
array. Capping with a volatile species (pyri- 
dine) permits the removal of the cap by 
heating at 150°C under vacuum after for- 
mation of the array. QDs in such an array 
are in intimate contact but are not sintered. 

Self-organization is a general phenome- 
non of colloidal dispersions where control 
over varticle size and stabilization has been 
achieved. Colloidal crystals are not restricted 
to simvle "monatomic" lattice tvves. Com- , . 
plex binary superlattices with AB2 structures 
( A  and B are soheres of different radii) have 
been found in natural opals (1 6). Examples 
of AB,, ;495, and ABI3 systems have been 
prepared h i th  synthetic latex spheres (16). 
Composite colloidal solids have been pro- 
duced with the use of silica and latex spheres 
(17). Similar complex structures of QDs 
should be possible. 

Colloidal self-organization with nano- 
crystallites is not restricted to semiconduc- 
tor QDs (6). Self-organization requires only 
a hard-sohere re~ulsion. a controlled size 
distribution, the inherent van der Waals 
attraction between particles, and a means of 
gently destabilizing the dispersion. Synthet- 
ic routes to mdnodisperse nanocrystallites 
of insulating, semiconducting, magnetic, 
and metallic materials are being pursued by 
many groups. Manipulation of these diverse 
materials into superlattices as demonstrated 
for CdSe QDs in this report should be readi- 
ly accomplished after control over size dis- 
tributions and stabilization have been es- 
tablished. T h e  rational design of novel and 
~otent ial lv  useful suoerlattice structures 
k i t h  a va;iety of nandmeter-sized building 
blocks should then be possible. 
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Creation of Theta-Auroras: The Isolation of 
Plasma Sheet Fragments in the Polar Cap 

Patrick T. Newell* and Ching-I. Meng 

The auroral oval is a ring of luminosity enclosing geomagnetic field lines connected to the 
solar wind. Occasionally the ring has a bar across it, which seems to imply a bifurcation 
of the open region. Here results confirm that this "%-aurora" actually does represent this 
odd bifurcated configuration, and they demonstrate how it happens. It has hitherto been 
assumed that %-auroras occur when the interplanetary magnetic field is directed north- 
ward, because that is true of most very-high-latitude arcs. In fact, %-auroras occlir 
exclusively during the dynamic reconfiguration that follows when the interplanetary mag- 
netic field turns southward after a prolonged northward interval. 

W h e n  imaged from space in ultraviolet 
(UV), the Earth wears a halo: A ring of 
luminosity termed the auroral oval encircles 
the magnetic poles and has a typical diam- 
eter of 36". Frank, Craven, and co-workers 
(1,  2)  have discovered a spectacular effect, 
namely that the U V  image of the polar cap 
sometimes instead is that of a circle with a 
bar across it, a phenomenon termed the 
0-aurora. The  bar (a transpolar arc) runs in 
the noon-to-midnight direction. It has been 
suggested that the 0-aurora represents a bi- 
furcation of the Earth's magnetotail plasma 
sheet, with a n  isolated splinter of tail plas- 
ma being surrounded by geomagnetic field 
lines that are open to the interplanetary 
magnetic field (IMF). Aside from the ge- 

ometry of the images, this suggestion was 
motivated by ionospheric plasma flow ob- 
servations indicating antisunward flow sur- 
rounding the t rans~olar  arc but sunward 

u 

flow within it. (Once a magnetic field line 
becomes connected to the IMF, the general - 
motion of flow must be that of the solar 
wind, which is antisunward, but field lines 
in the plasma sheet flow toward the sun.) 

However, the same imaging team has 
cautioned that the isolation of the central 
arc is not well established (2). and doubts 
about the uniqueness and character of the 
0-aurora configuration abound. It is well 
established that most polar cap arcs occur 
under IMF B, > 0 conditions (3, 4). The- 
oretically this is because if B, > @, the 

Table 1.The IMF conditions when 0-auroras are first observed. 

