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The Spectrum of Comet Austin from 910 to 1180 A

JaMmEes C. GREEN, WEBSTER CAsH, TIMOTHY A. COOK, S. ALAN STERN

A spectrum of comet Austin (1988 c,) has been obtained from 910 to 1180 A. Three
bright emission lines were detected, including a forbidden oxygen line (1128 A), which
are attributable to radiative pumping of neutral oxygen by solar Lyman . The relative
strengths of the observed features should prove to be a useful diagnostic of the physical
conditions and radiation fields in cometary comae. In addition, the absence of strong
spectral features from highly volatile species such as He, Ar, or N, can be used to place
constraints on the thermal environment under which the comet was formed and has

been processed.

OMETS HAVE BEEN OBSERVED SPEC-
' troscopically for many years, from

the infrared through the vacuum
ultraviolet, down to approximately 1180 A.
These observations have shown comets to
be primarily composed of water and dust,
with many other volatiles present as trace
constituents. They have revealed that the
cometary coma, the gas cloud that sur-
rounds the nucleus, extends for tens of

thousands of kilometers into interplanetary .
space, and can vary in composition and -

physical conditions across its extent. How-
ever, not all elements and molecules can be
well studied with observations at wave-
lengths longer than 1180 A. Observations at
wavelengths shorter than 1180 A can yield
new insights on the physical processes oc-
curring in the comet.

We have developed a far ultraviolet imag-
ing spectrometer, operating from 910 to
1180 A, for the purpose of observing extra-
solar system objects. Because the atmo-
sphere completely absorbs radiation in this
wavelength band the instrument must be
operated in space. Therefore, it is flown on a
sub-orbital sounding rocket, which provides
several minutes of observing time above the
earth’s atmosphere before returning the in-
strument to earth on a parachute. At pres-
ent, no satellite exists which can perform
spectroscopic observations in this band.
This capability will not exist until the launch
of the Far Ultraviolet Spectroscopic Explor-
er (FUSE).

Comet Austin provided a unique oppor-
tunity for observation, both because it was
bright, and because it is likely that it is a
“pristine” comet, that is, it was entering the
inner solar system for the first time. There-
fore, it should provide good insight for
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determining the formation processes and
subsequent evolution of primordial objects
in the outer solar system, where the comet
has been residing since its formation.

Comet Austin was observed on 28 April
1990 (GMT = 09:45) with a sounding
rocket-borne  far-ultraviolet spectrometer
launched from White Sands Missile Range.
At the time of the observation, comet Aus-
tin was at a heliocentric distance of approx-
imately 0.6 AU, and a geocentric distance of
approximately 0.6 AU.

The telescope/spectrometer has a resolu-
tion of approximately 3 A and an average
effective area of approximately 0.5 cm? in
the wavelength region from 910 to 1180 A.
The spectrometer entrance aperture is de-
fined by two slits. The primary slit is 9 arc
sec by 120 arc sec and the secondary slit is 3
arc sec by 220 arc sec. The spectrum was
recorded on an imaging microchannel plate
detector. A complete description of the in-
strument has been published elsewhere (1).
The instrument was calibrated for absolute
effective area and spectral resolution both
before and after flight at the far ultraviolet
calibration facility at the University of Col-
orado (2).

Comet Austin was observed for 258 s,
with the spectrometer entrance slit aligned
along the comet’s tail. The brightest part of
the comet, as seen in the visible, was cen-
tered on the primary slit, and the tail of the

comet extended along the secondary slit. In -

Fig. 1 we show all the events recorded on
the detector during the observation of com-
et Austin. Both real photon events and dark
background events are displayed. The direc-
tion of dispersion and the orientation of the
slit on the sky are also depicted. Three bright
features are evident in the spectrum of the
nucleus, while only one is clearly present in
the tail. In Fig. 2 we show the spectrum of
the comet from the region within +1 arc

min (approximately +26,000 km) of the
cometary nucleus (the primary slit). The
ordinate in Fig. 2 represents total counts
collected during the observation, not flux.
No correction has been made for back-
ground subtraction or instrument response.
However, the background signal is very
small compared to the bright features, and
the instrument response is very flat, so that
the ratio of counts in each feature is very
close to the flux ratio. The low level counts
outside the region of the three bright fea-
tures is simply integrated detector back-
ground, and does not indicate the presence
of any continuum emission.

