NG,

Fig. 5. Phase microscopic comparison of floccu-
lent material from the 9°N snowblower vent and
the laboratory reactor. (A and B) Intact flocs. (C
and D) Filamentous material dispersed by vigor-
ous physical mixing. Symbols: 9N, samples ob-
tained from 9°N snowblower vent; Reactor, sam-
ples obtained from the laboratory reactor.

tangling, long, irregular filaments rather
than as globular or amorphous sulfur, as
found with most known sulfide oxidizers. By
modification of the turbulent boundary lay-
er, mats of these filaments may also be
important in regulating the local microen-
vironment (for example, O,-H,S gradients)
in which the organisms reside.
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The Isotopic Oxygen Nightglow as
Viewed from Mauna Kea

T. G. Slanger,* D. L. Huestis, D. E. Osterbrock, J. P. Fulbright

Optical spectra of the terrestrial nightglow in the 520- to 900-nanometer region, as
measured by the W. M. Keck telescope on Mauna Kea in Hawaii and the associated
high-resolution echelle spectrograph, showed many bands belonging to the important
O,(b-X) Atmospheric Band emission system. Previous ground-based measurements
have shown only a single band, from the lowest vibrational level of the emitting state. Of
particular interest is the fact that at the 762-nanometer position of the b-X 0-0 band,
where earlier studies have shown only absorption features, these results showed both
absorption at the '®0€0 line positions and well-resolved emission at the positions of
many of the 180'€0 and 700 lines. These findings show that substantial advances
can be made in understanding atmospheric emission phenomena by the use of astro-

nomical tools.

The terrestial nightglow is the emission in
the upper atmosphere, typically in the 80-
to 100-km altitude region, originating from
chemical reactions and atom recombina-
tion processes. As seen from the ground,
this emission is dominated by two emitting
molecular species, O, and OH. The OH
emission is in the ground-state Meinel band
system, beginning near 520 nm and extend-
ing well into the infrared region (1). O,
emission is found in the near ultraviolet
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from the Herzberg band systems (2) and in
the red and infrared from the Atmospheric
(b‘E; -X 32; ) and Infrared Atmospheric
(a'A, - X33.) Band systems (3, 4). The
a'A, and b'S} states of oxygen are the first
and second electronically excited states, re-
spectively (5). The region between 600 and
900 nm has typically been considered to be
almost barren of molecular oxygen emission
features, but we show here that with suffi-
cient resolution and sensitivity, this region
contains a great deal of spectral informa-
tion, pertaining to atmospheric energy flow
and the photochemistry of O,, that can be
extracted from ground-based observation.
As many astronomical measurements are
made in the 600- to 900-nm region, consid-
erable effort has been expended in accurately
determining the positions of the ubiquitous
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OH lines, which are useful for spectral cali-
bration of the radiation from astronomical
objects. A study was recently completed for
this purpose (1) that used the high spectral
resolving power of the high-resolution echelle
spectrograph (HIRES), which is coupled to
the Keck telescope, and the sky spectra that
are routinely obtained during astronomical
observations. Although OH was the target for
this investigation, the detector sensitivity and
the optical resolution (0.02 nm) are high
enough for detection of O, Atmospheric
Bands from vibrationally excited levels. In the
original publication (1), emission spectra from
the vibrational quantum number v = 3 and 4
levels of the 02(512: ) state were presented.
In the many previous nightglow studies, only
the lowest v = 0 level had been seen.

We have now carefully scrutinized the
Keck spectra and found numerous interesting
and important features. This paper emphasizes
the isotopic lines observed in the 762-nm
region, but there is much to be learned about
the vibrational development in the b'> 7 state
and the so-called nightglow continuum. The
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Fig. 1. (A) DIATON! spectral simulation of the
80160(b-X) 0-0 band in emission. The R-branch
contains subbranches R and FQ, whereas the
P-branch has subbranches PP and PQ (78). (B)
The HIRES spectrum in the region of the O,(b-X)
0-0 band. The positions of the 8060 lines are
marked. The two horizontal lines define the mag-
nitude of the nightglow continuum, the portion
that originates in the upper atmosphere and be-
yond. Off-scale lines are due to OH. (C) DIATOM
8Q60(b-X) 0-0 emission band simulation plus a
continuum emission contribution, convolved with
a DIATOM simulation of the '60'®O and
180180 (b-X) 0-0 bands in absorption (text).
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latter can be quantified, because the O, ab-
sorption spectra observed in the present work
define the depth of the continuum, which is
the background emission against which the
absorption is observed. The nightglow contin-
uum is a glow of somewhat uncertain origin,
which has components of atmospheric emis-
sions (6) (for example, electronically excited
NO,), as well as radiation from stars and
galaxies.

