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Abstract

3He-rich, Fe-rich, and enriched in elements with Z > 50, the abundances of solar
energetic particles (SEPs) from the small impulsive SEP events stand out as
luminaries in our study. The 3He is enhanced by resonant wave-particle
interactions. Element abundances increase 1000-fold as the ~3.6 power of the
mass-to-charge ratio A/Q from He to heavy elements like Au or Pb, enhanced
during acceleration in islands of magnetic reconnection in solar jets, and probably
also in flares. This power-law of enhancement vs. A/Q implies Q determined by a
source temperature of 2.5–3.2 MK, typical of jets from solar active regions where
these impulsive SEPs occur. However, a few small events are unusual; several
have suppressed 4He, and rarely, a few very small events with steep spectra have
elements N or S greatly enhanced, perhaps by the same resonant-wave mecha-
nism that enhances 3He. Which mechanism will dominate? The impulsive SEP
events we see are associated with narrow CMEs, from solar jets where magnetic
reconnection on open field lines gives energetic particles and CMEs direct access
to space. Gamma-ray lines tell us that the same acceleration physics may occur in
flares.

Impulsive SEP events were first identified by their unusual enhancements of
3He/4He, with ~1000-fold increases over the abundance 3He/4He � 5 � 10�4 in
the solar wind, frequently with 3He/4He> 1, and occasionally with 3He/H> 1. Next
we found enhancements of Fe/C or Fe/O of ~10, which were more-stable indicators
of impulsive events, since 3He/4He varies widely. Then ~1000-fold increases in
elements with (76 � Z � 82)/O were added to the unusual picture.

Despite the huge enhancements of 3He, the isotopes 2H and 3H are not observed
in SEPs (<1% of 3He according to Serlemitsos and Balasubrahmanyan 1975).
Observations of γ-ray lines and neutrons show the presence of nuclear reactions in
the low corona during flares (e.g. Ramaty and Murphy 1987), but isotopes of Li, Be,
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and B have never been observed in SEPs. Limits on Be/O or B/O in large SEP events
are <4 � 10�4 (e.g. Cook et al. 1984). Reaction secondaries are trapped on flare
loops and cannot escape, and the 3He we see is not a nuclear-reaction product, it is
enhanced by resonant wave-particle reactions (e.g. Temerin and Roth 1992; see Sect.
2.5.2). In fact, as we have seen, only particles accelerated on open field lines, e.g. in
solar jets (or at shock waves), can ever escape.

4.1 Selecting Impulsive Events

Many years ago, Reames (1988) examined the distribution of all daily abundance
averages with measurable Fe/O ratios during 8.5 years, and found a bimodal
distribution with peaks near Fe/O � 0.1 and Fe/O � 1.0. The technique was free
from bias related to individual event selection, although long-duration events were
certainly more heavily sampled. Periods with Fe/O near 0.1 had unremarkable
abundances of other elements, but those near 1.0 also had enhancements in
3He/4He, 4He/H, and e/p ratios. While the two distributions of Fe/O did have an
overlap region, largely because the poor statistics available at that time spread the
distributions, the results showed that Fe/O at about 2–5 MeV amu�1 was more
reliable for selecting candidate periods (e.g. Fig. 4.1) for impulsive SEP events than
3He/4He, which depends strongly upon energy (e.g. Fig. 4.4).

Fig. 4.1 Measured relative enhancements in Ne/O vs. Fe/O for 8-h periods during 19 years are
binned for all periods with errors of 20% or less (Reames et al. 2014a # Springer)
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A more-recent version of the bimodal abundance study is the two-dimensional
histogram shown in Fig. 4.1, based upon much more accurate data. Here 8-h
measurements of Ne/O vs. Fe/O are binned for a 19-year period, and this time we
have the luxury of requiring 20% accuracy to prevent excessive spreading of the
distributions. Of course, it is still true that gradual events occupy many more 8-h
periods and impulsive events, with lower intensities, are less likely to achieve 20%
accuracy, but the presence of two peaks is clear.

Time periods near coordinates (1, 1) in Fig. 4.1, occur during large gradual SEP
events for which the normalization was chosen. The peak near (6, 3) in the figure
represents impulsive events, but the Ne/O value was not actually used for selection
of candidate periods for defining impulsive SEP events.

