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Abstract. For the ®rst time during the mission, the
Anisotropy Telescopes instrument on board the Ulysses
spacecraft measured constant zero anisotropy of pro-
tons in the 1.3±2.2 MeV energy range, for a period
lasting more than three days. This measurement was
made during the energetic particle event taking place at
Ulysses between 25 November and 15 December 1998,
an event characterised by constant high proton ¯uxes
within a region delimited by two interplanetary forward
shocks, at a distance of 5.2 AU from the Sun and
heliographic latitude of 17°S. We present the ATs results
for this event and discuss their possible interpretation
and their relevance to the issue of intercalibration of the
two telescopes.
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1 Introduction

The Ulysses spacecraft completed its ®rst polar orbit
around the Sun on April 17, 1998, at a distance of 5.4
AU from the Sun and heliographic latitude 6°S. During
the second half of 1998, in correspondence with the
increase in solar activity towards solar maximum,
several large energetic particle events were detected by
the Anisotropy Telescopes (ATs) and other instruments
of the Cosmic Ray and Solar Particle Investigation
(COSPIN) (Simpson et al., 1992) on board the space-
craft. The ATs are a two-telescope sectored multi-
channel system detecting protons in the energy range
1.3±3.6 MeV and a-particles in the range 3±26 MeV
(Staines et al., 1993). The sectored counts allow recon-

struction of particle ¯ow directions by means of a
spherical harmonic analysis.

The acceleration and propagation of energetic parti-
cles in the heliosphere have been the subject of extensive
experimental and theoretical e�orts for a number of
years. During the ®rst phase of the Ulysses mission,
work on MeV energy particles has focused mainly on
recurrent 26-day particle events associated with coro-
tating interaction regions, taking place during the
declining phase of solar cycle 22 (e.g. Sanderson et al.,
1994; Simnett et al., 1995). As solar activity started to
increase towards the maximum of cycle 23, transient
CME-associated particle events have been detected at
Ulysses (Marsden et al., 1999), starting with an isolated
event in November 1997 (Lario et al., 1998).

We focus on a speci®c particle event taking place at
Ulysses between 25 November and 14 December, 1998,
during which the ATs recorded, for the ®rst time during
the mission, a period of zero particle ¯ows (zero anisot-
ropy) in the solar wind frame lasting for approximately
3.5 days. At this time the spacecraft was located at 5.2AU
from the Sun and heliographic latitude 17°S. The mag-
nitude of the ®rst order anisotropy during the whole
period remained below values of 0.08, and, unusually,
showed very little variability. Anisotropies of protons in
the interplanetary space have been the subject of extensive
studies (e.g. Sanderson et al., 1985 and references there-
in). Typically, anisotropies in the spacecraft frame are the
superposition of the Compton-Getting anisotropy, which
results from the solar wind being convected past the
spacecraft at the solar wind speed (Ipavich, 1974), and of
anisotropies resulting from particle streaming. Here we
are assuming that anisotropies resulting from spatial
gradients can be neglected. Transformation of the aniso-
tropies into the solar wind frame, by subtraction of the
Compton-Getting anisotropy, allows one to focus on
particle streaming. In the solar wind frame particle
anisotropies are generally gyrotropic about the magnetic
®eld direction and inmost cases the component of the ®rst
order anisotropy perpendicular to the magnetic ®eld
direction is negligible for protons in the MeV range.Correspondence to: S. Dalla
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As far as we are aware an event with constant zero
anisotropy in the solar wind frame, such as the one we
present here, has not previously been reported. We
present anisotropy data for three sectored proton
channels and discuss possible interpretations of the zero
anisotropy phase.

In addition, we use our anisotropy measurement to
calculate the speed of the rest frame, de®ned as the
frame in which the particle distribution function is
isotropic and has a power law energy spectrum (Tan
et al., 1988). Assuming that wave scattering is respon-
sible for particle isotropy, the rest frame is the frame co-
moving with the waves. We ®nd that the rest frame is
moving very slowly with respect to the solar wind during
the times of lowest anisotropy, but can reach speeds of
the order of 100 km/s already at anisotropies of �0.08
for the case of hard spectra.

Finally, we comment on the implications the zero
anisotropy event bears on the issue of intercalibration of
the two ATs telescopes.

2 Measurement and data analysis

We consider MeV ion data from the Anisotropy
Telescopes (ATs) instrument, forming part of the
COSPIN package on board the Ulysses spacecraft.
The ATs instrument has been discussed in detail by
Simpson et al. (1992), with important revisions regard-
ing the calibration of the energy channels and orienta-
tion of the telescopes with respect to the spacecraft spin
axis reported by Staines et al. (1993).

