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Abstract. Abundances of elements and isotopes have been essential for identifying and measuring the sources of the
energetic ions and for studying the physical processes of acceleration and transport for each particle population in the
heliosphere. Many of the sources are surprising, in a few cases the acceleration biasis extreme, but an understanding of
the fundamental physics allows us to use energetic ions to determine abundances for the average solar corona, the high-

speed solar wind, and the local interstellar medium.

INTRODUCTION

Energetic particles are accelerated by a variety of
physical mechanisms a many sites throughout the
heliosphere that may be listed as follows (see reviews
by Lee (19) and Reames (36)):

Heliospheric Sour ces and Ener getic Particles
1) Solar flares —*He/*He and (Z>50)/O enhanced
2) CME-driven shock waves — large SEP events

3) Planetary magnetospheres
a) Radiation belts — neutron abedo
b) lobdt of Sand O
¢) Trapped ACRs
d) lon conics

4) Planetary bow shocks
—‘Upstream’ events

5) Co-rotating interaction regions (CIRs)

6) Heliospheric termination shock
— Anomalous Cosmic Rays (ACRs)
— Interstellar pickup ions

7) Galactic Cosmic Rays (GCRs)

In recent years, we have learned to divide solar en-
ergetic particle (SEP) eventsinto the small ‘impulsve
events, accelerated in solar flares, and large, long-
duration, ‘gradual’ events where acceleration occurs at
shock waves driven out from the Sun by coronal mass
gections (CMEs) (9, 13, 14, 15, 17, 18, 36, 37).

Resonant wave-particle interactions in flares can pro-
duce 1000-fold enhancements in °He/*He and
(Z>50)/0. On the other hand, abundances averaged
over many large gradual SEP events dlow the study of
fractionation of the solar coronal materia relative to
the photosphere — the solar FIP (first ionization poten-
tid) effect. We are beginning to understand and
modd the dynamic physical processes of wave
particle interactions near shocks that explain abun-
dance variations with time during one SEP event and
from one event to another. We now see why averag-
ing works. However, these abundances are compli-
cated by shock re-acceeration of residual ions from
impulsive flares, and by the exponentia rollovers in
the high-energy spectra, called spectra ‘knees.’

Several magnetospheric  populations have ex-
tremely interesting abundances. The main radiation
belts of Earth, Jupiter, and Saturn consist aimost en-
tirely of the dement H. This incredibly simple abun-
dance pattern reveals the source of these belts as the
decay of energetic neutrons that are produced by inter-
actions of GCRs with the atmospheres, rings, and
moons of these planets. Another interesting popula-
tion, seen in the Jovian magnetosphere, has compara-
ble abundances of S and O at several MeV/amu, with-
out accompanying Ne, Mg, or Si. The Sand O are
accelerated from disassociated gasses such as SO,
emitted from the volcanoes of the Jovian moon lo.
Surely, thisisthe ‘smoking gun’ of abundances.

The anomalous cosmic rays (ACRS) are an exam-
ple of an extreme FIP-based, ion-neutral separation of



a source population. Low-FIP ions areionized in the
local interstellar medium, but high-FIP ions, such as
H, He, N, O, Ne and Ar, are mostly neutral. The neu-
trals easily cross magnetic fields to enter the hdio-
sphere; if they are ionized by solar ultraviolet or by
charge exchange with solar-wind protons, they are
‘picked up’ by the solar wind and carried out to the
heliospheric termination shock where they are acceler-
ated to produce ACRs. The distribution function of
the interstellar pickup ionsremains flat out to twice the
solar wind speed where they greatly outhumber normal
solar wind ions, providing preferentid injection. The
existence of the interstellar pickup ions was predicted
by Fisk, Kozlovsky, and Ramaty (7) to explain ACRs
well before these ions were actually observed in the
solar wind, dthough the pickup of interstellar He had
been suggested previously to explain He" in the solar
wind (11). Abundances of the local interstellar me-
dium can be determined from ACRs and pickup ions
given suitable models of photo-ionization and charge
exchange. Moddling is not required to determine iso-
topic ratios such as *?Ne/®®Ne ~0.1 (20)

