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Abstract Acceleration and transport of solar energetic particles (SEPs) causes their abundances, measured at
constant velocity, to be enhanced or suppressed as a function of each ion’s magnetic rigidity, and hence it’s
atomic mass-to-charge ratio 4/Q. lon charges, in turn, depend upon source electron temperature. In small
“impulsive” SEP events, arising from solar jets, acceleration during magnetic reconnection causes steep
power-law abundance enhancements. These impulsive SEP events can have 1000-fold enhancements of heavy
elements from sources at ~2.5 MK, and similar enhancements of *He/*He and of streaming electrons that drive
type-III radio bursts. Gamma-ray lines show that solar flares also accelerate *He-rich ions but their electrons
and ions remain trapped on magnetic loops so they dissipate their energy as X-rays, y-rays, heat, and light.
“Gradual” SEPs accelerated at shock waves, driven by fast coronal mass ejections (CMEs), can show power-
law abundance enhancements or depressions, even with seed ions from the ambient solar corona. In addition,
shocks can reaccelerate seed particles from residual impulsive SEPs with their pre-existing signature heavy-
ion enhancements. Different patterns of abundance often show that heavy elements are dominated by a
different source from that of H and He. Nevertheless, the SEP abundances averaged over many large events
define the abundances of the corona itself, which is found to differ from the solar photosphere as a function of
the first ionization potential (FIP) since ions, with FIP < 10 eV, are driven upward by forces of
electromagnetic waves which neutral atoms, with FIP >10 eV, cannot feel. Thus, SEPs provide a
measurement of element abundances in the solar corona, distinct from the solar wind, and may even better
define the photosphere for some elements.
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Element Abundances in Solar Energetic Particles

1 Introduction

The relative abundance of chemical elements in any sample of material can be a clue to the identity
and origin of that sample and to the nature of physical processes it has undergone. Energetic
particles are no exception. Abundances reveal the age of the galactic cosmic rays (GCR) and the
origin of unusual ions trapped in planetary magnetospheres. Solar energetic particles (SEPs) also
display unique signature patterns of abundances that distinguish the physical processes that have
formed them and a history they have traversed (Reames, 1988, 1999, 2013, 2021a, b, c).

A most unusual feature of SEP abundances is the small *He-rich events with 1000-fold enhancements
of *He/*He, later found to have enhancements of heavy elements extending as powers of the element
atomic mass-to-charge ratio 4/Q from C and O up to elements as heavy as Pb, also by a factor of
~1000 (e.g. Reames et al. 2014a). These SEP ions have been associated with magnetic reconnection
in solar jets and flares (Kahler et al. 2001; Reames, 2013, 2021a, b, c; Bucik, 2020). In some larger
SEP events, these “impulsive-SEP” abundances often emerge as a signature of residual impulsive
ions that have been reaccelerated by shock waves and exceed the average coronal abundances in
some “gradual” SEP events (Desai and Giacalone 2016; Reames 1999, 2021a, b). Not only does this
divide element abundances of SEP events into haves and have-nots, but it highlights variations in H
and He which can either participate or not in the heavy-element behavior (Reames 2022b).

A most fundamental population SEPs can measure is the abundance of elements in the corona itself,
from which all SEPs are derived. Only in the corona are densities low enough for ions to be
accelerated without immediately losing their energy in Coulomb collisions. The corona provides a
baseline for identifying other populations derived from it, but it also highlights the physical process
that distinguishes it from the photosphere. We first discuss these reference coronal abundances, then
the unique abundances of impulsive SEPs and then their presence or absence in the largest “gradual”
SEP events. SEP abundances in this work are mainly derived from the low-energy matrix telescope
(LEMT) on the Wind spacecraft (von Rosenvinge et al., 1995); ~30 years of LEMT abundance data
are available from https://omniweb.gsfc.nasa.gov/ .

2 Reference Abundances, the Solar Corona, and FIP

The abundances of elements C, O, and above, in solar energetic particles (SEPs), were first measured
using nuclear emulsion detectors on sounding rockets from Ft. Churchill, Manitoba by Fichtel and
Guss (1961) and those measurements were later extended up through Fe using the same technique
(Bertsch et al. 1969). As satellite measurements became available (e.g. Teegarden et al. 1973)
comparisons of SEP with other abundances became more common (e.g. Webber 1975). Meyer
(1985) summarized SEP abundance measurements in large SEP events as having a common baseline,
derived from abundances in the solar corona where acceleration occurs, and a second component that
varied from event to event as a power law in the particle charge-to-mass ratio O/4 (Breneman and
Stone 1985). A factor in this abundance variation was pitch-angle scattering of the ions; thus if Fe
scatters less than O, Fe/O will be enhanced early in events, but depleted later. Such variations might
average out, so it was soon possible to average of ~50 or so large SEP events to remove the event-to-
event variations and produce estimates of the coronal abundances (Reames 1995a, 2014); this could
be compared with the solar photospheric abundances measured spectroscopically. A modern
comparison of the SEP/photospheric abundances vs. first ionization potential (FIP) is shown in
Figure 1. The photospheric abundances are the Caffau et al. (2011) modification of the Lodders et
al. (2009) meteoritic abundances. A comparison using photospheric abundances of Asplund et al.
(2021) is shown and abundances are listed by Reames (2021b).
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FIGURE 1 The ratio of SEP to photospheric abundances of elements is shown vs. first ionization potential (solid blue circles) and is com-
pared with theory of Laming et al. (2019; open red circles) for element transport along closed loops in active regions.

