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Abstract: Sixty years of study of energetic particle abundances have made a major contribution to
our understanding of the physics of solar energetic particles (SEPs) or solar cosmic rays. An early
surprise was the observation in small SEP events of huge enhancements in the isotope 3He from
resonant wave–particle interactions, and the subsequent observation of accompanying enhancements
of heavy ions, later found to increase 1000-fold as a steep power of the mass-to-charge ratio A/Q,
right across the elements from H to Pb. These “impulsive” SEP events have been related to magnetic
reconnection on open field lines in solar jets; similar processes occur on closed loops in flares, but
those SEPs are trapped and dissipate their energy in heat and light. After early controversy, it was
established that particles in the large “gradual” SEP events are accelerated at shock waves driven by
wide, fast coronal mass ejections (CMEs) that expand broadly. On average, gradual SEP events give
us a measure of element abundances in the solar corona, which differ from those in the photosphere
as a classic function of the first ionization potential (FIP) of the elements, distinguishing ions and
neutrals. Departures from the average in gradual SEPs are also power laws in A/Q, and fits of this
dependence can determine Q values and thus estimate source plasma temperatures. Complications
arise when shock waves reaccelerate residual ions from the impulsive events, but excess protons and
the extent of abundance variations help to resolve these processes. Yet, specific questions about SEP
abundances remain.

Keywords: solar cosmic rays; solar energetic particles; shock waves; coronal mass ejections; solar
jets; solar flares; solar system abundances; solar wind

1. Introduction

Differential rotation of the ionized plasma in the Sun generates the solar magnetic field,
and solar activity is driven by energy released in sudden changes and reconnections of that
field. This energy release appears in the form of solar flares and jets, and in the detachment
of coronal mass ejections (CMEs) that expand into interplanetary space. Solar cosmic rays
or solar energetic particles (SEPs), as they are commonly known, can be associated with all
of these processes, from the direct reconnection and wave–particle resonances in flares and
jets to the shock waves driven by fast CMEs. The largest events contain of a burst of SEPs
up to GeV energies lasting several days and spanning nearly 360◦ in solar longitude. SEPs
threaten Mars-bound astronauts with hazardous radiation.

The physical processes that accelerate SEPs are of general astrophysical interest and,
at a minimum, they apply to most stars in the universe. While we can see evidence for
some of these processes elsewhere, only the Sun also provides us with a direct physical
sample of the energetic particles themselves, allowing the observation of their spectra and
abundances in addition to the radio, optical, X-ray, and γ-ray photons they emit, thus
providing a multi-messenger view of the physics. In recent years, as the study of SEPs has
advanced, we have found that the particles themselves carry information on conditions in
their coronal source in addition to the physical processes of their acceleration.

The purpose of this article is to acknowledge sixty years of progress in this field, to
review the controversies and accomplishments, and to highlight remaining questions.
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2. The First SEPs

SEPs were first observed by Scott Forbush [1] in Cheltenham, Maryland using ground-
based ion chambers which measured ionization of the cascade of secondary particles
produced when GeV protons strike the upper atmosphere. This system measured ioniza-
tion, proportional to the number of arriving galactic cosmic rays (GCRs), and its decrease
when GCRs were screened out by magnetic fields in the structures we now call coronal
mass ejections (CMEs). Forbush observed sharp increases in particle intensity from SEPs,
accompanied by solar flares, which preceded these “Forbush decreases” in February and
March 1942, and again in July 1946. These SEP increases were also seen simultaneously
in Greenland and New Zealand. Thus, the study of SEPs began with these ground-level
events (GLEs), the largest, most energetic SEP events we see. It would be many years
before Kahler et al. [2] began to firmly establish that the SEPs in these large “gradual” or
long-duration events were actually accelerated, with a 96% association, at shock waves
driven by wide, fast CMEs similar to those that produced the Forbush decreases. The obvi-
ous, bright flares that were observed by optical instruments were a consequence of regions
of energy containment on closed loops in the huge magnetic reconnections involved.

