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Abstract. In the large solar energetic particle (SEP) events, coronal mass ejections (CMEs) drive
shock waves out through the corona that accelerate elements of the ambient material to MeV energies
in a fairly democratic, temperature-independent manner. These events provide the most complete
source of information on element abundances in the corona. Relative abundances of 22 elements from
H through Zn display the well-known dependence on the first ionization potential (FIP) that distin-
guishes coronal and photospheric waterial. For most elements, the main abundance variations de-
pend upon the gyrofrequency, and hence on the charge-to-mass ratio, Q/A, of the ion. Abundance
variations in the dominant species, H and He, are not Q/A dependent, presumably because of non-
linear wave-particle interactions of H and He during acceleration. Impulsive flares provide a differ-
ent sample of material that confirms the Ne:Mg:8i and He/C abundances in the corona,

1. Introduction

It is rather surprising that the most complete measurements of element abundances
in the solar corona do not come from photons from the coronal plasma. They
come from measurements of high-energy particles accelerated in the large solar
energetic particle (SEP) events. The comparison of element abundances in SFP
events with corresponding abundances in the photosphere led to the well-known
dependence on the first jonization potential (FIP) of the elements (see e.g. Meyer
1985, 1993, 1996 and references therein). In fact, it is especially ironic that this
“FIP effect” was sought for elements in the SEP events because a similar effect
had been observed much earlier in the energetic particles of the galactic cosmic
I'ElyS.

Initially it was thought that the energetic particles in the large SEP events were
accelerated in solar flares. In recent years, however, it has become clear that in the
large “gradual” events, particles are accelerated at shock waves that are driven out
from the Sun by coronal mass ejections (CMEs) (Reames 1990, 1993, 1995b,
1997; Kahler 1992, 1994; Gosling 1993; Cliver 1996). We will see that these
shocks accelerate the ions of the chemical elements in a fairly democratic manner.
In contrast, the particles that are accelerated in impulsive solar flares have 1000-
fold enhancements in the isotope *He relative to “He and enhancements of ~10 in
heavy elements like Fe/O. These enhancements are believed to result from reso-
nant wave-particle interactions during stochastic acceleration of the ions from the
flare plasma.

In this paper we will consider three different populations of energetic particles:
1) gradual SEP events, 2) impulsive flare events, and 3) particles from co-rotating
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interaction regions (CIRs). Gradual SEP events provide the most extensive and
complete abundance information. We will devote most of our attention to these
events, to the physical processes involved, the abundances they provide, and the
variations and uncertainties in interpreting them as “coronal.” Impulsive events
involve a different source and acceleration mechanism with well-defined coronal
sites, and despite the enhancements, can give independent abundance information
in specific cases, such as Ne/Mg/Si and He/C. In CIR events the acceleration oc-
curs at heliospheric shocks from a high-speed solar-wind source. Knowing the
abundances of both the solar wind and the energetic CIR jons allows us to investi-
gate the shock acceleration mechanism and compare it to that involved in the grad-
ual events. This paper intends to describe abundance observations and their varia-
tions and errors; it is not intended as an exhaustive review.,

2. Gradual SEP Events

The earliest measurements of element abundances in SEP cvents were made on
sounding rockets in the 1960s (Fichtel and Guss 1961; Bertsch, Fichtel, and
Reames 1969). Over the next decades measurements gradually improved and it
became clear that SCP abundances differed from thuse of the photosphere or mete-
orites in two primary ways (Meyer 1985; Brenneman and Stone 1985). First, there
was a dependence on the charge-to-mass ratio, Q/A, of the ion that varied from
event to event, and second, there was a persistent dependence ot the abundances on
FIP. The Q/A dependence was recognized to be a result of the acceleration of the
ions that also varied with time and with the energy of observation (Mazur et al.
1992). The ions are highly ionized by a coronal electron temperature of ~2 MK
(Luhn e al. 1985) at the time of acceleration. Thus, the FIP effect can only occur
at a much earlier time and a much lower temperature when an ion-neutral separa-
tion is possible.