In the theory of Laming (2015; Laming et al. 2019) shown in Figure 1, the ponderomotive force of
Alfvén waves helps drive low-FIP ions up across the chromosphere into the corona, but cannot affect
un-ionized high-FIP neutral atoms. All elements become ionized in the hot ~1 MK corona. SEPs
have a different FIP pattern than the solar wind or the solar wind accelerated by shock waves at co-
rotating stream interfaces (Reames et al. 1991; Mewaldt et al., 2002; Reames 1995a; 2018a; 2021a);
thus SEP abundances do not differ when measured in fast or slow wind (Kahler et al., 2009). SEPs
are not accelerated solar wind. Differences between the FIP patterns of SEPs and the solar wind may
be caused by open vs. closed field lines where Alfvén waves resonate with the loop length of closed
loops (Reames 2018a; Laming et al. 2019). A first-order examination of Figure 1 shows reasonable
agreement when comparing elements with similar FIP but different 4/Q, e.g. Mg or Si with Fe or Ni.

To what extent does this average of abundances over many gradual SEP events recapture coronal
abundances? It is quite possible that the increasing and decreasing power-laws of abundances vs.
A/Q do not perfectly average out; however, a more outstanding disagreement seems to be the single
element C. How can a single element, or actually a single ratio C/O, stand out? We will return to
this question after discussing the patterns of known abundance variations and their probable causes.

3 Impulsive SEP events

The idea of two fundamental mechanisms of SEP acceleration began quite early (Wild et al. 1963)
with solar radio observations that distinguished the sources of type II and type III radio bursts. Radio
emission frequency depends upon the square root of the local electron density which decreases with
distance from the Sun. Type III radio bursts have a rapid frequency decrease corresponding to the
speed of 10 — 100 keV electrons streaming out from the Sun while type II bursts have the much
slower frequency decrease of a ~1000 km s shock wave driven out from the Sun. These streaming
electrons propagate scatter-free because the resonant turbulence that would scatter them is absorbed
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by the plasma (Tan et al. 2011). Later, Lin (1970) observed beams of ~40 keV electrons associated
with the impulsive type III bursts and thought they might involve “pure” electron events, i.e. without
ions. Relativistic electrons and energetic protons were only seen to accompany the shock-associated
type II bursts.

Soon the SEP world was surprised by the observations of *He-rich events. While a typical solar or
solar-wind abundance is *He/*He = 5 x 10, an event was soon found with *He/*He = 1.5+ 0.1
(Serlemitsos and Balasubrahmanyan, 1975; Mason, 2007). Such a high ratio could not come from
fragmentation of “He as occurred in GCRs since the *He was not accompanied by any *H. Later
measurements of Be/O and B/O < 2 x 10 (McGuire et al., 1979; Cook et al., 1984) completely laid
to rest the early idea of nuclear fragmentation. Instead, this was a new mechanism involving
resonant wave-particle interactions. The *He gyrofrequency, dependent upon Q/4, lay isolated at
Q/A =2/3, between those of H at /4 =1 and *He at Q/4 =1/2.

These two different features of impulsive SEPs, (1) “pure” electron beams producing type III radio
bursts and (2) *He-rich events, were unified by Reames et al. (1985) as different properties of the
same events, and Reames and Stone (1986) explored kilometric radio properties of *He-rich events,
even tracking the flow of electrons out from the Sun. Early theories discussed selective heating by
resonant absorption of various types of plasma waves at the *He gyrofrequency followed by
acceleration of the thermal tails by some unspecified mechanism (e.g. Fisk 1978; see other references
in Reames 2021c or 2023c) but Temerin and Roth (1993) proposed electromagnetic ion cyclotron
(EMIC) waves generated by the streaming electron beams and added their absorption by mirroring
*He for acceleration, in analogy with the production of ion conics seen in the Earth’s magnetosphere.

3.1 Element Abundances

Enhancements of heavy elements up to Fe in impulsive events were first reported by Mogro-
Comparo and Simpson (1972). These observations were improved in subsequent generations of
experiments by Mason et al. (1986), then by Reames et al. (1994). Groups of elements were
eventually resolved up to Pb at 3 — 10 MeV amu™ (Reames, 2000; Reames and Ng 2004; Reames et
al., 2014) and below ~1 MeV amu™ (Mason et al., 2004). The average enhancement was found to be
a power law in 4/Q with a power of 3.64 +0.15 above 1 MeV amu™ and ~3.26 below, using Q values
appropriate for ~3 MK.

Early direct measurements of ionization states of SEP elements up to Fe (Luhn et al., 1984, 1987)
found Qr. =14.1 £ 0.2 in gradual SEP events, which would correspond to a typical source plasma
temperature of ~2 MK, but *He-rich events had Qr. =20.5 £ 1.2 with elements up to Si fully ionized,
suggesting either a temperature >10 MK, or the stripping of the ions by passing through a small
amount of material after acceleration. Reames et al. (1994) noted that ion enhancements, relative to
the corona, formed three groups (1) C, N, and O like *He, all seemed to be un-enhanced, (2) Ne, Mg,

and Si were enhanced about a similar factor of ~2.5, and (3) Fe was enhanced a factor of ~7. The
first group was probably fully ionized with 4/Q = 2 while the second group would have similar
abundances in states with 2 orbital electrons, which occurs at about 3 MK. No enhancements could
occur if Ne, Mg, and Si, were fully ionized, as measured. The resolution of this dilemma is that the
ions in impulsive SEP events are stripped after acceleration, and it was later found that the ionization
states of Fe depended upon ion velocity (DiFabio et al., 2008) as expected from stripping. This
suggested that impulsive SEP events were accelerated at ~1.5 Rs. In contrast, gradual SEP events,
found to be accelerated at shock waves driven out from the Sun by coronal mass ejections (CMEs),
began at 2 — 3 R (Tylka et al. 2003; Cliver et al., 2004; Reames 2009a, b).
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3.2 Jets and Flares

