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Simultaneous imaging and spectroscopic observations of Jupiter's far-ultraviolet aurora 
covering half a jovian rotation were made on 31 May 1994. The Hubble Space Telescope 
Wide Field Planetary Camera 2 images revealed dramatic and rapidly changing auroral 
features, including discrete longitudinal structures along the auroral ovals, with variable 
contrast; a poleward offset in a north oval sector, showing equatorward motion near 
dusk; emissions polewards of the ovals, apparently co-rotating; and a bright event 
developing near the dawn limb. Viewing geometry effects explain the rotational intensity 
modulation observed by the International Ultraviolet Explorer, without intrinsic longitu
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violet Explorer (IUE) (2) emphasized the 
north aurora. These data were fitted by a 
low-latitude oval (reaching +60° latitude) 
mapping along the magnetic field lines out 
to the Io plasma torus at 6 jovian radii (Rj), 
and with an enhanced emission region fixed 
around magnetic System III longitude X ~ 
180° to 210° contributing to the observed 
rotational modulation. This interpretation 
suggested jovian auroral processes quite dif
ferent than those on Earth, with longitudi
nal dependencies related to large asymme
tries in Jupiter's co-rotating surface magnet
ic field, and associated with the torus and 
the inner magnetosphere. These magneto-
spheric regions are dominated by a co-
rotating equatorial plasma sheet supplied by 

. the torus and extending tens of jovian radii 
into the middle magnetosphere (3). Remote 
images of the FUV aurora obtained with the 
Faint Object Camera (FOC) (4) and the 
Wide Field Planetary Camera 2 (WFPC2) 
(5, 6) on the Hubble Space Telescope 
(HST) are now revealing a different pic
ture. They show high-latitude emissions 
mapping to the middle magnetosphere, 
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without the expected longitudinal en- 
hancements. This is also seen in near-infra- 
red images of ionospheric H3+ auroral emis- 
sions (7), reflecting secondary emissions 
processes. A series of WFPC2 images ob- 
tained over about half a jovian rotation on 
31 May 1994 with simultaneous IUE obser- 
vations of the north aurora reveal the rota- 
tional modulation of the aurora in terms of 
the morphological, co-rotational, and local 
time properties, with implications for au- 
roral processes and associated magneto- 
spheric regions. 

The WFPC2 imaging spanned five HST 
orbits (Table 1). Three exposures were 
made in each of orbits 2,3,  and 4, imaging 
the FUV emissions and reflected solar con- 
tinuum. In orbits 1 and 5, the continuum 
was imaged. The images were reduced and 
calibrated following Clarke et al. (5). The 
persistent auroral emissions were observed 
(6), along with bright auroral event emis- 
sions near the dawn limb (Figs. 1 and 2) . 

The main auroral ovals showed a series 
of discrete longitudinal structures, which 
acquired a high contrast in orbit 3 and 
faded again in orbit 4. These structures 
co-rotated with Jupiter to better than 
-90%, as measured from early morning to 
mid-afternoon. Although such co-rotating 
regions were measured by Voyager within 
the dayside middle magnetosphere, the 
variable and predominantly lower degree of 

co-rotation of this region prevents any fur- 
ther identification (8). The true extent and 
brightness of the structures differs from 
what is observed because of 5" to 6" of 
rotational blurring during the exposures. 
Modeling of the rotational smearing indi- 
cates that the smallest structure observed 
on the north at A - 180" is consistent with 
a feature confined to -5" in longitude or 
-3300 km in length [its full width at half 
maximum (FWHM)]. This is similar to its 
apparent length in the images. In orbit 3, its 
modeled peak brightness (51230 A) was 
-400 kR (1 kilorayleigh = lo9 photon 
cm-2 s -1 over 41r steradians), correspond- 

ing to at least -600 kR of total Hz UV 
emission. The other structures to the east of 
this feature had the same or twice the 
brightness and were about twice as extend- 
ed along the oval. Aligned roughly with the 
brightest north structure at A - 155", there 
was an equatorward structure that became 
quite bright in orbit 4, and a weaker struc- 
ture at even lower latitude. The structures 
were separated by -15" to 40" and ap- 
peared conjugate in the north and south to 
within-20" of the conjugate points calcu- 
lated with the 0, magnetic field model for 
an equatorial source at 30 R, (9). Isolated 
longitudinal structures were observed in 
other WFPC2 images (6), but our observa- 
tion of a series of structures along the ovals 
requires magnetospheric auroral processes 

for this date with a discrete distribution 
covering a large longitudinal sector of the 
middle magnetosphere. Existing models of 
the plasma transport in the jovian magne- 
tosphere driven by the mass loading to the 
10 plasma torus predict the formation of 
discrete longitudinal density structures 
propagating radially outwards (10). In this 
scenario. the auroral Drocesses would have 
been disturbed by theAepisodic propagation 
of such ~lasma structures through the rele- " 
vant middle magnetospheric regions, 
which. for exam~le. could have created ve- 
locity 'shears an2 driven field-aligned cur- 
rents, or modified the strong pitch angle 
scattering into the loss cone. 

