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Critical issues for understanding particle acceleration 

in impulsive solar flares 

James A. Miller, • Peter J. Cargill, 2'3 A. Gordon Emslie, • Gordon D. Holman, 
Brian R. Dennis 4 T. N. LaRosa, • Robert M Winglee • 
Stephen G. Benka, • and S. Tsuneta s 

Abstract. This paper, a review of the present status of existing models for particle 
acceleration during impulsive solar flares, was inspired by a week-long workshop 
held in the Fall of 1993 at NASA Goddard Space Flight Center. Recent observations 
from Yohkoh and the Compton Gamma Ray Observatory, and a reanalysis of older 
observations from the Solar Maximum Mission, have led to important new results 
concerning the location, timing, and eificiency of particle acceleration in flares. 
These are summarized in the first part of the review. Particle acceleration processes 
are then discussed, with particular emphasis on new developments in stochastic 
acceleration by magnetohydrodynamic waves and direct electric field acceleration 
by both sub- and super-Dreicer electric fields. Finally, issues that arise when these 
mechanisms are incorporated into the large-scale flare structure are considered. 
Stochastic and super-Dreicer acceleration may occur either in a single large coronal 
reconnection site or at multiple "fragmented" energy release sites. Sub-Dreicer 
acceleration requires a highly filamented coronal current pattern. A particular issue 
that needs to be confronted by all theories is the apparent need for large magnetic 
field strengths in the flare energy release region. 

1. Introduction 

Particle acceleration is a ubiquitous phenomenon at 

sites throughout the Universe [e.g., Zank and Gaisser, 
1992]. An important example occurs in solar flares, 
which offer a wide range of observations and allow one 

to probe both electron and ion acceleration. During 

flares, large amounts of energy, anywhere from -• 1028 
to • 1034 ergs, are released on timescales which vary 
from a fraction of a second to several tens of minutes 

[e.g., •vestka, 1976; Priesi 1981; Tandberg-Hanssen and 
Emslie, 1988]. As will be discussed below, a significant 

•Department of Physics, The University of Alabama in 
Huntsville. 

abeam Physics Branch, Plasma Physics Division, Naval 
Research Laboratory, Washington, D.C. 

3Now at Space and Atmospheric Physics, The Blackett 
Laboratory, Imperial College, London, England. 

4Laboratory for Astronomy and Solar Physics, NASA 
Goddard Space Flight Center, Greenbelt, Maryland. 

5Department of Biological and Physical Sciences, Kenne- 
saw State University, Kennesaw, Georgia. 

6Geophysics Program, University of Washington, Seattle. 
7American Institute of Physics, College Park, Maryland. 
sInstitute of Astronomy, University of Tokyo, Tokyo, 

Japan. 

Copyright 1997 by the American Geophysical Union. 

Paper number 97JA00976. 
0148-.0227/97/97JA-00976509.00 

fraction of this released energy is manifested in the form 

of energetic particles. 

Flares are unique in the astrophysical realm for the 

great diversity of diagnostic data that are available. 

These data include (1) continuum emission, which spans 
the dynamic range from radio, to microwaves, soft and 

hard X rays, and finally gamma rays, which may have 

energies in excess of 1 GeV; (2) gamma ray line emission 
at various energies between .• 400 keV and .• 8 MeV; 

(3) direct charged particle and neutron observations in 
space; and (4) observations of high-energy neutrons and 
charged particles by ground-based monitors. The mi- 

crowave and hard X ray/gamma ray continuum are be- 
lieved to be the result of gyrosynchrotron emission and 

bremsstrahlung, respectively, from subrelativistic to rel- 
ativistic electrons. Lower-frequency radio and soft X 

ray emission are thought to be plasma radiation and 

thermal bremsstrahlung, respectively. Soft X ray and 

EUV spectral lines are also present and are due to the 

hot thermal plasma. Interactions between accelerated 
ions with energies •> 1 MeV nucleon-1 and ambient nu- 
clei yield excited nuclei, neutrons, and positrons, all of 
which then produce the gamma ray lines. Reactions 

of relativistic ions with ambient nuclei also produce pi- 
ons and high-energy neutrons. The pions decay either 

directly into gamma rays or into ultrarelativistic sec- 

ondary electrons and positrons, all three of which may 

contribute to the > 10 MeV gamma ray continuum. 

Over the past few years, it has been argued IReames, 
1995, and references therein] that flares appear to reside 
in two broad categories: impulsive and gradual. Orig- 
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inally so named on the basis of the duration of their 

soft X ray emission [Pallavicini et al., 1977] (and also 
their hard X ray and gamma ray emission), impulsive 
events tend to be compact and occur low in the corona, 

while gradual events occur at greater heights and cor- 

relate well with coronal mass ejections (CMEs). How- 
ever, another major difference between the two classes is 

the composition of particles that are observed in inter- 

planetaw space. There, impulsive events exhibit strik- 

ing ion abundance enhancements, while gradual events 

produce accelerated ions with ambient coronal compo- 

sition IReames et al., 1994]. The general acceleration 
scenario that emerges is that all interplanetary parti- 

cles in gradual events are accelerated by a CMF•driven 

shock, while those in impulsive events are produced by 

another mechanism(s). 
We believe that the most severe constraints on par- 

ticle acceleration models are imposed during impulsive 

events, and it is these which we consider. However, 

a recent refinement [Cliver, 1996] of the two-class pic- 
ture argues that the same acceleration mechanism(s) 
is responsible for energizing the particles that remain 

trapped at the Sun in both impulsive and gradual 

events and that these trapped particles are similar to 

those observed in space from impulsive events [see also 
Mandzhavidze and Ramaty, 1993]. In other words, grad- 
ual events posses an impulsive flare "core," which is re- 

sponsible for the energetic particles that remain trapped 

and produce radiation. Some particles from the core 

also escape (as in pure impulsive events) into space, 
where they are joined by the particles accelerated by 
the CMF•driven shock. In this case, the relevance of 

the present paper expands to include those particles in 

gradual events which were not accelerated by a CMF• 
driven shock. 

This review paper grew out of a week-long workshop 

conducted at NASA Goddard Space Flight Center in 

the fall of 1993, in which a small group of people work- 

ing in the field (the authors of this paper) met to dis- 
cuss issues related to particle acceleration. The paper 
summarizes the issues discussed there as well as more 

recent developments in both theory and observations. 

In section 2, we present a review of the observations 

and their interpretation. Section 3 reviews the particle 

acceleration mechanisms which have been proposed to 
account for these observations. Section 4 examines how 

these mechanisms might fit into the global constraints 
of the solar flare geometry. Section 5 summarizes our 

conclusions and outlines profitable directions for future 
studies. 

2. Review of Pertinent Observations 

and Their Implications 

In this section we present a summary of the essential 

observations of accelerated particles that any theoreti- 
cal model of flares must account for. It is convenient to 

approach this by posing the following questions: (1) To 
what energies are the particles accelerated? (2) How 
quickly do they reach these energies? and (3) How many 

particles are accelerated per second? These questions 

can be asked of both electrons and ions, which we now 

consider in the following two subsections. It should be 

noted that, in addition to particle acceleration, plasma 

heating also occurs in flares. While this review will 

not address issues of plasma heating directly, we note 

that some direct heating will be associated with any 
of the acceleration mechanisms discussed. The ratio of 

particle acceleration to direct heating is an important 

measure of the efficiency of the mechanism. 

2.1. Energetic Electrons and Hard X Ray 
Bursts 

A useful paradigm for flares is that they involve the 

release of magnetic enerKy in bipolar coronal loops or 

arcade structures, with the magnetic field connecting 

photospheric regions of opposite magnetic polarity. A 
fairly successful model is that much of this enerKy ap- 
pears initially as accelerated electrons with energies 
20 keV. As the accelerated electrons stream from the 

corona toward and through the chromosphere, they pro- 

duce hard X ray bremsstrahlung via interactions with 

ambient protons. However, they concurrently lose far 

more enerKy to heating the ambient cooler electrons by 

Coulomb collisions. Since the electrons remain trapped 
in the corona and chromosphere and radiate while los- 

ing all of their suprathermal enerKy there, the resulting 

emission is referred to as thick-target nonthermal brem- 

sstrahlung. (Thin-target bremsstrahlung would arise if 
the electrons lost only a small fraction of their energy 

while radiating.) 
The chromospheric plasma is heated and then driven 

upward along the guiding magnetic field lines toward 

the corona by the large pressure gradient. These flows 

are referred to as chromospheric ablations or evapora- 

tions [e.g., Antonucci et al., 1982; Mariska et al., 1993], 
and emit relatively long-lived thermal soft ( • 20 keV) 
X ray emission [e.g., Pallavicini et al., 1977; Doschek et 
al., 1993]. This picture provides a simple explanation 
for the close association between the thermal and non- 

thermal X ray emission [e.g., Wu et al., 1986; Doschek 
et al., 1996]. In addition, relativistic electrons produce 
gyrosynchrotron microwave emission as they spiral in 

the coronal magnetic field. It should be noted that the 

model is basically one of transport, since the initial elec- 

tron acceleration is simply assumed ab initio. 

This nonthermal thick-target model has explained 

successfully the observed radiative signatures of flares 

at a number of wavelengths including optical, Ha, EUV, 

and soft X rays [e.g., Eroslie et al., 1981; McClymont 
and Canfield, 1986; Canfield and Gayley, 1987; Mariska 

et al., 1989]. Striking support also comes from the ob- 
servation of simultaneous impulsive soft and hard X ray 

emission from the chromospheric footpoints of the mag- 

netic structure [Hudson et al., 1994; $akao, 1994; 
suda, 1994], as would be expected from the interaction 
of electron beams with the chromosphere. 

There are also some problems that should be noted: 

(1) plasma heating is often observed before the start of 
the hard X ray emission [Mariska and Zarro, 1991] (and 
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hence before the acceleration of a significant number 

of nonthermal electrons), and (2) the model generally 
predicts more upward moving material than is indicated 

by the observed blue-shifted component of soft X ray 

lines ILl et al., 1991]. However, in the present section 
we will adopt this nonthermal thick-target model as a 

, 

working paradigm. 

The hard X ray emission produced by the energetic 
electrons is widely regarded as the characteristic signa- 

ture of impulsive flares [Dennis, 1985, 1988; Tandberg- 
Hanssen and Eroslie, 1988]. While microwave and radio 
emission are also diagnostics of the energetic electrons 

[e.g., Benz, 1993; Aschwanden et al., 1995a], we can 
concentrate just on the hard X ray emission to address 

the following three basic questions: 

To what energies are electrons accelerated? 

Photons of a given energy are produced principally by 
electrons of comparable energy. Therefore it can be 
inferred from observed hard X ray spectra that elec- 

trons with energies well into the relativistic regime ( •> 
100 keV) exist [Dennis, 1988]. While hard X ray emis- 
sion is common, some flares also exhibit gamma ray 
emission up to tens of MeV. Processes which contribute 
to emission above about 1MeV include electron brem- 

sstrahlung, nuclear deexcitation, and pion decay. These 

last two result from energetic'ions and will be treated 

in the next section. However, in some flares there is 
no evidence for the presence of energetic ions, and all 
of the gamma ray emission is evidently due to ultrarel- 
ativistic electrons. Such flares have been called "elec- 

tron dominated" [MarschhSuser et al., 1994; Petrosian 
et al., 1994] and thus signal the acceleration of elec- 
trons to tens of MeV. We note that the photon spectra 

F(Ev) -- KE• • photons cm -2 s -• MeV -• at i AU 
from the Sun, where Ev is the photon energy, can be 
very hard in the gamma ray regime, with spectral in- 
dices s as low as 1.5. 

How quickly do they reach these energies? A 

precise determination of the acceleration time is compli- 

cated by transport from the acceleration region to the 

interaction region. However, an upper limit on the ac- 
celeration time to --• 100 keV can be obtained from hard 

X ray time profiles. Observations from the Burst and 

Transient Source Experiment (BATSE) on the Comp- 
ton Gamma Ray Observatory (CGRO) have revealed 
very fine scale structure in the hard X ray emission 
from impulsive flares, manifested as spikes in the emis- 

sion lasting • 400 ms [Machado et al., 1993]. Parti- 
cles would thus have to be accelerated to .• 100keV 

on such a timescale. Also, Aschwanden et al. [1995b] 
have reported 10-20 ms delays between two low-energy 
hard X ray channels in BATSE. This is consistent with 

the near-simultaneous acceleration of the particles to 
both energies, with the delay resulting from the differ- 
ent travel times from a coronal acceleration site. 

The acceleration to higher energies (• 100 keV) can 
occur somewhat more slowly. Specifically, during the 
initial few seconds of the hard ray burst, there is some- 
times a "high-energy delay," where the flare onset at 

energies •> 150 keV is delayed by a few seconds rela- 

tive to the onset at lower energies (e.g., see Baiet al. 
[1983] and Dulk et al. [1992]; see, however, Kane et al. 
[1986] for a case when such a delay was absent). The 
time profiles of the gamma ray emission from electron- 
dominated flares can also place an upper limit on the ac- 
celeration time. This emission rises and reaches a max- 

imum over a few seconds to about 30s [Rieger, 1994]. 
The electron acceleration time to a few tens of MeV 

must then be no more than a few seconds. 