Corotating interaction regions are produced where
high-speed solar wind streams overtake slower solar
wind emitted earlier by the rotating Sun. From this
interaction, a forward shock propagates out into the
dow wind and a reverse shock propagates sunward
into the high-speed stream. Particles are accelerated at
both shocks but are more intense at the reverse shock.
Particle intensities at the shocks increase with distance
out to 5-10 AU. Energetic ions streaming sunward
from the reverse shock, measured near Earth, appeared
to represent the abundances of the high-speed wind
(45). Later, however, these ions were thought to
originate from singly ionized ‘inner-source’ pickup
ions from solar wind that is absorbed, neutralized, and
re-emitted at interstellar dust grains passing near the
Sun (8). lonization-state measurements of these ener-
getic ions from CIRs, reported by Mébius et al. (30) at
this workshop, indicate that the ions (with the excep-
tion of ~25% of He and ~8% of Ne) are multiply ion-
ized and hence they are accderated from the high-
speed solar wind after al. We have come full circle.

Nearly all of the heliospheric sources are ‘invisi-
ble’ in that ion acceleration produces no measurable
photons, so we must derive the physics from the ener-
getic particles themsalves. This requires that we dis-
tinguish the influences of injection, acceleration, and
transport. Improving observations and modds of this
rich variety of events and sources have begun to make
this possible. Many of the properties of the energetic-
particle populations have been discussed in previous
review articles (19, 36) and will not be repeated here.
This review will focus on those recent observations

and new theories and models that have extended our
understanding or revised our perspective of energetic
particles and their underlying source abundances.

IMPULSIVE SOLAR FLARES

Energetic particles from impulsive solar flares are
characterized by extreme abundance enhancements
resulting from acceleration by resonant wave-particle
interactionsin theflare plasma (e.g. 36, 47, 48). All of
the elements through Si are fully ionized, and Fe of
charge ~20 is observed (22, 29), indicating flare-
heated plasma at atemperature of ~10 MK.

Enhanced abundances similar to those seen in en-
ergetic particles are also deduced from the Doppler-
broadened y-ray lines emitted from the energetic ions
in solar flares (23, 31). Narrow y-ray lines emitted
from the ambient flare plasma show norma coronal
abundances with no enhancements. Thus, the en-
hancements arise during accel eration.

Recent observations on the Wind spacecraft have
yielded abundances for the dominant element groups
in the 34<7<82 region (39). These abundances, aong
with those for Z<26 (36, 39, 41), are shown in Figure
1 as enhancements relative to corona abundances.
Abundance enhancements at high Z have been con-
firmed by Mazur et al. (25) at thisworkshop.
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FIGURE 1. Abundance enhancements of heavy ions from
impulsive solar flares.



Progressive enhancements of heavy ions may result
from the physics of cascading waves (28) in which
turbulent energy is generated a a large spatial scale
and small wave number k, by magnetic reconnection
above a flare. This energy Kolmogorov-cascades to-
ward higher k and is first absorbed by ions with the
lowest gyrofrequency and charge-to-mass ratio Q/A.
Energy not absorbed by the heaviest ions continues to
cascade toward lighter and lighter ions and is eventu-
ally absorbed by He or H.

Cascading waves may explain the abundance pat-
tern in Figure 1, but, unfortunately, cannot explain the
enhancements in *He/*He.  This enhancement is be-
lieved to result from eectromagnetic ion cyclotron
(EMIC) waves produced between the gyrofrequencies
of H and *He by electrons streaming down the mag-
netic field lines (47, 48). >He is the only species
whose gyrofrequency lies in this region so it can effi-
ciently absorb these waves. A similar mechanism pro-
duces ‘ion conics' in the Earth’s aurora region where
electrons, ions, and waves can all be observed in situ.