The A - 90" to 150" sector of the north 
oval showed an unexpected and changing 
morphology. The south oval was too close 
to the limb to resolve these characteristics, 
if present. In orbits 2 and 3, the sector was 
offset polewards of the WFPC2 reference 
oval (6), showing a "kink" around A - 130" 
(Fig. 2, A and C). The same characteristics 
are seen in the other WFPC2 images ob- 
tained when Jupiter's central meridian lon- 
gitude (CML) was 1 9 0 "  on 18 and 20 July 
1994 (1 1 ). Another characteristic was ob- 
served in this sector in orbit 4. In the first 
image the sector was still offset, but in the 
last two images it moved equatorwards of 
the reference oval when close to dusk in 
local and magnetic local time (Fig. 2, C and 

Fig. 1 (left). Montage of FW WFPC2 images of Jupiter taken on 31 May 1994, during HST orbkits 
numbered 2 (top), 3 (middle), and 4 (bottom). Fig. 2 (above). (A), (C), and (E) show WFPC2 F16OBW 
images of the north aurora. (0) shows the F16OBW + F165LP image with persistent bright event emission 
near dawn. Each panel has the CMLindicated at the top, left, and also has overplotted: (i) Jupiter's limb and 
a 30" latituddongitude grid; (ii) WFPC2 reference auroral oval at exposure midpoint; and (iii) (vertical bars) 
the mid-exposure location in magnetic local time of noon (2 bars), noon + 3 hours and noon + 6 hours 
(dusk, dawn), plotted if in front of the limb based on the 30 R, 0, auroral oval (10). (B), (D), and (F) show the 

WFPC2 images in the corresponding left panels after convolution with the IUE PSF, showing how the blurred emissions fall inside the approximately rectangular 
IUE aperture (centered at the typical +60° latitude, CML). (H) presents the IUE pseudo-image of H-Lya emission at CML 224", showing the asymmetric emission 
inside the IUE aperture due to the bright event emissions confined near dawn. The intensity scale (in kilorayleighs) applies to (A) through (F) and that for (G) and 
(H) is arbkitrary. 
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E). A similar motion was observed in the 
emissions equatorwards of the sector. Al- 
though other WFPC2 images with the sec- 
tor near dusk (CML 5 190") show it on and 
off the reference oval (6), confirmation of a 
persistent poleward offset before the sector 
approaches dusk (CML 5 190") should 
have important implications on the config- 
uration and dynamics of Jupiter's magneto- 
sphere resulting from the balance of the fast 
(10-hour) rotation and the solar wind in- 
teraction 18. 12). ~, , 

The emissions polewards of the main 
north oval resembled a broad, diffuse oval. 
These einissions appeared to follow co- 
rotation with the   la net within a single " 

orbit, and the sufficiently stable morpholo- 
ev seen in orbits 3 and 4 allowed for con- ", 
firmation, although not for measuring the 
departure from rigid co-rotation (Fig. 2, C 
and E). Co-rotation was also apparent in 
the 20 July 1994 WFPC2 images (1 1 )  and 
in the noleward elnissions of the south au- 
rora. In principle, the apparent co-rotatlon 
of the ooleward e~nlssions could be the re- 
sult of processes associated with the co- 
rotating main auroral ovals. On the other 
hand, ?t could indicate association with 
closed magnetic field lines. In this case, the - 
large latitudinal extent of the elnlssions (for 
example, -15" at A - 165") maps to far 
regions in the dayslde magnetosphere, 
where co-rotation should have dominated 
on 31 May and 20 July 1994. In Jupiter's 
dayside outer magnetosphere, co-rotation 
was measured by Voyagers 1 and 2 and 

Pioneer 11 when the magnetosphere was 
compressed, but no co-rotational flows were 
detected by Ulysses and Pioneer 10 when it 
was inflated (8). In addition, a small polar 
cap, as defined by regions poleward of the 
cusp mapping to open field lines swept tail- 
ward, would be implied. Although magnetic 
field models including only the internal and 
current sheet contributions yield a large 
polar cap within which the poleward emis- 
sions would fall ( 3 ) ,  a small polar cap is 
predicted by models that also include the 
magnetopause currents (13). 