2.1 THE AVERAGED ABUNDANCES OF ELEMENTS

The effect of FIP on the element abundances of the SEPs is most clearly illus-
trated by simply accumulating the raw abundance measurements over many SEP
events, Measurements of an ion entering a particle telescope consist of measuring
the energy loss in a thin (dE) silicon detector together with the energy deposited in
a second thicker (E} detector in which the particle stops, A typical plot of dC vs. I,
with each particle plotted as a single point, is shown in Figure 1. Data for Figure 1
were accumulated over 49 gradual SEP events periods occurring during 14 years.
Already in these "raw"” dala, it is apparent that the abundances of Ne, Mg, Si and
Fe are all comparable, a characteristic feature of coronal abundances.

Element abundances have been derived from Figure 1 by using the instrument
calibration to define the velocity or energy/nucleon along the track of each element
and then simply counting the number of ions of each element within a fixed veloc-
ity interval (5 - 12 MeV/amu). The resultant SEP-coronal abundances are shown
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in Table 1. Combining these SEP
abundances with the conesponding
photospheric abundances of
Grevesse, Noels, and Sauval (1996)
also given in Table 1, we obtain the
FIP plot shown in Figure 2.

The measured SEP abundances in
this study (Reames 1995a) are in
excellent agreement with those ob-
tained 10 years carlier by Brenne-
man and Stone (1985) for a different
sample of events observed by a dif-
ferent instrument on a different
spacecraft. The SEP measurements
are extremely stable and well deter-
mined within the stated errors.
However, Brenneman and Stone
used a wrong value for the photo-
spheric abundance of Fc and were
led to the erroneous conclusion that
the SEP and coronal abundances
were substantially different by ~50%
in Fe/C (Garrard and Stone 1994).

2.2 ACCELERATION
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Fig. 1. Response of a detector to individual particles
showing element resolution. Similar numbers of Ne,
Mg, Si and Fe, typical of coronal abundances, are
visible here in the raw data.

Shock acceleration is understood to occur when ions are scattered back and
forth across the shock by scattering against magnetic turbulence (Alfvén waves) in
the upstream and downstream regions. Because of the velocity discontinuity at the
shock, the process can be viewed as scattering from "walls" that are approaching
each other; 1ons receive an increment of velocity on each transit of the shock.,

'The interaction of a particle with electromagnetic fields is governed by the Lor-

entz equation, which may be written:
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Table 1. Element abundances in gradual SEP events and the photosphere.

