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ABSTRACT

We present a detailed interpretation of the heavy ion abundance enhancements observed in impulsive
flare energetic particles, in terms of the conditions for gyroresonant acceleration by moderately oblique
waves in a hot solar coronal plasma.

On the basis of a realistic coronal plasma containing its complete set of minor ions, we analyze first
all parallel wave modes in terms of their dispersion relation, damping timescale, and condition for gyro-
resonant acceleration of thermal ions, as a function of temperature. We identify the “ Helium Valley,” the
region in the frequency-wavenumber plane of strong wave damping by thermal “He™? ions, as crucial
for explaining the observed abundances: any ions with charge-to-mass ratio in the neighborhood of 0.5
cannot be accelerated preferentially, relative to “He* 2.

Then solving the dispersion relation equation for oblique waves in a hot e-p-He plasma, we discuss
this general class of waves in terms of polarization and damping timescale. For waves propagating at
moderate angles to the magnetic field (0 # 90°), our calculations indicate that the first harmonic n =1
gyroresonance is dominant, and that the corresponding He valley narrows down for increasing angle 6.
Using this analysis, we calculate the limits of the He valley and investigate the preferential gyroresonant
acceleration of heavy ions by moderately oblique waves (8 % 90°) in a solar coronal plasma. Only for
nearly perpendicular waves (6 ~ 90°), are higher order resonances important and regions of wave
damping by interaction with thermal particles vanishingly narrow in frequency.

We estimate the fraction of ions of each element outside the He valley as a function of temperature
and compare the resulting enhanced abundances with the observed enhancements, for the case of a spec-
trum of non—quasi-perpendicular waves, as produced by a cascading of the general turbulence. The
results allow us to specify the range of possible temperatures for the source plasma of the accelerated
particles to between ~2.4 and ~4.5 x 10° K, ie., comparable to active region (AR), but not to flaring
gas, temperatures. This points to an acceleration of the ions taking place, either in the AR gas surround-
ing the flare itself or within the flaring loop but before it became heated. Constraints are set on the
typical time At over which the ions are accelerated preferentially. We find times between ~5 x 10~* and
~3 x 1072 s (for our nominal plasma with density and field of n, = 10'° cm ™3 and B = 100 G); it could
be ~10 times larger, if the typical conditions in quiescent ARs (n, ~2 x 10° cm™2 and B ~ 200 G)
apply also to the bulk ~3 x 10° K gas of flaring ARs. We discuss another physical interpretation of At,
if wave cascading is effective. Preliminary calculations have shown that the proposed selective acceler-
ation mechanism can be applied in underdense (w,/Q, < 1) as well as in overdense plasmas (our nominal
case), provided that quasi-perpendicular waves (generated, e.g., by an electron beam) are not dominant.

Subject headings: acceleration of particles — plasmas — Sun: abundances — Sun: corona —
Sun: flares — Sun: magnetic fields — Sun: particle emission

1. INTRODUCTION

In recent years, a special type of solar flare, denoted
“impulsive” after the duration of the event-related soft
X-ray emission, has attracted the interest of both observers
and theoreticians. These flares are located at coronal
heights <10° km (Pallavicini, Serio, & Vaiana 1977) and
are rarely associated with type II radio emission, indi-
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cating coronal shock structures (Cane, McGuire, & von
Rosenvinge 1986).

It has been known for some time that impulsive flare
energetic particles often show a huge enhancement of the
3He isotope, and more modest enhancements of some heavy
elements, relative to coronal abundances (e.g., Reames
1990). This heavy element composition has been examined



404 STEINACKER ET AL.

recently in detail by Reames, Meyer, & von Rosenvinge
(1994, hereafter RMvVR), based on data from the ISEE 3
spacecraft for a large sample of impulsive events (see also
Reames 1993, 1995). Their results can be summarized as
follows:

1. The accelerated ions have been extracted out of a gas
with typical “coronal” composition. This composition
differs from that of the photosphere by an excess of those
elements with first ionization potential (FIP) <10 eV rela-
tive to heavy elements with higher FIP (and probably to H;
e.g., Meyer 1985b, 1993a, 1993b, 1996a, 1996b).

2. Besides the frequently observed huge enhancements of
3He/*He by factors of up to ~ 20,000 (observable only when
the enhancement exceeds a factor of ~200), the accelerated
particles show on the average no enhancement of “He, C, N,
and O relative to each other, mean enhancements of Ne,
Mg, and Si by roughly equal factors of ~2.6 relative to
CNO, and a mean enhancement of Fe by factors of ~7.5
and ~2.8 relative to CNO and to NeMgSi, respectively.
Studies by Mason et al. (1986) and Mason, Mazur, &
Hamilton (1994), however, suggest that O is sometimes
moderately enhanced relative to C. However, the more
comprehensive investigation of RMvVR shows that this is
definitely not the more common situation.

3. The variability of these enhancements is surprisingly
limited: factors of ~2.6, ~2, and ~1.5 around the mean
value for Fe/CNO, NeMgSi/CNO, and Fe/NeMgSi, respec-
tively, and factors of <1.5 for Ne/Mg, Ne/Si, and Mg/Si (all
at the 95% probability level).

4. These observational results have been analyzed with
plain consistency arguments, based on the simple hypothe-
sis that ions with the same charge to mass ratio Q/4 cannot
be preferentially accelerated relative to one another by
plasma waves. Note that “He and !2C are fully stripped,
with Q/4 = 0.5, at all relevant gas temperatures. Hereafter,
“preferential acceleration” will denote preferential acceler-
ation relative to “He and C (C is essentially 12C). It was
shown that the observed composition implies that the ions
have been selected for preferential acceleration in a gas with
temperature around ~3.5 x 10° K (between ~2.5 and
~5 x 10° K), a result that will be confirmed and refined in
the present analysis. At higher temperatures, indeed, 2°Ne
rapidly becomes fully stripped (Q/4 = 0.5), while 22Si still
retains one or two orbital electrons, making it difficult to
understand the very similar and stable enhancements of Ne
and Si. At lower temperatures, 1°0 starts to retain one or
two orbital electrons and have Q/A4 values similar to those
of Ne, Mg, and Si ions, making it difficult to understand the
lack of enhancement of O relative to C. The associated
requirement that no significant fraction of the source
material lies below 2.5 x 10° K is actually quite strict.

5. As for °Fe, its Q/A is ~0.28 around ~3.5 x 10° K, as
compared to Q/A ~ 0.42 for the predominant Ne, Mg, and
Si ions. Fe may therefore be accelerated out of the same
~3.5 x 10° K gas as Ne, Mg, and Si, its larger enhance-
ment being simply due to a more efficient acceleration of
lower Q/A ions. An additional acceleration of Fe out of
hotter gases up to ~10 x 10° K is in principle possible, and
it cannot a priori be excluded if the acceleration of Ne, Mg,
and Si out of such hotter gases turns out to be prevented
entirely by their ionization states at high temperature.

6. Very high charge states have been observed by Luhn
et al. (1987) for the energetic Fe ions, corresponding to
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equilibrium temperatures largely beyond ~10 x 10° K.
This measurement needs confirmation. First, it conflicts
with the earlier one by Ma Sung et al. (1981). Second,
similar measurements performed by the same instrument on
gradual event Fe charge states (Luhn et al. 1985) disagree by
about four charge units with other measurements at compa-
rable ~1 MeV nucleon~! energies (Gloeckler et al. 1976;
Mason et al. 1995), although they do agree with higher
energy ones in the 15-600 MeV nucleon ! range (Tylka et
al. 1995; Leske et al. 1995). So there exists a hint that Luhn
et al. (1987)’s charge scale for Fe might possibly be system-
atically shifted. Note that Luhn et al. (1987) also found Si
fully stripped, though with a very poor charge resolution. If
Luhn et al. (1987)’s measurements are confirmed, a stripping
after the ion removal from the thermal pool, possibly by
energetic electrons, seems required to account for the high
charge states.

This temperature of ~3.5 x 10° K obtained for the
source gas of the escaping accelerated particles is compara-
ble to that of the ordinary active region (AR) gas preexisting
and surrounding the much hotter, flaring gas itself (see
Appendix A). The strict condition that little source gas lies
below ~2.5 x 10° K might be understood in terms of the
shape of the radiative loss function (see Appendix A). Note
that the broad y-ray line study by Murphy et al. (1991)
suggests that the composition of the trapped accelerated
particles is, by and large, similar to that of the escaping
ones.

From the theoretical point of view, the impulsive flare
environment is a natural one to study particle acceleration
in electric fields produced by reconnection or by interaction
with plasma turbulence, since, in the highly magnetized
plasma, perturbations are expected to propagate mainly
with the Alfvén speed, so that the formation of strong
shocks is unlikely. As far as electric field acceleration of
thermal plasma is concerned, direct acceleration in double
layers leads to a continuous energization of all ions. Special
and somewhat artificial assumptions are necessary to accel-
erate some of the ions preferentially (Winglee 1989, using
multistream instability).

Therefore, different models, based on gyroresonant inter-
action with plasma waves, have been proposed to overcome
the problem of the puzzling overabundances, especially of
the *He isotope (Ibragimov & Kocharov 1977; Fisk 1978;
Kocharov & Kocharov 1984; Hayakawa 1983; Varvoglis &
Papadopoulos 1983; Weatherall 1984 ; Schlickeiser & Stein-
acker 1989; Riyopoulos 1991; Ohsawa 1993; Zhang 1995).
This approach is attractive, since the complex conditions
for gyroresonant interaction between plasma waves and
ions guarantee a sufficient number of selection mechanisms.
Now, in any such model dealing with overabundances of
energetic particles in impulsive solar events, two types of
ingredients play a crucial role.

First, the assumed properties of the source plasma of the
escaping energetic particles have to be specified. For this
source plasma, one might at first have considered the hot
flaring gas itself. However, the results of RMvR discussed
above indicate that the escaping particles originate in the
cooler ~3.5 x 10 K plasma of the AR in which the flare
develops, rather than in this hot gas itself.

Due to the dominant abundances of protons and “He *2,
it is in most cases sufficient to treat the plasma as an e-p-
“He*? plasma, and to consider other ions in a test particle
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approach. Then, for all species considered, the density has
to be specified. The relative densities of the various elements
are known fairly accurately for the coronal background
plasma (Appendix B). But the absolute density in AR
plasmas is more variable, lying typically in the range from
~1to ~4 x 10° cm ™3, with magnetic fields on the order of
~50to ~400 G (Appendix A). These values refer mainly to
quiescent ARs, but, according to the scarce indications we
have, it does not seem that the bulk ~3 x 10° K gas of
those ARs in which a flare takes place is very different;
however, caution on this point is required. With the above
values, the plasma frequency to electron gyrofrequency
ratio w,/Q, = 3.2 x 1073(n,)"/?/B lies between ~0.25 and
~4, so that the plasma typically lies on either side in the
neighborhood of the underdense-overdense limit w,/Q, = 1
(Appendix A). Thus, it seems plausible that the source
plasma is sometimes slightly overdense (as was often
assumed; e.g., Miller & Steinacker 1992, where n, = 101°
cm~* and B = 100 G), and sometimes slightly underdense
(as assumed by Miller & Vifias 1993, where n, = 10'° cm 3
and B = 1000 G, thus allowing wave generation by electron
beams). Note, however, that, given the time-dependent,
complex structure of the magnetic field, only mean values
of the field and density in the AR plasma can be assessed.
Further, almost all models assume that the field is locally
homogeneous.

To study the general features of the wave modes allowed
in the assumed plasma, temperature effects may be
neglected, so that the cold plasma approximation can be
applied. Detailed investigations of wave-damping effects,
however, require the consideration of the temperature of
each particle species, or even of different populations of the
same species. Miller & Viinas (1993) consider a plasma at a
temperature of 10° K, which is too low, hit by a hot 10”7 K
electron population drifting with an energy of 5 keV. In
Miller, Vifias, & Reames (1993b), a more realistic tem-
perature of 3 x 10° K is used for the ambient plasma, but
with an energy of the drifting electrons of 10 keV.

