
New evidence for hot ions resulting 
from ionization of cloud atoms. The ap- 
parent absence in spectral observations 
of a hot-ion component has been taken to 

Reports 

.Atomic Clouds as Distributed Sources for the 10 Plasma Torus 

Abstract. Several recent  development^ have implications for the neutral particle 
environment of Jupiter. Very hot sulfur ions have been detected in thp l o  torus with 
gyrospeeds comparable to the corotation speed, a phenomenon that would result 
from a neutral sulfur cloud. Current evidence supports the hypothesis that extensive 
neutral clouds of oxygen and sulfur exist in the Jupiter magnetosphere and that they 
are important sources of ions and energy for the l o  torus. 

Flows of heavy-element ions are ob- 
served to dominate the composition and 
physical state of Jupiter's charged parti- 
cle environment. Observations of the 
thermal plasma span less than a decade, 
including the four Pioneer and Voyager 
snapshots plus the continuing optical and 
ultraviolet line emission studies from 
ground-based and Earth-orbiting stations 
(1, 2). These studies provide insight into 
the physical processes that sustain ro- 
bust flows of particles and energy in a 
complex geophysical system. 

There are two unresolved basic issues 
concerning the dynamics and structure 
of the 10 torus of oxygen and sulfur ions: 
( i )  the source location for these heavy 
ions and (ii) the process that supplies 
energy for the observed optical and ul- 
traviolet emissions. These are the start- 
ing points for modeling the ion spatial 
distribution and balancing the plasma 
energy budget. We are led by diverse 
lines of reasoning to the view that 10's 
extensive neutral atom cloud may be the 
dominant source of ions and energy. 
Here we review the existing evidence 
and report a new observation of a very 
hot plasma ion component that is con- 
sistent with ionization of cloud atoms. 

After detection of the sulfur nebula 
through the observation of optical emis- 
sions from collisionally excited S I1 (3), it 
was suggested (4) that the energy could 
be supplied from thermalization of ex- 
tremely hot, newly created ions. Exten- 
sive clouds of alkali metal atoms were 
known to exist near 10 (5, 6). Ionization 
of such atoms by photoionization, 
charge exchange, o r  electron impact 
would produce hot ions gyrating with a 
speed similar to  the relative motion of 
the ballistic atoms and the corotating 
plasma (57 km sec-' at 10's orbit). The 
associated kinetic energy would be avail- 
able to the plasma electrons, which ex- 
cite the emissions responsible for plasma 
energy loss. 
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The apparent absence of high-speed 
Sf  (7) and a reported large plasma scale 
height (3) were interpreted by Eviatar et 
al. (8) as indicating a large temperature 
anisotropy in plasma heavy ions. They 
suggested that the low energy perpendic- 
ular to the magnetic field implied that the 
ions were created in a magnetically 
shielded region at 10; the high parallel 
temperature was taken as  an artifact of 
ion injection over the range of magnetic 
latitudes sampled by 10's orbit (9). Evia- 
tar et al. (8) argued for a low-density, 
low-mass plasma (- 500 ~ m - ~ ) ,  which 
would preserve this temperature anisot- 
ropy by reducing the importance of colli- 
sions. 

These three inferences have been 
found to be incorrect. We report here the 
detection of ions with gyrospeeds near 
the corotation speed. Parallel and per- 
pendicular temperatures do vary with 
position in the plasma, but retain isotro- 
py (1). The plasma is dense: charge den- 
sities in the range 2 x lo3 to 5 x 10' 
cm-', observed in optical studies by 
Brown (10, l l ) ,  have been generally con- 
firmed by measurements in situ (12, 13). 
Collisions are important for the Jovian 
plasma, and there is no remaining kine- 
matic requirement for an ion source 
completely localized at 10. 

The hot-ion power mechanism was 
raised again by the Voyager ultraviolet 
spectrometer experiment (14). Since sul- 
fur and oxygen atoms would yield about 
540 and 270 eV per ionization, respec- 
tively, the observed total emission rate 
of 2 x lo1* to 3 x 1012 W (15) implies a 
total ionization rate of about 4 x 
sec-' for a sulfur-to-oxygen ratio of 0.5. 
But a population of sulfur and oxygen 
neutral atoms away from 10 was not 
established by Voyager, and the required 
production rate exceeded by three or- 
ders of magnitude the visible production 
rate of sodium ions from the parent 
atomic cloud (16, 17). 

indicate a lack of newly created ions and 
hence the relative unimportance of atom 
clouds as an ion source. However, there 
is an observational bias favoring cooler 
distributions in energy- or velocity-dis- 
persive detection: the signal from a hot 
component is spread out relative to  the 
concentrated response to a cool compo- 
nent. This is illustrated in Fig. 1, a spec- 
trum of the 6716- and 6731-A features of 
S I1 at the eastern elongation of 10's 
orbit. The emission line is much broader 
than the instrumental line profile, hence 
its shape is an approximate map of the 
distribution of ion line-of-sight veloci- 
ties. A single Maxwellian distribution 
(temperature T, = 16 eV) fits the line 
core but not the wings, which are satis- 
factorily described by an - 360-eV com- 
ponent containing about one-third the 
total S+ density. 