Z Fip SEP Corona (Gradual Events) Pnotosphere
(eV) {0=1000} (dex) (dex)
H 1 13.527 (1.57#0.22)x10% 12.07 £ 0.06 12.00 £ 0.0
He 2 24 .46 57000 £ 3G00 10.63 * 0.023 10.99 *+ 0.035
c 6 11.217 465 + 9 8.54 x 0.008 8.55 £ 0.05
N 7 14.48 124 * 3 7.97 * 0.010 7.97 %+ 0.07
C 8 13.55 1000 + 10 8.87 + 0.004 8§.87 + 0.07
B 9 17.34 <0.1 <4,B3 4.56 £ 0.3
Ne 10 21.47 152 + 4 8.06 £ 0.011 8.08 % 0.06
Na 11 5.12 10.4 £ 1.1 6.89 = 0.04¢6 6.33 £ 0.03
Mg 12 7.61 196 *r 4 8.17 £ 0.0089 7.58 £ ¢.05
Al 13 5.96 15.7 £ 1.8 7.07 £ 0.044 6.47 + 0.07
si 14 8.12 152 x4 8.06 £ 0.011 7.55 % 0.0%
P 15 10.9 0.65f 0.17 5.69 + 0.11 5.45 & 0.04
S 16 10.3 31.8 £ 0.7 7.38 £ 0.0096 7.33 £ 0.11
cl1 17 12.952 0.24t 0.1 5.25 £ (.18 5.5 * 0.3
Ar 18 15.68 3.3+ 0.2 6.39 = 0.026 6.52 * 0.10
K i9 4.318 0.55¢ 0.15 5.61 £ ¢.12 5.12 £ 0.13
Ca 20 6.09 10,6 £ 0.4 6€.90 £ 0.016 6.36 £ 0.02
Ti 22 6.81 0.34+ 0.1 5.41 £ 0.13 5.02 £ 0.06
Cr 24 &6.74 2.1+ 0.3 6.20 * 0.06 5.67 £ 0.03
Fe 26 7.83 134 + 4 8.00 % 0.013 7.50 £ 0.04
Ni 28 7.61 6.4+ 0.6 €.68 * 0.041 6.25 £ 0.01
Zn 30 9.36 0.11+ 0.04 4.92 = 0.16 4.60 £ 0.08
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Fig. 2. Ratio of gradual SEP and photospheric abundances vs. first ionization potential (FTP) and
vs. the first ionization time (FIT) of Marsch, von Steiger and Bochsler (1995).
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where E and B are the electric and magnetic fields of the wave (or other acceler-
ating fields), v is the ion velocity, Qe its charge, msA its mass, and v is the Lorentz
factor, (1-v"/c’)”. If the ions may be regarded as test particles that sample, but do
not modify, the electromagnetic fields, then their behavior is completely described
by two parameters, velocity and Q/A. According to equation (1), ions with the
same value of (/A are indistinguishable and will be accelerated identically. Since
we always compare abundances in constant velocity intervals, (/A is the only
other variable that can distinguish different elements. (/A determines the ion gy-
rofrequency and, hence, where it will interact with the wave-frequency spectrum.
However, before proceeding further, we should note that this simple picture is
an approximation since the accelerated ions are not test particles, In fact, it is the
H and He, streaming away from the shock that actually generate the waves that
scatter subscquent particles (sce e.g. Lee, 1983). Ilence, it is unlikely that H and
He abundances will depend solely on velocity and Q/A. Even the rarer elements
can preferentially generate and absorb waves at their gyrofrequencies, modifying
the electromagnetic environment slightly. However, we will see that variations in
the abundances of the elements other than H and He are well described by Q/A.
Charge states of ions of the dominant elements from C through Fe were first
measured in 12 large SEP events by Luhn ef al. (1987). More recently, Boberg,
Tylka and Adams (1996) summarized measurements of the ionization states of en-
ergetic Fe ions and compared them with measurements of Fe ions in the solar
wind. They found that the ionization states of the accelerated Fe ions (Qp, ~ 15) are
somewhat higher than those of the solar wind (Qr ~ 11). The energetic Fe ion
charges are similar to those of the solar wind plasma in the CME ejecta and in the
sheath region that corresponds to coronal material swept up by the CME. This
suggests that the "seed population” for the accelerated ions is coronal rather than
solar wind material. Thus, coronal ions, initially accelerated to suprathermal
speeds when the shock first encountered the base of each magnetic field line, con-

tinue to resupply the shock with "seed" particles as it moves outward along that
flux tube.

2.3 ABUNDANCE VARIATIONS

We can use the measured ionization states of the elements to examine the Q/A-
dependence of abundances in individual events. A plot of the relative enhance-
ment of various elements vs. Q/A is shown for 3 events in Figure 3. The enhance-
ments are relative to the average SEP corona given in the last section and Q/A is
derived from measured values of 0 of each element in each event (Luhn et al.
1985} at 0.3-2 MeV/amu. Two of the events shown in the figure, 1979 June 7 and
1978 September 23, represent the largest positive and negative slopes, respec-
tively, of the 49 events studied (Reames 1995a). Note especially that C, N, O, Ne,
and Mg usually have very similar values of O/A, hence there is very little variation
in the relative abundances of these elements. These elements are highly likely to
exhibit the same abundances in SEP events that they had in the source plasma.
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Fig. 3. O/A dependence of the abundances in individual gradual SEP events relative to the co-
rona. The upper and lower panels are the extreme values of 49 events that contributed to the 5-12
MeV/amu SEP average. The event in the middle panel is more typical. Note that the elements
from C to Mg have similar values of Q/A.

