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Magnetic Field Signatures Near Galileo's 
Closest Approach to Gaspra 

M. G. Kivelson,* L. F. Bargatze, K. K. Khurana, D. J. Southwood, 
R. J. Walker, P. J. Coleman, Jr. 

Two large magnetic field rotations were recorded by the spacecraft Galileo 1 minute before 
and 2 minutes after its closest approach to the asteroid Gaspra. The timing and the 
geometry of the field changes suggest a connection with Gaspra, and the events can be 
interpreted as the result of the draping of the solar wind field around a magnetospheric 
obstacle. Gaspra's surface field is inferred to be within an order of magnitude of Earth's 
surface field, and its magnetic moment per unit mass is in the range observed for iron 
meteorites and highly magnetized chondrites. The location of the magnetic signatures 
suggests that perturbations are carried by waves in the magnetosonic-whistler mode with 
waveiengths between electron and ion gyro radii. 

O n  29 October 1991, the Galileo soace- 
craft made its closest approach to the aster- 
oid 951 Gaspra. Gaspra is a small (mean 
radius -7 km), oddly shaped body that 
orbits the sun at a mean distance of 2.2 
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physics and Planetary Physics, University of Califor- 
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astronomical units (AU) (1). It is classified 
as an S-type asteroid on the basis of reflec- 
tance spectra observed from Earth; the sur- 
faces of these asteroids contain varying 
proportions of olivine and pyroxene and 
iron-nickel metal. It is a matter of current 
debate whether asteroids of this class are 
the parent bodies of chondritic meteorites 
or stony-iron meteorites (1, 2). The parents 
of stonv-iron meteorites are metal-enriched 
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don SW7 282, United Kingdom. and olivine-rich relative to the other 
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likely a fragment of a differentiated body 
and, therefore, a potential parent of stony- 
iron meteorites ( I ) .  However, no metal- 
rich material was directly detected in the 
Galileo images. and most of the surface 
appeared to ube covered with regolith (1) .  

There was little reason to expect that 
Galileo's magnetometer (3) would detect 
Gaspra because the point of closest ap- 
proach was 1600 km, or about 230 Gaspra 
radii (RG), away from the asteroid-sun line. 
Nevertheless. taDe recorder resources on 
the spacecraft were allocated to the fields 
and particles instruments, and data were 
acquired in the solar wind for about 2 
hours while Galileo was near Gaspra as 
well as at intermittent intervals totaling 
40 min throughout the day. The closest 
a ~ ~ r o a c h  occurred at 22:36:40 UT. In . . 
normal operation, the Galileo magnetom- 
eter provides 4.5 vector field measure- 
ments per second. In a plot of 4-s averages 
of the data recorded during the 50-min 
interval from 22: 15 to 23:05 UT (Fig. I), 
the most prominent feature is the pair of 
field rotations, the first 1 min before and 
the other 2 min after closest approach. 
The field magnitude changed very little as 
the field rotated (4). 

The geometry of the measured field per- 
turbations is readilv understood from Dro- 
jections of the field vectors into two orthog- 
onal planes along the spacecraft trajectory 
(Fig. 2, A and B). The relatively steady 
upstream field (the fluctuations are small 
compared with 2-nT magnitude) was pre- 
dominantly oriented along the y axis, per- 
pendicular to the Gaspra-sun line. As the 
spacecraft reached the point of closest ap- 
proach, the vectors rotated toward Gaspra 
in both projections. The first rotation was 
followed 3 min later by some rapid varia- 
tions of field direction, but after less than a 

minute, it rotated back close to the initial 
direction and stabilized. A projection of the 
perturbation field vectors [B(t) - B,] (Fig. 
2C) shows that between 22:35:56 and 
22:38:32 UT, the perturbations almost 
point at the sun, as expected for the mag- 
netic signature of an obstacle that is remov- 
ing momentum from the outward-flowing 
solar wind. 