The first measurement of the abundances of chemical elements in SEP events was
made by Fichtel and Guss [3] using nuclear emulsions on a 4 min sounding rocket flight
from Ft. Churchill, Manitoba into the SEP event of 3 September 1960. They observed C, N,
O, Ne, Mg, Si, and S, beginning a sixty-year effort to compare these SEP abundances with
those of the solar photosphere and corona, where element abundance measurements were
also slowly improving.

The quality and quantity of measurements improved greatly once Si solid-state tele-
scopes were flown regularly on satellites. A review of these measurements by Meyer [4]
and observations by Breneman and Stone [5] established that the relative abundances of
elements in these large gradual events consist of two factors: (1) average abundances that
differed from solar photospheric abundances as a function of the first ionization potential
(FIP) of the elements, and (2) additional element enhancements that depend upon a power
law in the mass-to-change ratio, A/Q. For element abundances compared at a single velocity,
A/Q represents the effects that depend upon an ion’s magnetic rigidity. This second factor
could vary from event to event and even with time during events. A modern version of
the “FIP effect” is shown in Figure 1 and represents the abundances in the SEP-determined
corona, relative to the two measurements of the solar photosphere. SEP abundances in
Figure 1 [6–8] provide the reference for all subsequent discussions below of abundance
enhancements or suppressions.

In the current theory by Laming, the low-FIP (<10 eV) elements which are ionized in
the photosphere are subject to ponderomotive force of Alfvén waves, while the neutral high-
FIP elements are not [9]. The forces differ for closed magnetic loops, near active regions,
where the Alfvén waves can resonate with the loop length. Differences in the FIP pattern
between SEPs and the solar wind are seen [10,11], and have been explained theoretically by
closed and open field lines [9,12]. The two different photospheric abundance sets depend
upon the choice of spectral lines used for the measurement.
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Figure 1. Average SEP abundances [6–8], relative to O, divided by the corresponding solar photo-
spheric abundances [13,14] are plotted vs. FIP (blue filled circles) and compared with theoretical
calculations [12] for closed loops (open red circles). Points are labeled by element names.

3. Electrons

An important source of early information on particles from the Sun was obtained
from radio observations. As electrons of 10–100 keV stream out from the Sun along the
interplanetary field lines, they excite waves at the local plasma frequency, which decreases
as the square root of the local plasma density. Thus, electrons streaming from sources
near the Sun produce radio type III bursts, which drift rapidly to a lower frequency as the
electrons traverse rapidly decreasing plasma density, while similar electrons at coronal or
interplanetary shock waves produce type II bursts, which move out more slowly at the
speed of the shock. The classic review by Wild, Smerd, and Weiss [15] initiated the idea
of two solar particle sources, associating type III bursts with sources of electrons near the
Sun, and type II bursts with shock waves that accelerated primarily protons. Subsequent
early observations of electrons in space seemed to confirm this idea [16]. The type III bursts
were thought to involve “pure” electron events, without ions, but that was before the
measurements of 3He.

4. 3He-Rich Events

Nearly every scientist observing SEPs in the early days had previous experience with
GCRs. After acceleration from supernovae, GCRs spend ~107 years in space, where they
fragment against interstellar H to produce significant abundances of secondary 2H and
3He ions as well as isotopes of Li, Be, and B. When Hsieh and Simpson [17] measured 3He
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in the SEPs at a ratio of 3He/4He = (2.1 ± 0.4) × 10−2, the automatic reaction was that SEPs
had fragmented during traversal of a small amount of matter.

Then, even higher abundances of 3He began to appear. Serlemitsos and Balasubrah-
manyan [18] found a SEP event with 3He/4He = 1.52 ± 0.10 but with 3He/2H > 300. More
3He than 4He but no 2H? This was not fragmentation. Then, there were limits established
on Be/O and B/O in SEP events that were found to be <2 × 10−4 [19,20]. This was not frag-
mentation; this was a completely new resonance phenomenon drastically and selectively
enhancing the 3He.

These 3He-rich events would soon be shown to have increased abundances of heavy
elements as well, such as a ~10-fold increase in Fe/O [21]. This was soon to be perceived
as a power law increase in A/Q [22] and, when measurements of heavy elements became
available [23–26], would rise as the 3.64 ± 0.15 power [26] across the periodic table to
become a factor of ~900 increase in (76 ≤ Z ≤ 82)/O, with the Q-values of the elements
being determined at a temperature of ~3 MK, where the elements He, C and even O are fully
ionized. In the solar corona, the pattern of ionization states determines the temperature,
and conversely, the abundances based upon power laws in A/Q require changes in A/Q
for relative enhancements.