Date and time (UT) IMP-8 observations of IMF 

Polar BHR images 
6, < 0 in sheath after data gap 
B, < 0 after data gap 
No IMF data. Polar cap empty by 04:30 and substorm 

before 05 : 40 UT 
B, < 0 after sustained interval > 0 
Data gap, but about 10 min earlier B, < 0 after B, > 0 
B, < 0 after fluctuating about 0 
6, > 0 weakly after variable IMF 
Variable B, in sheath after B, > 0 
IMP-8 and DMSP F7 data gap 

DE- 1 cases reported in literature 
No IMF 
B, < 0 after interval of B, > 0 
No IMF 
No IMF 
B, < 0 after interval of B, > 0 
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Fig. 1. UV images of the northern polar regions from space at 1295 ? 15 A northem polar regions: (A) 02:43 UT, (B) 0429 UT, and (C) 06:14 UT. R, 
made with the Polar BEAR satellite imager (the latitude-local timegrid is based rayleighs. Most of the auroral oval is visible, as well as a transpolar arc (the 
on the magnetic rather than geographic pole). Times given refer to magnetic 0-aurora). In (C), the DMSP !7 satellite trajectory is shown as a black line, with 
local time. Numbers at right of each panel label the lines of magnetic latitude. bars showing the location of plasma sheet precipitation. 
The images are from three consecutive passes on 11 January 1987 over the 

amount of open geomagnetic flux in the 
polar cap should be reduced. I t  has been 
observationally established that the plasma 
sheet expands into the polar cap along the 
dawn and dusk flanks when B, > 0 (3). As 
a result, configurations that somewhat re- 
semble the 8-aurora can exist, but they do 
not imply any bifurcation of the region of 
field lines that are open to the IMF (5). 

It is widely assumed that 0-auroras are 
also a phenomenon produced by northward 
IMF condirions. This assumwion. which has . . 
even reached introductory textbooks (6), ap- 
parently stems from the belief that the 0-au- 
rora must represent some variant of better- 
established polar cap arc phenomena. Inter- 
estingly, the one 0-aurora discussed in the 
literature for which IMF data have been 
reported occurred during southward IMF (B, 
< 0) conditions after an extended interval of 
northward IMF (2) .  a fact that has not al- . ,, 
tered in the slightest the prevalent associa- 
tion of 0-auroras with northward IMF. It has 
been difficult to further investigate the phe- 
nomenology of 8-auroras, primarily because 
of the paucity of UV images of the Earth 
from space (and secondarily because of the 
spottiness of IMF coverage). 

We use data from unpublished UV im- 
ages to demonstrate that the above assump- 
tions about 8-auroras are unwarranted. 
0-auroras prove to occur, apparently exclu- 
sively, under southward IMF conditions af- 
ter a period of northward IMF causes a 
traditional expansion of the plasma sheet 
into the polar cap. Moreover, a unique 
mechanism exists that produces highly iso- 
lated strips of plasma sheet in the polar cap 
(the configuration originally hypothesized 
by Frank). A simple model is presented here 
that explains the observed motion of the 

transpolar arc across the polar cap and its 
dependence on IMF sector structure. 

We analyzed UV images of high-lati- 
tude regions taken by the Polar BEAR 
satellite (7), as well as charged particle 
precipitation observations from the De- 
fense Meteorological Satellite Program 
(DMSP) satellites F6 and F7. Instruments 
on these flights included curved-plate 
electrostatic arialyzers that measured elec- 
trons and ions from 32 eV to 30 keV (8). 

The DMSP satellites are three-axis stabi- 
lized, with the detector apertures pointed 
always toward the zenith, so that at polar 
latitudes only particles that are well with- 
in the atmospheric loss cone are observed. 

We examined each image in the Polar 
BEAR collection and found nine cases of 
apparent 0-auroras. Figure 1 shows images 
from three consecutive orbits (counted as 
one event) taken on 11 January 1987. Im- 
ages were formed by a sweeping line scanner 

Fig. 2. A spectrogram showing precipitating electrons and ions from a DMSP F7 satellie pass through the 
polar regions at the time shown in Fig. 1 C. In the top portion of the figure, the upper line plot shows log total 
energy flux in electron volts per square centimeter per second per steradian, and the lower line plot shows 
log average energy in electron volts. The color scale is calibrated in differential energy flux (electron 
volts per square centimeter per second per steradian per electron volt). Arrows at bottom denote the 
magnetotail-type plasma that was found isolated by apparently open field lines (those containing only 