Second, the origin and the type of the waves have to be
specified. Numerous instabilities have been proposed to
produce plasma modes of various kinds (e.g., electrostatic
ion cyclotron waves by Fisk 1978; electrostatic two-ion
hybrid waves by Riyopoulos 1991; and electromagnetic ion
cyclotron waves by Temerin & Roth 1992). These models
were designed primarily to explain the huge enhancement of
3He*? by injecting a large amount of wave energy close to
the gyrofrequency of this rare ion, some of them dealing
with the much more moderate heavy-element enhance-
ments, as well.

A promising suggestion for an efficient wave generation
mechanism is beam instability, in which a hot population of
particles drifts through the flare plasma. Temerin & Roth
(1992) have recently considered *He acceleration by waves
generated by energetic electron beams, thus accounting for
the observed association between *He enrichments, high
electron intensities, and type III bursts; contrary to earlier
ones, this scenario also does not require a high “He/p ratio
in the gas, which indeed is not observed (RMvVR). On this
basis, Miller & Vinas (1993) and Miller, Vinds, & Reames
(1993a, 1993b) (hereafter MV, MVRa, and MVRD,
respectively) have explored a more complete model with a
detailed investigation of the wave generation, and a wave-
particle simulation to study the ion acceleration process.
They considered a nonrelativistic electron beam drifting
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along the magnetic field and producing quasi-perpendicular
proton cyclotron and shear Alfvén waves, R waves, and
electrostatic waves, which interact with ions in the first har-
monic of their gyrofrequency. Such a wave generation
mechanism may also explain Luhn et al. (1987)’s observed
high charge states in terms of a late ionization by the
beam electrons. But the wave generation can take place
only in an underdense plasma, with »,/Q, < 1. In addition,
the role of higher orders of gyroresonance, which become
crucial for very obliquely propagating waves, remains to
be investigated.

Recently, Zhang (1995) has provided a new development
of Fisk (1978)’s approach in terms of electrostatic ion cyclo-
tron waves, removing the earlier requirement of a high
“He/p ratio in this type of model. Since the required electro-
static waves are also generated by electron beams, this
model, like MV’s, accounts for the association between He
enrichments, high electron fluxes, and type III bursts, as
well as for the late stripping of the accelerated ions (for
which the author, however, considers another alternative:
the late heating of the flaring plasma, applicable in
extremely impulsive flares only). Direct acceleration to the
observed MeV energies is not possible, so that a two-step
acceleration process is required.

In another approach, the turbulence near the flare site
can be inferred from the wave spectra measured in the inter-
planetary space during impulsive flare events. Such spectra
extend over a broad range of wavenumbers, probably due
to wave cascading from turbulence injected by large-scale
fluctuations on the solar surface, and they cover all propa-
gation angles 0 (see, e.g., Tu, Marsch, & Thieme 1989; Zhou
& Matthaeus 1990; Miller & Roberts 1995). In this picture,
the originally injected energy is distributed over all wave-
numbers, and extreme preferential acceleration, as observed
for 3He, is hard to achieve. It is this general turbulence
scenario for heavy ion acceleration that we want to treat in
this paper, by expanding former studies to a more general
analysis of wave-particle interaction in the warm AR
plasma in which an impulsive flare develops. We will inter-
pret the selective acceleration of specific heavy elements in
terms of the damping of waves by interaction with the ions,
and particularly with the abundant “He*? ions. For this
first illustration of the possible effects of wave damping on
the accelerated particle composition, we will not treat wave
generation and cascading and wave-particle interaction
simultaneously: we will simply investigate the effect of
damping on an initially smooth wave spectrum and assume
that the wave energy is deposited instantaneously; this
latter simplifying assumption will be discussed in § 4.2. Of
course, such a mechanism can work only if the injected
energy of the waves is not so large that their damping is
insignificant, even when all “He* ? ions in the gas have been
accelerated. Further, it can be effective only when the pre-
dominant waves in the plasma are not quasi-perpendicular.
No limitations are required on the “He/p ratio. Since the
conditions for wave damping depend on n, and B, we have
performed preliminary calculations indicating that the
selective acceleration process basically works equally well
for overdense and underdense plasmas.

We start our analysis in § 2 by illustrating the frequency
range of wave damping by thermal ions for the case of
parallel waves in a multicomponent plasma with realistic
coronal composition. Calculating the hot plasma dispersion
relation, we assess the frequency ranges of wave damping by
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the various heavy ions, and in particular the crucial
“helium valley ” due to heavy damping by “He 2. We esti-
mate the damping timescales for any kind of parallel turbu-
lence and present the time evolution of any injected parallel
turbulence in the flare associated plasmas. In § 3, we gener-
alize our treatment to oblique propagating waves, but in a
simpler hot electron-proton-helium plasma, in view of the
dominant role of wave damping by “He* 2. Thus, we investi-
gate the influence of the propagation angle on the limits of
the dominant He valley. Under the assumption that the
waves are not predominantly propagating nearly perpen-
dicular to the magnetic field, we derive in § 4 the fraction of
ions outside the He valley, where they can be accelerated
preferentially. Comparison with the observed abundance
enhancements enables us to specify better the temperature
limits for the source gas out of which the ions have been
accelerated, and to determine the timescales over which
either ions are accelerated preferentially or the effect of wave
cascading becomes important. In § 5, we summarize our
results. Appendix A discusses the temperature, density, and
magnetic field in AR source plasmas. Appendix B gives a
brief summary of the updated ion abundances being used
throughout the paper for this coronal source gas. In
Appendix C, the complicated behavior of the wave polariza-
tion in a cold e-p-He plasma is described, which is essential
for the interpretation of our results on oblique propagating
waves in § 4.

2. PARALLEL PLASMA WAVES IN THE REALISTIC HOT
MULTI-ION SOLAR CORONAL PLASMA

The basic idea of gyroresonant interaction between par-
ticles and waves is that particles will interact with waves
that have a frequency close to their gyrofrequency or its
harmonics. Therefore, a complete analysis of ion acceler-
ation requires a detailed knowledge of the possible wave
modes around all relevant gyrofrequencies. This can be
done only in a multi-ion plasma approach.

The best way to describe plasma waves is to find their
dispersion relation w(k), which relates the frequency w to
the wavevector k. For convenience, we will often use nor-
malized quantities w/Q, and |k|c/Q,, where Q, is the
proton gyrofrequency. The dispersion relation w(k) can be
calculated in different approaches. The simplest approx-
imation is the cold plasma approximation, neglecting the
thermal velocity distribution of the background particles.
Because our interest is focused on determining not only
which waves are possible in the multi-ion plasma, but also
which waves are actually available to accelerate ions, we
have to go one step further and allow the background par-
ticles to form a thermal distribution, in order to account for
thermal damping effects. This more complicated so-called
hot plasma dispersion relation contains a complex fre-
quency @, = ® — iw;,,. The real part of w, is the plain fre-
quency, denoted simply by w. The amplitudes of the waves
are now oclexp (—iw,t)|ocexp (—w;,t) and describe
damping or growth, depending on the sign of w;,,.

Both approaches are reviewed in detail for an electron-
proton plasma and parallel waves in Steinacker & Miller
(1992, hereafter SM) and Miller & Steinacker (1992). In the
following, we will start our treatment with the simple case of
parallel waves [k = (0, 0, k)'], because of their importance,
and in order to keep the number of generalizations at an
appropriate level. The case of waves propagating at an
angle to the magnetic field will be discussed in § 3.
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2.1. Range of Damping by Thermal Ions

To see which wave types are important, it is helpful to
study the parallel waves in a cold electron-proton-helium
plasma (for details, sce SM and Appendix C). Figure 1
shows the dispersion relation w(k) for this case, for the
nominal magnetic field of B = 100 G and electron density of
n, = 10'° cm~3 used throughout this paper. In the low-
frequency region, both the right-hand polarized waves (R
waves, dashed line) and the left-hand polarized waves (L
waves, solid lines) follow the linear Alfvén dispersion rela-
tion. Near the helium gyrofrequency w/Q, = 0.5, the L
waves resonate with the left-gyrating “He* 2 ions, and the
dispersion relation of the L waves bends over to the helium
cyclotron wave region. After a gap in frequency, in which
waves cannot propagate in the plasma, L waves start to
exist above the cutoff frequency w/Q, ~ 0.57 with a high
phase speed. For low k, these waves first have a much
higher phase speed w/k than the previous ones, and then
they head toward the proton cyclotron wave region at
w/Q, < 1. The R waves are unaffected by helium ions and
protons, reach above w/Q, = 1 the Whistler region where
 oc k?, and have a resonance with the right-gyrating elec-
trons at w/Q, = m,/m, = 1836, far beyond the upper limit
of Figure 1 at 0/Q, = 1.

A qualitative way to investigate the influence of thermal
particles on the waves without calculating the complicated
hot plasma dispersion relation is to calculate the range of
waves that are able to gyroresonate with thermal particles.
Therefore, we consider the gyroresonance condition

w=kuu+?, 1)

for interaction of a particle with charge ¢, mass m, velocity v,
pitch angle cosine u, nonrelativistic gyrofrequency Q =
qB/mc, and Lorentz factor y, with a parallel L (R) wave of
order n = +1 (—1). Directly relevant to the wave-particle
resonance is the particle velocity component along the field
direction v, = vu. Equation (1) can be interpreted as a
straight line in the (w-k) plane. The intersections of this line
with the dispersion relation define the waves (k, @) that can
interact with the particle (detailed examples for this tech-
nique are shown in SM). In the following, we will restrict
our considerations to ion—L wave interactions, i.e., to
n = +1, because thermal ions and R waves can interact
only at very high k values, deep in the electron cyclotron
region at very high frequencies, where the electrons damp
all available waves (see SM).

For a thermal ion of species i with a nonrelativistic speed
close to the most probable thermal speed v; = (2kT/m;)/?
(y; ~1) and a gyrofrequency Q;, all lines describing the
gyroresonance condition (1) in the (w-k) plane therefore
start at the point (0, Q;) and have the slope v, = vu. For an
assumed Maxwell distribution, the bulk of the ions have a
velocity v < nv;, where n ~ 1 or a few units. For an isotropic
distribution in pitch angle (—1 < p < +1), the range in the
(w-k) plane, in which most thermal ions of species i are able
to interact with waves, can thus be represented very roughly
by the limiting lines w = +knv; + Q,.

But here we are interested in wave damping, and we want
to define a different region in the (w-k) plane, the “damping
range” over which waves are effectively damped by inter-
action with ions of species i. This range, obviously, depends
on the ion abundance. Figure 2 gives a comparative view of
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the Maxwell distributions, for the most important ions in a
T =4 x 10° K coronal plasma (Appendix B). For each ion
species i, it is convenient to define some limiting value of
|v,], Vym,; up to which the contribution of ions i to the
damping of waves is considered significant. Choosing the
same limiting speed vy, ; for all ion species i would not be
an appropriate choice, since, obviously, there are many
more protons than, e.g., °0O*® or 3He*? ions beyond
any such fixed vy, ;. The same would apply if vy, ; were
chosen as a fixed multiple of the ion’s thermal speed v;. To
estimate roughly the ranges of effective wave damping by
the various ions with widely different densities, we therefore
consider, for each particular ion, the range of speeds v, over
which its differential density lies above a fixed value
[dn;/dv,];im = 107°® x dn,/dv,|,,_, in terms of the proton
differential density at v, = 0. This limit, resulting in a limit-
ing value of vy, ; for each particular ion i, has been chosen
so as to yield a finite damping region for all ions with
abundance down to that of the rare isotope *He* 2. In this
way, we have included all significant thermal ions into our
considerations. These values of vy, ;, based on an arbitrary
choice of [dn;/dv,];;.,, have been defined for illustrative
purpose only; the actual extent of the damping depends on
the physical conditions and will be estimated later in this
paper. The resulting “ damping ranges ” for the various ions
(Fig. 4), while based on these somewhat arbitrary values of
Uym,;» are rather insensitive to the value of the chosen
cutting level [dn,/dv,];;,,, since the Maxwell distribution is
sharply cut off toward higher velocities (Fig. 2).
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FiG. 2—Maxwell velocity distribution dn;/dv, for the ion velocity component v, = vu along the field direction, for the most important ions in a solar
active region plasma of temperature T = 4 x 10° K with coronal composition. An isotropic distribution of the particle pitch angles is assumed, and only the
positive v, side is shown. The ordinates are normalized to the proton differential density atv, = 0, dn,/dv, |, - ,, and the abscissas to the most probable proton
velocity v,. The dotted line, placed conveniently at a differential density of [dn;/dv, ], = 107° x dn,/dv, |, _,, allows us to define a limiting speed| v, | = vy, ;
for “significant ” wave damping by each particular ion i; it yields an illustrative wave damping region by each ion i in the (w-k) plane (Fig. 4).
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normalized to the proton gyrofrequency Q,. The ratio Q,/Q, is equal to the ion’s charge-to-mass ratio Q,/A4;. The size of the circles indicates the relative

densities of the ion species on a logarithmic scale.