How many electrons are accelerated per sec- 

ond? The number of electrons that escape into space 

is less than the number that remain trapped on closed 

magnetic field lines and produce X rays IRamary et al., 
1993]. We thus consider only the trapped electrons in 
our discussion. 

Above the iron lines at around 7keV, hard X ray 

spectra F(Ev) (photons cm -:z s -• MeV -•) are smooth 
continua and are fairly well fitted by power laws KE• s 
with s larger than 2. In a thick-target nonthermal 

model, the energy-differential rate at which acceler- 

ated electrons are produced or injected • (E) (electrons 
MeV -• s -•) is also a power law and steeper than this 
by a power of roughly one. For a large X-class flare, 
the flux of X rays above 20 keV at I AU can be •> 104 
photons cm -2 s -• and results from an emission area 
of • 10 •s cm 2. The nonthermal model then indicates 

that .• 1037 electrons s -• were accelerated to energies 
• 20 keV in such a flare. Hence, if the flare lasts .• 100 s, 
the total number of electrons energized above 20 keV is 

about 1039 . (We point out that, while these numbers 
are quite large, they are dwarfed by those from so-called 

"giant flares," in which the energization rate and total 
number above 20keV can be .• 1039 s -• and 104•, re- 
spectively [Kane et al., 1995]. These events, however, 
are relatively rare, and we do not take them into ac- 

count in obtaining "typical" numbers for flares.) Given 
the steepness of the electron energy distribution, the 

bulk of the energy in nonthermal electrons resides at 

low energies (20-50 keV). Below • 20 keV, it becomes 
harder to distinguish the nonthermal component from 

a hot thermal component generated by plasma heating. 

These numbers are appropriate to the entire flare 

duration, but there is evidence that electron acceler- 
ation in impulsive flares occurs in small bursts, which 

have been termed "energy release fragments (ERFs)" 
by Machado et al. [1993]. Data obtained with the 
Hard X ray Burst Spectrometer (HXRBS) on the Solar 
Maximum Mission (SMM) have shown spikes of dura- 
tion .• 400 ms superposed upon the more slowly vary- 

ing background of hard X rays [Kiplinger et al., 1984]. 
Employing the nonthermal model for hard X ray pro- 
duction, they deduced that about 2 x 1034 electrons 
were accelerated to energies greater than 20 keV in one 

of these spikes. With the aforementioned spike dura- 

tion, the rate at which electrons are energized above 
20 keV is then • 5 x 1034 s -•. The existence of this spiky 
structure has been confirmed by observations made with 

BATSE on CGRO (see above), where the accelerated 
electron energy content in an ERF is between 1026 
and 10 •7 ergs, and with the PHEBUS instrument on 
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GRANAT [Vilmer et al., 1996]. In light of all these 
observations, • 5 x 1034 electrons s -1 need to be ener- 
gized above 20 keV over • 400 ms in order to account 
for an ERF. These ERFs are apparent only in smaller 

flares, where the number that are firing at any time is 
sufficiently small for them to be observed separately; in 
larger events, they presumably blend together to form 
a smoother hard X ray emission time profile. 

In general, these electron numbers are obtained by 

fitting model spectra to data of low spectral resolution 

(e.g., the Hard X ray Telescope (HXT) on Yohkoh has 
four channels). To obtain more accurate estimates of 
the number of energetic electrons, much higher spec- 

tral resolution is needed. A 1980 balloon flight using 

cooled Germanium detectors [Linet al., 1981] provided 
data with approximately 2 keV resolution between 15 
and • 200keV on a relatively small GOES class M6 

flare. A discussion of the results is instructive, since 
they show the wealth of detail available when high spec- 
tral resolution is used. 

Figure i shows the X ray spectra F(Ev) for 15 time 
intervals spanning the duration of this event lLin et 
al., 1981]. When the emission is rising (left panel), 
the spectra are well fit by power laws of spectral in- 

dex s .• 3.5 below about 100 keV, but show a steepen- 

ing at higher energies. During the peak of the emission 

(center panel), the spectra exhibit a strong steepening 
(spectral index • 11) below • 40keV, consistent with 
thermal bremsstrahlung emission [Eroslie et al., 1989], 

possibly due to a "superhot" (• 3 x 107 K) thermal 
plasma [Linet al., 1981]. The spectra during the decay 
phase (right panel) are well fit below 40 keV by single 
temperature thermal spectra with a slowly decreasing 
temperature. A subsequent reexamination of flare spec- 

tra observed using HXRBS on SMM has shown that 

they are also consistent with this same broken power 

law shape [Winglee et al., 1991; Dulk et al., 1992]. 
Lin and Johns [1993] obtained directly the spectrum 

of the accelerated electrons from these data. Their 

analysis suggests that two hard X ray emitting elec- 

tron populations exist in this flare: a superhot thermal 
component of slowly increasing density which emits at 

low energies (• 30 keV), and a rapidly varying non- 
thermal component which is responsible for the higher 
energy X rays, but which also produces the spiky struc- 

ture at low energies as well. Both components can be 

integrated to obtain a total energy and particle num- 

ber [Lin and Johns, 1993], giving the injection rate 

•- f2o dE • (E) of electrons with energies • 20 keV 
from the superhot and nonthermal components as • 

4 x 1034s -1 and • 5 x 1035 s -i, respectively. Above 
30keV (where the superhot component is negligible), 
the rate at which nonthermal electrons are produced is 

• 1035 s -1 over a period of about 150s. 
These numbers have important implications for the 

energetics of flares, which centers ultimately on the rel- 

ative efficiency of thick-target bremsstrahlung in pro- 

ducing hard X rays. For example, for keV electrons, 
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Figure 1. X ray spectra obtained with a germanium detector throughout the June 27, 1980 flare 
[from Lin et al., 1981]. The first, second, and third panels correspond to time intervals when the 
emission is increasing, peaking, and decaying, resp%•;ively. Spectra are shown at five different 
times during each time interval. The vertical scale applies to t•he uppermost spectrum (which is 
the first spectrum obtained in the time interval), with each succeeding spectrum offset downward 
by two orders of magnitude. 
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this efficiency is only •0 5 x 10 -6 so that • 2 x 105 ergs 
of electron kinetic energy are necessary for every erg of 
X ray bremsstrahlung radiated. For the typical X-class 
flare involving the acceleration of • 103? electrons s -1, 
there is a power input in the form of energetic electrons 

above 20 keV of .• 3 x 109•9 ergss -1. Thus, in a flare 
lasting about 100s, the total energy in energetic elec- 
trons is about 3 x 1031 ergs, or a significant fraction of 
the total estimated flare energy. 

To further appreciate the magnitude of these num- 
bers, consider that a typical magnetic flux loop involved 
in a flare has an area of 10 •s cm 9• and a length of 109 cm. 
For a density of 10 •ø cm -3 (typical for an active re- 
gion), the entire loop contains about 103? electrons. 
This means that, over the flare duration, more elec- 

trons must be accelerated than are initially available in 

the flux tube. Therefore real-time replenishment is a 
requirement of a viable model. While the large mass 
reservoir in the chromosphere can easily provide the 
electrons necessary for replenishment of the acceleration 

region, some models have electrodynamic constraints 

that can limit the way in which these electrons can be 

pulled from the chromosphere. Such constraints can 
have important implications for the overall structure of 

the flaring region (see section 4). 
In view of these large electron numbers, alternatives 

to the nonthermal thick-target model have been pro- 
posed. The most widely studied of these is a thermal 

model in which hard X rays are predominantly emit- 
ted by electrons in a hot (•_ 10 s K) coronal plasma. 
This is substantially more efficient than the nonther- 

mal thick-target model since, on average, the hard X 

ray emitting electrons do not lose energy to other elec- 
trons in the plasma. In this case, the dominant energy 
loss channel is bremsstrahlung and efficiencies close to 

unity are possible in theory. The hot plasma expands 
behind a pair of conduction fronts that propagate at 
approximately the local ion acoustic speed [Brown et 
al., 1979] and eventually reach the chromosphere. How- 
ever, leakage of hot electrons from such a plasma to the 
chromosphere reduces the efficiency [Brown et al., 1979; 
Smith and Brown, 1980], and these streaming electrons 
will produce footpoint hard X ray emission, just as in 
the thick-target model. 

Recent observations from Yohkoh have cast serious 

doubts on the viability of a purely thermal hard X ray 
model. $akao [1994] analyzed the Yohkoh HXT obser- 
vations of a number of flares that had pairs of hard X ray 
brightenings on both sides of a magnetic neutral line, 
presumably corresponding to the footpoints of a bipo- 
lar loop. The temporal fluctuations of these footpoints 
were coincident to • 0.1 s. Unless the hot plasma was 
sited exactly equidistant between the two footpoints, 
the footpoint brightenings could not be due to the in- 

teraction of conduction fronts with the chromosphere. 
However, simultaneous brightenings could be produced 
by the aforementioned free-streaming electrons. 

An obvious compromise between nonthermal thick- 

target and thermal hard X ray models is a hybrid model: 
one involving both heating and acceleration as modes 

of primary energy release. Holman and Benka [1992] 
have formulated such a model based on sub-Dreicer elec- 

tric fields and find that a maximum acceleration rate of 
1034 electrons s -• is sufficient to account for the flare 

discussed by Linet al. [1981]. This rate is about a 
factor of 50 lower than that obtained above for the 

purely nonthermal model. However, if the accelera- 

tion volume is 109•? cm 3, then we still need to accel- 
erate 10 ? electrons cm -3 s -1. Assuming that this fac- 
tor of 50 decrease is applicable to larger flares, we see 
from the numbers given above for the nonthermal model 

that typical electron energization rates and total en- 

ergy contents above 20keV are • 2 x 1035s -• and 
6 x 109•9 ergs, respectively. Hence this model still re- 
quires real-time replenishment of the coronal electron 

population. Yohkoh observations of Masuda [1994] have 
also provided some evidence for such a model, with both 

footpoint and coronal hard X ray sources being present 
in some limb flares. 

2.2. Gamma Rays and Energetic Ions 

Energetic ions in a solar flare can also be investigated 

indirectly through the variety of neutral emissions that 

they produce (see reviews by Chupp [1984] and Ramaty 
and Murphy [1987]), as well as directly through in situ 
measurements in space. We thus ask the same three 

basic questions as in the previous subsection. As was 
the case there, we assume that the neutral emissions 

were created in a thick-target interaction region, such as 

the chromosphere and photosphere. Furthermore, due 
to the high ion energies involved, the ions are necessarily 
nonthermal. 

To what energies are ions accelerated? The 

most direct answer to this question is offered by the ions 
that escape from the impulsive solar flare and are ob- 

served directly in interplanetary space. Such ions have 

energies up to 100 MeV nucleon -• IReames et al., 1992; 
Mazur et al., 1992]. 

However, some impulsive flares (and gradual ones 
too) posses excess (i.e., above the electron bremsstrah- 
lung continuum) photon emission above about 1 MeV 
that consists of nuclear radiations. For these flares, ion 

energies can be probed indirectly using this nuclear ex- 

cess. A typical gamma ray flare exhibits narrow (• 
100 keV width) nuclear deexcitation lines between • 1 
and • 7MeV and a neutron capture (or deuterium for- 
mation) line at 2.223 MeV [e.g., Chupp, 1984; Murphy 
et al., 1991]. A theoretical spectrum similar to what 
is needed to model a large gamma ray flare is shown 

in Figure 2. The narrow deexcitation lines result from 

the interaction of protons and alpha particles having 
energies between • i and •0 100 MeV nucleon -• with 
ambient heavier nuclei [Ramaty et al., 1979]. Inverse 
reaqtions between energetic heavy nuclei and ambient 
H and 4He yield deexcitation lines of width • 1 MeV, 
which, together with many closely spaced and weak nar- 
row lines, constitute broad unresolved features in the 

gamma ray spectrum. The neutrons which yield the 
capture line also result from reactions of ions having en- 
ergies between • i and • 100 MeV nucleon -1 with tho. 
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Figure 2. Theoretical solar flare gamma ray spectrum 
similar to those needed to model emission from large 

events [from Ramaty and Lingenfelter, 1995]. The ion 
and electron spectra incident on a thick-target emission 
region are power laws of the same spectral index. The 
dotted line is bremsstrahlung from the electrons, and 
the solid line is the total gamma ray emission. The 
principal nuclear deexcitation lines, the neutron cap- 
ture line, the positron annihilation line, the positronium 
continuum, and the broad deexcitation lines from 
reactions are marked. Positrons result from •+ decay 
of radionuclides generated in reactions between incident 
and ambient ions. 

ambient nuclei. The maximum energy determined from 
gamma ray line emission is thus consistent with that de- 

termined by direct inspection of the ions in space. The 

absence of detectable gamma ray line emission from the 

majority of smaller flares may be a consequence of de- 
tector sensitivity. 

