rated than previously estimated. For exam-
ple, the ammonia profile of Carlson et al.
(13) decreases by a factor of 10 from 2 bars
to 1 bar, whereas our fitted profile decreases
by more than a factor of 20 between 3 bars
and 1 bar, and decreases by another factor
of 4 between 1 and 0.5 bars, where their
profile is constant. It remains to be deter-
mined whether we can find an opacity
structure that is not only consistent with
NFR observations but also satisfies other
constraints derived from recent ground-
based or past Voyager observations of hot
spots.
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Results of the Galileo Probe
Nephelometer Experiment

Boris Ragent,* David S. Colburn, Philip Avrin, Kathy A. Rages

The nephelometer experiment carried on the Galileo probe was designed to measure the
jovian cloud structure and its microphysical characteristics from entry down to atmo-
spheric pressure levels greater than 10 bars. Before this mission there was no direct
evidence for the existence of the clouds below the uppermost cloud layer, and only
theoretical models derived from remote sensing observations were available for describ-
ing such clouds. Only one significant cloud structure with a base at about 1.55 bars was
found along the probe descent trajectory below an ambient pressure of about 0.4 bar,
although many indications of small densities of particle concentrations were noted during

much of the descent.

The objective of the nephelometer exper-
iment (1) aboard the Galileo probe (2, 3) is
to explore the vertical structure and micro-
physical properties of the clouds and hazes
of the jovian atmosphere. The instrument
measured the scattering of an incident light
beam from defined volumes in the atmo-
sphere near the probe at five angles, four at
forward scattering angles and one in a back-
scattering direction. An arm containing re-
flective mirror optics was successfully de-
ployed shortly after the heat shield and
aeroshell were removed. The instrument
functioned and data were recorded from an
altitude of about 20 km (~0.4 bar) above
the 1-bar pressure reference altitude down
to an altitude of about —140 km (~22 bars)
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(4). Data were obtained over the entire
probe reporting period, but the instrument
began to exhibit erratic behavior after
about 40 min (~13 bars) of descent and
began to fail, presumably because of the
extreme operating conditions (5).

After the probe entered the atmosphere
and decelerated, the nephelometer experi-
ment was turned on about 13 s before the
heat shield separated from the probe. About
2 s after heat shield separation, squibs free-
ing the nephelometer mirror arm were fired,
commencing measurement of the ambient
jovian atmosphere. Since the first measure-
ments were affected by all these events, the
first viable atmospheric data were obtained
about 19.7 s after the instrument was turned
on, corresponding to an ambient atmo-
spheric pressure and temperature of ~0.4
bar and 129 K. Data were obtained for the
next 57 min. However, because the instru-
ment deteriorated in the hot internal probe
environment near the end of descent, valid
data may have been obtained only for the

i



first 35 to 40 min of descent, corresponding
to an ambient pressure of ~10 to 13 bars.

Curves of the raw data recorded for the
five scattering angle channels during de-
scent, as a function of ambient atmospheric
pressure, are shown in Fig. 1. In the first 90
to 100 s (to ~0.6 bar) of descent, only small
particle concentrations and a decrease in
particle concentration with descent were
encountered. This is the region where all of
our previous considerations had led us to
believe that we would encounter an ammo-
nia cloud. Thus, it appears that, as evidence
of this cloud may have been confirmed by
another experiment aboard the probe (6),
the ammonia cloud was inhomogeneous
and very tenuous in the near vicinity of the
probe. Or, possibly, it lay primarily above
our altitude of deployment, and we only
sampled the very small remnant of the low-
er portion of this cloud.

About 100 s (~0.63 bar) after the in-
strument was turned on, the signals began
rising, and after about 118 s (~0.69 bar) a
small but distinctive cloud structure was
encountered. This structure, exhibiting ap-
parent internal layering, persisted for about
210 s of descent, decreasing sharply into the
ambient signal level at a pressure of ~1.5 to
1.6 bars (nominally at 1.55 bars). The mag-
nitudes of the signals we received in the five
light scattering channels of our instrument
indicated that the cloud was not very dense,
roughly comparable to a light, fairly trans-
parent Earth cloud with a visibility of more
than 1 km. There is some evidence from our
diagnostic measurements of instrument
conditions that some of the optical surfaces
of the instrument may have been partially
coated when the nephelometer passed
through this cloud structure, and that the
coating subsequently disappeared over the
next 500 s of descent. Such a coating may
affect the detailed comparison of signals in
each of the scattering channels, but it in no
way influences the observed location and
description of the vertical structure of the
cloud in this region. We estimate the ap-
proximate vertical extent of this cloud to be
5 to 10 km.