The IUE observed the north aurora for 
1.4 jovian rotations overlapping the 
WFPC2 imaging (Table 1). The derived 
IUE fluxes (14) showed the typical increase 
toward CML - 180" (Fig. 3) ,  but with the 
peak shifted to CML - 248" by the dawn 
auroral event as previously observed for an- 
other event (2) .  To compare the IUE and 
WFPC2 data sets, we convolved the 0.1 arc 
sec resolution WFPC2 images with the IUE 
3.5 arc sec point spread f~~nct ion  (PSF) (Fig. 
2)  (15). We then spatially integrated the 
emissions within the IUE aperture area in 
the convolved WFPC2 images (16). These 
integrated emissions were found to agree 
within -25% with the derived IUE fluxes 
(Fig. 3). 

In the convolved WFPC2 images, the 
behavior of the normal aurora inside the 
IUE aperture was easily separated from that 
of the bright event near dawn (Fig. 2). The 
north oval was offset and tilted from Jupi- 
ter's rotational axis toward A - 160" be- 

Table 1. Exposure information for HST and IUE observations. All WFPC20images used the sodium Woods 
fllter F16OBW, sgnsitlve to H-Lya and H, emissions (-1 150 to 1680 A) and reflected solar continuum 
(-1 620 to 21 00 A), in the*open configuration, or crossed with the afocal CaF, blocker F130LP to fllter out 
emissions below -1 230 A, or the suprasll blocker F165LP to image the continuum above -1 620 A. Start 
tlme (Start t) for each WFPC2 exposure, always at 17 s past the listed minute. CML is for the midpoint of 
each exposure. 

WFPC2 Filter Start t Exp t CML IUE Start t Exp t CML 
exposure (4 (s) (deg) exposure (UT) (s) (deg) 

+F165LP 
+ F130LP 

open 
open 

+ F130LP 
open 
open 

+FI 30LP 
open 
open 

tF165LP 

cause of the magnetic field asymmetry. As 
the planet rotated, a larger portion of the 
aurora entered the IUE aperture. When the 
oval faced Earth, a bright diffuse region 
resulted from the blurring of the oval and 
poleward emissions by IUE. The best cen- 
tering of this region within the IUE aper- 
ture occurred around a CML of 180°, at 
which point IUE normally detects peak 
emission. This blurred view of the high- 
latitude aurora explains the rotational mod- 
ulation of the emission typically observed 
with IUE, without requiring the intrinsic 
longitudinal brightening around A - 180" 
(1 7). For each IUE observing run, the exact 
peak CML varies because of the specific 
viewing geometry and auroral ~norphology 
(6). Similarly, the smaller rotational mod- 
ulation of the south aurora usually observed 
with IUE (2)  should result from the oval's 
smaller offset and asymmetry with respect 
to the rotational axis (6). 

The 31 May 1994 WFPC2 images re- 
vealed a bright auroral event near the dawn 
limb that started by 13:55 UT (universal 

0- 
270 360 90 180 270 360 90 

CML 

Fig. 3. (A) North aurora emisslon fluxes versus 
CML measured with IUE, after these were 
weighted by the average throughput of the HST 
optical telescope assembly, the WFPC2 re- 
sponse, and the F160BW fllter transmission (sol- 
id line), plotted against the counts spatially inte- 
grated inside the IUE aperture in the WFPC2 
Images convolved with the IUE PSF (diamonds). 
The difference in the slopes of the two results is 
due to an underestimate of the HST + WFPC2 + 
F160BW response, and serves as cross-calibra- 
tion. (B) Same as in the left panel but for the 
Fl6OBW + F130LP filter combination. (C) H, 
color ratios versus CML derived from the IUE 
spectra, given byothe ratio of the H, emission flux 
at 1550 to 1620 A versus at 1230 to 1300 +, and 
indicative of CH, absorption below 1450 A. The 
usual magnitude and rotational modulation of 
the north aurora color ratio are observed (2, 741, 
with a maximum of -3 around CML -1 80". 
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time), the beginning of orbit 3, and bright- 
ened in orbits 4 and 5. The emissions start- 
ed at the latitude of the main ovals and 
expanded longitudinally and equatorwards, 
mapping out to several RJ in the middle and 
inner magnetosphere. The peak intensities 
on both poles increased by a factor of -9 in 
1.8 hours (18). The peak brightness detect- 
ed in orbit 4 reached -3 MR, correspond- 
ine to at least 420 ere cm-2 s-' of local - " 
energy input at a 10% conversion efficiency 
(2). One effect of this large energy input 
could beo to alter the CH4 absorption 
(51450 A )  of the H-Lva and H, emissions 
that is norn3lly observid in the uv auroral 
emissions be'cause these are excited near the 
CH4 homopause. This CH4 absorption in- 
creased for two previous jovian auroral 
events observed on 21 December 1990 with 
IUE (2, 19) and on 17 July 1993 with FOC 
and IUE (20, 2 1 ), whereas we found that it 
remained within normal values for the May 
1994 event (Fig. 3). Although a lower alti- 
tude of excitation in the two previous 
events, due for exarn~le to more energetic 
incident particles, could explain the in- 
crease of the CH4 absorption, the situation 
may be more complex here, since upwelling 
of additional CH4 from deeper layers may 
balance losses by winds and chemistry in- 
duced by the large energy input. This 
should depend on the altitude of excitation 
and the time response (2, 14, 20, 21 ). 

