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We review evidence regarding the origin of material accelerated in large, gradual 
solar energetic particle (SEP) events. According to the two-class paradigm in place at 
the start of solar cycle 23, impulsive SEP events accelerate heated flare material, 
while gradual SEP events are accelerated out of the solar wind by shocks driven by 
fast coronal mass ejections (CMEs). However, new data from solar cycle 23 has 
shown that the energetic ions in gradual events often include composition signatures 
associated with impulsive events, including emichments in 3He, heavy elements such 
as Fe, and ionic charge states indicative of~ 10 MK temperatures. In addition, grad
ual SEP events differ in composition from bulk solar wind in several key respects, 
implying that solar wind is not the principal seed population for these events. Several 
lines of evidence show that CME-driven shocks accelerate principally suprathennal 
ions with velocities several times that of the solar wind. The suprathermal pool incor
porates ions from impulsive solar flares and previous gradual events, CIR events, 
pickup ions, CME ejecta, and the suprathermal tail of the solar wind. This paper 
reviews evidence for the sources of ions accelerated in gradual SEP events, considers 
the composition and available densities of suprathermal ions, and describes models 
that attempt to account for the surprisingly variable composition of gradual SEP 
events. We find that below ~1 MeV/nucleon almost all events are Fe-rich compared 
to the average 5 to 12 MeV/nucleon SEP composition. Iron-rich SEP events above 
10 Me V /nucleon occur mainly dming periods when the intensity of suprathermal 
iron in the inner heliosphere is high, due mainly to previous gradual events. 

1. INTRODUCTION 

According to the paradigm that was established during the 
late 1980's and early 1990's there are two classes of solar 
energetic particle (SEP) events (Reames, l995a). 

"Impulsive" events are generally small events associated 
with impulsive x-ray flares that are enriched in 3He and 
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heavy elements such as Fe. Measurements at~ 1 Me V /nucleon 
showed that the ions in impulsive events had average charge 
states characteristic of temperatures of ~5 to 10 MK. 
"Gradual" events on the other hand, are accelerated by 
CME-driven shocks, with abundances similar to those in the 
corona, and charge states characteristic of ~2-3 MK. It was 
generally assumed that impulsive events accelerate flare
heated material, while gradual events accelerate coronal 
material and the ambient solar wind. 

During the past solar maximum it became possible to 
measure the composition of SEP events accurately over a very 
broad energy interval that extended down to suprathermal 

dmiles
Text Box
  2006-03



116 THE SOURCE MATERIAL FOR SOLAR PARTICLE EVENTS 

energies (~40 keV/nucleon). These data were supplemented 
by isotopic and ionic charge-state data of unprecedented 
accuracy. These new observations showed that gradual events 
are accelerated from additional seed populations than just 
solar wind. 

In order to understand the energy scales involved, it is use
ful to refer to Figure 1, which shows the measured fluence of 
oxygen from solar wind to galactic cosmic-ray energies from 
September 1997 to June 2000. Also shown are the contribu
tions that various examples of solar and interplanetary events 
made to this 33-month spectrum. Much of the progress in 
understanding the source material of SEP events has come 
from the comparison of composition studies over a broad 
energy interval. 

1.1. New Observations of Impulsive and Gradual Events 

Data from this last solar maximum have shown that solar 
particle events are more complex than indicated in the picture 
described above [see also van Rosenvinge and Cane (2005)]. 
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Figure 1. Fluence of energetic oxygen nuclei from solar wind to 
galactic cosmic ray energies. The fluence spectra >40 keV/nucleon 
from the ULEIS, SIS, and CRIS instruments on ACE were accumu
lated from September 1997 through June, 2000. Fluences 
<0.04 MeV/nucleon from the SWICS instrument were accumulated 
from January through December 1999 and multiplied by a factor of 
11/4. Also shown are the conh·ibutions to the overall fluence by vari
ous solar and interplaneta1y events (from Mewaldt and Mason, 2005) 

In particular, with new instruments that could resolve 3He 
in much lower concentrations (3He/4He from ~0.001 to 0.1 ), 
it was found that in the energy range from ~O. l to 
~30 MeV/nucleon most gradual events have 3He/4He ratios 
well above that of the solar-wind ratio of 4 x 10-4 (Cohen 
et al., 1999, Mason et al., l999a, Wiedenbeck et al., 2000, 
Torsti, Laivola, and Kocharov, 2003). 

