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During this solar cycle we have found that solar
energetic particle (SEP) isotopic composition in large
gradual events can vary greatly from event to event.
It is an open question how much of this fractionation
is present in the source material and how much occurs
during particle acceleration or propagation out of the
corona. To first order, this mass fractionation seems
to scale as a power law in the ionic charge to mass ra-
tio, Q/M, similar to what is observed for SEP elemen-
tal fractionation. However, differences from power-law
scaling seem to be required for most events to com-
pletely account for the observed abundances, for exam-
ple in the case of Fe isotopes. Determining the actual
fractionation patterns is necessary in order to use these
data to better constrain the coronal source abundances
and to understand the fractionation processes. In the
>6 years since the launch of NASA’s Advanced Compo-
sition Explorer (ACE), we have obtained SEP isotope
measurements of abundant elements from C to Ni in
>40 large SEP events. We find that the isotopic and
elemental abundance enhancements are strongly cor-
related. By assuming isothermal conditions and us-
ing calculated equilibrium charge states, we attempt
to characterize deviations in the fractionation patterns
from simple power-law scaling. This work was sup-
ported by NASA at Caltech (under grants NAG5-6912
and NAG5-12929), JPL, and GSFC.
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We investigated 96 3He -rich (3He/4He > 0.004
at 0.2-2.0 MeV/nucleon) solar energetic particle (SEP)
events from September 1997 through December 2002
using the ULEIS instrument on ACE. Both “impulsive”
(flare-related) and “gradual” (CME-related) events are
included. The 3He fluences varied only by a factor of
100 above our sensitivity threshold while the 4He flu-
ences varied by factor of 100,000 above the same thresh-
old. Moreover, we find no significant correlation be-
tween the 3He and 4He fluences. We find it striking
that with more than 5 years of continuous SEP data,
we could not found any SEP event that has a 3He
fluence higher than 105/cm2-sr-MeV/nucleon, while
the largest 4He fluence observed was 1.6x107/cm2-sr-
MeV/nucleon (two orders of magnitude larger than the
3He upper limit). Since the event fluence should be
same fraction of the particle net flux from the Sun at
1 AU, the observed upper limit for 3He fluence indi-
cates that there is a limit to the number of energetic
3He ions that can be released from the Sun in a SEP
event.
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We report measurements of the energy spectra of
ions from H to Fe in the large solar energetic parti-
cle (SEP) events of October 28 and 29, 2003. The
measurements extend from ∼0.1 to ∼100 MeV/nucleon
and were made with the SIS and ULEIS instruments

on ACE and the PET instrument on SAMPEX, sup-
plemented by data from NOAA’s GOES satellites. In
both events the spectra of ten separate species all ex-
hibit rather sharp spectral breaks during the hours just
after the passage of the CME-driven shock that accel-
erated these SEPs. The locations of these breaks (in
MeV/nucleon) are correlated with the charge-to-mass
ratio (Q/M) of the ions, as measured by the MAST in-
strument on SAMPEX. The temporal evolution of the
spectra and the interpretation of the Q/M-dependence
of the observed spectral breaks will be discussed.
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Our model of the shock acceleration and inter-
planetary transport of energetic ions takes account of
magnetic focusing, convection, adiabatic deceleration,
pitch-angle diffusion due to resonant interaction with
Alfvén waves, as well as self-consistent wave amplifi-
cation and wave transport. We now include explicit
frame transformation of particle distributions across
the propagating shock discontinuity and wavenumber
increase in wave transmission across the shock. We will
present our calculations and discuss their implications
on the observation of multi-species energetic ions at 1
AU.
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Large dispersionless modulations in particle inten-
sity observed in impulsive solar energetic ion events
have been interpreted in terms of spatially limited
source regions and magnetic field line foot point mo-
tions during the 2-4 days it takes solar wind plasma
and the embedded heliospheric magnetic field to travel
from the Sun to 1 AU. Similar dispersionless modu-
lations in particle intensity are observed within some
low-energy (less than 1.4 keV) solar electron bursts at
1 AU. The latter commonly occur in direct association
with discontinuous changes in the intensity of the solar
wind electron strahl and can also largely be explained
in terms of spatially limited burst source regions and
magnetic field line foot point motions in the solar at-
mosphere. Concentrating on impulsive ion modulation
events previously reported, we show that there is a
close connection between dispersionless modulations in
energetic ions and dispersionless modulations in low-
energy solar electron bursts and in the electron strahl.
This demonstrates that dispersionless modulations in
both particle species have a common cause and gener-
ally occur on the same field lines. However, we find

that a subset of the more dramatic ion modulations re-
ported, which have corresponding dramatic changes in
suprathermal electrons, appear to be more closely re-
lated to structural boundaries in the solar wind flow
than to field line foot point motions.
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Recent ACE studies have found that transient so-