The atmosphere is largely transparent to
the OH emission lines, but the same is not
true for the O, a-X and b-X systems, at least
for those transitions that terminate on v = 0
of the ground state. Typical nightglow inten-
sities of the O,(b-X') 0-0 band (the transition
between the v = 0 levels in both the upper
and lower electronic states) are substantial
when viewed from rockets or satellites, on the
order of 5 kilorayleighs (kR) (7), but no dis-
cernible amount of this radiation has ever
been reported to reach the ground, because of
the very large line-of-sight O, optical depth
from the emitting region.

The O, (b12+) state in the nightglow is
generated directly or indirectly from the re-
Lombmatmn of oxygen atoms (7, 8) and is
thus a marker for the O atom density in the
85- to 105-km region. In addition, the state is
copiously produced in a secondary reaction
when ozone is photodissociated by solar ultra-
violet radiation in the stratosphere and is
generated by solar resonance excitation in the
b-X 0-0 band (9). Peak dayglow intensities of
~100 kR have been observed (10) and suc-
cessfully simulated (11).

The O,(b-X) optical transition is strongly
forbidden and has a radiative lifetime of 12 s,
calculated from the absorption cross section
(12). Upon absorption of the 0-0 band in the
atmosphere by O,, there is little chance of
re-emission, because of quenching by N,. For
zenith observations, most absorption in the
atmosphere takes place between 35 and 55
km, but the b(v = 0) population can be
measured from the ground, as the b-X 0-1
band at 864 nm can be detected (1) and it is
not significantly absorbed in the atmosphere.
The intensity ratio Iy /I, under optically
thin conditions is 20 (13).

Babcock and Herzberg (14) measured
absorption by O, against the solar continu-
um and showed that the O,(b-X) 0-0 lines
are substantially broadened as a conse-
quence of the large optical absorption
depth. It appears that since these early mea-
surements were made, little attention has
been paid to that spectral region in terms of
ground-based measurements. The opacity
effect is well known and also affects emit-
ters other than O,. For instance, recent
spectral measurements on “red sprites,” the
transient high-altitude emission associated
with lightning strikes (15), have shown that
the N, First Positive emission near 762 nm

is greatly depleted (16). The O, absorption
effect is accentuated by the 80° zenith angle
at which the phenomenon is observed, so
the O, optical depth is far greater than for
vertical observations.

The experimental spectrum in the re-
gion of the O,(b-X) 0-0 band, taken with
HIRES, is shown in Fig. 1B. It contains
substantial structure, demonstrating that
the region is not uniformly opaque. This has
been clear since Babcock and Herzberg’s
measurements (14). They showed, in solar
continuum absorption, that many of the
lines of the '8O"O(b-X) 0-0 band are sep-
arated from the broadened lines of the nor-
mal isotope. Thus, it is reasonable to expect
that, with sufficient resolution and sensitiv-
ity, the isotopic nightglow of O, should be
discernible; the isotopic abundance per-
centages are 99.76, 0.037, and 0.204 for
160, 170, and '80, respectively.

In the calculated emission spectrum of
the '5O'Q(b-X) 0-0 band (Fig. 1A), made
at 0.02-nm spectral resolution, with the
DIATOM  spectral  simulation program
(17), the intensity of the strongest R-
branch lines is about 50% greater than that
of the strongest P-branch lines, whereas the
reverse is seen in the HIRES spectrum (Fig.

B). This observation is a consequence of
16010 absorption, as shown below. The
comb-like structures in Fig. 1B show the
lines appearing in the HIRES spectrum that
clearly belong to the OO isotopic band.