The broadening of a spectral line is 
commonly described by a measured 
width, and the interpretation invokes 
some physical mechanism to predict a 
theoretical line shape, from which the 
width alone is extracted for comparison 
with observation. This procedure dis- 
cards information if the observed and 
theoretical line profiles differ, which is 
true in the present case. The Jovian S I1 
emission line is not well described by a 
single-temperature Doppler line profile. 
While nothing detailed can be said about 
the distribution of high-speed ions at this 
point, their existence is required by the 
spectrum in Fig. 1. 

This result agrees with the suggestion 
by Bagenal and Sullivan (18) that a very 
high-energy pseudo-continuum with a 
high-speed cutoff may underlie some of 
the Voyager plasma science experiment 
spectra; that is the expected signature of 
newly created ions. The disappearance 
of this indication of new ions outside 6 
Jupiter radii (RJ)  may again be due to 
lower detectability in the presence of 
that region's high plasma temperatures. 
Intriligator and Miller (19) recently found 
occasional high-energy tails in a reex- 
amination of the Pioneer 10 plasma ana- 
lyzer data. 

Existing evidence for major neutral 
atom clouds. Brown (20) detected an 
atomic oxygen cloud by faint emission at  
6300 A. The estimated oxygen density of 
30 cm-3 implies a source of - loZ8 sec-'. 
There is uncertainty about both the vol- 
ume and lifetime of the neutral oxygen, 
and the supply rate estimate is propor- 
tional to their ratio. However, the atom 
partial torus grows in longitudinal extent 
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with time (21). Therefore, the production 
rate result is insulated from these uncer- 
tainties to first order. 

The total atomic supply rates can be  
estimated from the plasma mixing ratios 
of constituents that are observed in 
atomic clouds, but only under the as- 
sumption of a common cloud origin for 
all species. The Voyager plasma science 
experiment found 1 to 10 percent for Na 
and 17 to 25 percent for 0 (I@, implying 
total sources of order lo2' * O 7  set-I 
(from Na) and 3 x 202' sec-' (from 0 ) .  
Thus, optical observations of the detect- 
ed neutral species imply similar values of 
the total neutral production rate. 

In situ measurements of energetic 
charged particles in the Jovian magneto- 
sphere also provided information on the 
neutral atomic clouds. The probable de- 
tection of energetic neutral particles 
ejected from the Jovian system was re- 
ported by Kirsch et a l .  (22). The corre- 
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sponding loss rate for the 14- to 31-keV 
particles is < sec-'. Following 
Cheng (23), Kirsch et a l ,  suggested that 
these energetic neutrals were produced 
by charge exchange reactions between 
inwardly diffusing charged particles and 
atoms in the 10 neutral clouds. 

In a study of the pitch angle distribu- 
tions of ions detected by the low-energy 
charged pavticle experiment on Voyager 
1, Lanzerotti et al .  (24) also found evi- 
dence supporting the charge exchange 
process. These distributions for particles 
with energies of 1.05 to 2.0 MeV are 
pancake-like outside the orbit of 10 but 
dumbbell-shaped at 5 Rj, with a signifi- 
cant reduction in the particles mirroring 
at low magnetic latitudes. As pointed out 
by Cheng (23), such a pitch angle-depen- 
dent effect in charged particle loss is 
expected from the charge exchange 
process. From a consideration of the 
radial diffusion and loss of the magneto- 
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, 1. Spectrum of S I1 emission from the 10 torus. The points are a combination of the 
recorded photons in the 6716- and 6731-A features: the two line centers have been overlapped 
and the responses summed. The Doppler relation was used to produce the velocity scale from a 
detailed wavelength dispersion solution of a comparison lamp spectrum. The faint curves show 
Maxwellian gyrospeed distributions with kinetic temperatures of 16 and 360 eV. which 
separately fit the line core and wings. The bold curve is a sum of the cold and hot components, 
weighted. respectively, by 71 and 29 percent of the total light. The observation was made by 
R.A.B. on 24 February 1981, 11:24 to 11:39 UT, using the 60-inch (1.5-m) telescope of the 
Smithsonian Astrophysical Observatory near Tucson. Arizona. The spectrograph was a 
Cassegrain echelle with an approximately Gaussian instrumental profile of 0.17 A full width at 
half-maximum (equivalent S +  temperature, 3.4 eV). The detector, a Reticon array preceded by 
a cooled image intensifier (35), recorded individual photoelectron events. The slit measured 6.7 
by 0.3 arc second or  0.3 by 0.02 RJ projected on the sky. It was positioned 5.9 Rj east of 
Jupiter's center in the plane of the satellite orbits: the long slit dimension was oriented east-west 
on the celestial sphere. 