A sample of 3He-rich events of increasing intensity is shown in Figure 2. 3He equals
or exceeds 4He in the first three events, but is smaller (or unmeasurable) in the larger
events. 3He is found to be limited, as if all the 3He in the acceleration volume is depleted
in large events [27,28]. Except in the smallest event where it is unmeasured, we find that
Fe/O ≈ 1, vs. 0.131 ± 0.006 in the reference gradual SEP abundances. When the intensities
become large enough, heavy elements begin to appear. See the review by Mason [29] for
more information.

Figure 2. Element intensities at the indicated MeV amu−1 are shown in a sample of 3He-rich or “impulsive” SEP events of
increasing intensity. 3He exceeds 4He in Events 1 and 3. Fe and O are below the background level in Event 1, but Fe/O ≈ 1
in the remaining events. H is below the background level in Events 1–3. 3He/4He < 0.1 in Event 4 and is not plotted because
it falls below the possible resolution error; it is ≈ 0.1 in Event 5 and high-Z heavy elements are beginning to appear [24].
Other properties of the last four of these events are listed [26].

As measurements improved, the 3He-rich events were associated with the 10–100 keV
electron events [30] that produce the radio type III bursts [31], once thought to be “pure”
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electron events. Many of the theories to explain 3He enhancements invoked preheating of
the ions by selective absorption of various wave modes at the 3He gyrofrequency [8,32–39]
and acceleration by an unspecified mechanism. However, Temerin and Roth [40] suggested
full acceleration of the 3He by resonant absorption of electromagnetic ion cyclotron (EMIC)
waves produced by the observed electron beams, while the ions were mirrored in the
magnetic field.

However, all of the resonance theories attempting to explain the sharp increase in
3He failed to explain the smoothly increasing enhancements of heavy elements. These
enhancements were explained by simulations that showed the scattering of ions back and
forth in the collapsing islands of magnetic reconnection [41], which predicted the power
law dependence on A/Q. Similar considerations even apply to electron acceleration [42],
but reconnection calculations have not yet explained 3He.

Measurements of the SEP ionization states of the elements up to Fe were possible below
~2 MeV amu−1, and early measurements [43,44] showed average values of QSi = 11.0 ± 0.3
and QFe = 14.1 ± 0.2 for large gradual events to be obtained, suggesting a source tem-
peratures of ≈ 2 MK. 3He-rich events, however, showed QSi ≈ 14 and QFe = 20.5 ± 1.2.
Either, this source was very hot, >10 MK, or the ions were stripped after acceleration.
Unfortunately, the first interpretation, suggesting a hot flare origin, was generally accepted
for many years; then, it was found by DiFabio et al. [45] that the ionization states of Fe
increased with ion energy, as would be expected if the ions passed through enough material
after acceleration to attain a velocity-dependent equilibrium charge state. This would occur
if the ions had been accelerated at a height of ~1.5 solar radii in impulsive events. The
amount of material required to strip Fe is too small to cause nuclear fragmentation or
energy loss of high-Z ions that would disrupt A/Q power laws.

The result of DiFabio et al. [45] was important, because, otherwise, the highly ionized
ions were not compatible with the abundances. If all the elements up to Si were fully
ionized, with A/Q = 2, how could Ne, Mg, and Si be enhanced by a factor of ~2.5 relative to
C, N, and O, while Fe was enhanced by a factor of ~7 [22]? This pattern was interpreted as
suggesting that He, C, N, and O were fully ionized, and Ne, Mg, and Si were in especially
stable configurations with two orbital electrons. This pattern occurred in a temperature
range of 3–5 MK [22]. It also meant that a best fit to the power-law of abundance enhance-
ments vs. A/Q could be used to determine a likely source temperature. Just try many
temperatures and choose the best fit. This was a powerful new idea; abundances could
determine a source temperature even after electrons are later stripped off the ions.