Higher-energy ions are present in some flares. Six 

gamma ray flares have exhibited a hardening or "bump" 

in the photon spectrum near • 70 MeV [see Mandzha- 
vidze and Ramaty, 1993], which is due to mainly neu- 
tral pion decay radiation [Murphy et al., 1987]. This 
pion excess immediately indicates that protons (which 
dominate pion production) were accelerated above the 
pion production threshold of • 300MeV. Moreover, 
some of these flares had pion-decay emission up to a 

few GeV [Akimov et al., 1993; Kanbach et al., 1993], 
which then pushes the proton energy upper limit to a 

few GeV as well. Modeling of pion-decay emission for 
one flare indicates that a high-energy cutoff of 10 GeV 
in the proton spectrum is most consistent with the data 

[Mandzhavidze et al., 1996]. 
Neutrons are also a signature of very high-energy pro- 

tons and are generated mostly by protons and alpha 

turn produced by protons with energies up to • 1 GeV 

[e.g., Ramaty and Mandzhavidze, 1994]. The very high- 
est energy (• 1 GeV) neutrons can be detected by 
ground-based neutron monitors [e.g., Debrunner et al., 
1983], and indicate the presence of protons of roughly 
the same energy. Hence, while most gamma ray flares 

exhibit evidence for ions up to 100 MeV nucleon-1, some 
of the largest appear capable of accelerating protons up 
to at least • i to 10 GeV. 

How quickly do they reach these energies? As 
with electrons, a determination of the acceleration time 

is complicated by transport. An upper limit on the 
acceleration time io tens of MeV nucleon -1 can be ob- 

tained from the time profiles of the nuclear deexcitation 

gamma ray line flux. These light curves rise above back- 

ground and peak on timescales of • i s [Kane et al., 
1986] to a few seconds [Forrest, 1983]. The acceleration 
time upper limit is then approximately equal to this 
rise time. A determination of acceleration time scales 

to higher energies requires a higher energy diagnostic, 

such as pion decay radiation. For example, a compari- 

son of the nuclear deexcitation line and pion radiation 

time profiles from the June 3, 1982, flare [Forrest et 
al., 1986; Chupp et al., 1987] indicates that acceleration 

to • GeV nucleon -1 energies occurs in • 16s for this 
flare [Miller et al., 1987]. Higher time resolution mea- 
surements may reduce these upper limits in the future, 

but, at present, acceleration to MeV nucleon -1 energies 
on timescales of order i s must be accounted for in any 
acceleration model. 

How many ions are accelerated per second? 

The number of ions that escape into interplanetary 
space can be either more or less than the number that 

remain trapped at the Sun and produce gamma rays 

IRamary et al., 1993]. However, since the trapped num- 
ber typically exceeds the escaping number [Hua and 
Lingenfelter, 1987], we consider again only the trapped 
particles. 

The first diagnostic to be used for probing the spec- 
trum of trapped particles above a few MeV nucleon -1 
was the ratio of the 2.223MeV neutron capture line 
fiuence to the 4-7MeV nuclear deexcitation line flu- 

ence [Murphy and Ramaty, 1984; Hua and Lingenfel- 
ter, 1987]. Since the deexcitation and neutron cap- 
ture lines are produced by ions in somewhat differ- 

ent energy ranges (the capture line results from rela- 
tively higher energy ions), their ratio is a measure of 
the ion spectral shape in the •. 10-100 MeV nucleon -1 
range. In the same way, the spectral shape in the • 10- 

1000 MeV nucleon -1 range can be determined for pion 
flares by considering the ratio of the 100 MeV fiuence to 

the nuclear deexcitation fiuence [Murphy et al., 1987]. 
The normalization of the ion spectrum is fixed by the 
magnitude of a particular fiuence. 

This technique was used by Murphy and Ramaty 
[1984] to analyze nine flares for which deexcitation and 

particles interacting with ambient H and 4He. They ' neutron capture line fiuences were available, assuming 
usually accompany pion decay radiation in the largest accelerated proton spectra N(E) -- f• dt •(E) (pro- 
flares. Neutrons between • 50 and 500 MeV can be di- tons MeV-1) that were either power laws in kinetic en- 
rectly observed in space [Chupp et al., 1982] and are in ergy E -• or K2 modified Bessel functions. The Bessel 
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functions result from a stochastic acceleration model 

[Ramaty, 1979] and roll over at high energies while flat- 
tening out at lower energies. For both spectral shapes, 

the typical number of protons above 30 MeV was found 

to be •. 1032. In the case of power laws, the spectral 
index r was • 3.5, so that the total number of protons 
above 1 MeV is • 5 x 1035. In the case of Bessel func- 

tions, the total number above 1 MeV is somewhat lower, 
around 1035. The number of ions below about 1 MeV 

cannot be determined from deexcitation and neutron 

line emission, since the cross sections are zero and the 

ions therefore have no gamma ray signature. Hence, 

for an emission duration of about 30 s, the typical rate 

at which protons are energized above 30 MeV is about 

3 x 103ø s -1, while the energization rate above 1 MeV 
can range from 3 x 1033 to 2 x 1034s -1. 

The energy content of these protons can also be esti- 

mated. For the stochastic acceleration spectrum, there 

is • 102ø ergs in the protons above 1 MeV, while for the 
power law this content is nearly 103ø ergs. The energy 
contained in the heavier ions is roughly equal to the en- 

ergy contained in the protons. The ion energy content 

is then more than an order of magnitude lower than 

the energy contained in the electrons. This result has 

lead to the notion that energetic ions are not the main 

players in the overall energy budget of flares. However, 

note that for a flare volume of 102? cm 3, the flare must 
still produce of order 102-103 ergscm -3 of accelerated 
protons, which is much larger than the thermal plasma 

energy density and still a sizable fraction of the esti- 

mated magnetic field energy density. 

However, the conclusion that ions are energetically 

unimportant has changed recently. Using data [Share 
and Murphy, 1995] from 19 gamma ray flares observed 
during a 9-year period with the Gamma Ray Spectrom- 

eter on SMM, Ramaty et al. [1995] have used the ratio 
of the 1.63 MeV 2øNe deexcitation line fiuence to the 

6.13 MeV 160 deexcitation line fiuence (see Figure 2) to 
determine energetic ion spectra. This technique works 

much the same way as the method discussed above and 

relies on the fact that the lines are produced by ions 

of different energies: the cross section for the 2øNe line 
becomes nonzero above • 2 MeV nucleon -1 and peaks 
around 7MeV nucleon -1 while that for the 160 line 

becomes nonzero above • 7MeV nucleon -1 and peaks 
around 12 MeV nucleon -1. These energies are for in- 
cident protons; for incident alpha particles, they are 

somewhat lower. The 2øNe line is therefore a good diag- 
nostic for energetic ions above about 1 MeV nucleon -1. 
The other difference between this and previous studies 
was the use of an ambient Ne-to-O ratio which is closer 

to that obtained from EUV and soft X ray line observa- 
tions. The new ratio is lower and leads to an increased 

number of ions at low energies. 
The observed 2øNe and 160 deexcitation line fiuences 

imply that the energetic ion spectra N(E) are rela- 
tively steep power laws (spectral index r •. 4) down to 
• 1 MeV nucleon -1, with the number of protons above 
30MeV still remaining at about 1032 (Ramaty and 
Mandzhavidze, private communication, 1996). How- 

ever, as a result of the steep spectra, the number of 

protons above 1 MeV now rises to typically 3 x 1036. 
For a 30 s flare duration, the rate at which protons are 
energized above 1 MeV is then nearly 103• s-l, and can 
rival the electron energization rate above a few tens of 

keV (see previous section). The total ion energy con- 
tent above 1 MeV nucleon- 1 for these flares is shown in 

Figure 3. While there is significant scatter, a typical 
energy content is about 3 x 103• ergs, more than an or- 
der of magnitude above previously derived values. The 

protons and heavier ions each have approximately the 
same energy content. 

The ion energy for these flares is now comparable to 

the typical nonthermal electron energy (•. 3 x 103• ergs) 
discussed in the previous section and is also compara- 
ble to the energy contained in a • i kG coronal field 

in a volume of • 1027 cm 3. A case-by-case compari- 
son can also be made for 12 flares for which hard X 

ray data is also available from the SMM HXRBS. The 

energy contained in > 20 keV electrons for these 12 

flares is shown in Figure 3. Again, while there is signif- 
icant scatter, a typical electron energy content is about 

3 x 103• ergs (consistent with the argument in the previ- 
ous section). Note that a few flares even have more ion 
energy than electron energy. Hence, at least for flares 
with detectable gamma ray emission, there is evidently 

a near (to within uncertainties in the low-energy cutoffs 
of the ion and electron energy distributions) equiparti- 
tion in energy between ions and electrons. 

In Table 1, we summarize the above discussion on 
. 

electrons and ions, and present the average rates N at 

which particles are energized above a given energy along 
with the total energy content of the particles. The elec- 
tron energization rates are for large flares, such as those 

which have detectable gamma ray emission. In ERFs, 

I ' I ' I ' I ' I ' I ' I ' I 

ß Ions Ec- 1MeV/n 

• Electrons E)20keV 
! , I , I , ! , I , I , I , 

2 4 6 8 10 12 14 

Flare Number 

16 18 20 

Figure 3. Energy contained in > 1 MeV nucleon-1 ions 
(solid dots) for 19 gamma ray flares observed from 1980 
to 1989 [from Ramaty et al., 1995]. The diamonds de- 
note the energy contained in > 20 keV electrons for 
12 out of 19 flares for which hard X ray data was 
also available [from Mandzhavidze and Ramaty, 1996] 
(also Mandzhavidze and Ramaty, private communica- 
tion, 1996). 
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Table 1. Summary of Typical Energization Rates and Total Energy Contents 

Quantity a 

Electrons > 20 keV Protons > 1 MeV 

ERF, Entire Flare, Entire Flare, Entire Flare, Entire Flare, 
Nonthermal Nonthermal Hybrid Pre-1995 c Present 

Model Model Model b 

•r 5 X 1034 s -x 10 a7 s -x 2 X 1035 s -x 3 X 1033-2 X 1034s -1 1035 s -1 

Up 5 x 10 •'6 ergs 3 x 1031 ergs 6 x 10 •'9 ergs 10•'9-103ø ergs 1031 ergs 

•The quantities/•r and Up denote, respectively, the energization rate and the total energy content above either 20 keV 
(for electrons) or 1 MeV (for protons). 

b/•r and Up are taken to be a factor of • 50 lower than those resulting from the nonthermal model. This factor is based 
on an application of both nonthermal and hybrid models to one flare. 

CThe lower limit results from stochastic acceleration proton spectra (specifically K•. Bessel functions), while the upper 
limit results from power law proton spectra. 

the average rate of energization must be sustained for 
about 400ms, while in the entire flare it must occur 

over several tens of seconds. For protons, we present 

rates and energy contents obtained by both pre-1995 

and present calculations. 

Finally, ions observed in space yield another valu- 

able diagnostic of the acceleration mechanism: rela- 

tive abundances. The energetic particles from impul- 
sive flares exhibit dramatic abundance enhancements 

at energies above about 1 MeV nucleon -1 (see reviews 
by Lin [1987] and Reames [1990]), and specifically have 
a 3He-to-4He ratio that ranges between 0.1 and 10. 
This is a huge increase over the coronal value of about 
5 x 10 -4. In addition, these events are also characterized 
by (1) enhanced ratios of Ne, Mg, Si, and Fe to C, N, O, 
and 4He IReames et al., 1994]; (2) high charge states of 
the heavy ions [Mason et al., 1995]; (3) isotopic abun- 
dance enhancements (26Mg to 24Mg and •Ne to •øNe 
[Mason et al., 1994]); and (a)ion spectra that have ap- 
proximately a species-independent shape [Mason et al., 
1994]. Typical impulsive flare and coronal abundance 
ratios are given in Table 2 (adapted from Miller [1995]). 

3. Particle Acceleration Processes 

A number of mechanisms have been proposed to ac- 

count for energetic solar particles. This section focuses 
exclusively on the kinetic physics of the acceleration 

process. Section 4 assesses how these kinetic processes 
can arise in the global solar corona, and what (if any) 
additional constraints need to be imposed on a given 

mechanism. We split the acceleration processes up into 
three broad classes: stochastic acceleration by waves, 

shock acceleration, and direct electric field (dc) accel- 
eration. The overall properties of these mechanisms as 

they relate to the data discussed in section 2 are summa- 
rized in Table 3, which the reader may find it convenient 
to refer to throughout this section. 

3.1. Stochastic Acceleration 

Stochastic acceleration may be broadly defined as any 

process in which a particle can either gain or lose en- 
ergy in a short interval of time, but where the particles 
systematically gain energy over longer times. The most 

important example of this is acceleration by waves. 