The ATs comprise two identical solid state particle
detectors with geometrical factors of �0.7 cm2 sr and
full cone opening angles of 70° mounted at angles of 60°
(telescope 1; T1) and 145° (telescope 2; T2) to the
spacecraft spin axis. Ion ¯uxes incident on the telescopes
are divided into a number of data channels, sensitive
mainly to protons and alpha particles. Protons are
detected in the energy range 0.7±6.7 MeV. Four of
the thirteen channels available in each telescope separate
the counts into eight azimuthal sectors as the spacecraft
spins, thus allowing a reconstruction of the particle
¯ows by means of the spherical harmonic analysis
described later.

We focus on data from three sectored channels
detecting protons in the ranges 1.3±2.2 MeV (channel 7),
2.2±3.6 MeV (channel 8) and 3.6±6.7 MeV (channel 9).
These channels are in fact also sensitive to a-particles,
but analysis of proton and a spectra obtained by means
of proton-only, a-only and mixed species channels
shows that the main contribution to the ¯uxes for the
event under consideration is from protons.

The anisotropy is derived from the ATs measurement
as follows. The two sectored channels (one for each
telescope) of centre energy E provide a total of sixteen
directional di�erential ¯ux measurements. We indicate
as J�E; ev� the measured di�erential ¯ux (in (cm2 sr s
MeV))1) at energy E along the direction identi®ed by the
unit vector ev, taken as pointing towards the centre of
the sector under consideration. We assume that the

di�erential ¯ux can be ®tted by means of a reduced
second-order spherical harmonic expansion as follows:

J�E; ev� � J0�E� 1� A1�E� � ev � A2�E� 3l
2 ÿ 1

2

� �
�1�

where l � cosW and W is the pitch-angle of detected
ions, i.e. the angle between the magnetic ®eld and the
vector ev, and we have assumed the second order
harmonics to be gyrosymmetric about the ®eld direc-
tion. The magnetic ®eld data used in this analysis is
provided by the Ulysses magnetometer (Balogh et al.,
1992). By substituting into the l.h.s. of Eq. (1) the sixteen
measured values of the di�erential ¯ux, a set of sixteen
equations involving the unknown coe�cients J0, A1 and
A2 is obtained. As the number of equations available is
larger than the number of unknowns, we can use a least
square ®t procedure to obtain the required coe�cients.

We call J0 the omnidirectional ¯ux, A1 the ®rst order
anisotropy vector and A2 the second order anisotropy.
We examine the anisotropies in the solar wind frame.
To transform to the solar wind frame of reference we
subtract the solar wind bulk ¯ow anisotropy (Compton-
Getting anisotropy), calculated from the equation
(Ipavich, 1974):

A1 � 2�c� 1�
vi

Vsw �2�

where Vsw is the solar wind velocity, measured by the
SWOOPS instrument (Bame et al., 1992), c is the
spectral index of the ATs ion ¯ux energy spectrum
(assuming the latter can be ®tted by a curve Eÿc) and vi
is the ion speed. We then resolve the anisotropy into
magnetic ®eld aligned and transverse components.

3 Results

The results of the anisotropy analysis for days 327±347
of 1998 are presented in Fig. 1, for the sectored channel
of proton energy in the range 1.3±2.2 MeV. The ®rst
four panels show hourly averages of the omnidirectional
¯ux J0, the components of A1 parallel and perpendicular
to the magnetic ®eld and A2. The subsequent three
panels give the magnitude, azimuth and meridional
angle of the magnetic ®eld in the RTN system, as
measured by the Ulysses magnetometer (Balogh et al.,
1992), averaged over 512 s. The bottom panel shows
8-min averages of the solar wind speed as measured
by the SWOOPS instrument (Bame et al., 1992).

The magnetic ®eld and plasma data show the
presence of a very strong forward shock at 01:46 UT
on day 331, with the ®eld magnitude rising from 0.6 to
3.6 nT. Another weaker forward shock has been iden-
ti®ed at 23:53 UT of day 339. These shocks are indicated
on the plot by dotted lines.

A striking feature of this event is the fact that ¯uxes
of energetic protons remain at constant very high levels
for approximately 9 days, as can be seen from the J0 plot
representing the omnidirectional ¯ux.

