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grains larger than the interstellar norm [see
for example (18)]. Our numerical simula-
tions also indicate that interstellar particles
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 product of collisions between zodi-
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 system dlong trajectories that, during the
current phase of the solar cycle, reach high
latitudes (19). Our numerical investigations
indicate that even particles that started on
circular zero-inclination orbits are capable
of reaching the high latitudes traversed by
Ulysses. Furthermore, it is difficult for these
particles to reach Ulysses when the space-
craft is farther from 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 ecliptic plane.

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 from
the sun and then too far from the ecliptic
to see strong indications of an interplan-
etary flux. From the data obtained during
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 population 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

J. A. Simpson,* J. D. Anglin, V. Bothmer, J. J. Connell,
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A. Raviart, T. R. Sanderson, H. Sierks, K. J. Trattner,
K.-P. Wenzel, G. Wibberenz, M. Zhang

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.

The heliosphere is the region of space in
the local galactic arm that encompasses the
solar system and is dominated by plasmas
and magnetic fields originating at the sun.
Within the heliosphere, solar magnetic 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 astronomical units (AU) from 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 interstellar 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
now provided data from 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 10° electron volts (1 MeV)
to more than 10° eV (1 GeV), and to iden-
tify and study the electrons and various nu-
clear species in the particle population, the
international cosmic ray and solar particle
investigations (COSPIN) consortium (Table
1) provided five sensor systems on the Ul-
ysses spacecraft (2). Here, we report mea-
surements from these sensors 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 wind (3) and magnetic
field (4) measurements.

The outward sweeping action of the solar
wind with its embedded magnetic field
strongly reduces or modulates the intensity
of low-energy cosmic rays observed near the
ecliptic in the heliosphere compared to the
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intensity believed to exist in the local inter-
stellar medium. Even though the Pioneer 10
spacecraft is currently beyond 60 AU near
the equatorial plane, the low-energy galactic
cosmic ray spectrum observed there remains
strongly suppressed because of the modulat-
ing effects of the still more distant helio-
spheric magnetic fields beyond Pioneer 10
out to the heliospheric boundary. Whereas
the magnetic field lines near the ecliptic are
wound into a tight spiral by the sun’s rota-
tion, the field over the poles should be far
less tightly wound. Thus it might be expect-
ed that the magnetic field structure over the
poles of the solar system would permit Ul-
ysses’ sensors to have a more direct access to
the interstellar cosmic ray spectrum. For the
solar magnetic dipole polarity prevailing dur-
ing Ulysses’ climb toward the south solar
pole in 1994, modulation models that in-
clude gradient drifts predicted that positively
charged cosmic ray nuclei would preferen-
tially drift inward and downward from the
heliospheric poles toward the equatorial zone
(5). The nuclei then drift outward along a
wavy and inclined eurrent sheet that extends
from the coronal streamer belt and divides

positive from negative magnetic polarities in
the heliosphere. Negatively charged elec-
trons, on the other hand, were predicted to
drift inward along the current sheet and then
upward toward the poles. Thus intensities of
nuclei were predicted to increase and inten-
sities of electrons to decrease as Ulysses trav-
eled toward the poles.

From 1992 to 1994, solar activity rapidly
decreased, and as a result, the observed cos-
mic ray intensity increased globally. At low-
er energies, <10 MeV, the low level of solar
activity led to less frequent and less intense
injections into the heliosphere of solar ener-
getic particles, which are accelerated by solar
flares associated with coronal mass ejections
(CMEs). To separate these temporal varia-
tions from spatial changes as Ulysses
changed latitude and moved from 5.2 to 2.2
AU we used as a baseline reference measure-
ments from two University of Chicago
charged particle telescopes on IMP-8 (6) in
Earth orbit, as well as from the Climax neu-
tron intensity monitor for the highest energy
nuclei.