4.2 Sample Impulsive Events

Figure 4.2 shows intensities of several particle species in a sample of impulsive SEP
events with various properties. In events 1, 2, and 5, we have 3He/4He >> 1, and in
event 1, 3He > H. In events 1 and 2 the O, which may seem high relative to Fe, is
actually background from anomalous cosmic-ray O and is present at almost the same
rate before and after the events. In events 5 and 6, O is closer to 4He than in other
events, these “He-poor” events have low 4He/O. Events 6–13 on the bottom row are
an order of magnitude larger in 4He, O, or Fe than those in the first row, and heavy
elements begin to appear; these larger events are also not as strongly 3He-rich.
Instrument limitations: only groups of elements are resolved above Z ¼ 34 and,
when 3He/4He < 0.1, 3He is poorly resolved and is not plotted.

4.3 Energy Dependence

Some sample energy spectra in 3He-rich events are shown in Fig. 4.3.
The spectra on the left in Fig. 4.3 appear as broken power-law spectra while those

on the right are more curved and show large energy variations in 3He/4He as seen in
Fig. 4.4. Abundance ratios of Fe/O show much less spectral variation.

The 3He/4He variations shown in Fig. 4.4 make it difficult to characterize an event
by this ratio, which seems to peak in the region of 1–10 MeV amu�1. Fe/O at a few
MeV amu�1 is a better-behaved alternative for defining impulsive events, as
suggested in Fig. 4.1.

Liu et al. (2006) have been able to fit the complex spectra of 3He and 4He with a
model of stochastic acceleration by a power-law spectrum of plasma-wave turbu-
lence, presumably associated with magnetic reconnection. This work follows the
tradition of stochastic acceleration involving the general transfer of energy from
waves to particles (see reviews: Miller et al. 1997; Miller 1998). These models have
difficulty explaining the strong A/Q-dependent enhancements extending to heavy
elements that we will discuss in Sects. 4.5 and 4.6.
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4.4 Abundances for Z � 26

Given the spectra and variations of 3He we have seen, it is not surprising that the
3He/4He ratio is uncorrelated with other abundance ratios as seen in Fig. 4.5. This
was known to Mason et al. (1986) and Reames et al. (1994) and is often taken as

Fig. 4.2 Intensities of H, 3He, 4He, O, Fe, and heavy elements are shown as a function of time
during 13 impulsive SEP events (see text, Reames and Ng 2004 # AAS)
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evidence that the mechanism of 3He enhancement is different from that causing
enhancement of Fe/O and heavy elements.

The average enhancements of the elements from 4He through Fe were
summarized by Reames (1995, 1999) as seen in Fig. 4.6.

Fig. 4.3 Spectra of 3He, 4He, O and Fe are shown in the (a) 9 September 1998 and the (b)
21 March 1999 events (Mason et al. 2002b, # AAS; Mason 2007)

Fig. 4.4 Energy dependence is shown for 3He/4He ratios. Red and blue are for events shown in
Fig. 4.3a, b, respectively. The green event is 27 September 2000 (Mason et al. 2002b # AAS;
Mason 2007)
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It was suggested by Reames et al. (1994) that the grouping of the enhancements
of 4He, C, N, and O occurs because C, N, and O, are fully ionized, like 4He, and thus
haveQ/A¼ 0.5. Ions in the group from Ne–S have closed shells of 2 orbital electrons
and Q/A � 0.4. This occurs at a temperature of about 3–5 MK, as we shall see. The
observation that 4He and C are the same supports the idea that A/Q ¼ 2 for both, and
matter traversal is excluded since the dependence cannot be A/Q2.