The brightest feature seen in Fig. 2 is HI
Lyman B 1025.7 A, blended with an OI
triplet at 1025.7, 1027.4, and 1028.7 A [3d
®Dy20 = 25° 2p* 3P, o (ground state)],
radiatively pumped by solar Lyman B. Given
the uncertainty concerning the physical con-
ditions within the coma, it is impossible to
state at this time what fraction of the emis-
sion originates from HI or OI, or both.
Additionally, some fraction of the emission
originates from geocoronal and interplane-
tary Lyman B [on the order of 10 rayleighs
(R); 1 R = 10%4m photons cm™2s™ ' st 1)].
The intensity of the blended OI and HI
feature is approximately 1100 R. Fluores-
cent pumping of OI by solar Lyman B was
originally predicted by Bowen (3), and has
been identified through bright OI 1304 A
emission in two previous comets, Khoutek
(1973 XII) and West (1976 VI) (4). How-
ever, to our knowledge, this is the first time
the cometary Lyman B line has been directly
observed.

The other two features, which occur at
1042 + 2 A and 1127 * 2 A have been
identified as an OI triplet dominated by
1041.7 A (45 38, — 252 2p* 3P,) and an OI
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Fig. 1. A plot of all the events recorded during the
observation of comet Austin. The numbers 1 and
2 indicate the locations of the primary and sec-
ondary slits, respectively. Wavelength increases
toward the right. The brightest feature in the
primary slit is the feature at 1026 A. The higher
level of background at the extreme right of the
detector is due to scattered Lyman a.
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complex near 1128.3 A (3p 3P, — 25>
2p* 3P, ). The intensity of the 1042 A
and 1127 A features are approximately 190
and 320 R, respectively. Other low level
emission features may be present near 989 A
(OI) and 1134 A (NI), however, the statis-
tical significance of these features is low, and
further analysis is required.

It is also interesting to note the absence
of any significant emission features associ-
ated with highly volatile noble gases. Argon
and helium features would have been expect-
ed from transitions at Arl A 1048, 1066 A,
and Hel A 584 A (appearing at 1168 A in
second order). Since comet Austin’s orbit
indicates that it was making its first approach
to the inner solar system at the time of our
observation, the absence of any significant
emission from these elements may place im-
portant limits upon the thermal conditions
during the comet’s formation and later stor-
age in the Oort cloud (5).

In Fig. 3, we show an energy level dia-
gram of OI, indicating the likely transition
paths that are indicated by the emission (6).
The 1042 A and 1128 A feature result from
the cascade of radiatively pumped OI by
solar Lyman B. While the presence of the
permitted OI lines near 1042 A were not
unexpected, the existence of the forbidden
lineat 1128 Aisa surprise. However, we are
confident in the identification of this line
because (i) there are no permitted ground
state transitions of any reasonably abundant
elements within the error of the line identi-
fication (7), (i) most molecular processes
would be expected to make several lines of
comparable strength, rather than the single
line observed, and (iii) it would require an
extremely unfortunate coincidence to have a
non-oxygen feature occur exactly where an
OI cascade feature could appear, and no
where else, especially when all other ob-
served features are consistent with the OI
pumping scenario.

Additionally, we have ruled out the pos-
sibility of an instrumental origin for the
1128 A feature. The feature has the proper
signature for line emission from a diffuse
source, and therefore the only reasonable
instrumental source for this feature would
be a grating ghost from the very bright
Lyman « feature at 1216 A which is outside
of this instrument’s bandpass. Grating
ghosts occur when wavelengths appear at a
diffracted angle that is inconsistent with the
grating equation. These normally result
from fabrication errors in the grating.