Fluxes of low-energy (<10-MeV) protons
(Fig. 1, A and B) increased quasi-periodically

about every 26 days. Near the ecliptic these
variations are produced by solar wind mag-
netic field structures that corotate with the
sun, known as corotating interaction regions
(CIRs). The charged particles are accelerat-
ed in the forward and reverse shocks associ-
ated with the CIRs (7). Although the vari-
ations observed at IMP-8 continued
throughout the period reported here, at Ul-
ysses they disappeared for latitudes above
about —70° (8). Ulysses observed no shocks
in the solar wind after April 1994, when the
spacecraft was at a latitude of —60° (3).
Thus, the recurrent enhancements of low-
energy particles persisted to higher latitudes
than the shocks by which the particles are
presumably accelerated, but were absent over
the pole.

In addition to particles accelerated in
CIRs, low-energy particles may also be pro-
duced in association with solar flares (or
their associated shocks) and CMEs in the
solar wind. Two interesting examples of such
events were observed by Ulysses at high lat-
itude. The first, on about day 300, 1994, at
—73° (vertical line in Fig. 1B), was appar-
ently associated with a large increase in in-
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Day of 1994 (UT)

—80.2° is marked by a vertical dashed line through all panels. Asterisks and a
short dashed line in panels (A) and (B) indicate the times of the solar flare-CME
events discussed in the text. Fig. 2 (right). The solar flare—-CME event of
February 1994 as observed in the ecliptic plane by the Ulysses’ LET (L) and
HET (H) instruments (B) and IMP-8 (C); p, protons; e, electrons. The locations
of the forward (F) and reverse (R) shock pair associated with the CME and the
magnetic field strength (A) are from (9).
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. tensity in the IMP-8 low-energy telescope
(LET) several days earlier (one of the largest
increases observed in 1994). The solar event
that produced the particles was not identi-
fied, but if these enhanced fluxes have a
common source, it would imply that particles
from a single event have access to a large
range in latitude.

The second event (* in Fig. 1, A and B)
was a consequence of a solar particle event
and a CME observed at a radius of ~3.5 AU
and latitude —54° at a time when IMP-8 was
within ~10° in longitude from Ulysses rela-
tive to thesun. A solar flare occurred at 9°N
on 20 February 1994 (day 52), and protons
accelerated to energies >70 MeV were ob-
served at IMP-8 (Fig. 2C). The flux of >10
MeV protons at IMP-8 increased by more
than a factor of 10°. The intensity increase at
Ulysses, beginning later on day 52 for pro-
tons from 5 to 14 MeV was initially much
smaller, and although evidence is not con-
clusive, some channels displayed an energy-
dependent dispersion in particle arrival
times, consistent with propagation of the
accelerated particles from the sun to Ulysses.
Several days after the event, a CME, proba-
bly associated with this same solar event, was

observed at Ulysses (9). This CME (Fig. 2)

was enclosed within a forward (F)-reverse
(R) shock pair that provided a defining ex-
ample of a new class of CMEs in the helio-
sphere (9). Entry into the CME was associ-
ated with a further intensity enhancement of
nucleons and electrons at Ulysses. No clear
dispersion as a function of particle energy
was observed in the onset times during the

Table 1. Cosmic Ray and Solar Particle Investi-
gations (COSPIN) sensor systems (2). Z, atomic
number; n, nucleon; E, energy; MeV, million elec-
tron volts.

Instrumentation Responses

High-energy
telescope (HET)
University of
Chicago

High-flux
telescope (HFT)
Herzberg Inst. of
Astrophys., Canada

Low-energy
telescope (LET)
Space Science De-
partment, ESA

Kiel electron
telescope (KET)
University of Kiel and
Centre d'Etudes
Nucléaires de Saclay