A second very unusual feature is that, starting
around midday on day 335, A1k and A2 take very
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constant, close to zero, values for a period of almost
4 days. The component of the ®rst order anisotropy
perpendicular to the ®eld is almost zero (less than 0.05)
during the whole high-¯ux period. During the zero
anisotropy phase the magnetic ®eld magnitude recorded
is about 0.3 nT with little variability. During the time
interval considered, planar magnetic structures are
observed, i.e. periods during which the ®eld direction
remains within a plane (Jones, personal communication
1999). In this case the plane contains the nominal Parker
spiral direction.

The interpretation of this event is not straightfor-
ward. The onset phase of the event, lasting through
days 328±330 is detailed in Fig. 2, where 2048 s
averages of telescope 1 spin-averaged ¯uxes are pre-
sented in the ®rst panel (for protons) and last one (for
a-particles). The second and third panel give the solar
wind proton and a-particle density as detected by the
SWOOPS instrument. High-energy protons seem to
reach the spacecraft earlier than low-energy ones,
although it is di�cult from this plot to deduce the
time delay quantitatively. We also notice from Fig. 2

Fig. 1. Overview of the November 1998 event. The omnidirectional
¯ux J0, component of the ®rst order anisotropy along the magnetic
®eld, second order anisotropy A2 and (A1)perp are given. Also the

magnetic ®eld magnitude, azimuth h and meridional angle / in the
RTN system and ®nally the solar wind speed are shown
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that just after the shock passage on day 331 proton
counts in the low-energy channels exihibit a correlation
with the solar wind proton density, while at energies
higher than 2.2 MeV this is not the case. Proton ¯uxes
show a decrease at the shock location, unlike what
happens for typical shock acceleration events, in which
¯uxes peak at the shock. Also we notice that the
a-particle time pro®les are qualitatively di�erent from
the proton ones in that ¯uxes upstream are much lower
than downstream.

From the second and sixth panels of Fig. 1, the
anisotropy during the onset phase is seen to be anti-
Sunward. In fact, during days 328±330 the magnetic
®eld azimuth / remains close to 90°, corresponding to
the ®eld pointing towards the sun, so that a negative
value of A1k indicates anti-Sunward ¯ow. We observe at
this point that at times where A1k is nonzero and is in
magnitude greater than or equal to A2, particle motion
is mainly one-directional, parallel or anti-parallel to the
®eld, assuming negligible perpendicular anisotropy.

Fig. 2. Onset phase of the November 1998 event. In the ®rst panel
ATs spin-averaged proton ¯uxes for ®ve energy channels are given.
The second and third panel show the solar wind proton and a-particle

density from the SWOOPS instrument. In the lowest panel are the ATs
spin-averaged a-particle ¯uxes for three energy channels

280



The analysis of the anisotropy results close to the
shock on day 331 is complicated by the fact that the ®eld
azimuth / ¯ips to the reverse polarity for a few hours
late on day 330. We can say however that, from the sign
of A1k, there is a one-directional ¯ow in the anti-
Sunward direction upstream of the shock, and a smaller
on average Sunward ¯ow downstream of the shock,
prior to the zero anisotropy period.

The zero anisotropy phase sets in at 16:30 UT on day
335, at a time when the magnetic ®eld magnitude is
0.86 nT and is decreasing. The magnitudes of A1k and A2

remain smaller than 0.03 until the end of day 336, when

a small increase to values around 0.05 takes place. The
®eld magnitude reaches a minimum at this time, being of
0.22 nT. Anisotropy magnitudes remain smaller than
0.08 for the whole of days 337 and 338, until approx-
imately midday on day 339, when they increase to values
around 0.15 prior to the passage of the second shock. At
this point the direction of particle ¯ow is anti-Sunward.

Measurements of the zero-anisotropy phase for three
energy channels are detailed in Fig. 3. Here omnidirec-
tional ¯uxes and anisotropies for channels 7 (the same as
in Fig. 1), 8 and 9 are given. We observe very similar
anisotropy traces in the three channels considered, i.e.

Fig. 3. ATs anisotropy results for three sectored energy channels
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protons in the energy range 1.3±6.7 MeV behave as a
well-de®ned population. In particular, the zero aniso-
tropy phase is clearly visible in all three channels. In the
A1k trace for the highest energy channel, however, larger
anisotropies are observed. There is a possibility that this
might be a noisier signal related to low counts.

