
numbers in Fig. lA) ,  (ii) regularly observed 
small intensity increases between the beams, 
called interevents (14, 18) (letters in Fig. 
lA) ,  and (iii) the quiet periods between the 
two. We saw 11 interevents, the first follow- 
ing the large CME in November 1992. The 
composition in these events was consistent 
with particles of solar origin. However, in 
other events of clear solar origin, the con- 
vected anisotropy (by the fast solar wind) 
was evident (2). The particles in the inter- 
events, in contrast, did not show such an- 
isotropy, and no energy dispersion was ob- 
served. TGrefore, interevents must have 
been convected past Ulysses, in corotating 
flux tubes, for example, within which equi- 
libriiun could have been established. 

We used the E-(dE/dx) matrix for the 
colnposition analysis. These data have been 
designed to provide a sample of fully ana- 
lyzed particle events. Because of low count 
rates in the minima between the periodic 
events, these data contain all particles that 
entered the telescopes. Coincidences were 
checked [whether they lie on the expected 
E-(dE/dx) ion tracks]. To eliminate periods 
where (typically larger) fluxes of particles 
were present, we set a threshold for the 
observed rates in a He-channel at 0.03 ions 

7 
cm " srp' sp' (MeV/n)-'. Rates were ac- 
cumulated during periods when they fell 
below this threshold to obtain statistically 
significant information (Table 1). The rel- 
ative abundances in the CIR-related events 
fro111 November 1992 to June 1994 appear 
to be consistent with earlier observations in 
CIRs (19) (except for the much lower pro- 
ton to helium ratio). The interevents are 
characterized by a low fraction of heavy 
ions. These events are also different from 
the composition of CMEs even though the 
C/O ratio was consistent with a CME rela- 
tion. In the quiet periods, the fluxes were 
low but not zero. These periods were char- 
acterized by a low C/O ratio [but higher 
than known for the anomalous component 
of cosmic rays (ACR) (20)], which sug- 
gests the presence of the ACR probably 
together with particles of other origin, 
which is likely in view of the energy range 
(0.5 to 1 MeV/n) from which the data 
were taken (14, 18, 21 ). The C/O ratio in 
the energy range 2 to 6 MeV/n was 0.05 & 
0.02, and the N/O ratio was 0.08 ? 0.02, 
values that are similar to those observed 
for the ACR near Earth (20, 22). From 
the abundance ratio of C/O, we conclude 
that the quiet-time fluxes that underlie all 
observations are attributable to particles 
belonging to the ACR. This colnponent 
seems to be present throughout the inner 
heliosphere at all latitudes. Because the 
latitudinal gradient of the ACR was neg- 
ative during this cycle (23) and changed 
sign in each previous cycle, we assume 
that the ACR propagates mainly by drifts. 
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Dust Measurements at High Ecliptic Latitudes 
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Along Ulysses' path from Jupiter to the south ecliptic pole, the onboard dust detector 
measured a dust impact rate that varied slowly from 0.2 to 0.5 impacts per day. The 
dominant component of the dust flux arrived from an ecliptic latitude and longitude of 10" 
-t 10" and 280" -t 30" which indicates an interstellar origin. An additional flux of small 
particles, which do not come from the interstellar direction and are unlikely to be zodiacal 
dust grains, appeared south of -45" latitude. One explanation is that these particles are 
beta-meteoroids accelerated away from the sun by radiation pressure and electromagnetic 
forces. 

T h e  objective of the Ulysses dust detector is 
to measure i~noact directions. velocities, and 
masses of dust in the solar system. Here we 
report on results from the orbital arc tra- 
versed between March 1992 and September 
1994, covering latitudes from 0" to -79" and 
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heliocentric ranges from 5.4 to 2.2 astro- 
nomical units (AU). For earlier results see 
(1-3). The Ulysses dust detector (4) is a 
multicoincidence, impact-ionization sensor 
with 1000 cmZ of area sensitive to incoming 
submicrometer- to micrometer-sized dust 
particles (5). Measurements by a twin dust 
detector on the Galileo spacecraft (6) serve 
as an in-ecliptic base line for the dust mea- 
surements of Ulysses. The only previous dust 
measurements in the outer solar system were 
performed near the ecliptic by the Pioneer 
10 and 11 spacecr&ft (7). The Pioneer results 
predict about five impacts with masses 
>lop\  for Ulysses during the 3 years that it 
spent outside 3 AU. During this time, 
Ulysses recorded three particles with mass- 
es larger than 10-" and seven which 
exceeded lop'\.  These results are con- 
sistent with the Pioneer findings. 