Anisotropy
telescopes (ATs)
Blackett Laboratory,
Imperial College

Nuclei, Z = 1-28
30 = E = 500 MeV/n
Electrons ~1-10 MeV

Protons, 0.3 = E =
10 MeV
He, CNO, Fe groups

Protons and He
0.9 = E =20 MeV/n
1=2Z2=20

Electrons

2 = E = 6000 MeV
Protons and He

3 = E = 2100 MeV/n

Protons and He
1<E<7MeV

CME. This result suggests entry of Ulysses
into a region of enhanced flux, rather than,
as in the initial onset, propagation of parti-
cles to Ulysses from a distant acceleration
site. It is not clear whether the particles
observed were accelerated in the flare on 20
February that generated the CME, or were
more recently produced. Possible sources in-
clude the large solar event at about 0900 on
day 58 off the west limb of the sun marked by
an x-ray burst and a radio event (whose
location suggests an origin in the same active
region at 9°N that produced the 20 February
event) or, less likely, smaller east limb events
recorded early on day 58 (10). While this
event is complex and requires further study
(10), our interpretation is that many of the
nuclei and electrons accelerated in this
event were contained by and carried across
~63° of solar latitude by the CME.

For higher energy particles (Fig. 1, C, D,
and E), the most important change in fluxes
was a result of the changing level of solar
modulation. However, the changes in the
modulated intensities were nearly identical
at IMP-8 and Ulysses. Differences between
Ulysses and IMP-8 would be expected as a
result of both radial gradients and latitude
gradients in the fluxes. The apparent small
size of the latitude effects, coupled with the
large temporal changes in the total flux level
during Ulysses’ climb from the ecliptic to
high latitude makes accurate measurement
of these effects difficult.

To discover whether there was a signifi-
cant latitude effect we assumed that the flux
is a separable function of radius and latitude
and then subtracted the radial effect. While
this assumption may not be completely valid,
it offers a simple way of estimating the effects
of latitude as Ulysses climbed toward the
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south pole while traveling inward from ~5.4
to 2.2 AU. Ideally it would have been pos-
sible to measure the radial gradient during
Ulysses’ outward in-ecliptic trip to Jupiter.
However the high level of solar activity and
extremely rapid trajectory during that period
resulted in there being too few periods free of
solar energetic particles to make an accurate
measurement.

An alternative approach to determining
the radial gradient is justified by observations
in Fig. 3A, which contains measurements
made after Jupiter flyby of the apparent radial
gradient (11) for ~30 to 70 MeV per nucleon
(MeV/n) helium versus heliographic latitude.
While Ulysses was rising from —10° to —20°,
a period of about 6 months, the radius de-
creased by less than 0.2 AU. During this
period (bar in Fig. 3A) there was also almost
no change in the apparent radial gradient.
We found this to be the case as well for all
other particle species for which we have at-
tempted to determine a latitude gradient.
Thus we take as our measure of the radial
gradient the average apparent gradient deter-
mined for latitudes between —10° and —20°
after the Jupiter flyby. Using this value for the
radial gradient and the simultaneously ob-
served flux at IMP-8, we computed the flux
that would be expected for a spacecraft at the
radius of Ulysses and compared it to the
measured flux at Ulysses. The ratio of the
observed flux to the expected flux measures
the added flux at Ulysses resulting from lati-
tude effects, a quantity we have called the
latitude excess (Fig. 3, B to D).

Up to ~—30° latitude, which corre-
sponds to the region swept by the helio-
spheric current sheet at that time, there was
no clear flux increase with latitude for any
species. Above latitudes of ~—30°, for all

Fig. 3. (A) Apparent radial gradients
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[-% AR $%0
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species except protons ~70 to 90 MeV (and
~30 to 70 MeV, not shown) there was a
modest increase in flux toward high lati-
tudes, leading to a positive latitude excess
(12). This is consistent with reports from
Voyager (13) in the previous solar mini-
mum, where the negative latitude gradi-
ents, appropriate for the solar magnetic
polarity at that time, were observed clearly
only while the maximum current sheet
latitude was less than Voyager’s latitude.