3.1 Error on anisotropy coe�cients

An important issue in the discussion of the zero
anisotropy phase is that of the error on the anisotropy
coe�cients as determined from the ATs measurement.
This is determined by the error on the counts detected
by the two telescopes during the averaging period and
by the goodness of the spherical harmonic ®t used to
®nd the anisotropies.

The results of this study were obtained by adding
ATs counts over a period of 1 h. Typical counts for each
sector of channel 7 for this accumulation time are of
2400 for T1 and 2000 for T2. The error, given by N1/2,
where N is the number of counts, is therefore of about
2% for T1 and 2.3% for T2.

If these errors on the counts are input to the spherical
harmonic analysis routine, an error on the coe�cients of
the ®t can be obtained by calculation of the diagonal
elements of the covariant matrix. For day 336, e.g., we
®nd that the error on the largest component of the ®rst
order anisotropy, the one along the radial direction from
the Sun, is typically of 4.6%. At this point we are talking
about errors on the anisotropy as measured in the
spacecraft frame. The subtraction of the Compton-
Getting anisotropy as given by Eq. (2) does not increase
the error on the measurement as the solar wind speed,
ion velocity and spectral index are determined to a
higher accuracy than the calculated anisotropy coe�-
cients.

We conclude, therefore, that the error on the ®rst
order anisotropies derived from channel 7 counts is
typically 5% or less.

3.2 Speed of scattering centres

The results of the anisotropy analysis can be looked at
also from a slightly di�erent perspective, following the
approach of Tan et al. (1988). These authors analyse
particle data from the ISEE 3 spacecraft for several
interplanetary shocks and assume that there exists a
reference frame in which the particle distribution
function is isotropic and its energy dependence can be
approximated by a power law. They argue that this
frame is the one co-moving with the waves producing
particle pitch-angle scattering and denote its velocity
with respect to the solar wind frame as Vsc. They ®nd
that this vector is Sunward directed and has in some, but
not all, cases a magnitude close to the Alfven speed.

To compare our measurement with the results of Tan
et al. (1988) we ®rst derive V ksc, the projection along the
magnetic ®eld direction of the scattering centres veloc-
ity, from our A1k using the Compton-Getting expression:

V ksc �
vi

2�c� 1�A1k �3�

To a ®rst approximation we can neglect the perpendi-
cular anisotropy and say that jV kscj is the magnitude of
Vsc. A positive value of V ksc means that the scattering
centres are moving along the magnetic ®eld direction,
while a negative one means they are moving antiparallel
to the ®eld. It is actually preferable to describe this
motion in terms of Sunward or anti-Sunward; we
therefore look at the magnetic ®eld direction / and
multiply V ksc by )1 for the Sunward ®eld and by 1 for
anti-Sunward ®eld. Positive values of the quantity V �sc
thus obtained correspond to anti Sunward motion of
the scattering centres and negative values to Sunward
motion. A logarithmic plot of jV �scj during days 335±341
is given in the last panel of Fig. 4, where solid circles
indicate positive values of V �sc and open triangles
negative values. For most times during days 335±341
V �sc is positive, indicating anti-Sunward motion. The ®rst
three panels of Fig. 4 give the omnidirectional ¯ux and
®rst order ®eld aligned anisotropy for channel 7, and the
spectral index c. The solid line in the V �sc plot gives the
Alfven speed calculated from the equation:

vA � B
4pnpmp

�4�

where mp and np are the proton mass and density and
the contribution from the solar wind helium has been
neglected.

We observe from the last panel of Fig. 4 that at the
end of day 335 and for the whole of day 336, when the
anisotropy is closest to zero, the speed of scattering
centres is very close to the Alfven speed. Starting on
day 337, however, a scattering centre velocity of about
200 km/s is obtained, much larger than the Alfven speed
vA � 30 km/s. For most of the zero anisotropy phase
scattering centres are moving in the anti-Sunward
direction, contrary to the result of Tan et al. (1988).

4 Summary and conclusions

Anisotropy Telescopes measurements of proton ¯ow
directions during the energetic particle event of Novem-
ber 1998 at Ulysses have been reported. This event is
unique in that a zero anisotropy phase has been
identi®ed within it for all three sectored ATs proton
channels. Another unusual feature is the constant high
proton ¯ux for a period of nine days in between the
passage of two interplanetary forward shocks. During
the zero anisotropy phase the magnetic ®eld magnitude
is also nearly constant at values of about 0.3 nT.