While gradual SEP events were found to have a 96% correlation with fast, wide CMEs, (Kahler et
al., 1984), an early search found no meaningful association of *He-rich events with CMEs observed
by the Solwind coronagraph (Kahler et al. 1985). However, with improved coronagraph sensitivity
of SOHO/LASCO, Kahler et al. (2001) found narrow CMEs that were associated with the larger *He-
rich events; the CME associated with the large impulsive SEP event of 1 May 2000 had a speed of
1360 km s™', easily fast enough to drive a shock that would reaccelerate particles. These observations
led Kahler et al. (2001) to associate impulsive SEP events with solar jets (e.g. Shimojo and Shibata
2000), an association that has been extended (Nitta et al. 2006; Wang et al., 2006; Bucik et al., 2018a,
b) and reviewed by Bucik (2020). Jets are driven by energy from magnetic reconnection as shown in
the sketch in Figure 2.

FIGURE 2. Sketches the topology of a solar jet where rising
closed field lines of one magnetic polarity (blue) form islands of
reconnection where they meet the oppositely-directed open field
lines (black). SEPs are accelerated in the reconnection region and
escape along the open field lines, as does CME plasma. Newly
formed closed field lines at the lower left trap energetic electrons
and ions that plunge into the deeper corona and form a flare. The
hot flaring region (>10 MK) emits X-rays while the open region is
observed to be an EUV-emitting region at ~2.5 MK (Reames
2023c).

0K m

A particle-in-cell simulation of a reconnection region by Drake et al. (2009) found strong A/Q-
dependent enhancements in the energetic heavy ions that could match those observed. Particles were
Fermi-accelerated as they reflected (mirrored) back and forth by the approaching ends of the
collapsing islands of magnetic reconnection. However, the reconnection that opens some field lines
always closes others as shown in the lower left of Figure 2. These closing field lines trap newly-
accelerated particles that deposit their energy as heat or in emission of X-rays or y-rays — a solar
flare. Thus jets would always be expected to have accompanying flares that involve the same
accelerated particles. Of course there are more realistic models of jets (e.g. Archontis and Hood,
2013; Lee et al., 2015; Pariat et al., 2015) that better describe the CME emission, but jet models do
not yet include SEP acceleration.

The relationship of jets vs. flares is a close one, with similar ion acceleration on open vs. closed field
lines. Similar ion enhancements were first noted between impulsive SEPs and abundances from y-
ray line measurements in large flares by Murphy et al. (1991), then Mandzhavidze et al. (1999) found
that energetic ions accelerated and trapped in all 20 available large solar flares were *He-rich.
Unusually strong were the three y-ray lines at 0.937, 1.04, and 1.08 MeV from the de-excitation of
YF produced with especially high cross section in the reaction '°O (*He, p) "F". These were
compared with other lines from excited '°O, *’Ne, and *Fe, to distinguish *He from *He in the
“beam.” Some of the events had *He/*He ~ 1 while all had *He/*He > 0.1. Murphy et al. (2016) later
found six key ratios of y-ray fluxes dependent upon *He/*He in the beam and all showed an average
*He/*He ratios of 0.05 — 3.0. These studies included ~135 product de-excitation lines from ~300
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proton- and He-ion induced reactions (e.g. Kozlovsky et al. 2002). These y-ray lines are from the
largest flares, not small jet-associated impulsive flares, suggesting that the impulsive-SEP
abundances are a general consequence of the physics of magnetic reconnection.

3.3 Power-Law Abundances from Jets With or Without Shocks

We always compare element abundances at the same velocity, or MeV amu™, but properties such as
magnetic deflection and scattering depend upon magnetic rigidity, or momentum per unit charge, also
depend upon 4/Q, quite often upon a power of 4/Q (e.g. Parker 1965). Thus it is not surprising that
enhancements that depart from the reference abundances vary as a power of 4/Q. More specifically
for impulsive SEPs, the theory of Drake et al. (2009) relates the power of 4/Q to the power of the
width distribution of the reconnecting magnetic islands. However, the Q values of the ions depend
upon the source plasma temperature. Our strategy has been to simply try all temperatures in a
reasonable range, determine the Q values (using e.g. Mazzotta et al., 1998 or Post et al., 1977) and
choose the temperature and power law that gives the best least-squares fit of enhancement vs. 4/Q
(Reames et al., 2014b; Reames, 2018b, 2021a). Fitting 111 impulsive SEP events Reames et al.
(2014b) found 79 events at 2.5 MK and 29 at the neighboring 3.2 MK, i.e. very little variation for
impulsive SEP events. Subsequently these temperatures have been shown to agree with EUV
temperatures in jets (Bucik et al., 2021). Figure 3 shows power-law fits to abundance enhancements
in several impulsive SEP events. Time profiles of the events are shown in the lower panels, derived
temperatures (and event durations) in the middle panels and best fits to the enhancements vs. 4/Q in
the upper panels. Event numbers marking each event onset in Figure 3 correspond to the impulsive
SEP event list in Reames et al. (2014a), all events selected to have enhanced Fe/O abundances.