The necessity for two acceleration mechanisms,
with unknown spatid and tempora réationships,
makes it difficult to understand ion acceleration in
flares. The necessity for acceleration before further
ionization and the lack of correlations in the abun-
dance variations complicate the picture (38, 41).

GRADUAL SEP EVENTS

In essentialy all of the large SEP events particles
are accelerated at CME-driven shock waves (9, 13, 14,
15, 18, 19, 36, 37). Peak particle intensities are corre-
lated with CME speed and only 1-2% of CMEs drive
shocks that are fast enough to acceerate ions (37).
Shocks from the largest, fastest CMES span more than
half the hdiosphere. These shocks expand across
magnetic field lines acceerating energetic particles as
they go.

Owing to the spiral pattern of the interplanetary
magnetic fidd lines, which the ions follow, the particle
time profiles depend in a systematic way upon the
longitude of the observer rdative to the source, as
shown in Figure 2 (4, 36, 40). An observer on the east
flank of the shock sees a source at a western longitude
on the Sun. As a function of time, this observer’s con-
nection point swings from the intense nose of the
shock, near the Sun, to the weaker flank when the
shock arrives at 1 AU. An observer on the west flank
of the shock may see maximum intensity only after
crossing through the shock into the region where fied
lines connect to the shock nose from behind. Accdl-
eration may also weaken, especialy at high energies,
as the shock moves outward, but the relentless east-
ward swing of the observers connection point to the
shock isaways a mgjor factor.

West

Eas
10° T r T
w53° Shock
W3k
By
LN S s
L - ~ = ]
10 !h-\\\\ =
L ~ ]
1073 s ey
LAYV
bt
) ikl
107 (

6 7 8 9 10 11 12 13
82Mar

W

o 1- 4 Mev
o 7-13 Mev
o 22-27 MeV

25 26 27 28 29 30 3t 1
82Dec 83Jan

9 10 11 12 13 14 15 16

78Nov

FIGURE 2. Intensity-time profiles for protons are shown for observers viewing a CME from three different longitudes.



A sufficiently fast CME near central meridian will
produce an intensity peak at the time of shock passage
(not seen in Figure 2), followed by a sharp decrease in
intensity when the observer enters the CME or mag-
netic cloud, asisclearly seen in Figure 2. Thereduced
intensity inside the CME shows that little or no accel-
eration occurs at reconnection regions or other shock
waves that might be behind the CME. Occasionally,
however, new events at the Sun do fill this region be-
hind the CME with energetic particles.

Average Abundancesin Gradual Events

Historically, gradual SEP events have been used as
aproxy for average corona abundances. In hisclassic
review, Meyer (26) redized that two different proc-
esses control SEP abundances when compared with
photospheric abundances. 1) systematic event-to-event
variations that depended upon Q/A of the ion (his
‘mass bias’) and 2) an overall dependence of the cor-
onal source abundances on the first ionization potential
(FIP) of the ions. Meyer dso recognized impulsive
*He-rich events as a separate population that he dis-
cussed in an appendix.

Breneman and Stone (2) significantly increased the
number of elements measured and studied the Q/A
dependence for 10 large SEP events observed on the
Voyager spacecraft. They used the average Q/A val-
ues measured on ISEE-3 by Luhn et al. (22) and as-
sumed that ionization states did not vary from event to
event. They found a power-law dependence of en-
hancement vs. Q/A for ionswith Z>6 in several events,
and they listed a complete set of average SEP abun-
dances. If they had compared with modern photo-
spheric abundances (10), they would have found no
net Q/A dependence in their SEP averages.

Reames (35) determined SEP abundances averaged
over 49 large events and examined variations. In Fig-
ure 3 these averaged SEP abundances are divided by
the corresponding photospheric abundances (10) and
plotted vs. FIP. The element H, which was neglected
in early papers, has been included in this plot.

Evidence that averaging compensates for Q/A-
dependent effects is seen by comparing Mg and S
with Fe in Figure 3. These elements have the same
FIP but greatly different values of Q/A, yet they agree
within statistical errors as seen in the Figure 3. The
averaged SEP abundances for dominant elements have
changed little in the last 15 years. However, abun-
dances for the rarer elements have been improved and
extended by Cohen et al. (5) at this workshop.
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FIGURE 3. Averaged SEP corona abundances relative to
photospheric abundances are shown as afunction of FIP.

