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ABSTRACT 
We report on the abundances of energetic particles from impulsive solar flares, including those from a survey of 

228 3He-rich events, with 3He/4He > 0.1, observed by the ISEE 3 spacecraft from 1978 August through 1991 
April. The rate of occurrence of these events corresponds to ~1000 events yr-1 on the solar disk at solar 
maximum. Thus the resonant plasma processes that enhance 3He and heavy elements are a common occurrence 
in impulsive solar flares. To supply the observed fluence of 3He in large events, the acceleration must be highly 
efficient and the source region must be relatively deep in the atmosphere at a density of more than 1010 atoms 
cm"3.3He/4He may decrease in very large impulsive events because of depletion of 3He in the source region. 

The event-to-event variations in 3He/4He, H/4He, e/p, and Fe/C are uncorrected in our event sample. 
Abundances of the elements show a pattern in which, relative to coronal composition, 4He, C, N, and O have 
normal abundance ratios, while Ne, Mg, and Si are enhanced by a factor ~2.5 and Fe by a factor ~ 7 . This pattern 
suggests that elements are accelerated from a region of the corona with an electron temperature of ~3 -5 MK, 
where elements in the first group are fully ionized (Q/A = 0.5), those in the second group have two orbital 
electrons (Q/A ~ 0.43), and Fe has Q/A ~ 0.28. Ions with the same gyrofrequency absorb waves of that 
frequency and are similarly accelerated and enhanced. Further stripping may occur after acceleration as the ions 
begin to interact with the streaming electrons that generated the plasma waves. 

Subject headings: Sun: abundances — Sun: flares — Sun: particle emission 

1. INTRODUCTION 

Energetic-particle abundances have been found to provide a 
key signature that can distinguish particle populations from a 
variety of acceleration sources at the Sun and throughout the 
heliosphere. Particles from explosive solar events fall into two 
well-defined classes with greatly different composition (see 
Reames 1990, 1993 and references therein). These event 
classes are usually described as "impulsive" and "gradual" in 
reference to the timescale of the accompanying soft X-ray 
flare. The gradual or long-duration X-ray events are associated 
with coronal mass ejections (CMEs) (Sheeley et al. 1975; Pal-
lavicini, Serio, & Vaiana 1977) that can produce coronal and 
interplanetary shock waves (Sheeley et al. 1984; see Kahler 
1992). Energetic particles from gradual events are dominated 
by protons, but the abundances of the elements C-Fe are sim
ply related to the corresponding abundances in the solar cor
ona (Meyer 1985a, b, 1991, 1993a, b; Breneman & Stone 
1985; Stone 1989; Reames 1992). These particles are seen over 
a wide range of solar longitudes and have extended time pro
files that can last for days (Reames 1993). The elements are 
observed in ionization states similar to those found in the solar 
wind, corresponding to an ambient coronal temperature of ~ 2 
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MK (Klecker et al. 1984; Luhn et al. 1984, 1985, 1987). 
Kahler et al. (1984) found that 96% of large proton events had 
associated CMEs, and it is likely that CME-associated shocks 
accelerate particles from the ambient material in the corona 
and solar wind as they expand throughout a large part of the 
heliosphere. Most of the major proton events involve gradual 
flares. Thus, one of the surprises of recent years is that particles 
in these events do not come from the solar flare at all but rather 
come from the CME-driven shock (see Reames 1993). 

Impulsive events are usually dominated by electrons and 
have H/4He ratios that are comparatively low, but they are 
best characterized by 3He/4He ratios that are frequently 3 or 4 
orders of magnitude larger than the corresponding ratio in the 
solar atmosphere and solar wind where 3He/4He ~ 5 X 10"4. 
Accompanying enhancements of heavier elements are typified 
by Fe/O ~ 1 versus Fe/O ~ 0.1 or less in gradual events. 
Particles are observed from impulsive flares in a narrow range 
of western solar longitudes that are magnetically well con
nected to the observer (Reames 1993). Particles usually 
stream outward from these events in a few hours, depending 
upon velocity (Reames, von Rosenvinge, & Lin 1985; Mason 
et al. 1989). The energetic ions in these events are highly ion
ized. Fe has a mean charge of 20.5 ± 1.2(Luhnetal. 1987) that 
was interpreted in terms of ionization in a flare plasma with 
electron temperatures higher than 10 MK (> 1 ke V electrons). 

649 

https://doi.org/10.1017/S0252921100077939 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100077939


650 REAMES, MEYER, & VON ROSENVINGE Vol. 90 

The abundance enhancements are generally believed to result 
from selective heating by wave-particle interactions in the flare 
plasma (see reviews by Ramaty et al. 1980; Kocharov & Ko-
charov 1984; Melrose 1990). 

Solar 3He-rich events were first observed by Hsieh & Simp
son (1970), and the related heavy-ion enhancements in the 
events were first reported by Hurford et al. (1975) (see Reames 
1990 and references therein). Owing to the limited sensitivity 
of instruments used during the 1970s, only a small number of 
relatively large events were observed, hence they were thought 
to involve rare conditions in the flare plasma. More sensitive 
instruments launched in 1978 began to record more 3He-rich 
events, and these events were associated with scatter-free solar 
electron events (Reames et al. 1985), with kilometric type III 
radio bursts (Reames & Stone 1986) and with impulsive hard 
and soft X-ray events on the Sun (Reames et al. 1988). Unlike 
the large proton events, 3He-rich events were rarely accompa
nied by CMEs(Kahleretal. 1985). It is now generally believed 
that 3He-rich, Fe-rich ions are a common property of all im
pulsive solar flares in which ions are accelerated. In fact, these 
same abundances have recently been reported for the energetic 
ions that interact inside flare loops to produce the observed 
spectrum of broad gamma-ray lines (Murphy et al. 1991). 

In this paper we report on the properties of particles from 
impulsive flares, including the results of a comprehensive 
study of 3He-rich events observed on the ISEE 3[ICE space
craft during the period from 1978 August 15 through 1991 
April 27. An earlier study by Mason et al. (1986) reported 

abundances in 66 3He-rich periods from 1978 August to 1982 
July using a different instrument on the same spacecraft. A 
different sort of event sample that included both impulsive and 
gradual flare events was derived from studies of solar electron 
events (Reames, Cane, & von Rosenvinge 1990). 

2. OBSERVATIONS AND ANALYSIS 

2.1. Instrumentation 

All of the abundance measurements reported here were 
made using the two very low energy telescopes (VLETs) of the 
Goddard Space Flight Center Experiment (von Rosen vinge et 
al. 1978) flown aboard the ISEE 3/ICE spacecraft. From 
launch in 1978 August until 1982 September, the spacecraft 
was in halo orbit about the sunward LI libration point, 240 
Earth radii from Earth. Following several excursions into the 
geomagnetic tail region during 1983, the spacecraft began to 
move ahead of Earth in solar orbit at a rate of about 0.2 
AUyr- 1 . 

Each VLET (von Rosen vinge et al. 1978) consists of two 
coaxial silicon surface-barrier detectors, Dl and D2, 2 cm2 in 
area by ~ 15 jum thick, arranged to define a 50° opening cone. 
These are followed by larger 300 y.m thick detectors, E and F, 
that serve as energy collector and anticoincidence shield, re
spectively. Typical response of the telescopes to 3He and 4He 
isotopes was shown by Reames et al. (1985). In Figure 1 we 
show the response of a VLET to ions in the C-Fe region for 
particles that stop in the Dl or in the E detector. Each symbol 
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FIG. 1.—Response of an ISEE 3 VLET telescope to elements from C through Fe summed over all 3He-rich events during the 12.7 yr study period (see 
text). The left-hand and right-hand panels show ions that stop in the D2 and E detectors, respectively. 
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is one ion, and the tracks of the dominant elements are indi
cated in the figure. Figure 1 attests to the stability of the VLET 
as well as its resolution, since the figure includes all of the 
heavy ions that entered the telescope during all of the 3He-rich 
events during the 12.7 yr observation period. 

2.2. 3He-n'c/z Event Identification 
3He-rich events were located by scanning 2 and 8 hr aver

aged intensities of 1.3-1.6 MeV amu"13He and 4He for times 
when 3He/4He might be greater than 0.1. Consecutive time 
periods were grouped into event periods, and multiple individ
ual events were then distinguished if they were clearly evident 
within a period. The average 3He intensities of these candidate 
events were corrected for a 4% resolution spillover from neigh
boring 4He. In consideration of this spillover, the resulting 
3He/4He ratio was required to be greater than 0.1 and to re
main above the resolution background when 3He was de
creased by 2 standard deviations and 4He was increased by 2 
standard deviations. Notice that the effect of the resolution 
background is only important when 3He/4He is low. The 3He 
background from other sources (e.g., cosmic-ray fragmenta
tion) is negligible; it is estimated to be less than 1 particle per 
week. 

For the 228 3He-rich events resulting from these criteria, we 
show in Figure 2 the distribution of the observed 3He/4He 
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FIG. 2.—Intensity of 1.3-1.6 MeV amu"1 3He vs. 3He/4He (lower 
panel) and the distribution of the 3He/4He ratio (upper panel) for the 228 
events. 

ratios and the 3He intensity versus this ratio. It is probable that 
the slight rollover in the distribution near the 3He/4He = 0.1 
boundary results from the event selection criteria. It is also 
likely that many events lie just below this boundary. From the 
electron event study of Reames et al. (1990), just over half of 
the Fe-rich electron events had 3He/4He > 0.1. Among the 
events listed in the review by Ramaty et al. (1980), about 80% 
have 3He/4He> 0.1. 