In addition, Cohen et al. (1999) found that a large fraction 
of gradual events are enriched in Fe and other heavy elements 
at energies > 10 Me V /nucleon, as well as in neutron-rich 
isotopes of elements such as Ne and Mg (Leske et al., 1999). 
Both characteristics had been observed in impulsive events 
(Mason et al., 1994), but were not expected in gradual events. 
Figure 2 shows the fluence of Si (a measure of the event size) 
plotted versus the Fe/O ratio for 76 large SEP events from 
1997 to 2003. Note the wide spread in Fe/O. About halfofthe 
events have Fe/O ratios on either side of the average 5 to 
12 MeV/nucleon Fe/O ratio of Reames (1995b), but the dis
tribution is not symmetric - the very largest events tend to be 
Fe-poor, while the Fe-rich events are on average smaller in 
intensity. 

Although there are exceptions, many Fe-poor events have 
spectral breaks near ~ 10 Me V /nucleon, with Fe having a 
smaller break energy than lighter species such as 0 
(e.g., 1J'llm et al., 2000, Cohen et al., 2005). In contrast, 
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Figure 2. Plot of the fluence of 12 to 40 MeV/nucleon Si versus the 
Fe/O ratio for 76 large SEP events from late 1997 thru 2003. Data 
are from the SIS instrument on ACE. The average SEP Fe/O ratio of 
0.134 determined from 5 to 12 MeV/nucleon measurements is 
shown for comparison (Reames, 1995b). The diamonds are events 
identified in the literature as "impulsive". 



many Fe-rich events are power-laws (e.g., Mason et al., 
1999a, Cohen et al., 1999). So, while the relative location of 
the Fe and 0 spectral breaks can explain events below the 
average SEP line, the large number of Fe-rich events with 
Fe/O ::::<0.3 to 1 was not expected, based on sh1dies at lower 
energy (Reames, 1995b). Many Fe-rich events are also 
enriched in 3He (Cohen et al., 1999, Cane et al., 2003). 

Finally, it was also shown that ionic charge-state patterns in 
SEP events are more complex than previously believed. Prior 
to solar cycle 23 Luhn et al. (1984) found that the mean 
charge states at ~1 MeV/nucleon in twelve gradual events 
were characteristic of temperatures of ~2 to 4 MK, with some 
event-to-event variation. Using geomagnetic techniques, 
Leske et al. (1995) and 1)'llm et al. (1995) measured similar 
mean charge states ranging from ~ 15 up to several hundred 
MeV/nucleon. In contrast, the mean Fe charge-state in 22 
impulsive events suggested much higher (~ 10 MK) tempera
hlres Klecker et al. (1984). 

Once SEP charge-state measurements in the same SEP 
events became available over a broad energy interval, it was 
discovered that the mean charge states in most gradual events 
are energy-dependent, with higher-energy ions more ionized 
than lower-energy ions (Oetliker et al., 1997, Moebius et al., 
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1999, Mazur et al., 1999; Popecki et al., 2003). The mean 
charge state of Fe at ?:20 MeV/nucleon is often ::::<20 (see 
Figure 3), comparable or greater than that in impulsive events 
(Mazur et al., 1999, Leske et al., 2001, Labrador et al., 2003; 
Dietrich and Tylka, 2003). 