Johns Hopkins University Applied Physics Laboratory, polar rain precipitation). MLAT, magnetic latitude; GLAT, geographic latitude; GLONG, geographic 
Laurel, MD 20723, USA. longitude; MLT, magnetic local time. The image was formed with a filter centered at A = 1295 A, 
*To whom correspondence should be addressed. but the auroral emission measured is the oxygen A 1304 A line. 
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as the satellite moved and took about 10 4 shows a DMSP F7 spectrogram of such an the DMSP data set by this procedure in- 
min to form; the times given apply to the event about 20 min after the southward clude 12/24/83 at 09:30 UT; 1/28/84 at 
centers of the images. The bar extending IMF turning. At this stage, it is not clear 09:40 UT; 02/24/84 at 10: 10 UT; and 41251 
from before midnight to noon across the how long the IMF must be positive (or how 84 at 14:00 UT.) 
polar cap is the 0-aurora. Figure 2 gives positive it must be) for a 0-aurora to be Figure 5 illustrates the scenario that the 
particle precipitation data from a DMSP F7 created. (For reference, additional examples present observations support. After a period 
pass made at the time shown in Fig. 1C and of apparent 0-auroras that were located in of northward IMF, the polar cap contracts 
shows an isolated region of magnetotail-like 
plasma surrounded bv volar rain (soft ho- , A 

mogeneous electron precipitation). The 
DMSP data thus support the proposed con- 
figuration of the @-aurora as a closed region 
surrounded by open field lines. The IMP-8 
satellite, which was apparently in the mag- 
netosheath, indicated that the IMF had 
turned southward from a northward direc- 
tion before the first appearance of a 0-au- 
rora. The combined Polar BEAR, DMSP, 
and IMP-8 data for this event show a sce- 
nario typical for 0-aurora events as a whole 
in our investieation: The 0-aurora occurs 
after the IM< turns southward, and the 
DMSP data indicate that the 0-aurora rep- 
resents magnetotail plasma surrounded by 
open field lines (polar rain or no precipita- 
tion). Table 1 summarizes these obsewa- 
tions, as well as listing IMF data for the 
events reported by the DE-1 satellite imag- 
ing team for reference. 

One more observational result is key to 
understanding the 0-aurora phenomenon. 
Figure 3 shows a DMSP F7 spectrogram 
from 15 January 1987, taken at 02: 18 UT, 
about 30 min before a Polar BEAR image of Fig. 3. A DMSP F7 pass from 15 January 1987 at 02:20 UT (about 35 min before the formation of a 
a 0-aurora. This DMSP pass is of particular 0-aurora). The polar cap arc shown by arrows does not connect up to the cusp, which is the site of 
interest because it includes a polar cap arc merging between the Earth's magnetic field and the IMF. Terminology is defined as in Fig. 2. 
and the cusp. The cusp consists of Earth's 
magnetic field lines, which have recently 

after being at least nT Fig. 4. A sample DMSP F7 pass we selected by looking for intervals of southward IMF afler prolonged 
positive for several hours. of the intervals of northward IMF is shown. An isolated arc in the middle of the polar cap is presumably a 
examples we investigated showed isolated &aurora; on both sides of the arc polar rain exists, indicating open field lines. Terminology is defined as 
plasma in the center of the polar cap. Figure in Fig. 2. 
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as magnetospheric field lines disconnect 
from the IMF; or equivalently, the plasma 
sheet along the dawn and dusk flanks of the 
oval expands into the polar cap (3). Along 
the boundary between open and closed field 
lines a velocity shear exists (say between 
sunward convection within the oval and 
antisunward convection further  olew ward) 
so that a sun-aligned arc often forms at the 
interface. However, the arc does not quite 
extend to the c u s ~ .  When the IMF turns 
southward, rapid merging and convection 
tailward of magnetic flux resume at the cusp 
location. 

There is ample theoretical (9) and obser- 
vational evidence (10, 11) to support the 
conclusion that as flux becomes connected 
to the IMF, it usually convects around the 
polar cap circumference at the boundary be- 
tween oDen and closed field lines. with the 
direction of preferred convection being de- 
termined by the IMF By. The overall motion 
is antisunward, but the predominant motion 
is azimuthal. For By > 0 in the Northern 
Hemisphere, the direction of convection is 
toward dawn. Hence the newly opened flux 
is added to the flanks of the oval inside the 
existing sun-aligned arc. This gradually leads 
to the arc becoming separated from the oval 
and convecting toward higher latitudes. 
Onlv after > 10 min of southward IMF con- 
ditions does the arc become a true 0-aurora: 
a bifurcation of the polar cap. 

