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THE Ulysses spacecraft detected streams of sub-micrometre-sized
dust particles as it approached Jupiter in 1992'?. Although
interplanetary space was known to contain dust, the presence of
discrete streams was completely unexpected. The directions from
which the dust grains struck the spacecraft strongly suggested
that the source lay somewhere within the Jupiter system. Three
origins were proposed, the comet Shoemaker—Levy 9 (ref. 3),
Jupiter’s gossamer ring’, and the volcanoes on Io’, but there was
no definitive evidence for or against any of the options. Here we
report the detection by the Galileo spacecraft of even more
intense dust streams—including three intense dust storms of
month-long duration, with impact rates up to 10 times higher
than those observed by Ulysses. Our analysis of the data confirms
that the dust streams originate near Jupiter; we are able to rule
out a cometary origin, but cannot yet determine conclusively
whether the dust comes from Io or the ring.

Galileo was launched in 1989, and followed a looping trajectory
through the Solar System that brought it to Jupiter on 7 December
1995. The Galileo dust detector®, like its twin aboard Ulysses’, is
an impact ionization detector which detects the plasma cloud
released when a dust grain strikes its sensor. The impact direction
(rotation angle) is determined by the spin position of the space-
craft at the time of impact, and both the impact speed and the
mass of the dust grain can be derived from characteristics of
the recorded charge pulses’. Normally these data are all trans-
mitted to ground, but because Galileo relies on its low-gain
antenna for communications and data transfer (its high-gain
antenna failed to deploy), it cannot always transmit data in real
time and must store it on-board. Because of limited memory
aboard the spacecraft, some dust data is overwritten before it can
be transmitted. Impacts are recorded in counters, but the com-
plete information (from which the mass, velocity and direction are
derived) is often lost. Thus for Galileo, we have two types of data:
(1) impact rates and (2) information on individual dust impacts
(impact charge, particle mass, relative velocity, impact time and
impact direction).

In July 1994, the Galileo instrument was re-programmed to
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improve its noise suppression capability; this increased its mass
sensitivity by a factor of eight which is critical for studies of dust
streams as these particles are very small. Figure 1a shows the rate
of small impacts observed during the two years before Galileo’s
arrival at Jupiter. We call the three largest peaks dust ‘storms’ and
the smaller peaks dust ‘streams’ and list relevant parameters in
Table 1. The Galileo dust streams are similar in duration and
intensity to the streams observed by Ulysses, although they do not
display the one-month periodicity that the Ulysses streams did.
Dust storms are an order of magnitude longer and more intense
than dust streams. During the third and most intense dust storm,
special campaigns were run by the Galileo operations team at the
Jet Propulsion Laboratory that provided daily data transmissions
and, in a special case (5 October 1995), hourly transmissions for 10
successive hours. These data showed that the impact rate fluctu-
ated by up to a factor 100 over a day. No significant fluctuations
have been found in the hourly sequence primarily because, at that
time, the impact rate was low and statistical variations prevailed.
No major changes were noted in the dust impact rate when Galileo
crossed the bow shock in front of the jovian magnetosphere at the
end of November.

Directional information on impacts is displayed in Fig. 1b.
Impacts are separated in two ranges of impact charge. Small
impacts are concentrated both in time and in direction (towards
Jupiter). The threshold that effectively separates Jupiter dust-
stream impacts from most of the rest of the impacts was apparent
in the Ulysses data’. Impact charges of dust-stream particles are
most frequently very small, just above the detection threshold,
suggesting even more numerous impacts with smaller amplitudes.
Impact speeds range from 10 to 40 kms™' and masses range from
107" to 10~** g. The true mass and speed values of the impacts may
deviate significantly from those derived because the impact signals
are both close to the threshold and at the edge of the calibrated
range.

Zook et al’ analysed Ulysses dust-stream measurements by
taking into account both actual solar-wind plasma and magnetic-
field data. They calculated dust trajectories between Jupiter and

BOX 1 Potential sources of jovian dust streams

(1) Comet Shoemaker—Levy 9° (SL9) ~

__ Characteristics. Short-term dust emission during the June 1992

~ breakup of SL9 near Jupiter and the June 1994 impact of SL9 into
the atmosphere of Jupiter. At an emission speed of 100 km s dust
should have reached Galileo within 10 days of the impact.
Related observations. No coincidence between dust streams
and main SL9 events: some streams occurred before and others
Iong after these events ‘

(2) Juptter’s gossamef rmg4 ,
Characteristics. Continuous generatton of e;ecta from mutual ,
collisions of ring particles, and from impacts of grains in the jovian
system and interplanetary meteoroids. No fast source modulations.
Modulations of the emitted dust intensity should occur only during
the transit of the jovian magnetosphere and interplanetary space.
Related observations. Dust-stream activity is highly time
vanable, whereas Galileo measurements of the interplanetary
magnetic field show little difference between the periods when a
stream occurs and when no stream occurs.