The interpretation of the measurement here reported
is not straightforward. A possible scenario for the
November 1998 event put forward by Lario et al.
(J. Geophys. Res., submitted 2000) is as follows. Asso-
ciation of the two forward shocks with two observed
CMEs yields information that they have similar transit
speeds (around 700 km/s). It is possible therefore that
energetic particles might have remained con®ned within
the region between the two shocks, bouncing back and
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forward between them. It seems likely that these
particles were accelerated during a series of solar events
taking place during days 326±328, including several X-
class ¯ares and a halo CME at 2:30 UT on day 328. The
anisotropy during the onset phase is consistent with this
hypothesis.

The reason for the zero anisotropy phase detected
by the ATs on days 335±339 remains unclear. If, as
proposed by Lario et al. (J. Geophys. Res., submitted
2000), particles were trapped in the region between the
two forward shocks, wave-induced pitch-angle scattering
might have been particularly e�ective in isotropizing the
particles. If waves were responsible for the pitch-angle
scattering which produces the isotropic proton distribu-
tion function, according to our measurement these
would be moving in the antiSunward direction in the
solar wind frame. Their speed in this frame could at times
be of the order of the Alfven speed, and at other times up
to six times greater.

Finally, the zero anisotropy phase within the event is
an indication of good intercalibration of the two ATs
telescopes. The latter point is discussed in more detail in
the following Appendix.

Acknowledgement. Topical Editor E. Antonucci thanks R. Mars-
den for his help in evaluating this paper.

Appendix: telescopes intercalibration

We wish to point out the implications of the zero anisotropy results
on the issue of intercalibration between the two telescopes of which
the ATs system consists.

We observe ®rst of all that our result that the anisotropy is zero
in the solar wind frame means that the anisotropy measured by the
system in the spacecraft frame is the Compton-Getting anisotropy.
This anisotropy results from the particle population in the solar
wind being convected through the spacecraft frame of reference,
and is given by Eq. (2).

The Compton-Getting anisotropy is directed along the radial
direction in a Sun-centred system of coordinates. Because the
spacecraft spin axis is always directed towards the Earth, and
Ulysses is at 5.2 AU from the Sun, the radial direction and
spacecraft axis are almost coincident, to within 11°. Consequently,
a radially directed anisotropy such as the Compton-Getting
anisotropy produces an approximately constant number of counts
in the eight sectors of each telescope. Because of the inclination of
the two telescopes with respect to the spin axis, the actual value of
counts in the sectors of telescope 1 is going to be higher than in
those of telescope 2, the ratio of the two depending on the
magnitude of the anisotropy. In fact, assuming that the ¯ux along
the direction ev can be written as:

J�E; ev� � J0�E� 1� A�E� � ev� � �5�
where A is a radially directed anisotropy, we can write:

J�E; a� � J0�E��1� A�E� cos a� �6�

Fig. 4. Detail of the zero anisot-
ropy phase and calculation of the
speed of the frame of scattering
centres. For channel 7 are shown
the omnidirectional ¯ux J0, �A1�k,
the spectral index c and the speed
of scattering centres jV �scj. In the
lowest plot solid circles indicate
anti-Sunward motion of the scat-
tering centres and open triangles
Sunward motion
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where a now indicates the angle between the radial direction and
the direction of particle incidence into a detector. Considering that
in the ATs system T1 corresponds to a = 60° and T2 to a = 145°,
we ®nd the following expression for the ratio of ¯uxes detected in
T1 and T2:

JT1

JT2
� 1� 0:5A

1ÿ 0:82A
: �7�

From this equation the magnitude of the radial anisotropy A can
be expressed in terms of the ratio JT1=JT2.

Now, in a case in which the only proton anisotropy in the
spacecraft frame is due to the Compton-Getting e�ect, an incorrect
intercalibration of the two telescopes of the ATs system would give
rise to an incorrect estimate for the magnitude of anisotropy in the
spacecraft system A. When subtracted from the magnitude of the
Compton-Getting anisotropy as calculated from Eq. (2), this would
lead to constant nonzero anisotropy in the solar wind frame. From
these considerations we conclude that the fact that, in our case,
there is constant zero anisotropy in the solar wind frame is an
indication of correct intercalibration between the two telescopes.

We also wish to point out that the fact that �A1�perp is zero
during the whole high ¯ux period is itself su�cient to claim good
intercalibration. In fact, even in the presence of particle streaming
along the magnetic ®eld lines, the component of the anisotropy
perpendicular to the ®eld is expected to be zero in the solar wind
frame, within the assumption that there are no signi®cant spatial
gradients perpendicular to the magnetic ®eld.
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