One suggestion for the increase in the mean charge-state 
with energy in gradual events is electron stripping. Perhaps 
high-energy particles traverse more material during accelera
tion and are stripped of additional electrons (Ruffolo, 1997, 
Reames, Ng, and 1jJlka, 1999, Barghouty and Mewaldt, 2000; 
Kocharov, Kovaltsov, and Torsti, 2001). The amount of elec
tron stripping depends on the product of the density in the 
acceleration region (n) and the acceleration time ('r). To strip 
MeV/nucleon Fe requires m ::::<1010 s/cm3 (Kovaltsov et al., 
2001). However, there is a correlation between the Fe/O ratio 
and the mean charge state of Fe (Moebius et al., 2000; 
Labrador et al., 2003), as shown in Figure 4. It is not obvious 
why the conditions that lead to stripping in gradual events 
would favor Fe-rich events. 

Following the discovery of energy-dependent charge states 
in gradual events, it was found that the mean charge states in 
impulsive events also increase with energy (Moebius et al., 
2003, Klecker et al., 2005). Figure 5, includes charge-state 
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Figure 3. Energy dependence of the Fe charge state measured in two gradual events with data from ACE/SEPICA and from SAM
PEX (adapted from Popecld et al., 2003). 
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Figure 4. Plot of the mean charge state of 0, Si, and Fe as measured 
by SAMPEX versus the Fe/O ratio measured by the SIS/ACE 
instrument (from Labrador et al., 2003). The mean charge state was 
determined using the geomagnetic method in the energy ranges 
from 15 to 60, 20 to 60, and 25 to 90 MeV/nucleon for 0, Si, and 
Fe, respectively. 
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Figure 5. Energy-dependent charge states in impulsive events from 
Klecker et al. (2005). The curves assume thermal equilibrium for the 
source material, but allow for electron stripping during acceleration. 

measurements from four impulsive events and a theoretical 
calculation of the equilibrium charge-state distribution. 
Klecker et al. (2005) concluded from this comparison that in 
impulsive events the increase in charge state with energy is 
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Figure 6. Fraction of time that 3He was present in the interplanetary 
medium during the years 1998-2001. The solid line is the running 
mean (based on Wiedenbeck et al., 2002). 

due to stripping in the low corona rather than to acceleration 
of high-temperature material. For further discussion see 
papers by Popecki (2005) and Kocharov (2005) and Klecker 
(2005) in this volume. 

The combined effect of these new observations has been to 
blur many of the distinctions between impulsive and gradual 
events that are based on composition signatures (Mewaldt, 
1999; Cohen, 2003, van Rosenvinge and Cane, 2005). The 3He 
observations, in particular, led to the conclusion that many (and 
possibly most) gradual events somehow include impulsive
flare material. Because these observations are reminiscent of 
Cliver's concept of"Hybrid Events" (Cliver, 1996, 2000) that 
include both flare-accelerated and shock-accelerated parti
cles, this term will be used to denote events that are associ
ated with CME-driven shocks, but have a composition that 
includes signatures of flare-accelerated particles. The reader 
is reminded that there are also other properties of SEP events 
that help to distinguish impulsive and gradual events 
(Reames, 1995a; van Rosenvinge and Cane, 2005). 

1.2. Suggested Explanations for Hybrid Events 

There have been several suggestions as to how mixtures of 
flare and gradual material may originate. Mason et al. (1999) 
suggested that 3He and Fe enrichments result from remnant 
interplanetary material from previous impulsive flares that is 
preferentially accelerated by CME-driven shocks. They 
showed that 3He is often present in the interplanetary 
medium (see also Wiedenbeck et al., 2002 and Figure 6). 

'I)'lka et al. (2005) proposed a model that builds on the idea 
of Mason et al. (1999), but also relies on proposed differences 
between acceleration at quasi-parallel and quasi-perpendicular 
shocks (Joldpii, 1982; Giacalone, 2005). Tjilka et al., argue 
that the injection threshold is somewhat greater at quasi
perpendicular shocks than at quasi-parallel shocks, and sug
gest that only supra thermal particles (e.g., > 10 lee V /nucleon) 



are accelerated at quasi-perpendicular shocks. This results in 
a hybrid event ifthe suprathermal ions are dominated by rem
nant flare material. In this model the larger, events with nor
mal or Fe-poor composition are due mainly to acceleration at 
quasi-parallel shocks, in which the shock velocity is great 
enough to inject solar-wind material with approximately 
coronal composition. 

