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Abstract

The four most heavy-ion-rich of the nine largest solar energetic particle events detected by the Solar
Isotope Spectrometer on the ACE, are the focus of this paper. We have used isotopic measurements
of Ne to determine the degree of charge/mass fractionation and infer the charge states of C - Ni in
these events. The results indicate a source temperature of ~4 x 10°K; this and the measured
abundances suggest that these four events more similar to impulsive events than gradual. Although the
*He/*He ratios are not enhanced to the level typical of impulsive events, there are measurable
enhancements over typical solar wind values in three of the events.

1 Introduction:

For some time, measurements of charge states in solar energetic particle (SEP) events were limited
to those determined at ~ 1 MeV/nucleon in a series of events in 1978-1979 by Luhn et al. (1985,
1987). Although these values were assumed to be representative of charge states at higher energies,
recent observations suggest this is not always the case; the mean charge state can be a strong function
of energy within a given event and can differ from one event to another (Oetliker et al., 1997; Mazur
et al.,, 1999; Mobius et al., 1999). At energies above 10 MeV/nucleon direct charge-state
measurements using electrostatic deflection have, thus far, not been possible, but geomagnetic
techniques (Leske et al., 1995) or knowledge of the elemental and isotopic composition of SEP events
(Cohen et al., 1999a) allows mean charge states to be inferred.

In a study of ten large SEP events, Breneman and Stone (1985) found that while elemental
composition varied from event to event, the compositional deviation from the SEP average was well
fit by a power law in the mean charge to mass ratio (Q/M) of the elements. The composition
determined from the average of many SEP events is consistent with that of the slow solar wind and the
corona (Reames, 1995) since the event averaging substantially reduces the observed Q/M fractionation
(Garrard and Stone, 1994).

Since isotopes of a given species have the same charge state distribution, the Q/M fractionation
becomes a mass fractionation when examining isotope ratios. Thus, the degree of Q/M fractionation
can be estimated from isotope ratios such as ?Ne/?’Ne. Using the fractionation to infer the charge
states of the elements is essentially an inversion of the Breneman and Stone (1985) analysis.
Knowledge of the first ionization potential (FIP) fractionation is also required and can be estimated
from various elemental ratios, such as Mg/Ne.

Using the approach outlined above, we infer the charge states of elements in four SEP events that
are substantially enriched in heavy elements and speculate on the nature of the acceleration processes
involved.



2 Data Analysis and Observations:

The data presented in this paper were obtained with the Solar Isotope Spectrometer (SIS), a dE/dx
versus residual energy sensor which allows elemental and isotopic composition to be determined over
the energy range of 10-100 MeV/nucleon (Stone et al., 1998). The geometry factor of SIS is ~38 cm®-
sr and the mass resolution is ~ 0.15 to > 0.3 amu, depending on total kinetic energy and nuclear charge.

From launch through the end of 1998, SIS has observed nine large SEP events, some Fe-rich and
some Fe-poor. The two Fe-poor events are gradual events, typically characterized by composition
similar to the solar wind, charge states representative of ~ 2 x 10° K, and large proton fluxes (Reames
et al., 1994). In contrast, impulsive events are usually enhanced in the heavy elements (especially Fe),
exhibit charge states implying temperatures = 3 x 10° K, and frequently have *He/*He ratios greatly
enhanced over solar wind values (Reames et al., 1994 and references therein).

Four events, 6 November (day 310) 1997, 2 May (day 122) 1998, 6 May (day 126) 1998, and 14
November (day 318) 1998, with the largest *Ne/*’Ne (Leske et al., 1999) and Fe/C enhancements are
the focus of this paper. These events are quite similar in their elemental composition over the energy
range examined. The ®He/*He ratios (0.007, < 0.002, 0.04, 0.005) are significantly enhanced over the
solar wind value, but less than the lower limit often used to identify impulsive events (Reames et al.,
1994).

The elemental composition of the selected events is plotted in Figure 1, along with abundances
typical of gradual and impulsive events (Reames, 1995). The elemental abundances were calculated by
summing the measured intensities integrated over the entire event from 12 to 60 MeV/nucleon. It was
found that the spectra of C to Fe in a given event were well represented by power laws.

Table 1 and Figure 2 present the charge state results we have obtained for the four events by
following the technique described in Cohen et al. (1999a). Also plotted in Figure 2 are the charge
states expected from applying a (Q/M)’ fractionation to the distributions given in Arnaud and
Rothenflug (1985) and Arnaud and Raymond (1992). The shaded regions correspond to 2, 4, and 10 x
10° K and result from the range of y's
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One difficulty in identifying the four events reported here as impulsive is the relatively low
abundance of *He. Typically a minimum value of 0.1 for the ratio has used to classify an event as

impulsive (e.g., Reames, 1995 and referegwces4 therein). This value is substantially higher than those
found here, although all four events have He/ He ratios which are enhanced over solar wind values. In



addition, Reames et al. (1994) found a clear distinction between impulsive and gradual events in the
Ne/C and Fe/C ratios. The ACE events all have Ne/C and the Fe/C ratios which fall among the
impulsive events studied by Reames et al. and are greater than those of all 36 gradual events in that
study. The authors also reported 18 events which were associated with impulsive flares and yet had
*He/*He ratios <0.1. Two other such events (seemingly impulsive yet lacking strong °He/*He
enhancements) were studied by Van Hollebeke et al. (1990) indicating that these types of events are
probably not rare but, until recently, have been largely ignored since identifying them has been difficult
due to instrumental limitations.

As the solar activity increases over the next few years there will be additional opportunities to study
such events with improved instrumentation, which should contribute to a better understanding of the
characteristics of impulsive and gradual SEP events and of the different plasma processes involved.
Using precise measurements of the isotopic abundances to determine Q/M fractionation and thereby
infer charge states appears to be a useful tool in this effort especially at energies = 10 MeV/nucleon
where charge states are not currently being directly measured.
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