Three parameters determine the location and extension
of the ion’s damping region in the (w-k) plane: the ion gyro-
frequency, its abundance, and the temperature (both
through the width of the Maxwell distribution and through
its bearing on the ionic abundances). To illustrate the loca-
tion of the gyrofrequencies of the relevant ions in a typical
solar AR or flare plasma, we have plotted in Figure 3 the
gyrofrequencies Q,/Q, = Q;/A; of all significant ions with
charge Q; and atomic mass number A; for three tem-
peratures T = 4, 8, and 16 x 10° K. The size of each circle
reflects the density of the ion species in the coronal gas on a
logarithmic scale (Appendix B). For increasing tem-
peratures, all gyrofrequencies move upward toward
Q,/Q, = Q,/A; = 0.5, the value for fully stripped isotopes
with A = 2Z, where Z is the nuclear charge.

The resulting damping regions for all significant ions in a
coronal plasma of temperature 4 x 10° K are shown in
Figure 4. The picture allows a clear subdivision into differ-
ent regions. At low frequencies w ~ 0.26-0.33 Q,, existing
wave modes undergo damping by thermal Fe. After a gap,
partially ionized ions from O to S form a region around
o ~ 0.37-047 Q,, where thermal damping can be due to
interaction with multiple species, especially for larger wave-
numbers. Around o = 0.50 Q,, very abundant *He*?, as

well as fully stripped ions from C to Ne, gives rise to a broad
range of thermal damping.

In this simple picture, the bulk density of each ion has
been used to assess the approximate limits of the damping
regions in the (w-k) plane. But within these regions, the
actual magnitude of the damping increases as the gyrofre-
quency o moves toward the center of the damping region
(w/Q, = Q;/A)) in the (w-k) plane (Fig. 4). As 0/Q, — Q,/A,,
indeed, particles with smaller and smaller velocity com-
ponent |v,| along the field direction fulfill the resonance
condition (1). In view of the shape of the Maxwell velocity
distribution (Fig. 2), these particles are more and more
numerous, and hence the damping is more and more effi-
cient as w/Q, — Q;/A;. The damping also increases as one
considers larger and larger wavenumbers k, for a fixed fre-
quency w/Q, not too close to Q;/A4;. Equation (1), indeed
indicates that for increasing k at a fixed w/Q, # Q,/A4;, the
waves interact with ions with smaller and smaller |v,|
values, which are more and more numerous (Fig. 2).

To illustrate these important effects, we have plotted in
Figure 5, in arbitrary units, the inverse number density D!
of the thermal particles that are able to interact with a wave
at each particular point of the (w-k) plane, for the region
close to the “He*? gyrofrequency. This density has been
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calculated assuming an isotropic pitch angle distribution of
the thermal particles, for a temperature of 4 x 10° K. As a
prominent result, we notice the deep “ helium valley,” where
interaction with thermal “He*? leads to strong wave
damping. Among the other ions between w/Q, = 0.4 and
0.5, only the three more abundant °O™"7, 28g;+ 12 and
24Mg* 10 form visible smaller valleys in the “damping
landscape” of this plasma (for relative abundances, see
Appendix B and Fig. 3a).

Above the “He*? gyrofrequency, thermal protons form
an even broader range of thermal damping around v = Q,
(Fig. 4). In this frequency range, none of the heavy ions can
interact with waves for moderate kc/QQ, (at least through the
first harmonics of their gyrofrequency, which is the only
important one for moderately oblique waves). Only 3He "2,
which has a very low abundance, can. Due to its low mass,
in addition, it has a comparatively high thermal velocity,
which leads to a broad interaction range. Therefore, we do
not expect large wave damping rates due to interaction with
SHe " 2. So, only interaction with the fastest thermal protons
and “He*? ions in the tail of the Maxwellian can signifi-
cantly damp moderately oblique waves in the He™? fre-
quency region.

2.2. Hot Plasma Dispersion Relation for Parallel W aves

in a Multi-Ion Solar Coronal Plasma

After having examined the regions of the (w-k) plane
in which wave damping might occur, we turn now to the
question of which types of plasma modes are allowed in a

values of vy, , derived for the arbitrary cut at [dn/dv_], =10"°
X dn,/dv,|, _, in the Maxwellians shown in Fig. 2. The broad damping
ranges due to very abundant protons and “He*? are conspicuous, as well
as the narrower ranges due to the rare *He*? and the two blends due to
the narrow ranges of many ions of elements between N and S and to the
various Fe ions.

realistic hot solar AR or flare plasma, and how these modes
are damped by the background particles. We start by pre-
senting the results of our calculations of the hot multi-ion
plasma dispersion relation for parallel waves. The formula
for this dispersion relation is given, e.g., in Swanson (1989,
p. 158) for the case of a plasma without drifts and no aniso-
tropic temperature effects, as

k%c? w2 1+e¢ 1Fe
7=1+Z—|:< ) )Z(Cu)"‘( ) )Z(C—lj):|-

: T o kv;
2

The upper (lower) sign corresponds to R (L) waves, w,; is
the plasma frequency of species j, and ¢; is the charge sign.
The plasma dispersion function is defined as
1 [tee d¢
Z() = —
O="2] o

with the argument {,; = (o, + nQ;)/(kv;) and n = +1 for the
parallel case.

We note that in the case of weak turbulence equation (2)
is valid only if the gyroresonance condition (1) is fulfilled
exactly. For strong turbulence, however, waves and par-
ticles will interact in the strong damping region even if
gyrofrequency and Doppler-shifted wave frequency fulfill
only approximately the gyroresonance condition. Hence,
our results will underestimate the energy exchange between

G)
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FiG. 5—The inverse density D~ ! of those thermal particles that are
able to interact with waves for each point in the (w-k) plane, for a tem-
perature of T =4 x 10° K (arbitrary units). It illustrates the “damping
landscape” for wave frequencies close to Quy ... Most of the thermal
damping is due to interaction with thermal “He* 2, forming a deep helium
valley. Much shallower additional damping valleys due to °0*7, 288i* 12,
and 2°Mg* 1 are visible. The shape of these valleys is a direct reflection of
the Maxwell distribution for the ion’s velocity component v, along the
magnetic field direction, shown in Fig. 2.

waves and particles in the strong damping region. This
additional effect will be dealt with in a forthcoming paper.

With all the ion species contributing at different fre-
quencies, the task of finding the values of k and o, =
o — iw;, by solving equation (2) requires advanced numeri-
cal methods. We used Muller’s method to find the roots in
the complex plane and three different criteria to calculate Z
(see, e.g., Press et al. 1990).

Examples of the resulting, complete dispersion relation
will be shown in Figure 10. But we found it useful to illus-
trate first its characteristic behavior over specific frequency
ranges in Figures 6-9. To describe the complex function
w, (k) in these figures, we show in the top panels the (w-k)
plane, i.e., the conventional dispersion relation, and in the
bottom panels directly the (z,-k) plane, where 7, = 1/w,,, is
the damping timescale, i.e., the time in which the wave
amplitude is decreased by a factor 1/e.

Figure 6 is devoted to the dispersion relation and
damping near the gyrofrequencies of the rarer *°Fe* !5 and
of the neighboring, dominant *°Fe* 1 ion, for a temper-
ature of 4 x 10° K (abundance ratio: 5°Fe*15/°5Fe* 16 =
6/100). In the top panel, the thin dotted lines give the gyro-
frequencies of these ions, and the large dots represent their
density (see Fig. 3). The thin short-dashed lines indicate the
limits of the damping regions associated with these ions, as
discussed above (see Fig. 4;§ 2.1).

For the real part of the frequency, the solid line is the
continuation of the L-wave Alfvén dispersion relation start-
ing at the origin. This mode encounters damping when w
enters the damping region of *°Fe* '3 at kc/Q, ~ 47. The
other L mode, represented by long dashes, starts at k =0
slightly above @ = Qsep,+15. For very small values of kc/Q,,
the mode lies outside the *°Fe*'> damping range and
cannot be damped by any particles, since | @ — (Q,/y)| > kv,
when k — 0; this holds for both nonrelativistic and rela-
tivistic particles. Beyond kc/Q, ~ 1, it enters this damping
range and rapidly becomes more and more damped. The
damping still increases as the mode moves along to increas-
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F1G. 6.—Dispersion relation (top) and damping timescales (bottom) of
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abundant *°Fe* 1 gyrofrequencies. In the top panel, the dotted lines indi-
cate the gyrofrequencies of both ions, the short-dashed lines limit the
corresponding ranges of strong thermal damping, and the heavy solid and
long-dashed lines represent the wave modes; the size of the circles indicates
the relative densities of the ion species. In the lower panel, the damping
timescales of both modes are shown, along with the time a °Fe* 1% ion and
a proton take to complete one gyration (dotted lines) (n, = 10'° cm™3,
B =100G).

ing k while keeping near the center of the widening >°Fe* !>

valley, since the waves then interact with ions with smaller
and smaller |v,|. Beyond kc/Q, ~ 48, the mode moves
upward and reaches a little “corner” left by the damping
regions of 5°Fe*!5 and 3°Fe™1°, where only the few very
fast thermal particles of the corresponding Maxwellian tails
can interact with the waves. Hence, weak damping occurs
for waves up to kc/Q, ~ 52. For larger k values, the dashed
mode becomes a *°Fe*!® cyclotron mode undergoing
strong damping.

In this way, we qualify our preliminary considerations
about the damping range as valuable for a detailed under-
standing of the wave damping in the hot multi-ion plasma.
Just from the upper picture in conjunction with the plotted
damping regions, we would expect an increase in the
damping timescale for the long-dashed mode around
ke/Q, = 50, and the exact calculation using the imaginary
part of the frequency confirms this expectation.
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F1G. 7—Same as Fig. 6, for frequencies close to the gyrofrequencies of
the abundant >°Fe* !¢, the rare **Fe " 1°, and the abundant *°Fe*!7.

At this point, the question arises why the 3°Fe* !° cyclo-

tron waves (solid mode at kc/Q, > 60) undergo slightly
stronger damping than the *°Fe**° cyclotron waves (long-
dashed mode), in spite of the small density ratio n(*Fe*1%)/
n(>*Fe*1%) = 1/17. One might argue that the °°Fe*!>
cyclotron waves penetrate deeper into the *°Fe*!°-
Maxwell distribution than the *°Fe*!® waves into their
corresponding distribution. But the main reason for this
strong damping of waves by a low abundant component of
the plasma is an effect called “ comoving gyroresonance.” In
SM, this process was identified for the case of electron-
Whistler interaction, when the projection of the electron
velocity on the direction of the ambient magnetic field is
nearly equal to the group speed v, of the parallel propagat-
ing Whistler waves. The effect is directly visible, e.g., in the
Fokker-Planck coefficients describing the momentum
change of the charged particles due to gyroresonant inter-
action (for electrons, see SM, egs. [3.12] and [3.18]):

Dpp(ﬂ7p)~|vﬂ_vg|_1' (4)

For vu = v, ~ v,, the denominator is small and the wave
energy is effectively transferred from the waves to the par-
ticles, since the waves transport energy with the same speed
as the gyration center moves along the magnetic field. In the
present case of the interaction between low-frequency cyclo-
tron waves and rare heavy ions, the interaction becomes
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more efficient when a mode lies close to an ion’s gyrofre-
quency and has v, ~ v,. This is the case for the *°Fe*!'?
cyclotron mode (solid line), but not for the 5Fe* 1% cyclo-
tron mode (long-dashed line). So, the *SFe* !5 ions with
v, & v, are able to pick up easily all the wave energy in a
short timescale via comoving gyroresonance.