With the large sample of 3He-rich events there is an impetus 
to revisit the associations with radio, optical, and X-ray obser
vations of flares. In late 1983, however, the ISEE 3 spacecraft 
began to move ahead of Earth in solar orbit, and, by the time of 
the onset of the new solar cycle in 1989, the spacecraft was 
magnetically connected to solar longitudes far behind the west 
limb. This makes it impossible to correlate the particle obser
vations with ground-based or near-Earth observations of 
flares. For this reason we have been unable to extend the corre
lation studies and have focused instead on the information 
provided by the particles themselves. 

2.3. Event Sample, Reference Compositions, and Techniques 
for Heavy-Element Analysis 

We have studied element abundances observed by the ISEE 
3 instrument in the 1.9-2.8 MeV amu- 1 region, which pro
vides the best statistical accuracy. In all cases the abundances 
are determined from fluences, integrated over the duration of 
the event. The sample of events we have selected for analysis 
comprises three groups of events: 

1. A group of 121 3He-rich impulsive events with measur
able heavy-element abundances, from the 228 3He-rich events 
in this study. We recall that these events have been selected for 
observed 3He/4He ratios greater than 0.10 (Fig. 2), which 
corresponds to excess factors higher than 200 with respect to 
solar wind material. These events are depicted by filled circles 
in Figures 3 and 8-13. 

2. A group of 18 events associated with impulsive flares on 
the Sun, but in which no 3He enhancement greater than 0.1 
could be observed. These events have further been selected 
from those studied by Reames et al. (1990) for their short 
X-ray duration and for their Fe-richness (Fe/C > 1.5 times 
coronal). The lack of observed 3He enhancement only implies 
an enhancement less than 200 relative to the corona or solar 
wind, leaving the door still wide open for quite large enhance
ments. The motivation for including these events is that many 
of them are relatively large events with well-determined abun
dances. It is well known that 3He/4He decreases in large events 
(Reames et al. 1988), probably because most of the 3He in the 
source volume has been accelerated (Reames 1993). Further
more, recall that the magnitude of the Fe and of the 3He en
hancements are known not to be correlated in 3He-rich events 
(Mason et al. 1986; Van Hollebeke, McDonald, & Meyer 
1990). Figure 3, in which these events have been singled out by 
open circles, shows that they definitely seem to belong to the 
same population as the bona fide 3He-rich events rather than 
to the gradual event population. These 18 events are, of course, 
less safely ascertained as pure impulsive events than those in 
which 3He could actually be observed. In Figures 8-13 we have 
plotted them with a symbol (solid square) that differs slightly 
from that of bona fide 3He-rich events (solid circle). 
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FIG. 3.—Correlation plot of Ne/CNO as a function of the Fe/CNO 
from 3He-rich events (filled circles), from other impulsive events (open 
circles; see text), and from large proton events (triangles). The size of the 
symbols varies inversely with the statistical errors in order to emphasize the 
most accurate measurements. Photospheric and coronal abundances are 
shown by a large circle and a large plus sign, respectively. The plot shows 
that the impulsive events in which 3He could not be observed belong to the 
same class as 3He-rich events. 

3. The 36 large, gradual, proton events discussed in detail 
by Cane, Reames, & von Rosenvinge (1991), hereafter de
noted "gradual events." These events, shown only for compari
son, are depicted by triangles in Figures 3, 8, and 13. 

The adopted photospheric and coronal reference composi
tions are given in Table 1. The photospheric composition is 
based on Anders & Grevesse (1989), updated after Grevesse et 
al. (1990, 1991) for C and N; by Meyer (1989), Rubin et al. 
(1991), Widing, Feldman, & Bhatia (1986), Feldman & Wid-
ing (1990) for Ne; and by Grevesse & Noels (1993) for Fe. The 
recent spectroscopic determinations of the photospheric Fe 
abundance agree with the meteoritic determinations (Grevesse 
& Noels 1993 and references therein). For consistency, the 
coronal composition adopted here is the one derived from the 
gradual events observed by the same instrument as the impul
sive events (ISEE 3; Cane et al. 1991) using the procedure of 
Meyer (1985a). The fact that all "coronal points" in Figures 8 
and 13 lie right on the lines defined by the gradual events just 
reflects this approach. This composition is very similar to those 
of Meyer (1985a) and Breneman & Stone (1985), after the 
latter have been readjusted for the new photospheric Fe abun
dance (Reames 1992; Meyer 1993a, b). The differences be
tween coronal and photospheric abundances follow the well-
described dependence on the first ionization potential (FIP) of 
the elements. 

In each particular plot of abundance ratios, events were ac
cepted provided they had a greater than 60% error on both 
considered element ratios. Correlations in abundance varia
tions have been studied using usual weighted two-dimensional 

linear least-squares fits to the data. But errors on both ordi-
nates and abscissae were considered. For each point, both its 
error and its distance to the regression line have been taken 
along the direction defined by the point itself and by the point 
of contact of its error ellipse with a parallel to the regression 
line (Wayman 1959; Fasano & Vio 1988). Confidence inter
vals for the regression slopes have been estimated following 
Lampton, Margon, & Bowyer (1976). We have also calculated 
the one-dimensional (logarithmic) average value of each 
abundance ratio taken independently. 

We have also investigated the spread of the points, including 
the spread with respect to the regression line (two-dimen
sional) and the spread of each abundance ratio with respect to 
its own average value (one-dimensional) and associated x2 for 
consistency with a constant value. Hereafter, all values of x2 

actually refer to values of reduced x2 • In some cases, the spread 
of the points is within statistical errors (x2 ~ 1), and only a 
rough upper limit to the true "population" spread o^ can be 
given. For others, x2 is greater than 1, and there exists a signifi
cant nonstatistical "population" spread 

alop = ( X 2 - l)ffs
2tat. 

where <rstat is the weighted mean statistical error of the observed 
points. But we want, as much as statistics permit, to get event-
rather than count-weighted regression slopes and averages. 
Given <rpop, we therefore refit the data to redetermine regres
sion slopes and mean abundance ratios, using weighting fac
tors derived from (7pop in quadrature with the statistical errors 
of each point. This procedure adequately yields a unique 
weight for all events observed with errors small compared to 
<rpop and a statistical weighting of the events with larger errors. 
Throughout this paper, we give 95% (2 a) confidence intervals 
for the regression slopes, and multiplicative spread factors a^ 
for individual abundance ratios including 95% of the points (2 
a intervals) (see Table 3). 

3. RESULTS 

3.1. General Properties of the 3He-rich Events 

The time distribution of the 228 3He-rich events is shown in 
the upper panel of Figure 4. After 1983 the coverage of the 

TABLE 1 

PHOTOSPHERIC AND CORONAL ABUNDANCES2 

Element Photosphere Corona 

H 2820000(1.05) 668000 (1.10) 
He 275000(1.08) 31400 (1.05) 
C 1123 (1.12) 269 (1.10) 
N 282 (1.12) 73 (1.07) 
O 2400 (1.08) 571 (1.07) 
Ne 387 (1.26) 88 (1.10) 
Mg 107 (1.05) 126 (1.05) 
Si 100 (1.05) 100 (1.05) 
S 49 (1.12) 27.6 (1.07) 
Fe 91 (1.02) 99 (1.07) 

NOTE.—Errors in parentheses mean "within a factor 
of. . . ." 

8 Normalized to Si. 
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1978 1980 1982 1984 1986 1988 1990 1992 

FIG. 4.—Time distribution of the individual 3He-rich events (upper 
panel) and the average rate of occurrence of the events corrected for poor 
coverage of the spacecraft (lower panel). 

spacecraft by the Deep Space Network was only a few hours 
per day; therefore, we show in the lower panel of the figure the 
corrected event rate averaged over 6 month intervals. Al
though only upper limits are determined during solar mini
mum because of the poor coverage of the spacecraft, the solar-
cycle dependence of the event rate can be clearly seen in the 
figure. With 100% coverage of the spacecraft, we would have 
seen ~1000 3He-rich events during the study period, rather 
than 228. 

During solar maximum we observe ~ 100 events yr~' at 1 
AU (corrected for coverage). To compare with the rate of flare 
observations, however, we must correct for the fact that the 
particle events are only seen from a limited band of solar longi
tude that is magnetically connected with the spacecraft near 1 
AU. Since this longitude band is ~10°-20° (Reames, Kal-
lenrode, & Stone 1991a; Reames 1993), our event rate corre
sponds to ~ 1000 events yr"1, on the visible disk of the Sun. 
For comparison, the corresponding rates of hard X-ray bursts 
(Dennis et al. 1991), Ha flares (Solar Geophysical Data 
[SGD]), and metric type III radio bursts (SGD) are ~4000, 
~ 10,000, and ~ 10,000 events yr"1, respectively. Thus, at the 
present level of sensitivity, energetic ions are only seen from 
~ 10% of impulsive solar flares. 

There are four abundance ratios that are used to distinguish 
impulsive and gradual events: 3He/4He, Fe/C (or Fe/O), 
H/4He, and e/p. Within the class of impulsive events, how
ever, event-to-event variations in these ratios are uncorrelated. 
Figure 5 shows the 4.4-6.4 MeV amu"1 H intensity and 
H/4He ratio versus 3He/4He. At 1-4 MeV amu"1 the H/4He 

ratio (not shown) is systematically lower, but the correlation 
with 3He/4He is equally poor. These observations do not seem 
to support theories (Fisk 1978; Riyopoulos 1991) where the 
generation of the waves that enhance 3He increases with in
creasing 4He/H in the flare plasma. 

