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ABSTRACT
We present ACE/ULEIS and Wind /STEP observations of a new and unusual feature of energetic ions between 0.02
and 3 MeV nucleon1 associated with impulsive solar flares. In addition to the usual velocity dispersion associated
with the transit in the heliospheric magnetic field of energetic particles from a small localized source on the Sun, these
events also show intermittent behavior that may be related to the magnetic flux tube structure of the solar wind. These
are anomalous bursts of low-energy particles, which we call ‘‘tassels.’’ Tassels are enhancements of ions extending
to much lower energies than those associated with the main event. In one year of data from 2000 June to 2001 July,
we have identified two events with tassels, both of which occur simultaneously with interplanetary coronal mass
ejections ( ICMEs). The tassels may be a superposition of two events, either gradual and impulsive or two impulsive
events. Since the tassels could be interpreted as ions arriving earlier than those with the same energy in the main velocity dispersion, we suggest that the tassels occur when the spacecraft intercepts a flux tube with a relatively shorter path
length. The decrease in path length may be caused by a decrease in scattering or a shorter travel distance, since flux
tubes may be distorted by the passage of the ICME. These tassel events may allow us to infer some of the structure of
the ICME.
Subject headings: interplanetary medium — solar wind — Sun: activity — Sun: particle emission
Online material: color figures
1. INTRODUCTION

sion. We suggest that these tassels arise from particles taking an
unusually short path between the source and the observer at
1 AU, with the difference in path length arising from either
physical path length or a decrease in scattering. The tassel events
reported here are similar to the events in Mazur et al. (1998), who
reported on impulsive-flare material seen inside ICMEs. Therefore, the path length difference may be related to the structure of
the ICME.

Observations of solar energetic particles at Earth display a
variety of signatures from the mechanisms that have acted on
them, including the acceleration and injection processes back at
the Sun and the effects of transport between the Sun and 1 AU.
Solar energetic particles (SEPs) associated with impulsive-like
solar flares (which we refer to as impulsive events) are characterized by major enhancements of heavy nuclei and an increased
3
He++/ 4He++ ratio (e.g., Reames 1999; Hsieh & Simpson 1970).
They are believed to be accelerated over a short timescale compared to the transit time to Earth, i.e., they are believed to be released essentially impulsively. This allows the transport effects
to be studied without the complications associated with continual
acceleration of particles at shocks associated with interplanetary
coronal mass ejections ( ICMEs).
When particles of many different energies are allowed to travel
along field lines to 1 AU, the more energetic particles naturally
arrive first because of their higher speed. This creates a characteristic velocity dispersion when particle energy is plotted versus
time (see Mazur et al. 2000). The characteristics of this dispersion can then be used to infer details of the particle transport, as
in Larson et al. (1997) where electrons were used to measure
propagation path lengths and magnetic connectivity. Mazur et al.
(1998) described observations of low-energy ions of flare origin
inside magnetic clouds, and suggested that these particles may be
used to study the structure of ICMEs.
Here we describe a previously unreported feature of some impulsive events, which we call ‘‘tassels,’’ dispersionless flux
enhancements at lower energies than the overall velocity disper-

2. OBSERVATIONS
2.1. Impulsive Events with Tassels
The ion observations presented here come from instruments
on board the ACE and Wind spacecraft. The Ultra-Low-Energy
Isotope Spectrometer ( ULEIS; Mason et al. 1998) on board the
Advanced Composition Explorer (ACE; Stone et al. 1998),
launched 1997 August, is a time-of-flight versus residual energy
mass spectrometer with a geometric factor of 1 cm2 sr1. It
resolves He-Ni ions between 0.045 and 10 MeV nucleon1. The
SupraThermal through Energetic Particle telescope (STEP) instrument within the Energetic Particles, Acceleration, Composition, and Transport experiment (EPACT; von Rosenvinge et al.
1995) on board the Wind spacecraft (Acuña et al. 1995) was
launched 1994 November. STEP is also a time-of-flight ( TOF)
versus residual energy mass spectrometer that resolves elements
from He to Ni for energies between 0.02 and 2 MeV nucleon1.
It has a geometry factor of 0.4 cm2 sr1.
The tassel events that we describe in this report occurred on
2000 July 15 and 2001 May 8. They are the clearest events in
1 year of data from 2000 June to 2001 June. Figures 1 and 2 show
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Fig. 1.—Wind/STEP data of the May 8 event. [See the electronic edition of the Journal for a color version of this figure.]