It is a coincidence that the (/A variations cancel when we sum over many
events. That this is the case is shown by the close proximmity of Fe o Mg and Si on
the FIP plot in Figure 2; these three elements have similar values of FIP but much
different values of Q/A. The average slope of the wave spectrum in the accelera-
tion region affects the /A dependence. Ions of different (A, hence different gy-
rofrequencies, resonate with different parts of the wave frequency spectrum. The
local slope of the wave frequency spectrumn can thus determine the slope of the
(/A dependence. Of course, the ions can sample and average over a wide variety
of conditions during the complete history of their acceleration.

There is some controversy as to whether a (/A dependence like that shown in
Figure 3 should be described as large or small. If we are allowed to fit smooth
curves through the plots, changes of the charge state of Fe by a few units, for ex-
ample, would change the observed abundance of Fe hy ~20% in the worst case.
For abundance measurements involving atomic spectral lines, changing the charge
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by a few units would make the line emission disappear completely. It is in this
sense that we describe the SEP measurements as highly temperature insensitive
and only weakly dependent on O/A. However, Bochsler (1998, this volume) points
out that the (/A variations in the solar wind are much smaller than are those in
SEP events. In fact, it is rather surprising that the more-modest acceleration of the
solar wind produces a measurable (/A dependence at all. A spectrum of Alfvén
waves may be involved here as well.

When the enhancements are a smocth function of /A, and when each ele-
ment's /A value varies little from event to event, another way to examine the de-
pendence is by plotting ratios such as $i/0 vs. Fe/O, for example. If Fe/O is en-
hanced or suppressed in a given event, Si/O is likely to follow proportionately.
Such behavior is shown in the lower panels of Figure 4 where C/O and Si/O are
highly correlated with I'e/O. In contrast, the upper 2 pancls of the figure show lit-
tle correlation between H/He or He/C and Fe/O. Clearly, the dominant elements,
H and He, do not behave as test particies; they modify E and B in equation (1} in a
nonlinear way and do not have the simple Q/A dependence of the heavier elements.
The abundances of H and He depend upon the properties of the shock and on de-
tails of the particle and wave spectra.
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Fig, 4. Cross plots of H/He, He/C, CfO and Si/O relative to coronal values (Table 1) vs. FefQ for 49
gradual SEP events at 1-4 MeV/amu for H/He and 5-12 MeV/amu otherwisc (Reames 1995).
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When we consider event-averaged data as shown in Figure 4, the scatter gives
the impression of randomness in the variations that are independent of Q/A. In
fact, carly observers (Mason, Gloeckler, and Hovestadt 1984) thought that the time
variations within an event were random, as the coronal shock crossed material with
intrinsic abundance variations. However, more recent data, and especially new
data from the Wind spacecraft, show that abundance variations with time are ex-
tremely systematic. Figure 5 shows data from the Wind spacecraft during the re-
cent events associated with CMEs emitted on 1997 November 4 and 6 as marked
by the vertical lines in the figure. The upper panel shows the intensity of 2.4-3.0
MeV/amu *He ions, while the lower panels show Fe/O and He/O in the same cn-
ergy region. The event beginning on November 4 shows an Fe/O ratio that de-
creases smoothly with time while He/O remains constant. The classic Q/A varia-
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Fig. 5. Intensity of *He and Fe/O and He/O ratios during the 1997 November SEP events ob-
served on the Wind spacecraft. During the event beginning on the 4%, Fe/O varies smoothly
while He/O does not. For the event beginning on the 6™, He/O varies while Fa/O) does not.
tions we have seen before occur smoothly here within a single event. The event
that begins on November 6 has a constant value of Fe/O, but He/O increases
smoothly by a faclor of ~2 over a 3-day period. These new measurements make it
clear that abundance variations in SEP events are systematic, depending upon the
physics of the acceleration, and are not random as was once thought.
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An example of even more spectacular systematic abundance variations during
an event is provided by the 1998 April 20 event in Figure 6 (Tylka, Reames, and
Ng 1998). Variations of this type can occur when wave generation at the shock
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Fig. 6. Intensities of the listed species during the 1998 April SEF event observed on
the Wind spacecraft are shown in the upper panel. The lower panel shows a spec-
tacular systematic evolution in abundance ratios during the event.