The general influence of the *’Fe* 1% and 3°Fe* 1% ions on
the “undisturbed ” dispersion relation of an e-p-He plasma
can be described as a split of the main mode in the vicinity
of the gyrofrequency, with a divergence of k (see Fig. 1). But
the strength of the disturbance depends on the abundances,
and Figure 6 does show that the dispersion relation is dis-
torted much less by the splitting near the gyrofrequency of
rare °°Fe* ! than near that of abundant 3°Fe* 1°. This will
also be illustrated in the next example.

Above the gyrofrequency of dominant *°Fe* ¢, we find
the two neighboring gyrofrequencies of the rare isotope ion
>4Fe* 1% and of the more abundant 5°Fe*!” (abundance
ratios: S6Fe ™ 16/54Fe*16/56Fe*17 = 100/6/51) (Fig. 7). The
first mode (solid line) starts above the >°Fe*1® gyrofre-
quency and suffers strong damping in the damping region
of 5°Fe™ ¢ until it finds a “corner” between the damping
regions of *°Fe* ' and *°Fe™!” at kc/Q, ~ 55, similar to
the one described in Figure 6. Here the damping timescale
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F1G. 8.—Same as Fig. 6, for frequencies in an interval close below the
“He*? gyrofrequency, showing the predominant role of the damping by
“He*2, and the intricate mode splitting due to various minor ions of
elements between N and S.
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in the “corner” does not rise as much as in Figure 6, since
the mode never really leaves the damping regions of
56Fe* 16 and 3°Fe*!7. In addition, the mode is then located
right in the damping range of the rare isotope ion **Fe* !¢,
so that some damping is expected from this rarer species as
well. With still increasing k, the mode passes into the
damping region of the more abundant 3°*Fe*!’, and the
damping timescale decreases again.

The second mode in Figure 7 (long-dashed line) never
escapes the **Fe*!® damping region, and in addition it
suffers strong damping by the thermal 3°Fe*!® and
°Fe*!7 jons at larger values of kc/Q,. An interesting point
to note is that for kc/Q, = 55 the real parts of the dispersion
relation w(k) of both modes intersect, while the damping
rates differ by an order of magnitude. This means that,
although both waves have the same wavenumber and fre-
quency and hence interact with the same particles, they
suffer different dampings. This reflects directly the above-
mentioned effect of comoving gyroresonance of cyclotron
waves.

For illustration only, we add another example of a region
with dense lying gyrofrequencies close to the “He ™2 gyro-
frequency. Figure 8 shows the different L modes in the fre-
quency interval [0.425-0.490 Q,]. It is hard to follow the
modes through the complicated pattern of the damping
regions. All modes in this region undergo heavy damping,
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FiG. 9.—Same as Fig. 6, for frequencies around the *He*? gyrofre-
quency, i.e., between the “He* 2 and the proton gyrofrequencies.
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on timescales <10~ s for kc/Q, > 15, due mainly to “He ">
(see solid thin line starting at the point [0, 0.507).

It is, on the contrary, very illuminating to study the range
between w = 0.5 Q, and Q,, shown in Figure 9. Here the
L-wave dispersion relation is determined mainly by H™,
“He™* 2, and 3He* 2. In the light of the huge enhancements of
the 3He isotope usually observed in impulsive flare-
accelerated particles, this region is of considerable impor-
tance, and the results will be discussed in the conclusions.
The real part of the dispersion relation starts for small k
above w/Q, = 0.55 and suffers slight damping by the fastest
thermal “He*? ions because it approaches the “He*2
damping range without entering it completely. Consequent-
ly, the damping timescale shows a slight valley with a
minimum at kc/Q, ~ 80. For large k values, we expect
strong damping by thermal protons starting at kc/Q, ~ 145,
and the damping timescale indeed shows a steep decrease
above this value.

The thin solid line in the lower picture represents the
timescale for damping due to protons and “He "2 only. The
complete thick solid line, however, reveals the thermal
damping by *He*? as a shallow valley with minimum at
kc/Q, ~ 130, where the dispersion relation penetrates the
damping range of this isotope.

Again, the low abundance of *He*? prevents a splitting
of the dispersion relation. But, due to both their low mass
and the absence of other ions with nearby gyrofrequencies,
the thermal 3He* 2 ions will suffer efficient acceleration by a
range of waves, which is somewhat broader than the corre-
sponding acceleration ranges for all heavy ions with gyro-
frequencies below kc/Q, =0.5. We will investigate this
situation in a forthcoming paper, but we predict at this
point that the hotter the plasma, the less efficient the accel-
eration of 3He*2. From Figure 9, we can, indeed, see that
with increasing temperature the thermal regions of both
“He*? and protons will broaden, leaving no space for the
“corner,” in which mainly thermal 3He "2 ions can interact
with the waves. From preliminary calculations, we find that
for high temperatures T > 6 x 10° K preferential acceler-
ation of *He*? by non—quasi-perpendicular waves is
impossible.

2.3. Dynamic Damping of W aves

We are now in a position to answer the following ques-
tion: What will happen to parallel waves which are injected
at an arbitrary frequency in an environment like the solar
AR plasma? In the following, we will restrict ourselves to
the case in which the damping of the waves does not lead to
a substantial change in the overall plasma temperature on
the considered timescales. Of course, our analysis is able to
treat the other case as well. We would then have to start at a
given temperature, calculate the wave spectrum after a short
time, as well as the energy of the background particles
gained by the damping, and then proceed with the new
temperature. However, for the purpose of investigating
whether or not parallel wave damping in gyroresonant
acceleration models could in principle account for the
observed abundances, we will restrict ourselves to first-
order considerations.

To obtain a picture of the waves available for interaction
with the different ion species as a function of the time At
elapsed since wave injection (assumed instantaneous), we
show in Figure 10 the real part of the frequency of all waves,
which have not yet been damped by thermal particles after
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Fi1G. 10.—Complete multi-ion plasma dispersion relation for parallel waves in a solar active region plasma. The relation is plotted only in regions in which
the waves have not been substantially damped after a time of At (n, = 10'° ¢cm 3, B = 100 G). (a—) The relation for T = 4 x 10° K and At = 1074, 1073,
and 10~ 2 s, respectively. The relation for a higher plasma temperature of T = 16 x 10° K and At = 10~ 2 is shown in (d).

At and are thus still available to preferentially accelerate
ions. To do so, we interrupt the plotting of the dispersion
relation where the e-folding damping timescale 7, falls
below the given time interval At. Possible other interpreta-
tions of At will be discussed in § 4.2.

We start with Figure 10a for a temperature of 4 x 10° K
and At = 10~ # s, which corresponds to the time it takes a
proton to perform 100 gyrations in a field of B = 100 G. By
and large, we obtain the shape of the cold plasma dispersion
relation of the e-p-He plasma (see Fig. 1), now disturbed by
the ion resonances. Clearly visible, thermal damping by
protons and “He'? ions is the dominant mechanism
leading to cutoffs in the proton and *“He*? cyclotron
ranges. Most of the low-k, high phase speed waves at

w/Q, < 0.5 still exist and are available for heavy ion
acceleration.

Figures 10b and 10c illustrate the evolution of the wave
spectrum after longer times. After 103 s, most of the low-k,
high phase speed waves at w/Q, < 0.5 have been damped by
interaction with heavy ions, and the He cyclotron waves
beyond kc/Q, = 80 have been damped by interaction with
“He™*2. After 1072 s, all ion high phase speed waves are
gone, the “He*? cyclotron waves are even more damped,
and the proton cyclotron waves, damped by protons, exist
only up to approximately the *He*? gyrofrequency. The
Alfvén range is not affected.

Increasing the temperature has two effects. They are illus-
trated in Figure 10d, which shows, as an extreme example,
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the dispersion relation after 1072 s for T = 16 x 10° K
First the gyrofrequencies of the heavy ions have moved up
toward Q;/Q, = 0.5 (§ 2.1; Fig. 3). As a result, the range of
unperturbed Alfvén waves extends now to somewhat higher
frequencies. Second, all thermal damping regions have
broadened. There are no longer any heavy ion high phase
speed waves, nor any cyclotron waves of any kind. Even the
proton high phase speed waves have been suppressed com-
pletely by interaction with “He*? (see Fig. 9. Even 3He*?
can no longer be accelerated.

To sum up, acceleration of thermal ions will take place
near their gyrofrequency. Whether waves are able to accel-
erate a particular ion species out of the thermal distribution
depends on not only the injected wave intensity but also the
location of its gyrofrequency with respect to those of other,
abundant, ions, and on the width of the damping regions
of these ions. This width is a strong function of the
temperature.

3. THE GENERAL CASE OF OBLIQUE WAVES
AND THE HELIUM VALLEY

The calculations in the last section have led us to the
conclusion that preferential acceleration of a specific ion is
possible only if the appropriate waves are not damped
simultaneously by interaction with other, more abundant,
ions. In the case of the scarce heavy ions, the most promi-
nent candidate for this damping is “He*? because it can
reach the resonance region of the heavier ions for the tem-
peratures relevant to ARs and flares. The limits of this
“Helium Valley,” which places a serious constraint on any
heavy ion acceleration model, though, can be determined by
a calculation considering only a hot e-p-He plasma, which is
much simpler than the multi-ion calculation presented in
the last section.

This allows us to generalize our treatment on one point:
we can study the entire class of waves, propagating at an
arbitrary angle 6 with respect to the magnetic field direc-
tion. The importance of this generalization can be illus-
trated by considering the resonance condition for oblique
waves propagating at an angle 0 to the magnetic field,

Q
a)=kv,ucos0+n7. )

In § 2.1, we found that this type of equation yields approx-
imate limits to the thermal damping range in the (w-k)
plane: the two straight lines we obtained by choosing for
|v,| some limiting speed vy, ; in the tail of the Maxwell
distribution for the ion velocity component along the field
direction. But for oblique waves, we find an additional
factor cos 6 in the slope of the line, leading to an essential
reduction of the interaction range of each species for non-
vanishing 6. This implies that waves with large angles 0 will
interact with thermal particles only in a narrower frequency
range around the corresponding gyrofrequency, and that
especially the He valley will shrink with increasing 6. This
effect will be drastic for nearly perpendicular waves. Hence,
it seems necessary to study this larger class of waves in
order to decide whether the He valley plays a major role in
explaining the observed abundances of impulsive flare ener-
getic particles in the framework of a gyroresonant acceler-
ation model.

When we generalize to oblique waves, the cos 0 factor is,
however, not the only change in the conditions of the inter-

action. Four additional changes are relevant: (i) The polar-
ization of the modes is modified. Parallel waves have clearly
distinguished circularly polarized right and left modes.
Oblique waves are elliptically polarized, containing a
mixture of both polarizations, with a tendency to linear
polarization for high 0. (ii) The dispersion relation is modi-
fied, so that the group and the phase speed are a function of
0. (iii)) Some modes decouple (see Fig. 11). These three points
are described in detail in Appendix C for the simple case of
oblique waves in a cold e-p-He plasma, and we will use
these results in interpreting our hot plasma results. (iv)
Finally, the gyroresonant interaction process itself becomes
more complicated (see, e.g., Swanson 1989, p. 159). For
oblique waves, the higher order resonances n # +1 start to
contribute more and more with increasing angle, and the
Cerenkov resonance at n = 0 has to be considered. In con-
junction with the elliptical polarization, this yields to
damping of both the left and the right component of the
waves due to Cerenkov resonance with protons and elec-
trons, respectively.

In this section, we will illustrate and discuss all these
combined complications, using the powerful tool offered by
the hot e-p-He plasma dispersion relation studied in the
framework of the kinetic theory.