5. The Solar-Flare Myth

The small 3He-rich, Fe-rich “impulsive events” were clearly different from the large
“proton events” or “gradual” events that lasted for days and spanned nearly 360◦ in solar
longitude [8]. This spread of particles was once explained by the “bird cage” model [46],
where particles followed arcades of magnetic loops seen in active regions spreading like
the wires of a bird cage, somehow allowing SEPs to hop from structure to structure at the
footpoints of the loops and so on across the face of the Sun. Then, Kahler et al. [2] found a
96% correlation between large gradual SEP events and wide, fast CMEs. The shock waves
driven by CMEs could easily cross field lines, accelerating particles as they went. Mason,
Gloeckler, and Hovestadt [47] said the SEP abundance variations showed none of the mag-
netic rigidity dependence that a bird cage model required; they supported large-scale shock
acceleration. The distribution of abundances of Fe/O showed a bipolar distribution [48];
the Fe-rich branch was 3He-rich, electron-rich, and proton-poor in comparison with the
Fe-poor branch. Gradual events were associated with shock waves, while impulsive events
were associated first with flares, and much later, with solar jets, as we will see below [49].

By the 1990s, the bird cage model seemed to have lost credence and impulsive and
gradual SEP events were often distinguished in the literature, but Gosling’s review arti-
cle entitled “The Solar Flare Myth” [50,51], describing the ascendance of CMEs, caused
widespread controversy. For example, it was found to “wage an assault on the last 30 years
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of solar-flare research” [52]. If flares did not accelerate astronaut-threatening radiation, per-
haps flare research would not even be funded! In a subsequent discussion, commissioned
by Eos, Hudson [53] argued that the term “flare” should be broadened to include CMEs and
related shocks and SEPs; Miller [54] argued that, since flares were more numerous, they
were better subjects for acceleration studies; and Reames [55,56] argued that all SEP sources
were interesting, but for SEPs, it was very important to know the spatial extent of a source.
Subsequently, the importance of CME-driven shock waves received wider recognition.

Nevertheless, the distinction of sources using abundances was not complete. Shock
waves in gradual SEP events were quite able to reaccelerate residual suprathermal ions
left over from previous impulsive SEP events [57], sometimes even preferentially, as when
the fast pre-accelerated impulsive ions were better able to overtake the shock from down-
stream, e.g., when the magnetic field was quasi-perpendicular to the shock normal [58–60].
It became necessary to discuss the seed population of ions available for shock acceler-
ation, residual impulsive suprathermal ions in addition to ambient coronal plasma. In
addition, pools of impulsive suprathermal ions seemed to collect quite often from many
small impulsive events that were much more numerous than the larger events we could
resolve [61–66].

6. Jets

Thus, it once seemed possible to distinguish impulsive and gradual SEP events by
abundances. An event with enhanced 3He and Fe was impulsive, was it not? However, as
we have just seen, it is not so simple, since shocks can accelerate residual suprathermal
ions, sometimes preferentially.

In the next shock to simplicity, we found that impulsive events can also have associated
CMEs, even fast CMEs that drive shocks [67]. These seemed to be narrow CMEs associated
with solar jets. Separately, the non-relativistic electron events that produce type III radio
bursts had also been associated with solar jets [68]. Electrons and type III bursts had long
been associated with impulsive SEP events [30,31]. Jets involve magnetic reconnection on
open field lines, so the SEPs easily escape without significant heating. In contrast, flares
actually require the plasma and SEPs to be trapped on closed loops where they produce
the heating and X-ray Bremstrahlung that drive the sudden burst of photons where only
neutrals can escape. Measurements of γ-ray lines in large flares [69] have shown that the
accelerated “beam” is both 3He-rich [70,71] and Fe-rich [72], similarly to impulsive SEPs
in space.

SEP events can now be traced to their sources [26,73–75] and impulsive SEP events
are routinely associated with individual solar jets [76–78]. See the review by Bučík [79] for
more information. Impulsive SEP source regions often have characteristics of both flares
and jets when the reconnection involves both open and closed field regions, as jet models
predict. In these cases, the open regions can be ~2.5 MK and emit in the EUV, while the
nearby closing field regions trap SEPs, heating to >10 MK and emitting X-rays. As event
size increases, both SEPs and X-rays increase, but they involve different spatial regions in
the source.