Under standing SEP Abundance Variations

Unfortunately, the early treatment of SEP abun-
dances and their variation from event to event was
highly phenomenological. It left nagging questions.
Why does averaging work so well? What actualy
causes the variations with Q/A. Why should a power-
law organization exist and why does it break down?
Why does H fit the Q/A phenomenol ogy so poorly that
it was completely ignored in early papers?

To answer these questions and to gain confidence
in the relevance of SEP abundances as a proxy for
coronal abundances, we must explore the physics of
particle acceleration and transport. This necessity be-
came even more compeling when new insruments
showed systematic abundance variaions with time
during individual events, as shown in Figure 4 (36,
52). Note the different behavior of F&/O in the two
events and the uncorrelated variation in H/He.

Particles are accelerated at shocks because they
gain an increment in velocity each time as they scatter
back and forth across the velocity gradient of the
shock (12, 17). At injection, the particles begin to
scatter on ambient magnetic turbulence. As their ve-
locity increases, those that begin to stream away from
the shock generate or amplify resonant Alfvén waves
of wave number, k=B/uP, where P is the particle's
magnetic rigidity and u the cosine of its pitch angle.
Particles of the same rigidity that follow are scattered
by the waves and increasingly trapped near the shock
where they are further accel erated.
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FIGURE 4. Sdected intensities and relative abundances are
shown vs. time for SEP events at two different longitudes.

At higher and higher energy, streaming particles
grow new resonant waves. Eventualy, at some high
energy, the number of surviving particles becomes
inadequate for wave growth to produce sufficient scat-
tering, so these particles simply leak away from the
shock. Thisleakage produces an exponential ‘kne€’ in
the particle spectrum that is otherwise a power-law in
energy (3). We will discuss this knee in the next sec-
tion.

Protons play a specia role in wave generation at
the shock. Since they are the most numerous species,
they generate most of the waves, while the heavier
ions act as test particles that probe the wave spectrum.
SEP abundances are accumulated a the same velocity
(i.e. energy/nucleon). However, ions with the same
velocity will resonate with different regions of the
wave spectrum because they have different values of
Q/A, hence different rigidities. For wave spectra flat-
ter than k? for example, O will be scattered and
trapped more efficiently than Fe of the same velocity,
so that Fe/O is enhanced far away from the shock and
suppressed nearer the shock.

Thus, Fe and O are merely redistributed in space
along a magnetic flux tube by differential wave scat-
tering. If we could integrate over space at a fixed
time, we would obtain the corona source abundances.
However, since this is impractical, we can achieve a
similar effect by averaging over SEP events at differ-
ing solar longitudes, since, as seen in Figure 2, events
with western sources preferentially sample far ahead
of the shock, and events with eastern sources preferen-
tidly sample near and behind the shock. Abundance
averaging over a large sample of events compensates

for the gpatial fractionation of eements by proton-
generated Alfvén waves. Of course, the abundances
vary strongly with wave intensity even for events at a
given longitude.

Detailed numerical calculations of Ng et al. (32,
33) follow the complete evolution of both particles and
waves in space and time. These calculations can fol-
low much of the complex behavior of abundances, as
shown in Figure 5. The detailed time evolution de-
pends upon the rate that the shock weakens; this is
assumed to be linear in the simulation.

A critical feature of the wave-particle model has
been the understanding it gives of the abundance of H,
that was omitted in earlier gudies. He/H and Fe/O are
both ratios of high- to low-rigidity species at the same
velocity. A power-law wave spectrum, like the Kol-
mogorov k™ spectrum, will produce power-law en-
hancements as a function of Q/A, so that H&/H and
Fe/O will behave similarly. Since the first particles to
arrive propagate through a background Kolmogorov
wave spectrum that is largely unmodified by wave
growth, one might expect these ratios to begin at high
values and decline with time. However, as shown in
Figure 6, the ratios behave as expected in the 2000
April 4 event, but He/H behaves anomaloudly in the
1998 September 30 event (see also 43).
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dance variations with timein the 1998 April 20 SEP event.
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FIGURE 6. Time behavior of Fe/O and He/H are compared in the lower panels for two SEP events.