(3) Volcanoes on Jupiter’s satellite Io®

Characteristics. Time-variable dust emission correlated with
volcanic actwrty From Voyager observations of volcanic plumes a
; partlcle size range 0.001-0.01 um was derived™®. A dust production
rate of 10° to 10%kgs ™ is estimated. '

Related observations. Dust-stream activity is highly time
variable. Periodic stream activity was observed by Ulysses, but is not
obvious in Galileo data. Because of lack of frequent lo observations,
no correlation with volcanic activity has been identified.
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a T FIG. 1 Dust impact recorded by Galileo during the last two years before it
§ reached Jupiter in December 1995. The instrument measures impact rates
10,000 - 2 ) with counters, which increment from O to 255 over varying time intervals.
= H The lowest impact rates (< 100d™*) are determined from differences in
- 1,000 7 counters between subsequent data transmissions, extending from a few
% 100l i days to (occasionally) more than a month. The time of an individual impact
= is measured in steps of 4 hours and is transmitted with the complete impact
g 10k i information. Rates up to ~1,000 impacts per day can be resolved from this
g information. Instrument data are transmitted to ground in two sets of
E 1k N overlapping data segments that are separated by about 20 minutes.
Rates up to 20,000 impacts per day can be determined by comparing
0.1F B impact counts over this time interval. Note that year numbers are shown at
the 1 January position on the horizontal axis. a, Rate of small impacts
0.01 ’ (impact charge < 1073 C). Dotted line, initial sensitivity; solid line,
1994 1995 1996 increased sensitivity after reprogramming the dust instrument. The time
Time (year) of the impact of comet Shoemaker-Levy 9 (SL9) onto Jupiter is indicated.
During July 1995, no data were
received near the time of release of
b = i the atmospheric probe. b, Space-
=} b craft rotation angles. Rotation angle
r ] is taken to be 0° when the dust-
o ] sensor axis points closest to the
300~ # - north ecliptic pole. At rotation angle
- ! b 90°, the detector-axis points parallel
r * ] to the ecliptic plane roughly in the
= - :} 1 direction of planetary motion.
8 C * i Impacts are marked according to
5 C g ] their impact charges; crosses,
8 200 ; v - < 1073 C; squares, >107*3C. The
S = ot N o + O +§ o 5ol 1 rate of big impacts is about 0.4d*
@ r o a) + + e, ] and is only slowly varying**. The solid
o = o, "5 ™ o B oF o ] line indicates the direction to Jupiter.
< C & Sla] o, Do @9 9, +D L + ] Data that include impact directions
S N 2 % o & o *D + o + f: were obtained for only a small frac-
'g L B o o 0@ =l = o . 0 o . tion of the impacts that occurred
B 100 t_? + = 5 ° o P, o o * =i {:_—; during dust storms.
o E "o Uooog o + u] oo o n
L o a had 4+ o B
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Time (year)
TABLE 1 Parameters of the Jupiter dust streams observed by Galileo
Distance No. of impacts
Stream Centre of steam to Jupiter Duration No. of counted with complete
number (date) (R) (d) impacts information
G1 25 June 94 3,500 8 22% 21
G2 16 Sept. 94 3,000 0.2 7 6
G3 1 Nov. 94 2,770 10 16 16
G4t 31 Dec. 94 2,390 10 ~600 148
G5 7 Feb. 95 2,160 5 18 13
G6+ 3 April 95 1,800 21 ~1,000 169
G7 5 May 95 1,600 12 26 21
G8 13 June 95 1,340 40 145 90
G9t 7 Sept. 95 755 80 ~400,000 1,131
G10 16 Nov. 95 220 20 ~5,000 51

All impacts were counted, but the complete information was received on the ground for only a small number of impacts (see text). Jupiter radius

R, = 71.4 x 10*km.
* Reduced sensitivity.
T Dust storm.