Between March 1992 and September 
1994, Ulysses recorded the impacts of 826 
dust particles. These particle impacts were 



distinguished from a large niunber of noise 
events and classified hv the orocess described 
in (5). Many of these kpacis occurred with- 
in 9 months of the Jupiter flyby during dust 
streams that are believed to emanate from 
the planet's magnetosphere (3, 5). In this 
work, we concentrate on the large-scale dis- 
tribution of dust in the heliosohere and thus 
disregard all dust impacts detected within 2 
days of each Jupiter dust stream. Jupiter dust 
streams, interesting in their own right, are 
discussed elsewhere (5). Of the remaining 
352 particles, 33 have invalid directional 
information (8) due to an instrumental de- 
ficiency which was corrected by a reprogram- 
ming command sent to Ulysses on 6 May 
1993. The pointing of the dust sensor hore- 
sight for each of the 319 remaining impacts 
is given in Fig. 1A. The most striking feature 
of the figure is the concentration of impacts 
to rotation aneles near 90". Because of the 
140" opening angle of the dust detector, such 
a concentration is consistent with oarticles 
arriving from a single direction. Interstellar 
helium, for example, arrives from 253.5" i 
2.5" ecliptic longitude and 5.6" i 2.5' eclip- 
tic latitude at a speed of 25.2 -t 1 km spl ,  as 
determined by the Ulysses neutral gas ex- 
periment (9,  10). Figure 1B shows the 
directions from which interstellar dust 
particles are expected to arrive, assuming 
that thev are couwled to interstellar heli- 
um; the contours are well correlated to the 
data displayed in Fig. 1A. The contour 
levels are determined by the fact that the 
instrument's sensitivitv falls off as the an- 
gle between the boresight and the impact 
directions increases 14, 11 ). Variations of 
the sensitive area wiih time are due to the 
orbital motion of Ulysses and to changes 
in the orientation of its spin axis. 

Most of the laree dust imvacts come from 
u 

directions consistent with the interstellar 
direction (rotation aneles near 90'). In con- - 
trast, interplanetary dust orbiting the sun 
along the usual prograde orbits should come 
from the opposite direction with rotation 
angles near 270'. This difference, which 
greatly simplifies the identification of possi- 
ble sources, is a consequence of Ulysses' 
uniaue out-of-eclintic orbit. 

Figure 2 compares the measured impact 
directions of the oarticles to the distribu- 
tion expected for a monodirectional par- 
ticle stream from the interstellar gas direc- 
tion. Most particles fall into the interstel- 
lar dust band as can also be seen in Fie. 1. - 
Particles with the smallest masses (plus 
signs in Fig. 1A) are distributed more uni- 
formly over all rotation angles and ac- 
count for most of the deviations from the 
interstellar direction. These particles were 
either not predominantly of interstellar 
origin or were highly influenced by elec- 
tromagnetic scattering processes within 
the solar system. 

Ignoring these small particles, we find 
that the width of the measured distribution 
for the more massive particles in Fig. 2 is still 
somewhat larger than expected for a theo- 
retical lnonodirectional distribution. Part of 
the reason for this discrepancy may be due to 
different perturbations affecting gas and dust 
inside our solar system. In addition, the cou- 
pling between interstellar dust and gas may 
not be complete (4). The extent of any 
coupling depends on the lnorphology of the 
local interstellar cloud, which is poorly 

