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ABSTRACT

We report the first examples of3He-rich solar energetic particle (SEP) events with heavy ion enrichments that
are not ordered generally by mass. A second new feature is the large enrichment of14N, the first time large
enrichments have been seen for heavy ions lighter than O or Ne. These SEP events were too small and at too
low an energy (!500 keV nucleon�1) to have been observed previously. The best observed event, 2001 July 16,
had abundance ratios C : N : O : Ne : Mg : Si : S : Ca : Fe of∼0.8 : 1.0 :{1 : 0.5 : 0.5 : 2.0 : 2.4 : 0.2 : 0.9, cor-
responding, respectively, to enhancements over the slow solar wind of∼1.2 : 15 :{1 : 5. : 3.4 : 12 : 49 : 19 : 7.
This pattern is incompatible with a gravitational settling enrichment mechanism. The simultaneous large en-
hancements of14N and28Si, which have identical charge-to-mass ratios for certain ionization states, suggest that
selective plasma wave heating plays a key role, as has long been suspected. Enhancement of14N implies relatively
low temperatures (! K ) since fully stripped14N cannot be preferentially heated. Also, the presence of61.5# 10
enhanced species such as14N and28Si, along with others with small or no enhancements (16O, 20Ne), may indicate
that the plasma waves must operate over a relatively narrow range of frequencies and that the material must be
heated while the waves are present.

Subject headings: acceleration of particles — cosmic rays — solar wind — Sun: abundances — Sun: flares

1. INTRODUCTION

Solar energetic particle (SEP) events with3He enrichments
of greater than 104 over coronal values have been widely stud-
ied in an effort to identify the physical mechanisms capable of
accelerating particles with such enormous differences from typ-
ical solar material (e.g., see reviews by Kocharov & Kocharov
1984, Miller 1998, and Reames 1999). These events also show
abundance enhancements in heavy ions and in the neutron-rich
isotopes of heavy ions (Mason et al. 1986; Mason, Mazur, &
Hamilton 1994; Dwyer et al. 2001). Given the huge range of
3He enhancements, which can be anywhere from 10 to 105

times solar wind values, the heavy ion enhancements are rel-
atively stable from one event to the next and are independent
of the amount of the3He enhancement (Mason et al. 1986;
Reames, Meyer, & von Rosenvinge 1994). Relative to O, el-
ements in the range Ne–Si are enhanced by a factor of∼2 and
Fe by a factor of∼10 compared with values observed in large
solar particle events.

Current theories for the modeling of the3He enhancement
make use of its unique charge-to-mass (Q/A) ratio that allows
it to be preferentially heated by plasma waves excited by elec-
tron beams (Fisk 1978; Temerin & Roth 1992; Zhang 1995;
Miller 1998). In these models, the preferential heating of heavy
ions is accomplished by the second harmonic of waves that
heat the3He or by cascading waves that sweep through fre-
quencies that resonate with partially stripped heavy ions. Cen-
tral to all these schemes is the presence of heavy ions that are
less than fully stripped, thereby giving themQ/A ratios different
from 4He. This is required because if the heavy ions were fully
stripped, they would have the same charge-to-mass ratio as
4He, and there could be no difference in heating rates that would
cause the observed anomalies in the abundances.
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A persistent problem in this picture is the observation that
energetic particle ionization states observed in3He-rich events
are much higher than in large, gradual solar particle events,
with many of the ions fully or nearly fully stripped (Luhn et
al. 1987; Möbius et al. 2000). Some models address this issue
by assuming a stage of further stripping after the preferential
heating. Since the heavy ion enhancements are relatively mod-
est, entirely different mechanisms such as gravitational settling
have also been suggested (Mason et al. 1986). In this Letter
we report new observations of impulsive3He-rich particle
events with unique heavy ion enrichments that are startlingly
different from prior observations and that place new constraints
on models for3He-rich solar particle events.

2. OBSERVATIONS

The observations reported here were carried out with the
Ultra Low Energy Isotope Spectrometer (ULEIS; Mason et al.
1998) on theAdvanced Composition Explorer (ACE) space-
craft, which was launched into an orbit around the sunward
Lagrangian point in 1997. The ULEIS is a time-of-flight mass
spectrometer with a combination of low-energy threshold, high
sensitivity, and high-mass resolution greatly advanced over
prior instruments.