spheric particles between 5 and 8 Rj, Ip 
(25) finds a number density of z 180 
cm-3 for neutral oxygen and sulfur at- 
oms in the vicinity of 10's orbit, consist- 
ent with the number density obtained by 
Brown (20) from optical observations. 

Besides influencing the lossy diffusion 
of the magnetospheric charged particles, 
the charge exchange process enhances 
the hot-ion power mechanism by in- 
creasing the ionization rate. The net ef- 
fect is substitution of hot new ions with a 
gyroenergy of a few hundred electron 
volts for the cold ions with a thermal 
energy of a few electron volts. This is 
particularly important for the region of 
the cold S I1 nebula inside 6 Rj, where 
most of the particles are singly ionized 
and the cooler electrons are less efficient 
in causing ionization. Using the electron- 
capture cross sections between S and 0 
atoms and ions given by Kunc and Judge 
(26), we estimate that the average life- 
time of S- and 0- against charge ex- 
change loss is about 4 x lo5 seconds if 
the neutral number density is on the 
order of 50 ~ m - ~ .  With a neutral cloud 
volume of 4 x lo3' cm3 and an average 
plasma ion density of lo3 ~ m - ~ ,  the cor- 
responding ion loss rate would be - lo2' 
sec-'. The charge exchange ionization 
rate of the neutral atoms would be the 
same. 

Cummings et a l .  (2T) suggest that elec- 
tron density irregularities detected by 
the Voyager I radio astronomy experi- 
ment were caused by fresh plasma oscil- 
lating in magnetic latitude following ion- 
ization away from the equilibrium lati- 
tude. This requires a displacement away 
from 10 of the centroid of plasma cre- 
ation, implying a distribuFed neutral 
atom source. 
Discussion. The factors favoring dis- 

tributed neutral clouds do not rule out 
the ionosphere of 10 as  a source of the 
torus plasma. There is, however, little 
evidence that it is the dominant source. 
One estimate, which relates the field- 
aligned current across 10 to the pickup of 
ionospheric mass, yields an ion produc- 
tion rate of about lo2' sec-' (28-30). 
However, in a study of the Voyager 
ultraviolet data, Shemansky (31) report- 
ed an upper-limit production rate of 10" 
sec-I in the vicinity of lo .  10 may eject 
large amounts of ionized gas into the 
magnetosphere episodically, but the 
steady source of the extended neutral 
clouds is probably dominant in maintain- 
ing the 10 torus. 

Heating mechanisms other than as- 
similation of new ions may supply power 
to the 10 plasma torus. For  example, 
wave-particle interactions could be im- 
portant in determining the detailed ve- 
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locity distributions of heavy ions and the 
global thermal structure of the torus [for 
example, see (32)l. The relative impor- 
tance of different heating and cooling 
effects [that is, fast thermalization of hot 
ions through collective plasma processes 
(33, 34) versus energy transfer through 
ion-ion and electron-ion Coulomb colli- 
sions] must be evaluated in connection 
with the analysis of spectral data exem- 
plified in Fig. 1. 

R. A. BROWN 
Lunar and Planetary Laboratory, 
University of Arizona, Tucson 85721 

W.-H. IP 
Max-Planck-Institut fur Aeronomie, 
0-3411 Xatlenburg-Linda~i 3, 
Federal Republic of Germany 

References and Notes 

1. C.  B. Pilcher and D.  R. Strobel, in The Satel1ite.r 
of Jupiter, D. Morrison, Ed.  (Univ. of Arizona 
Press, Tucson, in press). 

2. R. A. Brown, C.  B. Pilcher, D.  R. Strobel, in 
Physics of the Jovicin Magnetosphere, A. J.  
Dessler, Ed. (Cambridge Univ. Press, Cam- 
bridge, in press). 