Cane et al. (2003, 2005) suggested that hybrid events 
include a mixture of flare and shock-accelerated material, 
with flare particles contributing at high energies to events 
with direct connection to the flare site. As support for this 
suggestion, they cite the fact that the observed Fe, 3He, and 
high-charge-state emichments occur mainly for events origi
nating at longitudes from W20 to W90, where there is rela
tively good magnetic connection with the flare site. 

Finally, one additional possibility is that the CME-driven 
shock accelerates flare particles from the associated SEP event 
in addition to accelerating in situ coronal and interplanetaiy 
seed particles (e.g., Mewaldt et al., 2003; 1jilka et al., 2005). Li 
and Zank (2005) have calculated time-intensity profiles and 
composition patterns that might be expected in such events. 

This paper does not attempt to decide between these possi
bilities, but points out examples of the evidence that should 
be explained by these models. Any complete model also 
needs to address other issues including the timing of the asso
ciated flare, CME, and particle arrival times, longitudinal and 
temporal profiles, and observed energy spectra (see Klecker, 
2005; Cane et al., 2005; 1J'lka et al., 2005; 1J'lka and Lee, 
2005; van Rosenvinge and Cane, 2005). 

2. DO GRADUAL SEP EVENTS 
ACCELERATE SOLAR WIND? 

2.1. SEP Fractionation According to First Ionization Potential 

Early studies of SEP events discovered that the composi
tion of SEPs is fractionated with respect to photospheric 
abundances by a selection process that depends on first ion
ization potential (FIP) or some related atomic parameter 
(Hovestadt, 1973, Cook et al., 1979, Breneman and Stone, 
1985; Meyer et al., 1985; McGuire et al., 1986). Indeed, it 
was SEP composition studies such as these that first indi
cated that the coronal composition is fractionated with 
respect to the photosphere by some ion-neutral selection 
process (Mewaldt, 1980, Cook, Stone, and Vogt, 1984). A 
comparison of average SEP and photospheric abundances is 
shown in the top panel of Figure 7 using average SEP abun
dances from Reames (l 995b) and photo spheric abundances 
from Anders and Grevesse (1989) - note that species with 
FIP > ~ 10 e V are depleted with respect to those with 
FIP < 10 eV by a factor of ~3.3. Using average SEP abun
dances from Breneman and Stone (1985) the FIP step is sim
ilar, about a factor of 3.6. 
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Figure 7. (Top) The ratio of the average SEP abundances with -5 to 
-12 MeV/nucleon from Reames (1995b) to the photospheric abun
dances tabulated by Anders and Grevesse (1989) is plotted versus 
first ionization potential (FIP). Note that elements with FIP > 10 eV 
are depleted by a factor of-3.3 in SEPs. (Bottom) Same as (top), 
but using photospheric abundances from Ladders (2003). Here the 
PIP-fractionation step is reduced to -2.5. In addition, Argon no 
longer fits the pattern of other high-FIP species. 

During recent years there have been significant revisions in 
the photospheric abundances of 0 and other volatile elements 
including C and N. These changes are reflected in a new table 
of solar system and photospheric abundances by Ladders 
(2003). The bottom panel of Figure 7 shows that these revi
sions reduce the magnitude of the FIP-fractionation step in 
SEPs from ~3.3 to ~2.5 using the average SEP abundances of 
Reames (1995b). 

It has also been suggested that the differences between 
photospheric abundances and in situ SEP and solar wind 
abundances are better organized by first ionization time 
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Figure 8. (Top) Ratio of the average slow-speed solar-wind abun
dances of van Steiger et al. (2000) to the photospheric abundances 
tabulated by Ladders et al. (2003), plotted vs FIP. A similar depen
dence is seen for fast solar-wind abundances (see Mewaldt et al., 
200lb). Note that CME-driven shocks travel mainly tlu·ough slow 
solar wind since there are no active regions in coronal holes. 

(FIT) rather than FIP (e.g., Geiss, 1998). However, this pos
sibility does not affect the discussion in the next section. 