Figure 1 shows energy spectra of an impulsive solar particle
event with onset late on 2001 July 16. Magnetic connection to
this event was lost before low-energy particles arrived, cutting
off the spectra near 150 keV nucleon�1. Figure 2 shows mass
histograms for heavy ions for this event and for a typical grad-
ual solar particle event. In addition to the different abundance
patterns in the two events, notice that the mass peaks in the
impulsive event fall on the primary isotope values for these
elements.

During theACE mission, 1997 August to the present, two
additional events showed similar enhancement patterns: 2000
January 8 and February 2. Thus, these events are a small mi-
nority of the impulsive events during this multiyear interval.
All three events had3He : 4 at 375 keV nucleon�1, whichHe 1 1
is large but not especially unusual for3He-rich events. The
heavy ion abundances in these three events, normalized to O,
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Fig. 1.—Energy spectra for the 2001 July 16 impulsive event.Top: 3He,4He,
C, N, O, and Fe.Bottom:Spectra of O (repeated), Ne, Mg, Si, and S.

Fig. 2.—Mass histograms above 200 keV nucleon�1 for the 2001 July 16
event (top) and a typical gradual solar particle event that took place 2 weeks
later (bottom). Bin widths in the upper panel are wider than those in the lower
panel because of small statistics.

are shown in Figure 3, in which they are compared with the
typical heavy ion abundance pattern seen in scores of3He-rich
events in the survey literature and with slow solar wind that
is taken as a proxy for abundances in solar magnetic loops.
The key features in the events are large enrichments of14N,
Si, and S, along with typical or modest Fe enrichment. Three
other events during the mission (1998 day 230, 1999 day 80,
and 2000 day 6) showed interesting Si and S enrichments but
did not exhibit clear14N enrichment.

All these events were small, low-intensity, impulsive events
whose particle spectra were not measurable above∼500 keV
nucleon�1. In contrast, ULEIS has observed many3He-rich
events that produced spectra up to several MeV nucleon�1, as
have many higher energy instruments. The spectral shapes in
these events are curved or “class 2” spectra in the terminology
of Mason et al. (2000). Note from Figure 1 that the elemental
spectra are similar; therefore the abundance pattern we observe
is not due to differing spectral shapes of the elements.

3. DISCUSSION

The events reported here are the first examples of3He-rich
events that have heavy ion enrichments that are not ordered
generally by mass. A second new feature is the large enrichment
of 14N, the first time such sizable enrichments have been seen
for heavy ions lighter than O or Ne. It is fair to ask whether
these3He-rich events belong to the same class of phenomena
studied in the past or whether they represent a new class that
may be caused by a different mechanism. We believe that they
are all members of the same type of event since the impulsive
time dependence, spectral forms,3He : 4He ratios, and Fe : O
ratios are all typical of those seen in other3He-rich events. In
addition, there are other events mentioned above that have Si
and/or S enhancements, but no N enhancement, with the re-
mainder of their abundances similar to the typical pattern from
surveys of3He-rich events. So there are examples of progres-
sively larger differentiation from the usual pattern rather than
two distinct classes of abundance enhancements. We, therefore,
discuss these events in terms of prior work on3He-rich SEP
events.

At the outset it should be noted that the (SEP) composition
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Fig. 3.—Top: Abundances relative to O for the 2001 July 16 event and other
events showing similar anomalies. Typical low-energy ion abundances (green
circles) are from the impulsive event survey by Mason et al. (2002). The slow
solar wind average (orange circles) is from von Steiger et al. (2000), with the
Ca abundance from Reames (1999).Bottom: 2001 July 16 abundances compared
with slow solar wind (normalized to O).

Fig. 4.—Second harmonic of cyclotron frequencies of heavy ions with dif-
ferent ionization states in terms of the first harmonic of the4He cyclotron
frequency. Yellow areas indicate frequencies at which14N would be heated.

in large, gradual events is ordered by the first ionization po-
tential (FIP) of the elements, wherein species with a low FIP
are enhanced by roughly a factor of 4 compared with high FIP
elements (e.g., Reames 1999). The enhancements in the im-
pulsive particle events here are not organized by the FIP (e.g.,
S is greatly enhanced compared with C, even though its FIP
is lower), so the pattern we observe is not caused by mecha-
nisms that lead to FIP enhancements.

Gravitational settling has been suggested (Mason et al. 1986)
as a candidate for heavy ion enrichments in3He-rich events
since the general increase of the enhancements mass, and their
overall magnitude, is comparable to abundance variations ob-
served in coronal loops as a function of height (e.g., Feldman
& Laming 2000). The enrichments seen for N, Si, and S, taken
together with no enrichments for, e.g., O, rule out any simple
gravitational settling model for these events.