The composition of the particles form-
ing this cloud is uncertain. At these pres-
sure levels, equilibrium thermochemical
calculations with solar abundance elemen-
tal concentrations predict the existence of
condensed species such as ammonium hy-
drosulfide (NH,SH) complexes composed
of ammonia and sulfur compounds such as
hydrogen sulfide (7). Results of species
abundance measurements from the probe
mass spectrometer experiment (8) indi-
cate that the concentrations of ammonia
and sulfur are sufficient to produce the
tenuous structure we observed (9). The
only other evident possibility is that we
are seeing a feeble water cloud; however,

the temperature, ~—90°C at the base of
the observed structure, is so low that it is
not plausible that there would be suffi-
cient vapor pressure to support the forma-
tion of a water cloud with sufficient char-
acteristics to produce the responses we
observed at this pressure. We have tenta-
tively assumed that this cloud is composed
of some ammonia-sulfur compound. It
should also be noted that severe atmo-
spheric motion, involving strong vertical
winds, for example, may produce particle
spatial distributions very different from
those predicted from stable equilibrium
analyses.

A very thin cloud layer, no thicker than
~0.5 km, was evident at 418 s (~1.9 bars).
It appears to be considerably less dense than
the cloud directly above and is quite prob-
ably a detached portion of that cloud. Di-
rectly below this cloud, and extending to a
descent time of about 1100 s at a pressure
level of ~4.7 bars, the nephelometer mea-
sured very small particle concentrations in
what may be a coherent structure. We are
certain of the existence of yery small-scale
structural features in these signals, but these
may be characteristic of very small collec-
tions of particles moving about in a com-
plicated dynamic atmosphere. It should be
emphasized, however, that the signals in
this region are factors of 10 to 100 times
smaller than those encountered in the rel-
atively weak cloud structure above it, and
that these small signals make it difficult to
define any organized structure.

From 1100 s (~4.7 bars) down to 2100 s
(~11 bars), and perhaps to beyond 2300 s
(~12.5 bars), there were a number of cor-
relations of signals in several pairs of the
measuring channels of the nephelometer,
indicating the presence of particles. How-
ever, these signals were extremely small (in
some cases the signal-to-noise ratios were
about 1) and except for denoting their pres-
ence, it is doubtful that much quantitative
analysis of their properties obtained by con-
sidering the scattering cross sections de-
rived from the signals in each channel will
be possible.

From about 1500 s (~7 bars) after the
instrument. was activated, the baseline of
each of the channels began to drift nega-
tively until 2000 s (~10 bars), after which
the baseline rose until about 2400 s (~13
bars) and then behaved very unusually from
this point to the time of the last data we
received at about 3500 s (>22 bars). Mon-
itors of the output of the forward- and back-
ward-scatter laser diode sources, and of the
light-emitting diode light source used for
the mirror alignment and contamination
measurements, indicated that the sources
appear to have functioned well out to about
2000 to 2500 s.

The nephelometer did not record any
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large signals indicative of a major water
cloud structure at any point during descent
of the probe (10). It is not believed, at
present, that such a cloud structure, if it
existed along the entry trajectory, had sig-
nificant mass or opacity. Analyses of data
from the Voyager mission have suggested
the possibility of spatial inhomogeneities in
such cloud structures located in hot spots
(11). The apparent lack of the presence of a
major water cloud, the existence of a tenu-
ous cloud at a level in agreement with that
predicted for the ammonium hydrosulfide
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Fig. 1. (A) Variation of raw data counts from the
four forward-scatter scattering angle channels
(5.8°, circles; ,16°, squares; 40°, triangles; and
70°, crosses) with ambient atmospheric pressure
along the probe’s descent trajectory. Negative
values of the raw data counts are associated with
baseline offsets primarily caused by instrument
temperature variation during descent. (B) Varia-
tion of the 178° backward scattering channel raw
data counts with ambient atmospheric pressure
along the descent trajectory. (C) Expanded ver-
sion of the variation of the all-channels raw data
counts with ambient atmospheric pressure from
~0.4 to 2.0 bars along the Galileo probe descent
trajectory. Symbols as in (A) and (B).
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cloud, and the possible high altitude or
inhomogeneity of an ammonia cloud are
important and indicative of the extreme
variability of the jovian atmosphere.