The tendency toward decreasing 3He/4He with increasing 
proton intensity (Ramaty et al. 1980) is not well supported by 
the data in Figure 5, partly because events with low values of 
3He/4He are not resolved by the VLET. In a later section we 
will discuss the decrease in 3He/4He in large events in terms of 
depletion of 3He in the source volume. 

Mason et al. (1986) first noted the lack of correlation be
tween the enrichment of Fe and 3He/4He. This is seen for the 
present data in Figure 6. 

3.2. 4He andC 

In Figure 7 we show 4He/C as a function of Fe/C for 3He-
rich events. There is no evidence of a correlation with Fe/C (or 
with 3He/4He, not shown). The mean value 4He/C is 99 ± 16 
(2 a error) for the events in Figure 7, while the coronal value 
from large gradual events is 117 ± 14. Thus C is not signifi
cantly enhanced. The spread in the values of 4He/C exceeds 
that expected statistically, however, since the reduced x2 is 
equal to 2.5; the corresponding value for Fe/C is x2 = 3.8. We 

FIG. 5.—Intensity of 4.4-6.4 MeV protons (upper panel) and the 4.4-
6.4 MeV H/4He ratio (lower panel), shown as a function of the 3He/4He 
ratio. No strong correlations are seen. 
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FIG. 6.—Fe/C(2-3 MeVamu ') is uncorrelated with 3He/"He, as was 
previously observed by Mason et al. (1986). 

will interpret lack of a C enhancement as evidence that C is 
fully ionized in the source plasma. Since fully stripped C has 
the same gyrofrequency as 4He, it could not be selectively en
hanced by wave absorption. That being the case, the nonstatis-
tical variations in 4He/C must exist in the underlying plasma 
prior to particle acceleration. 

3.3. The Element/C versus Fe/C Correlations 

Figure 8 shows the element/C versus Fe/C ratios for the 
elements N, O, Ne, Mg, Si, S, for both gradual and impulsive 
events. The Fe/C ratio is taken as the most sensitive indicator 
of the general enrichment of heavier elements relative to the 
lighter ones. 

The gradual events are all observed with a very high statisti
cal accuracy. They always form a well-defined line passing 
through the coronal point (which was actually determined on 
the basis of these same events), though with a finite spread. 
The slope of the correlation with Fe/C increases with the 
atomic number, from almost zero for N/C to ~0.7 for S/C. 
The abrupt increase of the slope between Mg/C and Si/C in 
the gradual events is striking. This abrupt increase fits well with 
the idea that gradual events result from the shock acceleration 
of plain coronal or solar wind material, whose composition is 
distorted only by smooth charge-to-mass (Q/A) dependent 
biases, which result from the rigidity-dependent conditions for 
acceleration in each particular event. One then expects that 
abundance ratios of elements with similar Q/A's will remain 
quite constant, while those with widely different Q/A's will be 
subjected to large variations. The observed charge states in 
gradual events (Luhn et al. 1984, 1985), which agree roughly 
with those predicted for a ~ 1.5-2 MK plasma at equilibrium, 
indeed indicate that the Q/A ratios remain fairly close to that 
for C for all elements up to Mg, and start to decrease abruptly 
in the Si-S region (Meyer 1985a; Breneman & Stone 1985; see 
Fig. 14 for a temperature of 1.5 MK). 

The observations of the smaller impulsive, 3He-rich, events 
are of course affected by much larger statistical errors. Impor
tant trends can nevertheless be established. In impulsive 
events, O/C and N/C remain close to coronal values; they will 
be discussed in detail below. The Ne/C, Mg/C, Si/C, and S/C 
ratios all vary over a wide range extending between approxi
mately coronal and —7—10 times coronal values, and are defi
nitely correlated with Fe/C. The Ne/C and Mg/C plots are 
particularly instructive in showing two totally distinct slopes of 
the correlation with Fe/C for gradual and for impulsive events. 
The slopes for the various correlations in Figure 8 are summa
rized in Table 2. 

It may be noted that the best-fit slopes for Ne/C, Mg/C, 
Si/C, and S/C versus Fe/C are very closely equal for impulsive 
events. While the best regression lines for Ne and S pass 
through the coronal point, those for Mg and Si pass below. In 
the case of Mg, the line is only marginally consistent with pass
ing through the coronal point at the 2 a level. If we force these 
regression lines to pass through the coronal point, their slopes 
become distinctly smaller than those for Ne and S. This matter 
will be discussed more completely in § 3.6. 

For all elements from Ne upward, the clear correlations of 
element/C with Fe/C in impulsive events primarily describe 
the fact that heavier elements between Ne and Fe are all, glob
ally, enhanced by comparable factors relative to C and 4He 
(which are, indeed, not selectively accelerated in impulsive 
events at all). More precisely, it reflects the fact that, in Figure 
8, the spread on the abundances of these elements relative to 
Fe (element/ Fe) is smaller than the spread on their abun
dances relative to C (element/C) (see § 3.7, Fig. 13, Table 3). 
Therefore, the correlations reflect mainly this predominant 
spread on element/C, which is expressed in both coordinates. 
For Si and S this remark on the spreads becomes applicable to 
gradual events as well, and this may be the reason why the 

FIG. 7.—4He/C (2-3 MeV amu~') is uncorrelated with Fe/C in 3He-
rich events. The mean value of 4He/C is consistent with the coronal value 
(largeplus sign), but the variance is 2.5 times larger than statistical, indi
cating possible variations in the abundances in the underlying flare 
plasma. 
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Si/ C vs. Fe/ C 

® 

0.1 

Ne/ C vs. Fe/ C 

Fe/ C . normalized to coronal - 0.368 normalized to coronal = 0.368 

FIG. 8.—Correlation plots of the abundances of several elements as a function of the Fe abundance, all normalized to C. Impulsive events (filled symbols) 
are compared with large proton events (triangles) in each panel. The size of the symbols varies inversely with the statistical errors in order to emphasize the 
most accurate events. Photospheric and coronal abundances are shown by a large circle and a large plus sign, respectively. 

regression slopes then become similar for both families of 
events. 

So the plots in Figure 8 give a good description of the en
hancement of heavier elements relative to C, which is presum
ably not selectively accelerated. They are, however, not appro
priate for comparing abundance enhancements of the various 
selectively accelerated elements and, hence, for placing con
straints on the selective acceleration mechanisms at work in 
impulsive events. Therefore, we now discuss more specific ele
ment ratios. 

3.4. Do the Particles Accelerated in Impulsive Events 
Originate in Photospheric- or in Coronal-Type Material? 

For all elements, the range of ratios to C observed in impul
sive events starts near the coronal, not the photospheric, point 
(Fig. 8). For most elements, the regression line with Fe/C 
passes near both the coronal and the photospheric point; but in 
the case of the Ne/C versus Fe/C plot (high FlP/high FIP 
versus low FIP/ high FIP), the regression line passes unambigu
ously near the coronal, not the photospheric, point. Further, it 
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TABLE 2 

ELEMENT/C VERSUS Fe/C REGRESSIONS FOR GRADUAL AND IMPULSIVE EVENTS 

MEAN ENHANCEMENT SLOPE OF REGRESSION 
RELATIVE TO CORONA VERSUS Fe/C 

ABUNDANCE 
RATIO Gradual" Impulsive Gradual Impulsive 

N/C 0.97 ±0.04 1.52 ±0.34 +0.08 ± 0.05 + 0 . 1 5 ^ J 

O/C 0.93 ±0.04 1.10 ±0.12 +0.13 ±0.06 +0.37!£j;g 

Ne/C 0.92±0.06 3.51+0.50 +0.19 + 0.09 +0.73!g;£ 

Mg/C 0.88 ± 0.06 2.35 ± 0.32 +0.24 ± 0.09 +0.74igjg 

Si/C 0.79 ± 0.05 2.76 ± 0.38 +0.45 ± 0.09 + 0 . 7 4 ^ $ 

S/C 0.79 ± 0.04 4.69 ± 1.04 +0.62 ± 0.08 + 0 . 6 8 ! ^ 

Fe/C 0.68 + 0.03 6.67 + 0.80 +1.00 +1.00 

NOTE.—All errors are given at the 95% confidence (2 <r) level. 
* Enhancements are of order unity for gradual events because "coronal" abundances are 

derived from them; they decrease with Z because there are more Fe-poor than Fe-rich events. 

Vol. 90 

is striking to see in Figures 8, 10, and especially 13 how Ne, Mg 
and Si behave alike when normalized to the corona and differ
ently when normalized to the photosphere. Figures 10 and 11 
also show that the Ne/MgSi ratios observed in impulsive 
events are much closer to the coronal than to the photospheric 
ratio. 

Thus, the composition observations strongly suggest that the 
particles accelerated in impulsive (as well as gradual!) events 
originated in a gas with coronal, not photospheric, composi
tion. 

3.5. The O/C and N/C Ratios 

The O/C versus Fe/C cross-plot in Figure 8 obviously dis
plays a positive correlation between O/C and Fe/C (slope = 
0.37^022)- Now, irrespective of the Fe/C values, the spread on 
the observed O/C ratios is symmetrical around the coronal 
value and amounts to a factor of 2.0 only. Actually, all the 
observed O/C ratios are consistent with the coronal value 
(average = 1.10 ± 0.11 times coronal; x2 = 0.94 for constant 
O/C). So the observed spread is predominantly statistical, and 
the nonstatistical population spread on the true O/C ratios in 
impulsive events is probably smaller than a factor of —1.42 
around the coronal value (see Table 3). 