3. I. Kppo, Yu. Mekler, A. Eviatar, Astrophys. J .  
Lett. 205, 51 (1976). 

4. R. A. Brown, paper presented at the Chapman 
Conference on Jovian Magnetosphere-Satellite 
Interactions, University of California, Los An- 
geles, 27 to 29 June 1978. 

5. R. A. Brown, Int. Astron. Union Symp. 65 
(19741, p. 527. 

6. L .  Trafton. Astrophys. J .  L r f f .  202, 107 (1975). 
7. G .  Munch, J .  T.  Trauger, F. L. Roesler, Br~ll. 

Am. Astron. Soc. 9,  465 (1977). 
8. A. Eviatar, G. L. Siscoe, Yu. Mekler, Iccirtrs 39, 

450 (1979). 
9. G. L .  Siscoe and C.-K. Chen, ihid. 31, 1 (1977). 

10. R. A. Brown, Astroph~~s.  J.  Lett. 206, 179 
1147f.l \.,,",. 

I I .  - ,  ibid. 224, 97 (1 978). 
12. J .  W. Warwick et ti/., Science 204, 995 (1979). 
13. F. Ragenal, J. M. Sullivan, G .  L .  Siscoe, 

Geophys. Res. Lett. 7.  41 (1980). 
14. A. L .  Broadfoot et (11.. Science 204, 979 (1979). 
15. D. E. Shemansky, Astrophys. J.  236, 1043 

(1980). 
16. W.  H. Smyth and M. B. McElroy, ihid. 226, 336 

(1978). 
17. R. A. Brown, Adv. Spnce Res. 1 ,  75 (1981). 
18. F. Bagenal and J.  D. Sullivan, J .  Geophys. Res., 

in press. 
19. D. S. Intriligator and W. D. Miller. Geophys. 

Res. Lett. 8,409 (1981). 
20. R. A. Brown, Astrophys. J .  244, 1072 (1981). 
21. W. H .  Smyth and M. B. McElroy, Planet. 

Spcice Sci. 25. 415 (1977). 
22. E. Kirsch, S .  M. Krimigis, J .  W. Kohl, E. P. 

Keath, Geophys. Res. Lett. 8, 169 (1981). 
23. A. F. Cheng, Astrophys. J.  242, 812 (1980). 
24. L .  J .  Lanzerotti, C .  C. MacLennan, T .  P. Arm- 

strong, S. M. Krimigis, R .  T. Lepping, N .  F. 
Ness. J. Geophys. Res.,  in press. 

25. W.-H. Ip, in preparation. 
26. J .  A.  Kunc and D.  L. Judge, Geophys. Res. 

Lett. 8, 177 (1981). 
27. W. D .  Cummings. A. J. Dessler, T .  W. Hill, J. 

Geophys. Res. 85, 2108 (1980). 
28. P. A. Cloutier, R. A. Daniell, Jr., A. J .  Dessler, 

T .  W .  Hill, Astrophys. Spnce Sci. 55, 93 (1978). 
29. W.-H. Ip and W. I. Axford, Nature (London) 

283, 180 (1980). 
30. C.  K. Goertz, J .  Geophys. Res. 85, 2949 (1980). 
31. D. E. Shemansky, Astrophys. J. 242, 1266 

11980). 
32. w . 1 ~ .  Ip,  Nature (London) 286, 40 (1980). 
33. S. W .  Wu and R. C .  Davidson, J. Geophys. Res. 

77, 5399 (1972). 
34. R. E. Hartle and C.  S .  Wu, ihid. 78, 5802 (1973). 
35. M. Davis and D. W.  Latharn, Instrum. Astron. 

III Soc. Photo-opt. Eng. 172, 71 (1979). 
36. The contributions of R.A.B. have been supported 

by NASA grant NSG-7634. He is also grateful to 
the HarvardISmithsonian Center for Astrophys- 
ics for access to the Mount Hopkins observing 
facilities and to N.  M. Schneider for assisting 
with the observations. 

30 March 1981 

SCIENCE, VOL. 213. 25 SEPTEMBER 1981 

Acetylcholine Synthesis in Synaptosomes: Mode of Transfer of 
Mitochondria1 Acetyl Coenzyme A 

Abstract. Labeled acetylcholine derived from labeled pyruvate in a synaptosomal 
preparationjbm rat brain, incubated with nicotinamide ndenine dinucleotide as well 
as coenzyme A ,  is stimulated by calcium ions in the absence b~rt not in the presence 
of Triton X-100. Whereas citrate is taken ~p by cholinergic synaptosomes because it 
suppresses the ,formation of acetylcholine from pyruvote, it is not i tseu converted 
into acetylcholine. The evidence suggests thut there is a calciuin-dependent transfer 
of mitochondrial acetyl coenzyme A into the cholinergic synaptoplasm, which is 
apparently devoid of the citrate cleavage enzyme, and is there converted into 
acetylcholine. The permeability of the inner mitochondrial mendwane to coenzyme A 
and acetyl coenzyme A seems to be enhanced by cdcium ions, and this eflect may be 
inediated by mitochondrial phospholipase A2. 

