities, but found none with enthalpy lower than the
CalrO,-type polymorph (see supporting online
material). This phase dissociated into CsCl-type
MgO and cotunnite-type SiO, at 11.2 Mbar in
static calculations (Fig. 1). Both binary oxides
undergo phase transitions below 11.2 Mbar.
MgO undergoes the NaCl-type — CsCl-type
transformation at 5.3 Mbar, and SiO, under-
goes a series of phase transitions: stishovite —
CaCl,-type — 0-PbO,-type — pyrite-type —
cotunnite-type at 0.48, 0.82, 1.9, and 6.9 Mbar,
respectively (Fig. 2). Our static transition pres-
sures agree well with previous first-principles
results (9—12) and experimental transition pres-
sures (13, 14), except for the a-PbO,-type —
pyrite-type transition in SiO,, which has been
observed once at 2.6 Mbar (15). CsCl-type
MgO and cotunnite-type SiO, have not yet
been seen experimentally. Baddeleyite-type and
Ol-type phases occur as pre-cotunnite phases in
TiO, (16), an analog of SiO,. Our results show
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