2.2. Comparison of Solar-Wind and Solar-Particle 
Abundances 

Solar-wind abundances also show a FIP fractionation pattern 
(see Figure 8), but the dependence on FIP appears more like a 
smooth function than a step function. The differences are seen 
more clearly in the ratio of average slow solar-wind abundances 
to SEP abundances (see Figure 9). The ratio of fast solar wind 
to SEP abundances looks ve1y similar (Mewaldt et al., 2001). 

The ratios in Figure 9 are normalized at Si. Note that only 
5 of the other 9 ratios are consistent with 1. Mewaldt et al. 
(2002) pointed out that several abundance ratios are consis
tently different in SEPs and solar wind. For example, the C/O 
ratio in SEPs is almost always ~0.4, while it is ~0.7 in the 
solar wind. Similarly, the S/Si and the Ne/O ratios also differ, 
as summarized in Table I. 

One possibility for explaining this situation might be that 
SEPs have been fractionated as a result of some Q/M or 
mass-dependent acceleration process, as observed, for exam
ple by Desai et al. (2003) at interplanetary shocks. However, 
plotting the ratios in Figure 9 vs. Z, M, or Q/M does not 
result any simple dependence (see example in Figure 10 and 
Mewaldt et al., 2001). As a result of these differences, it was 
concluded that the majority of SEPs are not simply an accel
erated sample of bulk solar wind - SEPs must include sub
stantial contributions from other seed populations (Metvaldt 
et al., 2001, 2002). 
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Figure 9. Ratio of the average 5-12 MeV/nucleon SEP abundances 
from Reames (I995b) to the slow solar-wind abundances of van 
Steiger et al. (2000), plotted vs FIP. The uncertainties in the average 
SEP abundances have been added in quadrature with the maximum 
systematic uncertainties in the SW abundances (statistical uncer
tainties are negligible for the solar wind measurements). 

Table 1. Solar Wind and SEP Abundance Ratios. 

Ratio Slow Solar Wind Solar Particles 
(van Steiger et al., 2000) (Reames, I995b) 

C/O 0.67 ± .08 0.46 ± .01 
Ne/O 0.10 ± .03 0.15 ± .01 
S/Si 0.33 ± .16 0.21 ± .01 
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Figure 10. Ratio of average SEP abundances (Reames, 1995b) to 
slow solar-wind abundances (van Steiger et al., 2000), plotted ver
sus Q/M values from Leske et al. (1995). No simple, monotonic 
fractionation pattern is seen. 



3. ARE THERE ENOUGH 
REMNANT SUPRATHERMALS? 

The interplanetary density of suprathermal seed particles 
has been measured continuously since late 1997 by the 
ACE/ULEIS instrument. Figure 11 shows daily-average val
ues of the Fe intensity versus the 0 intensity in the 0.04 to 
0.64 MeV/nucleon interval. The composition in this low 
energy range is surprisingly Fe-rich relative to the average 
SEP value ofFe/O = 0.134 at 5 to 12 MeV/nucleon (Reames, 
1995b). It is clear that in addition to a supply of Fe-rich 
suprathennals from small impulsive events, the material from 
gradual events is also Fe-rich. Indeed, at all intensity levels, 
suprathermal SEPs are, on average, Fe-rich. It is therefore not 
surprising that CME-driven shocks passing through this 
material would usually accelerate a Fe-rich composition. 

The Fe-rich character oflow-energy SEP events is demon
strated further in Figure 12, in which the 12 to 40 MeV/ 
nucleon Fe/O ratio is plotted against the 0.04 to 0.64 MeV 
nucleon ratio for 60 large SEP events. Note that for all but 
two of the 60 events, Fe/O is greater than 0.13 at low energy, 
while at high energy about half the events are Fe-rich and half 
are Fe-poor. Also identified in Figure 12 are nine hybrid 
events, identified by the presence of3He and/or Fe with Q;::.: 16 
(as well as being Fe-rich at > 12 MeV/nucleon). It appears 
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Figure 12. The Fe/O ratio at 12-40 MeV/nucleon is plotted against 
that at 0.04 to 0.64 MeV/nucleon for 60 large gradual SEP events 
from 1997-2003. The 10 to 40 MeV/nucleon data are from 
ACE/SIS and the 0.04 to 0.64 MeV/nucleon data are from 
ACE/ULEIS. Nine events indicated by square symbols are examples 
of hybrid events with Fe/O >0.27, and either 3He/4He >0.001 or 
Q(Fe) :::>: 16. The average SEP abundance ratio of 0.134 (Reames, 
1995b) is indicated on each axis. 