The above analysis depends upon contin-
uous comparison between Ulysses measure-
ments andrequivalent simultaneous measure-
ments from IMP-8. For electrons measured
by the COSPIN Kiel electron telescope
(KET), there are no equivalent in-ecliptic
measurements available. However, because
current models predict that, under the as-
sumption that the bulk of the electron flux is
composed of negative electrons, the latitude
variation of the electron flux should be op-
posite to that of protons; that is, decreasing
toward high latitudes, a decrease in the elec-
tron to proton flux ratio at the same mag-
netic rigidity would be expected as Ulysses
climbs in latitude. However, no variations in
the electron to proton ratio at a rigidity of
~2 GV are apparent (Fig. 3E).

In summary, the increase in flux toward
the poles was modest for most nuclei, much
smaller than had been hoped based upon
ideas of magnetic field lines open to the
interstellar medium that were current prior
to the launch of Ulysses (2). More recent
predictions (14), taking into account drifts
and the possibility of reduced diffusion coef-
ficients over the poles, produced predictions
that, where direct comparison is possible,
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Fig. 4. (A) The proton differential energy spectra
near —80° (LET, HET, KET) and in the ecliptic (IMP-
8). The solid line represents the slope of heavily
modulated cosmic rays at the equator (o« £ *7). (B)
Helium differential energy spectra. Anomalous
component helium dominates the spectra near
—80° latitude with a flux maximum at ~20 MeV/n.
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agree reasonably well with the magnitude of
the increases we observed. However, there is
no obvious explanation for the lack of a
latitude variation for protons at energies less
than ~90 MeV. The lack of variation of the
electron-to-proton ratio with laticude ap-
pears to be in clear contradiction to the
predictions of models which include a signif-
icant role for gradient and curvature drifts
(5). Because the modulation over the south
pole in the inner heliosphere is comparable
in magnitude (within about 50% of equato-
rial) to the extensively studied modulation at
low latitudes, we conclude that the three-
dimensional distribution of the modulated
galactic cosmic ray flux is nearly spherically
symmetric in the inner solar system.
Consistent with this conclusion, the
modulated spectrum for cosmic ray protons
over the south polar region showed an ap-
proximately E*!-type spectrum below 100
MeV (Fig. 4A)—namely, the spectrum that
results from a near balance between out-
ward convection by the solar wind and
intensive adiabatic deceleration (cooling)
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of the protons from interstellar space in
the irregular and expanding heliospheric
magnetic fields. This is the same spectral
form observed by IMP-8 in equatorial
zones of the inner heliosphere.

The helium spectrum measured in the
south polar region (Fig. 4B) shows a maxi-
mum flux at approximately 20 MeV/n, which
can be understood as the result of a significant
contribution from the anomalous helium
component, believed to consist of singly ion-
ized helium ions accelerated at the solar wind
termination shock. Although there remains a
systematic difference in the flux computation
between IMP-8 and Ulysses (Fig. 1C), the
spectral maximum at IMP-8 was significantly
higher in energy than for Ulysses near —80°
latitude (Fig. 4). From comparison of the spec-
tra it would appear that the latitude excess of
~11 to 20 MeV/n anomalous helium must be
comparable to that for the higher energy he-
lium. This surprisingly small latitude effect
(15) was not expected from experiments at
lower latitudes (16) or from models (17)
where the anomalous helium is accelerated at
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protons with energy >3 X 10° eV.
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the termination shock near the pole and, for
the current solar magnetic polarity, diffuses
and drifts downward toward the heliospheric
equator.

The low fluxes at the poles imply that,
although the relative importance of the var-
ious processes that produce the solar modu-
lation of cosmic rays in the heliosphere may
be different at high latitudes than near the
equator, their summed effect is nearly the
same at all latitudes in the inner heliosphere.
A significant part of the high-latitude mod-
ulation can probably be ascribed to the polar
magnetic field irregularities that have been
observed (4, 18) with the Ulysses helium
vector magnetometer. Continuously present
waves were found to be propagating outward
from the sun. They have the characteristics
of Alfvenic fluctuations and may significant-
ly reduce the diffusion coefficient for cosmic
rays on the polar field lines. These waves and
the long period (10-hour) waves also ob-
served (4) may correspond to the transverse
irregularities proposed (19) as a possible
cause of increased polar modulation.