This s i m ~ l e  model ~redicts that 0-auro- 
ras should appear to move from the dawn 
side toward the dusk side for B.. > 0 in the 
Northern Hemisphere, and frim the dusk 
side toward the dawn side in the Southern 
Hemisphere. The one instance in which 
0-auroras were imaged in both hemispheres 
(2) showed precisely this effect. Our model 
further predicts that if the IMF turns north- 
ward again after a 0-aurora is formed, the 
motion should stop. No data are currently 

Fig. 5. A simple model illustrating the formation of 
a 8-aurora. Under northward IMF conditions, polar 
cap arcs form at the interface between open and 
closed field lines, but these arcs do not connect 
up to the polar cusp. When the IMF turns south- 
ward and flux is transferred from the dayside to 
the nightside, the flux is convected along the polar 
cap boundary and is added to the flanks of the 
oval inside the arc, pushing the latter to higher 
latitudes. LLBL, low-latitude boundary layer. 

available for investigation of this predic- 
tion. The model also implies that long- 
duration @-aurora events (several hours) 
should occur only when the IMF B, com- 
ponent changes sign every hour or two, as 
was the case for the long-lived event shown 
in Fig. 1. 

Because of the scheduled launch of the 
Polar satellite in December 1995. which 
will include suitable imagers, there soon 
should be ample opportunity to test our 
model in detail. The data presented here 
show that 0-auroras do represent a true 
isolation of magnetotail plasma in the polar 
cap (12) and that they are formed only 
when the IMF turns southward after an 
extended period of northward conditions. 
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Fission Track Evidence on the Initial Rifting of 
the Red Sea: Two Pulses, No Propagation 

Gomaa I. Omar and Michael S. Steckler 

Fission track analyses indicate that the Red Sea initially opened simultaneously along its 
entire length. Two distinct pulses of uplift and erosion characterized the early stages of 
rifting in the Red Sea throughout Egypt and in southwestern Saudi Arabia. The first pulse 
began at -34 million years ago (Ma). The second pulse began in the early Miocene (21 
to 25 Ma) and marked the start of the main phase of extension. These data support a rigid 
plate model for continental extension. These results also indicate that the initiation of rift 
flank uplift, and therefore rifting, and volcanism occurred nearly simultaneously. This 
conflicts with classical models of active and passive extension that predict sequential 
development of these features. 

T h e  Red Sea, with the Gulf of Aden, is the 
only young example of the splitting of a 
continent to create a new ocean basin. At 
present the mode of extension in the Red 
Sea varies from well-established oceanic ac- 
cretion in the south to late stage continen- 
tal rifting in the north (1, 2) (Fig. 1). The 
along-strike contrasts in the Red Sea pro- 
vide evidence for south to north propaga- 
tion for the initiation of sea floor spreading 
(3, 4 ) .  

I t  is not known, however, whether the 
initiation of rifting underwent a similar 
south to north progression. Rigid plate ki- 
nematics requires that motion begins simul- 
taneously over the entire length of the Red 

G. I. Omar, Geology Department, University of Pennsyl- 
vania, 240 South 33rd Street, Philadelphia, PA 19104, 
USA. 
M. S. Steckler, Lamont-Doherty Earth Obsecvatoty. Pal- 
isades, NY 10964, USA. 

Sea (Fig. 2). The resulting initiation of a rift 
valley, and later changes in the opening 
rate. would occur virtuallv simultaneouslv 
along the length of the ~ e d  Sea. In con: 
trast, if the opening of the Red Sea initial- 
ized as an unzipping from south to north 
(Fig. 2), then internal deformation of the 
plate is required. How well continental 
breakup is approximated by rigid plate tec- 
tonics can be evaluated by examining 
whether the initiation of continental rifting 
was synchronous or propagated. 

Apatite fission track (FT) analysis has 
proved to be a powerful tool in studying the 
timing, magnitude, and geometry of uplift 
and erosion events of the Red Sea rift flanks 
(5-8). In the Gulf of Suez, FT analyses of 
apatites from Precambrian crystalline rocks 
along its western margin have established 
that large-scale erosion of the uplifted rift 
flank began at 21 Ifr 2 Ma, coeval with the 
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