Fig. 1. (A) Dust particle 
impact directions. The 
rotation angle given de- 
notes the orientation of 
the dust sensor bore- 
sight about the space- 
craft's spin axis at the 3 
time of each impact. A $ 
value of 0" occurs when g 
the dust sensor points E 
closest to ecliptic north 
(3). After removal of the 
jovian stream particles, 
the remaining grains are 3 
separated into two mass 2 
ranges: plus signs de- 
note particles with mass- 
es <6 x lo-'" g and 
squares denote more 
massive particles. (B) 
Sensitivity of the instru- 
ment to the interstellar 
flux assumed to originate 
from 253.5" ecliptic on- 
gitude and 5.6" ecliptic 
latitude, The contour 
lines denote lines of con- 
stant sensitivity (in 
square centimeters of ef- 
fective area) with the 
broken line indicating the 
maximum. 

known and currently in dispute (12, 13). 
Our measurements indicate that the mean 
direction of the interstellar dust particles 
may be offset from the direction of the in- 
terstellar gas and that the interstellar dust 
particles probably have a slight spread in 
their incoming directions. 

To strengthen our assertion that inter- 
stellar dust and gas come from different di- 
rections, we plotted the impact rate of all 
particles compatible with the interstellar di- 
rection (Fig. 3A). Because Ulysses' antenna 
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Fig. 2. Number of detections versus rota- 50 
tion angles recorded over the entire 2.5- 
year period excluding Jupiter stream parti- 
cles. The number of impacts per 10" rota- 

v, 40 
tion angle interval are shown for large parti- c, 
ces (white histogram) and for small particles 
with masses <6 X lo-'" g (crosshatched 2 30 
histogram). Error bars are calculated for the O 

sum of small and large particles assuming 20 
an Z/z statistical error. The solid line indi- 
cates the distribution expected for particles 
arriving from the assumed upstream inter- 10 

stellar direction. It is derived by integrating 
Fig. 1 B over time. The slight asymmetry of 0 
the curve about its peak is due to slow 0 100 200 300 
changes in the orientation of the space- Rotation angle (degrees) 
craft's spin axis. 
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tracks Earth, the spacecraft's sensitivity to 
particles from a particular direction changes 
with roughly a 1-year period. The maill vari- 
ation in the measured impact rate appears to 
be roughly in phase with the theoretical 
exoectation but it is about a factor of 2 
larger. We attempted to improve the match 
by varying our assumptiotls for the direction 
and speed of the dust particles. We investi- 
gated two different speeds, 10 and 30 ktn s ' ,  
as well as a range of upstream latitudes and 
loneitudes. In all of our sitnulations.   articles 

u . & 

with the lower speeds were incapable of 
matchirigthe impact rate shown in Fig. 3A. 
During the early part of the orbit when 
Ulysses was near the ecliptic plane, we found 
that the distribution in rotation angles is 
dominated by the latitude of the interstellar 
upstream direction. Later, as Ulysses rose out 
of the ecliptic, the longitude dominates. A 
good fit, therefore, depe~lds on both of these 
parameters. The overall variation of impact 
rate with rotation angle was best fit by a 
longitude of 280°, a latitude of loo, and a 
meed of 30 km s-'. 

For longitudes tn a 60" range centered on 
280" longitude, the pred~cted and meas~lred 
impact rate variations were in phase, al- 
though the amplitudes did not always match. 
We therefore use -t30° as the uncertainty of 
our determined longitude. Variations of 
more than 10" in latitude caused sip~lifica~lt 

'3 

departures, and hence we adopt this v a l ~ ~ e  as 
a roueh measure of the latitude uncertaintv. - 
The measured values for interstellar helium 
differ from our results but lie within the error 
bars (1 1). 