The ~26-day recurrent modulation of
cosmic ray and dnomalous nuclear compo-
nent intensities by CIRs is clearly present in
the Ulysses plasma, magnetic field, and
charged particle measurements up to
~—35° (Fig. 5). However, CIR compres-
sions in the recurrent magnetic field and
enhancements of the recurrent solar wind
velocity gradually disappear with increasing
latitude above ~—40°, whereas the cosmic
ray intensity continued to undergo recurrent
modulation all the way to —80° latitude.

The sun is known to exhibit differential
rotation as a function of latitude, with the
rotation period ranging from ~26 days at the
equator to ~36 days at the poles (20). Al-
though the recurrent modulation at low lat-
itudes corresponded to the near-equatorial

Auto-correlation function of AH9
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Fig. 6. Determination of the average recurrence
period of cosmic ray >92 MeV per proton inten-
sity modulation near —80° latitude (bar interval in
Fig. 6D), representing days 178 to 310, 1994, and
latitudes from —70° to —80° and back to —70°.
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solar rotation of 26 to 28 days, our autocor-
relation analysis of the >92 MeV proton
counting rate (Fig. 6)—in the polar regions
where no CIRs were observed—also showed
the same equatorial recurrence period.

Neither the tilted heliospheric current
sheet nor the solar magnetic field variations
correlate with these observations. The mag-
netic field intensity was remarkably constant
in azimuthal intensity over the south polar
pass (4, 18). None of the magnetic field
components displayed variation that could
be attributed to an inclined dipole field com-
ponent (21), which, if combined with the
cosmic ray latitude gradient (~1% per de-
gree) could produce recurrent intensity vari-
ations at Ulysses.

The detrended recurrent modulation of
the high-energy telescope (HET) proton flux
(Fig. 5D) displays an occasional second, but
smaller, recurrent modulation sequence dis-
placed in time from the main recurrent se-
quence by approximately 15 and 11 days. This
spacing is the same as between the two CIRs
observed simultaneously at 1 AU by IMP-8
(22). During the Ulysses mission these dual
CIR sequences were also observed at low and
intermediate latitudes in magnetic fields (23)
and by their acceleration of low-energy
charged particles (for example, 24). Thus, it is
becoming clear that the two spatially separat-
ed CIRs, probably through their expansion in
latitude in the more distant heliosphere, mod-
ulated the cosmic ray and anomalous nuclear
component observed in the high-latitude in-
ner heliosphere by Ulysses. It is not obvious to
what extent rapid cross-field diffusion may
contribute or how magneto-hydrodynamic
processes (25) or latitudinal motion of the
heliospheric current sheet (26) may connect
the low-latitude CIR phenomena with the
new, south polar latitude discoveries.

This recurrent modulation of the cosmic
radiation has been shown (27) to extend to
neutron monitor energies on Earth, affecting
particles with energies in excess of ~3 X 10”
eV (Fig. 5F) and even 13 X 10° eV (from the
University of Chicago neutron monitor on
Haleakala, Maui). Since these variations have
the same phase as the lower energy Ulysses
observations, it is clear that the heliospheric
recurrent modulation mechanism must be a
global, large-scale phenomenon extending
from the inner heliosphere to well beyond
Ulysses to account for the lower energy mod-
ulation observed in the south polar region.

These discoveries by the COSPIN col-
laboration will be tested during the rapid
scan of latitude now being performed by
Ulysses, and during the period when it is in
the north solar polar region in June through
September 1995. The modulation level at
that time should be even lower than during
the Ulysses south polar pass as a result of
the still declining level of solar activity with
the same solar magnetic field polarity.
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