that hybrid events are ~4 times more Fe-rich at low energy 
than are typical gradual SEP events. 

If the enhanced abundance of 3He and Fe in hybrid events 
results from accelerating remnant flare particles from earlier 
impulsive events (or earlier gradual events), there must be a 
sufficient density of remnant material available close to the 
Sun to account for all of the accelerated ions in these events. 
Mewaldt et al. (2003) surveyed the number density and flu
ence of suprathermal Fe during 1998-2002 (see Figure 13). 
The Fe fluence in typical hybrid events (including 4 of the 9 
in Figure 12) was ~so times greater than the typical quiet-day 
fluence, and was also much greater than during days when 
3He-rich events occurred. This implies that typical remnant 
populations during quiet or moderately active periods are not 
sufficient to account for the Fe fluence in hybrid events
there must be an additional source of Fe. A similar conclu
sion is reached if we consider the highly-ionized (QFe ;?: 15) 
fraction of impulsive SEPs (Figure 5), and try to account for 
the highly-ionized fraction of hybrid events (Figure 3). 

Mewaldt et al. (2003; see also Tylka et al., 2005) suggested 
that additional Fe might come from ions accelerated by 
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Figure 13. The integrated fluence of Fe above a given energy is 
shown for selected time periods and SEP events (based on the study 
of Mewaldt et al. (2003). The average fluence during quietest 10%, 
20%, and 50% of the days during the period from February 1998 
through December 2001 are indicated, as well as the average for 
days with 3He/4He >0.01. Also shown are Fe fluence spectra from 
four hybrid events. 

the associated flare that are then re-accelerated by the shock. 
Other possibilities include the injection of even lower-energy 
ions into the acceleration process, or, the possibility of injec
tion and/or acceleration effects that favor Fe because of its 
lower Q/M ratio. [However, in interplanetary shocks at 1 AU, 
Fe is less efficiently accelerated than 0 or other light ions 
(Desai et al., 2003)]. 

Although one would like to also compare the fluence of 
3He in the remnant-flare source and in impulsive and gradual 
events, 3He is more difficult to measure over a broad energy 
range under all conditions. The remnant source is more com
pelling for 3He than for Fe because impulsive SEP material is 
the only common source of large 3He/4He enrichments. The 
quiet-time Fe/3He ratio is ~0.05 at ~O.l MeV/nucleon 
(Mason et al., 1999), while in typical 3He-rich events Fe/3He 
~O.l (Mason et al., 2002), so quiet-time material has a 

similar composition to impulsive material. Hybrid events and 
other gradual events with enriched 3He have Fe/3He ~ 1 
(Mewaldt et al., 2003), so they have relatively more Fe than 
impulsive events. In addition, there is apparently a ceiling on 
the 3He fluence in SEP events (Ho et al., 2005). Thus, if the 
remnant source is responsible for the 3He in gradual events, 
the remnant contribution to Fe would again appear to fall 
short by a factor of~ 10 to ~20. 

Although it would be revealing if we could measure 
suprathermal ions close to the Sun to compare with the char
acteristics of SEP events, this is presently difficult because 
suprathennals take ~ 1 day to get to 1 AU. However, we can 
measure the suprathermal population the day before an event 
(reflecting conditions near the Sun ~2 days before the event) . 
This comparison relies on the fact that suprathermal ion 
intensities change rather slowly because these ions are not 
very mobile. Surprisingly, the >0.04 MeV/nucleon Fe/O ratio 
on days before hybrid events was not any more Fe-rich than 
for more normal or Fe-poor events. However, during hybrid 
events the >0.04 MeV/nucleon Fe/O ratio was much more 
Fe-rich than normal (see Figure 12). 