Ulysses that matched the observed impact directions, and argued
that only very fast (> 200 kms™') particles with a charge-to-mass
ratio ~1,000 Ckg™"' fit the Ulysses observations. Such a charge-to-
mass ratio can only be reached by dust particles as small as 0.01 pm
in radius. This size is about a factor of 10 below the size which we
derived from the measured impact parameters and it implies that
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Jupiter dust-stream particles are outside the calibrated mass and
impact speed ranges.

Figure 2 top panel shows the mean spacecraft rotation angle of
the instrument during the time of the dust storms. The mean
rotation angle of the various impacts measures the out-of-ecliptic
component of the dust velocity, the component that is most
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FIG. 2 Comparison of dust impact directions with magnetic field
components over the period of the dust storms. Upper panel, mean
spacecraft rotation angle of small dust impacts (impact charge < 1073 C)
recorded during the time of the dust storms. The mean value is given
whenever at least 4 impacts per day occurred. The dotted line indicates the
direction to Jupiter. Lower panels, interplanetary magnetic field averaged
over 4 days before the time given. The radial (with respect to the Sun), B,,
tangential, B;, and normal (with respect to the solar equator), B,, compo-
nents are given. The data gap in July 1995 occurred when the atmospheric
probe was released. Submicrometre-sized charged dust particles interact

affected by the tangential component of the interplanetary mag-
netic field. We show the average components of the magnetic
field' on the same timescale for comparison (Fig. 2 lower panels).
The deviation of the rotation angle from the Jupiter direction
resembles the fluctuations of the tangential magnetic field, B,
around the zero value especially during the April storm. The
magnetic field did not vary much during the time of the September
storm, nor did the mean rotation angle of the dust particles. An
accurate calculation of the interplanetary trajectories for the
Galileo dust streams is underway.

Jupiter dust-stream activity seems to be highly time variable.
The intensity varied by at least a factor of 1,000 between the
weakest and the strongest streams observed by Galileo and
Ulysses. Whereas streams recorded by Ulysses showed a periodi-
city of about 28 days, we do not find any correlation with this
period in the Galileo data. Although the magnetic field was
especially low during the last Galileo storm, the magnitude and
variation was comparable to the magnetic field during the Ulysses
post-flyby streams at other periods, for example, during the April
storm.

Three potential dust sources have been discussed in the litera-
ture: the breakup and impact of comet Shoemaker—Levy 9°,
Jupiter’s gossamer ring*, and the volcanoes on Jupiter’s satellite
Io’. In Box 1 we show the characteristics of the three potential
sources and discuss the relevant observations. Because of the
missing coincidence of major stream activity with Shoemaker—
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with the interplanetary magnetic field via the Lorentz force which is
perpendicular to both the velocity and the magnetic field vector. The velocity
with which a dust particle travels relative to the magnetic field is roughly
opposite to the solar-wind motion which carries this field away from the Sun.
The dominant component of the interplanetary magnetic field in the outer
Solar System is the tangential component, B,, and, therefore, the Lorentz
force acts predominantly away from or towards the solar equator
(which is 7.3° off the ecliptic plane), that is, this force is directed
approximately up- or downwards relative to the ecliptic plane (at rotation
angles 90° and 270°).

Levy 9 events, we rule out with high probability this comet as the
cause for the dust streams. Despite the spectacular display of the
comet impact itself, the production of dust capable of leaving
the Jupiter system is most probably too low® to make a significant
contribution to dust-stream activity.

Observations of Jupiter’s gossamer ring show that it consists
mainly of micrometre-sized particles located in a disk between 1.8
and 3.0 jovian radii. Collisions among ring particles are common,
and the submicrometre-sized products of these collisions are
whisked away from Jupiter by powerful electromagnetic forces®.
As this source produces a nearly steady flux of escaping particles,
the periodicity in the Ulysses streams and the modulation of the
Galileo streams would need to be effected solely by electromag-
netic forces in the jovian magnetosphere and solar wind.

Sub-micrometre-sized dust produced during volcanic activity
on 1o’ can reach the jovian magnetosphere'! and is subsequently
ejected into interplanetary space by electromagnetic forces’. The
dust production rate from lo’s volcanic activity is assumed to be
highly variable, and hence dust streams need not be modulated so
strongly by electromagnetic forces. Unfortunately, observations of
Io are still too sparse to establish or rule out a direct correlation
between volcanic eruptions and dust-stream activity.