[t is important to realize that the present
observations are made possible by spectro-
scopic serendipity. Because OO has
identical nuclei, only alternate rotational
levels exist. As this is not a restriction for
the isotopic molecules, the '"O0 and
SO0 molecules have twice as many lines,
and it is chiefly the alternate lines that have
no match in '°O'O that are atmospheri-
cally transmitted. Because the HIRES spec-
trum is a combination of absorption and
emission lines, we define a nightglow con-
tinuum intensity in Fig. 1B, where the min-
ima in the absorption lines give the zero
continuum level and the unattenuated con-
tinuum intensity derives from the adjoining
spectral region.

To convert the calculated spectrum of
Fig. A into an approximation of the HIRES
spectrum, it is necessary to determine an
absorption line profile for the OO and
15010 lines. Detailed treatments exist (18),
although an extensive analysis is not war-
ranted by the present data. The absorption
lines near the point of origin of the emission
have Gaussian line shapes, with a 200 K
Doppler width of 0.02 ecm ™', but lower in
the atmosphere, pressure broadening be-
comes important, and the line profile be-
comes intermediate between Gaussian and
Lorentzian. A complication in the analysis is

277 » 5 SEPTEMBER 1997 o www.sciencemag.org



that observations obtained with the tele-
scope pointed ‘at various astronomical ob-
jects were not made at a constant O, column
depth or for the present purpose. The data
were taken at zenith angles between 25° and
50°. The secants of these angles, 1.10 and
1.55, average to 1.32, the factor by which the
overhead column must be multiplied to ob-
tain an average column depth. Thus,
would not be appropriate to use sophisticat-
ed procedures to analyze the spectrum.

At the 4.2-km elevation of Mauna Kea,
the vertical O, column depth is 2.5 X 10%
cm~?, leading to a value of 3.3 X 10%* ¢cm ™2
for the present observations. To calculate
the absorption line profile, we used a
Lorentzian absorption line shape with a
linewidth of 0.05 cm™! at a temperature of
240 K. The emission lines were given the
Doppler linewidth of 0.02 cm” ! at a tem-
perature of 200 K.

We obtained Fig. 1C by convolving the
calculated 240 K '°0'%0 and '#0'%0 absorp-
tion spectra with the 200 K '#0'60 emission
spectrum of Fig. 1A and then adding a con-
stant continuum level. The relative ampli-
tudes of the line and continuum contributions
were adjusted to approximately fit the exper-
imental data. The final spectrum was then
degraded to 0.34-cm™ resolution to match
the instrumental linewidth. It can be scen in
Fig. 1C that the model reproduces the three
major gaps in the P-branch and that the R-
branch has become weaker than the P-
branch. Thus, agreement is satisfactory in the
important details. In comparing Figs. 1B and
1C, various extraneous lines may be secn in
the former that do not appear to be associated
with O, features. These extrancous lines are
not surprising; there are OH lines throughout
the spectral region, many of them not yet
identified, and the data are currently bcmg
analyzed.

These spectroscopic observations are fasci-
nating examples of simultaneous absorption
and emission, made possible by three physical
effects. First, the unattenuated 0-0 band in-
tensity is large enough (~5 kR) for the small
fraction arising from the minor isotopes to be
detected. Second, the fact that there are twice
as many '®0'%O emission lines as '*O'*0
absorption lines results in spectral separation.
Third, the low intensity of the continuum
against which the absomption is viewed is
comparable in magnitude to the emission sig-
nal. In contrast, it would be impossible to
detect these emissions in either a solar or
lunar absorption experiment.

The Keck data show another example of
absorption, the b-X 1-0 band at 686 nm (Fig.
2). The work of Babcock and Herzberg (14)
demonstrated that this transition is also opti-
cally thick. No emission is expected because
the unattenuated 1-0 emission is weak, both
because of rapid atmospheric quenching of
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the v = 1 level by O, (19) and the small
Franck-Condon factor of the 1-0 band (13).
Nevertheless, it is apparent that there are
emission lines present in Fig. 2. These emis-
sion lines have not yet been identified but are
presumably due to one of the many b-X emis-
sion bands appearing in the data.