Table 2. Ion Abundance Ratios 

Ratio Impulsive Flares • 

3He/4He ""1 
4He/O •46 
C/O •0.436 
N/O •0.153 
Ne/O •0.416 
Mg/O •0.413 
Si/O •0.405 
Fe/O •1.234 
H/He --10 

Increase Factor Over Corona b 

Coronal Values 

2000 "" 0.0005 

•55 

• 0.471 

• 0.128 

2.8 •0.151 

2.0 .•0.203 

2.6 •0.155 

8.0 •0.155 

aRatio for ions above m 1 MeV nucleon -1. 
bAmbient abundances. 
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Central to understanding stochastic acceleration are 

the normal modes which may exist in a magnetized 

plasma. We restrict our attention to cold plasma modes 

[see Swanson, 1989] and to waves that are discussed in 
subsections 3.1.1 to 3.1.3. A more general discussion 

may be found elsewhere [e.g., Stringer, 1963; Formisano 
and Kennel, 1969; Krauss- Vatban et al., 1994]. In a cold 
hydrogen plasma, there are two important electromag- 
netic modes which comprise different branches in the 

co-k plane. They are the Alfv•n branch, which has a res- 
onance below the hydrogen gyrofrequency t•$, and the 

fast mode (or magnetosonic or whistler) branch, which 
has a resonance below the electron gyrofrequency 

For wave frequency co • t•s, the Alfv(•n branch has 

the dispersion relation co -- vAIkll I, while the fast mode 
branch has the dispersion relation co -- yak, where VA 

is the Alfv•n speed and k and kll are the magnitude 
of the wavevector k and its field-aligned component, 

respectively. Low-frequency Alfv•n waves propagating 

obliquely with respect to the ambient magnetic field B0 

have a linearly polarized electric field normal to B0 and 

a linearly polarized magnetic field normal to both B0 

and k. Low-frequency oblique fast mode waves have a 

linearly polarized electric field normal to both B0 and 

k and a linearly polarized magnetic field normal to k 

and the electric field. The wave magnetic field thus has 

transverse and compressive components with respect to 

B0. In each case the electric field can be decomposed 

into left- and right-handed components. However, for 
parallel propagation, all waves on the Alfv•n branch are 

left-handed, while all those on the fast mode branch are 

right-handed. 

When the Alfv•n branch approaches t•H, the phase 

speed approaches zero and waves in this regime are 

called H + electromagnetic ion cyclotron (H + EMIC) 
waves. When the fast mode branch passes through t•$, 

the phase speed increases. For t•s • co • t•e, the dis- 
2 2 2 is the persion relation is co - kllc t•e/cope, where cope 

electron plasma frequency. Waves in this regime are 
usually called whistlers. As the frequency increases still 
further, the phase speed approaches zero and whistlers 
become electromagnetic electron cyclotron waves. In 

a multi-ion plasma, the dispersion relation below the 
various ion cyclotron frequencies becomes more compli- 

cated, and we refer the reader to Smith and Brice [1964] 
or Miller and Vi•as [1993] for further details. 

In addition to these electromagnetic modes, there are 
also some electrostatic ones. Lower hybrid waves are 

readily generated by cross-field ion motion or relative 

electron-ion drift [Huba, 1985] and have a frequency 

given by coLH[1-l-(mp/me)(k]]/kñ)2] •/2, where kñ is the 
perpendicular component of the wavevector, k]] • kñ, 

2 2 

the lower hybrid frequency co2•H • cop2i/(1 
copi is the H plasma frequency, and it is further assumed 
that f•I • co • f•e- Electrostatic ion cyclotron (EIC) 
waves are also generated by relative electron-ion drift 
and lie above an ion cyclotron frequency [e.g., Stix, 
1992]. Electron plasma (or Langmuir) waves can be 
generated by streaming electrons and have a dispersion 

relation co -- cope. 

A second key issue for understanding stochastic ac- 

celeration by waves is resonant wave-particle interac- 

tions. When the wave amplitude is small, stochastic 

acceleration is a resonant process and occurs when the 

condition x -- co - kllvll -œt•/•/-- 0 is satisfied. Here vii 
and • are the parallel particle speed and Lorentz fac- 
tor, t• is the cyclotron frequency of the particle, and x 
is referred to as the frequency mismatch parameter. For 

harmonic numbers œ • 0 (gyroresonance), this equation 
is a matching condition between the particle's cyclotron 

frequency and the Doppler-shifted wave frequency in 

the particle's guiding center frame. It means that the 

frequency of rotation of the wave electric field is an inte- 
ger multiple of the frequency of gyration of the particle 
in that frame and that the sense of rotation of the par- 
ticle and electric field is the same. 

The convention we employ is that t• is always positive 

and the sign of œ depends upon the sense of rotation of 

the electric field and the particle in the plasma frame: 

if both rotate in the same sense (right or left handed) 

relative to/•0, then œ • 0 (normal Doppler resonance); 
if the sense of rotation is different, then œ • 0 (anoma- 
lous Doppler resonance). Hence, when the resonance 
condition is satisfied, the particle sees an electric field 

for a sustained length of time and will either be strongly 
accelerated or decelerated, depending upon the relative 

phase of the field and the gyromotion. The most ef- 

fective gyroresonance is Iœ1- 1, and œ - -]-1 is usually 
referred to as cyclotron resonance. For œ - 0 the reso- 

nance condition specifies matching between the parallel 

components of the wave phase velocity and particle ve- 
locity. This resonance is sometimes referred to as the 
Landau or Cerenkov resonance. 

When a particle is in resonance with a single small- 

amplitude wave, vii executes approximate simple har- 
monic motion about the parallel velocity which ex- 

actly satisfies the resonance condition [Karimabadi et 
al., 1992]. There is no energy gain on average. The am- 
plitude of the oscillation is proportional to the square 
root of the wave amplitude, and the maximum energy 

gain is small [see Roberts and Buchsbaum, 1964; Ginet 
and Heinemann, 1989]. The frequency cob of oscilla- 
tion, or the bounce frequency, is also proportional to 
the root of the wave amplitude, and is important for 

the following reason: If Ixl _• 2cob, the particle and wave 
effectively are in resonance. Hence, the exact resonance 
condition x -- 0 does not have to be satisfied in order 

for a strong wave-particle interaction to occur, which 
immediately implies that large systematic energy gains 

in a spectrum of waves are possible. 
Consider two neighboring waves, i and i-[- 1, where 

i -[- 1 will resonate with a particle of higher energy than 

i will. A particle initially resonant with wave i will pe- 

riodically gain and lose a small amount of vii. If the 
gain at some time is large enough to allow it to satisfy 
[xl •_ cob,i+•, where COb,i+• is the bounce frequency for 
wave i-•- 1, then the particle will resonate with that 
wave next. After "jumping" from one wave to the next 
in this manner, the particle will have achieved a net gain 
in energy. If other waves are present that will resonate 
with even higher energy particles, the particle will con- 
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tinue jumping from resonance to resonance and achieve 

a maximum energy corresponding to the last resonance 

present. If the wave spectrum is discrete, then the spac- 
ing of waves is critical; if the spectrum is continuous, 
however, then resonance overlap will automatically oc- 
cur. Of course, the particle can also move down the res- 
onance ladder, but over long timescales, there is a net 
gain in energy and stochastic acceleration is the result. 

This process can be treated by a momentum diffusion 
equation, and the diffusion coefficients can be calculated 

using a convenient Hamiltonian approach found in the 

work of Karimabadi et al. [1992]. For a further discus- 
sion of wave-particle resonance, see Karimabadi et al. 
[1994]. 

A broadband spectrum of waves is thus typically re- 
quired in order to stochastically accelerate particles to 

high energies. The exception is acceleration by reso- 
nance overlap in a single large-amplitude wave [Kar- 
ney, 1978; Karimabadi et al., 1990]. In this interest- 
ing process, a particle resonates with the same wave 

but through many harmonic numbers, and huge energy 
gains are possible. However, the importance of such 
acceleration in flare plasmas has not been considered 

in detail at the present time. We thus concentrate on 

acceleration by a spectrum of waves. 
3.1.1. Electromagnetic waves- Electrons. A 

number of different forms of electron acceleration by 

electromagnetic waves have been considered for flares. 

The most familiar of these is gyroresonant stochastic 
acceleration by turbulence with frequencies below •. 

(For our purposes, turbulence refers simply to a con- 
tinuous spectrum of randomly phased monochromatic 

waves.) Alfv(•n, fast mode, and whistler waves were 
among the first to be considered [Melrose, 1974]. Elec- 
trons can gyroresonate with the first two waves via 

œ -- -t-1, due to the presence of both right- and left- 

handed electric field components, but œ - tl is most 
important for whistlers. 

Since w _• •H for both Alfv(•n and fast mode waves, 

we see from the resonance condition that •lvlll must 
be greater than about (mp/m•)vA for electrons to res- 
onate. For a VA of about 2000kms -1 this requires 
electron energies of • 6 MeV. While possibly impor- 

tant for the acceleration of ultrarelativistic electrons, 
these waves cannot accelerate electrons out of the ther- 

mal distribution or through hard X ray producing ener- 

gies. Whistlers, with •H • w • •, yield a resonance 

requirement of 7[viii %% (mp/me)l/•vA. The thresh- 
old condition for whistlers is then 20 keV, so that these 

waves could accelerate hard X ray producing electrons. 

However, since the threshold is still well above the ther- 

mal energy, these waves cannot accelerate electrons di- 

rectly from the thermal plasma either. Whistlers and 
Alfv(•n waves have been used to accelerate deka-keV 

"seed" electrons to ultrarelativistic energies [Miller and 
Ramaty, 1987]. 

However, $teinacker and Miller [1992] and Hamil- 
ton and Petrosian [1992] point out that relaxation of 
the co •( l• requirement and the inclusion of higher- 
frequency waves reduces the energy threshold to val- 
ues inside the electron distribution. Hamilton and Pet- 

rosian [1992] have calculated electron and X ray spec- 
tra, the latter of which compare favorably with SMM 

and Hinotori observations, as well as with the high- 

resolution spectra of Linet al. [1981]. $teinacker and 
Miller [1992] showed that the acceleration times could 
be reproduced if the whistler turbulence energy density 
was about 10% of the magnetic field energy density and 
that acceleration to the highest observed energies could 

occur if lower-frequency waves on the branch were also 
included. 

The acceleration of electrons from the thermal dis- 

tribution by gyroresonance thus requires th• transfer 

of spectral energy up the fast mode branch into the 

whistler and electron cyclotron regimes, since it would 

appear likely that the initial turbulence exists at low 

frequencies (co • •H). A cascade of power is one way 
to achieve this, but such a process has not been inves- 

tigated and so is speculative at present (for co > l•H; 
in the MHD regime, it is well established that cascad- 

ing occurs). These whistler acceleration models also 
have important implications for the overall flare ener- 

getics. For a power law spectral density, $teinacker and 
Miller [1992] showed that for wavelengths shorter than 
• 106 cm, the wave energy density needs to be about 
10% the ambient magnetic field energy density in order 
for the electron acceleration time to be consistent with 

observations. Hence, if the cascading produces a power 
law spectral density (which is the case where cascad- 
ing has been investigated), and if the low-wavenumber 
cutoff corresponds to about one to one tenth the scale 

size of the flare (• 109 cm), then the total wave energy 
density exceeds the estimated ambient magnetic field 
energy density by a significant amount, the exact value 

depending on the slope of the turbulence spectrum. 
One way to avoid the issue of cascading over a large 

frequency range is to simply use the long-wavelength 
MHD waves directly. From above, gyroresonance with 

the transverse electric field is not a viable option, but 
the œ -- 0 resonance with the compressive magnetic 
field component of the fast mode waves is. Using the 
fast mode dispersion relation, the resonance condition 

can be written as vii - VA/r•, where r• -- kll/k. Since 
VA is typically much greater than the proton ther- 

mal speed Vtp but comparable to the electron ther- 
mal speed vte in a flare plasma (B0 • 500G, density 
n • 101ø cm -3, and proton and electron temperatures 
Tp -- Te • 3 x 106K), only electrons will be able to 
interact with the waves. This process is the magnetic 
equivalent of Landau damping and is called transit-time 

damping [Lee and Vb'Ik, 1975; Fisk, 1976; Achterberg, 
1979; Stix, 1992], since the resonance condition can be 
rewritten to show that the transit time of a particle 
across a wavelength is equal to the period of the wave. 

This interaction changes only the parallel energy of a 
particle, and will lead to anisotropic distributions if an- 

cillary pitch angle scattering is not present. 
Miller et al. [1996] have investigated transit time 

electron acceleration by fast mode waves and found it to 

be a very efficient mechanism under flare conditions. In 

this model, low-amplitude fast mode waves are assumed 

to be generated on very large scales, by, for example, a 
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large-scale perturbation to the flare magnetic field. The 
electron acceleration rate is proportional to the mean 

wavenumber of the spectrum, and the wave damping 
rate is proportional to the wavenumber, so that both 
are small initially. Hence there is essentially no damping 
of the waves and, since Coulomb drag cannot be over- 

come, no electron acceleration. As the waves cascade to 
higher wavenumbers, the damping rate increases. The 
inertial range is the range of wavenumbers where the 
damping timescale remains larger than the cascading 
timescale, and the waves can thus cascade relatively un- 

inhibited. The inertial range in this case spans a wide 

range of wavenumbers and the spectral density therein 

is a power law. The waves cascade through the iner- 

tial range and eventually reach the dissipation range, 

where transit time damping by electrons with speeds 

greater than vte is faster than cascading. The waves 

are then rapidly damped and these electrons, in turn, 

are energized out of the tail and to substantially higher 
energies. 

Electron acceleration and wave cascading are de- 

scribed by coupled nonlinear diffusion equations, with 

particle escape from the acceleration region being ne- 
glected. The electron distribution was taken to be 

isotropic. Sources of sufficiently rapid pitch-angle scat- 
tering are Coulomb collisions near vte and gyroreso- 

nance with waves driven unstable by an anisotropic dis- 

tribution that results from transit time damping. An 

example of the resulting electron distributions and wave 

spectral densities is given in Figure 4. 