the May 8 event as observed by Wind/STEP and ACE/ULEIS. In
both figures, the left plot displays a dot at each detection of a
particle with a given energy at a give time. The right plot in each
figure is a two-dimensional color-coded histogram of the data
shown at the left. The ACE/ULEIS data have energies between
0.02 and 3.35 MeV nucleon1, and the Wind/STEP data are between 0.08 and 1.2 MeV nucleon1. The tassels are clearly identified as anomalous bursts of low-energy ions, marked by arrows
in the plot. For contrast, two impulsive events with no readily apparent tassels (occurring 2001 April 15Y17) observed by Wind/
STEP are shown in Figure 3. The differences are clearly evident.
Figure 4 is ACE/ULEIS data of the July 15 event, showing tassels as well. The Wind/STEP data of the same event are not shown
and have very few counts.
We do not rule out the possibility that there are other tassellike events in the sample, but the May 8 and July 15 events are
the only ones where the length of the tassel extends a substantial
fraction of an order of magnitude in energy. No velocity dispersion (even in the standard event in Fig. 3) is perfectly smooth,
and smaller variations could conceivably be quantified. Although
we recognize that many different tassels may have a continuum
of sizes from nearly unnoticeable to the size seen here, we have

chosen to focus on these events, where the tassels are most obvious, and leave the analysis of smaller variations to a future study.
We present a possible explanation for the lack of perfect smoothness in x 3.
Because the July 15 event is associated with the complicated
Bastille day event, about which a great deal has already been
written in the literature (e.g., Lepping et al. 2001; Tylka et al.
2001; Bieber et al. 2002), and because the Wind/STEP data have
very poor statistics for the July 15 event, we have focused our
analysis on the May 8 event. This event displays a ’’swoosh’’like velocity dispersion which is characteristic of an impulsive
SEP event. A larger energy range at a given time tends to indicate a shorter scattering mean free path, since a larger number of
scatterings can delay a particle’s arrival. In an event with little
scattering, the particles would arrive closer together in time than
in an event with lots of scattering, with the highest velocity particles arriving first. In the typical events in Figure 3, the earlier
event would be interpreted as having a longer scattering mean
free path than the later event. By this measure, the May 8 event
probably has a relatively large amount of scattering.
We tentatively classify this event as impulsive based on the
Fe/O ratio, the velocity dispersion, and the duration. Both the

Fig. 2.—ACE/ ULEIS data of the May 8 event. [See the electronic edition of the Journal for a color version of this figure.]
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Fig. 3.—Wind/STEP data of two impulsive flares with no tassels. [See the electronic edition of the Journal for a color version of this figure.]

May 8 and July 15 events have a duration of less than a day,
typical of impulsive-flare events. Fe/O ratios about 4 times the
coronal value of 0.134 or higher and 3He++/4He++ ratios greater
than about 10% tend to indicate flare material ( Reames 1999),
as opposed to particles accelerated at CME-driven shocks. The
May 8 event has Fe/O of 0:561  0:124, about 3.4 times the coronal value, but it is not particularly rich in 3He++ (3 Heþþ / 4 Heþþ ¼
0:006  0:0003). An impulsive injection rather than continual
shock acceleration greatly simplifies the interpretation of tassels.
We note that some of the tassels observed by the two spacecraft occur at different times. The Wind/STEP data have three
tassels close together and one well separated from the other two
(at 03:10Y03:50 and 10:50) while the ACE/ ULEIS data have
them fairly evenly spaced (at 03:10, 06:40, 10:50, and 13:10).
The two spacecraft were separated along the EarthYSun direction by 1.3 million kilometers. The separation in the transverse
direction (in a plane perpendicular to the EarthYSun direction)
was 1.6 million kilometers, or roughly a correlation scale (Jokipii
& Coleman 1968). Generally, we expect to see approximately
the same flux tubes (and correspondingly the same particle features) only if the spacecraft are less than a correlation scale apart.