We conclude that the jovian ring and volcanoes on Io remain
viable sources, but rule out dust from Shoemaker—Levy 9. More
information on the temporal variation of dust streams and their
source will be gained starting in July 1996, when we resume
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receiving data from Galileo. In 2002, when the Cassini spacecraft
flies by Jupiter en route to Saturn, we will get the first composi-
tional measurements of the dust grains, which will provide more
clues to their origin'%. O
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A CHARGE density wave (CDW) is a periodic symmetry-lowering
redistribution of charge within a material, accompanied
by a rearrangement of electronic bands (such that the total
electronic energy is decreased) and usually a small periodic
lattice distortion">. This phenomenon is most commonly
observed in crystals of reduced symmetry, such as quasi-two-
dimensional® or quasi-one-dimensional* materials. In principle,
the reduction of symmetry associated with surfaces and inter-
faces might also facilitate the formation of CDWs; although there
is some indirect evidence for surface charge density waves™'>',
none has been observed directly. Here we report the observation
and characterization of a reversible, temperature-induced CDW
localized at the lead-coated (111) surface of a germanium crystal.
The formation of this new phase is accompanied by significant
periodic valence-charge redistribution, a pronounced lattice dis-
tortion and a metal-nonmetal transition. Theoretical calcula-
tions confirm that electron—phonon coupling drives the
transition to the CDW, but it appears that some other factor—
probably electron—electron correlations—is responsible for the
ground-state stability of this phase.

Pb/Ge(111)-a consists of 1/3 monolayer of equivalent lead
adatoms spaced ~7 A apart in a hexagonal array of T, sites atop
the bulk-truncated germanium lattice, forming the (/3 x 1/3)R30°
arrangement shown in Fig. 1. Clean, well ordered germanium
(111) surfaces were first prepared in ultrahigh vacuum, followed
by a room-temperature lead dose and subsequent anneal (at
~250°C) to produce a-phase’". Coverage was monitored with
both low-energy electron diffraction (LEED) and Auger electron
spectroscopy. In practice, some Ge adatom defects were always
present in the overlayer.

We employed three experimental surface analysis techniques to
characterize this thin film. LEED was used to determine the
symmetry of the surface atomic lattice. Inelastic electron scatter-
ing (electron energy-loss spectroscopy (EELS)) was used to probe
the excitation spectra of our interface. Scanning tunnelling micro-
scopy (STM) was used to image the spatial variations in the
surface charge density with atomic resolution®.

We present first our results acquired at room temperature,
where all previous investigations were performed”'**!. LEED
data (Fig. 2a) include several sharp diffraction spots, character-
istic of the (1/3 x /3)R30° surface symmetry displayed in Fig. 1.
EELS data (Fig. 2a) indicate that the room-temperature a-phase
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is metallic. This result is consistent with simple electron counting,
where (based on the Pauli principle) two electrons from each unit
cell sequentially populate the electronic bands (starting from low
energy). In any geometry with an odd number of electrons per unit
cell, the uppermost occupied band will be only partially filled,
resulting in a metallic structure. The (/3 x /3)R30° surface unit
cell contains one lead atom (with a valency of four) and three
outer layer germanium atoms (each with one unpaired electron),
totalling seven valence electrons in all, and is therefore expected
to be metallic. Figure 3a presents room-temperature STM data
acquired in the same scan but at different bias voltages. In both the
filled state and empty state, a hexagonal array of identical protru-
sions can be seen. The results of previous experiments® and
computer simulations” indicate that each protrusion imaged is a
lead adatom.

As the sample temperature is lowered, properties of the o-
phase exhibit a dramatic change. For surfaces with a low enough
defect density, the low-temperature LEED pattern now shows the
presence of extra spots (Fig. 2b), characteristic of a new (3 x 3)
symmetry. This transition in structure is gradual and reversible,
with an onset near —20 °C. EELS data of the low temperature a-
phase are likewise very different from their room-temperature
counterparts. There is no continuum of low energy losses; instead,
a discrete loss onset can be seen, indicating a semiconducting
interface. The inset of Fig. 2b shows similar data for a non-zero
parallel momentum transfer (angle of reflection # angle of
incidence) indicating more clearly the onset value. Whereas the
room temperature o-phase is metallic, our observations indicate
that a small band gap (E, <0.065V at 100 K) evolves as tempera-

® outer layer Ge
. second layer Ge

QPb

FIG. 1 Ball model of the g-phase of Pb/Ge(111); coverage is 1/3 monolayer.
Lead adatoms are 7.0 A apart on T, sites atop the bulk truncated germa-
nium lattice. The indicated unit cell shows the interface’s (/3 x /3)R30°
symmetry (relative to the bulk truncated (1 x 1) symmetry).
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