REFERENCES AND NOTES

1. B. Ragent et al., Space Sci. Rev. 60, 179 (1992).

2. T.V. Johnson et al., ibid., p. 3.

3. W.J. O'Neilland R. T. Mitchell, in Proceedings of the
AIAA 21st Aerospace Sciences Meeting, Reno, NV,
10 to 13 January 1983 (American Institute of Aero-
nautics and Astronautics, New York, 1983), pp.
1-10; J. J. Givens et al., ibid., pp. 1-18.

4. A. Seiff et al., Science 272, 844 (1996). All atmo-
spheric pressure, temperature, and altitude informa-
tion were obtained from this reference.

5. During descent in the jovian atmosphere, the range
of temperatures experienced by the instrument
mounted in the probe extended from about —~50°C
to over 100°C. Rates of temperature excursions
were as large as 6°C per minute. This temperature
behavior has complicated the interpretation of the
data, but the instrument functioned properly down to
at least the 10-bar level.

6. L. A. Sromovsky et al., Science 272, 851 (1996).

. S.J. Weidenschilling and J. W. Lewis, lcarus 61, 311
(1973); S. K. Atreya and P. N. Romani, in Photo-
chemistry and Clouds of Jupiter, Saturn and Uranus
in Recent Advances in Planetary Meteorology, G.
Hunt, Ed. (Cambridge Univ. Press, Cambridge,
1985), pp. 17-68.

8. H. B. Niemann et al., Science 272, 846 (1996).

9. Using techniques similar to those used by M. Ya
Marov et al. [lcarus 44, 608 (1980)], we have derived
scattering cross sections from the raw data of Fig. 1
for the cloud at 1.4 bars. We assumed that the par-
ticle density immediately below the cloud base is
zero and that the signals in the cloud larger than that
at the base are due to cloud particles, and we includ-
ed temperature-dependent corrections for baseline
offsets and channel sensitivities. Large errors due to
out-of-range corrections may be present in these
data. We have compared these cross sections with
those calculated for conservative scattering from
model particle size distributions to obtain best fit
values for the model parameters. A typical set of
derived cloud property values obtained at this loca-
tion, by using a log normal particle size distribution
and the data described above and assuming a par-
ticle mass density of 1.0, are characteristic radius, r,,,
= 4.5 um; characteristic width parameter, o = 1.5;
particle number density, N = 2.5 X 108 m~2; local
particle mass loading mass density, p = 9.5 X 107
kg m~2; scattering optical depth, T = 2.6; columnar
particle loading, N = 1.4 X 10'°m~2; and columnar
mass loading, W, = 5.3 X 1072 kg m~2. We em-
phasize that the values quoted here, although not
inconsistent with values derived from earlier analyses
of Voyager mission data (77), may be subject to
major revision and should only be taken as illustrative
of the analytical process results until full consider-
ation of corrections for the instrumental temperature
profiles, optical surface coatings, or other effects not
yet fully analyzed have been completed.

10. Observations of thermal emission from the entry site
with Earth-based telescopes [G. Orton et al., Sci-
ence 272, 839 (1996)] characterized the probe entry
site as being within and near the edge of a 5-um “hot
spot” (an area observable at a wavelength of 5 wm),
a region considerably brighter than its surroundings,
indicating that particles or absorbing gases are re-
duced in concentration in this region.