He/H ratios that initialy rise with time can be ex-
plained because He of, say, 2 MeV/amu resonates with
waves produced by protons of twice the velocity, i.e.
at about 8 MeV. Thus, the He resonates with waves
produced by protons that arrived much earlier. These
protons have been producing waves much longer than
the 2 MeV protons that just arrived. The spectrd dif-
ference between these two events can be seen in Fig-
ure 7. The proton spectrum in the 1998 September 30
event is relatively hard, so there are enough high-
energy protons to generate the waves necessary to
preferentially scatter the He. The softer proton spec-
trum in the 2000 April 4 event does not produce
enough waves. Proton intensities at 8 MeV and above
differ by an order of magnitude for the two events. In
these events, 8 MeV protons arrive 2-3 hrs before the
onset of 2 MeV protons.

In addition to their effect on abundances, proton-
generated waves control many aspects of energetic-
particle behavior (37). They limit intensities early in
events, flatten low-energy spectra (as seen in Figure
7), and rapidly reduce the streaming anisotropies in
large SEP events. Even though the energy in proton-
generated waves is limited to only a few percent of the
energy in the protons themselves, the scattering that
the waves produce greatly increases the acceleration

efficiency of the shock, increasing attainable energies
by factors of ~100 or more.
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FIGURE 7. Proton energy spectra at times labeled A-D
early in the two events shown in Figure 6.

Finally, it is important to realize that the transport
of particles from SEP events may be complicated by



the presence of CMEs and shocks that exist in inter-
planetary space prior to the onset of a new event. The
recent event on 2000 July 14 is shown in Figure 8
(44). Intensities of protons below 100 MeV suddenly
increase at an intervening shock that arrives at Earth
about 5 hours after the SEP event onset. Particle in-
tensitiesremain relatively flat between this early shock
and the source shock that arrives on July 15, suggest-
ing that particles are partially trapped between the two
shocks. This trapping most likely affects abundance
ratios like F&/O, which rises and remains el evated until
the shock passage on July 15. This behavior contrasts
with that of the 1998 August 24 event (Figure 4),
which also comes from a source near central meridian,
but has no intervening shock.
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FIGURE 8. Proton intensities and relative abundances are
shown vs. time for the 2000 July 14 event (44).

Spectral Knees

At sufficiently high energy, intensities of particles
and resonant waves decrease, acceleration times in-

crease, and particles leak away from the shock. The
power-law spectrum of equilibrium shock acceleration
is modified by the leakage (3) to a form such as
E” exp(-E/E,) where we define the e-folding energy as
the spectral ‘knee’ energy.

Tylka et al. (49) found that spectra in the 1998
April 20 event fit this form with E,= (Q/A) Egn, Where
E. isthe knee energy for protons (see Figure 9). Egy
decreased dowly with time during the event from ~15
MeV to 10 MeV. Othe events have a stronger or
weaker dependence on Q/A and have larger variations
of Eqy with time. Lovdl et al. (21) derived the energy
spectrum of the 1989 September 30 event using data
from the ground-level neutron monitor network. For
that event they found E,y = 1 GeV. There arenoin-
struments available to measure knee energies for ions
above ~200 MeV/amu in SEP events.
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FIGURE 9. lon spectraearly in the 1998 April 20 event are
fit to the form E7 exp(-E/E,) by Tylka et al.(49) using data
from IMP8, Wind, and ACE. E, scalesas Q/Ainthisevent.

Spectra knees are a property of the acceleration,
not a redistribution of particles in space. Therefore,
averaging over events at energies above the knee will
not recover coronal abundances.