3.1. The Hot Plasma Dispersion Relation for Oblique W aves
in an e-p-He Plasma

For an arbitrary angle 0, the hot plasma dispersion rela-
tion for oblique waves without drifts and temperature
anisotropies can be found, e.g., in Swanson (1989, p. 157). It
can be written as

{[k*c*cos® 0 — 02K [ ][k*c* — 0Ky + K )] + 0¢ K3 }w?K 4
+k%c? sin® 0{[k*c* — wX(K, + K;)Jo?K, — 0{K3}
+ 02K, [k*c? — wA (K, + K,)][k*c? sin (20) + 02K ]
— 02K s{[k*c* cos® 0 — 02K |w?K;
+ 2K, [k sin (26) + 202K,]} = 0. ©)

The elements of the dielectric tensor K contain infinite sums
over all resonance orders,

Ko=2Y w“’kiﬁ 3 [~ L0120 . 0
Ki=1 +Z#Z;;M+fw 10026, ©
Kymi T SEER S L)~ LAIZG) . ©)
Kam1-3 S5 LK), (0

1o wle* tanf *°
KoLy SR Sy,
J

0. Q;k; 22,
i ewieMtanh T2
Ks= 5 Z ]WT Y [14) — L(A)Z'C,)) »
j c=Ej n=-—o0
(12)

with the notations defined in § 2.2, and with the modified
Bessel function of the first kind I, their derivative I, and
the abbreviation 4; = (k? sin? 0 v;¢)/(2Q?).
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Fi1G. 11.—Complete hot plasma dispersion relation (top) and damping timescales (bottom) of waves with the propagation angle 0, for a pure e-p-He
plasma. In the top panels, the three branches of the dispersion relation are represented by solid, dashed, and dotted lines; they are labeled with the
approximate sense of polarization of the waves, denoted R, L, and ! for right-hand, left-hand, and linear, respectively (n, = 10*° cm 3, B = 100 G). (a—) A hot
plasma at T = 16 x 10° K, with wave propagation angles of § = 0° (parallel waves), 45°, and 70°, respectively. In (b), the damping regions (for protons n = 0,
1, He n = 1, and electrons n = 0) are drawn as thin solid lines in the upper panel; in the lower panel, labels indicate which plasma component and which
resonance order dominates the wave damping. The relation for 0 = 45° and the cooler temperature T = 4 x 10° K is shown in (d).
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To find the roots of the extremely complicated complex
function on the left side of equation (6), we have used an
algorithm based on the Muller method (see Press et al.
1990). As expected, the dispersion relation turned out to be
very sensitive to the complex part of the frequency.

Resulting dispersion relations are illustrated in Figure 11,
for a few specific situations. In these figures, the top panel
shows the three branches of the real part of the dispersion
relation (hereafter denoted “solid,” “ dashed,” and “dotted ”
modes), with the predominant left- or right-circular polar-
ization of the waves indicated. The regions in which the
modes are predominantly linearly polarized are labeled
with an I. The associated damping timescales 7, are shown
in the bottom panels. Note that the damping of the left and
right components of the waves by ions and electrons,
respectively, are independent (§ 2.1). However, the damping
times 7, yielded by the general dispersion relation (6) refer
to the amplitude of the mixed polarized waves. So when 7, is
short due to the interaction of the R component with the
electrons, the left component may still be weakly damped.

Figures 11a—11c depict the change of the dispersion rela-
tion for increasing angle 60, for a fixed temperature
T = 16 x 10° K. Although the temperature of the relevant
solar plasma is probably lower, we chose the higher tem-
perature case to be discussed in more detail for illustrative
purpose, since the damping effects are more prominent in
this case. Figure 11d will illustrate the more realistic case
T =4 x 10°K, for = 45°.

To relate this treatment to our results of § 2, we start in
Figure 11a with the dispersion relation and damping time-
scales for # = 0° and T = 16 x 10° K. This figure (top) is
similar to Figure 1. The “dashed ” and “dotted ” modes (so
plotted in analogy with the subsequent figures) touch at the
“point of contact” near kc/Q, ~ 70, as in Figure 1, and all
waves are purely left or right polarized. The waves cannot
interact with electrons for n =0, which prevents any
damping of all right-polarized modes (the n = 1 electron
resonance lies at large w/Q, ~ 1836). The left-polarized
“solid ” mode is damped only for kc/Q, > 80, as it enters
the “He 2 damping region. At lower k values, before the
point of contact, the L-polarized “dotted ” mode shows the

6 = 0°
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onset of a decrease of 7,;, due to the interaction with the
fastest “He "2 ions. Beyond this point, the mode becomes
right polarized with 7, — co. Similarly, t; > co before the
point of contact for the “dashed” right-polarized Alfvén
wave branch. Later, the mode, now left polarized, just con-
tinues the trend of the lower k “dotted” mode, with a
decrease of 7, as it penetrates into the He valley and a
steepening above kc/Q, ~ 100 due to growing interaction
with protons as well.

In Figure 11b, we present the dispersion relation and
damping timescales for § = 45° and T = 16 x 10° K. The
limits of the key damping regions introduced in §§ 2.1 and
2.3 are plotted as solid lines on the figure. As expected, new
features appear for oblique propagation: the “dashed ” and
“dotted ” modes are decoupled; the waves are now mixed
polarized; finally, the n = 0 resonances with electrons and
protons are now capable of damping the right and left com-
ponents of the waves, respectively, and therefore they have
to be considered. Starting at the proton gyrofrequency,
/Q, = 1, the delimiting line of the proton (n = 1) damping
region crosses at kc/Q, ~ 90 the “dotted,” at kc/Q, ~ 130
the “dashed,” and at kc/Q, ~ 200 the “solid ” branch of the
dispersion relation. Starting at the “He*? gyrofrequency,
w/Q, =0.5, the delimiting lines of the *He*? (n=1)
damping range includes for kc/Q, > 50 the “dashed” and
for kc/Q, > 100 the “solid ” branch. Starting at w/Q, = 0,
the delimiting line of the proton (n = 0) damping region
includes the “solid ” branch for kc/Q, > 150. Finally, start-
ing at w/Q, = 0, the delimiting line of the extremely broad
electron (n = 0) resonance region includes almost the entire
wave range because of the high thermal speed of the elec-
trons v, ~43v,. Although unavoidably visible in the
damping timescales relevant to the mixed polarized wave,
this damping, due to electrons in Cerenkov resonance oper-
ating on the right component only, does not affect the pref-
erential acceleration of ions (§ 2.1).

Having illustrated the approximate location of the
damping ranges, we analyze now the resulting damping
timescales t,;, shown in the bottom panel of Figure 11b.
First, consider the “solid” mode damping curve. For
ke/Q, < 100, there is a decrease of 7, due to the interaction
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Fi1G. 12—Broadening of the helium valley with temperature and time: w,, the limiting frequency of the He valley along the dispersion relation (see Fig. 10)
is shown as a function of the temperature, for three different time intervals At over which the waves have been subjected to damping (n, = 10'° cm ™3,
B = 100 G). (a) Left polarized parallel waves (8 = 0°); (b) left polarized torsional (solid) and compressional (dashed) oblique waves (6 = 45°).
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with the electrons, since the waves are partly right pol-
arized. Beyond kc/Q, = 100, the “solid” mode waves can
interact with the *He*? ions and at higher kc/Q, > 150
with the protons as well. These interactions produce a deep
helium and proton valley when the mode enters the
damping ranges, visible in the damping timescale 7,.

The “dashed ” 7, line starts at low k with a decrease also
due to interaction with the electrons, followed by a narrow
gap at kc/Q, ~ 70 as the mode passes through the heart of
the “He™*? resonance region, since the waves available in
this region are partially left polarized. Beyond this reso-
nance, “dashed” modes can interact only with the fastest
“He*? ions and with the electrons (the latter with limited
efficiency only, since the waves are predominantly not right
polarized). This produces a hump of t, for kc¢/Q, = 80-130.
For kc/Q, > 130, these waves undergo heavy damping by
thermal protons, which are 10 times as abundant as the
“He™* 2 ions.

The “dotted ” branch also starts at low k by a decrease of
7, due to the interaction with the electrons, since the waves
are partly right polarized. At higher kc/Q, > 50, interaction
with the fastest “He "2 ions produces a shallow depression
of 7, between kc/Q, ~ 50 and 90. Above kc/Q, = 110, the
still partly left “dotted” mode is entering the damping
region of the protons, building a deep proton valley.

The case 0 =70° is represented in Figure 1lc, for
T =16 x 10° K. The “solid” and “dashed” branches of
the real part of the dispersion relation have moved visibly
downward. The same effect has influenced the “dotted”
branch beyond the decoupling point. The bottom panel
provides all the already mentioned characteristic damping
regions, but their extent and depth have been modified. In
particular, the damping is much weaker in the helium and
proton cyclotron regions at high k values.

We want to investigate briefly the effect of a more realis-
tic, lower gas temperature. Figure 11d represents again the
case 0 = 45°, but this time for a temperature of 4 x 10° K.
Comparing with Figure 11b relevant to T = 16 x 10° K,
the influence of the temperature appears twofold. First, the
branches of the dispersion relation move slightly down-
wards in frequency as T increases. Second, for increasing T,
the wave damping by thermal particles becomes stronger (z,
smaller); in particular, the resonance regions broaden as the
thermal velocities rise.

We summarize now the phenomena that appear when we
go over from the special case # =0 to the general case
0 # 0. The dispersion relation (real part) then suffers the
following changes (compare Fig. 11a with Figs. 115 and 11c,

top):

1. The “dashed” and “dotted” branches decouple (see
Appendix C).

2. All branches move down slightly to lower frequencies.

3. The polarization changes along each branch, with the
appearance of mixed polarizations (see Appendix C).

4. Interaction via higher harmonics, n # + 1, and espe-
cially via the n = 0 resonance with electrons and protons,
becomes possible.

The resulting effects on wave damping can be sum-
marized as follows (Figs. 11a-11c¢, bottom):

1. As 0 increases, the damping ranges become narrower
(see the cos 6 dependence of the resonance condition [5]), so
that the helium and proton valleys encountered by the
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“solid ” and “dashed ” branches narrow down. As a result,
the damping timescales at larger k values increase with
increasing 0, a major effect for larger values of 0.

2. Wave damping by ions and protons increases
wherever the left component increases along a branch and
decreases for increasing right component, while for elec-
trons the opposite is true.

3. For increasing 6, the lower k secondary resonance
gaps of 7, of the “ dashed ” and “dotted ” branches, in which
the modes cross the helium and the proton valleys, are
deepening as well as narrowing down, because of the
increasing left-polarized part of the waves in these regions.

4. For increasing 0, the effect of the n = 0 resonance with
electrons increases, damping any significant right com-
ponent of the waves, down to low values of k. (But this has
no effect on the wave interaction with ions.)

3.2. Higher Order Resonances

The resonances with n # 0, 1 become important when the
waves propagate nearly perpendicular to the magnetic field
direction, since their influence increases with propagation
angle 0 (egs. [7]-[12]). For nearly perpendicular propaga-
tion, thermal ions can interact with waves over a large
number of extremely narrow resonances scattered over the
entire (w-k) plane. Hence, a complete analysis of the acceler-
ation becomes exceedingly complicated, since the question
of acceleration depends extremely sensitively on the tem-
perature and especially on the magnetic field intensity. Such
an analysis would exceed by far the scope of this paper.
Therefore, we will restrict our present treatment to moder-
ate angles not too close to 90°, where higher order inter-
actions do mnot contribute significantly to the ion
acceleration. This can be shown, e.g., by calculating the
contributions of the elements of the dielectric tensor, equa-
tions (7)—(12), for small propagation angle in the cases n = 1
and n > 1, and using equation (6). We emphasize, however,
that the case of quasi-perpendicular propagating waves is
not unimportant. Such waves might play a dominant role in
the explanation of the huge enhancements of the 3He
isotope (see, e.g., MVRa for the case of a beam-induced
turbulence generation and the special case of the n =1
resonance), and we will analyze this more complicated case
in a future paper.

3.3. The Limits of the Helium V alley, and T heir
Time Evolution

The results of § 3.1 allow us to determine the limits of the
region, in which preferential gyroresonant n = 1 acceler-
ation of heavier ions is impossible due to the strong wave
damping by thermal “*He™2. Given a wave propagation
angle 6 and a temperature T, we can find from Figure 11 the
frequency w, along the dispersion relation, above which the
e-folding damping time 7, near the *He " ? gyrofrequency is
shorter than a given time interval At. For frequencies @ >
w;, the waves have suffered substantial damping over the
time At. Starting with parallel waves 6 = 0°, we show in
Figure 12a the limiting frequency w, of the He valley as a
function of temperature T, for three different values of At.
For 6 = 0°, only left-polarized Alfvén and “He*? cyclotron
waves will interact with ions in the frequency range close to
w/Q, = 0.5. As expected, the He valley broadens with
increasing time and temperature.