Fig. 4.5 Cross plots of Fe/C vs. 3He/4He at 1.3–1.6 MeV amu�1 in impulsive SEP events shows
little evidence of correlation (Reames 1999; adapted from Reames et al. 1994 # AAS)

Fig. 4.6 Average abundance enhancements of elements in impulsive SEP events vs. Q/A at 3.2
MK as of 1995 as shown by Reames (1999 # Springer)
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4.5 Abundances for 34 � Z � 82

Beginning with the launch of the Wind spacecraft late in 1994, abundances of
elements in the remainder of the periodic table well above Fe started to become
available on a regular basis (Reames 2000). Although resolution of individual
elements was not possible, the pattern of enhancement of element groups gave a
new perspective to the term “enhancement” as the high-Z elements approached
1000-fold enhancements, comparable with those of 3He. Subsequently, two
completely different instrument techniques yielded: (1) the abundances vs. A at
0.1–1.0MeV amu�1 up toA¼ 200 (Mason et al. 2004) and (2) the abundances vs. Z at
3.3–10 MeV amu�1 up to Z � 82 (Reames and Ng 2004). Both are seen in Fig. 4.7.

Reference abundances used for Fig. 4.7 are solar system abundances for the red
symbols in the left panel and solar system abundances corrected for FIP (see
Chap. 8) to simulate coronal abundances in the right panel

4.6 Power-Law Enhancements in A/Q: Source-Plasma
Temperatures

The atomic physics that describes ionization states as a function of plasma tempera-
ture T has been studied for many years. Figure 4.8 shows A/Q vs. T, based on Q vs.
T from atomic physics, which was used by Reames et al. (2014a) to determine the
appropriate value of T for the power-law fit for impulsive SEP events shown in

Fig. 4.7 Enhancements relative to solar system and coronal abundances are extended to high
masses at 0.1–1.0 MeV amu�1 in the left panel (red, Mason et al. 2004 # AAS) and to high Z at
3.3–10 MeV amu�1 in the right (Reames and Ng 2004 # AAS). Open symbols are from Reames
(1995)
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Fig. 4.9. Values of Q vs. T below Fe are from Arnaud and Rothenflug (1985), Fe is
from Arnaud and Raymond (1992) and elements in the high-Z region from Post
et al. (1977).

Reames et al. (2014a) found a temperature that was somewhat lower than in
earlier work. They noted that A/Q for Ne is higher than that for Mg or Si in this
region T � 3.0 MK and would help explain the observation that, in the impulsive
event averages, Ne/O > Mg/O > Si/O (see right panel of Fig. 4.8). Also, A/Q for O
was beginning to approach � 2.2 in the region; this would help explain the “He-
poor” events observed with low 4He/O. Finally, A/Q values in the 2.5–3.2-MK
region fit the enhancements in the elements with Z � 34 quite well.

It is also possible to determine a best-fit temperature and a power-law fit for
individual impulsive SEP events. Each impulsive event has measured enhancements
for the elements and each temperature in a region of interest has its own pattern of A/
Q. We fit the enhancements vs. A/Q for each temperature, note the values of χ2 for
each fit, and then choose the fit, and temperature, with the minimum χ2. Values of
χ2 vs. T are shown for 111 impulsive events in Fig. 4.10. The number of events with
minima at each temperature is listed along the T axis. The right panel shows the
spread and magnitude of the enhancements.

It is noteworthy that temperatures of 2.5–3.2 MK we find for impulsive SEP
events are quite appropriate for solar jets from active regions (see Fig. 14 of Raouafi
et al. 2016). The larger jets are associated with active regions.

Fig. 4.8 A/Q is shown as a function of equilibrium temperature for various elements (left panel)
and is enlarged for low Z (right panel). Data on elements below Fe are from Arnaud and Rothenflug
(1985), Fe from Arnaud and Raymond (1992) and sample element data in the high-Z region from
Post et al. (1977). The region used for Fe-rich impulsive SEP events is shaded
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Fig. 4.9 The mean enhancement in the abundances of elements in impulsive SEP events relative to
reference gradual SEP events is shown as a function of A/Q of the element at ~3 MK. For the least-
squares fit line shown in the figure the enhancement varies as the 3.64 � 0.15 power of A/Q
(Reames et al. 2014a, # Springer)

Fig. 4.10 The left panel shows χ2 vs. T for all 111 impulsive SEP events using different colors and
symbols for each event. The number of events with χ2 minima at each temperature is shown along
the bottom of the panel. The right panel shows the distribution of the fits (Reames et al. 2014b,
# Springer)
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Figure 4.11 shows fits of enhancement vs. A/Q obtained for six individual
impulsive SEP events. The event numbers listed with the onset time in each panel
correspond to the numbers in the published list of Reames et al. (2014a) to provide
continuity. In performing the least-squares fits for these impulsive events, errors
used to determine weighting factors have been increased by 20% of the values, in
quadrature with the statistical errors (Reames et al. 2014b). The physical origin of
this 20% variation observed in the abundances, presumably local, is not entirely
understood, but its necessity is clear.