The other interesting finding is that most hybrid events do 
not occur during quiet periods. For 6 of 8 hybrid events the 
>0.04 MeV/nucleon Fe intensity on the previous day was 
among the top 25% most-active days; for only one event 
was the previous day among the 50% least-active days (see 
Figure 13). For other gradual SEP events only 13 of 33 
occurred after the 25% most-active days. So, it appears that 
another solution to the source problem is to accelerate 
remnant material from earlier, large, gradual events, which 
happens quite naturally when several SEP events occur 
within a few days. While the approach used here does not 
sample conditions close to the Sun at the onset of the event 
(the previous day is only a rather crude proxy), it does indi
cate that hybrid events occur mainly during periods of high 
activity rather than during quiet periods. In this case the most 
plentiful source of suprathermal ions may be material from 
previous gradual events, which are inherently Fe-rich on 
average (see Figures 11 and 12). 

4. OTHER SOURCES OF SEED PARTICLES 

Other possible sources of seed particles should also be 
considered. It is known that suprathermal particles are 
injected more easily into the shock acceleration process than 
thermal particles (Gloeckler et al., 1994, Desai et al., 2003). 
Interstellar (IS) singly-charged pickup ions are accelerated at 
the termination shock, but there does not appear to be effi
cient acceleration of the bulk solar wind. (Cummings, Stone 
and Steenberg, 2002). At interplanetary shocks near 1 AU IS 
pickup He is efficiently accelerated, but IS He is not available 
close to the Sun (Kucharek et al., 2003). It also appears that 



inner-source pickup ions do not make a significant contribu
tion to gradual SEP events. 

ICME material is another possible source of seed particles. 
There is evidence that larger SEP events often result when a 
fast CME follows a slower CME (Gopalswamy et al., 2002). 
Whether this is a result of"CME interactions" (Gopalswamy 
et al., 2002) or "preconditioning" of the medium by the first 
ICME (Kahler et al., 2003) is unclear, but in this situation the 
shock from the 2nd CME may pass through freshly ejected 
CME material, which often has highly-ionized Fe and other 
anomalous abundances (e.g., Lepri et al., 2004). Lepri et al., 
suggest that the highly-ionized material is produced by elec
tron beams from the associated flare or injected directly from 
the flare site. 

Mason (2001) has described the pool of suprathermal ions 
in the inner heliosphere. In addition to remnant flare parti
cles, there are remnant particles from previous gradual and 
CIR events, and also CME material. In addition, there are 
ubiquitous suprathermal tails on the solar wind (Geiss et al., 
1995; Gloeckler et al., 2000) with roughly E-2 energy spectra 
starting at several times the solar-wind velocity (see Figure 1). 
The origin of these tails is not known, but they apparently 
result from interplanetary acceleration process(es) because 
there are tails on interstellar pickup He as well as on all com
mon solar-wind species. It is not yet clear if these tails are 
sufficiently intense to be a viable source of seed particles for 
the largest SEP events, and it is also not known iftheir com
position can explain the composition differences described in 
Section 2.2 and Figure 9. Further investigation of the proper
ties of suprathermal solar-wind tails could address several 
important questions about the source of SEP seed material. 

5. SUMMARY 

The wealth of new SEP data from solar maximum 23, sup
plemented by the first comprehensive solar-wind composi
tion measurements, and improved solar observations from 
SOHO, TRACE, and RHESSI has led to significant evolution 
of our picture of SEP events. The new data covering multiple 
species over broad energy ranges has shown that CME-driven 
shocks accelerate more than the ambient solar wind, which 
had previously been the presumed source material for shock
associated SEP events. By realizing that the compositional 
signatures of SEPs are not due solely to acceleration and 
transport mechanisms, SEP researchers have changed the 
paradigm for probing the physical processes operating in 
these events. 

