
cloud, and the possible high altiti~cie or 
inhomogene~ty of a n  alnlnollla cloud are 
llnportallt and lndlcative of the  extreme 
\~ariability o t  the  jovlan atmosphere. 
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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 -2.2RJ (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 .5RJ inside the bright dust ring. The 
abundances of all particle species decreased sharply at -1 .35RJ; this decrease defines 
the innermost edge of the equatorial jovian radiation. 

M o r e  than four decades ago, Burlte and 
Franklill discovered that Juplter elnltted ra- 
dio wa\.es i l  ). h/luch of the  nonthermal. ~, 

synchrotron radiation from Juplter orlgl- 
nates from hlg11-energy electrons that are - -, 
trapped hy the lnagnetic fleld relati\~ely 
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 reglo11 
at distances close enough to  the  planet 
(l .GRI) to obtaln measurements of partlcles 
that could be major contributors to  the  
l~ontherlnal radio emissions 12). T h e  Gall- , , 

leo probe, carlylng the  energetic partlcle 
~nst rument  (EPI) through the jo\~ian mag- 
netosphere (3),  pro\~lded the  first measure- 
ments of the  lllnerinost regions of Jupter ' s  
radiation environment. 

T h e  EPI ~nstrument  o ~ e r a t e d  durlne the  
pre-entry phase of the mission, \\hen the  
 robe's heat shield st111 nrotected the de- 
scent module. Thus, the measured particles 
had to have energies high enough to pene- 
trate the heat shleld 111 order to  1.e measured 
by the ~nstrument .  Three data salnples were 
acqi~ired near the ecluatorial region a t  5 ,  4, 
and 3RI,  and a continuous series of measure- 
lnents ( 1 2  data samples) n.ere obtalned 
from 2.4 to 1.25RI. O n  the basis of pre-entry 
trajectory ~nf i~rnia t lon,  the spat la1 resolu- 
tion of the data 1s -L?.lR, in the  illllerlnost 
reglon before the prohe entered into the  
atmosphere. 

H M Fisciier, E Pelike, G Wibberenz, lnst~tut fur Kern- 
chvsk. Unverstat Kie D-24118 Kel. Ger~nanv , , 
L J Lanzerott~. B e  Laboratores. Lucent Technooges, 
Murray H I .  NJ 07974, USA. 
J. D M~halov NASA Ames Researcli Center, Moffett 
F~eld CA 94035, USA 

Three different energy range challllels 
\\ere allocated to both electrons and pro- 
tons in order to pro\~lde a rough estimate of 
the energy spectral depelldence 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 o17er longer time periods than for the  
electrons and the protons. I11 addition to  
spin-averaged measurements, angular-sec- 
tored data were obtained for electrons, pro- 
tons, and alpha partlcles in certam energy 
ranges in order to deterrnlne directiollal 
anlsotropies and particle p t c h  angle distri- 
hutlons. T h e  angular data \\ere determined 
with the  use of ( I )  lnaglletic field measure- 

Table 1. Energy senst~vty of EP  channels show- 
Ing energy ranges for par ice speces havng tra- 
versed the probe s aft heat shed  The given values 
were derved for an 18' mean angle of lncllnaton of 
the parices Incoiling drecton w ~ t h  respect to the 
telescope axs t ~ h c h  IS accurate for an p so tropic 
pari~cle dstr~but~on (15) Slngle energy vac~es cor- 
respond to the lower lhrn~t for the channel Upper 
energy Ilmts exceeding 1 GeV are not conta~ned In 
thls table Mlss~ng entr~es nd~cate no s~gn~f~cant 
response to that specles In that channel 

Energy ranges (MeV nucleon-') 

Channel 
for pari~cle species 

e- p' He C S 

E l  3.2 42 42 75 125 
E2 8 62 62 110 210 
E3 8 62 62 110 210 
P 1 66 42-131 42 75 125 
P2 10062-131 62 110 210 
P3 203 62-92 62-530 110 210 
He 450 - 62-136 110 210 
HV - - - 110-168210 
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ments that were made by the probe light- 
ning and radio emission detector (LRD) in- 
strument (5) at 3RJ and from 2RJ to 
atmospheric entry and (ii) a pseudo-spin 
period at 5 and 4RJ that was within 2% 
of the period measured at 3RJ. 