Deviations of individual abundances of Ne, Mg, S, and Ca above the fit lines can
be seen sometimes in Fig. 4.11. In these cases, C, O, and Fe may fall below to
balance the fit. In some other events larger excursions are seen, especially for
Ne. These variations are not understood, but resonant enhancements at specific
values of A/Q are a possibility or, more likely, just local abundance variations of
the solar corona. The observed variations do not appear to be variations in the FIP
bias of the underlying coronal material (see Chap. 8) but may be local variations in
individual element abundances.

Note that, if these ions at this energy of 3–5 MeV amu�1 had traversed a
significant amount of material during or prior to acceleration, all the elements
from He up to Ne, Mg, and Si would be fully ionized with A/Q � 2.0, which is
not consistent with observed power-law enhancements.

For the most part, abundance variations in successive SEP events in a sequence
do not seem to be correlated, as seen in the example in Fig. 4.12. However, the He
abundance may be an exception.

The element He, with the highest value of FIP¼ 24.6 eV, may be the last element
to become ionized on its transit across the solar chromosphere and into the corona.
Thus its ion abundance may lag behind those of other high-FIP elements. Presum-
ably this condition could apply throughout a region where multiple impulsive SEP
events occur. However, for the events shown in Fig. 4.12, He/C (or He/O) is
suppressed by a factor of 5 in the earlier event and a factor of 10 in the later one.
Except for coincidence, there is no known reason that the suppression of He should
increase with time. However, in these “He-poor” events He/C often decreases with
energy and He/O can be as low as�2 at�8 MeV amu�1 (Reames 2019). 3He/4He is
often high in these He-poor events, perhaps partly because the denominator is
reduced, but, of course, 3He and 4He have the same value of FIP. He-poor events
are not well understood but they may be the only FIP-dependent variation from event
to event (see Chap. 8). If the He-poor SEP events are caused by incomplete FIP
processing, which occurs in the chromosphere, then plasma from any CME from the
same jet might also be He-poor. The pattern of enhancements for Z � 6 suggests
(minimum χ2) a source temperature of �3 MK where He and C both have A/Q ¼ 2,
so how else can we decrease He/C so greatly?

Are there any impulsive SEP events outside the region 2–4 MK? Reames et al.
(2015) could find only a few new events outside 2.5–3.2 MK by relaxing the
requirement for high Fe/O, and none elsewhere. However, Mason et al. (2002a)
did find a small 3He-rich event with enhanced N that may have had a temperature of
<1.5 MK, but this event was not even visible above 1 MeV amu�1 so it must have
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Fig. 4.11 Observed element enhancements relative to corresponding reference values vs. best-fit
values of A/Q (at 2.5 or 3.2 MK) are shown for six individual impulsive SEP events with event
numbers (see text), onset times, and power of A/Q shown. Individual points in the panels are labeled
with the atomic number Z of the element (Reames 2019, # Springer)
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Fig. 4.12 The lower panel
shows the time history of
several species during two
events, 34 and 35, in March
2000. The upper panels show
fits to the relative
abundances vs. A/Q.
Excursions, such as Ne in the
first event and Ar in the
second are not shared.
However, a large suppression
of He is seen in both events
denoted by the arrows
(Reames 2019 # Springer)
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been a very small event with a very steep energy spectrum. Thus, impulsive SEP
events outside solar active regions are rare and very small (but see also Sect. 4.8).

4.7 Associations: CMEs, Flares, and Jets

While gradual SEP events are associated with fast, wide CMEs, impulsive SEP
events are associated with smaller, slower, and especially narrow CMEs. Are these
just extremes on a continuum? Probably not, since narrow CMEs from solar jets
involve plasma motion along B and may be less likely to produce shocks, while wide
ones are from extensive eruptive events that can drive plasma perpendicular to B and
produce strong shocks (e.g. Vršnak and Cliver 2008). Nearly 70% of impulsive
Fe-rich SEP events in a recent study (Reames et al. 2014a) have associated CMEs
with the properties shown in Fig. 4.13. We often associate impulsive SEP events
with flares with the proper timing; flares identify the location of an active region.
Flares are carefully tabulated while nearby jets, where the SEPs actually originate,
are not. Narrow, slower CMEs are, in fact, associated with jets (Kahler et al. 2001;
Bučík et al. 2018a, b). Sources of 3He-rich events have been reviewed recently by
Bučík (2020).