These remarks, while not strictly refuting the hypothesis of a 
true correlation of O/C with Fe enrichment, do cast some 
doubt on its reality and lead us to examine the problem more 
closely. (Note that none of these remarks would apply to any 
of the heavier element plots. The O/C plot is also the only one 
in Figure 8 in which the regression line for impulsive events 
does not pass through the coronal point, at the 95% confidence 
level). 

We have a particular problem in analyzing the O/C versus 
Fe/C plot. When plotting, one against the other, two ratios in 
which the same element appears in both coordinates, the sta
tistical fluctuations on this repeated element, reflected identi
cally on both coordinates, tend to introduce a "pseudocorrela-
tion" along the first or the second diagonal, according to 
whether the repeated element lies in the same position or in 
opposite positions in both ratios. The measurement errors on 

the quantities plotted in abscissae and in ordinates are not 
entirely statistically independent. This effect tends to increase 
the observed slope as compared with what it would be in the 
absence of statistical fluctuations in the first case, and to de
crease it in the second case. When the total amplitude of the 
true variations is large as compared with these statistical fluctu
ations, or when the dominant error is not that on the repeated 
element, this effect is not very important. This is the case in 
most of the plots in Figure 8. 

But in the case of O/C versus Fe/C neither of these two 
conditions is met. Indeed, the x2 value for the points relative to 
the regression line with slope 0.37ijjjf is only 0.55, a very 
anomalously low value that indicates that the quantities plot
ted in abscissae and in ordinates share correlated statistical 
fluctuations. Thus, the regression slope can be significantly 
enhanced, relative to what it would be if the measurement 
errors on the repeated element, C, were negligible. 

To investigate further the reality of a correlation of O/C 
with Fe enrichment, we compare in Figure 9 the plots of the 
O/C ratio versus Fe/C, Fe/O, Fe/CNO, and Fe/N. In the plot 
versus Fe/O, the statistical fluctuations on repeated O tend to 
disperse the points along the second diagonal, thus decreasing 
the observed slope; the observed slope of 0.12 ±0:28 > perfectly 
consistent with zero, should therefore be considered as a lower 
limit. In the plot versus Fe/CNO, it is expected that the trends 
of the statistical fluctuations on C and on O to disperse the 
points along the first and the second diagonal should more or 
less cancel. In the plot versus Fe/N, the abscissae are affected 
by statistical fluctuations which are very large but are indepen
dent of those affecting the ordinates. Both of these plots yield 
very similar regression slopes of ~Q.2At0^. These slopes are 
consistent with zero at the 6% significance level. Also, both 
regression lines are consistent with passing through the coronal 
point. 

It is also noteworthy that we do not find in our data any 
evidence for the existence of a class of "C-poor" or "O-rich" 
events, corresponding to a significant one-sided tail of events 
with high O/C ratios (Fig. 9). The existence of such a tail, with 
enhancements of O/C by factors up to ~ 5, has been reported, 
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FIG. 9.—Correlation plots of O/C vs. Fe/C, Fe/O, Fe/N, and Fe/CNO with the least-squares fit lines show that the effect of the repeated element, C, in 
the denominator explains part of the correlation in the first panel. 

based on measurements by the University of Maryland/Max-
Planck-Institut (UMd/MPI) instruments on IMP 8 (Mason, 
Gloeckler, & Hovestadt 1979; Mason et al. 1980) and ISEE 3 
(Mason et al. 1986), and by the Goddard instrument on ISEE 
3 (Reames & von Rosenvinge 1981). These Goddard ISEE 3 
data are but a small subset of the present data. The IMP 8 
UMd/MPI data also cover only three "C-poor" events. The 
ISEE 3 UMd/MPI data represent a much more substantial set 
of data, covering the two energy ranges 1.0-1.8 and 1.8-3.4 
MeV amu"'; clear evidence for a tail of "C-poor" events was 
found in the lower energy range. We have compared the O/C 
ratios observed by the UMd/MPI and by the Goddard instru
ments on board the same ISEE 3 spacecraft, at the same time 
periods, and in nearby energy ranges (1.0-1.8 and 1.9-2.8 
MeV amu""1). The one-sided tail of events with high O/C ra
tios is not found in the Goddard data (Fig. 9). This difference 
is not understood. 

The data on N/C have a much poorer statistical accuracy 
(Fig. 8). They are less affected by the "pseudocorrelation" 
problem because the statistical errors on N are much larger 
than those on C. The regression slopes versus Fe/C and Fe/ 
CNO, while plagued with large errors, are perfectly consistent 

with zero: +0.15 t%f3 and -0.01 ± 0.47. But, contrary to O/C, 
N/C seems on the average slightly enhanced relative to coro
nal (by a factor of 1.52 ± 0.34), though much less so than all 
elements from Ne upward. In view of the instrument charge 
resolution, we are confident that this observed enhancement is 
not due to spillover from neighboring C and O peaks. 

In brief, all observed O/C ratios are consistent with a single 
value, equal to the coronal value. However, our set of data 
points toward a slight correlation of O/C with Fe enrichment 
in impulsive events (slope ~ 0.24); it is consistent with a zero 
regression slope at the 6% confidence level only. N/C, much 
less accurately measured, seems on the average slightly higher 
than coronal (a factor of ~ 1.50) but shows no indication of a 
correlation with Fe enrichment. More data are needed to 
check the reality of the high average N/O, and of the O/C 
correlation with Fe enrichment. In any case, both the devia
tions of the average O/C and N/C ratios from their coronal 
values, and the slopes of their regressions versus Fe/C or Fe/ 
CNO, are much smaller than those for all elements from Ne 
upward (Fig. 8; Tables 2 and 3). 

There is a practical consequence to the limited character of 
the variations of O/C and N/C: although Fe/C is, in principle, 
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Fe/ CNO 
1 10 

normalized to coronal = 0.108 

FIG. 10.—In impulsive events, the ratios of the elements Ne, Mg, and 
Si are independent of Fe/CNO. The Si/Mg ratio lies close to the coronal 
value, while Ne/Mg and Ne/Si are elevated. 

a better indicator of the amplitude of the selective enrichments 
in impulsive events, we do not lose much in sensitivity by 
using Fe/CNO as an indicator instead. But we then gain a lot 
on the available statistics. We will therefore plot many ratios as 
a function of Fe/CNO. 

3.6. The Ne/Mg/Si/S Ratios 

The abundance ratios of elements within the Ne, Mg, Si, S 
group are extremely instructive. Figure 10 shows the Si/Mg, 

Ne/Mg, and Ne/Si ratios versus Fe/CNO. Its significance in 
indicating a coronal-type composition of the initial gas was 
discussed in § 3.4. Further, it is striking that these three ratios 
seem completely independent of the Fe enrichment (see re
gression slopes in Table 3). 

The Si/Mg ratio is, in addition, centered essentially on the 
coronal value (average = 1.11 ± 0.14 times coronal; Table 3). 
And there is even no evidence for any nonstatistical fluctua
tion of the true Si/Mg ratio around the coronal value (x2 = 
0.91 for a constant Si/Mg; upper limit to the 95% spread is a 
factor of ~ 1.42; Table 3). So Mg and Si seem to behave ex
actly alike in impulsive events. This allows us to plot other 
ratios over the sum MgSi, thus improving our statistical accu
racy. 

Figure 11 thus shows the Ne / MgSi and S / MgSi ratios versus 
Fe/CNO. Both ratios seem independent of Fe/CNO (Table 
3). But, in contrast to Si/Mg, both ratios are on the average 
close to, but significantly different from, coronal: the average 
Ne/MgSi and S/MgSi ratios are 1.46 ± 0.18 and 1.81 ± 0.32 
times coronal, at the 2 a level (Table 3). This leaves Ne/MgSi 
much closer to the coronal than to the photospheric value, 
which is ~4.80 times higher. But the (less accurately ob-
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FIG. 11.—Ratios of Ne/MgSi and S/MgSi are independent of Fe/ 
CNO but are enhanced relative to coronal abundances. 
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TABLE 3 

STATISTICAL PROPERTIES OF KEY ABUNDANCE RATIOS FOR IMPULSIVE EVENTS 

ASSUMING UNIQUE RATIO ASSUMING LINEAR REGRESSION 

Probability Population Significance 
ABUNDANCE of Unique Spread Level for 

RATIO Mean/Coronal" x2 Ratio" Factor0 Versus Slope Slope = 0 

O/C 1.11+0.11 0.97 0.539 (<1.42) Fe/CNO +0.24 + 0.25 0.064 
N/C 1.52 + 0.34 0.84 0.674 (<1.56) Fe/CNO +0.01+0.47 0.997 

Si/Mg 1.11+0.14 0.91 0.627 (<L47) Fe/CNO -0.03 ± 0.30 0.967 
Ne/Mg 1.45 + 0.20 1.19 0.178 1.42 Fe/CNO -0.07 ± 0.34 0.884 
Ne/Si 1.28 ±0.20 1.32 0.090 1.54 Fe/CNO -0.07 ± 0.39 0.894 
Ne/MgSi 1.46 + 0.18 1.25 0.105 1.42 Fe/CNO -0.06 + 0.29 0.879 
S/MgSi 1.81+0.32 0.83 0.699 (<1.47) Fe/CNO -0.06 ± 0.45 0.944 

Fe/Ne 2.10 ±0.24 1.53 0.009 1.61 Ne/CNO -0.69 ± 0.57 0.005 
Fe/MgSi 3.04 + 0.30 1.43 0.011 1.49 MgSi/CNO -0 .11+0 .34 0.656 
Fe/NeMgSi 2.81+ 0.22 1.51 0.003 1.49 NeMgSi/CNO +0.02 ± 0.31 0.992 

Ne/CNO 3.53 ±0.42 1.90 0.000 1.85 
MgSi/CNO 2.38 ± 0.24 2.62 0.000 2.07 
NeMgSi/CNO 2.58 + 0.20 2.69 0.000 2.00 

Fe/CNO 7.47 ±0.74 4.79 0.000 2.56 

NOTE.—All errors and intervals are given at the 95% confidence (2 a) level. 
a Logarithmic averages. 
b Probability of obtaining a x2 at least as large as the observed x2, if the true ratio is indeed constant. 
0 Multiplicative spread factors, on either side of the mean value, including 95% of the true points. When x2 S 1, we give a rough upper limit based on the 

assumption that less than 25% of the observed variance could originate in a true population spread. 

served) S/MgSi ratio resembles more the photospheric ratio, 
which is, however, only ~ 1.94 times higher than coronal. In 
addition, the Ne/MgSi plot shows some evidence for a nonsta-
tistical spread of the true ratio, on the order of a factor of 
~ 1.42 (x2 = 1-25 for a constant Ne/MgSi; Table 3). 