The Ulvsses data show that interstellar 
particles penetrate the solar system to at least 

2.2 AU which allows us to constrain their 
composition. If interstellar dust grains were 
made predominantly of H,O ice or other 
volatiles, they would sublime well before 
reaching 2.2 AU. Indeed, sublimation could 
start as far as 5 AU from the sun. in obvious 
contradiction to our measurements. The 
grains sensed by Ulysses must therefore have 
been composed primarily of ~lonvolatile ma- 
terials. Sotne of the pickup ions measured by 
the solar wind ions composition spectrome- 
ter experiment onboard Ulysses (14) seetn to 
be of interstellar origin. A possible source is 
the sublimation of dust erains in the itlner 

u 

solar system. These pickup ions were ob- 
served over Ulvsses' entire out-of-ecli~tic 
path and support our findings of a nonvan- 
ishing interstellar dust cotnponetlt even at 
heliocentric distances of 2.2 AU. Barring 
electromag~letic deflection, interstellar dust 
grains might even be able to reach Earth's 
orbit. Results obtained by Pioneer 8 indicate 
a maximum 3% contribution of unbound 
dust to the total flux near 1 AU (15), but 
recent lneasurements bv the Munich dust 
counter in the ~arth-mdon system (16) give 
some indication for an enhanced flux of 
particles from the interstellar upstream direc- 
tion (17). 

During most of Ulysses' trajectory, few 
particles arrived from outside the interstellar 
band, but the rate increased abruptly in early 
1994 at a radial distance of 3.7 AU from the 
sun and an ecliotic latitude of about -45" 
(Fig. 3B). These particles were, on average, 
smaller than the interstellar comoonent, as 
can be seen in Figs. 1 and 2. 

Three possible sources for the origin of 
the noninterstellar dust population are long- 

period cotnets with randomly inclined and 
highly elliptical orbits, interstellar matter, 
and the zodiacal dust cloud. The first possi- 
bility is difficult to reconcile with the onset 
of the new populatiotl of dust at 3.7 AU and 
-45" ecliptic latitude (Fig. 3B). If long-peri- 
od comets were the dominant source, one 
would expect to see a relatively uniform 
contribution all along the Ulysses orbit, for 
example at 4.5 AU and -28" latitude in Fig. 
1A where significantly fewer impacts were 
detected. 

The second possible source is also prob- 
lematic. Dust that enters the sensor with 
rotation angles near 270" needs to come 
from a direction at least 90' frotn the up- 
stream direction that accounts so well for 
tnost of our data. One possibility is a second 
interstellar dust population. As with the 
long-period comets, however, we would ex- 
pect to see such a pop~rlation all along the 
Ulysses orbit. Gravitational deflection of in- 
terstellar grains can change their impact di- 
rections, but by the time that these grains 
intersect the orbit of Ulysses, they are de- 
flected by only -10" from straight line tra- 
jectories. A small fraction of interstellar dust 
grains (-I%), however, travel on indirect 
orbits around the sun and are deflected by 
about 90" before finally meeting Ulysses. 
Even if all of these particles survived their 
0.33-AU approach to the sun, their flux is 
too small to easily account for our observa- 
tions. Finally, s~tblnicro~neter particles are 
electro~nagnetically influenced. We find 
that the primary effect of electrornagnetic 
forces is to exclude small particles from the 
inner solar system, which explains why 
Ulysses' interstellar population consists of 
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Fig. 3. (A) The impact rates for interstellar grains (thick line), Interstellar grains 
are identified as nonstream particles compatible with the interstellar direction 
(Fig. 1 B). The rates were calculated with a sliding average over 25 pariicles; 
statistical errors are indicated by the hatched region surrounding the impact- 
rate curve. The dotted line shows the average impact rate of 0.25 impacts per 
day, and the thn sol~d line ndcates the sensitivity, averaged over a full 
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spacecraft rotation, to particles arriving from the interstellar direction. The 
sensitivity curve was normalized so that its average agrees with the mean 
impact rate derived from the data. We suspect that the first 6 months of this 
data are contaminated by small Jupiter pariicles that were not identified with 
streams. (B) Impact rate versus tme  for pariicles whose rotaton angles are 
inconsistent with the interstellar direction. 
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grains larger than the interstellar norm [see 
for example (18)l. Our numerical simula- 
tions also indicate that interstellar  articles 
are not strongly deflected from the upstream 
direction. 