The mechanism is quite robust, and it was found that 
the generation of 12 ergs cm -3 of fast mode wave turbu- 
lence on any scale less than .• 105 cm and over any time 
interval less than about a second will yield an acceler- 

ation rate above 20 keV that is high enough to account 

for the hard X ray flux in an ERF. The fast mode waves 

also accelerate electrons to MeV energies on timescales 

less than about a second. On timescales of a couple of 
seconds, electrons are energized to tens to MeV. We also 

point out that, depending on the nature of the cascad- 

ing, very hard energy spectra (E-1'2) can be produced. 
These spectra are too hard to be consistent with obser- 

vations, but escape will presumably soften them some- 

what. The model has also not been applied to the entire 

duration of the flare. Here many small discrete injec- 
tions or a long continuous injection of turbulence will be 

needed, together with replenishment of the acceleration 

region. We return to these issues in section 4. 

If the amplitude of the MHD waves becomes suffi- 

ciently large (SB/B -• 1), acceleration will no longer 
be a resonant process, but will proceed according to 
the classic Fermi mechanism of collisions with scatter- 
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Figure 4. Electron energy spectra N (E) and wave spectral densities WT resulting from cascading 
and transit time damping of fast mode waves. The waves were injected at a wavelength of 
• 107 cm, at a rate of • 19 ergscm -3 s -i, and over a time of 0.6s. The ambient electron density 
was 10 •ø cm -s. (a) and (b) Evolution from t - 4 x 105Tu to 5 x 105Tu. N and WT are shown 
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Figure 4 of Miller et al. [1996]. 
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ing centers. Fermi [1949] pointed out that collisions 
with moving magnetic scattering centers will lead to 

a systematic increase in particle energy, and this pro- 

cess was further investigated by Davis [1956], who em- 
phasized its diffusive or stochastic nature, Parker and 

Tidman [1958], who first applied it to flares, Tver- 
skoi [1967], and Ramaty [1979]. 

This idea has recently received further attention for 

electron acceleration. Cisler and Lemons [1990] and 
Cisler [1992] have shown through Monte Carlo simu- 
lations that, in certain instances, Fermi acceleration 

can be efficient for accelerating electrons out of the 
background distribution. LaRosa and Moore [1993] and 
LaRosa et al. [1994] have applied Fermi acceleration to 
flares and have argued that it can account for the ener- 

gization of a large fraction of the ambient electrons to 
• 25 keV. They assume that during the flare tens or 
hundreds of elementary flux tubes with radii of order 

10 s cm undergo reconnection and proposed that a shear 
flow instability in the jets resulting from reconnection 

produces fast mode waves at similar scales. The wave 
energy at these large scales then cascades to smaller 

scales and ultimately to the electrons [LaRosa et al., 
1996] through the Fermi mechanism. This model is sim- 
ilar to that of Miller et al. [1996], except that it assumes 
high levels of turbulence in many small (• 1024 cm 3) 
regions, as opposed to the injection of many packets of 

low-amplitude turbulence in a single large (• 1027 cm 3) 
region. 

The rate of Fermi acceleration of electrons from 0.1 

to 20 keV under flare conditions is of order a few tenths 

of a. second once the waves reach wavelengths of about 

1 km. However, as with transit time damping, ancillary 

pitch angle scattering is still required. While this should 

not be a severe requirement (see above), it remains to be 
shown that it can occur. The acceleration of electrons to 

higher energies and the nature of the energy distribution 
also need to be considered. 

Another class of electromagnetic wave acceleration 

involves high-frequency (co _> •e) waves. Sprangle and 
Vlahos [1983] and Karimabadi et al. [1987] examined the 
interaction of electrons with such a wave propagating 

obliquely with respect to B0. However, only a very 

small fraction (• 10 -3) of the ambient electrons were 
energized. This is more likely to be a mechanism for 

type II! radio bursts than the large-scale acceleration 

required for hard X ray bursts [Sprangle and Vlahos, 
1983]. 

3.1.2. Electromagnetic waves' Ions. The A1- 

fv•n waves are frequently employed for ion accelera- 

tion and have been invoked to specifically energize the 

protons which produce nuclear gamma ray line emis- 

sion [e.g., Barbosa, 1979; Miller et al., 1990] as well as 
the ions which escape into interplanetary space [e.g., 
MSbius et al., 1982; Mazur et al., 1992]. It is found, 
for example, that turbulence with an energy density 

• 10ergscm -3 can accelerate protons from suprather- 
mal to GeV nucleon -1 energies on timescales of order 
i to 10s. It usually has been assumed that co for the 

resonant waves is • l•H, in which case Ivlll • VA [e.g., 

Steinacker and Miller, 1992], the first term in the fre- 
quency mismatch parameter x can be neglected, and 

the diffusion coefficients are simplified. However, this 

assumption yields an injection problem, since ions in 

the thermal distribution typically have speeds much less 
than VA and so will be unable to resonate. For exam- 

ple, the threshold kinetic energy is • (1/2)mpv• and for 
a VA of about 2000kms -1 is • 20 keV. This is much 
greater than the thermal energy of • i keV. 

It was shown by Miller [1991] and Smith and Brecht 
[1993] that nonlinear Landau damping [Lee and VSlk, 
1973] of the Alfv•n waves can lead to significant and 
rapid proton heating and will energize a number of pro- 

tons above this threshold. A spectrum of Alfv•n waves 

(with co • l•H) therefore can accelerate protons from 
thermal to ultrarelativistic energies through a combina- 

tion of nonlinear and linear wave-particle interactions. 

Miller and Ramaty [1992] made a rough estimate of the 
overall efficiency of this process and Smith and Miller 

[1995], in a more detailed study, found that steady-state 
levels of-• i ergs cm -3 of turbulence will accelerate the 
required number of protons in the pre-1995 scenario (see 
Table 1). The model has not been investigated in light 
of the latest observational requirements but is likely to 

still be viable using higher levels of turbulence. We note 

that Miller and Ramaty [1992] also considered nonlin- 
ear Landau damping in a multispecies plasma. They 

showed that the heating rate for an ion species is pro- 

portional to its mass and pointed out that this process 

may lead to element enhancements in the energetic par- 
ticles. 

While quite efficient, nonlinear Landau damping is 

actually not essential for the energization of protons out 

of the thermal distribution. Higher-frequency waves on 
the Alfv•n branch are able to accelerate protons with 

energy well inside the thermal distribution, and this 

section of the dispersion relation is naturally populated 

by a cascade of wave energy from low frequencies [e.g., 
Zhou and Matthaeus, 1990; Verma, 1994]. This sce- 
nario thus employs only cyclotron resonance throughout 

the entire energization process and was first proposed 
by Eichler [1979] and subsequently elaborated upon by 
Miller and Roberts [1995]. 

Alfv•n waves are assumed to be generated at large 

wavelengths by either reconnection [LaRosa et al., 1994] 
or large-scale perturbations to the magnetic field. Un- 

able to resonate with protons, the waves cascade on 

short timescales to larger k. As k increases, they are 

able to cyclotron resonate with progressively lower en- 
ergy protons, but damping remains negligible since the 

particles are initially confined to thermal energies. An 

inertial range thus results. Ultimately, however, the 

waves will encounter a large number of protons in the 

tail and be strongly damped. Cascading will cease as a 

result of the rapid energy flow into the tail protons and 

a dissipation range will form. The tail protons, in turn, 

will be energized out of the thermal distribution by the 
high-k waves and then accelerated to much higher ener- 

gies by the lower-k waves already present in the spectral 
density. 
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Miller and Roberts [1995] have explored this model 
with a quasi-linear code that treats acceleration and 
cascading with coupled nonlinear diffusion equations. 
Proton escape is treated with a leaky-box loss term. 
An example of the resulting proton distributions and 
wave spectral densities is shown in Figure 5. They 
find that the injection of • 400ergscm -3 of Alfv•n 
waves at any scale and over any time likely to be en- 
countered in a flare results in the acceleration of •> 

3 x 105 protons cm -3 to energies > 30 MeV on timescales 
• ls. For a volume • 1027 cm s, the total number of 
> 30 MeV protons is consistent with that inferred from 
gamma ray line emission. However, the proton spectra 
at present are not consistent with those needed to ac- 

count for gamma ray line emission and can range from 
being either too soft to very hard (E-1'5). A better 
treatment of escape may remedy this but has not yet 
been explored. 

The explanation of ion abundance enhancements has 
been an active area of research, and several theories 
have been advanced over the years. For cold or very low 

energy ions, waves with •v • •i are required for reso- 
nance, where l•i is the ion cyclotron frequency. Along 
with the observed selectivity of the ion acceleration 

mechanism (especially with respect to 3He and 4He), 
this strongly suggests that gyroresonance with plasma 
waves of frequency close to the cyclotron frequency of 
the enhanced ion is responsible. This is the idea be- 
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Figure 5. Proton spectrum N(E) and wave spectral density WT resulting from cascading and 
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hind the model of Fisk [1978], in which 3He is energized 
by cyclotron resonance with 4He+2 EIC waves in the 
vicinity of the 3He cyclotron frequency. These waves 
are driven unstable by a relative electron-ion drift (i.e., 
a current) when the drift speed exceeds a critical value. 
However, this model requires an ambient 4He/H ratio of 
about 20-30% in order for this critical drift speed to be 
less than that for the excitation of other modes. These 

other modes could destroy or severely alter the drifting 
distribution and thus prevent the desired waves from be- 

ing excited. In a similar model, Zhang [1995] energizes 
SHe by t -- -t-2 gyroresonance with H + EIC waves above 
the H cyclotron frequency, and avoids the requirement 

of a high 4He/H ratio. Both models produce SHe heat- 
ing, and another process is needed to achieve energies 
beyond a few tens of keV nucleon -1. Riyopoulos [1991], 
Varvoglis and Papadopoulos [1983], and Winglee [1989] 
have alternative theories, but all possess difficulties [see 
Miller and Vi•as, 1993]. 

The most attractive theory for the SHe/4He ratio is 
that of Ternerin and Roth [1992], who proposed that 
a bump-on-tail electron distribution is present in flares 
and excites H + EMIC waves around the SHe cyclotron 
frequency. The waves then resonate with and acceler- 
ate SHe to tens of MeV nucleon -1 but not other ions, 

thus leading to the large SHe/4He ratio. They justi- 
fied the electron beam hypothesis by analogy with the 
aurora. Specifically, since impulsive events are rich 

in 2-100 keV electrons, and since electron beams are 

observed in the aurora and thought to be responsible 

[Ternerin and Lysak, 1984] for the H + EMIC waves 
comprising the 300Hz ELF hiss [Gurnett and Frank, 
1972], it is likely the same instability and waves will 
be present in solar flares. Ternerin and Roth's idea has 

been elaborated upon by Miller and Vi•as [1993] and 
Miller et al. [1993a], who performed a linear Vlasov sta- 
bility analysis of the beam, and calculated SHe and Fe 
distributions [see also Litvinenko, 1996a]. 

The electron beam also excites Alfv•n waves around 

the Ne, Mg, Si, and Fe cyclotron frequencies and can 

preferentially accelerate these ions and lead to their 

enhancement over C, N, O, and 4He [Miller et al., 
1993b]. The beams required for this mechanism to 
work are quite strong, with an energy content of around 

20ergscm -s and a current density of • 104Am -2. It 
is intriguing, though, that this current density is con- 

sistent with that implied by hard X ray emission. How- 

ever, Ne, Mg, Si, and Fe are accelerated to at most a few 

MeVnucleon -1, and so the highest observed energies 
are not attained. A second acceleration mechanism, re- 

sponsible for energization beyond a few MeV nucleon-1, 
is thus required. This mechanism would also presum- 

ably accelerate C, N, O, 4He, and H as well at high 
energies. It is likely that all ions are accelerated by the 

same mechanism (which does not depend strongly on 
the charge-to-mass ratio) at high energies, for if this 
were not the case, it is difficult to see how the shape of 

the spectra would be species independent (see section 
2.2). 

The cascading Alfv•n wave model fits in naturally 

with the observed heavy ion enhancements. As the 

waves cascade to higher frequency, they will first en- 
counter Fe. Because of the low Fe abundance, the waves 

will not be completely damped and will continue to cas- 
cade up to the Ne, Mg, and Si group. Again, these ions 
will be accelerated and the waves will continue cascad- 

ing. The waves then encounter 4He, C, N, and O. In 
light of the diminishing wave power above each group 

of ions, one would expect Fe to be enhanced the most, 

followed by Ne, Mg, and Si (relative to 4He, C, N, and 
O). Enhancements consistent with those observed have 
been obtained by Miller and Reames [1996], who em- 
ploy a quasi-linear code that simultaneously solves all 

ion diffusion equations and the wave equation. How- 

ever, the model has not been fully explored yet and it 

appears that the parameter ranges in which the model 
works are restrictive. 