The roughly similar behaviors of Ne and MgSi relative to 
coronal in impulsive events allows us to treat them as a single 
group of elements below, so as to increase the statistical signifi
cance of our data. 

Figure 12 is a plot of Si/Mg versus Ne/Mg in impulsive 
events showing the proximity of these ratios to the coronal 
values. Note that there is no evidence of anticorrelation in the 
figure. We will argue in § 4.3 that this is evidence of an absence 
of large temperature fluctuations between events. A tempera
ture increase could suppress Ne and enhance Si relative to Mg, 
for example, causing an anticorrelation. 

3.7. Relative Abundances of Elements between Ne and Fe 
and Enhancements with Respect to CNO 

We now address a key question: what relationship exists be
tween the abundance enhancements of heavier elements from 
Ne upward relative to CNO and the relative abundances 
among these heavier elements? 

Figure 13 shows the cross-plots for Fe/Ne versus Ne/CNO, 
Fe/ MgSi versus MgSi / CNO, and Fe/ NeMgSi versus NeMgSi / 
CNO, which are relevant to this question. The first two plots 
show particularly conspicuously that the impulsive event com
positions strongly suggest a coronal, not photospheric, compo
sition for the parent gas. Indeed, high-FIP Ne and low-FIP 
MgSi behave roughly alike relative to the coronal point, and 
not at all so relative to the photospheric point (see § 3.4). 

Based on these similar behaviors, we have summed Ne and 
MgSi in the third plot, which we now discuss more particu
larly. For gradual events, one can recognize the well-known 
behavior: a smooth correlation, with a small variation of 
NeMgSi/CNO being associated with a large variation of Fe/ 
NeMgSi. 
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FIG. 12.—Ne/Mg is not anticorrelated with Si/Mg, and both lie near 
the coronal abundance. 
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FIG. 13.—Comparison of the enhancements of the element groups CNO, NeMgSi, and Fe for impulsive (filled symbols) and gradual (Mangles) events, 
using different combinations of members of the NeMgSi group. Gradual events show a clear smooth correlation, while impulsive events show none. Both 
populations of events are related to the coronal, not the photospheric, abundances. 

For impulsive events, however, the Fe/NeMgSi and 
NeMgSi / CNO ratios are obviously not correlated (Table 3)! A 
larger enhancement of NeMgSi relative to CNO does not 
imply a larger enhancement of Fe relative to NeMgSi! In addi
tion, the spread on both the NeMgSi/CNO and the Fe/ 
NeMgSi ratio is surprisingly narrow, as if both of these ratios 
always kept roughly the same value, in all impulsive events! 
The statistical analysis indicates that 95% of the true NeMgSi/ 
CNO and Fe/NeMgSi enhancements lie within factors of 
~2.0 and ~ 1.5 from their mean enhancements of ~2.6 and 
~2.8 relative to coronal, respectively (Table 3). The similarity 
between these two mean enhancements is also striking, though 
it might well be coincidental. 

4. DISCUSSION 

4.1. Comments on Theories o/3He Enhancement 

One of the most prominent features of this study has been 
the large number of 3He-rich events that are seen, despite 
rather stringent selection criteria on the value of 3He/4He and 
on the number of particles required to provide adequate statis

tics. 3He-rich, Fe-rich energetic particles are seen in essentially 
all of the impulsive flare events for which ion acceleration is 
observed. The fact that the events are common places a new 
constraint on the theories of 3He enhancement; unusual preex
isting conditions in the corona are probably not involved. 
Thus, theories that require a large coronal He / H ratio to gener
ate electrostatic ion cyclotron waves above the 4He gyrofre-
quency(Fisk 1978;Riyopoulos 1991) are incorrect unless He/ 
H enhancements are more common in the corona than is 
presently understood. Furthermore, there is apparently no re
lationship between the accelerated H/He and 3He/4He ratios 
(Fig. 5). 

Other theories of 3He enhancements run into difficulties on 
different grounds. Winglee (1989) associates coronal evapora
tions with the wave generation that leads to abundance en
hancements. However, none of the events in lists of coronal 
evaporation events (Antonucci, Gabriel, & Dennis 1984) is 
associated with a 3He-rich event. Early theories involving ion 
acoustic waves (Ibragimov & Kocharov 1977) have come 
under criticism on theoretical grounds (Weatherall 1984). 

A recent theory by Temerin & Roth (1992) uses electromag-
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netic hydrogen cyclotron waves to directly accelerate 3He. 
These waves are driven by streaming electrons like those that 
produce the type III radio bursts which are systematically ob
served in these impulsive events (Reames et al. 1988). The 
waves propagate down the field lines until they reach field 
strengths where they resonate with the gyro frequency of 3He or 
the second harmonic of the gyrofrequencies of heavier ions. 
This acceleration mechanism is analogous to the process that 
produces "ion conies" observed in the Earth's aurorae. This 
mechanism is efficient at Alfven speeds higher than 2000 km 
s"1, hence it is likely to occur fairly deep in the corona where 
the magnetic field is sufficiently high. Requirements on the 
number of 3He particles in the larger events also suggest that 
acceleration occurs deep in the corona, as noted by Temerin & 
Roth (1992) and discussed below. Miller & Vinas (1993) have 
extended this work by examining all of the wave modes gener
ated by streaming electrons. They suggest that ions with gyro-
frequencies below that of 4He (Q/A < 0.5) resonate with a 
second type of unstable wave mode, shear Alfven waves. Since 
3He and Fe resonate with different wave modes, no correlation 
of their enhancements would be expected. An important fea
ture of these new theories is that ions can be accelerated to 
energies of several MeV amu "' by the waves; earlier models 
provided only selective heating with the requirement of an 
additional (unspecified) mechanism of acceleration. 

4.2. Constraints on the Source Region 

Our ability to associate 3He-rich events with various electro
magnetic emissions from impulsive flares already imposes 
constraints on the source region. As far as we can determine, 
all 3He-rich events are accompanied by type III radio bursts, 
indicating the presence of outward-streaming electrons. About 
80% of the events have associated soft X-ray bursts, a similar 
fraction have Ha associations, and more than 50% have asso
ciated hard X-ray bursts. We assume that the particles that 
leave the Sun are accelerated on open field lines, first because 
most mechanisms of escape from closed loops would severely 
depress the low-energy spectra, contrary to observations, and 
second because acceleration mechanisms in modern theories 
(e.g., Temerin & Roth 1992) work equally well in open and 
closed geometries. Since X-ray emission comes primarily from 
closed loops, our ability to associate with an X-ray event will 
depend upon the relative numbers of electrons accelerated on 
open and closed field lines in that particular event. 

In some events the time-integrated fluence of 3He particles 
above 1.3 MeV amu"1 reaches 105 cm"2, even though 3He/ 
"He — 1. If these particles were emitted over a cone with a 
half-angle of 15°, a total of 10313He nuclei would be required. 
If a flare occurs at a density of 1010 atoms cm"3 with an area of 
107 km2, a scale height of 104 km, and 3He/H = 5 X 10"5, 
then there are only 5 X 10313He ions in the flare volume. Since 
there are also 3He ions below 1.3 MeV amu"1, the acceleration 
mechanism must be extremely efficient or the density and vol
ume of plasma involved must be greater than generally be
lieved, or both. 

It is also possible that the average opening angle from the 
flare, over which energetic ions are observed, is much smaller 
than generally believed (Reames et al. 1991a). The observed 
longitude distribution of the impulsive events (Reames et al. 

1990; Reames 1993) includes the random walk of the foot-
point of the field line from the observer convolved with the 
mean opening angle from a single event. Nevertheless, it is 
unlikely that the mean cone half-angle is much less than about 
5°, or 3He-rich events would be much more common on the 
solar disk than Ha flares or metric type III bursts. The ability to 
determine a flare longitude of a 3He-rich event depends upon 
observing an associated Ha flare. Unfortunately, during the 
last solar maximum, the ISEE 3 spacecraft had moved around 
the Sun, so that the longitudes of the most probable associated 
flares were not visible from Earth. 