Field rotations are common features of 
the unmodified solar wind. During the 
2-hour period of nearly continuous data 
taken near Gaspra, there were three clear 
rotations very remote from the asteroid. 
None was abrupt, nor did they rotate the 
field toward the direction of the solar wind 
flow. We cannot rule out the possibility 
that the rotations on which we focus were 
only fortuitously linked to the Gaspra flyby, 
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Fig. 1. Three components of the magnetic field 
and the field magnitude from the Galileo flyby of 
Gaspra on 29 October 1991. The data have 
been rotated into a coordinate system in which 
x is the Gaspra-sun line, positive toward the 
sun, and the average field [B, = (0, 2 ,  O) ]  
before closest approach (CA) (22:30 to 22:32 
UT) lies in the xy plane. The z axis, positive 
towards ecliptic north, completes the orthogo- 
nal triad. 

Fig. 2. (A) Projections of the magnetic field 
vectors into the xy plane plotted at 4-s intervals 
along the projected trajectory of the spacecraft. 
The base of each field vector is set on the 
trajectory. Gaspra is not drawn to scale. (B) 
Analogous projection in the xzplane. (C) Plot of 
perturbation vectors B(t)  - B, in xy plane. 

but we regard the relation as plausible and 
interpret the perturbations accordingly. We 
note, for example, that the rotations seen 
near Gaspra were in a physically significant 
direction. The field rotated toward the di- 
rection of the solar wind flow (Fig. 2), as it 
would if a highly conducting magnetized 
fluid were slowed and diverted about an 
obstacle near Gaspra's location. If the ob- 
stacle is of finite length along the direction 
of the solar wind, the flow is likely to be 
somewhat disturbed in the wake region as 
the field lines "snap back to their unper- 
turbed orientation. Downstream of the ob- 
stacle. the field and the flow retum to their 
upstream configuration (Fig. 2). 

We assessed various physical models for 
the field rotations. One possibility is that 
near closest approach, Galileo passed from 
the solar wind into a region dominated by 
the intrinsic field of Gaspra. This is unlike- 
ly, particularly because, after it rotated, the 
field did not vary in either magnitude or 
direction as the distance from the body 
changed. It is more probable that the rota- 
tion occurred because of the draping of the 
interplanetary magnetic field (IMF) over an 
obstacle, a situation that has parallels (on 
very different spatial scales) with the way 
that the IMF drapes over unmagnetized or 
very weakly magnetized bodies, such as 
Venus, Mars, or comets (3, or over the 
magnetospheres of magnetized planets, 
such as Earth or Jupiter (6). Two features of 
the interaction are of quantitative impor- 
tance: the spatial extent of the perturbed 
region and the angle from the body at 
which the signature is first encountered. 

To the side of the obstacle, the extent of 
the disturbed region along the flow-aligned 
(x) direction is typically comparable with 
the length of the object, much like the 
disturbed region that develops off to the 
side of a ship between the bow wave and 
the stem wake. Near Gaspra, the length of 
the disturbed region was roughly 1300 km, 
two orders of magnitude longer than Gas- 

Fig. 3. The projection of Fig. 2A in the xy plane 
with a magnetosphere superimposed. The con- 
figuration of the hypothesized fronts that bound 
the region of disturbance is also illustrated. 
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pra. This scale suggests that the obstacle 
was not Gaspra itself but either an asteroid- 
centered cloud of heavy ions or charged 
dust or a magnetospheric cavity created by a 
magnetic field large enough to stand off and 
divert the solar wind. Outgassing, required 
to orovide a source of heaw ions. seems 
improbable, and the abrupt return to the 
unperturbed orientation of the field near 
22:40 UT is not what one would expect 
from a comet-like ion tail that gradually 
becomes more tenuous downstream of the 
nucleus. The magnetospheric interaction 
appears to be the more likely explanation of 
the flow-aligned extent of the signature. 
The model has auantitative imolications. 