As our calculations have been based on
the heavier isotope, a remaining question is

the relation between '%0'0O and '"0'0Q)

line intensities. The absolute peak absorp-
tion cross section in the OO 0-0 band
for a 0.05-cm™~"-wide linc is 1 X 10722 cm?
(13). When one uses an Q, column depth
of 3.3 X 10%* em~2, thc ‘optical -depth
(OD) at line center is 330. Calculating
self-absorption by 800, we found an
OD of 330(0.00204 X 2) = 1.4, leading to
the conclusion that only 25% of nightglow
emission from the strongest %00 lines
reaches the ground for the conditions of
these observations.

The amount of 7O'Q in the atmosphere
is smaller than that of '%0"°O by a factor of
5.5. Thus, its OD is 0.25, and 78% of its
radiation would reach the ground. On the
assumption that the O,(b-X) 0-0 emission
exhibits isotopic ratios in accord with natural
abundances, the intensity ratio I'7O'Qf
['8O'¢0 should be 0.78/(5.5 x 0.25) = 0.57,
and 36% of the detected signal should be due
o 170'Q. This ‘value is dependent on the
actual OD (proportional to the secant of the
zenith angle), and for the most strongly ab-
sorbed lines, a doubling of the OD will increase
the percentage of 1700 emission to 65%.

Pursuing this point will require data with
still better spectral resolution, to sepatate the
lines of the two heavier isotopes. In' the R-
branch, the few isolated OO lines may
suffer interference from b-X 8-7 band lines. In
the P-branch, the lines of the two isotopes
tend to be coincidental at 0.02-nm resolution,
separating ‘only at higher rotational levels
where there are numerous extraneous lines.
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Fig. 2. HIRES spectrum in the region of the
0,(b-X) 1-0 band, with the absorption lines super-
imposed on the nightglow continuum. Off-scale
lines are due to OH.

Nevertheless, it is important to ascertain
whether the nightglow emission intensities
are in accord with the terrestrial isotopic ra-
tios, and data taken with an experimental
protocol specifically designed to investigate
the O, nightglow would clarify this and other
outstanding questions.

This study shows that there is much more

“spectral information available from ground-
“based observations than heretofore recog-

nized. The critical parameter is optical reso-
lution, and spectra taken at 0.02-nm resolu-
tion have enabled us to show that the 762-

‘nm Tegion is a rich source of isotopic

information and also that it provides data on
the nightglow continuum. It should be pos-
sible, in other regions, to demonstrate the
presence of numerous O,(b-X) emission
bands, from highly excited vibrational levels.
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Detection of Soft X-rays and a Sensitive Search
for Noble Gases in Comet Hale-Bopp
(C/1995 01)

Vladimir A. Krasnopolsky,” Michael J. Mumma, Mark Abbott,
Brian C. Flynn, Karen J. Meech, Donald K. Yeomans,
Paul D. Feldman, Cristiano B. Cosmovici

Animage of comet Hale-Bopp (C/1995 O1) in soft x-rays reveals a central emission offset
from the nucleus, as well as an extended emission feature that does not correlate with
the dust jets seen at optical wavelengths. Neon was found to be depleted in the cometary
ice by more than a factor of 25 relative to solar abundance, which suggests that ices in
Hale-Bopp formed at (or later experienced) temperatures higher than 25 kelvin. A helium
line emission at a wavelength of 584 angstroms was detected and may be attributable
to charge transfer of solar wind « particles in the cometary coma. lonized oxygen and
another helium line contribute to an emission observed at 538 angstroms.

The Extreme Ultraviolet Explorer satellite
(EUVE) provides spectroscopic measure-
ments of celestial objects in a wavelength
range of 70 to 760 A and imaging in a 70 to
180 A (=~ 180 to 70 eV) bandpass (1). At
760 A, the photon energy (163 V) ex-
ceeds the bond energies in molecules and
the ionization potentials of most neutral
atoms (except He, Ne, and F); hence, only
spectral lines of He, Ne, F, and atomic ions
are expected in the extreme ultraviolet
(EUV) spectra of comets. He and Ne have
resonance lines in this range, and abun-
dances of Ne could serve to constrain the
temperature at which precometary ices
formed. Only upper limits to abundances of
He, Ne, and Ar have been established in
comets (2), but those for Ne and Ar exceed-
ed the solar abundances by more than an
order of magnitude. Solar light is faint in
the EUV, so even the strongest EUV emis-
sions from bodies such as the moon, Mars,
and Jupiter are near the detection limit (3).
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Hale-Bopp (C/1995 O1) is perhaps the
biggest and brightest comet of this century;
its nucleus mass may exceed that of comet
1P/Halley by a factor of 40 (4). Our EUVE
observation of Hale-Bopp was acquired
from 14 to 19 September 1996, when the
comet was at heliocentric and geocentric
distances r = 3.07 AU and A = 2.91 AU,
respectively. The total exposure time was
1.4 X 10° s, and its effective value was
reduced to 7 = 9 X 10* s as a result of
filtering (5).