Given the paucity of 3He ions in the source region it seems 
extremely unlikely that 3He-rich events are strongly associated 
with "high coronal flares" as suggested by Cliver & Kahler 
(1991). These events are defined to occur 0.5 solar radii above 
the photosphere where densities are less than 108 atoms cm"3. 
Most of the events we see have too much 3He to be consistent 
with acceleration from such low densities. In the example that 
we considered above, a density of 108 would imply that a single 
event could coherently deplete most the 3He over an area of 
109 km2, an area comparable to that of a whole arcade of 
loops. Such large areas are not compatible with the associa
tions of 3He-rich events and compact Ha flares (see Fig. 3 in 
Kahler et al. 1987). The need for sufficient 3He and the need 
for a sufficient number of collisions to strip inner electrons 
from Fe ions are both satisfied in relatively dense regions. With 
the possible exception of a few small 3He-rich events seen early 
in the solar cycle (Reames et al. 1985), the events are reason
ably well associated (~80%) with X-ray and Ha flares 
(Reames et al. 1988; Reames et al. 1990) that involve strong 
chromospheric components. Hence, there is no evidence of 
bias toward phenomena that might only occur high in the cor
ona. 3He-rich events appear to be democratically associated 
with all impulsive flares, including large gamma-ray-line flares 
(Van Hollebeke et al. 1990). In fact the abundances deduced 
from the broad gamma-ray lines indicate the same abundance 
enhancements for energetic ions in the flare loops as those in 
3He-rich events (Murphy et al. 1991). Recently Benz et al. 
(1992) have discussed type III radio bursts at frequencies 
above 1 GHz corresponding to electron beams at densities of 
1010-10u cm"3. Perhaps these are the electron beams that pro
duce the waves responsible for ion acceleration. Theoretically, 
the wave modes that resonate with 3He to produce the enhance
ments (Temerin & Roth 1992; Miller & Vinas 1993) require 
conditions of high magnetic field that only occur near the base 
of the corona. 

The smaller values of 3He/4He seen in very large impulsive 
events (Ramaty et al. 1980; Van Hollebeke et al. 1990) may be 
a direct result of depletion of 3He in the source region rather 
than of a dilution of the first-phase material with shock-acce
lerated material with "normal" abundances. In the latter case, 
one would lower the Fe enhancement as well as the 3He/4He 
ratio, contrary to observations (Mason et al. 1986; Van Holle
beke et al. 1990). As additional energy is added in the source 
region, protons and 4He eventually will be heated and acceler
ated despite a lower efficiency. In large impulsive events the 
situation is complicated by the presence of coronal shock 
waves, indicated by type II radio bursts, that may further accel
erate the particles to the relatively high energies that are ob
served. The higher values of H/4He in these events are reminis-

https://doi.org/10.1017/S0252921100077939 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100077939


662 REAMES, MEYER, & VON ROSENVINGE Vol. 90 

cent of the similarly high ratios in gradual events, where shock 
acceleration predominates. The hard energy spectra in the 
large impulsive events (Van Hollebeke et al. 1990) are also 
different in character from those in smaller impulsive events 
(Reames, Richardson, & Wenzel 1992), suggesting an addi
tional mechanism at work. By confining our study to events 
with 3He/4He > 0.1, we do not sample these larger, more com
plex impulsive-flare events. 

4.3. Temperatures of the Gases from Which 
the Heavy Ions Are Selected 

Virtually all of the mechanisms considered for ion enhance
ments and for acceleration depend upon the ion species 
through its magnetic gyrofrequency, and hence upon Q/A. 
Thus ion species with the same value of Q/A cannot be en
hanced relative to one another. One question, of course, is how 
different the values of Q/A must be for measurable enhance
ment to occur. The dominant isotopes of He, C, N, O, Ne, Mg, 
Si, and S all have Z/A = 0.5, and thus enhancements could not 
take place if these ions were fully stripped. Furthermore, very 
abundant ions, especially H + and 4He+ +, could strongly damp 
any waves near their gyrofrequencies. The width of the damp
ing region depends upon the dispersion relation of the waves 
and upon the temperature of the ions through the ion-velocity 
dependence of the resonance condition (Miller & Steinacker 
1992;Steinackeretal. 1993). 

Figure 14 shows the average Q/A ratios of the dominant 
isotope of the observed elements versus temperature, as calcu
lated at ionization equilibrium (after Arnaud & Rothenflug 
1985 and Arnaud & Raymond 1992). The Q/A ratio of each 
individual, discrete ionization state is indicated by a heavy dot, 

3 4 5 
T IMK] 

FIG. 14.—Average charge-to-mass ratio, Q/A, as a function of the 
plasma electron temperature (after Arnaud & Rothenflug 1985 and Ar
naud & Raymond 1992). Filled circles mark the actual (integral) ioniza
tion states with the number of orbital electrons noted. The conspicuous 
plateaus near 2 and 10 orbital electrons reflect the stability of He-like and 
Ne-like configurations. 
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FIG. 15.—Probability that ions have at least (a) 1 or (ft) 2 orbital elec
trons, shown as a function of the ambient electron temperature of the 
plasma. 

whose abscissa is approximately the temperature at which its 
ionic fraction peaks. Figure 15a shows the probability that ions 
have at least one orbital electron, as a function of the plasma 
electron temperature, and Figure 15b shows the probability 
that ions have at least two orbital electrons. To allow a clearer 
discussion, we will sometimes label the ionization states by the 
number of attached electrons, e.g., "Oe" for fully stripped, 
"le" for H-like, "2e" for He-like, and so on, so that, for exam
ple, Mg+1° = Mg2'. 

Figures 14 and 15 show immediately (1) that 4He and l2C 
are essentially fully stripped, with Q/A = 0.5, at all relevant 
coronal temperatures; (2) that beyond ~ 10 MK all elements 
up to Ne, and, to a lesser degree Mg, are essentially fully 
stripped; (3) that the He-like states (2e) of Ne, Mg, Si, and S 
are very dominant over wide ranges of temperatures, as re
flected in the broad plateaus of the average Q/A ratios versus T 
in Figure 14; this may play an important role in controlling the 
behavior of these elements; and (4) that for 56Fe Q/A is always 
less than 0.5 (since Q/A < Z/A = 0.464), and that the Q/A 
ratios of 56Fe at all temperatures are very different from those 
of all the other observed elements, so that we can expect Fe to 
behave quite differently from lighter elements. Note that the 
He-like state Fe+24 is barely reached below 20 MK, and that the 
Ne-like state (We) Fe+16 predominates around 4 MK. 

The lack of large enhancements of O relative to C (compara-
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ble to those of NeMgSi; Figs. 8 and 9) implies that most of the 
selection took place in gases with temperatures above ~3.5 
MK. Below that temperature, indeed, abundant non-fully 
stripped CP1 e would be available to yield a significant enhance
ment of O/C (Figs. 14 and 15a). If we consider the possibility 
that H-like Oie may not be enhanced because its Q/A ratio of 
0.438 is fairly close to 0.5, then significant numbers of particles 
may be selected down to ~2.5 MK (Figs. 14 and 15b). 

The very fact that Ne is enhanced at all implies that the 
selection largely takes place in gases where a significant frac
tion of Ne is not fully stripped, i.e., with temperature below 
~7MK(Fig. 15a). If H-like Nelc(Q/y4 = 0.450) is also ex
cluded, this upper bound to the required temperatures is 
shifted down to ~ 5 MK(Fig. 156). The enhancements of Ne, 
Mg, and Si also tell us that their He-like states (Q/A = 0.400-
0.429) certainly do get enhanced, since these ions have <2 
electrons attached at reasonable coronal temperatures above 2 
MK(Fig. 14). 

Comparing the behaviors of Ne, Mg, and Si allows us to 
draw tighter limits to the allowed selection temperatures. Ne, 
Mg, and Si are all found, on the average, to be enhanced by 
roughly equal factors of ~ 2.5 -3.5 relative to C or CNO, as 
compared with coronal abundances. In addition, the spreads 
both on these enhancements relative to CNO and on the 
various Ne/Mg/Si abundance ratios are quite small, with 
spread factors of ~ 2 and of ~ 1.5, respectively, for 95% of the 
events (Figs. 8, 10, 11, and 13; Table 3). 

Consider in particular the Ne/Si ratio (Fig. 10c). The frac
tions of non-fully stripped Ne21'' and SP '" are very different 
for all temperatures above ~ 5 MK (Figs. 14 and 15a). There
fore, if a major fraction of the energetic Ne and Si ions were 
selected in gases with temperatures above ~ 5 MK, one would 
expect Ne to be strongly depleted relative to Si. This is totally at 
variance with observations (Fig. 10c; Table 3). Considering 
the possibility that H-like Ne1'' and Sile (with similar Q/A 
values of 0.450 and 0.464) may not be enhanced yields an even 
tighter constraint, since the fractions of Ne224, and Sia2e are 
very different for all temperatures down to ~3.5 MK (Fig. 
15 b). On the other hand, the relative amounts of gas at differ
ent temperatures vary from flare to flare; if the selection took 
place within the flare gases over a wide range of temperatures, 
one would expect Ne/Si to vary from event to event, but the 
observed spreads are all very limited (Fig. 10c; Table 3). One 
would then also expect an anticorrelation between the Ne/Mg 
and Si/Mg ratios (the richer the parent gas in higher tempera
ture material, the lower Ne/Mg and the higher Si/Mg); this 
anticorrelation is definitely not present in Figure 12. In brief, 
the large, very similar, and stable enhancements of Ne, Mg, Si 
relative to CNO tell us that most of these observed ions have 
been selected in gases below ~ 5 MK (or even below 3.5 MK, if 
H-like ions are not selected). 