Typical magnetospheres start some dis- 
tance upstream of a planet and extend 
roughly 10 times that distance downstream; 
therefore, we estimate that the subsolar 
point of the putative magnetosphere lies on 
the x axis between -30 and -100 km 
uostream of Gasora and the tail of the 
magnetosphere extends -1000 km down- 
stream (Fig. 3) (evidently, Galileo would 
not have penetrated within a magneto- 
sphere of this assumed size). The magnetic 
moment M, required to produce the up- 
stream standoff distance RM can be found 
from (7) 

where kO is the magnetic permeability of 
vacuum (47 x henry m-'), the pro- 
portionality factor K = 1.7 for Earth's mag- 
netosphere, which we take as representa- 
tive, and P,,,, is the pressure of the solar 
wind, dominated by the dynamic pressure 
pu2, where p is the mass density of the solar 
wind, expected to be about 1 atomic mass 
unit (amu) per cubic centimeter at Gaspra's 

Fig. 4. Natural remanent magnetization (NRM) 
of meteor~tes [estimated from figure 8.1.3, A 
and B, in ( l o ) ]  and the range estimated for 
Gaspra's magnetic moment per kilogram. Sym- 
bols: (8) enstatite chondrites, (*) H chondrites, 
(8) iron, (0) ureilite, (H) SNC, (x)  howardite, 
(0) eucrite, and (A) diogenite. 

distance, and u is its velocity, which we 
take as 400 km s-'. These nominal values 
will be subject to correction when in situ 
plasma measurements (8) become avail- 
able. The inferred magnetic moment is 
between 6 x 10" and 2 x 1014 A.m2, more 
than eight orders of magnitude smaller than 
the value for Earth (ME = 8 x 1OZ2 A.mZ) 
but large for a body of Gaspra's size. The 
field at a surface 7 km from the dipole 
center would be between 0.04 x and 
1.4 x T,  a range that includes the 
value of Earth's surface field at the equator 
(0.3 x lop4 T). In such a field, the gyro 
frequency for electrons is between 100 kHz 
and 4 MHz, which defines the highest 
frequencies of Gaspra-related electromag- 
netic radiation that could be observed by 
the Galileo plasma wave detector (9). 

Assuming a nominal density of 4000 kg 
rnp3 for Gaspra (Galileo's distant flyby, 
dictated by concerns for safety, was too 
remote to allow a measurement of the mass 
of Gaspra), we infer a magnetic moment 
per unit mass between 0.001 and 0.03 
A.m2 kg-', which can be compared (Fig. 
4) with reported values for differentiated 
meteorites and chondrites (10). The most 
strongly magnetized meteorites, such as 
iron meteorites and metal-rich chondrites. 
have values that fall within the bounds of 
the estimates for Gaspra. This is surprising 
because it implies that the magnetized ma- 
terial of Gaspra is more or less uniformly 
oriented throughout, which in turn requires 
that at least most of the bodv cooled 
through the Curie temperature while in a 
large external magnetic field. 

These large fields must also have been 
stable over the time needed for the body to 
cool through the Curie temperature. Such a 
stable field could be produced in the mantle 
or crust of a planet-size body by an internal 
dynamo. Gaspra might then be a fragment 
of a differentiated parent body. Alternative- 
ly, Gaspra or its parent body may have 
cooled in a magnetic field capable of align- 
ing ferromagnetic material that was present 
in the early solar system, a feature that has 
been proposed in other contexts (1 1 ) .  Con- 
sistent with its inferred high olivine and 
metal abundance, Gaspra might then be a 
magnetized chondrite. 

The fact that the estimated magnetic 
moment of Gaspra falls in the range ob- 
served for strongly magnetized meteorites 
encourages us to believe that our interpre- 
tation of the solar wind disturbance record- 
ed near Gaspra, albeit preliminary, is cor- 
rect. If so, the relatively high value of the 
estimated magnetic moment places con- 
straints on the composition and mean den- 
sity of Gaspra, adding to other evidence 
that it is metal-rich. 