A soft x-ray image of Hale-Bopp in the
range of 70 to 180 eV was obtained and
corrected for background and for a known
vignetting function (6). To improve the
signal-to-noise ratio, we convolved the im-
age with a Gaussian having a radius at
half-maximum of 1.5 X 10> km (Fig. 1A).
An optical image (Fig. 1B), enhanced to
show dust jets more clearly (7), does not
correlate with the x-ray image. The x-ray

emission is not centered on the expected
position of the nucleus. The center of
brightness is offset relative to the expected
position of the nucleus by 1.4 (+0.6) X 10°
km in the sky plane. If the brightness center
lies on the sun’s azimuth, then the distance
of the brightness center from the nucleus is
2.7 (+1.2) X 10° km (8). The center of
brightness is between the radius vector to
the sun and the comet velocity vector, and
an extended region of emission is seen to-
ward the southwest. A weak feature in the
antivelocity direction is also seen.

The soft x-ray brightness varies with dis-
tance from the brightness center p, (Fig. 2).
The x-ray brightness in Hale-Bopp is max-
imum at 0.005 rayleighs and decreases by a
factor of 3 to p, = 2 X 10° km. The
production rate of x-ray photons Q_ is 8
(+2) X 10** photons s7! for p, = 4 X 10°
km (9, 10) (Fig. 3). If charge transfer is a
dominant excitation process, then [using a
spectrum from (10) and our measurement]
we expect a total x-ray (E > 80 eV) lumi-
nosity of 3.5 X 10?° and 2.6 X 10%° photons

s7lfor p =4 X 10° and 2.5 X 10° km,
respectlvely

The Ne 736 A line is traditionally used as
a tool to search for Ne. However, the second
resonance line for Ne (the analog of Lyman-
B) at 630 A coincides with a strong emission
line in the solar spectrum and therefore pro-
vides better detection prospects than the 736
A line, by two orders of magnitude (12). The
advantage of the 630 A line reaches three
orders of magnitude for EUVE, which has a
lower efficiency at 736 A than at 630 A.

No cometary signal is seen at 630 A, and
a 20 upper limit corresponds to 45 counts
for the largest bin (Fig. 4); this limit corre-
sponds to Qn, < 4 X 10?7 s7! (13). The
production rate of oxygen (as H,O, CO,
and CO,) was equal to 6.6 X 10?? s7! during
the observation (4). Hence, the Ne/O ratio
in the gas alone is <6 X 10~* in Hale-Bopp.
The ratio of oxygen in the dust and gas was
1.3 in comet 1P/Halley (14). Scaling to the
dust and gas productions in both comets (4,
15), we find that this ratio is ~8 in Hale-

Table 1. Observations of soft x-rays in Hyakutake and Hale-Bopp. X-ray data for Hyakutake are from
(37); r is the heliocentric distance, Q, is the x-ray photon production rate observed within a cometo-

centric radius p,, pg is the offset of the brightness center from the nucleus, Q¢

is the gas production

rate (4, 38), and Afp is proportional to the dust production rate (4, 38). Afp, is discussed in (35).

Parameter Hyakutake Hale-Bopp
r (AU) 1.07 3.07
Q, (photons s™7) 1(£0.2) X 1025 8 (+2) x 1024
Po (km) 1.2 x 105 4% 10°
pg (km) 5.6 (£1) X 10*t 2.7 (+1.2) X 10°
Qgas (871 2 x 1029 6 X 1029
Afp (M) 79 630
(Afp), (M) 3700 7500
(Afp), /Afp 47 12

*1025 photons s~ from (34). 13 x 10* km from (34).
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