For oblique waves, the situation close to w/Q, = 0.5
becomes more complicated (Fig. 12b). If the waves propa-
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gate at an angle of ~45° with respect to the magnetic field,
close to @/, = 0.5 most of the ions will interact with so-
called torsional Alfvén waves, which are the equivalent to
ordinary left-polarized Alfvén waves in the parallel case
(Fig. 11b, solid mode). Since these waves twist the magnetic
field lines relative to one another, they are also called shear
Alfvén waves, or slow Alfvén waves due to their low group
velocity v, cos 6, where v, is the Alfvén speed (see, e.g.,
Swanson 1989, p. 53). Both the cos 8 dependence in the
gyroresonance condition equation (5) and the partial
change to linear polarization, however, decrease the extent
of the He valley, thus moving the limiting w, (solid lines) to
slightly higher frequencies. The right-polarized Alfvén
waves change, for increasing 6, to elliptical polarization
(Fig. 11b, dashed mode). Hence, another secondary He valley
appears for these so-called compressional Alfvén waves,
where thermal “He*? ions can interact with their left com-
ponent. The term “compressional” refers to the compres-
sion of the magnetic field lines by the waves. Since this wave
type has a larger group speed than the torsional Alfvén
waves in the oblique case 0 # 0, it is also called the fast
Alfvén mode. The dashed lines in Figure 12b represent the
limits of this narrower He valley.

4. RESULTS FOR PREFERENTIAL ACCELERATION OF IONS
IN IMPULSIVE SOLAR FLARES

4.1. Source Plasma Temperatures and
Acceleration Timescales

Based on broad consistency arguments, it had been
shown by RMvR that, in impulsive particle events, heavy
elements up to Si are accelerated out of gases with tem-
peratures between ~2.5 and ~5 x 10° K, while Fe might
possibly be accelerated out of hotter gases up to ~10 x 10°
K as well (see § 1). In this section, we elaborate on these
earlier conclusions and tighten these constraints, based
now on physical arguments on the damping of waves with
0 #£90° in the He valley, and on its change with tem-
perature. So, these tighter constraints will be relevant, pro-
vided that the particle acceleration is actually due to
non—quasi-perpendicular waves.

To address the question of which elements can be prefer-
entially accelerated, we have to place the gyrofrequencies of
their relevant ions relative to the He valley (Figs. 3 and 12).
This requires additional information about the fractional
abundance f of each charge state in the gas at a given tem-
perature. We show in Figures 13, 14, and 15 the tem-
perature dependence of the ion fraction f for all important
charge states of elements C, N, O, Ne, Mg, Si, and Fe, each
of these ions being characterized by its value of Q,/Q, =
0,/A; for the dominant isotope (Appendix B; see Fig. 14 of
RMvVR). As an example of the extent of the region of sup-
pressed preferential acceleration due to wave damping, the
limit of the He valley versus temperature has been plotted
as a vertical wall, for parallel waves at 6 =0° and
At =103 s (n, = 10'° cm 3 and B = 100 G throughout
this section). We cut the temperature distributions of each
charge state at the limit of the valley. At any particular
temperature, we can then identify, for each element, the
approximate fraction of its ions lying outside the He valley,
as well as the charge state composition of its preferentially
accelerated ions. To improve readability, we omit specifying
the isotopic mass in this section, which deals only with the
dominant isotope of each element.
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Certainly, the sharp cutoff at the limit of the He valley
describes only roughly the transition from preferential
acceleration outside, to acceleration within the valley that
presumably reproduces the coronal abundances relative to
“He. The exact efficiency of preferential acceleration can be
obtained only if the wave generation process is specified,
and by calculating the Fokker-Planck coefficients for inter-
action between the different ions and the relevant plasma
modes. For oblique waves, these coefficients are extremely
complicated, and a detailed calculation would definitely
exceed the scope of this paper (see Jackel & Schlickeiser
1992; Schlickeiser 1995). Moreover, it would require the
inclusion of more approximations and assumptions about
the detailed features of the turbulence, diluting the clear
idea of the He valley. For our purpose of determining the
constraints on any gyroresonant model with 6 % 90° waves,
imposed by the mere existence of the He valley and the
composition observations, an investigation of the detailed
efficiency and the influence of the injected wave spectrum is
not necessary; we will address this question in a future
paper.

Figure 13 shows that all charge states of Fe between
Q= +12 and +22 can be preferentially accelerated,
extending from low temperatures and gyrofrequencies
around 0.25Q, to T ~ 15 x 10° K and frequencies around
040 Q,. Only charge states Q X +22 lie inside the He
valley and cannot be preferentially accelerated. Various Fe
ions might thus be preferentially accelerated out of any AR
or flare gas with temperature up to ~15 x 106 K (for
0 =0°and At = 107 35s).

In order to visualize better the regions of preferential
acceleration of the other enhanced elements Ne, Mg, and Si,
we have magnified in Figure 14 the low-temperature-high-
frequency region relevant to these elements. Here the He
valley prevents preferential acceleration of Si*!'? above
~3.2 x 10° K, and of Mg*'? above ~5.5 x 10° K. At this
latter temperature, for instance, only ~ 10% of all Ne is still
in the form of Ne*®, and the dominant higher charge states

B i g e

F16. 13.—Charge states outside the helium valley. The fractional abun-
dance of each charge state of the principal elements is plotted vertically as
a function of temperature. Each charge state is represented on the fre-
quency scale at its own value of Q,/Q, = Q,/4; for the dominant isotope.
The charge state fractions are plotted only when they lie outside the He
valley for 6 = 0° and At = 103 s, which is represented schematically by a
vertical wall (n, = 10'° cm ™3, B = 100 G).
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Fi1G. 14—Blowup of Fig. 13, showing only the ions of Ne, Mg, and Si

Ne ™2 *19 are located within the He valley. Therefore, the
observed approximately equal enhancements of Ne, Mg,
and Si (RMvR), together with the extent of the He valley,
require the selection to take place in the low-temperature
region below ~3.2 x 10° K, where (i) Ne " ® makes up, say,
>50% of Ne, and (ii) dominant Si*!? still lies outside the
valley (for # = 0° and At = 1073 s).

The observational fact that C, N, and O are in general
not enhanced relative to each other and to *He*? (RMVR)
yields another limit for the acceptable temperature range. In
Figure 15, the significant charge states of these light ele-
ments are plotted in another magnified picture of the region
close to the He valley. Obviously, C* > never exceeds 10% of
C, and dominant C* ¢ with Q/4 = 0.5 lies deep in the valley,
so that C should not be enhanced relative to “He 2, for all
relevant temperatures. But the dominant O*7 is prefer-
entially accelerated below T ~ 2.1 x 10° K, and prefer-
entially accelerated N* > *¢ and O*® become significant at
low temperatures, exceeding, say, 20% of the elemental
abundances below 2.6 x 10° K. So, the selection should
generally take place above ~2.6 x 10° K (for # = 0° and
At =10735s).

To quantify these two limits for the range of agreement
with the observations, we have calculated, for each element,
the total fraction F of all ions lying outside the He valley,
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F1G. 15.—Blowup of Fig. 13, showing only the ions of C, N, and O
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for all considered values of 0, At, and T. The fraction F can
be obtained by projecting, in Figures 13, 14, or 15, the sum
of all charge states of an element lying outside the He valley,
onto the vertical f-T plane. In Figure 16, F is plotted as a
function of temperature for C, N, O, Ne, Mg, Si, and Fe. A
smooth temperature variation of F reflects the smooth tem-
perature variation of the ionic fraction of a charge state that
lies outside the valley, while a sharp step reflects a specific
charge state entering the valley at a specific temperature
(this sharp jump is, of course, an oversimplification). We
have chosen two examples, 0 <20°, At =10"2 s and
0 =45°, At =103 s, to illustrate the principal results
(neglecting interaction with compressional Alfvén waves).

In the case 0 < 20° and At = 10~ 2 s (Fig. 16a), the valley
is very broad. The equal enhancements of Ne, Mg, and Si
require T < 2.1 x 10° K, in order to have the predominant
Si*12 lie outside the He valley. On the other hand, the
condition that the fractions of N and O outside the valley be
small, say, <20%, requires T > 2.5 x 10° K; at lower tem-
peratures, indeed, the fraction of He-like O*, lying far
outside the valley, exceeds ~20% (predominant H-like O*”
always lies within the valley). For this parameter range,
therefore, no agreement with the observations can be
obtained: at the temperatures at which O is not enhanced,
most of the Si lies within the He valley.

In the case § = 45° and At = 1073 s (Fig. 16b), the valley
is narrower. Predominant H-like O*7 now lies outside the
valley up to temperatures as high as T = 2.6 x 10° K. But
predominant Si*'? lies outside the valley up to 4 x 10° K.
Further, Ne "8, lying far outside the valley, makes up the
major fraction of Ne up to T ~ 3.8 x 10° K. Preferential
acceleration of Mg obviously imposes no additional con-
straints. In this case, therefore, we find that an agreement
with the observations is possible over a significant range of
temperatures, between ~2.6 and ~3.8 x 10° K. These
limits, of course, depend on the efficiency of the acceleration
process outside the valley and are only approximate values.

To sum up, we present in Figure 17 the range of agree-
ment with observed compositions as a function of At and T,
for 6 <20° and 6 =45°. We consider that the lack of
enhancement of O relative to C requires that the fraction F
of ions lying outside the valley be <20% for O. This condi-
tion determines the lower acceptable temperatures. For
large At values, only O* ¢ lies outside the valley, making up
<20% of O above T ~ 2.6 x 10° K. For smaller At values,
even dominant O*7 tends to lie outside the valley; the
smaller the At, the higher the temperature required to have
the valley include it. To account for the nearly equal
enhancements of Ne, Mg, and Si, we require that the frac-
tion F be >50% for these three elements. This condition
determines the higher acceptable temperatures. Ne™8,
always lying outside the valley, makes up > 50% of Ne only
below T ~ 3.8 x 10° K. As for Si* 12, the larger the At, the
lower the maximal temperature acceptable to prevent the
valley from including it. Mg does not place any additional
constraint on the acceptable range of T and At for elements
up to Si.

In general we find that, as suggested by Figure 17 for
waves with 0 < 45°, acceleration after At > 5 x 1073 s will
be impeded by the He valley, making an enhancement of Si
without enhancement of O impossible, in contradiction
with the observations (see Fig. 16a). At the other extreme,
preferential acceleration within At < 10~* s will not be hin-
dered by the He valley, making an enhancement of Ne
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F1G. 16.—The total fraction F of all ions of each element that lie outside the helium valley, as a function of temperature for two situations: (a) a very broad
He valley for § < 20°, At = 10~ % s, and (b) a narrower He valley for § = 45°, At = 1073 s (n, = 10'° cm 3, B = 100 G). Each sharp step with temperature is
the schematic representation of one particular charge state entering the He valley when 7, = At, due to the broadening of the valley with increasing

temperature.

without enhancement of O impossible, again in contradic-
tion with the observations (see Fig. 16b, without suppres-
sion of O"7 beyond 2.6 x 10° K). Therefore, we conclude
that for roughly parallel waves (0 < 45°), the existence of
the He valley, and its broadening as time passes, implies
that only source plasma temperatures around ~2.6 to
~3.8 x 10° K and timescales for preferential acceleration
~10"* to ~5 x 1073 s are consistent with the observed
abundances of elements up to Si (for the Arnaud & Rothen-
flug [1985] nominal ionization equilibrium and our
nominal values of n, = 10'° cm =2 and B = 100 G).

Observations by Mason et al. (1986, 1994) have, however,
suggested that, in a small fraction of the events, O is moder-
ately enhanced relative to C (§ 1). If this is, indeed, the case,
the lower limit to our acceptable temperature ranges are
somewhat relaxed in these particular events (as well as the
associated limits for At).