lar electron bursts associated with solar type III ra-
dio bursts are commonly observed at energies below
1.4 keV. At these energies the bursts appear as anti-
sunward-directed electron beams superimposed on the
suprathermal electron strahl and halo. Solar electron
bursts are typified by their characteristic energy-time
and pitch angle-time dispersion. Durations of burst
events from onset to decay can vary from less than 1
hour to more than 30 hours, implying that the inter-
planetary magnetic filaments occupied by solar burst
electrons are spatially broad. However, the true spa-
tial extent and uniformity of a burst-carrying filament
cannot be established from single spacecraft measure-
ments. In order to explore the spatial characteristics
of solar electron bursts, we have examined bursts de-
tected at two spatially separated spacecraft: Genesis
and ACE. The Genesis and ACE spacecraft both occupy
L1 halo orbits and can be separated by up to 1 mil-
lion km. We compared measurements from the nearly
identical electron spectrometers on the two spacecraft.
From November 2001 to May 2003 we found 136 solar
electron bursts simultaneously detected by both space-
craft. More than two thirds of the burst events are
strikingly similar at the two spacecraft, indicating that
bursts are most often spatially uniform across ACE-
Genesis separation distances. However, a number of
burst events exhibit notable differences in the simulta-
neous Genesis and ACE observations, consistent with a
non-uniform burst structure. Such structure indicates
that the two spacecraft, though relatively near one an-
other, are nonetheless found on interplanetary mag-
netic field lines mapping back to different solar source
regions. We conclude that braided intermixing of in-
terplanetary filaments is evident at 1 AU on separation
scales of approximately one million km.
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The Ulysses spacecraft has now almost completed

its second orbit, passing for the second time over the
southern and then the northern pole of the Sun. En-
ergetic particles associated with CMEs were observed
at the highest latitudes over both poles of the Sun,
quite unlike the first polar pass when, at the very high-
est latitudes, neither CME nor CIR accelerated parti-
cles were observed. The particle events observed over
the two poles were completely different. Ulysses never
left the slow solar wind as it passed over the southern
pole, and events observed there tended to be similar to
events observed at lower latitudes. Over the northern
pole Ulysses was in the fast solar wind for several solar
rotations. Events observed there differed substantially
from events observed over the southern pole. Onsets
were slow, particle angular distributions were almost
isotropic, and increases were observed when the CME
arrived. We discuss these differences in the context of
the configuration of the heliosphere at the time.
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Zhang et al., [Astrophys. J., 595, 493-499, 2003; J.
Geophys. Res., 108, A4, 1154, SSH 4-1, 4-13, 2003] re-
port strong anisotropies of 40-90 MeV protons trans-
verse to the local magnetic field in two solar energetic
particle events (2000:196 and 2000:256) observed by
Ulysses/COSPIN/HET. They interpret their results in
the context of diffusive transport and consequently con-
clude these events constitute strong evidence for the ex-
istence of transverse diffusion in the helisosphere. We
see three difficulties with this interpretation. 1) The
magnetic field was unusually well ordered during the
periods of transverse anisotropies. Theories of trans-
verse diffusion require the presence of irregularities in
the magnetic field. 2) Fourier analysis of the angu-
lar distribution reveals a second harmonic whose ampli-
tude is comparable to that of the first harmonic. This is
inconsistent with diffusive transport (Fick’s law) that
predicts a dominant first harmonic. 3) Only two such
intervals have been identified in a search of the mission-
long Ulysses COSPIN data set. The paucity of such in-
tervals is inconsistent with this being a pervasive mode
of transport. We have independently analyzed the
COSPIN/HET channel H45 data and we confirm the
data analysis of Zhang et al. for both events. However,
we find that the data are much more consistent with
a quantitative interpretation in terms of weak scatter-
ing with an evolving field-aligned streaming and a bi-
directional anisotropy component in the presence of a
gradient anisotropy. The scale of the gradient extracted
from the pitch-angle distributions is comparable to that
of the flux-rope-like magnetic structures in which it oc-
curs. The above-mentioned three points are thus ex-
plained as follows. 1) Weak-scattering is expected in
regions of quiet fields. 2) The pitch-angle distribu-
tion in both events eventually becomes predominantly
bi-directional, indicating a mirroring within the struc-
ture. Consequently the significant second harmonic is
immediately explained. 3) The conditions for observ-
ing a strong gradient anisotropy at these energies is
restricted to a special class of structures, and hence
should be a relatively rare occurrence.
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The transport of energetic particles perpendicular
to the mean magnetic field in space plasmas long has
been viewed as a diffusive process. However, there is
an apparent conflict between recent observations of so-
lar energetic particles (SEP): 1) impulsive solar flares
can exhibit “dropouts” in which SEP intensity near
Earth repeatedly disappears and reappears, indicating
a filamentary distribution of SEPs and little diffusion
across these boundaries. 2) Observations by the IMP-
8 and Ulysses spacecraft, while they were on opposite
sides of the Sun, showed similar time-intensity profiles
for many SEP events, indicating rapid lateral diffusion
of particles throughout the inner solar system within
a few days. We explain these seemingly contradictory
observations using a theoretical model, supported by
computer simulations, in which many particles are tem-
porarily trapped within topological structures in sta-
tistically homogeneous magnetic turbulence, and ulti-
mately escape to diffuse at a much faster rate. This
work was supported by the Thailand Research Fund,
the Rachadapisek Sompoj Fund of Chulalongkorn Uni-
versity, and the NASA Sun-Earth Connections Theory
Program (grant NAG5-8134).
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Recently the nonlinear guiding center (NLGC) the-
ory [1,2] of perpendicular diffusion of charged test par-
ticles has shown promise in providing a needed im-
provement in the correpondence of scattering theory to
numerical results from computation of charged particle
orbits in model magnetic turbulence. This has moti-
vated a search for extensions of particle diffusion the-
ory in which the parallel and perpendicular diffusion
are simultaneously computed, and each is an implicit
function of the other. Here we report on two such ap-
proaches. In the first, self-consistency is obtained as
a nonlinear extension of quasilinear theory, in the con-
text of a Fokker Planck approach. The second approach
seeks to develop a theory that is approriate to strong
turbulence, in which decorrelation from unperturbed
orbits occurs rapidly. Here we derive the coupled in-
tegral equations that are solved for the diffusion coef-
ficients in each case, and the results are compared with
numerical simulations.This research supported in part
by NSF grant ATM-0000315 and NASA grant NAG5-
11603. [1] W H. Matthaeus, G. Qin, J. W. Bieber
and G. P. Zank, Astrophys. J., 590, L53 (2003) [2] A.
Shalchi, J. W. Bieber and W. H. Matthaeus, Astrophys.
J., in press (April 2004)
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We present a detailed analysis of several solar im-
pulsive electron events detected from a few hundred
eV to >200 keV by the WIND 3D Plasma and Ener-
getic Particle experiment. For the event beginning at
∼17:20UT on August 7, 1999, the electron flux profiles
show sharp peaks (∼5 to 10s of minutes FWHM at en-
ergies > 20 keV ) and a path length derived from the
peak times of ∼1.16±0.09 AU, indicating that the elec-
tron propagation is essentially scatter free. Under the
scatter-free assumption and correcting for the contam-
ination by higher energy electrons on onsets observed
in lower energy channels, we find that for the higher
energy ≥40 keV, electrons appear to be released 10±3
minutes after the start of type III radio burst at the
Sun. The event durations at energies below ∼5-10 keV
are substantially larger,suggesting a different behavior
at those energies.
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The late October-early November solar energetic