There is evidence for a local time dewen- 
dence to these events. The event peak 
emission on the north was seoarated from 
the limb, and moved in the sense of the 
planetary rotation but appeared to lag co- 
rotation by -30% from orbit 3 to 4 (22). 
The south event emissions remained closer 
to the limb, as would be expected from 
conjugacy to the north peak longitudes (9). 
Instead of being dominated by co-rotation 
(20), the motion of the north peak emis- 
sions rnay have reflected its confinement to 
magnetic dawn, within the uncertainty in 
the 0, magnetic field model (6,  9). Map- 
ping the freld lines at dawn from an equa- 
torial distance of 30 RJ into the polar re- 
gions, shows that the location of the north 
dawn footprint was in front of the limb, 
near the location of the peak emission, and 
moving in the sense of the planetary rota- 
tion (Fig. 2, A, C,  and E) (22). Further- 
more, the continuum WFPC2 image taken 
in orbit 5 clearly showed extended low sig- 
nal-to-noise features near dawn on both 
poles, presumably due to bright event 
H,Lyman band and a-bo continuum ernis- 
sions longward of 1620 A filtering through 
the blue tail of the F165LP blocker (Fig. 
2G). At this time, the dawn footprint 
mapped behind the morning limb. This in- 
dicates that the brightest event emissions 
persisted near dawn. The IUE data support 

this conclusion. Auroral H-Lva emission 
dominates at 1216 A, and we have obtained 
nearly monochromatic H-Lya images from 
the IUE data (23). These IUE pseudo-images 
show bright event emissions near dawn sep- 
arated from the normal auroral emissions at 
CMLs of 200°, 224" (Fig. 2H), 249", 274", 
and 298". At CML of 274". the IUE fluxes 
started to decrease, but the event continued 
since the fluxes were all hieher than in the " 
previous rotation by a factor decreasing from 
6.9 to 1.5. Modeline of the emission mar- " 
phology is needed to assert if this decrease 
was mainly due to the event decay phase 
(24). Additional evidence is provided by the 
FOC images of the July 1993 event, observed 
at different longitudes (20, 22), and by the 
IUE pseudo-images obtained for this and the 
December 1990 event that also show bright 
emissions near dawn (2 1 ). 

The confinement of auroral event emis- 
sions near dawn suggests the possibility of a 
solar wind influence on auroral events. as 
previously inferred from the coincidence of 
the December 1990 event with the expect- 
ed arrival of a solar wind disturbance (19, 
20). We find, however, no solar wind dis- 
turbance associated with the May 1994 
event, based on solar wind data measured at 
Earth and by the Galileo Orbiter (25). Al- 
though a relationship between the solar 
wind and the December 1990 event cannot 
be ruled out, the average conditions found 
for the May 1994 event preclude a strong 
correlation of solar wind perturbations and 
auroral events. The event characteristics 
rnay be associated instead with impulsive, 
internally driven processes related to the 
configuration of the jovian magnetosphere 
in the dawn and predawn sector. For exam- 
ple, existing magnetospheric models predict 
reconnection in the predawn sector with 
sporadic merging enhancements and the ac- 
companying injection of plasma ( 12). 
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Galileo was -1.7 AU from Jupiter at a -1 7' Jupiter- 
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Direct Imaging of the Atomic Configuration 
of Ul tradispersed Catalysts 
P. D. Nellist and S. J. Pennycook* 