The detector configuration was designed 
to limit counting rates to less than about 3 
million counts Der second. This limit was 
nearly reached in channel El during most of 
the pre-entry mission. The probe's aft heat 
shield-containing layers of aluminum, adhe- 
sive, Kapton, Mylar, Dacron, and phenolic 
nylon with a total thickness of 1.34 cm-was 
equivalent to 1.87 g cm-2 of shielding for 
perpendicularly incident particles. Some of 
the instrument calibrations were performed 
with heat shield material in order to aDDro- 

L L 

priately characterize the detector responses. 
The spin-averaged fluxes of energetic elec- 

trons (El-P1 ), protons (P1 ), helium (He), and 
Z > 2 ions (HV, where Z is the nuclear 
charge) from inside the 10 torus region to the 
upper jovian atmosphere show a general in- 
crease of fluxes to a peak inside the orbit of 
Amalthea (Fig. 1). The fluxes then decreased 
at -2RJ and reached intermediate values be- 
tween 2 and 1 .8RJ. Finally, a small peak in the 
electrons and protons, and much larger rela- 
tive peaks in the He and HV ions (6), were 

\ lo 
J jpItpr Rtng kdrasiea rhebe Sod urn 

Metis Amalthea Cloud 

EPI samples _- ~~ 

lo plasma torus 
7 - -??- q- - 

L-- 

1 2  - - 3  4 . 5  , 
0 1 2 3 4  

Radius (lo5 km) 

Radius (RJ) 

Fig. 1. High-energy particle observations in four 
species-energy channels (see Table 1) obtained 
with the EPI instrument along the Galileo probe 
pre-entry trajectory. (A) The distribution of the EPI 
equally spaced data samples (-1 R,) acquired be- 
tween 5 and 3RJ and the subsequent interval of 
continuous measurements from 2.4 to 1 .25RJ are 
shown related to the location of the orbit of the 
jovian moon lo and its plasma torus; the orbits of 
the moons Thebe, Amalthea, Metis, and Ad- 
rastea; and the position of the dust ring. (B) The 
selected channels show the particle fluxes for en- 
ergetic electrons (El -PI), protons (PI), helium 
(He), and heavier particles (HV). The symbols be- 
low lo-' indicate data points with zero count rate. 

seen at -1.5RJ before the fluxes dropped 
sharply at -1.35RJ. The increase in the He 
and HV fluxes inside the orbit of the jovian 
ring material was totally unexpected, al- 
though the outer peak was also observed by 
Pioneer 1 1 (7). 

Since the Pioneer 11 measurements in 
1974, 10 and its surrounding torus have 
been identified not only as absorbers of 
trapped jovian particles, but also as sources 
of electrons in the energy range of kiloelec- 
tron volts (8-1 0). Measurements by Pioneer 
11, near the perihelion distance of its jovian 
orbit just inside the bright ring, showed that 
the proton fluxes for particles between 14.8 
and 21.2 MeV were higher there than just 
outside the ring (9, 11 ). The EPI measure- 
ments show that fluxes increase to the outer 
edge of the jovian bright ring material. 
Thus. the increase of  article fluxes with 
decreasing radial distance to the planet ex- 
hibits a somewhat shell-like structure (sur- 
rounding the planet) that depends on energy 
and particle species. The Pioneer 11 obser- 
vations were interpreted as indicating that 
macroscopic objects orbiting the planet were 
absorbing radially inward-diffusing particles 
(1 1 ,  12). The EPI measurements show that 
such a shell-like structure is also seen in the 
He and HV particle rates inside the 
Amalthea orbit, including the new peak at 
-1.5RJ inside the ring material. 

lo7 - - - - 

Fa~nt nng Bnght nng P2 

rfi and halo (nominal) 

I 

10-2 I 
I 

10-3 '. .. .. -- t *U. 

12 14 16 18 20 2 2  2 4  
Distance (RJ) 

Fig. 2. Particle fluxes between 1.25 and 2.4RJ in 
the interval in which continuous data coverage 
was achieved with the Galileo probe EPI instru- 
ment. Presented are the observed count rates for 
the proton channels (P2) and (P3), as well as for 
the helium (He) and heavier particle (HV) channels 
(Table 1). The location of the jovian dust ring com- 
ponents is superimposed on the diagram. The 
symbols below lo-' indicate data points with 
zero count rate. 

Comparisons of several spin-averaged 
particle populations measured outside and 
inside the ring region, between 1.2 and 
2.4RJ (Fig. 2) with the locations of the 
jovian dust ring components (13), show 
that the interactions of all  article s~ecies 
with the ring material lead to significant 
absorption. The major puzzle in these data 
is the source of the He and HV particles 
with intensity peaks near 1.5RJ, which are 
enhanced bv a factor of 10 or more over the 
values that they have after absorption in 
the vicinity of the bright ring material. 
Possible origins for these ions with Z > 1 
include (i) the spallation of ring material by 
the energetic trapped protons and cosmic 
rays and (ii) cosmic ray sputtering of He 
from the jovian atmosphere. 