Most models in the literature have used preferential wave
heating of the heavy ions, based on theirQ/A ratios. The current
measurements, with large enhancements in14N(Z/A p 7/14)
and , certainly also suggest thatQ/A plays28Si(Z/A p 14/28)
the key role. Since the major abundance enhancements ob-
served in earlier work began at Ne, it was reasoned that the
selection mechanism operated in a gas at∼3.5 MK since at
lower temperatures other enhancements such as O : C would
be expected (see discussion in Reames et al. 1994). The current
measurements change the previous picture in two ways: first,
since14N is enhanced, lower temperatures at the acceleration
site are required so that this isotope is not fully striped; second,
features such as Si and S enhancements exceeding the Fe en-

hancement are contrary to cascading wave models as currently
formulated (e.g., Miller 1998).

In order to discuss a specific case, consider the enhancement
mechanism proposed by Fisk (1978), in which partially stripped
heavy ions were resonantly heated by the second harmonic of
the waves that also heat the3He. Figure 4 plots the second
harmonic of the cyclotron frequencies of the major ions in terms
of the cyclotron frequency of4He��. Each point on the plot
shows the location of the cyclotron frequency for a given ion-
ization state of each isotope.

For fully stripped ions, with second harmonic cyclotron fre-
quencies of , no preferential heating is possibleq/Q p 24He

since all ions participate. The yellow areas in Figure 4 highlight
ionization states of14N, which is preferentially heated, and also
show what other ions have ionization states that could be heated
by waves of nearly the same frequency. Starting with N�6, note
that O�7 has very nearly the same cyclotron frequency, making
it hard to see how an enhancement of N could be generated at
this frequency. For N�5, the O resonant state is farther away,
but in this case there is a nearby frequency for Ne�7 that would
also be heated, and we see only a modest Ne increase; addi-
tionally, at this frequency, O�6 and Mg�9 have identical cyclo-
tron frequencies, and yet we observe large enrichments in Mg
relative to O. Going to lower charge state, at N�4 the lineup
of gyrofrequencies falls closer to the ions in which we see
enhancements: Mg, Si, and S. So in this picture, elements hav-
ing gyrofrequencies close to that of14N�4 most nearly corre-
spond to the enhancement pattern we have seen in Figure 3.
These simple considerations do not take account of the width
of the wave-damping region, which depends on the model and
initial conditions (e.g., Steinacker et al. 1997). However, it
highlights the challenges for such models and indicates that
for these events, the spread of cyclotron frequencies must be
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relatively small, otherwise we would see additional enhanced
ions.

A major feature of this picture is that although14N�4 and
28Si�8 have exactly the same gyrofrequency and so could be
heated by the same waves, they do not occur at the same
temperature. Note that14N�4 is the primary charge state of that
element at , while28Si�8 dominates at52.0# 10 K 2.0#

(Arnaud & Rothenflug 1985). At a temperature of610 K
both 14N�4 and28Si�8 are present, but at very low56.3# 10 K

abundances (0.3% of the N at and 3% of the Si atQ p �4
). If the resonant heating were acting on such a smallQ p �8

fraction of the population, we could easily expect that neutron-
rich isotopes could also play a key role since their abundances
are 1% to a few percent of the main isotope. Since we have
seen that the heavy ion species are dominated by the primary
(a-particle nuclei) isotopes, this is ruled out. In order to achieve
heating of the particularQ/A ratios required, it would appear
that the cyclotron waves need to cover a narrow range and that
the ambient material is heated during this process so that the
different isotopes obtain the required ionization state for pref-
erential heating. Thus, the high-ionization states observed in
the accelerated material were obtained by stripping after the
preferential heating, either from containment in coronal loops

or by electron beams that generate the plasma instabilities (e.g.,
Miller & Vifias 1993; Reames et al. 1994). Finally, the modest
enrichment of Fe we observe would appear to require an upper
bound on the heating, since it hasQ/A states that fall with the
desired range for all possible cases, unless its ionization state
is below during the heating ( ; Arnaud5Q ∼ 14 T ! 2 # 10 K
& Raymond 1992).

We do not mean to imply by this discussion that the second-
harmonic heating mechanism is actually the correct description
of these flare events, but rather we have used it to help illustrate
the new constraints implied by our observations. The actual
mechanisms operating in these events may be more complex
than suggested by this discussion of simple models, and more
detailed work would be required to fully compare the predic-
tions of the various theories with the new observations pre-
sented here.
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