Any correlation between impulsive-SEP abundances and CMEs is difficult to
quantify, but Fig. 4.14 shows enhancements, relative to He, vs. Z for individual
events with measured Z � 50 ions, where the symbols denote the CME width. The
events with the greatest enhancements have small, narrow CMEs or no visible CME.
Yashiro et al. (2004) previously examined small 3He-rich SEP events with no CME
and found associated brightness changes and “coronal anomalies” that were proba-
bly small CMEs that were too faint to qualify to be cataloged—i.e. they were below
threshold. The evidence in Fig. 4.14 suggests that the smaller the CME the greater
the enhancements. The smallest events tend to have both suppressed He/O and
enhanced (Z � 50)/O.

When abundance enhancements are displayed as a function of the GOES soft
X-ray peak intensity as in Fig. 4.15, the smaller B- and C-class events have steeper
abundance variations than the brighter M- and X-class X-ray events. The smaller
events are also more likely to have large 3He/4He ratios (not shown, see Reames
et al. 2014b).

As we have said often, flares involve hot closed loops that do not produce SEPs in
space. Jets are reconnection events involving open field lines so that plasma and any
energetic particles accelerated will be ejected in the diverging field. Thus, it is not at
all clear why there should be any correlation of SEP properties with flare heating in
the neighboring closed loops of an associated flare, let alone the inverse correlation
seen in Fig. 4.15. Apparently it suggests that more-modest reconnection in smaller
jets, which may also have minimal flaring, are more likely to produce stronger and
steeper abundance enhancements. There is flaring from closing field lines in jets and
evaporation of hot plasma from the base of field lines; X-rays must come from hotter
regions that differ from the reconnection and SEP source.
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Fig. 4.13 Properties of the
impulsive-SEP-associated
CMEs and flares are as
follows: flare longitude (top),
CME width and speed, and
the CME-SEP delay (Reames
et al. 2014a # Springer). The
median speed is
597 km s�1 vs. 408 km s�1 for
all CMEs and 1336 km s�1 for
gradual SEP events (Yashiro
et al. 2004). The average
transport delay from CME
launch to SEP onset is 2.7 h.
From type III onset to SEP
onset is 2.3 h, corresponding
to a path length of ~1.4 AU,
which suggests average pitch
cosine, <μ> � 0.8 or a
complex path like that in
Fig. 3.10
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Fig. 4.14 Enhancements relative to He are shown vs. Z for impulsive SEP events. Symbol sizes
indicate the associated CME width (Reames et al. 2014a # Springer)

Fig. 4.15 The left panel shows the power of A/Q vs. the GOES soft X-ray peak intensity (and
“CMX” class) for individual SEP events with temperature as a symbol and color. Circled events are
“He-poor” with low 4He/O caused only partly by increased A/Q for O. The right panel shows
variation of the mean temperature and power of A/Qwithin each soft X-ray class (after Reames et al.
2014b # Springer)
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The cartoon in Fig. 4.16 illustrates the basic mechanism behind a jet produced
when new magnetic flux (blue) emerges, pressing into oppositely directed open
magnetic field (black). The time evolution of an isolated jet is shown in Fig. 4.17.