The Seed Population

Shock waves accelerate ions from the high-energy
tail of the thermal distribution. In the case of CME-
driven shocks, ions from the corona and solar wind are



sampled as the ‘seed population’ for acceleration.
lonization states for the accelerated ions are typical of
the solar wind or the 1-2 MK coronal plasma. Charge
states of Fe from 10 to 15 are usually seen, even up to
energies of 200-600 MeV/amu (50). In a few events
the shock begins sufficiently low in the coronal plasma
that energetic ions are further stripped, producing ioni-
zation states that increase with particle energy (42).
The transport of Fe with charge 20 is different from
that for Fe of charge 10. Q/A-dependent acceleration
and transport affect the relative abundances of differ-
ent ionization states of a single element just as they
affect the rdative abundances of € ements.

Fast shocks will accelerate any ions that they en-
counter at suprathermal velocities, such as the pickup
ions in the case of the heliospheric termination shock.
Mason et al. (24) have suggested that an accumulation
of suprathermal *He ions in the interplanetary plasma
from many small impulsive flares during solar maxi-
mum could explain the small increases in *He/*He~1%
that they seein graduad SEP events. Enhancements of
*He and heavy ions at interplanetary shocks were re-
ported by Desai et al. (6) at this workshop. The accu-
mulation of *He and Fe from small events during quiet
periods at solar maximum has been known for many
years (46).

However, the observationa effects of shock accel-
eration of a suprathermal population of residual ions
from impulsve flares are not limited to abundances of
*He and Fe. To produce a final ratio of *He/*He~1%,
suppose we inject material with impulsive-flare abun-
dances (36) and *He/*He~1. Then ~10% of the resul-
tant Fe will be from the impulsive population. Even if
this does not noticeably alter Fe/O, it will contribute
Feions of charges ~18-20 to the charge-state distribu-
tion, asis sometimes observed. In addition, adding an
impulsive population to produce *He/*He ~1% will
also enhance (Z>50)/O by a factor of ~10. As an ex-
treme exampl e, an injection of impulsive suprathermal
ions to contribute 10% of “He will contribute half of
the final Fe, with Qr~20, add 25% of the final Ne, and
enhance (Z>50)/0 by a factor of ~100. Enhancements
in (34<Z<40)/0 by a factor of ~30 are actually seen in
the 2000 July 14 event, and are shown in Figure 8.

Abundances in impulsive SEP events are not well
correlated among themsealves, so it is difficult to estab-
lish corrdlated enhancements in *He/*He and Fe/O.
However, correlations between F&/O, Ne&/O, and Q.
have already been reported (29). Re-acceeration of
supratherma ions from prior impulsive flares can ex-
plan most of the events that are not ‘pure gradual
events as judged by abundances or ionization states.

However, injection of this flare population might alter
the SEP average abundances somewhat.

A new chapter in the rapidly evolving story of
‘remnant impulsive suprathermals has just been writ-
ten by Tylka et al. (51). Those authors assume a small
5% injection of impulsive suprathermals into the
CME-driven shock, and they use observed charge dis-
tributions for the injected ions. Since the spectra knee
energy varies as Q/A in many events, the high-Q su-
prathermals persist to higher energies than the acceler-
ated lower-Q solar-wind ions.  This simulation quanti-
tatively fits the observed increase in Qg at high ener-
gies in the 2000 July 14 and the well-measured 1992
November 1 events. This model aso explains in-
creasesin F€/O at high energy that, like theincreasein
Qre, Were not understood previoudly.

If re-acceleration of suprathermal ions from small
impulsive SEP events is important, injection of su-
prathermal ions from prior gradual events must also be
important. However, because the latter abundances
and ionization states are similar to those of the solar
wind, this process is difficult to establish. Neverthe-
less, the efficient injection of suprathermal ions may
increase the maximum particle intensities and energies
that can be attained at a shock. Kahler et al. (16)
found that ‘ overachievers,” events with peak intensities
above the correlaion line of peak intensity vs. CME
speed, were often those that followed immediately
behind ancther large event.