3.1.3. Electrostatic waves. Langmuir waves are 

very effective for accelerating electrons, and were inves- 

tigated extensively in the 1970s [e.g., Melrose, 1980]. 
However, a problem that has never been solved is the 
source of the Langmuir turbulence. In most cases, 

these waves are supposedly generated by a suprather- 

mal beam of electrons (v >vte). However, such a beam 
is what one is trying to produce in the first place, so 
that the nature of this mechanism reduces to somewhat 

of a "chicken and egg" problem. 
Another form of electrostatic turbulence is that com- 

posed of lower hybrid waves. Relative drifts between 
electrons and ions are unstable to a wide range of 

plasma instabilities, but one with a low threshold (rela- 
tive drift • the ion thermal speed) results in the gener- 
ation of lower hybrid waves [e.g., Papadopoulos, 1979]. 
It was noted by Larnpe and Papadopoulos [1977] that 
in this instability the waves could undergo a nonlinear 

frequency shift, relocating the wave power toward the 
tail of the electron distribution function. They then ar- 

gued that electrons could be diffusively accelerated out 
of the thermal pool into a tail. The energy gains are eas- 

ily enough to account for the hard X rays below 50 keV 
[e.g., Benz and Smith, 1987], but it is unclear whether 
the highest-energy electrons can be produced. A prob- 
lem with this mechanism is that only a small number 

of electrons are accelerated. Lampe and Papadopoulos 

[1977] and Vlahos et al. [1982] estimate between 10-5% 
to a few times 10-s% of the ambient distribution. Such 

numbers of energetic electrons may account for weak 

radiation bursts, such as seen in radio emission [Vlahos 
et al., 1982; Kundu et al., 1989; Spicer et al., 1982], but 
not for the electron flux needed in hard X ray bursts. 

However, recent work by McClements et al. [1990, 
1993] suggests that the generation of lower hybrid waves 
by an instability of an ion ring distribution can lead to 

large fluxes of energetic electrons (• 1018cIn-2s-1). 
The ring distribution can be formed by a quasi-perpen- 

dicular shock [Goodrich, 1985] or by collisionless ion 
motion in a current sheet [Chen et al., 1990]. The lower 
hybrid waves grow until the threshold of the modula- 

tional instability is reached [Shapiro et al., 1993] and 
then collapse, enabling then to resonate with the back- 

ground thermal electrons. However, a number of com- 

ments are in order. As is discussed below (section 3.2), 
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the conditions for shock formation in the corona are se- 

vere, and McClements et al. [1990, 1993] use a large 
ring number density corresponding to a strong shock, 

thus worsening the formation problem. Secondly, they 
assume that the ion ring is formed throughout the coro- 
nal region of a flare, but this is unlikely to be valid 

when the accelerating agent is a shock or reconnection 

site; rather one probably has many energization sites 

scattered randomly throughout the corona. This will 

greatly decrease the overall efficiency of the electron 
acceleration. 

3.2. Shock Acceleration 

Shocks have been invoked as a highly efficient accel- 

eration mechanism in many areas of space physics and 

astrophysics. In particular, they can produce very high 

energy cosmic rays (e.g., see papers in Zank and Gaisser 
[1992]), and so can readily account for flare energies, 
provided certain conditions are met. One of the main 
conditions is that the shock forms in the first place; this 
is discussed in section 4.1 

Shock acceleration is generally split into 2 types: drift 
and diffusive. Drift acceleration involves particles mov- 

ing along the shock front, gaining energy from the shock 
electric field. Electrons behave approximately adiabati- 

cally [Wu, 1984; Krauss-Varban et al., 1989], since their 
Larmor radius is much smaller than the characteristic 

scale of the shock front. Electron drift acceleration is 

fast (a few •/1, which in solar applications is << 1 
s), but its effectiveness is limited in two ways. First, 
once the particle has gained energy, it tends to escape 
along the upstream magnetic field and, in the absence 

of scattering (from, for example, whistler turbulence), 
will not return to the shock. Second, Wu [1984] and 
Krauss-Varban et al. [1989] showed that acceleration 
took place only when the direction of propagation of 

the shock gets to within I or 2 deg of being perpendic- 

ular to the upstream magnetic field. Unfortunately, in 

this regime, only a few electrons (• 1%) are acceler- 
ated. While electron drift acceleration can successfully 
account for a number of observations at the Earth's bow 

shock [Krauss-Varban and Burgess, 1991] and may be 
important in type II bursts [Holman and Pesses, 1983], 
it is effective in far too restrictive a regime to be con- 
sidered seriously in flares. In drift acceleration, the iop• 

energy gain is also very limited in the absence of up- 

stream turbulence [Decker, 1988]. However, inclusion of 
upstream turbulence confines the particle to the vicin- 

ity of the shock. Test particle simulations of Decker and 
Vlahos [1986] have shown that in this case ion energies 
of a few MeV can be obtained. 

Diffusive shock acceleration is similar to stochastic 

acceleration in that particles undergo a systematic en- 

ergy gain by interacting with moving scattering cen- 

ters. The difference is that since the scattering centers 

are moving toward each other in the rest frame of the 

shock, there is a first-order energy gain with each in- 

teraction so that the acceleration is much faster. Only 

fast mode shocks are of interest since the scattering cen- 

ters do not converge in slow shocks [Isenberg, 1986]. 
Once again, an injection energy is needed for the pro- 

cess to be effective. For ion acceleration [e.g., Blandford 
and Eichler, 1987, and references therein], injection is 
relatively simple. Numerical simulations have shown 
that heated shocked plasma readily leaks into the up- 

stream region and generates low-frequency electromag- 
netic waves which in turn resonantly scatter the ions 

[e.g., Quest, 1988; Kucharek and Scholer, 1991]. High 
energies can be readily attained (100 MeV in • I s [El- 
lison and Ramaty, 1985]) since the turbulence gener- 
ated by the particles keeps them from escaping from 
the shocks [e.g., Lee, 1982]. In addition, the accelera- 
tion is prompt (a few hundred •1, which is • ls), 
so that shock acceleration must be viewed as a viable 

process for ion acceleration in flares. Note, however, 
that the issues of abundance anomalies have not been 

addressed. 

For electron acceleration at shocks, many of the prob- 
lems discussed in the context of stochastic accelera- 

tion arise, particularly the injection problem. In or- 
der to resonate with the turbulent Alfv(m waves associ- 

ated with the shock, the electrons need to be relativis- 

tic. Whistlers have a lower threshold energy (section 
3.1.1) but need to be located near the electron cyclotron 
frequency for this threshold to lie near thermal ener- 
gies. While the largest-amplitude waves at the Earth's 

bow shock reside at lower frequencies, whistler turbu- 

lence has also been reported extensively [Gurnett, 1985]. 
The implications of this for electron acceleration have 
not been explored. Finally, we note that shocks have 

one important difference from plasma wave turbulence: 
namely, in the shock itself there are dc electric fields 

[e.g., Goodrich and Scudder, 1984], which could directly 
produce •energetic particles that are subsequently in- 

jected into a second acceleration process. 

3.3. The dc Electric fields 

Perhaps the most direct way to accelerate particles is 

by a large-scale quasi-static electric field. Most work in 

this area focuses on electrons, which we consider first. 

In addition to the force due to the electric field, an 

electron also experiences a Coulomb drag force from 
the other electrons in the distribution. It is the inter- 

play between these two forces that govern whether or 
not an electron is accelerated out of the bulk distribu- 

tion. As the speed of an electron increases, the drag 
force increases, until reaching a maximum at the elec- 

tron thermal speed vie. Above the electron thermal 

speed, this drag force decreases with increasing elec- 

tron speed. The value of the electric field œ where the 
drag force at the thermal speed equals the electric field 

force is called the Dreicer field œD [Dreicer, 1960] and 
is given by œD = (e/q•reo)(cope/vte)•lnA V m -•. Here 
ln A is the Coulomb logarithm, e is the electron charge 

magnitude, and all quantities are in SI units. 

This simple picture is modified somewhat by Cou- 

lomb pitch angle scattering and electron/ion collisions 
[Fuchs et al., 1986]. Neglecting these, for œ > œD the 
electric force exceeds the drag force on all electrons, 

which will then be freely accelerated to higher energies. 

Such fields are called super-Dreicer. For œ • œD, there 
exists a critical velocity vc, below which the drag force 
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overcomes the electric force. Above vc, the situation 

is reversed. Electrons with speeds • vc will then be 
heated, while those with speeds • vc will be freely ac- 
celerated. 

For solar flare acceleration, models which employ 

both super- and sub-Dreicer fields have been proposed. 

The most advanced model in the former category is that 

of Litvinenko [1996b] (see also Martens [1988]). The 
geometry of this model is that of a large reconnecting 

current sheet above a bipolar magnetic loop or arcade. 

The sheet has a height (x) and length (z) of .• 109 cm, 
a width (y) of a hundred meters, and contains an elec- 
tric field along the length of the sheet whose strength is 
.• 10 V cm-•. This is several orders of magnitude higher 
than the Dreicer field (.• 10-4V cm-1), but is a reason- 
able V x B field for quasi-steady magnetic reconnection 

in the corona. The magnetic field in the sheet has a 

constant longitudinal B z component along the electric 

field, a reconnecting Bx component normal to the elec- 

tric field and parallel to the height of the .sheet, and 
a transverse By component normal to the electric field 
and parallel to the width of the sheet. The geometry is 

similar to that found in the Earth's magnetotail when 

the interplanetary magnetic field has an east/west com- 
ponent, except that By in the magnetotail corresponds 
to Bz in Litvinenko's model and vice versa. The longi- 

tudinal component (.• 100 G) is much larger than the 
transverse component (.• 1 G). Particles will therefore 
be magnetized mostly along the direction of the electric 

field and be able to gain large energies. 

However, the energy corresponding to the potential 

drop along the length of the sheet (.• 10 GeV) will not 
be realized as a result of the finite By. This component 
slightly magnetizes particles in the transverse direction 

and causes them to escape from the sheet over distances 

of order 104 cm. Typical maximum energies are then 
about 100 keV. After escaping, particles can follow the 

magnetic field lines down to the chromosphere and gen- 

erate hard X rays there. While limiting the particle en- 

ergy, this rapid transverse escape prevents the current 

in the sheet from reaching values where the self-induced 

magnetic field would exceed observational limits (see 
section 4.2). 

Litvinenko's model can yield electron energies and 
fluxes consistent with hard X ray observations, with few 

problems associated with replenishment of the accelera- 

tion region (see section 4.2). It also employs a simple ge- 
ometry which seems to correspond nicely to flares with 
cusp structures, such as have been observed by Yohkoh 

[e.g., Masuda, 1994]. However, the nature of the pre- 
dicted electron spectra has not been investigated yet. 

Also, while electron energies above 10 MeV are possible 
in light of the total potential drop, it is unknown how 

many electrons will achieve this energy before escaping 

(using the present ratio of magnetic field components). 
Decreasing the transverse component will increase this 
number but may lead to currents not consistent with 

the magnetic field. 
Sub-Dreicer acceleration has been considered in de- 

tail for several years, with most of this work being ap- 

plied to laboratory plasmas [Kulsrud et al., 1973] (see 
review by Knoepfel and $pong [1979]). Electron distri- 
bution functions have been numerically calculated for 

a variety of e -- œ/œD values, taking into account both 

electron/electron and electron/ion Coulomb energy loss 
rates and pitch angle scattering [e.g., Wiley et al., 1980; 
Fuchs et al., 1986]. Qualitatively, electrons above about 
vc are drawn out to higher energies and form a relatively 

fiat distribution in parallel velocity space. Coulomb col- 
lisions pitch angle scatter the particles and thus increase 

the effective perpendicular temperature of the distribu- 
tion. 

Application of sub-Dreicer field acceleration to flares 

has been carried out by Holman [1985], Tsuneta [1985], 
and Benka and Holman [1994]. The work of Benka and 
Holman [1994] employed a simplified method for calcu- 
lating the electron distribution function: they assume 

electron isotropy and solve a continuity equation that 

includes a loss term proportional to a power of momen- 
tum, subject to the boundary condition that the solu- 

tion match one obtained by Fuchs et al. [1986] in the 
high-momentum regime. The resulting electron spec- 

tra are in general complicated functions of momentum 
and are then used to calculate X ray emission using the 

hybrid model discussed in section 2.1. 

The X ray spectra derived from such a model have 

been compared with the high spectral resolution data 

of Lin et al. [1981]. Using an electron distribution con- 
sisting of a thermal component and a nonthermal tail 

of runaways, Holman and Benka [1992] obtained fits to 
a spectrum from early in the flare and to one from later 

in the flare. Figure 6 shows the results of this compari- 

son. Each spectral fit uses five parameters: the electron 
temperature Te and emission measure of the thermal 

plasma, the critical velocity vc, the maximum energy 

attained by a particle with initial velocity vc, and the 

area of the thick-target interaction region. The poten- 

tial drop and e can be calculated from these parameters. 

Assuming a length L for the scale of the potential drop, 
the density and electric field in the accelerating region 

can also be derived. Some of these parameters are given 
in the Figure 6 caption. Using the derived electron spec- 
tra, they found that 1033-1034 electrons s -1 needed to 
be accelerated in the electric field model. As mentioned 

in section 2.1, this is more than an order of magnitude 

less than that required by using a purely nonthermal 
model, the difference due to the fact that much of the 

hard X ray emission is produced by the more efficient 

thermal process. 