The CMEs from jets that are fast enough to drive shock waves can reaccelerate the
SEPs produced in the reconnection event, essentially maintaining much of the increase in
heavy-ion abundance with A/Q that is in the impulsive component, but these shock waves
can also sample the ambient coronal plasma. It turns out that the largest impulsive events,
usually with fast CMEs, have an extra component of protons, a “proton excess”, as seen in
the comparative samples in Figure 3.

Here, the power law fits of the event-averaged enhancements in abundance, relative
to the SEP reference abundances (Figure 1), are fit vs. A/Q of the elements 6 ≤ Z ≤ 56. For
each event, fits are obtained using Q values at several temperatures, and the temperature
providing the best fit is selected, although it has been shown that most impulsive events
have a limited range of T ≈ 2.5–3.2 MK [80,81]. When this best-fit line is extended down to
protons at A/Q = 1, the fit at H is good in many small events; Reames [82] labeled these
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SEP1 events. Other, larger events show a large proton excess and are distinguished as
SEP2 events. Samples of each are shown in Figure 3 with the associated CME speeds listed,
if any.

Figure 3. The lower panels show time histories of H, 4He, O and Fe, at the indicated MeV amu−1, for three impulsive
SEP events, two small SEP1 events on the left and a larger SEP2 event on the right. Event numbers shown above source
coordinates refer to the event list [26]. Power-law fits to the abundance enhancements, noted by Z, in each event, are shown
in the upper panels and CME speeds are listed when CMEs are seen. The right-hand Event 37 is an SEP2 class event because
of its large proton excess noted. For the SEP1 events on the left, the protons abundances lie on the extrapolated power-law
fits [82,83].

For a large sample of impulsive SEP events, Figure 4a shows how the distribution of
event size and CME speed depends upon the measured proton excess. Figure 4b shows a
probable explanation; when a fast shock wave is present, protons from the ambient coronal
plasma may dominate, while heavy ions are dominated by SEP1 ions pre-accelerated and
pre-enhanced at the magnetic-reconnection site, i.e., a complex seed population.
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Figure 4. Panel (a) shows the peak proton intensity at 2–2.5 MeV vs. the proton excess relative to the
Z > 2 power-law fit for 90 impulsive SEP events with the symbol size and color determined by CME
speed as shown. Panel (b) suggests two possible contributions, impulsive SEP1 seed particles (blue)
and ambient coronal seed particles (red), to the plot of enhancement vs. A/Q for the shock-enhanced
SEP2 impulsive events [82,83].

Recently, Bučík et al. [78] found source temperatures of 2–2.5 MK, using the differential
emission measure technique on the extreme ultraviolet (EUV) images of coronal source
regions of 24 solar jets associated with 3He-rich events. This agrees quite well with the
dominant 2.5 and 3.2 MK source temperatures found from impulsive SEP abundances by
Reames et al. [80,84], and tends to confirm the use of best-fit power laws of abundance
enhancements vs. A/Q to estimate source temperatures.

7. Gradual SEP Events

Shock acceleration in gradual SEP events has received considerable attention his-
torically [85–92], and many reviews are available [8,27,93–95]. Many advances in our
understanding come from features other than element abundances, including the spatial
distributions of protons [96–100], the correlations of SEP and CME properties [101,102], onset
timing [103–106], electron/proton ratios [107,108] or GLE events and spectral breaks [109–111].
Gradual events have also provided a basis for studies of the coronal FIP effect described above.

Departures from the coronal abundances behave as power laws in A/Q in gradual
SEP events, as was found in 1985 by Breneman and Stone [5]. In some events, pitch-angle
scattering of particles during transport can change the powers to enhance heavy elements
early in events and suppress them later. For example, if Fe scatters less than O, Fe/O may
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be enhanced early in an event, as Fe preferentially arrives early, but will be depressed later
as more O arrives while Fe has been depleted. Solar rotation can spread this temporal
behavior into a longitude dependence. Figure 5 shows an analysis of the gradual SEP event
of 23 January 2012 [112].