Doesthe FIP-Level Vary?

For many years, spectroscopic observations have
shown that the amplitude of the FIP effect varies by
large factors throughout the solar atmaosphere (e.g. 53).
However, SEP events might be expected to average
over large regions of the corona so they would smooth
these variations.

To study event-to-event variationsin the FIP level,
we must overcome complex Q/A dependences.
Reames (34) showed that that a ratio of neighboring
dements, such as Mg/Ne, had little correlation with
Fe/O, so that Q/A variations might be minimal. Figure
10 shows Mg/Ne for 43 events as a function of time
over asolar cycle. For this sample, the weighted mean
separation of the FIP levelsis 4.06+0.03. Thevariance
of a single event from this mean is 18%. Presumably
these variations come from uncorrectable (nonlinear)
dependence upon Q/A, complicated by time depend-
ence in the abundances like those shown in Figures 4,
5,6, and 8.
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FIGURE 10. Mg/Ne is shown vs. time for 43 large SEP
events (34).

More recently, Mewaldt et al. (27) fit the abun-
dance enhancements to a power law in Q/A, treating
the FIP level as an adjustable constant. They found
somewhat larger variations. One wonders if part of
the variation in the adjustable FIP level merdy pro-
vided a partial compensation for the nonlinear depar-
tures from a power law in Q/A that are known to exist
(see Figure 3.8 in reference 36). These authors also
found a mean FIP amplitude of 4.0.

COROTATING INTERACTION
REGIONS

As mentioned in the Introduction, ions accelerated
from the high-speed solar wind at the reverse shock of
CIRs were once believed to represent the abundances
of the high-speed wind and the region above solar cor-
onal holes (45). The abundances, averaged over 25
CIR events are shown, relative to photospheric abun-
dances (10), as a function of FIP in Figure 11. While
the dtatistics are somewhat poorer here than in SEP
events, a smaller enhancement of low-FIP ions is seen
in Figure 11 in comparison with Figure 3. It was
known that interstellar He pickup ions could contribute
to the energetic He from CIRs, but other pickup ions,
such as O arerarein the inner heliosphere.

One of the higoric problems with the abundances
of energetic ions from CIRs is that the observed ratio
of C/O= 0.89+0.05 is substantidly larger than that of
the SEP corona (0.465+0.013), photosphere (0.49+
0.10), or solar wind (0.71+0.07). Worse, the ratio
seems to increase with the solar wind speed (36). No
comparable variations are seen for C/O in SEP events
although the range of corresponding shock speeds in

SEP events is much greater than in reverse CIR
shocks. However, differences between the solar wind
and the photosphere and corona are also not under-
stood.
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FIGURE 11. Average abundances of energetic ions from
the reverse shock at CIRs, rdative to the photosphere (10),
are shown as a function of FIP. The element He is shown as
observed and as corrected to remove interstellar pickup ions
(seetext).

The high value of C/O could not be explained by
the presence of interstelar pickup ions, since C is sup-
pressed in this population. A possible explanation
advanced for the excess C was the ‘inner source’ of
interstellar grains (8). Solar wind that is stopped by
the grains and neutralized is subsequently ‘recycled’
and evaporated as neutrals that are photoionized and
picked up by the solar wind. These singly charged
ions C*, O', and Ne" observed in the solar wind are
attributed to the inner source (8). However, the distri-
bution functions for these ions are well bel ow those of
the solar wind at all speeds. While the inner-source
ions do have C*/O™>1, it is not clear why they would
be preferentially accel erated.

Recent measurement of the ionization states of the
energeticionsa 1 AU (30) show that most of the ions
have charge states like those of the solar wind. The
exceptions are that ~8% of Ne and ~25% of He are
singly ionized, probably coming from the interstellar
pickup-ion source. Thus, with these corrections, the
abundances measured at 1 AU and shown in Figure 11
do indeed correspond to abundances of the fast solar
wind. The correction for Ne is within errors, but the
observed and corrected abundances for He are both
shown in the figure. We have come full circle. How-
ever, the problem of explaining the high C/O has also
returned.