We conclude (Table 4) that, if the H-like ions 0 l e , Ne1<?, 
andSile(Q/A = 0.438-0.464) can all be selectively enhanced, 
the behaviors of O/C and Ne/Si require that species up to Si 
be selected entirely out of gases with temperatures between 
~3.5 and ~ 5 MK. If these H-like ions do not get accelerated, 
the corresponding limits of the acceptable range are shifted 
down to ~2.5 to ~3.5 MK. In any case, we have come to the 
conclusion that most particles of elements up to Si have been 
selected out of lower temperature gases somewhere in the 

TABLE 4 

CONSTRAINTS TO THE TEMPERATURE RANGES OF THE GASES 
IN WHICH THE SELECTION TAKES PLACE 

Key Element Key (le) ions H-like (1 e) Ions H-like (le) Ions 
Ratios [Q/A] Enhanced Not Enhanced 

O/C O [0.438] >3.5 MK >2.5 MK 
Ne/Si Ne [0.450] <5.0 MK <3.5 MK 

Si [0.464] 
Combined . . . 3.5-5.0 MK 2.5-3.5 MK. 

~2.5 to ~ 5 MK range. There are two possible explanations 
for this behavior: 

1. If the selection mechanism can enhance the He-like 
states Ne2", Mg2*", Si2<? whatever the temperature, the selection 
must actually take place only from lower temperature gases, in 
the 2.5-5 MK range. These selection temperatures are compa
rable to, but distinctly higher than, the common quiescent ac
tive region temperatures of —2-3.5 MK (Webb 1981; Bray et 
al. 1991; Saba & Strong 1991a, b). Solar Maximum Mission 
(SMM) observations suggest that elevated temperatures may 
be found commonly in active regions for up to an hour after a 
flare. There is also evidence for higher temperatures or a higher 
temperature component for an hour or so prior to some flares 
(Saba 1993). 

2. The mechanism cannot enhance even the He-like states 
Ne2'', Mg2e, Si2e (Q/A = 0.400-0.429) at higher temperatures 
because of temperature-dependent wave damping by 4He 
(Miller & Steinacker 1992; Steinacker et al. 1993). If these 
He-like states are rejected above some ~3.5 MK, where Ne2"" 
is low while Mg2" and Si2" are still predominant (Figs. 14 and 
15ft), the Ne/Mg/Si ratios can be accounted for, even though 
the selection process continues at higher temperatures. 

Now we consider Fe. Let us recall at this point that (1) the 
observed enhancements of Fe/CNO are on the average much 
larger than those of NeMgSi/CNO (factor of ~ 7.5 instead of 
~2.6), (2) the enhancements of Fe/NeMgSi are fairly stable 
(95% within a factor of ~ 1.5 from the mean), and uncorre
cted with those of NeMgSi/CNO (Table 3; Figs. 10 and 13c). 
A priori, the selection of Fe need not be limited to the same 
temperature range as that of elements up to Si. However, it is 
simplest to assume that the selection takes place from an iso
thermal gas. The very low Q/A ratio of Fe (~0.290) as com
pared to NeMgSi (~0.420) around ~ 4 MK (Fig. 14) may 
very well explain its higher mean enhancement, if the gener
ated wave spectrum is more intense at lower frequencies, as 
predicted (Miller & Vinas 1993). The small spread on the 
Fe/NeMgSi ratio can then be understood if the shape of the 
wave frequency spectrum does not vary much from event to 
event. At the time of the selection, the predominant Fe charge 
state is then Ne-like Fe10'' = Fe+'6 (Fig. 14). 

It is possible that Fe ions, with much lower Q/A's than 
NeMgSi at all temperatures, are selected throughout a broad 
range of temperatures in the flaring gas. This might be another 
reason for the high Fe enhancement. However, the small 
spread on the Fe/NeMgSi ratio would then seem more surpris
ing. At temperatures above 10-15 MK, the highly stripped 
Fe35'' = Fe^2 1 ions would have Q/A ratios comparable to 
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those of He-like NeMgSi and would no longer be selectively 
enhanced (Fig. 14). 

4.4. Second-Order Composition Anomalies 

We have shown in § 3.4 that, to first order, the particles 
accelerated in impulsive (as well as gradual) events originate in 
a gas with coronal, not photospheric, composition. This was 
based mainly on the strikingly similar, ordered behaviors of 
high-FIP Ne and low-FIP Mg and Si when referred to coronal 
(gradual event) composition, as compared with their erratic 
behaviors when referred to photospheric composition (cf. Figs. 
8, 10, 11, 13). 

A more refined analysis, however, showed that, contrary to 
the low-FIP /low-FIP Si/Mg ratio which averages very closely 
(1.11 ± 0.14) to coronal abundances, the Ne/MgSi ratio is on 
the average 1.46 ± 0.18 times coronal in impulsive events 
(§ 3.6, Fig. 1 \a, Table 3). This deviation from coronal abun
dance is not very large, but it is significant. The difference in 
the behavior of Ne as compared with Mg and Si is further 
supported by the higher x2 found for a constant Ne/MgSi 
( x 2 = 1.25) than for a constant Si/Mg ( x

2 = 0.91). These x2 

values are consistent with a statistical spread for the Si/Mg 
ratio but suggest an additional population spread by a factor of 
—1.42 for Ne/MgSi (see Table 3). The Ne overenhancement 
relative to MgSi could have two possible causes: 

1. It might originate in the selective acceleration process 
itself, although this hypothesis does not seem very promising. 
The minor isotope of Ne, 22Ne, is less abundant than those of 
Mg, 2526Mg, so large enhancements of rare isotopes would not 
help (§4.5). The non-fully stripped and non-H-like fractions 
of Ne can only be smaller than those of Mg and Si (Fig. 15). 
One might possibly imagine a higher enhancement of Ne be
cause the Q/A of Ne in its He-like state is slightly lower than 
those of Mg and Si (0.400, 0.417, and 0.429; Fig. 14); how
ever, why would Mg and Si then behave so similarly? A reso
nant wave mode near the gyrofrequency of Ne could cause 
selective enhancement; however, no such wave mode is 
known. The generally smooth behavior of the heavy-element 
enhancements suggests substantial resonance broadening in 
this region. 

2. Alternatively, the enhancement of Ne relative to MgSi 
could reflect a particular composition of the parent flare gas, in 
some way related to a peculiar FlP-dependent (ion-neutral) 
fractionation. It might imply that the FIP fractionation as a 
whole tends to be slightly weaker in the average flare gas avail
able to impulsive events than in the upper corona and slow 
solar wind gas sampled by the gradual events (which may well 
originate in specific narrow open-field structures squeezed be
tween closed-loop systems at low altitude; Wang, Sheeley, & 
Nash 1990; Meyer 1993a, b). Alternatively, it might reflect a 
specific enhancement of Ne in flare gases with otherwise coro
nal composition, as found in gamma-ray and X-ray observa
tions of some large impulsive flares (Murphy et al. 1991; 
Murphy 1992; Schmelz & Fludra 1993; Schmelz 1993; Saba& 
Strong 1993; see also McKenzie & Feldman 1992 and Meyer 
1993a, b). Shemi (1991) has tentatively interpreted these high 
Ne abundances in terms of an ion-neutral fractionation follow
ing a specific X-ray photoionization of Ne in a very dense 
medium (Meyer 1993a, b). 

So it seems probable that the Ne enhancement relative to 
MgSi, and its fluctuations, are due to variations in the compo
sition of the parent gas, i.e., to ion-neutral fractionation taking 
place in different conditions. These variations may be related 
to the large observed spread on 4He/C, which most likely also 
reflects variations in the parent gas composition (§ 3.2; Fig. 7). 
Note that limited variations of the Ne/Mg ratios are observed 
even in gradual events, which sample the large-scale corona 
and interplanetary medium gas composition (Reames 1992). 

The case of S, enhanced by an even larger factor of 1.81 ± 
0.32 relative to MgSi (Fig. 1 \b; Table 3), is much less instruc
tive, because several factors could cause its enrichment. At 
temperatures of ~2.5-3 MR, S^4e becomes significant, with 
Q/A ratios that are significantly lower than those of He-like 
NeMgSi (Fig. 14). Its abundance in the coronal gas is -—'5 
times lower than those of NeMgSi, which might also influence 
its enhancement. Finally, S is an intermediate-FIP element 
(right at the borderline between those elements which are es
sentially ionized and those which are neutral in the region 
where the ion-neutral fractionation takes place), so that its 
behavior during ion-neutral fractionation taking place under 
slightly variable conditions cannot be easily predicted: it might 
possibly have an essentially photospheric abundance in the 
flare parent gas (e.g., Reames, Richardson, & Barbier 1991b; 
von Steiger et al. 1992; McKenzie & Feldman 1992; Meyer 
1993a, b). 

The reader should be aware that our abundance for a rela
tively rare element, like S, is affected somewhat by selection 
bias. To study the event-to-event variations in S, we have re
quired statistically significant abundances. For small events, 
however, those with larger S abundances are preferentially se
lected over those with few or no S ions. The mean value of 
S/MgSi, averaged over all events, is actually 47% less than that 
deduced above from averaging only events with significant S. 
Thus the enhancement of S may not be as anomalously large as 
our results imply. 

The apparent excess of N relative to C and O, N/C = 1.52 ± 
0.34, is not understood (Fig. 8; Table 3). Unlike S/MgSi, N/C 
is probably less affected by selection bias. 

4.5. The Role of Minor Isotopes? 

Until now, we have primarily discussed the enhancements 
of the observed major elements, assuming that their dominant 
isotope in the gas (20Ne, 24Mg, 28Si, 56Fe) is still dominant 
among the accelerated particles. 