leads to flattened spectra of the escaping ions at low energies. Ions with given ve-
locity, v, but different Q/A resonate with different parts of the wave spectrum. The

same variations in Q/A dependence that we saw in individual events (e.g. Figure 3)
can now be seen to occur systematically with time during a single event as the
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point of magnetic connection moves along the face of the shock of varying
strength and with differing wave intensities.

The energy dependence of abundances is a significant factor that we have noi
yet considered explicitly. Mazur er al. (1992) found that abundances were more
likely to approach coronal values with smaller event-to-event fluctuations at the
lowest energies, ~1 MeV/amu, At high energies, >10 MeV/amu, the effects of ac-
celeration became more pronounced and event-to-event variations became rmuch
larger (see also Tylka, Dietrich, and Boberg 1997). With this in mind, we have
focused on the lowest energies where adequate element resolution exists.

Having spent so much time discussing abundance variations, one might get the
impression that the SEP abundances are not stable at all. However, for most ele-
ments with similar values of /A, SEP abundances are quite well determined.
Event-averaged abundances of 5-12 MeV/amu Mpg/Ne, normalized to the photo-
spheric ratio, are shown in Figure 7 as a function of time spanning 7 years. The
standard deviation of a single event from the mean is less than 20% for these
events and the error in the meun itself is only ~3%. Mg/Ne is a principal determi-
nant of the amplitude of the FIP effect.
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Fig. 7. Mg/Ne, relative to the corresponding photospheric ratio (Table 1), in gradual SEP events

spanning 7 years,

3. Impulsive Solar-Flare Events

Energetic particles from impulsive flare events would not seem to be a good
source of information on coronal abundances. Electromagnetic ion cyclotron
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(EMIC) waves are produced between the gyrofrequencies of H and ‘He by
streaming electrons in the flare plasma (Temerin and Roth 1992). The rare isotope
*He, the only species whose gyro-frequency lies in this region, resonantly absorbs
the waves, resulting in 1000-fold enhancements in *He/'He ratios in the accelerated
particles. Waves below the gyro-frequency of *He lead to enhancements in heavy
elements (e.g. Miller and Reames 1996). Ne/O, Mg/O, and Si/O are enhanced by a
factor of about 3 and Fe/O by a factor of about 7, relative to coronal abundances
(Reames, Meyer, and von Rosenvinge, 1994; Reames 1995a).

Ionization state measurements of the energetic particles from tmpulsive events
(Luhn et al. 1987) show the charge state of Fe to be 20.521.2 while Si and all ele-
ments below it are fully ionized. These charge states are appropriate to heating of
the ions to a temperature ~10 MK in the flare. However, if the fully ionized ions
have the same value of Q/A and resonate with the same waves, how can the en-
hancements in Ne/O, Mg/O, and SVYO occur? Reames, Meyer, and von Rosen-
vinge (1994) suggested that the heating and ionization occurs after acceleration.
They interpreted the pattern of enhancements as evidence of acceleration of the
ions from coronal plasma at a temperature 3-5 MK. At that temperature, the elec-
tron configurations of Ne, Mg, and Si are He-like and the three elements have
similar values of Q/A, as shown in Figure 8, hence they are accelerated similarly.
At that temperature,

He and C are both
fully ionized, so we 050
expect He/C to have a

value similar to that in ~ AYERAGED
the coronal source Q
plasma. Thus, impul- A

sive events confirm
the SEP abundances
for He/C, Mg/Ne and
Si/Ne.