11. B. E. Carlson et al., J. Geophys. Res. 98, 5251
(1993).

12. We acknowledge the extensive contributions of our
deceased co-investigator, colleague, and friend,
James B. Pollack. We are grateful for the dedicated
efforts of many of the members of the staff of the
Martin-Marietta Aerospace Division, Denver, CO,
and of the Galileo Probe Project Office and the Elec-
tronic Instrument Development Branch of NASA
Ames Research Center for the design, construction,
testing, and calibration of the Galileo probe neph-

~

856

elometers and for the successful mission activities.
We also wish to thank the following people at NASA
Ames Research Center: M. Smith, C. Sobeck, P.
Melia, M. Izadi, B. Chin, and E. Tischler of the Galileo
Probe Project Office, L. Colin, retired chief of the
Space Sciences Division, and G. Deboo and W.
Gunter, of the Electronic Instrument Development

Branch. Thanks also to T. Knight, J. Martin, J. War-
ing, and C. Carlston of the Martin-Marietta Aero-
space Division. Supported under NASA cooperative
research agreement NCC 2-466 and NASA contract
NAS 2-10015.

4 March 1996; accepted 17 April 1996

High-Energy Charged Particles in the Innermost
Jovian Magnetosphere

H. M. Fischer, E. Pehlke, G. Wibberenz, L. J. Lanzerotti,
J. D. Mihalov

The energetic particles investigation carried by the Galileo probe measured the energy and
angular distributions of the high-energy particles from near the orbit of lo to probe entry
into the jovian atmosphere. Jupiter’s inner radiation region had extremely large fluxes of
energetic electrons and protons; intensities peaked at ~2.2R, (where R, is the radius of
Jupiter). Absorption of the measured particles was found near the outer edge of the bright
dust ring. The instrument measured intense fluxes of high-energy helium ions (~62
megaelectron volts per nucleon) that peaked at ~1.5R inside the bright dust ring. The
abundances of all particle species decreased sharply at ~1.35R ; this decrease defines
the innermost edge of the equatorial jovian radiation.

More than four decades ago, Burke and
Franklin discovered that Jupiter emitted ra-
dio waves (1). Much of the nonthermal,
synchrotron radiation from Jupiter origi-
nates from high-energy electrons that are
trapped by the magnetic field relatively
close to the planet. Of the flybys of the
planet by the Pioneer 10 and 11, Voyager 1
and 2, and Ulysses spacecraft, only Pioneer
11 entered into the intense radiation region
at distances close enough to the planet
(1.6R;) to obtain measurements of particles
that could be major contributors to the
nonthermal radio emissions (2). The Gali-
leo probe, carrying the energetic particle
instrument (EPI) through the jovian mag-
netosphere (3), provided the first measure-
ments of the innermost regions of Jupiter’s
radiation environment.

The EPI instrument operated during the
pre-entry phase of the mission, when the
probe’s heat shield still protected the de-
scent module. Thus, the measured particles
had to have energies high enough to pene-
trate the heat shield in order to be measured
by the instrument. Three data samples were
acquired near the equatorial region at 5, 4,
and 3R, and a continuous series of measure-
ments (12 data samples) were obtained
from 2.4 to 1.25R;. On the basis of pre-entry
trajectory information, the spatial resolu-
tion of the data is ~0.1R, in the innermost
region before the probe entered into the
atmosphere.
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Three different energy range channels
were allocated to both electrons and pro-
tons in order to provide a rough estimate of
the energy spectral dependence of each spe-
cies over the energy range measured (Table
1) (4). Because of the expected low statis-
tics, counts of heavy particles were accumu-
lated over longer time periods than for the
electrons and the protons. In addition to
spin-averaged measurements, angular-sec-
tored data were obtained for electrons, pro-
tons, and alpha particles in certain energy
ranges in order to determine directional
anisotropies and particle pitch angle distri-
butions. The angular data were determined
with the use of (i) magnetic field measure-

Table 1. Energy sensitivity of EPI channels, show-
ing energy ranges for particle species having tra-
versed the probe’s aft heat shield. The given values
were derived for an 18° mean angle of inclination of
the particles’ incoming direction with respect to the
telescope axis, which is accurate for an isotropic
particle distribution (75). Single energy values cor-
respond to the lower limit for the channel. Upper
energy limits exceeding 1 GeV are not contained in
this table. Missing entries indicate no significant
response to that species in that channel.

_Ehergy ranges (MeV nucleon™")
for particle species

Channel

e~ p* He C S
E1 3.2 42 42 75 125
E2 8 62 62 110 210
E3 8 62 62 110 210
P1 66 42-131 42 75 125
P2 100 62-131 62 110 . 210
P3 203 62-92 62-530 110 210
He 450 - 62-136 110 210
HV - - - 110-168 210