We favor the third possibility: interplan- 
etary particles originating in the inner zo- 
diacal cloud. Submicrometer particles are a 
natural wroduct of collisions between sodi- 
acal dust particles, which are found from 3 
AU inward to within a few radii of the sun. 
These submicrometer grains are electro- 
magnetically dominated and depart the so- 
lar systerndong trajectories that, during the 
current phase of the solar cycle, reach high 
latitudes (1 9). Our numerical investigations 
indicate that even particles that started on 
circular zero-inclination orbits are capable 
of reaching the high latitudes traversed by 
Ulvsses. Furthermore, it is difficult for these 
paiticles to reach ~l'ysses when the space- 
craft is farther frotn the sun and at lower 
heliocentric latitudes; by the time they 
reach Ulysses' distance, particles originating 
in the zodiacal cloud have typically risen 
well out of the eclintic wlane. 

A A 

One of the major goals of the Ulysses 
dust experiment is the investigation of 
the latitudinal distribution of dust parti- 
cles in the zodiacal cloud. Until now, this 
goal has remained elusive because Ulysses' 
out-of-ecliptic path was first too far frotn 
the sun and then too far frotn the ecliptic 
to see strong indications of an interplan- 
etarv flux. From the data obtained durine 
Ulysses' descent beneath the ecliptic 
plane, we have improved our understand- 
ing of the interstellar flux penetrating 
the solar system and identified a popula- 
tion of tiny particles at high latitudes. 
These results will assist us in characteriz- 
ing the interplanetary populatioil during 
Ulysses' rapid return to the ecliptic in 
March 1995. 
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Cosmic Ray and Solar Particle Investigations 
Over the South Polar Regions of the Sun 
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Observations of galactic cosmic radiation and anomalous component nuclei with charged 
particle sensors on the Ulysses spacecraft showed that heliospheric magnetic field 
structure over the south solar pole does not permit substantially more direct access to 
the local interstellar cosmic ray spectrum than is possible in the equatorial zone. Fluxes 
of galactic cosmic rays and the anomalous component increased as a result of latitude 
gradients by less than 50% from the equator to -80". Thus, the modulated cosmic ray 
nucleon, electron, and anomalous component fluxes are nearly spherically symmetric in 
the inner solar system. The cosmic rays and the anomalous nuclear component under- 
went a continuous, -26 day recurrent modulation to -80.2", whereas all recurring mag- 
netic field compressions and recurring streams in the solar wind disappeared above 
-55"s latitude. 

T h e  heliosphere is the region of space in 
the local galactic arm that encompasses the 
solar svstem and is dominated bv wlastnas , L 

and magnetic fields originating at the sun. 
Within the heliosphere, solar rnagnetic fields 
from the corona are frozen into the solar 
wind plasma and carried outward at super- 
sonic velocities to an as yet undiscovered 
shock transition, probably at a radius of 
- 100 astroilo~nical units (AU) frotn the sun. 
There, as a result of the confining pressure of 
the local interstellar magnetic field and plas- 
ma, the solar wind is slowed to subsonic 
velocities and, ultimately, is swept away by 
the flow of the tnterstellar medium around 
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the heliosphere. Before the Ulysses mission, 
in situ observations of the solar wind, mag- 
netic fields, and energetic charged particles 
most relevant to investigations of helio- 
spheric structure have been restricted to re- 
gions of the heliosphere less than about 
-35" from the ecliptic plane. Ulysses has 
nou7 provided data frotn near the helio- 
spheric equator at 5.4 AU in February 1992 
to -80"s latitude (-80') in September 
1994 at 2.2 AU ( 1 ) .  

To carry out the measurements of ener- 
getic charged particles over the large energy 
range from below lo6 electron volts (1 MeV) 
to more than 10"V (1 GeV), and to iden- 
tifl~ and study the electrons and various nu- 
clear species in the particle population, the 
iilternational cosmic ray and solar particle 
investigations (COSPIN) consortium (Table 
1) provided five sensor systems on the U1- 
ysses spacecraft (2.). Here, we report mea- 
surements from these seilsors to the maxi- 
mum latitude attained by Ulysses (-80") 
and from the northward return to -45' by 
the end of December 1994 and correlations 
of results with solar wiild (3) and magnetic 
field (4) measurements. 
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