Direct imaging of individual catalyst metal atoms on the insulating surface of an industrial 
support is demonstrated. Individual platinum and rhodium atoms ultradispersed on 
y-A1203 supports were imaged by high-resolution Z-contrast (atomic number Z )  mi- 
croscopy in a 300-kilovolt scanning transmission electron microscope. Within small 
clusters, the configuration of the metal atoms was seen to be constrained to match the 
surface structure of the y-A1203, from which likely surface adsorption sites were de- 
duced. A thin, extended raft of rhodium atoms was observed, mostly corresponding to 
one monolayer. Occasional two-atom features suggested partial dissolution into the top 
layers of the y-A1203 support. 

Direct observation of the atomic disper- 
sion of a catalytic metal on its support 
material is essential for the understanding 
of catalytic activity and degradation mech- 
anisms. The two systems presented here, 
platinum and rhodium supported on 
y-A1203, have been extensively studied. 
Measurements of chemical activity (1 ) and 
x-ray absorption experiments (2) have dem- 
onstrated atomic dispersions approaching 
the limit of isolated metal atoms. However. 
to date no experimental investigations have 
urovided definitive evidence of the metal 
atom configurations or their interactions 
with the support material (3). We used 
2-contrast atomic-resolution imaging to di- 
rectly observe the positions of the individ- 
ual metal atoms on an industrial catalyst 
support material. Their configuration and 
orientation with respect to the support ma- 
terial can be determined, and information 
on their three-dimensional configuration 
can be extracted. 

A 2-contrast image is formed in a scan- 
ning transmission electron microscope 
(STEM) by focusing an electron probe on 
the specimen and detecting electrons that 
scatter out to an annular dark-field detec- 
tor. It is an incoherent mode that leads to a 
direct map of atomic locations with inten- 
sities that are strongly dependent on the 
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atomic number 2 of the observed atom (4). 
Thus, it is an excellent method for observ- 
ing supported metal atoms; indeed, in a 
biological context, this was one of the ear- 
liest applications of STEM (5). Later work 
has shown how atoms of different atomic 
number can be distinguished (6) and how 
the number of atoms in a column can be 
determined from the quantization of image 
intensities (7). Although the contrast of 
single atoms in 2-contrast images is much 
stronger than that in conventional TEM 
images, which can only image particles 
smaller than about 1 nm in diameter under 
special conditions (8), these previous Z- 
contrast results were only possible through 
the use of very thin, low-2 supports such as 
amorphous carbon films. With industrially 
relevant supports such as Si02 or y-A1203, 
single atom detection has not been possible 
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until now because of the larger background 
scattering from these heavier supports. Nev- 
ertheless, the enhanced ability of 2-contrast 
imaging to distinguish between metal atoms 
and a support has made it a popular choice 
in the study of industrial catalysts. Hitherto, 
clusters as small as three atoms have been 
detectable ( 9 ) ,  although the individual at- 
oms could not be resolved. 

The recently developed, high-resolution 
VG Microscoues HB603U 300-kV STEM 
(coefficient of spherical aberration of 1 
mm) allows the formation of an electron 
probe only 0.126 nm in diameter. The re- 
sulting improved signal-to-background ratio 
from single atoms allows the resolution of 
individual metal atoms in tiny clusters on 
industrial catalyst supports. It is also possi- 
ble in a STEM to form a bright-field (BF) 
imaee simultaneouslv with the 2-contrast " 
image by detecting electrons collected by a 
small detector on the optical axis. By the 
principle of reciprocity (lo), the BF image 
is identical to that which would be formed 
in a conventional TEM with the usual axial 
illumination. This image, being dominated 
by the support, is useful for determining the 
orientation of the support. 

The ability of the microscope to resolve 
single atoms is illustrated in Fig. 1 for a 
sample of ultradispersed 3 weight % Pt on 
y-A1203. The bright features (Fig. 1A) are 
clusters of Pt atoms. In manv areas. the 
individual Pt atoms are resolved, showing 
that some clusters actuallv contain as few as 
two Pt atoms. The larger bright features are 
three-dimensional structures that are unre- 
solved because they are not aligned accu- 

Fig. 1. Simultaneously 
collected (A) Z-contrast 
and (B) BF images of a 
sample of Pt on y-Al,O,. 
Some of the clusters in 
(A) can be seen to be re- 
solved into single atoms. 
In (B), strong (222) 
y-Al,O, fringes can be 
seen with a spacing of 
0.23 nm. 
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