Fig. 4.—ACE/ ULEIS data of the July 15 event. [See the electronic edition of
the Journal for a color version of this figure.]

We therefore do not necessarily expect the features to line up
exactly. We rule out the possibility that these are periodic upstream connections with the Earth’s bow shock, because the
tassels do not extend to the lowest energies, and upstream events
are characterized by an extremely steep energy spectrum (Gosling
et al. 1978).
2.2. Evidence for Association with ICMEs
We now describe the plasma environment of these two tassel
events, essentially the background structure that these energetic
particles are traveling through. Surprisingly, these events are not
isolated. Rather than occurring in the background solar wind,
they seem to occur coincident with the passage of ICMEs. We
note that the ICME list of Cane & Richardson (2003) includes
the time periods during both tassel events. The July 15 event has
been well documented in the literature, but the May 8 event has
not been discussed in depth, so we develop the evidence for an
ICME passage for this event below.
ICMEs can be identified in the solar wind in a number of ways,
although no one characteristic is definitive. These signatures include a high O7+/O6+ ratio (Richardson & Cane 2004), bidirectional
electron streaming (Gosling et al. 1987), low proton temperatures (Richardson & Cane 1995), and high alpha to proton ratio
( Hirshberg et al. 1972). The magnetic cloud associated with the
ICME tends to have a higher than average magnetic field strength
and a large field rotation (Burlaga 1988). The May 8 event that
we report on here demonstrates all of these signatures, meaning
that at the time of this energetic particle event, an ICME is also
crossing the spacecraft. The occurrence of these signatures is presented in Figure 5 and are discussed briefly here.
The magnetic field as seen by ACE and Wind shows a large
magnetic field rotation, although the field strength is fairly constant. The field magnitude and the geocentric solar ecliptic (GSE)
components are plotted in Figure 5 for both the ACE Magnetic
Field Experiment (solid line) and Wind Magnetic Field Instrument (dotted line), where the x-component is along the EarthY
Sun line and the z-component is to the north. The magnetic field
structure as seen by the two spacecraft is similar, with Wind trailing by a convection time of a little less than an hour. A flux rope
event in the Wind data ending at May 8 (day 128), 13:20:00 UT
can be identified (Megan Cartwright 2007, private communication),
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in the 2000 June to 2001 June also did not turn up tassels. Still,
the association of tassel events with ICMEs may be coincidental;
it cannot be definitively established with such a small sample.
3. DISCUSSION
The curves in Figures 1, 2, and 3 are fits to the nominal velocity dispersion and tassels using the IDL function MPFITFUN
from the Markwardt IDL Library.2 This function performs a
Levenberg-Marquardt least-squares fit of the data to a usersupplied model. The dashed curve in Figures 1 and 2 is a fit to
the tassel points (marked by the crosses), and the solid curve is
a fit to the main velocity dispersion (marked by the stars.) The
points are placed between the second and third contour levels
in the histogram. The model function used here assumes the particles travel along a path from the Sun to 1 AU at a constant
speed, where the injection time ti and path length D are two free
parameters which are determined from the least-squares fit,


D 1=2
:
ð1Þ
E¼
t  ti

Fig. 5.—Top four panels: Magnetic fields for the May 8 event seen by ACE
(solid line) and Wind (dotted line). Bottom three panels: ACE SWEPAM data
showing the proton temperature and alpha to proton ratio, and ACE SWICS data
showing the O7+/O6+ ratio. The dashed line is the limit from Cane & Richardson
(2003). The tassel times are marked with light bars (ACE ), medium bars (Wind ),
and dark bars (overlapping tassels). [See the electronic edition of the Journal for
a color version of this figure.]