The geometry of the solar wind interac- 
tion region can be treated in the magneto- 

hydrodynamic (MHD) limit in the case of 
planetary bodies whose scale is large com- 
pared with ion gyro radii. For protons flow- 
ing at the solar wind speed relative to 
Gaspra, however, the gyro radius is -2000 
km, large compared with both Gaspra and 
its putative magnetosphere. Solar wind 
electrons, with gyro radii of -1 km, remain 
tied to the magnetic field on the scale of the 
proposed magnetosphere, and the electron 
fluid is diverted along with the draping of 
the field about the obstacle. The boundaries 
that confine the perturbed portion of the 
solar wind (shown schematically in Fig. 3) 
fold back in the direction of the flow be- 
cause the perturbations propagate at finite 
wave speeds and are swept back as they 
move away from the source region (12). 
The angle between the flow direction and 
the wave front is roughly the arc tangent of 
the wave speed divided by the flow speed, 
but details depend on the specific wave 
mode that carries the perturbation. 

A crude estimate of the relevant wave 
mode can be obtained from the warm- 
plasma dispersion relation. We assume that 
wave power peaks at wavelengths, A, com- 
parable with the spatial scale of the obstacle 
in the direction transverse to the flow. That 
scale is between 100 and 300 km, assuming 
that the width of the magnetosphere is 
rouehlv three times the distance from Gas- - ,  
pra to the subsolar point of the magneto- 
pause. The dispersion relation (13) for 
these conditions shows that the magneto- 
sonic-whistler branch is ~ert inent.  and this 
type of wave is what carries the pressure 
perturbations that slow and divert the flow. 
With an estimated Alfvkn speed (cA) of 40 
km s-' and an ion gyro frequency of 0.03 
Hz, appropriate to the measured field of 2 
nT and an assumed density of 1 amu crnp3, 
we estimate the phase and group velocities 
from the approximation 

which is good even in warm plasmas for 
nearly field-aligned propagation (1 3). Here 
k and w are the wave number and the 
frequency of the wave, 0 is the angle be- 
tween k and B, and S1+ is the proton gyro 
frequency. With A = 2 ~ l k  between 100 and 
300 km, the phase velocity is between 180 
and 540 km s-' and the group velocity is 
roughly twice that. 

Although the estimate is very crude, it 
allows us to argue that the upstream front 
behind which the disturbances are present 
must make an angle closer to 45" with the 
Gaspra-sun line than to either 0" or 90" 
(for planetary magnetospheres, MHD con- 
ditions apply, and the disturbance fronts 
are the bow shocks that make an asymp- 
totic angle of <6" for the assumed solar 
wind conditions). The double wedge- 
shaped regions of perturbed solar wind 
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(Fig. 3) are referred to as whistler wings. 
The name describes both the structure and 
the fact that the perturbations are carried 
in the whistler mode (14) [analogous 
structures in which the perturbations are 
carried along the magnetic field by Alfvin 
waves while being swept downstream by a 
flowing plasma were originally described 
for the MHD limit (15) and were called 
Alfvin wings]. The perturbation in the 
whistler mode has to our knowledge been 
reported only in laboratory experiments. 
The exoeriments (16) were carried out in 
a reg& for which the spatial scale of the 
obstacle was small com~ared with the ion 
gyro radii and large compared with the 
electron gyro radii, which corresponds to 
the circumstances of our measurements 
[this unusual regime has also been studied 
in a spacecraft barium release (17) but 
never before in a natural context]. 