Our conclusion that the Ne, Mg, Si ions cannot be selected 
in hot, higher than 10 MK gases (suggested by the observed Fe 
charge states) rested on the fact that their dominant isotopes in 
the fully stripped state have Q/A = Z/A = 0.5. This is no 
longer true for the minor, heavier isotopes 22Ne, 25,26Mg, 2930Si, 
which have Q/A = Z/A < 0.5 even at the highest tempera
tures. More generally, at all temperatures they have Q/A val
ues significantly lower than those of 20Ne, 24Mg, and 28Si. In 
addition, these isotopes are ~ 10 times less abundant than the 
predominant ones in the gas; the depletion of waves by exces
sive wave damping, if significant, would therefore be smaller at 
their gyroresonance frequencies than at those of 20Ne, 24Mg, 
and 28Si. For all these reasons, it is conceivable that 22Ne, 
25,26Mg, and 29,30Si are more efficiently accelerated than 20Ne, 
24Mg, 28Si. 
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Could the minor isotopes in the gas be overenhanced by 
such large factors (2; 10) that they are dominant among the 
accelerated Ne, Mg, and Si ions? (In that case our discussion in 
§ 4.3 would be irrelevant). The relative enhancements of Ne, 
Mg, and Si in the accelerated particles would then, to first 
order, reflect the relative fractions of heavier isotopes in the 
gas: 22Ne, 6.8%; 25Mg, 10.0%; 26Mg, 11.0%; 29Si, 4.7%; 30Si, 
3.1% (Anders & Grevesse 1989 and references therein; Me-
waldt&Stone 1989; Cummings, Stone, & Webber 1991).Mg 
would, in particular, probably be more enhanced than Si by a 
factor of ~2 -3 (the lower Q/A ratios of the Mg isotopes as 
compared with those of Si could only increase this effect). But 
it is observed that Mg and Si are enhanced, on the average, by 
the same factor within ~20%, with a small spread on the Si/ 
Mg ratio (Fig. 10a; Table 3). So a major role of the heavier 
isotopes seems unlikely. 

It is of interest to note that the situation of the single-isotope 
odd-Z elements 23Na and 27A1 is very similar to that of 22Ne, 
2526Mg, and 29MSi. They have Z/A < 0.5, similar lower Q/A 
ratios at all temperatures, and similar low abundances in the 
gas. In the absence of isotopic observations, measurements of 
the Na and Al elemental abundances may therefore allow a 
rough estimate of the (possibly enhanced) contributions of the 
Ne, Mg, and Si heavier isotopes. They may also allow us to 
estimate the significance of saturation of wave damping by 
species like 20Ne, 24Mg, and 28Si with abundances of ~ 10~4 of 
H(Steinackeretal. 1993). 

4.6. The Problem of Observed Charge States 

Klecker et al. (1984) and Luhn et al. (1987) have provided 
observations of the charge states Q of energetic He, Si, and Fe 
in 3He-rich events. As judged from the consistent picture pro
vided by the charge states obtained in gradual events with the 
same instrument (Luhn et al. 1984, 1985), no large systematic 
error on the charge scales is expected. These observations indi
cate that He is, as expected, fully stripped. 

The Si observations, peaking around Q » 14, suggest that Si 
is also essentially fully stripped in 3He-rich events. This latter 
conclusion may, however, be not entirely safe, in view of the 
limited statistics and of the very poor charge resolution: seven 
out of the 13 Si counts yield charges Q > Z = 14, with counts 
up to Q = 21. Note that the associated equilibrium gas tempera
ture is highly sensitive to the exact charge state, because the 
He-like state is dominant over a very wide range of tempera
tures. While a predominance of fully stripped Si+14 implies 
T 2 16 MK, a predominance of He-like Si+12 is consistent with 
any temperature all the way from ~ 10 down to ~ 2 MK (Ar-
naud & Rothenflug 1985; see Fig. 14 of this paper). 

The data of Luhn et al. (1987) on Fe show a peak at charges 
Q = 21-24 with a mean value of 20.5 ± 1.2 (95% confidence). 
The unsymmetrical shape of the observed distribution suggests 
a real contribution of lower charge states. There seems to be a 
larger probability of having Q > 21 (Fe£5e), corresponding to 
7 2 10 MK, than of having 15 < Q < 20, corresponding to T ~ 
2-10 MK (Arnaud & Raymond 1992; Fig. 14). The data, in
deed, suggest that charge states beyond Q = 24 (Fes2<?) might 
never be reached, i.e., that, while several L-shell electrons are 
commonly stripped, K-shell ones are usually not (indeed, they 
are stripped only beyond ~50 MK). By contrast to Si, the 

charge state of Fe varies rapidly with temperature (Fig. 14), so 
that the Fe charge state is a good "thermometer." 

Thus we have a clear conflict between the temperatures and 
ionization states that we deduced from the abundances and 
those from the direct observations of the energetic ions. In fact, 
if the observed charge state, Q = Z, of elements up to Si existed 
at the time of ion selection and acceleration, there could be no 
enhancements of Ne, Mg, or Si with respect to "He, C, N, and 
O. Furthermore, the observed charge state of Fe suggests a 
temperature higher than 10 MK rather than ~3.5 MK. 

We can reconcile this apparent contradiction, however, by 
assuming that the ions are further ionized during or after accel
eration. Three processes can tentatively be considered: 

1. The possibility of stripping by matter traversal of ener
getic ions was considered by Luhn & Hovestadt (1987). The 
Fe ions were observed by Luhn et al. (1987) in the range 0.34-
1.8 MeV amu"1, corresponding to velocities of (0.8-1.9) X 
109 cm s"1 (most of the ions are presumably near the lowest 
velocity). These Fe velocities are equal to the rms velocities of 
thermal electrons between 1.4 and 8.0 MK. At such tempera
tures the significant Fe charge states range from Fe+U to Fe+19 

at thermal equilibrium (Arnaud & Raymond 1992; actually, 
even lower temperatures should be considered, since at equilib
rium the electrons in the tail of the thermal distribution play a 
key role in the ionization); these are roughly the equilibrium 
charge states reached by 0.34-1.8 MeV amu~' Fe ions travers
ing a cool gas. But the observed charge states lie predominantly 
beyond Fe+21, i.e., they are higher than these fast-Fe equilib
rium charge states. Stripping due to the high velocity of the 
accelerated ions therefore cannot account for the observed 
charge states. 

2. Another possibility is that the particles are selected and 
accelerated fairly early in the flare process, but remain trapped 
in the flaring loop sufficiently long that the gas is heated to 
temperatures > 10 MK and the ions come to charge equilib
rium with the hot electrons. The timescales for acceleration of 
electrons and ions ( ~ 10 s) are less than the timescales of the 
hard X-ray and gamma-ray bursts (typically <1 minute), re
spectively, and these are substantially less than the heating 
timescale defined by the soft X-rays in impulsive events (Den
nis 1985; Reames et al. 1988; Chupp 1990). The gamma rays 
are produced by ions that have been accelerated on closed 
loops and are scattered into the loss cone so as to interact in the 
lower solar atmosphere. Thus, even the ions on closed loops 
are not present for long. The ions seen at 1 AU are likely to 
have been accelerated on nearby open magnetic fields; they 
stream out from the Sun after dissipation of the waves that 
accelerate and detain them (Reames 1990). These ions, like 
the associated electrons that produce the type III burst, only 
remain near the Sun for ~ 10-20 s. Electron heating (in a 
collisionless plasma) seems too slow to alter the ionization 
states of the ions significantly. 

3. The strong observational association of 3He-rich events 
with electron beams and type III bursts (Reames et al. 1985; 
Reames & Stone 1986; Reames et al. 1988) and the recent 
theories that suggest that the ion enhancements are a conse
quence of electron-beam-generated waves (Temerin & Roth 
1992; Miller & Vinas 1993) suggest the possibility of ioniza
tion by the electrons of the beam itself. For the conditions of 
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their model, Miller & Vinas (1993) conclude that Fe will reach 
an equilibrium charge state of Fe+19 in 10 s when bombarded 
by 5 keV electrons with a density equal to 10% of the ambient 
electron density. This is comparable to the acceleration time of 
these ions. This charge state is not quite high enough to ac
count for the maximum observed charge states, somewhere 
near Fe+21, but the sensitivity of the equilibrium charge state to 
the parameters of the model, e.g., the beam energy, has not 
been investigated. Ions such as Ne, Mg, and Si would be com
pletely ionized by the beam during and after acceleration, in 
agreement with charge-state observations at 1 AU. This sce
nario holds the promise of a beautifully self-consistent picture 
of the abundance enhancements and ionization states. 

5. SUMMARY 

The anomalous abundances of energetic ions that we charac
terize as 3He-rich and Fe-rich are a common phenomenon in 
impulsive solar flares. The sensitivity of the present instru
ments allows us to observe ions from events corresponding to 
~ 1000 events yr"1 on the visible disk at solar maximum and 
at least a factor of 50 fewer at solar minimum. The number of 
3He ions in large events requires acceleration of more than 10% 
of the 3He ions present in a typical flare volume of 10 " km3 at 
a density of 1010 H atoms cm-3, implying highly efficient selec
tive acceleration near the base of the corona. The ions always 
accompany the ~ 10 keV electron beams that produce type III 
radio bursts, and recent theories suggest that the ions are accel
erated by resonant interactions with electromagnetic plasma 
waves generated by these streaming electrons. 

The degrees of enhancement of 3He and heavy ions like Fe 
are vastly different. In the solar corona the abundance of Fe is 
only about 5 times that of 3He; in the accelerated particles, 
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