There is an independent estimate of the
Lyman « intensity from Austin of 150 kR,
obtained by scaling IUE measurements.
This would mean that there would have to
be a ghost of approximately 0.2% to ac-
count for the 1128 A feature. We have ruled
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Fig. 2. The spectrum of 100 T

comet Austin from 910 to
1180 A. The three bright
features noted are the com-
bined hydrogen and oxygen
emission near 1026 A, the
permitted oxygen line near
1042 A, and the forbidden 60 -
oxygen line near 1128 A.
The y-axis represents total
counts per bin, which have
not been corrected for in- or
strumental response. The
slight rise in counts at the
extreme right of the plot is
due to low level scattered
Lyman a.
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out any grating ghosting to a level of 0.03%
by laboratory measurements.

Another argument against any possible
ghosting can be seen in Fig. 1. Because
Lyman B is present in both the nucleus and
the tail, it is reasonable to assume that
Lyman « is present as well. Therefore, any
ghost of Lyman a would be expected to
appear in the tail with the same intensity
relative to Lyman $ as seen in the nucleus.
But there is no 1128 A emission seen in the
tail, and this non-detection is significant to
98%. This result further indicates that the
1128 A feature seen in the primary slit is
not a ghost.

It is also of interest to note that the
presence of forbidden OI emission in com-
ets is not unprecedented. Festou and Feld-
man (8) identified the 'S — 3P forbidden
line of OI at 2972 A in comet Bradfield.
Other forbidden lines of OI have been seen
in several other comets (9). However, these
previously observed lines originated from
metastable states, while the 1128 A feature
originates from a state with a permitted path
to the ground state. Therefore, the physical
implications of this emission are different
than those of the previously observed for-
bidden lines.

The presence of the strong OI 1042 A
emission combined with the lack of accom-
panying OI 989 A emission indicates that
the fluorescence mechanism previously de-
scribed is occurring in the coma. However,
in order to produce the 1128 A emission,
the coma would have to be very optically
thick to \ 8446 A emission. The number of
optical depths in this line would have to be
comparable to the 8446/1128 branching
ratio, probably of order 10%. Under such
circumstances, 1128 A emission from the 3p
3P state would be expected. In fact, in the
extremely optically thick limit, the intensity
of any feature should be proportional to the
number of possible transitions paths. The

1128 A feature has eight possible transitions
to the ground state, while the 1042 A
feature has only three. Therefore, the 1128
A feature would be approximately 8/3 as
bright as the 1041 A feature. This ratio is
roughly seen in the observation. This ratio
should also hold true for any OI N 1304 A
emission from the comet. This feature is
outside of our instrument bandpass, but was
observed by another sounding rocket instru-
ment. Preliminary results from that observa-
tion indicate that the 1304 A emission
strength was about 100 R over a compara-
ble spatial region. Again, the 1128/1304
ratio is roughly consistent with the extreme-
ly optically thick scenario.

Unfortunately, this scenario requires OI
densities in the coma that are many orders of
magnitude higher than those predicted from
standard cometary models. However, we
feel that the detection of all three OI lines
that could result from a Lyman B pumped
cascade indicates strongly that this cascade

rocess is occurring, and that the 1127 + 2
feature is the OI 1128 A transition. At
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Fig. 3. A partial energy level diagram for OI,
showing the relevant transitions that appear in
this observation.
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present, we cannot give a completely ade-
quate explanation for its presence. There is
no other evidence of extremely high densi-
ties in the coma. But there are other possible
explanations for the emission. For example,
following the suggestion of Gladstone (10),
it is possible that intense electric fields in the
coma could change the 1128/8446 branch-
ing ratio so that the 1128 A transition is no
longer forbidden. Other possible explana-
tions may exist. However, we want to em-
phasize that the detection is real, and not
due to instrumental effects.