The injection time for the main velocity dispersions seen by
ACE/ ULEIS and Wind/STEP were fitted separately, but both
gave ti of day 127.6, corresponding to 2001 May 7 at roughly
14:30. We note that AR 9445 produced a C2.2 flare at N24 ,
W40 from 15:34 to 16:16 on May 7, consistent with our inferred injection time. For the tassels, we both set the injection
time to 127.6 and fit only the path length, and allowed both the
path length and injection time to be free parameters. If the tassels and main event are from the same event on the Sun, fitting
only the path length is reasonable. Taking ti as a free parameter
allows for two separate injections. Table 1 presents the inferred
path lengths and injection times. The tassels themselves are a
fit to only a few points, so the fit is less reliable, but the tassels
do have shorter inferred path lengths than the main velocity
dispersion.
As can be seen in Figure 3, representing the ’’classic’’ impulsive events, the shape of the velocity dispersion depends on the
path length. Longer path lengths lead to velocity dispersions that
are more extended in time. The tassels, then, can be interpreted as
the passage of flux tubes with shorter connections between the
Sun and 1 AU. Although the tassel fits are somewhat uncertain,
they both have a smaller D than the nominal velocity dispersion.
We suggest three possible interpretations for the shorter D.
The most straightforward explanation is that the magnetic flux
tube the tassel particles travel in has a shorter connection from

which corresponds to the end of the smooth rotation in the
z-component seen here.
The temperature and composition data from the ACE spacecraft also give evidence of an ICME on May 8. The bottom three
panels of Figure 5 give the O7+/O6+ ratio from the Solar Wind
Ion Composition Spectrometer (SWICS) instrument, along with
the ICME identification threshold given in Richardson & Cane
(2004), as well as the proton temperature and alpha to proton ratio
from the Solar Wind Electron Proton Alpha Monitor (SWEPAM)
instrument. The anomalously high O7+/O6+ ratio, low proton temperature, and high alpha to proton ratio all indicate the passage
of an ICME. Finally, SWEPAM pitch angle data (available as
Level 3 contributed data from the ACE Science Center1) seem to
demonstrate intermittent bidirectional streaming, indicative of
an ICME with both ends of the magnetic structure still attached
to the Sun. The magnetic field, composition, and plasma signatures all support the interpretation of an ICME.
We briefly surveyed the ACE/ ULEIS data in the ICME intervals listed in Cane & Richardson (2003) in an attempt to find
more tassel events. Although 18 of the intervals contained impulsive events, only the two discussed here had tassels which extend over roughly an order of magnitude in energy. However, a
careful survey of 18 impulsive flares not associated with ICMEs
1

2

See http://www.srl.caltech.edu/ACE/ASC/DATA/level3/swepam/index.html.

Available at http://cow.physics.wisc.edu /~craigm /idl /idl.html.

TABLE 1
Inferred Path Lengths and Injection Times

Event

ti
( DOY )

Basic event 1 .....................................
Basic event 2 .....................................
May 8 dispersion (Wind ) ..................
May 8 tassels (Wind, fixed ti ) ...........
May 8 tassels (Wind, free ti ) .............
May 8 dispersion (ACE ) ...................
May 8 tassels (ACE, fixed ti ) ............
May 8 tassels (ACE, free ti )..............

104.8  0.1
105.4  0.1
127.64  0.1
127.64  0.1
127.23  0.3
127.64  0.1
127.64  0.1
127.73  0.3

ti
( UT )
19:12
09:36
15:22
15:22
04:48
15:22
15:22
17:31










2:24
2:24
2:24
2:24
7:12
2:24
2:24
7:12

D
(AU )

Associated Flare
Peak Time

Associated Flare
Class










19:30
08:45
15:59
15:59
...
15:59
15:59
...