Benka and Holman [1994] have carried out a more 
extensive analysis, decomposing the X ray light curve 

into gradual and spike components, as suggested by the 

work of Lin and Schwartz [1987]. In summary, they 
found that the observed hard X ray emission can be 
produced by fields with e --O.01-0.1, classical resistiv- 

ity (i.e., no enhanced resistivity from wave turbulence), 
and with a density of •. 10 l• cm -3 in the acceleration re- 
gion. The spectral fits are consistent with a hot plasma 
contributing to the hard X ray emission early in the 

flare, before a distinct thermal component was evident 
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Figure 6. Comparison of the spectra observed from the June 27, 1980, flare with the model 
predictions of Holman and Benka [1992]. (top) Early in the flare, before the emission peak. 
The dotted and dashed lines are the nonthermal and thermal bremsstrahlung contributions, 
respectively, and the solid line is the total. The best fit parameters are Te- 10 s K, e -- 0.13, 
L -- 3 x 109 cm, œ -- 7.7 x 10-6Vcm -•, and density n 9.8 x 10 •ø 3 (bottom) Latter -- cm- . 

in the flare, after the emission peak. The best fit parameters are Te -- 3.6 x 107 K, c -- 0.054, 
L -- 3 x 109 cm, œ- 9.9 x 10-6V cm -•, and n- 1.1 x 10 n cm -3. From Holman and Benka 
[1992]. 

at lower energies. This plasma has a higher tempera- 

ture (up to 10 s K) and lower emission measure than the 
• 3-4 x 107K component observed later in the flare. 
This would occur if, early in the flare, heating were 

confined to a volume in the immediate vicinity of the 

current channel (a region which contains the electric 
field and thus a current, in addition to the runaway 
electrons), while later in the flare this energy was dis- 
tributed over a larger volume. (The derived densities 
are also somewhat higher later in the flare.) However, 
only the gradual component produced observable heat- 
ing of the plasma. They also found that œ did not vary 
systematically throughout the flare if the length of the 
current channels was assumed constant but that c did 

decrease, primarily as a result of the change in temper- 
ature. 

Typically, the electric fields in this model are of order 

10 -5 V cm- • and the lengths are about 3 x 109 cm, yield- 
ing maximum energies around 10 to 100 keV. Hence, 

while able to accelerate electrons to hard X ray pro- 
ducing energies, sub-Dreicer fields cannot energize elec- 
trons to the tens of MeV as needed in some flares. This 

situation can be corrected by invoking anomalous resis- 

tivity, which amounts to saying that Coulomb collisions 

are negligible compared with the scattering rate that re- 
sults from resonance with waves. If this rate is assumed 

to be very high, the electric field required to accelerate 

a thermal electron (the effective Dreicer field) will also 
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become much larger than that for the usual Coulomb 

collision case. Hence, the electric field could be large 

(• 10 -2 V cm -•, say) and still be sub- (effective) Dreicer. 
The problem now is generating suitable waves, in the 

face of high Landau damping. 

The model also predicts a relationship between the 

rate of plasma heating Q (ergs -•) and the rate at which 
electrons are accelerated out of the thermal plasma • 
(electronss-•). Expressions for both [Holman et al., 
1989] demonstrate that Q and • are determined by the 
same physical parameters: any changes in these param- 

eters drive the heating and electron acceleration in the 

same direction. Since the hard X ray emission is pro- 

p. ortional to the instantaneous accelerated electron flux 
N, and the time rate of change of the soft X ray emis- 

sion is most closely related to the heating rate Q, the 

model predicts that the hard X ray flux should follow 

the time derivative of the soft X ray emission. Neupert 

[1968] pointed out a resemblance between the observed 
soft X ray time profile and the integral of the microwave 

profile (and noted that microwaves and hard X rays are 
produced by electrons of similar energy). Dennis [1991] 
and Dennis and Zarro [1993] subsequently noted a sim- 
ilarity between the hard X ray time profile and the time 

derivative of the soft X ray profile. Benka and Holman 

[1992] have also successfully applied the electric field 
model to a representative microwave spectrum from the 

Owens Valley Radio Observatory. 

This simple treatment of runaway acceleration does 
not include some potentially important plasma physics. 
As a result of the directed nature of electric field ac- 

celeration, the distribution function is anisotropic, with 

an excess of energy in the longitudinal direction. This 

makes it subject to velocity space instablities, in par- 

ticular the anomalous Doppler resonance (ADR) insta- 
bility. Here lower hybrid waves are driven unstable by 

tail electrons above some critical velocity [Liu et al., 
1977; Fuchs et al., 1988]. Electrons below this critical 
velocity resonate with waves where Landau damping 

by electrons in the thermal bulk prevents a net growth. 

Simulations by Moghaddem-Taaheri et al. [1985] showed 
that this instability leads to pitch angle scattering of the 
electrons into vñ space, with the consequent limitation 

of the parallel energy. Moghaddem-Taaheri and Goertz 

[1990] (see also Holman et al. [1982]) also pointed out 
that the pitch angle scattering will lead to a significant 
enhancement in the level of synchrotron emission. The 

ADR instability can also greatly increase the runaway 

rate [An et al., 1982] above vt. 
Electric fields can also cause ions to run away. The 

number of ions above vte is negligible unless Ti • Te. 

As a result, ions are not as readily available as electrons 

to be freely accelerated. The collisional drag force on 
the ions, however, unlike that on the electrons, has a 

minimum near 0.lyre. If the force exerted on the ions by 

the electric field exceeds this minimum drag force, ions 

will be pulled out of the thermal distribution. For œ • 

œD, the ions are limited by electron drag to velocities 
between 0.lyre and vte. Protons drift in the direction 

of the electric field, while heavier ions are dragged in 

the opposite direction along with the drifting electrons 

[Harrison, 1960; Gurevich, 1961; Furth and Rutherford, 
1972]. In a field with œ • œD, ions may be directly 
accelerated to higher velocities. 

The threshold for the generation of suprathermal pro- 
tons in the solar corona is œ • 0.5œD, and for He ions 

it is œ .• 0.2œD [Holman, 1995]. Higher Z ions, such as 
56Fe+26, have a threshold as low as œ • 0.08œD. (Higher 
values of œ/œD are required, however, to provide a suf- 
ficient number of particles.) Since the electron ther- 
mal velocity exceeds 109cm s -1 at flare temperatures 
of 107K and higher, the ions attain velocities • 10 s- 
109cm s -•, and energies .• 10-10 • keV nucleon -•. Sub- 
sequently these ions may be accelerated by Alfv•n waves 

through stochastic acceleration. Some of the higher Z 

ions have enhanced abundances relative to hydrogen in 

the accelerated particles. The difficulty with this pro- 
cess, however, is that the specific observed ion abun- 
dance enhancements noted in section 2.2 are not achiev- 

able in a simple way. 
Another form of acceleration by direct electric fields 

involves double layers. A double layer may be defined as 

consisting of two equal but oppositely charged, essen- 
tially parallel but not necessarily plane, space charge 
layers [Block, 1978]. Present theory of double layers is 
split into two different types, corresponding to strong 
or weak double layers. Strong double layers have a 

large potential drop (• kBTe, where kB is Boltzmann's 
constant) and are believed to be formed during the 
nonlinear evolution of the Buneman instability [Smith, 
1985]. Volwerk and Kuijpers [1994] have suggested that 
such structures can be the source of observed emission 

in the megahertz and gigahertz bands. Weak double 

layers have a potential drop only of order ksTe and 

arise during the evolution of an ion-acoustic instability. 
Clearly, a single weak double layer is of little interest 
to flares, but numerical simulations [$ato and Okuda, 
1981; Barnes et al., 1985] indicate that for a strong 

magnetic field (i.e. •e • cope), sequences of weak double 
layers can form along a magnetic field line. Khan [1988] 
(see also Haerendal [1988]) has suggested that electrons 
can be accelerated to high energies by moving through 
many such double layers in succession. 

This picture has some problems. First, one needs to 

account for the generation of the double layer. While 

the ion acoustic instability is widely believed to give rise 

to double layers, it does require hot electrons (Te • T•), 
so that some kind of electron preheating is needed. Per- 

haps Joule heating from an electric field can perform 

this. In this case, however, an electric field must have 

been already present, and since this field is also able 
to accelerate electrons, the need for subsequent double 

layer formation is not clear. Transit time damping of 

MHD fast mode waves is also a possibility, but again 
the turbulence is able to accelerate electrons from ther- 

mal to relativistic energies, and double layers are not 

needed. Second, the current needed for an ion acous- 

tic instability restricts the width of the layers to a few 
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meters [Huba, 1985; Papadopoulos, 1979], so that a very 
high degree of current filamentation is needed, as is also 
the case in the sub-Dreicer acceleration model. 

4. Global Considerations and Particle 

Acceleration 

Another issue of importance in understanding parti- 
cle acceleration is how the small scale kinetic processes 

discussed in section 3 are incorporated into the large 
scale coronal structures present during flares. Observa- 
tions have long indicated that radiation in flares comes 
from large volumes, with scales often • 109 cm. In ad- 
dition, the magnetic energy in a large volume of the 
corona must participate in the flare. One thus has to ac- 
count for the connection between acceleration physics, 

occurring on kinetic scales, with the large-scale coro- 
nal structure. This has been approached in two ways. 

One is to treat the global structure in a very crude 
way, such as will be discussed in a moment. The sec- 
ond is to model the complete flare process numerically 
using codes that can simulate both kinetic and global 
processes. This has been attempted by Winglee et al. 
[1991] using an electrostatic particle code, but such an 
approach suffers from a compression of spatial and tem- 
poral scales of many orders of magnitude. For example, 
in these simulations, the extent of the coronal region of 
the flare is • 103 electron Debye lengths, or a few me- 
ters. In this review, we concentrate on the former class 
of modeling. 

It is also important to determine how the current 
associated with the accelerated particles modifies the 

coronal magnetic field. It has long been recognized 
that some form of return current must exist; otherwise, 

the accelerated particles would generate a coronal field 
many orders of magnitude larger than that which is 
actually believed to exist, and the acceleration region 
would be depleted of particles in less time than the 
flare duration. As we shall see, in some models these 

problems can readily be dealt with by the presence of 
a cospatial return current (i.e., a bulk flow of electrons 
from the chromosphere to the corona, spatially coin- 
cident with the accelerated particles, of a magnitude 

sufficient to yield no net electric current). However, 
other models have geometrical constraints that forbid 
a cospatial return current. In these cases, other means 
must be found to minimize the influence of the acceler- 

ated electrons on the coronal magnetic field. 

We now address the global ramifications of the three 
classes of acceleration models (stochastic acceleration 
by electromagnetic waves, collisionless shocks, and dc 
electric fields) in more detail. 

4.1. Stochastic Acceleration and Shocks 

It is convenient to consider shock and stochastic ac- 

celeration within a specific flare scenario, namely energy 
release by magnetic reconnection. A common feature 
of reconnection models is that shocks and high-speed 

plasma jets (of order the Alfv6n speed based on the 
reconnecting field component) may be produced [e.g., 
Parker, 1963; Petschek, 1964; Vasyliunas, 1975; Forbes 
and Priest, 1987]. Shocks are part of the structure of 
the reconnecting fields in some models [Petschek, 1964] 
(although these are slow shocks, which are not very ef- 
fective at accelerating particles), they can be generated 
by intense plasma heating associated with reconnection 
[e.g., Cargill et al., 1988], or can form when a super- 
Alfv6nic plasma jet runs into the neighboring plasma 
and field [Forbes, 1986]. The jets can produce the long- 
wavelength waves needed in the MHD acceleration mod- 
els discussed in the previous section through either a 
shear flow instability [Roberts et al., 1992] or through 
the interaction of a sub-Alfv6nic jet with the plasma. 
Thus it is clear that coronal magnetic reconnection has 

the means to generate regions of particle acceleration. 
A major issue with shocks is the question of their for- 

mation. Fast mode shocks are generally formed rapidly 

when they propagate either perpendicular or parallel to 
the ambient magnetic field, typically taking at most a 

few hundred •1 [Cargill, 1991]. However, the ques- 
tion in flares is whether the plasma is ever given a big 

enough "kick" to form a shock. Formation could occur 
in two ways. First, a super-Alfv•nic jet such as men- 
tioned above will form a standing shock if it interacts 

with neighboring plasma and field. However, it should 
be noted that in reconnection the jet speed is approx- 

imately Alfv•nic with respect to the reconnecting field 
component, whereas to form a fast shock the jet must 
be super-Alfv6•nic with respect to the total field. Since 
the reconnecting field is likely to be a small fraction of 
the total field, it may not be possible to form a shock 
in this way [Forbes et al., 1989]. Second, shocks can 
form due to intense plasma heating, as was discussed 
by Cargill et al. [1988]. Strong heating is also a feature 
of magnetic reconnection, but shock formation requires 
that locally the plasma /• be )) 1. For prefiare den- 
sities (• 1010 cm -3) and magnetic fields (300G), we 
require a temperature of at least 5 x 109 K. This is not 
only hard to imagine, but presents seemingly impossible 
constraints on particle confinement mechanisms and is 
inconsistent with all hard X ray observations to date. It 
is thus our feeling that stochastic acceleration is more 
promising that shock acceleration in the context of coro- 
nal reconnection. 