For Events 3 and 4 in Figure 3, the power-law fits, obtained for ions with Z > 6, extend to include
proton measurements at 4/Q = 1. This is taken to mean that all of these ions come from the same
population, i.e. the magnetic reconnection in the associated jet. Reames (2020) defined these “pure”
reconnection events as SEP1 events; they had either no visible CME or CME speeds < 500 km s™, i.e.
no shock acceleration was likely. Event 5 is ambiguous; the excess protons do not fit the power law,
but the theory of Drake et al. (2009) allows for enhancements that start above Z =2, and H and “He
could both be un-enhanced, i.e. at the same level, as in this event, which also shows no CME.

However, Event 92 in Figure 3F is an event with a large proton excess, and even an excess in ‘He,
suggesting power-law contributions that are shock-accelerated from two seed populations, ambient-
coronal ions for H and “He, and residual impulsive suprathermal ions for Z> 6. The event would be
classified SEP2 if all the SEP1 ions came from a single impulsive jet event and SEP3 if the pre-
accelerated impulsive seed ions had collected from many previous SEP1 or SEP2 events before
shock acceleration. In fact this seems to be a SEP3 event, despite its short duration, since its intensity
is high and an earlier event in the same location is similar in character. Note also that the scatter of
the Z > 6 points about the fit line in Figure 3F is quite small compared with those in Figure 3C,
suggesting that output of many small jets have been averaged to reduce the abundance variations in
SEP3 events (see Figure 8 in Reames, 2020). We will consider other SEP2 and SEP3 examples
below.

The abundance of “He in SEP events can vary because it can be dominated by either coronal or
impulsive seed components. However, there are also other variations in *He that have been
summarized in greater detail by Reames (2022b).
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FIGURE 3 Panels A and D show intensities of H, “He, O and Fe at the listed energies in MeV amu! for A a sequence of three small impulsive
SEP events and D a larger event. Panels B and E shows the derived best-fit temperatures (and durations) for each event below; panels C and F
show the corresponding best-fit power-law abundance enhancements (normalized at O and shifted x10 for each event), with the measurements
for each element labeled by atomic numbers Z. Only elements with Z 2 6 are included in the fits. Panel F distinguished two possible seed pop-
ulations contributing to acceleration in the shock wave driven by the 925 km s™! associated CME (see text).

4 Gradual SEP events

The first recognized SEP events (Forbush 1946) were the immense ground-level enhancement (GLE)
events where GeV protons initiate nuclear cascades through the atmosphere that exceed those of
galactic cosmic rays (GCRs). While these events were erroneously attributed to solar flares for many
years (Gosling, 1993, 1994), Kahler et al. (1984) had found that large SEP events had a 96%
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association with fast, wide shock waves, driven out from the Sun by coronal mass ejections (CMEs),
reaffirming the finding of shock acceleration in radio type II bursts by Wild et al. (1963) two decades
earlier. Mason et al. (1984) concluded that only “large-scale shock acceleration” could explain the
extensive rigidity-independent spread of SEPs, and recent findings from missions like STEREO now
show how shock waves and SEPs wrap around the Sun (e.g. Reames 2023a, b). Evidence for shock
acceleration has grown (e.g. Reames 1995b, 1999, 2013, 2021b; Zank et al. 2000, 2007; Lee et al.
2012; Desai and Giacalone 2016; Kouloumvakos et al. 2019), especially for GLEs (Tylka and
Dietrich 2009; Gopalswamy et al. 2012, 2013a; Mewaldt et al. 2012; Raukunen et al. 2018).

One line of evidence has been the onset timing or solar particle release (SPR) time of the SEPs
compared with X-ray or y-ray onset times of associated flares. Ions with lower velocities have
increasingly delayed onsets that extrapolate back to a single SPR time, with the delay = distance
along the observer’s field line over velocity. For impulsive events the SPR times and X-ray onsets
agree closely (Tylka et al. 2003) but for gradual events like GLEs the SPR time can lag the X-ray and
y-ray onset by as much as half an hour (Tylka et al. 2003; Reames 2009a, b), sometimes after the
associated flare is completely over. The SPR time corresponds to the time the shock at the leading
edge of the CME reaches 2 — 3 solar radii (Reames 2009a, b; Cliver et al. 2004), presumably when
the shock emerges above closed magnetic loops and its speed exceeds the declining Alfvén speed.
Type II radio emission shows that shocks can begin at ~1.5 AU (Gopalswamy et al. 2013b) but the
SPR time depends upon the observer’s longitude which often differs from that of the closest source
of radio emission (Reames 2009b). Variations in these parameters or delays in the shock interception
of the observer’s field line (Reames 2023a, b) cause variations in the SPR delay.

The abundance enhancements or suppressions in gradual SEP events relative to the reference coronal
abundances have been classed as SEP3 or SEP4 by Reames (2020) depending upon whether the
source of seed particles for the shock acceleration is purely ambient coronal abundances (SEP4) or
whether the residual impulsive suprathermal ions dominate the heavy elements (SEP3).