We ask now the following question: Does the preferential
acceleration process have to take place exclusively in gases
below ~3.8 x 10° K? Or, could it continue (e.g., for Fe) in
hotter gases as well, in which all elements up to Si would

just be totally excluded from the acceleration because all
their ions lie within the He valley? This latter hypothesis
can probably be rejected. As shown in Figure 17, for larger
At values within the allowed range, the Si/Ne ratio limits
severely the acceptable gas temperatures to values
<3.8 x 10° K. For the smaller At values that allow acceler-
ation up to 3.8 x 10° K, Mg continues to lie outside the He
valley up to some ~5 or ~6 x 10° K. If acceleration pro-
ceeded significantly in gases at temperatures between ~ 3.8
and ~6 x 10° K, no Ne, possibly no Si, but certainly sig-
nificant amounts of Mg would be accelerated there. This
would produce specific enhancements of at least the Mg/Ne
ratio, in contradiction with observation.

Interesting and important is the analysis of Fe, which is
always ~ 3 times as enhanced as Ne, Mg, and Si (RMvVR). In
both cases presented in Figure 16, preferential acceleration
of Fe is in principle possible up to T ~ 12 x 10 K. It
seems, however, most likely that Fe is accelerated together
with the Ne, Mg, and Si ions, out of the same gases at
T ~ 3 x 10° K. The higher enhancement of Fe relative to
Ne, Mg, and Si can then easily be due to a higher efficiency
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Fi1G. 17.—The white range indicates the approximate range of agreement with the observed accelerated particle composition, as a function of the source
plasma temperature and of the timescale At for preferential ion acceleration. The two cases 6§ < 20° and § = 45° are presented (n, = 10'° cm ™3, B = 100 G).
On the right of the O line, the fraction of O outside the He valley is <20%, as required. On the left of the Ne, Si, and Mg lines, the fraction of these elements

outside the valley are > 50%, as required.

of acceleration of the lower Q/A ~ 0.28 Fe ions, as com-
pared to the Ne, Mg, and Si ions with Q/A4 ~ 0.42 (Fig. 13).
The hypothesis of an additional, continued acceleration of
the sole Fe (elements up to Si being all close to fully
stripped), while the flaring loop is being heated progres-
sively to >10 x 10° K, indeed, faces several difficulties: (i)
we have just noted that the observed Mg/Ne ratio suggests
that little acceleration takes place out of gases in the ~4 to
~6 x 10° K range; (ii) the relative stability of the observed
Fe overenhancement relative to Ne, Mg, and Si (RMvVR)
does not suggest different source media; and (iii) the escape
of the observed energetic particles out of the hot flaring
loop itself would be problematic.

In any case, such a putative hot component would not
solve the problem of the high charge states of the energetic
Fe observed by Luhn et al. (1987), which, if thermal in
origin, imply very hot source gases, predominantly with
T =10 x 10° K (see discussion in § 1). It would, indeed,
seem unlikely that only very little Fe is accelerated near
3 x 10° K ; in addition, even temperatures in the range ~ 3
to ~12 x 10° K are insufficient to explain the high
observed charge states. So, a stripping of the Fe ions after
acceleration, possibly by energetic electrons (MV; RMVR),
would seem inescapable. One would then expect energetic
lighter elements below Si to be fully stripped, which is con-
sistent with the Luhn et al. (1987) scarce observations of the
energetic Si charge states.

4.2. Discussion, Dependence on the Conditions in the Source
Plasma, Role of a Possible W ave Cascading

We have obtained a temperature range from ~2.6 to
~3.8 x 10° K for the source gas of the escaping particles.
These limiting temperatures have been derived essentially
from the ionization balances between the O*% and O*”’
ions, and the Ne*8 and Ne*? ions, respectively. These ion-
ization balances between He-like and H-like ions are quite

reliably calculated (Arnaud & Rothenflug 1985). When con-
servative uncertainties on the atomic physics parameters
are folded in (Arnaud 1995), the above range of possible
source gas temperatures is extended to, at the most, ~2.4 to
~4.5 x 10°K.

This temperature range is comparable to that of ordinary
AR gases (Appendix A), not of flaring loops. This represents
a confirmation and a refinement of the result of RMvR. It
implies that the particles are accelerated, either in the AR
gas surrounding the flaring loop itself, or within the flaring
loop before it was heated (see § 1).

This temperature range, as well as the timescales
obtained for ion acceleration after turbulence injection
(At ~107* to ~5 x 1073 s), were based on our nominal
values of n, = 101° cm ™3 and B = 100 G. Now, the more
common (at least quiescent) AR plasma densities and fields
show somewhat lower densities n, ~ 1 to ~4 x 10° cm ™3
and slightly higher fields B ~ 50 to ~400 G; they are less
overdense, more around the overdense-underdense bound-
ary (Appendix A). It is useful to discuss qualitatively the
modification of the above results for such, probably more
relevant, plasmas. The acceptable temperature range should
not be affected significantly by such changes. The damping,
by contrast, would then become less efficient because (i) for
unchanged physics of the wave-ion interaction, ie., for a
fixed position of the dispersion relation in the (w-k) plane,
obviously the damping timescale t, is ocl/n,, and (ii) in
addition, the dispersion relation moves toward lower values
of k, hence out of the damping range “ triangles ” in the (w-k)
plane (e.g., Figs. 4 or 11b). So the required acceleration
timescales At may be somewhat larger than those found
above, by, say, a factor of ~10 or so. This will be studied
qualitatively in a forthcoming paper.

Our assumption of an instantaneous injection of the
wave energy in the neighborhood of Q..+ is probably not
realistic, due to the steady cascading of large-scale, low-k—
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low-w waves (Miller & Roberts 1995), whose injection may,
in addition, be also continuous. Most probably, the He
valley will be, to some degree, replenished continuously
with waves. The injected wave energy should vary smoothly
with w, i.e., be roughly frequency independent in the neigh-
borhood of Q.y.+.. By contrast, the rate of wave energy
dissipation by interaction with “He*? ions decreases away
from w = Quy,+2, following the shape of the Maxwell dis-
tribution for the differential ion density versus v,. For a
given rate of cascading (not too high), there will therefore
exist a frequency o, < Qug.+. at which wave replenishment
by cascading just balances wave damping and hence pre-
vents the valley’s further broadening. If cascading is very
intense, the He valley will thus be limited to the peak of the
Maxwell distribution for v, (or even may not form at all).
On the other extreme, without any cascading, the He valley
may broaden indefinitely, as the waves with frequencies
further and further from Q... progressively become
damped by the rarer and rarer “He*? ions along the
Maxwell tail. In this context, our “effective damping
duration” At can be interpreted as the time it takes, in the
instantaneous injection approximation, for the He valley to
broaden down to the above frequency w, at which cas-
cading just balances damping. Obviously, the higher the
steady wave injection rate, the narrower the maximal width
of the He valley, and the shorter the equivalent damping
during At. In this context, the above conclusions on the
acceptable At values actually set constraints on the accept-
able rates of wave cascading.

On the other hand, several effects may, on the contrary,
broaden the He valley. They may have to be considered in
later studies. Offhand, at least three effects can be imagined:

1. For strong turbulence, waves may interact with par-
ticles even if the gyroresonance condition is only approx-
imately fulfilled (§ 2.2). This may broaden the He valley.

2. Suprathermal tails are commonly observed in solar
wind distribution functions (see Scudder 1992; Ogilvie et al.
1993), starting at densities of typically 102 to 10~ 3 times
the Maxwellian peak density (Fig. 2). It has been suggested
that such tails may exist in the corona as well (Scudder
1992); if they do, they will also broaden the He valley.

3. In this, as in all previous studies, we have not con-
sidered possible nonuniformities in the intensity of the mag-
netic field B. If the waves propagate through a medium with
a nonuniform field intensity, the range of frequencies w over
which the waves are damped by resonant interaction with
“He™*?2, with gyrofrequency Quy.+ oc B, ie., the He valley,
will be effectively broadened. An effective broadening of the
valley by ~2% of Q.y.+. would alter significantly the heavy
element composition (see Figs. 12 and 17 for T ~ 3 x 10°
K). The relevant He cyclotron waves near the boundary of
the He valley travel at speeds roughly on the order of ~ % of
the Alfvén speed (Fig. 10b). For the Alfvén speed v, =2
x 10® km s~ ! resulting from our nominal n, = 10*° cm 3,
B =100 G, and an associated typical wave lifetime of
~7 x 10~* s (Fig. 17), field inhomogeneities of ~2% over
scales of ~0.5 km would change significantly the heavy
element composition. For more typical quiescent AR condi-
tions, ie., n, ~ 2 x 10° cm~3, B ~ 200 G, yielding Alfvén
speeds v, ~ 10* km s~ (Appendix A) and, say, 10 times
larger acceleration times, the same ~2% field inhomoge-
neities over scales of ~20 km would suffice to alter signifi-
cantly the composition of the accelerated heavy elements.
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Of course, this constraint becomes even more severe if the
acceleration lasts longer, At representing the timescale for
saturation of the width of the He valley due to cascading.

Regarding energetics, the He valley can, of course, exist
only if wave damping by “He*? isotopes is, indeed, severe,
ie., if the wave energy injected near the *He*? gyrofre-
quency is not sufficient to kick all the “He* 2 isotopes in the
gas off the thermal distribution. This condition is certainly
met, were it only because the depletion of the accelerated
NeMgSi relative to Fe indicates that, even for these much
rarer species, not all ions in the gas are being accelerated.

Turning to the other extreme case, that of comparatively
small injected wave energies, one may consider the possi-
bility of a significant wave damping, not only by “He iso-
topes, but also by the rarer heavy ions themselves (if wave
cascading is important, damping by Fe at low k, low w will
then act as a first wave filter). Qualitatively, the enhance-
ment of each individual ion outside the He valley would
then be larger, if its own source gas abundance is smaller
(provided that its gyrofrequency Q; oc Q,/A; is sufficiently
separated from those of neighboring ions). In this context,
the observed extra enhancements of the ~ 10- to ~20-fold
rarer Na, Al, 22Ne, and 2°:2Mg, as compared to the neigh-
boring dominant species 2°Ne, **Mg, and 2®Si (Reames
1993, 1995; Mason et al. 1994), might possibly indicate that
wave damping by 2°Ne, 2*Mg, and 28Si (with coronal abun-
dances ~ 300 times lower than “He) is significant.

We recall also that, although underdense plasma condi-
tions have not been investigated explicitly here, preliminary
calculations have shown that the present model for selective
ion acceleration applies also for an underdense plasmas, as
long as quasi-perpendicular waves do not dominate over
moderately oblique waves.

5. SUMMARY

We have studied in detail the behavior (i.e., the dispersion
relation and damping) of parallel plasma waves in hot
plasmas as a function of the temperature, in the presence of
all the major and minor ions actually present in coronal
plasmas. The key role played by abundant “He* 2 in wave
damping is stressed (“helium valley” of strong wave
damping). This allows us to consider a simpler e-p-*He*2
plasma to generalize our study to oblique waves and inves-
tigate their dispersion relation, polarization, and damping.
Damping via higher order resonances can be neglected,
except for quasi-perpendicular waves. The larger the wave
angle to the field, the narrower the frequency range of the
wave damping by “He* 2 ions.

We have then interpreted the elemental composition
anomalies among the ions accelerated during impulsive
solar energetic particle events, in terms of the damping of
the waves available for their acceleration. The damping of
all moderately oblique waves by “He*? ions, preventing
any preferential acceleration of ions with charge-to-mass
ratio Q/A close to 0.5, can, indeed, shape the heavy element
composition of the accelerated particles. The hotter the
plasma, the wider the range of Q/A values for which ions are
excluded from preferential acceleration. In this context, we
have shown that the observed composition requires the
following:

1. The source gases of all accelerated heavy ions must
have predominantly temperatures between ~2.4 and
~4.5 x 10° K, roughly comparable to ordinary (quiescent,
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and probably flaring) active region (AR) gas temperatures.
This result points to the AR gas in which the flare develops
as the source of the energetic ions. The acceleration must
take place, either prior to the flare heating, or predomi-
nantly in the AR gas surrounding the hot flare itself. This
result refines the earlier one of RMVR, on the basis of a
more specific analysis.

2. As aresult, the elemental composition of the impulsive
event energetic particles can be understood, provided that
the denser parts of ARs indeed have predominantly tem-
peratures above ~2.4 x 10° K, as very often, but not
always, observed; it would be difficult to understand if the
bulk gas in (flaring) ARs were largely cooler than
~2.4 x 10° K (Appendix A).