The particle fluxes drop steeply inside a 
distance of -1.35RJ, which is considerably 
above the jovian atmosphere. This indicates 
that the inward radial extent of the fluxes at 
the equator is not cut off by the equatorial 
atmosphere. This is similar to the situation 
in the Earth's magnetosphere. The cutoff in 
the fluxes on Jupiter is determined by the 
location where the dipole field line enters 
the atmosphere. 

Evidence of the interaction of the parti- 

Channel E2 Channel P2 

Fig. 3. Angular distributions for the E2 and P2 
(Table 1) particle channels are shown for selected 
radial distances: 3.3RJ (A); 1 .95RJ (B); 1 .85RJ (C); 
and 1 .55RJ (D). The numbers given on the axis of 
each distribution indicate the counts per second. 
The spacings between the two arcs of each sec- 
tor indicate the statistical uncertainties. 
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cles with the atmosphere where the dipole 
field line enters it can be obtained from the 
directional variations in the particle fluxes. 
We determined relative directional fluxes 
of particles using counting rates in the E2 
and P2 channels (Fig. 3) and the sirnulta- 
neouslv measured magnetic field 15). The ~, 

directibnal fluxes varled considerably with 
decreasing radial distance from the planet, 
becoming increasingly anisotropic closer to 
the planet. Thus, only particles whose ve- 
locity vectors have large angles relative to 
the local magnetic field can remain trapped 
at the closer distances. 

The electron flux urofile in Fie. 1B is 
similar to that deduced previously Pi- 
oneer 11 measurements during its closest 
approach to the planet (10). The earlier 
Pioneer 11 profile was shown, in turn, to be 
consistent (for certain assumvtions about 
the electron energy spectra and about non- 
rad~at~ve  losses) a ~ t h  ground-based nnea- 
surelnents of tlne jovian decilnetric radio 
emissions 114). The data from the urobe E2 , , 

electron coincidence channel are within a 
factor of 3 of urevious Pioneer levels in the 
region where there is overlap. Examination 
of the electron soectra indicates that rela- 
tively more higher-energy as compared to 
lou-er-energy particles were measured with 
the probe instrument than reported from 
the Pioneer missions for the salnle energy 
range. 
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Radio Frequency Signals in Jupiter's Atmosphere 
L. J. Lanzerotti, K. Rinnert, G. Dehmel, F. 0. Gliem, 

E. P. Krider, M. A. Uman, J. Bach* 

During the Galileo probe's descent through Jupiter's atmosphere, under the ionosphere, 
the lightning and radio emission detector measured radio frequency signals at levels 
significantly above the probe's electromagnetic noise. The signal strengths at 3 and 15 
kilohertz were relatively large at the beginning of the descent, decreased with depth to 
a pressure level of about 5 bars, and then increased slowly until the end of the mission. 
The 15-kilohertz signals show arrival direction anisotropies. Measurements of radio fre- 
quency wave forms show that the probe passed through an atmospheric region that did 
not support lightning within at least 100 kilometers and more likely a few thousand 
kilometers of the descent trajectory. The apparent opacity of the jovian atmosphere 
increases sharply at pressures greater than about 4 bars. 

Electrical discharges in Earth's atmosphere 
have long been of interest to humans as 
cultural, scientific, and technical phenom- 
ena ( I  ). Electrical discharges in tlne atmo- 
spheres of other planets ( 2 )  are important 
for ~~nderstanding atmospheric dynamics 
and may be significant in non- 
equilibrium chemical processes in a plane- 
tary atmosphere (3). For Jupiter, it has been 
shown theoretically that the nontherrl~al 
radio emissions (which are easily detectable 
from Earth) are not caused by lightning (4) .  

Optical evidence of lightning in the 
nightside jovian atmosphere found by the 
Voyager imaging systenns (5) and the mea- 
surement of whistler-mode waves in the 
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jovian magnetosphere (6)  suggested that 
electrical signals might be found hy the 
Galileo probe. The lightning and radio 
e~nission detector (LRD) was designed (7)  
to be as flexihle in its measurine cauabilities " 

a> the probe on-board resources would al- 
low. Many of the des1.n dec~s~ons ~nvoked - 
knowledge of Earth lightning and extended 
the uaralneter limits by several factors of 10 
in 60th directions. ~ecause  Jupiter has no 
well-defined surface close to the cloud sys- 
tem, it was believed that there would be no 
cloud-to-ground discharges, which are the 
best understood type of lightning on Earth. 
Cloud discharges on Earth are complex 
physical phenomena that generate a variety 
of radio frequency (RF) pulses and pulse 
trains ( 1  ). 

Substantial efforts were made during 
probe development to reduce the electro- 
magnetic interference (EMI) in the LRD 
from the subsystems in the probe. The LRD 
was tested during two flybys of Earth by 
Galileo in order to characterize the EM1 
noise expected during atmospheric entry. 
The acquired data demonstrated that only 
the net flus radiometer (NFR) (8) produced 
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