4,1 Moderate-sized SEP4 Events

Figure 4 shows abundance data for two typical SEP4 events. These gradual events are intense
enough to measure significant enhancements of most elements in several time intervals, e.g. every 8
hours. The derived temperatures are less than those in impulsive events and the abundance patterns
vary little during the events, suggesting that there is too little variation in scattering to separate
different elements in time. Most important, the power-law fits, obtained for the elements C and
above can be extended to fit H and He reasonably well, suggesting that all the elements have come
from a single population. This, the declining enhancement, and the lower temperature, suggests that
that population is ambient coronal ions, un-enhanced by any impulsive pre-accelerated population.
Similar plots can be seen in some events from three spacecraft (e.g. Wind and STEREO A and B)
spaced at ~120° around the Sun (e.g. see Figure 7 in Reames, 2022b). The main reason for the
systematic decline with A/Q may be that higher-rigidity elements leak away faster. The energy
spectra of ions are correlated with variation in 4/Q in these events (Reames 2021d, 2022a), and are
also relatively steep.



D V Reames

Relative Enhancement
1 Illl 1 llll i llll 1 Illl 1 lIII 1 IIII 1 llll 1
L llll L llll L llll L llll 1 llll L llll L llll L

® 0800
1 2 4 6 810
AIQ
4
< B E
% 2 2
S R I
0.8 | , 18 | , . .
- p EVt8 ' ' i 5 Evt33 ' ]
1- 1 -

Partlcles/(cm2 srs MeV/amu)
a\I
L 4 o ? Ey
6I

i x 2125H ° x 2
5L $ -5
10 e 26-320 B L 5-3.2
i [ e 2532Fe 110 o éjg-glz
12 13 14 15 16 14 15 16 17
2000 Sep 2005 Sep

FIGURE 4 Typical small gradual SEP4 events. Panels A and D show time evolution of the elements H, “He, O and Fe and listed energies (in
MeV amu™) in two gradual SEP events numbered 8 and 33 (in reference to the list in Reames 2016). Panels B and E show derived source plas-
ma temperatures in a series of intervals (colors) during each event. Panels C and F show abundance enhancements vs. A/Q for elements (nor-
malized at O and shifted x0.1 for each interval) with atomic numbers Z shown for each time interval (color) and the best fits of elements with
Z 2 6 extended to A/Q = 1. All the elements, including H, tend to fit each power law.
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Typically, enhancements decline with 4/Q in many gradual events, as in Figure 4, but there is also a
class of events where the 4/Q dependence is flat, i.e. the abundances are nearly coronal. However,
they cannot be used to determine a temperature well, since the enhancements are independent of A/Q.
Thus, these events are unremarkable and often overlooked. However, one has been included in
Figure 5, as an example of an event where abundance enhancements (Figure Sc¢) begin as quite flat,
1.e. independent of 4/Q, but then steepen as the higher-rigidity ions preferentially leak away. Here,
source temperatures are poorly determined when enhancements are flat, but improve as they steepen.
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FIGURE 5 A typical gradual SEP4 event with initially flat (coronal) abundances. Panel A shows time evolution of the elements H, “He, O and
Fe and listed energies (in MeV amu') in the gradual SEP. Panel B shows derived source plasma temperatures in a series of intervals (colors
and symbols) during the event. Panel C shows abundance enhancements vs. A/Q for elements in each time interval (color and symbols) x0.1
and the best fits of elements with Z 2 6 extended to A/Q = 1. Element atomic numbers Z are listed for the first and last interval.

4.2 GLEs that are SEP4 Events

As intensities in gradual SEP events increase, the high-energy protons stream ahead to amplify
Alfvén waves that scatter subsequent ions (Stix, 1992; Ng et al. 1999, 2003, 2012). The scattering
varies as a power law in magnetic rigidity so that Fe can propagate away from the shock more easily
than O, for example. Figure 6 shows abundance fits for two GLEs that are SEP4 events. The fitted
temperatures are near ~1 MK and the fits for elements with Z > 6 are in reasonable agreement with H
and He for both positive and negative power-law slopes. Heavy elements tend to be enhanced ahead
of the shock and hence depressed behind. These enhancements come primarily from strengthened
preferential scattering during transport in these events, not from impulsive seed particles, as indicated
by the lower temperature, the inclusion of protons in a single seed population, and the return to
heavy-element suppression behind the shock. Where the abundances show an increase with A/Q the
energy spectra have become quite flat in the plateau region (Reames and Ng 2010, 2014; Ng et al.
2012; Reames 2021a) because of the underlying correlation between abundances and spectra
(Reames 2021d, 2022a).
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The strong transport-induced abundance increases in Figure 6 are a consequence of the high SEP
intensities. High intensities of protons streaming away from the shock amplify resonant Alfvén
waves (Stix 1992; Melrose 1980) that scatter subsequent ions. The wave number of resonant waves,
k = B/uP where B is the magnetic field intensity, P is the particle rigidity or momentum per unit
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charge, and u is the cosine of the particle’s pitch angle relative to B. The spectrum of waves traps
particles near the shock (Reames and Ng 1998, 2010, 2014), driving more acceleration (Lee 1983,
2005; Zank et al. 2000; Ng and Reames 2008; Afanasiev et al. 2015, 2023) and the transport favors
the escape of Fe vs. O (Parker 1965; Ng et al., 1999, 2003, 2012; Tylka et al., 2001, 2005; Tylka and
Lee 2006).