Several other instruments (8, 9, 18) on 
the Galileo spacecraft made in situ measure- 
ments that will be useful for imorovement of 
the analysis presented here. Small changes 
in flow direction linked to the diversion of 
the flow around the obstacle could possibly 
be observed by the electron sensors of the 
Plasma Instrumentation (PLS) (8) and the 
Energetic Particle Detector (EPD) (1 8),  al- 
though the angular changes are probably too 
small to be reliably identified. Both instru- 
ments mav be able to search for a local 
population' of heavy ions to check whether 
we have been premature in ruling out a 
comet-like interaction. 

It will also be of interest to see if the 
magnetosonic-whistler waves that carry the 
pressure perturbations can be detected. The 
power in these waves is expected to peak at 
-3 Hz in the plasma rest frame, but they 
will be Doppler-shifted by the flow to much 
lower frequencies in the spacecraft frame. 
Further work will be needed to extract 
evidence of these Doppler-shifted waves 
from the magnetometer data. 

If electrons can be trapped in the mag- 
netospheric cavity surrounding Gaspra, they 
may radiate electromagnetic power near the 
electron cyclotron frequency, much as elec- 
trons at low-altitudes in the Jovian magneto- 
sphere produce - 10-MHz (decametric) 
emissions (1 9). The inferred magnetic mo- 
ment of Gaspra constrains the frequencies of 
such an emission to the band below 100 kHz 
for the lower estimated magnetic moment 
and below 4 MHz for the higher estimate. 
Enhanced power within this range of fre- 
quencies in the spectra of the Plasma Wave 
System (PWS) (9) would support the inter- 
pretation that we have provided, but initial 
results do not show any signals. 

These observations orovide a rationale 
for outfitting asteroid-bound spacecraft with 
magnetometers. They also suggest further 
investigation of the relevant parameter re- 

gime in laboratory experiments and com- S. Matthews, Eds. (Univ, of Arizona Press, Tuc- 
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Experimental Realization of the Covalent 
Solid Carbon Nitride 

Chunrning Niu, Yuan Z. Lu, Charles M. Lieber* 
Pulsed laser ablation of graphite targets combined with an intense, atomic nitrogen source 
has been used to prepare C-N thin film materials. The average nitrogen content in the films 
was systematically varied by controlling atomic nitrogen flux. Rutherford backscattering 
measurements show that up to 40 percent nitrogen can be incorporated on average into 
these solids under the present reaction conditions. Photoelectron spectroscopy further 
indicates that carbon and nitrogen form an unpolarized covalent bond in these C-N 
materials. Qualitative tests indicate that the C-N solids are thermally robust and hard. In 
addition, strong electron diffraction is observed from crystallites within the films. Notably, 
analysis of these diffraction data show that the only viabie structure for the C-N crystallites 
is that of p-C,N,, a material predicted theoretically to exhibit superhardness. The exper- 
imental synthesis of this new C-N material offers exciting prospects for both basic research 
and engineering applications. 

T h e  development of new materials exhib- and thus it represents an ideal one in which 
iting useful mechanical, electronic, or mag- to test our ability to design materials with 
netic properties represents a central chal- predictable properties. Because hardness is 
lenge of materials research (1 ) .  Among the also one material property that is essential 
wide array of important properties, hardness to many high-performance engineering ap- 
is a material characteristic that may be plications, this endeavor is of great techno- 
possible to understand with current theory, logical importance as well (2). Hardness 

can be well represented by the bulk modu- 

C. Niu, Department of Chemistry, Harvard University, an ideal and 
Cambridge, MA 02138. initio calculations have shown that a large 
Y. Z. LU, Materials Research Laboratory, Harvard bulk modulus (and corresponding hardness) 
University, Cambridge, MA 021 38. 
C, M, Lieber, Department of Chemistry and Division of require within a 
Amlied Sciences. Harvard Universini. Cambridae. ( 3 ,  4). Notably, it was predicted on the 
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- 
basis of these theoretical ideas that the 

*To whom correspondence should be addressed covalent carbon-nitrogen solid, P-C3N4, 
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