The drawing in Fig. 4.16 shows a reconnection region formed when emerging
magnetic flux is oppositely directed from the overlying flux. The magnetic recon-
nection region is non-uniform and forms islands of reconnection. Oppositely-

Fig. 4.16 A jet is produced when newly emerging magnetic flux (blue) reconnects with oppositely
directed field (black) in the red region. The reconnection region is not a uniform surface but forms
islands of reconnection. Energetic particles and plasma can escape toward the upper right; an
enclosed flaring region forms at the lower left (see Reames 2002). Real jets can be much more
complex, involving twisted fields, etc. (see review by Raouafi et al. 2016)

Fig. 4.17 Eruption of an isolated jet on 11 August 2010 observed as a function of time on
SDO/AIA of He II at 304 Å by Moore, Sterling, and Falconer (2015 # AAS)
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directed fields do not perfectly cancel, and a small out-of-plane “guide field” may
stabilize the reconnection. Particle-in-cell simulations show Fermi acceleration of
ions reflected back and forth from the ends of the collapsing islands of reconnection
(Drake et al. 2009). If the distribution of the widths w of islands of reconnection is P
(w) ~ w -α, then the rate of production of energetic ions with mass A and charge Q is.

dN=dt � wth
3�α � A=Qð Þα�3 ð4:1Þ

where wth is the threshold for ion heating which typically occurs when A/Q > 5
(Drake et al. 2009). However, we see enhancements all the way from A/Q ¼ 1.

The theory of ion (other than 3He, covered in Sect. 2.5.2) and electron accelera-
tion in flares is extensive (see Ramaty 1979; Steinacker et al. 1993; Miller et al.
1997; Miller 1998). Stochastic acceleration of ions by an arbitrary wave spectrum is
common and the balance between acceleration and Coulomb losses (e.g. Mason and
Klecker 2018) has been considered for nearly 40 years (Ramaty 1979). However, the
observation that 4He and C are both unenhanced and have A/Q ¼ 2 at T � 3 MK
seems to argue against a dependence upon A/Q2 that would be appropriate for
traversal of material. We tend to favor the particle-in-cell results (Drake et al.
2009) because they seem more directly related to reconnection and jets.

X-ray properties of jets were described by Shimojo and Shibata (2000) and they
were associated with impulsive SEP events by Kahler et al. (2001). X-ray jets were
also previously associated with type III radio bursts which provide the streaming
electrons that may generate the EMIC waves needed for 3He enhancements
(Temerin and Roth 1992; Roth and Temerin 1997). The narrow CMEs associated
with two impulsive SEP events are shown in Fig. 4.18.

It has also been possible to trace the magnetic field lines from Earth to the Sun to
locate the sources of events (Wang et al. 2006; Nitta et al. 2006). Much more
sophisticated models of jets have also evolved that show reconnection associated
with untwisting of axial field lines and generation of Alfvén waves (Moore et al.

Fig. 4.18 Difference images show change in intensity in the LASCO C2 coronagraph for narrow
CMEs associated with impulsive SEP events (Kahler et al. 2001 # AAS)
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2013; Lee et al. 2015). However, such models do not yet include any related particle
acceleration (see review of solar jets by Raouafi et al. 2016) although observations
now clearly associate 3He-rich SEP events directly with helical jets (Bučík et al.
2018a, b; Bučík 2020). These SEP events are often associated with active-region
coronal holes (Innes et al. 2016), i.e. open field lines extending out of an active
region. Active-region jets tend to have temperatures of ~3 MK (see Fig. 14 of
Raouafi et al. 2016) like those we deduce from impulsive SEP events (Fig. 4.10).

Recently, Paraschiv and Donea (2019; Paraschiv 2018) have associated recurrent
solar jets with coronal “geysers”, magnetic structures that are observed to generate as
many as a dozen individual jets over a period of a day or so. These jets are found to
produce the electron beams that generate type-III radio bursts (Sect. 2.2) which we
associate with impulsive SEP events (e.g. Sect. 2.5.2). Geysers may be involved in
the long periods of 3He-rich, Fe-rich suprathermal ions that are observed (Fig. 2.8). It
is well known that multiple impulsive SEP events commonly occur together on this
time scale (see e.g. Fig. 4.2). Magnetic flux emergence is still regarded as an
important trigger mechanism for solar jets (Paraschiv et al. 2020).

The studies of ion acceleration in islands of magnetic reconnection come from
particle-in-cell simulations discussed above (Drake et al. 2009; Knizhnik et al. 2011;
Drake and Swisdak 2012). This acceleration produces a strong power-law depen-
dence on A/Q and provides the most promising explanation of the element abun-
dance enhancements in impulsive SEP events appropriate to solar jets. However,
3He enhancements seem to require a separate explanation involving resonant waves
(e.g. Temerin and Roth 1992).