SUMMARY

Energetic particle populations in the heliosphere
come with a rich variety of abundances. They range
from nearly pure H in radiation bets to flares with
1000-fold enhancements of heavy elements. The
abundances reflect those of the underlying source
plasma, as modified, in many cases, by fractionation
processes that occur during injection, acceleration, and
trangport. Our challenge is to unravel these processes
by distinguishing their dependence upon species, en-
ergy, andtime.

Outside of regions of high magnetic fields such as
planetary magnetospheres and solar flares, all of the
sources seem to involve acceleration by callisionless
shock waves. Gradua SEPs from CME-driven
shocks, upstream particles from planetary bow shocks,
CIRs, ACRs, and GCRs all allow us to probe the sub-
tleties of shock acceleration with different source
populations, shock parameters, and transport condi-
tions. All of these sources show some degree of ion-
neutral fractionation based upon FIP or ardated vari-
able. Gradual SEP events reflect abundances of the
average corona and dow solar wind. CIRs and plane-
tary bow shocks primarily reflect the fast solar wind
that creates the highest shock speed. ACRsreflect the
local intergellar medium as processed through the
interstellar pickup ions, and GCRs reflect distant inter-
stellar regions.

The self-consistent treatment of shock acceleration,
based upon particle scattering by sel f-generated waves,
was first applied to GCR acceleration (1), but has now
been extended to other sources (12, 17). However, the
time-equilibrium solutions that work well for dowly
evolving shocks areill suited to the unusually dynamic
evolution of ‘gradua’ SEP events. With the aid of
time-dependent models of abundance variaions that
have been devel oped recently, however, we are begin-
ning to replace phenomenology with physical under-
standing.

For 16 years, the abundances averaged over many
gradual SEP events at energies of a few MeV/amu,
have served as a proxy for the average coronal abun-
dance (26). We now understand this to be a natural
consegquence of using SEP events at different solar
longitudes to sample the spatial redistribution of parti-
cles whose overall abundances are conserved to first
order. Comparison of event-to-event spreads of
Mg/Ne with those of Si/Mg or C/O, show that the FIP
level varieslessthan 5-10% for events over adecade.

Abundance enhancements that exhibit a power-law
dependence on Q/A (2) are produced when the spectra

of the waves scattering the particles is a power-law
flatter than k2, such as the k™ Kolmogorov spectrum.
However, this behavior is usualy seen only in small
events or at extreme longitudes on the weak flanks of
the CME-driven shock. In large events with strong
wave growth, neither the wave spectra nor the abun-
dance enhancements are power laws.

The erratic behavior in the abundance of H relative
to other elements discouraged early workers from in-
cluding H in SEP abundance tables. As the most
abundant species, H dominates the production of parti-
cle-generates waves. Much of the behavior of He/H,
for example, can be understood in terms of proton-
generated waves. The element H can now be included
with reasonable confidence.

Energy spectra knees, with their own species de-
pendence, can distort the measure of corona abun-
dances, especialy at high energy. Injection of a seed
population of residual suprathermal ions from impul-
sive SEP events into the CME-driven shock can con-
tribute enhancements in *He/*He or F/O and elevated
Qre in gradual events. This explains the existence of
‘mixed’ or ‘impure gradual events, but it also sug-
gests the need for a correction to SEP corond abun-
dances for some events.

SEP abundances from impulsive flares are accd-
eration dominated. They tell an interesting and com-
plex story about resonant stochastic acceleration, but
provide little information on corona abundances.
However, narrow y -ray lines from flares do measure
coronal abundances, while broad lines suggest the
same enhancements seen in impulsive SEP events.

Energetic ions from the reverse shock in CIRsarea
measure of abundances in high-speed solar wind
streams that emerge from coronal holes. ACRs are an
indirect measure of abundances in the local interstellar
medium, athough the origin of the rare low-FIP ions
remains uncertain.

Energetic ions are a rich source of information
about a variety of fundamental processes that take
place in the heliosphere.
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