Figure 5. (a) Intensities of H, He, O, and Fe vs. time. (b) Normalized abundance enhancements H/O and Fe/O vs. time.
(c) Best-fit temperatures vs. time for the 23 January 2012 SEP event. (d) χ2/m vs. T for each 8 h interval. (e) Enhancements,
labeled by Z, v vs. A/Q for each 8 h interval shifted ×0.1, with best-fit power law for elements with Z ≥ 6 extrapolated
down to H at A/Q = 1. Colors correspond for the eight intervals in (c–e) and symbols in (c,d); times are also listed in (e).
Event onset is flagged with solar longitude in (a) and the event number from the list of 45 events [113] in (b) [112].

Figure 5a shows the general time behavior of the event, while Figure 5b shows the
variation of normalized Fe/O and H/O ratios. Figure 5c identifies the analyzed time
intervals and shows the resulting best-fit temperatures for each. Figure 5d shows how the
quality of the least-squares fit to enhancement vs. A/Q varies with temperature for each
time interval. The temperatures in Figure 5c are chosen at the minima in Figure 5d. The
best-fit power laws for each time interval are shown in Figure 5e, passing through element
enhancements, labeled by Z.
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For the first few intervals in Figure 5e, the A/Q dependences are very flat, so the
assigned values of A/Q for each ion make little difference, and hence the curves in Figure 5d
are very shallow and the temperatures are poorly determined and have large errors. Later
on, the slopes steepen. When the power law dependences are steeper (either positive
or negative), the A/Q-values matter, and temperatures are better determined. However,
temperatures usually remain consistent during gradual events, even though the slopes of
the power law fits often vary. Note in Figure 5e that the protons fit reasonably well on each
of the fit lines determined from the elements with 6 ≤ Z ≤ 56.

Reames [113] found that in a list of 45 gradual SEP events, 69% had 0.8 ≤ T ≤ 1.6 MK
and no significant proton excess, while 24% had 2 ≤ T ≤ 4 MK with enhancements
rising with A/Q, similarly to impulsive events, and also had substantial proton excesses.
For these latter events, called SEP3 events [82], impulsive suprathermal seed ions, with
enhancements rising with A/Q, dominated the enhancements for Z > 2, while protons from
the ambient coronal plasma dominated H. In these events, shocks of moderate strength
apparently traversed pools of impulsive suprathermal ions. Overall, 69% of the SEP4 events
were accelerated by strong shocks traversing ambient coronal plasma and any impulsive
suprathermals present might be included, but were overwhelmed.

The impulsive SEP2 events and the gradual SEP3 events seem similar in temperature
range and proton excess. How can we distinguish them? The SEP2 events involve a single
jet source with a fast CME-driven shock where there are local abundance variations, e.g.,
from the local plasma conditions, that are found to have ~30% variations from event to
event. In the SEP3 events, the fast shock waves traverse the accumulated pools of impulsive
suprathermal ions where the abundances are averaged over many jets and variations are
seen to be more like ~10%. If these pools average over N jets, we might expect the
variations be reduced by a factor of

√
N, so we estimate N ~10. As stated previously, there

is considerable observational evidence that 3He-rich, Fe-rich pools of suprathermal ions
are common [61–66], suggesting that there are many small jets (nanojets?) occurring with
high frequency, producing small SEP1 events that we are unable to resolve individually.
Figure 6 compares the spread in normalized abundance ratios O/C vs. C/4He for these
two sources that are relatively hot, where He, C, and O are most likely to be fully ionized.
Impulsive events with large statistical errors have been omitted; the large spread of the
remaining events is not due to their statistical errors.