4.8 Can We Have It Both Ways?

It seems suspicious to derive 3He enhancements from one mechanism and heavy-
element enhancements from another—in the same SEP event. Do both really
contribute?

Recently, Mason et al. (2016) found 16 3He-rich events in 16 years with
extremely high S/O abundances in the 0.4–1.0 MeV amu�1 interval. Most of these
events are too small and their spectra too steep to be measurable above
1.0 MeV amu�1, the few we can measure show no significant anomalies. Properties
of the most extreme event of 16 May 2014 are shown in Fig. 4.19.

This event has 3He/4He ¼ 14.88 � 1.36 and S/O ¼ 1.14 � 0.12, although the
spectra show that these abundances are not constant but vary with energy. The
shapes of the spectra of Si, S, and Fe are similar to that of 3He, strongly suggesting
that these elements are all accelerated or modified by the same mechanism.

Mason et al. (2016) consider a wide range of plasma temperatures above 0.4
MK. However, most models of resonant wave-particle acceleration (e.g. Fisk 1978;
Roth and Temerin 1997) suggest that heavy elements might resonate with the same
waves as 3He, but through the second harmonic of their gyrofrequency. Since A/
Q ¼ 1.5 for 3He, naively we might expect Si and S to be accelerated when they have
A/Q � 3.0, if the resonance is broad enough for us to use an average value of A/Q.
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For S, this average value occurs at 2.0 MK and for Si near 1.5 MK, both reasonable
temperatures that might exist near the fringes of active regions. Solar jets near active
regions have temperatures around 3 MK while those from coronal holes are nearer
1.5 MK (see Fig. 14 of Raouafi et al. 2016). Jets from coronal holes might also be
based upon different FIP-dependent coronal abundances like those in the solar wind
where both C and S behave like a low-FIP elements (see Sects. 8.4 and 8.5; Reames
2020). This increased factor of ~4 in S/O would only partly explain the observations,
but the elevated C/O may be a clue. However, the greatly enhanced S does not seem
to be supported at 2.0 MK by Roth and Temerin (1997) either. Present theory of 3He
involves resonance of ions with electron-beam-generated EMIC waves; direct wave
generation in the reconnection region is also a possibility that has not yet been
explored.

The enhancements of other elements with less-rounded spectra might result from
the power-law in A/Q more-commonly produced at higher energies by magnetic
reconnection (e.g. Drake et al. 2009). It seems possible that the two mechanisms may
compete to dominate different species at different energies in different impulsive
SEP events, but a clear picture of the physics is still elusive and the degree of
enhancement of all species may not be easily accommodated.

The understanding of the relative roles of the reconnection and the resonant wave
mechanisms is the largest outstanding problem in the physics of flares, jets, and
impulsive SEP events. Nature has tempted us with two huge 1000-fold
enhancements, in 3He and in heavy elements. Neither one is subtle. Yet they seem
to be unrelated and we are unable to incorporate their explanations into a single
physical model that can tell us which will dominate and when.

Fig. 4.19 Mass histograms of the 16 May 2014 3He-rich event are shown in the left two panels and
some corresponding energy spectra are shown in the right panel (Mason et al. 2016 # AAS)
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4.9 Nuclear Reactions: Gamma-Ray Lines and Neutrons

It may seem incongruous to discuss γ-ray-line events in a chapter on impulsive SEP
events since γ-ray lines have not been observed in small events or jets. Line emission
is observed in large flares from the de-excitation of nuclei produced in nuclear
reactions that occur when ions, accelerated on closed coronal loops, are scattered
into the loss cone and plunge into the higher-density corona (e.g. Ramaty and
Murphy 1987; Kozlovsky et al. 2002). Hard (>20 keV) X-rays, common in flares,
are produced by non-relativistic electrons but X-rays tell us nothing about
accelerated ions; only γ-ray lines can help here. Protons, undergoing nuclear
reactions with C, O, and Fe, for example, produce narrow γ-ray spectral lines in
the region of ~0.5–7 MeV, whose relative intensities can be used to measure
abundances of elements in the corona. Energetic heavy ions in the “beam”

interacting with protons in the corona produce Doppler-broadened spectral lines
that measure abundances in the accelerated beam, i.e. the flare equivalent of our
SEPs. Figure 4.20, from Murphy et al. (1991) compares observed and calculated γ-
ray spectra in the large event of 27 April 1981.