Other astrophysical objects seem to indi-
cate that similar processes are occurring.
Thus we may find in the future that the
1128 A line will become a standard diagnos-
tic for many classes of objects. For example,

quasar emission-line clouds have been
shown to be optically thick in 8446 A, an
optical line that populates the 3p *P state of
Ol the originating state for 1128 A emission
(11). M-giant chromospheres have exhibited
1641 A emission, another forbidden transi-
tion resulting from a cascade through the 3p
3P state (12). Unfortunately, observations of
these dim targets at 1128 A will probably
have to wait until the FUSE experiment flies.
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Phase Transition and Thermal Expansion of

MgSiO; Perovskite

YANBIN WANG, DONALD J. WEIDNER, ROBERT C. LIEBERMANN,
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Results from in situ x-ray diffraction experiments with a DIA-type cubic anvil
apparatus (SAM 85) reveal that MgSiO; perovskite transforms from the orthorhom-
bic Pbnm symmetry to another perovskite-type structure above 600 kelvin (K) at
pressures of 7.3 gigapascals; the apparent volume increase across the transition is
0.7%. Unit-cell volume increased linearly with temperature, both below (1.44 x 10~°
K™!) and above (1.55 x 107° K™') the transition. These results indicate that the
physical properties measured on the Pbnm phase should be used with great caution
because they may not be applicable to the earth’s lower mantle. A density analysis based
on the new data yields an iron content of 10.4 weight percent for a pyrolite
composition under conditions corresponding to the lower mantle. All current equa-
tion-of-state data are compatible with constant chemical composition in the upper and
lower mantle; thus, these data imply that a chemically layered mantle is unnecessary,
and whole-mantle convection is possible.

out the lower mantle. However, many per-

T PRESSURES GREATER THAN 23
A GPa, all of the major minerals of the

earth’s upper mantle transform un-
der high temperatures to phase assemblages
dominated by (Mg,Fe)SiO; perovskite (1).
Therefore, the properties of this silicate per-
ovskite control those of the earth’s lower
mantle (depths of 650 to 2900 km) and
knowledge of its crystal structure and re-
sponse to changes in temperature and pres-
sure are crucial in understanding physical
and chemical processes of the mantle. Under
ambient conditions, the crystal structure of
the metastable perovskite is orthorhombic,
with space group Pbnm (2), which has been
assumed to be the stable structure through-
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ovskite-structure materials with ABO; com-
position undergo sequences of phase
transitions with increasing pressure and
temperature, and these transitions are asso-
ciated with dramatic changes in physical

properties (3). Earlier conclusions that the
Pbnm distortion remains unchanged with
increasing temperature and pressure (4, 5)
have been shown to be incorrect (6-9).
Transmission electron microscopy studies
on twin-domain structures in MgSiO; per-
ovskite quenched from 26 GPa and 1873 K
provide indirect evidence of the presence of
structural phase transitions (10). At atmo-
spheric pressure thermal expansion measure-
ments have been limited to a few hundred
kelvin, above which the perovskite structure
becomes unstable (4, 6, 9). Recently, Mao et
al. (11) carried out a simultaneous high-
pressure and high-temperature study using
an externally heated diamond-anvil cell;
however, as the temperature was increased
from 300 to 877 K, the pressure decreased
from 27 to 4 GPa.

By using a large-volume, high-pressure
apparatus in conjunction with a synchrotron
x-ray source, we have been able to stabilize
MgSiO; perovskite to temperatures up to
1253 K at constant pressure and to study the
evolution of its crystal structure by x-ray
diffraction. The experiment was performed
in a DIA-6-type cubic-anvil apparatus
(SAM-85) at the superconducting wiggler

Table 1. Zecro-pressure linear compressibilities of (Mg,Fe)SiO; perovskite at 300 K. P,

maximum pressure in the measurements; pressure medium: M-E, methanol-ethanol; M-E-W,
methanol-ethanol-water; Ne, neon; sample form: SC, single crystal; P, powder. References (7), (8),
and (11) give angle-dispersive x-ray data from the diamond cell; (16) gives Brillouin spectroscopy

data at 1 bar.

Pressure Sam-

Ba Bb B( Pmax
(TPa-')  (TPa')  (TPa"')  (GPa) x medium  ple  References
131 1.20 1.56 0 0 — sC (16)
141 107 157 10 0 MEW  SC ®)
130 1.04 124 13 0 ME,Ne  SC 7)
129 1.05 133 30 0t00.2 Ne P (11)
129 1.03 131 73 0 NaCl P This study
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