3. The high energetic Fe and Si charge states observed by
Luhn et al. (1987) require confirmation. If confirmed, they
require stripping after the ions have been extracted from the
thermal pool, possibly by energetic electron beams.

4. The acceleration timescale or, in case of the presence
of wave cascading, the time over which the growth of the He
valley is not hindered by wave cascading (§ 4.2), must lie
somewhere between ~5 x 1074 and ~3 x 1072 s, for our
nominal plasma density and magnetic field strength of n, =
10'° cm~3 and B = 100 G. This timescale could be larger,
by a factor of, say, ~ 10, if the typical conditions in quies-
cent ARs (n, ~ 1 to ~4 x 10° cm™3; B ~ 50 to ~400 G)
also apply to the bulk ~3 x 10® K gas of those ARs in
which a flare takes place and accelerates particles (as pos-
sibly suggested by the source gas temperature we obtained).

For such quiescent AR conditions, the plasmas lie in the
neighborhood of the overdense-underdense boundary; both
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slightly underdense and slightly overdense situations are
probably common. The above conclusions are valid irre-
spective of whether the source plasma is overdense or
underdense, provided that quasi-perpendicular waves
(possibly generated by electron beams) do not dominate
over moderately oblique waves (possibly generated by wave
cascading) in the source plasma of the accelerated particles.
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APPENDIX A
ACTIVE REGION TEMPERATURES, DENSITIES, AND MAGNETIC FIELDS

The temperature of ~2.4 to ~4.5 x 10° K obtained for the source gas of the escaping accelerated particles (§§ 1 and 4),
warmer than quiet coronal temperatures, but much cooler than usual flaring gas temperatures, is to be compared with active
region (AR) temperatures.

Recent studies generally give evidence for a central region of denser, warmer gas, sometimes found remarkably isothermal,
surrounded by more dilute, cooler gases. Many studies yield denser material temperatures quite closer to ~3 x 10° K or
slightly above (Pye et al. 1978; Saba & Strong 1991a, 1991b; Nitta et al. 1991; Brosius et al. 1982, 1996; Schmelz et al. 1994;
Schmelz 1995; Yoshida & Tsuneta 1996); others may be consistent with predominant temperatures anywhere between ~ 2.5
and ~3 x 10° K (Hara et al. 1992; Waljeski et al. 1994; Brickhouse, Raymond, & Smith 1995; see also Klimchuk & Gary
1995), and others show temperatures lying more definitely around ~2.5 x 10° K (Brosius et al. 1992, 1993, 1994). In some
cases, large clumps of cooler material around ~1.5to ~2 x 10° K are also being found (Schmelz et al. 1992, 1994; Brosius et
al. 1996). A minor amount of hotter (e.g., ~5 x 10° K) gas is sometimes present, possibly related to some low level of flaring
activity (Saba & Strong 1991b; Hara et al. 1992; Brosius et al. 1996; Yoshida & Tsuneta 1996).

Brickhouse et al. (1995) have performed a particularly elaborate study of AR temperatures, based on a broad range of
ionization states from Fe*® (~0.5 x 10° K) to Fe*!® (~5 x 10° K), on a large number of lines, and on reevaluated
emissivities. Rather than a single “best ” temperature, they derive a full temperature distribution for gas, which is dominated
by a well-defined peak with HWHM ~ 1 x 10° K, centered at 2.5 x 10° K if Arnaud & Rothenflug’s (1985) ionization
balance is adopted, and at 3.4 x 10° K if Arnaud & Raymond’s (1992) balance is adopted instead (different dielectronic
recombination rates). Brickhouse et al. find only a weak lower temperature tail in the emission measure distribution down to
0.5 x 10° K. A similar study has been performed recently by Brosius et al. (1996), with a similar outcome for one AR, and a
broad temperature range for another one.

From the theoretical point of view, the radiative loss function shows a minimum right between ~3.0 and ~4.0 x 10° K,
with a steep rise up to a rough plateau located below ~1.0 x 10 K (Cook et al. 1989). So gases with temperatures between
~3.0and ~1.0 x 10° K should be temperature instable. This might explain a possible clustering of AR temperatures not far
from 3 x 10° K and a scarcity of cooler material.

Many of the above studies further yield typical AR densities of n, ~ 1 to ~4 x 10° cm ™3, and fields of B ~ 50 to ~400 G
(Pye et al. 1978; Nitta et al. 1991; Brosius et al. 1992, 1993; Schmelz et al. 1992, 1994; Cook et al. 1994 ; Brickhouse et al. 1995).
While the accuracy of these determinations is limited (e.g., filling factors), we will take them as indicative. With such values,
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the plasma frequency-to—electron gyrofrequency ratio w,/€, lies typically in the ~0.25 to ~4 range, so that the plasma lies in
the neighborhood of the underdense-overdense limit n, [cm ™3] ~ 10° x B% [G]. It is therefore likely that both slightly
overdense and slightly underdense situations occur in practice. These values also yield typical Alfvén speeds of v, ~ 10* km
s™ .
An additional caveat is required : most of the above studies pertain to quiescent ARs. The scarce specific data do not suggest
that physical conditions in the bulk gas of those ARs within which a flare takes place (outside the flare itself) are very different
from those of quiescent ARs (Brickhouse et al. 1995; Saba 1995; Brosius 1995). There is, however, evidence for the presence of
some hotter gas an hour or so prior to and after some flares (Saba & Strong 1991b; Saba 1995). In brief, while there is no
indication of large differences, there is no guarantee that the conditions in those ARs within which a flare takes place are
exactly the same as in quiescent ARs.

Clearly, our strict conclusion that the source gas of the energetic particles includes very little material below 2.4 x 10° K is
easy to understand if the denser parts of (flaring) ARs usually have temperatures close to 3 x 10° K or slightly above, but it
poses a serious problem if these temperatures lie commonly around 2.5 x 10° K only.

APPENDIX B
ABUNDANCES OF IONS IN THE SOURCE CORONAL PLASMA

Here we summarize the ion abundances in the source plasma adopted throughout this paper. The particles accelerated in
impulsive events have, in all likelihood, been extracted out of active region (AR) coronal gas. It has been confirmed by RMvR
that the elemental composition of the energetic particle parent gas is indeed, to first order, of “coronal,” rather than
photospheric, type. For this “coronal” composition, we adopt the accurate composition of gradual-event solar energetic
particles (gradual-SEP), which should be representative of the slow solar wind and of its source gas in the large scale corona
outside coronal holes (e.g., Meyer 1993a, 1993b, 1996a, 1996b). It goes as follows: H = 730,000, He = 36,500, C = 269,
N =77, O =621, Ne = 88, Mg = 121, Si = 100, Fe = 97 (with errors <20%, except possibly for H and He). These values
have been derived from the gradual-SEP observations of Breneman & Stone (1985) and reinterpreted on the basis of the
meteoritic determination of the photospheric Fe abundance (e.g., Grevesse & Noels 1993); they agree well with other,
equivalent determinations (Meyer 1985a; Garrard & Stone 1993 ; Reames 1995).

The composition of the coronal gas within ARs, which is directly relevant here, could differ from this adopted composition
of the slow solar wind gas, which might originate in specific, narrow, open-field channels squeezed between coronal loops (e.g.,
Wang, Sheeley, & Nash 1990; Wang 1994; Sheeley 1995; Meyer 1993a, 1993b, 1996a, 1996b). Actually, the large body of
extreme-ultraviolet (EUV) and X-ray observations of major elements within well-developed ARs in most cases yield composi-
tions quite similar to the above adopted ones (e.g., Meyer 1993a, 1993b, 1996a, 1996b). There are, however, also signs for
deviations. The current y-ray line data analysis suggests systematically ~ 1.7 times larger Ne/O ratios in low-altitude flare
material (Ramaty et al. 1995). Occasionally, X-ray observations also yield ~2.5 times higher Ne/O ratios in AR gases (see
Meyer 1993a, 1993b, 1996a, 1996b). Such excesses could possibly be related to the observed ~ 1.5 times excess of Ne relative
to Mg and Si in the impulsive event energetic particles, as compared to the gradual-SEP composition (RMvVR). Several EUV
and X-ray studies have also found significant excesses of rarer, very low FIP elements with FIP <6 eV in coronal gases, as
compared to gradual-SEP’s (see Meyer 1996a, 1996b).

The adopted isotopic ratios are those of Anders & Grevesse (1989), which are probably valid for the entire solar
environment.

The ionic fraction f of each charge state of the various elements at a given temperature, assumed at equilibrium, were taken
from Arnaud & Rothenflug (1985). For consistency with the other elements, we preferred not to use the Arnaud & Raymond
(1992) assessment for Fe, but its use would not change anything in our conclusions.

APPENDIX C
DISCUSSION OF THE WAVE POLARIZATION IN A COLD ELECTRON-PROTON-HELIUM PLASMA

The change of polarization of the waves with increasing propagation angle 6 is of crucial importance for the understanding
of the complex damping landscape in a hot solar plasma. In this Appendix, we review briefly the major effects, which are used
extensively throughout the paper, in the simpler case of a cold electron-proton-helium plasma. While the formulae can be
found in the literature, we are not aware of any detailed analysis of the resulting polarization features, even for a cold
electron-proton-helium plasma.

The polarization vectors e* of the two wave modes in a cold electron-proton-helium plasma can be written as (see, e.g.,
Melrose 1986, p. 53)

, Kixk+Tit+ia

T (KX + T2 + 1)12°
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FiG. 18.—Dispersion relation (left) and sense of polarization T (right) as a function of wavenumber k in a cold e-p-He plasma, for propagation angles
0 = 0° (top), 45° (middle), and 90° (bottom). The three branches of the dispersion relation, and their corresponding polarizations, are plotted as solid, dashed,
and dotted lines. T > 0 and T < 0 indicate right and left polarization, respectively. T = +1 indicates circular polarization, while T =0 and T = +

indicate linear polarization.
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k = (sin 6, 0, cos 0) , a=(0,1,0), t =(cos 0,0, —sin 0) ,
S=3R,+R.), D=3R,;—R.),
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ni(ws 0) 24 s
in the notation defined in § 2.

K, and T, describe the longitudinal and transverse part of the wave polarization, respectively. T = +1 corresponds to
right (left) circular polarization and T = 0 or T = + oo to linear polarization along a and ¢, respectively. In general, the waves
are elliptically polarized and T, are orthogonal,ie., T, T_ = 1.

Figure 18 illustrates the cold plasma dispersion relation w(k) (left panels) and the sense of polarization of the waves
represented by T (right panels), for three different propagation angles of the waves, 8 = 0°, 45°, and 90°. Note that for a given
frequency w, there are always two wavenumbers corresponding to the modes denoted with plus and minus signs, but there are
three frequencies (“branches”) for each wavenumber k (for 6 # 90°). For 6 = 0° (top), the solid branch is left-circularly
polarized, since T = —1, the dashed branch starts right- and changes to left-circularly polarized at the cutpoint, and the
dotted one starts left- and changes to right-circularly polarized.

The polarization properties of the three branches for 6 = 45° are shown in the middle panels. The dashed and dotted
branches do not intersect any more, and the waves are now elliptically polarized. The solid branch is linearly polarized for
small k values as T — — oo. With increasing k, the polarization becomes elliptical but still left, and it turns into left circular
whenk - o0as T - —1.

The dashed branch starts linearly polarized at small &, since T — 0. It changes into a right elliptical wave, and it becomes
right-circularly polarized as T passes through 1. After that, it is again right elliptical and transforms into a linear wave, as T
has a pole at kc/Q, ~ 115. At this point, the wave starts to rotate in the opposite direction. As T rises from — co, the wave is
linear, becomes left elliptical, and eventually turns into a circular left wave when k — oo.

The dotted branch presumably starts left circular for k = 0, but it has not been plotted below kc/Q, = 10 because of
numerical problems in the calculation. Beyond this point, it is left elliptical, then linear as T passes through zero, then right
elliptical, and eventually it turns into a right circular wave, as T — +1 for k — co.

For 6 = 90°, all the waves are linearly polarized and the solid branch has disappeared completely, while the dashed one
bends for kc/Q, > 75 into a region that we may call helium lower hybrid frequency
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