particle (SEP) events during the declining stage of solar
cycle 23 provide an outstanding opportunity to inves-
tigate the propagation of solar-produced ions and elec-
trons in the inner (< 5 AU) heliosphere. The EPAM
instrument on the ACE spacecraft (1 AU) and the HIS-
CALE instrument on the Ulysses spacecraft (essentially
in the ecliptic plane at 5.2 AU and about 117◦ east of
the Earth-Sun line) were ideally situated to measure
the in-ecliptic interplanetary particles produced by the
series of large solar eents. Of particular interest is the
particle event on 28 October 2003 (day 301) following
the exceptionally large X17 flare in Active Region 486.
Particles were observed at both ACE and Ulysses; quite
rapid onsets of the intensities of ions were measured at
both spacecraft. Indeed, this event may have the most
rapid onset of any SEP event ever measured at 5 AU.
This presentation will concentrate on an examination of
the intensities, time dependence, and radial gradients
of protons and heavy ions (Z≥2) that were measured
during the series of SEPs in this time interval.
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Because of the divergence of the solar wind flows,
energetic particles should experience adiabatic energy
loss almost everywhere in the interplanetary space. The
energy loss of particles gyrating in magnetic fields is a
pitch-angle dependent process and it is present with
or without particle scattering by magnetic turbulences.
The energy loss is much faster close to sun than at
large radial distances. Our particle simulations show
that adiabatic energy loss is significant even in a short
period of less than one day. The result indicates that
adiabatic energy loss cannot be completely neglected in
the modeling of solar particle events. This is particu-
larly true for gradual events that can last as long as one
solar rotation. Even the initial phase, adiabatic energy
loss may be important, because it takes a few hours
to a day for a solar particle event to reach its maxi-
mum intensity at 1 AU. In this paper, we will show how
the inclusion of the adiabatic energy loss into the focus
transport equation will affect the spatial distribution,
time profile and dissipation of solar energy particles in
large gradual events.
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Worldwide neutron monitor observations of rela-
tivistic solar particles on 1989 October 22 have proven
puzzling, with an initial spike sometimes followed by a