To account for the observed enhancement of 3He in grad
ual events, material from impulsive SEP events must some
how be incorporated. This has generated fresh ideas for 
models that include mechanisms such as direct contributions 
of flare-accelerated particles, or the shock acceleration of 
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either remnant flare material, or flare material from the asso
ciated flare. New SEP ionization-state measurements give 
evidence for stripping of SEPs, which implies acceleration 
much closer to the Sun. CME-driven shocks sometimes 
accelerate material more closely resembling that of the 
corona, but the FIP-fractionation patterns observed in SEP 
events differ in several key respects from those in the solar 
wind. Although theoretical studies indicate that fast CME
driven shocks can, in principle, accelerate the bulk solar 
wind, studies at 1 AU suggest that it is predominantly 
suprathermal ions that are accelerated. This revolutionizes 
our interpretation of SEP abundances, and makes clear the 
need to thoroughly understand the suprathermal populations, 
and the mechanisms that lead to their preferential accelera
tion in shock-associated events. 

The composition of SEP events varies considerably with 
energy. In the energy range below 1 MeV/nucleon, it is sur
prising that essentially all SEP events are Fe rich, with typi
cal Fe/O ratios of ~0.5, compared to typical solar wind values 
of ~0.2 and average SEP values of ~0.13 at 5 to 
12 MeV/nucleon. Because of the higher intensities at lower 
energy, the bulk SEP composition must also be Fe-rich. This 
suggests that either (1) the seed material is Fe-rich (possibly 
derived from flare material), or (2) there are iigidity-dependent 
injection/acceleration effects operating near the Sun that favor 
ions with larger M/Q ratios such as Fe. 

At higher energies, > 10 Me V /nucleon, the composition is 
more variable, with Fe/O ratios varying by ~2 orders of mag
nitude from event to event. Much of this variation is due to 
spectral effects - SEP events commonly exhibit Q/M-dependent 
spectral breaks, in which the break energy is located at higher 
energy/nucleon for lighter species with higher Q/M ratios. 
However, in many cases, the Fe-rich character observed at 
lower energies continues to higher energies. There is a marked 
tendency for hybrid events to be more Fe-rich than average 
below 1 Me V /nucleon. In addition, hybrid events tend to have 
power-law spectra that preserve the low-energy composition 
rather than distorting it. 

Whatever source of seed material is considered, it is impor
tant to establish how it is accelerated to produce the observed 
fluences in the largest SEP events. Simple considerations 
show that this is not easy, thus illustrating challenges ahead 
in the modeling these events. As an example of the issues, the 
fluence > 10 ke V/nucleon Fe ions on typical quiet days is ~ 10 
times less than the > 10 ke V/nucleon fluence in typical hybrid 
events, and ~ 100 times less than the fluence during the 
largest SEP events. Therefore, to supply the needed material 
in large events the seed particles must either be (1) derived 
from energies <10 keV/nucleon (e.g., heated solar wind or 
CME material), or (2) derived from remnant material from 
previous gradual and impulsive events, or (3) derived directly 
or indirectly from flare particles originating in the associated 
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flare. It is important that these processes be modeled to 
determine whether the candidate seed populations can be 
injected and accelerated to yield the observed spectra and 
composition. 

New missions, both planned or proposed, can give critical 
insights into these issues. STEREO, supplemented by in situ 
and imaging data from near Earth, will investigate longitudinal 
variations in the composition and energy spectra and identify 
the relative contributions of shock and flare-accelerated 
particles. Missions that venture closer to the Sun (Inner 

. Heliospheric Sentinels, Solar Orbiter, and Solar Probe) will 
provide measurements of the available seed populations, 
plasma, and interplanetary conditions closer to the Sun, 
where most of the acceleration takes place. In addition, 
global models of particle acceleration by shocks are now 
exploring more realistic computations of shock acceleration 
scenarios. Taken together, these advances in observation and 
theory/modeling should make possible quantitative tests of 
the entire process of particle acceleration and propagation in 
the inner heliosphere. 
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