4.3 GLEs that are SEP3 Events

However, large gradual SEP events, even GLEs, can pick up pre-accelerated residual impulsive seed
particles from multi-jet collections often observed to accumulate near active regions (Desai et al.,
2003; Wiedenbeck et al., 2008; Bucik et al., 2014, 2015; Chen et al., 2015; Reames 2022a).
Recently, Kouloumvakos et al. (2023) have found an average connection time to *He-rich active
regions of 4.1 £ 1.8 days, suggesting a width of ~52° in longitude. These seed particles contribute
with their characteristic enhancement pattern at high Z and its source temperature, but ambient
coronal ions still dominate H and possibly He. Figure 7 shows three events, sequentially from a
single region rotating across the Sun, that show characteristic behavior of SEP2, then SEP3 events:
temperature > 2 MK (like impulsive events) and enhanced high-Z fit line that fails to include the
proton intensities. Figures 7D and 7E tend to show He enhanced as well and the high-Z
enhancements flatten with time, probably from preferential leakage at high Z, making temperature
measurement difficult. The source rotates from W71 to W84 to W120 at the rate of ~13° day”'. CME
speeds for the three events are 830, 1199, and 2465 km s™ and the last two events are both GLEs.
These “double dipping” SEP3 events are not uncommon (Reames 2022a) and often include GLEs.
Of course, the GLE is determined by the protons, not the high-Z ions, but the location or
configuration of these events could be a factor.

While it is tempting to think that the single SEP2 event “feeds” the following SEP3 events in Figure
7, details of the abundances differ. The SEP2 event has unusually high Ne in Figure 7C, but the
later SEP3 events in Figures 7D and 7E do not. Presumably the seed-population for the SEP3 events
is fed by many subsequent smaller impulsive events on 15 April that do not contribute energetic ions
at 1 AU. SEP3 abundances always show smaller variations than SEP 2 events (e.g. figure 8 in
Reames 2021b). Otherwise, searches for abundance features, like the Ne enhancement here,
sometime implicate spectral fluctuations (Reames 2019). However, below 1 MeV amu™ Mason et al.
(2016) found extreme spikes in S in 16 events in 16 years. The S may be a second-harmonic
resonance at 4/Q = 3 related to the *He resonance at 4/Q = 1.5 since S and *He have similar spectra.
In contrast, S (Z=16) is actually suppressed in Figure 3C.

It is common that the high-Z enhancement in SEP3 events is less than that of any preceding SEP2
events that may feed the impulsive pool, as in Figure 7. Shock acceleration probably reduces the
enhancement from the seed impulsive ions just as modest SEP4 events have depressed the
abundances of the ambient coronal seed ions in Figure 4.

Figure 8 directly compares a SEP3 event with two SEP4 events. While the temperatures of the seed
populations of the two event types differ, the most obvious difference occurs in the proton
enhancements. The protons fit the power-law extrapolation from high Z in Figure 8F but they are
clearly enhanced in Figure 8C as they were in Figure 7. All three events in Figure 8 show
enhancements of high-Z elements, at least initially, but it is the departure of the protons from the fit
that suggests the presence of two seed populations in the SEP3 (and SEP2) events.
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It is important to realize that we cannot exclude the possibility of some impulsive suprathermal seeds
in any gradual event, including SEP4 events. Mason et al. (1999) found a modest increase of *He in a
large gradual event. We cannot distinguish the presence of impulsive heavy elements unless they
actually dominate in the event so we can see their characteristic A/Q pattern and higher temperature.
If only ~10% of the Fe were from residual impulsive ions, we would never know it. It is also quite
possible that very large events become SEP4 events because strong shocks sweep up enough ambient
plasma to swamp any residual impulsive ions that are also available. It is also possible that SEP4
events occur because there are no residual SEP1 ions available for the shock to reaccelerate.

5 Conditions for SEP3 Events

GLEs are determined by proton intensities, and protons are accelerated from the ambient plasma in
both SEP3 and SEP4 events, so GLE existence is independent of the dominant source of high-Z ions.
In solar cycle 23, 6 of the 15 GLEs were SEP3 events and 9 were SEP4 events. Solar cycle 24 is
much weaker with only 2 GLEs, and both were SEP4 events. During solar cycle 24, STEREO plus
Earth provided three approximately equally spaced locations around the Sun. Cohen et al. (2017)
observed H, He, O, and Fe for gradual SEP events seen by two or three spacecraft. Of a total of 41
events, 10 were measured on all three spacecraft. All of the 10 were SEP4 events and only one of the
two-spacecraft events (4 August 2011) was a SEP3 event (see figure 10 in Reames 2020).

Why are there so few SEP3 events in cycle 24?7 These events require a stream of residual impulsive
SEP1 or SEP2 ions flowing out from an active region. These streams or persistent *He-rich regions
are often seen during solar maxima (Richardson et al. 1990; Desai et al. 2003; Wiedenbeck et al.
2008; Bucik et al. 2014, 2015; Chen et al. 2015; Reames 2022a). Then that same region emits a fast,
wide CME-driven shock that accelerates these residual impulsive ions along with ambient ions that
dominate the protons. In a weak solar cycle, (1) the number of fast CMEs is reduced and (2) the
probability of *He-rich streams is reduced, so perhaps the number of SEP3 events is reduced by the
product of the two factors. Perhaps a very strong cycle would have mostly SEP3 events.