Abundance patterns in SEP events can be affected by seed populations, by acceleration,
and by scattering during transport [114]. For impulsive events, it has been found [115]
that transport is nearly scatter free, i.e., the scattering mean free path is >1 AU, in most
events. In impulsive and small gradual events [114], the ions stream outward, as focusing
on the divergent magnetic field overcomes scattering. In gradual events of moderate
size, abundances tend to retain the character of the source, or of the seed population
in SEP3 events, only weakly modified by transport, e.g., minimal changes of power-
law slope with time [114]. However, in large SEP events, wave amplification by the
streaming protons [116] becomes a significant factor. As proton intensities increase, wave
growth increases until the scattering reduces the streaming to produce equilibrium at the
“streaming limit” that modifies abundances, limits intensities, and flattens spectra early
in large SEP4 events [117–125]. These events can causes dramatic changes in the power
law slope, with time or spurious variations in the proton excess [114,125]. Since scattering
depends upon past and present proton intensities, it can become a strong function of
space, time, and particle rigidity [120–122]. The wave number of the resonant waves
k ≈ B/µP, where B is the field strength, P is the particle rigidity and µ is its pitch-angle
cosine [119–121]. Other particle species or energies resonate with waves generated by
protons at the same k.
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Figure 6. (a) Cartoon on the left shows SEP2 acceleration from magnetic reconnection in one of the individual jets leading to
non-statistical spread in local abundances in O/C vs. C/He at T > 2 MK for various events on the right. (b) Cartoon on the
left shows a shock traversing a pool of multi-jet residue producing an SEP3 event with T >2 MK with average abundances
of O/C vs. C/He in each event as shown on the right (82, 8). The spread in abundance is reduced by pre-event averaging in
multi-jet pools of SEP1 seed particles.

For the SEP3 events, the power law of abundances is determined by the seed popula-
tion and the energy spectral indices by the shock wave, so these parameters are unrelated.
However, for the SEP4 events, the shock determines both the abundances and the spectra,
and they are roughly related [114,125]. If the power law of abundance enhancements
is (A/Q)x and the ion spectrum is Ey, then we find that y = x/2 − 2. The derivation of
this numerical relationship is not clear. However, it specifies how shocks select ions of
different A/Q from the coronal plasma and relates to the “injection problem” of shock
acceleration [126].

Energy spectral breaks [111] are an important feature of large gradual SEP events that also
depend strongly upon A/Q [59,60,127–129] and provide a different way to study abundances.

8. Conclusions and Questions

The study of particle abundance in SEP events began sixty years ago and has expanded
to a complete field of study in its own right. Progress in this field must speak for itself.
Perhaps the most significant conclusions relate to the nature of the sources. We now
understand the importance of CME-driven shock waves for acceleration in the large SEP
events, and we have recently begun to associate the impulsive SEP events with magnetic
reconnection on open field lines in solar jets. Solar flares also involve magnetic reconnection,
but closed field lines prevent them from making any significant contribution to the SEPs
we see in space. We are beginning to untangle the complexity of the seed population in
shock acceleration, and we hope that added measurements by new spacecraft nearer to the
Sun will better distinguish the effects of acceleration and transport.

Along with the progress, however, new questions have arisen:

1. Some variations in the abundance of He are not understood. SEP3 events have
an average source He/O ≈ 91 (e.g., Figure 6), while SEP4 events tend to have
He/O ≈ 55 [130]. This is usually attributed to the uniquely high FIP of He (24.6 eV),
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which can make He slow to ionize and enter the corona. Perhaps, but where is this
low-He plasma located that is sampled for SEP4 events?

2. About ~6% of impulsive SEP events are He-poor, where 4He/O is suppressed a factor
of ~10 from the power-law fit line, even when H lies on that fit line [131]. Why?

3. The overall C abundance, i.e., C/O = 0.420 ± 0.010, in SEPs is uniquely far below the
theoretical value, as shown in Figure 1, and far below the latest photospheric value
of C/O = 0.589 ± 0.054 [14]. Event-to-event variations are small. The photospheric
value was C/O = 0.479 ± 0.055 in 1996 [132], but has been rising ever since, while the
SEPs have changed little. What is wrong with carbon? Is C/O suppressed in SEPs
(see Figure 1) or is the photospheric C/O too high? The FIP of C is not extreme, as
with He.

4. Impulsive SEPs show enhancements of 3He and of heavy elements, each large and
each with its own mechanism. How and where do these mechanisms fit together in a
jet, and how do they merge with jet models that do not yet consider SEP acceleration
at all?

5. What is the origin of the relationship between power law element abundances and
energy spectral indices in SEP4 shock events? Present SEP models treat source
abundances as adjustable parameters, unrelated to the SEP reference abundances.
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