These lines suggest that the accelerated ions in large flares are both 3He-rich
(Mandzhavidze et al. 1999) and Fe-rich (Murphy et al. 1991). The γ-ray lines excited
by nuclear reactions of a 3He beam differ from those produced by a 4He beam,
allowing measurement of both isotopes. The presence of enhanced 3He/4He in the
accelerated “beam” in these events has been further confirmed recently by Murphy
et al. (2016). Thus it seems that flares and jets might accelerate ions in the same way
and γ-ray-line spectroscopy could contribute to our understanding of that process.
Unfortunately, the masks used to improve position resolution in modern

Fig. 4.20 An observed γ-ray spectrum (a) is compared with a calculated spectrum (b). Relative
strengths of the lines are determined by element abundances in the corona and in the accelerated
“beam” (Murphy et al. 1991 # AAS)
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spectroscopy missions, which operate rather like a pin-hole camera, block too many
γ-rays to permit γ-ray-line spectroscopy on modern spacecraft.

Nuclear reactions in the corona also produce 2H, 3H, positrons, π-mesons, and
isotopes of Li, Be, and B as inferred from the γ-ray-line spectroscopy. However, as
we re-emphasize, none of these secondary products (except γ-rays and neutrons) has
been observed into space. Apparently the secondary ions are magnetically trapped
on the loops where they are created, suggesting that the primary ions that produced
them were similarly trapped.

Evidence of a spatially extended γ-ray source and long-duration γ-ray events are
discussed in Sect. 5.7. We will see that the >100 MeV γ-rays are produced by
>300 MeV protons accelerated by CME-driven shock waves (Plotnikov et al. 2017;
Share et al. 2018).

Neutrons are also produced in nuclear reactions in solar flares and 50 – 300 MeV
neutrons have been observed directly in space (Chupp et al. 1982; Chupp 1984).
Neutrons decay into a proton, electron, and neutrino with a 10-min half life and
neutron-decay protons of 5–200 MeV have also been measured, allowing a neutron
spectrum to be calculated (e.g. Evenson et al. 1983, 1990). Neutron-decay protons
are best measured for eastern solar events where they can be measured on field lines
that are much less accessible to protons directly from the shock source, which slowly
increase later.

4.10 Open Questions

This section suggests open questions that might be addressed by future research.

1. If most A/Q enhancements come from magnetic reconnection and 3He
enhancements come from wave-particle interactions, where and when do these
two acceleration mechanisms fit into models of solar jets? What parameters
control their relative contributions?

2. Why do the impulsive SEP events with the lowest intensities, smallest associated
flares and narrowest CMEs have the greatest enhancements of 3He/4He and the
heavy-element abundance enhancements with the steepest power of A/Q? To
what extent can all the 3He event observations be explained by source depletion
of the enhanced species? Surely not Fe-enhancements?

3. Measurements by a spacecraft near the Sun, like PSP, could improve SEP onset
timing by removing the blurring effect of scattering during transport. What is the
duration and time profile of impulsive events at 10 s to 1 min resolution and how
does it compare with X-ray, γ-ray, and type-III-burst timing? Note that intensities
may vary as ~r�3, providing greatly improved statistics nearer the Sun for smaller
events, but anisotropies may be high. Do the electron and ion sources differ?
What is the relative timing of 3He and 4He?
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4. For a spacecraft near the Sun, the ~r�3 intensity increase would allow observation
of many more small impulsive SEP events from smaller jets. What is the size
distribution? Are there microjets and nanojets supplying many impulsive
suprathermal ions during times that are otherwise quiet?

5. Discrete ionization states affect the assignment of source-plasma temperatures.
12C+5 is enhanced but 12C+6 is not; treatingQ as 5.5 is approximate. A/<Q> is not
the same as <A/Q>. Then there is 13C which is always enhanced. Can we
improve the estimates of T?

6. Can 22Ne enhancement explain the occasional extra enhancements of Ne?
7. What causes the large enhancements of S in some small impulsive events? Are

the events connected to active regions?
8. What causes the occasional large suppression in the He-poor events?
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