C1.2
C7.7
C2.2
C2.2
...
C2.2
C2.2
...

1.1
2.7
3.4
1.7
2.9
3.4
2.1
1.8

0.1
0.1
0.1
0.1
0.6
0.1
0.1
0.1
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Fig. 6.—Two overlapping events in an ACE / ULEIS histogram. [See the electronic edition of the Journal for a color version of this figure.]

the Sun to the spacecraft. The flux tubes may be distorted by the
passage of the ICME, and the particles in the nominal velocity
dispersion having longer path lengths may have to travel farther
to reach the spacecraft. Varying path lengths in an impulsive
event would cause the edge of the velocity dispersion to get a
ragged appearance, with indentations from the longer path lengths
and tassels from shorter path lengths. In this case, the tassels may
just be the most extreme examples of the deviations from smoothness noted in x 2.1.
Alternatively, the tassel flux tubes may have less scattering,
allowing the particles to arrive sooner than the average. In this
case, the flux tube length may be the same as those for the particles comprising the main event, but the tassel particles are not
delayed by extra scattering. Of course, variations in scattering and
path lengths may both be occurring, and the signatures which may
distinguish them remain to be worked out.
Finally, these tassels may actually be a coincidental superposition of two energetic particle events. Figure 6 shows two
overlapping impulsive events as observed by ACE/ULEIS, where
a path length was fit to the stars. The lower event has a D of
1.4 AU, while the upper event has a D of 1.2 AU. These events
have separate associated injections, the lower event with a C3.4
flare at 03:57 on 2001 April 24, and the upper event with a either
a C1.4 flare at 12:20 or an M1.6 flare at 12:53 on the same day. If
the lower event was experiencing intermittent intensity dropouts
(described in Mazur et al. 2000 and Giacalone et al. 2000), the
lower event may appear to be tassels on the upper event.
This final hypothesis is supported by the anomalously large
path lengths inferred for the main dispersion in the May 8 event.
Figure 7 presents the fits to path lengths for the 18 other clear
impulsive events in our sample unaffected by ICMEs. The number of events divided by 18 is plotted versus the path length, giv-
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Fig. 7.—Distribution of measured path lengths.

ing the distribution of path lengths. For this distribution, we have
excluded events which have the compositional signature of impulsive events but no clear velocity dispersion. Typical path
lengths for impulsive events from these fittings are between 1.0
and 1.5 AU, with no path lengths longer than 2.1 AU. If the main
velocity dispersion in the May 8 event was due to CME shockaccelerated material, and the tassels were a separate impulsive
event with dropouts, the Fe/O and 3He++/ 4He++ ratios (which are
on the lower range for impulsive material) and the anomalously
long inferred path length may be better explained.
4. CONCLUSIONS
We have reported on a new and unusual feature of SEPs. These
’’tassels’’ are bursts of energetic particles with lower energies
than those associated with the average velocity dispersion that
arises from an impulsive flare. The two tassel events we have
seen, 2001 May 8 and 2000 July 15, occur during the passage
of an ICME, meaning that these tassels may be indicative of the
magnetic structure of the ICME. The tassels may be interpreted
as the passage of flux tubes with a shorter path length for the energetic particles, where the shorter path length may be either an
actual physical path length, a decrease in scattering, or a combination of the two. They may also be interpreted as a superposition of two particle events, one of which is showing intermittent
dropouts.
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earlier version of this paper, and Glenn Mason and Joe Dwyer
for access to and help with the ULEIS and STEP data. This work
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REFERENCES
Acuña, M. H., Ogilvie, K. W., Baker, D. N., Curtis, S. A., Fairfield, D. H., &
Hirshberg, J., Bame, S. J., & Robbins, D. E. 1972, Sol. Phys., 23, 467
Mish, W. H. 1995, Space Sci. Rev., 71, 5
Hsieh, K. C., & Simpson, J. A. 1970, ApJ, 162, L191
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