What are the conditions for producing a SEP3 event? Gopalswamy et al. (2022) ask an important
question: “Can type III radio storms be a source of seed particles to shock acceleration?” These
authors identify a large shock event that follows from the same active region as a storm of type III
bursts. Should we expect a SEP3 event? Figure 9 shows the time variation of SEP species during
this period. He intensities show *He/*He ~ 1 during the type III storm, but intensities are too small to
show measurable Fe and O. Intensities of *He are not reliable during the large event because of
background from *He, but most likely *He/*He < 0.1. However, Figures 9B and 9C show quite
clearly that the large event is a SEP4 event and definitely not a SEP3 event. Source temperatures are
quite low and protons fit the same population as the high-Z ions and the power-law fits actually tend
to decline with 4/Q. Impulsive suprathermal seed ions do not dominate this event.
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Unfortunately the intensities in Figure 9 are insufficient for a firm conclusion since the type-III
storm is too weak to show high-Z ions, but the large events is clearly not dominated by impulsive
seeds, so it is unlikely that ions from the storm have contributed enough seed particles. There are
other cases like this where large shock waves do not seem to reaccelerate available impulsive
suprathermal ions; many large events are preceded by several type-III bursts. Are the intensities of
impulsive seeds just too low? Yet there are also many cases, like Figure 7, where consecutive large
shocks dip into a single persistent impulsive population (Reames 2022a). Worse, we have no cases
where a single large event is SEP3 at one longitude and SEP4 at another; such cases might guide us
to the location of the impulsive seeds, but there are too few in cycle 24. Perhaps, some shocks are
driven in the direction of the impulsive seeds while others are driven away from them, but we do not
know. The answer to the question posed by Gopalswamy et al. (2022) is not yet clear; impulsive
seed ions are inadequate or there may be other required conditions. However, the association of *He
with type III emission remains strong.

In fact, the measurements of *He/*He during a type-III storm shown in Figure 9A address another
important question: are all the electron events that produce type-III bursts *He-rich? A value of
‘He/*He = 1 persists during the entire type-III storm, suggesting that even these small events are *He-
rich. This may be the first reported measurement of *He/*He associated with the small events in a
type-III storm. At the other extreme, y-ray lines say that some of the largest flares are *He-rich
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(Mandzhavidze et al., 1999; Murphy et al., 2016). Are *He-rich events a persistent consequence of
magnetic reconnection?

6 C/0 and the Element Abundances of the Photosphere

After averaging over all the smooth power-law abundance variations, how could variation of a single
abundance C/O stand out so dramatically in Figure 1? SEPs have C/O = 0.42+0.01, while the recent
photospheric values are 0.550+0.76 (Caffau et al. 2011) and 0.589+0.063 (Asplund et al 2021).
Earlier photospheric measurements of Anders and Grevesse (1989) of C/0=0.489 were lower and in
better agreement. Since the FIP of C is lower than that of O, it seems extremely unlikely that C/O
could be suppressed in transit to the corona. Mixing of various seed populations as described above
can surely cause doubt in relative abundances of H and “He, but the power-law behaviour of both
transport and acceleration is most likely to preserve the relationship of closely-spaced C, N, and O.
How could C/O in SEPs possibly be suppressed below that in the photosphere? We have previously
suggested that the problem might rest with the coronal abundance of C (Reames 2021b).

It is well known that the increasing photospheric abundances of “heavy elements” like C, N, and O,
have also caused problems for stellar models and helioseismology (e.g. Basu and Antia, 2008). These
abundances determine the opacity of stellar material and the new (since 1990) lower abundances
disagree with helioseismic constraints.

To correct the C/O problem and Figure 1, rather than decrease the photospheric C, as previously
considered, suppose we raise photospheric O instead. While this is less convenient, since O is our
reference, reducing the photospheric C/O to 0.42 amounts to reducing SEP O by 31% in Figure 1. At
this point, C, O, Ne, and Ar, all line up. That is, their SEP and photospheric abundances are the
same. If we assume that the SEP-derived photosphere has the observed SEP abundance ratios of all
high-FIP elements (other than H and He), normalized to the abundance of C from Caffau et al.
(2011), we find the values in Table 1. The higher abundance of O returns to the values in Anders and
Grevesse (1989)

Table 1 A SEP-based High-FIP Photosphere

FIP SEP Photo-

z [eV] SEPs sphere [dex]
C 6 11.3 420=+10 8.50
N 7 14.5 128+8 7.98
o 8 13.6 1000+10 8.88
Ne 10 21.6 157+10 8.07
Ar 18 15.8 4.3+0.4 6.51

7 Discussion

Our analysis of source temperatures has assumed Maxwellian electron velocity distributions
controlling the relationship between plasma temperatures and O-values of ions (e.g. Mazzotta et al
1998). Recently, Lee et al. (2022, 2024) have tested this assumption using more-realistic kappa
distributions, which include high-energy tails to the electron distribution, to fit average impulsive-
event enhancements. These authors find that the derived source temperatures are not significantly
affected and that 4/Q-values differ at most by 10 — 20% in extreme cases. This is an important
confirmation of the temperatures deduced from SEP abundances. These authors also note that the
derived source temperatures agree with active-region temperatures, i.e. they have been unaffected by
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electron heating. Thus the SEPs must leave the acceleration region on a time scale shorter than their
ionization time scales. However, at low densities these ionization times could be quite long.

A recent paper by Laming and Kuroda (2023) suggests that heavy ions in impulsive SEP events are
enhanced as a part of the FIP process. Of course, the FIP process occurs in the dense chromosphere
while ion acceleration must occurs at much lower density in jets (Bucik 2020), decoupling
enhancement and acceleration, but presumably the enhancement could affect a region that would
later release a jet. However, this would suggest that both SEPs and the CME from a jet would have
strong A/Q-dependent enhancements, which have never been seen for CMEs. It is also true than the
high-FIP elements He, C, N, O, Ne, S, and Ar fit on the same pattern of enhancements as the low-FIP
elements Mg, Si, Ca, and Fe (figure 2 in Reames 2023c; figure 8 in Reames et al. 2014a).
Independently of the impulsive abundance enhancements, we have separate evidence that the
acceleration occurs at magnetic reconnection sites in solar jets. Developing the power-law
enhancement during this acceleration (Drake et al 2009) seems most likely, since only the SEPs
would be affected.