An outstanding question in neuro- 
chemistry is how acetyl coenzyme A 
(CoA) originating in the mitochondria 
enters the cholinergic cytoplasm, where 
it is converted into acetylcholine. The 
inner mitochondrial membrane has been 
held to be largely impermeable to  acetyl 
CoA (1). Various proposals have been 
made: (i) the conversion of mitochondri- 
a1 acetyl CoA into citrate that enters the 
cytoplasm where the citrate cleavage en- 
zyme, adenosine triphosphate (ATP) ci- 
trate lyase (E.C. 4.1.3.8),  forms acetyl 
CoA and oxaloacetate (2); (ii) the pres- 
ence in cholinergic nerve terminals of 

soluble, extramitochondrial pyruvate de- 
hydrogenase (3); and (iii) the transfer of 
sufficient acetyl CoA across the mito- 
chondrial barrier to  supply all the brain 
acetylcholine (4, 5). These and other 
proposals have been reviewed (5, 6). 

We report that the cholinergic synap- 
toplasm is apparently almost devoid of 
the citrate cleavage enzyme. Our evi- 
dence also indicates that acetyl CoA 
emanates as such from the cholinergic 
mitochondria by a calcium-dependent 
mechanism and that the outflow is much 
facilitated by phospholipase A> It has 
been suggested that acetyl CoA may 

Table 1. The synthesis of ['4C]acetylcholine ([l4C]ACh) from [14C]pyruvate and ['4C]citrate in 
crude synaptosomal fractions of rat brain in the presence and absence of Triton X-100. A crude 
synaptosomal fraction (3 to 5 mg of protein) was incubated aerobically for I hour at 37'C in 3 ml 
of incubation medium of the following composition: KCI, 100 mM; MgS04, 1.3 mM; choline, 5 
mM; eserine, 0.4 mM; Na2HP04,  pH 7.4, 10 mM; and sticrose, 53:3 mM. Further additions of 
NAD (1 mM); EGTA (3 mM); CaC1, (1 mM); CoA (0.1 mM); sodium citrate (2 mM); sodium 
succinate (2 mM), sodium oxaloacetate (2 mM); amobarbital ( I  mM); and Triton X-100 (0.12 
percent) were made. Labeled precursors (Amersham), sodium pyruvate (5 mM), or sodium 
citrate (5 mM), had activities of 0.5 pCi per vessel. Each result is the mean of at least four 
determinations i. 1 standard deviation: N.M., not measurable. 

~ ... .. - -. ... 

[I4C]ACh (nanomoles per 100 mg 
Additions of protein ~ per hour) ~ ~~ ... 

No Triton With Triton 

Wirh [2- '4Cjpyr.~rt~~te 
NAD and Ca2+ 48 2 5* 
NAD and CoA 61 t 10* 
NAD, Ca2+,  and CoA 203 + 8 
Ca2+ 53 t 5* 
Ca2+ and CoA 8 5 t  5 
Ca2+, CoA, and amobarbital 55 2 60 
NAD, Ca2+,  CoA, and amobarbital 247 + 1611 
NAD, Ca2+,  CoA, and oxaloacetate 31 r 4* 
NAD, Ca2+, CoA, and succinate 69 r 12* 
NAD, Ca2+, CoA, and citrate 121 + 5* 
EGTA 26 + 5" 
NAD and EGTA 41 r 7* 
NAD, EGTA, and CoA 35 + 3* 
NAD, Ca2+, CoA, and EGTA 42 1 9* 

With [ I ,  5-14C]citr(lte 
None N. M.  
Oxaloacetate N .  M. 
ATP N .  M. 
NAD and CoA N .  M. 
NAD, CoA, and Ca2+ N .  M.  

* P < ,001 with respect to  the control (NAD, Ca2-.  and CoA). t P < ,001 with respect to controls 
(NAD, Ca2',, CoA, and Triton). 1. P > .02 with respect to controls (NAD. Ca", CoA, and Triton). 
B P < ,001 w ~ t h  respect to control (Ca2+ and CoA). 11  P < ,005 with respect to control (NAD. Ca" . and 
CoA). 
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