When  averaged
over many flares, the
abundance enhance- 0.30
ments show a pro-
nounced dependence
on O/A when (@ is
taken as the value at
~3 MK as shown in
Figure 9 (Reames
1995a), However,

individual impulsive  Fig. 8. Average Q/A as a function of plasma electron temperature
events do not show a  based on Arnaud and Rothenflug (1985) and Arnaud and Ray-
systematic O/A  de- mond (1992} as plotted by Reames, Meyer, and von Rosenvinge

(1994).
pendence as they do

0.2¢4
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in gradual SEP events, although the statistics are not as good (Reames, Meyer, anc
von Rosenvinge 1994),
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Fig. 9. The average abundance enhancement in impulsive-flare events vs. O/A at 3.2 MK.

Finally, it is important to mention abundances obtained from y-ray line meas-
urements in solar flares. These measurements have now been made in several
events and they also show the FIP-effect of coronal abundances (e.g. Ramaty,
Mandzhavidze, and Kozlovsky 1996).

4, Co-rotating Interaction Regions

Co-rotating interaction regions (CIRs) are formed when high-speed solar-wind
streams are emitted behind low-speed solar wind because of solar rotation. From
the interaction a forward shock wave propagates outward into the low-speed wind
and a reverse shock propagates sunward into the high-speed stream. Generally the
shocks form outside 1 AU and strengthen out to several AU. While ions are accel-
erated at both shocks, those accelerated from the high-speed stream at the reverse
shock predominate and are often observed streaming sunward at 1 AU.

The FIP dependence of these accelerated ions was first shown by Reames,
Richardson, and Barbier (1991). Their IFIP effect is similar to that seen in the fast
solar wind itself (Gloeckler and Geiss 1989). Here the low-FIP elements are en-
hanced by a factor of only ~2 relative to the high-FIP elements, rather than the
factor of ~4 we see in SEP events and in the low-speed wind. The presence of in-
terstellar pickup ions in the solar wind also affects the abundances of H and He in
the accelerated particles (Gloeckler ez al.. 1993; Reames 1995).
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Another interesting feature of energetic ions from CIRs is that a high value of
CAO = 0.89£0.04 makes C move up to the level with the low-FIP ions. This is to
be contrasted with a value of ~0.7 in the solar wind and 0.4710.01 in the corona or
photosphere. Richardson et al. (1993) found that the C/O ratio of the energetic
ions was a function of the solar wind speed. This finding has been confirmed re-
cently by Mason ef al. (1997) using the high-resolution data from the Wind space-
craft. These results are shown in Figure 10.
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Fig. 10. C/O ratio of energetic ions from CIR events vs. the speed of high-speed stream.

5. Prospects

Energetic particles already provide information on the coronal abundances of a
large number of elements. New observations on the Wind, SOHO, and ACE
spacecralt can be expected (o extend (hese measurements to heavier eleinents, to
rarer elements and to isotopes.

Our greatest challenge now is to understand the physics of particle acceleration,
both for its own sake and to improve our knowledge of the underlying source
abundances. New measurements of abundance variations with improved statistics
and higher time resolution may prove to be of great assistance here as well.

I would like to thank ISSI for their hospitality during this workshop and to
thank C. K. Ng, A.J. Tylka, and T. T. von Rosenvinge for their comments on this
manuscript. I also thank an unnamed referee for some helpful comments,
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