However, concerning other mechanisms, we should note again that there is evidence that second-
harmonic resonant processes related to enhancement of *He may contribute to low-energy abundance
enhancements especially of S in relatively rare, small impulsive events (Mason et al. 2016). These
rare S-rich events have steep spectra that are only seen below ~1 MeV amu™ (Mason et al. 2016),
probably where A/Q = 3 for S, which occurs at ~2 MK. These higher-order resonant enhancements
associated with the *He resonance at 4/Q = 1.5. Resonant element enhancement at higher
temperatures was studied by Roth and Temerin (1997). More recently, at even lower energies < 300
keV amu™, Mason et al. (2023) have found extreme enhancements in heavy elements, e.g. Fe/O,
presumably because O has 4/Q = 2, and these resonant waves have been absorbed by “He. This is
reminiscent of the hot-plasma study of “The He Valley” (Steinacker et al., 1997) where the wave
absorption band of *He can shape the abundances of other ions. Yet, all of the resonant modifications
of the Z > 6 abundances seem confined to steep spectra below ~1 MeV amu™, while the higher-
energy abundances are dominated by power laws in A/Q.

There has been growing interest in the importance of streamers in SEP intensities and the production
of GLEs. In streamers higher densities and lower Alfvén speeds produce higher Alfvénic Mach
numbers (Liu et al. 2023); regions of higher 6z, (e.g. Kong et al. 2017, 2019) may also be a factor in
shock acceleration. We have yet to explore any relationship between streamers and the streams of
impulsive suprathermal ions above active regions that distinguish SEP3 and SEP4 events.

8 Summary

SEP element abundances relative to O are always compared at the same velocity (i.e. MeV amu™) so
that any dependence upon magnetic rigidity (often a power-law) appears as a dependence upon 4/Q.
Assuming a power law allows a best-fit determination of Q-values and hence source temperature.

Impulsive events are accelerated in magnetic-reconnection regions in solar jets and escape on open
field lines from sources at ~2.5 MK. They produce *He-rich events, heavy-ion enhancements and the
electron beams that drive type III radio bursts. The smaller SEP1 events have no fast shocks
available for additional acceleration. Steep power-law abundance enhancements vs. 4/Q (e.g.
Figure 3C) include all elements including H (Events 3 and 4) or possibly begin above “He (Event 5).

Gamma-ray line measurements tell us that solar flares involve the same *He-rich acceleration
mechanisms as solar jets and show significant nuclear fragmentation, but the high (>10 MK)
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temperatures and nuclear fragments of bright, hot flares are not found in SEPs, indicating the
energetic ions in flares are efficiently trapped magnetically and are not observed to “leak out” into
space. Thus, flares show no contribution to either impulsive or gradual SEPs.

In large gradual SEP4 events, fast, wide shock waves, driven by CMEs, are completely dominated by
ions accelerated from ambient coronal seed material at 0.8-1.8 MK, beginning at 2 —3 Rs. All
elements, including H and *He, again tend to fit on a single power law vs. 4/Q. Slopes of the power-
law abundance enhancements or depressions vs. A/Q depend mainly upon scattering during transport.
(1) Intensities in smaller SEP4 events produce minimal amplification of Afvén waves allowing high-
rigidity ions to leak away preferentially so abundances decrease vs. A/Q (Figures 4C and 4F). (2)
Intensities in larger SEP4 events produce modest amplification of Afvén waves producing balanced
trapping and leakage over the A/Q range, so abundances are initially quite flat vs. A/Q (Figure 5C).
(3) Intensities in very large SEP4 events (e.g. GLEs) produce significant amplification of Alfvén
waves allowing high-rigidity ions to preferentially leak out to reach the observer ahead the shock, so
abundances increase vs. A/Q (Figures 6C and 6F); depleted high-rigidity ions are seen as a
depression vs. A/Q downstream of the shock.

SEP events can include both shock-accelerated coronal seed ions and shock-reaccelerated impulsive
residual seed ions. Impulsive SEP2 events are intended to involve both seeds and shock from a
single jet while gradual SEP3 events describe a large shock traversing an active region with a
collection of impulsive ions from multiple previous jets. Both classes are dominated by H (and
possibly “He) from the coronal seeds and by Z > 6 ions from the previously-enhanced impulsive
seeds. Figure 7C shows the enhancement pattern of an impulsive SEP2 event, Figures 7D, 7E and
8C show clear SEP3 events, and Figure 3F shows an ambiguous single-jet event (SEP2) that
happens to occur in a pre-existing impulsively-seeded region (SEP3). SEP3 events tend to have
smaller abundance fluctuations since they average over many individual jets.

SEP3 events are very rare in solar cycle 24, probably a combined effect of both fewer impulsive
seeds and fewer large shocks to encounter them. Also, while type III storms are clearly found to
produce *He-rich events, subsequent strong shocks from that region do not necessarily find dominant
high-Z impulsive seed particles.

The SEP value of C/O = 0.42 conflicts with a much higher photospheric values up to 0.59 and lacks
explanation. Could the photospheric value of O actually be 30 —40% higher, as previously found,
and as helioseismology independently suggests?
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