Broadly speaking, three global reconnection scenar- 
ios could arise. The first is when magnetic reconnection 

occurs at the top of a large coronal arcade structure, as 
was suggested many years ago by Carmichael [1964], 
Sturrock [1968], Kopp and Pneuman [1976], Cargill and 
Priest [1983], and Forbes et al. [1989]. In these models, 
magnetic reconnection proceeds vertically, with a series 
of loops being energized. While this model was origi- 
nally developed for eruptive flares and their associated 
postflare loops, Yohkoh observations of Masuda I1994] 
and Tsuneta [1996] have provided pictures of soft X ray 
coronal sources in a number of flares that were not ob- 

viously associated with eruptions but had a cusp-like 
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shape expected from this model. In addition, Masuda 

[1994] showed that coronal hard X ray sources were also 
present in these structures, indicative of particle ener- 

gization there. 

In this scenario, MHD turbulence is generated from 

the jets below the reconnection site IT sunera, 1995]. 
Particles are accelerated there, so that some of the hard 

X rays come from this coronal source, and the rest 

comes from the footpoints as the electrons that have es- 

caped from the turbulent region hit the chromosphere. 
The minimum volume required for stochastic accelera- 

tion is not known at present. Current models do not 

include replenishment from return currents (see below) 
and employ volumes of 1024 to 1027 cm 3, which could 
be lower for larger levels of turbulence. Replenishment 

will lower the volume (for a given level of waves), but 
the specific amount still needs to be determined in or- 

der to place this scenario on more firm footing. Masuda 

[1994] has also argued that fast shocks may also exist 
in this region. 

A second reconnection scenario involves the interac- 

tion of large scale coronal loops. This was originally pro- 
posed by Gold and Hoyle [1960], and was revived more 
recently by Sakai and collaborators (see $akai and 
sawa [1987] and Koide and $akai [1994, and references 
therein]) using both magnetohydrodynamic and parti- 
cle simulations. Recent Yohkoh observations have also 

indicated that this may be a credible scenario [DeJager 
et al., 1995; Inda-Koide et al., 1995]. In such a model, 
reconnection would again lead to pairs of plasma jets, 

giving rise to turbulence and subsequent acceleration. 
A third invocation of coronal reconnection comes 

from models of fragmented flare energy release [Benz, 
1985; Lu and Hamilton, 1991; Vlahos et al., 1995]. In 
this case the flare is comprised of many small elemen- 

tal bursts, distributed randomly throughout the corona. 

Shock formation and development of turbulent cascades 

can again occur at these numerous locations. An in- 

teresting additional feature of such a model was first 

noted by Anastasiadis and Vlahos [1991] in the context 
of shock acceleration, but could equally well apply to 
stochastic acceleration. The difference from the first 

two (single-site) reconnection models is that once parti- 
cles leave one region of fragmented energy release, they 
can be "captured" by another, and accelerated further. 

Anastasiadis and Vlahos [1991] gave a simple demon- 
stration of such a model in the context of shock drift 

acceleration and showed that significant additional en- 
ergy gains did indeed result from the interactions with 

multiple shocks. We suggest here that a similar process 
can occur when stochastic acceleration is operating. 

However, the fragmented energy release model re- 
quires the spontaneous and approximately simultane- 

ous creation and "firing" of many small energy release 
sites, a process that has not yet been modeled using the 
equations of either MHD or kinetic plasma physics. The 
most encouraging approach began with the work of Lu 

and Hamilton [1991], who noted that the magnetized 
solar corona could behave as a self-organized critical 
system, continually adjusting to reduce the free energy 
in such a way as to allow a whole continuum of energy 

releases from large flares down to microflares. This in- 

triguing idea has unfortunately received little more in 

the way of rigorous justification. 

Whichever of these reconnection scenarios occurs, 
some common facts will hold. Turbulent and shock 

acceleration are likely to occur over an extensive coro- 

nal volume, much larger than the volume of the recon- 

nection current channel. Thus a particle undergoing 

turbulent acceleration will wander three dimensionally 

through the corona as it picks up energy from a contin- 
ual interactions with different waves. This three dimen- 

sionality has some important implications. It is most 

unlikely that local buildups of charge or current can 

arise in the acceleration region. The former is avoided 

because there are no large-scale electric fields to inhibit 

the flow of electrons, say, into a region that happens 

to have too many protons. Hence quasi-neutrality will 

hold. Current buildup is avoided since cospatial return 
currents can exist in the absence of a dc electric field. As 

the particles stream away from the turbulence region, 

the associated electrostatic and inductive fields [van den 
Oord, 1990] will draw an immediate cospatial return 
current that permits them to travel to the chromo- 

sphere, subject to the usual caveats about beam/return 
current instabilities. Thus turbulent acceleration does 

not suffer from any significant global electrodynamic 
constraints. 

4.2. The dc Acceleration 

As in section 3, it is convenient to discuss the inte- 

gration of super- and sub-Dreicer dc field acceleration 

models into the global corona separately. Super-Dreicer 

acceleration can occur at a single reconnecting current 

sheet [Litvinenko, 1996b; Martens, 1988; Martens and 
Young, 1990], such as that at the top of a magnetic 
arcade (see section 4.1). The high electric field en- 
sures that electrons drop through an appropriate po- 
tential before escaping from the sides of the sheet on 

a distance much smaller than the overall sheet length. 
While limiting the maximum energy, rapid transverse 
escape prevents the current in the sheet from exceed- 

ing the value implied by AmpSre's law and the assumed 

magnetic field (which makes a single current channel 
geometry possible). Once these electrons escape from 
the side, they can travel along the magnetic field lines 
toward the chromosphere. Replenishment of the cur- 

rent sheet can be accomplished by either bulk plasma 
reconnection inflows or flows upward from the chromo- 

sphere. Note that these later flows can be cospatial with 
the downward moving accelerated electrons, since there 

is no electric field in this region of space. The other two 
reconnection scenarios discussed above can also admit 

super-Dreicer fields, but the details of replenishment 
have not been investigated. 

The sub-Dreicer model cannot involve a cospatial re- 
turn current [e.g., Holman, 1985; Benka and Holman, 
1994]. The requirement that the self-induced magnetic 
field associated with the accelerated electrons be less 

than the coronal field (100-1000 G) must then be intro- 
duced. To see how this constrains the model, consider 
that the typical flare discussed in section 2.1 produced a 
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current I due to the accelerated electrons of 1.6 x 10•SA. 
For a flare footpoint area of 10 •s cm 2 and a coronal mag- 
netic field of 500 G, we find from Ampere's law that the 
radius l of a cylindrical current channel carrying these 
electrons cannot be greater than a few meters. This 
implies that the flaring corona must be filamented in 
such a way that neighboring current channels have op- 
positely directed electric fields, so that the self-induced 
magnetic fields due to the accelerated electrons cancel 
each other out. For the above parameters, • 10 •2 cylin- 
drical current channels are needed. If the currents are 

in sheets rather than cylinders, • 104-106 sheets are 
required [Holman, 1985]. This model also implies that 
particles are accelerated toward both footpoints in ap- 
proximately equal number. 

An important issue is whether this filamentation can 
exist in the corona before the flare begins, or is a di- 
rect result of the flare itself. The first possibility can be 

dismissed on the grounds that, for typical prefiare pa- 
rameters, the magnetic diffusion timescale rd- !•ol2/• 
(where r/is the resistivity) is less than a minute for clas- 
sical [Spitzer, 1962] resistivities. Therefore it is difficult 
to see how such structures could be formed, or could 

persist, over the many hours prior to a flare. In addi- 
tion, all these channels would be required to accelerate 
particles almost simultaneously. It is unclear how this 
could be orchestrated. 

The implications of filamentation resulting from the 
flare or flare onset can be assessed by a simple applica- 

tion of Faraday's law and have been discussed by Emslie 
and H•noux [1995]. The total magnetic energy content 
of the cylinder is W -- (!•o/16•r)LI 2, where L is the 
length between the footpoints of the current channel 
and we have approximated the self-inductance of the 
channel by (/•0/8•r)L. To produce this energy over a 
time r requires a voltage V -- I;V/I- l;V/7rl2J, where 
l is the current channel radius. If we write W -- W/r, 
then the maximum value of l for a given voltage is 

• (16Vr/!•oJL) 1/2. The current "turn-on" time r can 
be estimated from the risetime of hard X ray bursts. 
This timescale can lie between tens of milliseconds and 

a few seconds (section 2.1), so we set r -- ls as a rea- 
sonable estimate. An upper limit on the applied voltage 
is imposed by the maximum energy of electrons accel- 
erated by the direct electric field, which we take to be 
of order 300 kV. We again find l to be a few meters. 
A similar value for l is obtained from the analysis of a 

current sheet geometry. This limit is only slightly more 
stringent than that deduced from Amp•re's law above, 
and implies the existence of roughly the same number 
of current channels or sheets. 

There are mechanisms that can produce current fil- 
amentation. One is the superheating instability, which 
is claimed [Heyvaerts, 1974; Bodo et al., 1991] to gen- 
erate very fine scale structures, with scales less than 1 
km. This instability is based on the increase in elec- 
trical conductivity with temperature, so that a positive 
(say) perturbation in the temperature T gives rise to 
an increased Ohmic heating rate a E 2. The instabil- 
ity thus clearly works only for voltage-driven systems; 
for current-driven systems the Ohmic heating rate is 

given by J2/a and thus decreases with an increase in 
T. A positive perturbation in T thus leads to reduced 
Ohmic heating, stabilizing the system to the perturba- 
tion. Furthermore, it is not established that oppositely 
directed current channels form. 

Current filamentation at subkilometer scale lengths 
can also occur from kinetic effects. Winglee et al. [1988] 
have shown that the injection of an electron beam into 
an ambient plasma can lead to filamentation of the total 
current if the beam is injected over too large an area. 

More recent work [Winglee et al., 1991] has shown how 
a current sheet model for flare energy release can lead to 

arrays of oppositely directed currents. In each case, it is 
not clear whether the saturated state has a sub-Dreicer 
field associated with it. In any case, given that the 

required fine-scale filamentation is present, the concept 
of anywhere from 104 to 1012 separate current channels 
(i.e., acceleration regions) fits in with the fragmented 
energy release concept discussed in section 4.1. 

Another issue for the sub-Dreicer acceleration model 
is current closure. Recently, Emslie and Hgnoux [1995] 
have proposed a model which relies on the partially ion- 
ized nature of the chromosphere to address these con- 
cerns. Incoming electrons on one field line are absorbed 
onto ambient protons as part of a recombination pro- 
cess, while spontaneous ionization of hydrogen atoms 
on adjacent field lines supplies the electrons for an 
oppositely-directed current channel. This process effec- 
tively transfers electrons across field lines; a cross-field 
current carried by protons, and an oppositely directed 
flow of hydrogen atoms provide the necessary continuity 
for the proton and hydrogen atom population. These 
complementary processes, occurring simultaneously at 
opposite footpoints of a magnetic flux tube, provide a 
natural mechanism for closure of the entire current sys- 

tem (see Figure 1 of Emslie and Hgnoux [1995]). 

4.3. The Question of Efficiency 

In section 2.1 we noted that electrons with energies 

• 20keV contained perhaps a few times 103• ergs. 
The results of Ramaty et al. [19951 and Ramaty and 
Mandzhavidze (private communication, 1996) suggest 
that about this much energy can go into the ions above 
1 MeV nucleon-1. If we assume the canonical coronal 

volume of 1027 cm 3 (although the actual volume in- 
volved may be more or less), then the total accelerated 
particle energy is the equivalent to the dissipation of a 
coronal field with a strength of several hundred gauss. 
Smaller flares may require smaller field strengths, but 
one also needs to account for a smaller volume too. Note 

that we assume a 100% conversion efficiency of magnetic 

to particle energy! The following points need to be con- 
sidered [see Sudan and Spicer, 1996; Cargill, 1996]. 

1. Is all of this magnetic energy accessible for dissi- 
pation? At least part of the coronal field is potential 
and will not be dissipated. Parker [1983], in a discus- 
sion of coronal heating mechanisms, suggests that the 
nonpotential component may be only 25% of the total 
field, thus • 6% of the energy. 

2. How is the energy in a large volume of coronal field 
channeled into the dissipation regions? What fraction 
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of the available field energy cannot be accessed, perhaps 
for topological reasons? 

3. When the magnetic energy is dissipated (into 
plasma flows, heating, or particles), what fraction ends 
up in particles? Early speculation by Smith [1980] sug- 
gested < 10%. 

Our present understanding of flares does not permit 

us to make even vaguely qualitative guesses about these 

numbers. However, let us assume that each part is 50% 

efficient (a generous estimate). Then the whole acceler- 
ation process is (0.5) 3 • 10% efficient. So, in order to 
account for the observed radiation from energetic par- 

ticles, one may be forced to postulate at least kilogauss 

coronal field strengths. Such a field strength is prob- 

lematic for several reasons. Observations suggest that 

the field is 1-2kG in the photosphere, and it is gen- 

erally accepted that the coronal field is less than that 

in the photosphere. Also, a kG field in a local region 

of the corona could not be confined, since its magnetic 
pressure would lead to its expansion and subsequent 

weakening. 

An alternative may lie in the work of Lites, Leka, 

and collaborators [Lites et al., 1995; Leka et al., 1996] 
who have presented recent observations of the emer- 

gence of already twisted magnetic field through the pho- 

tosphere. In such a scenario, there would be no need 

to store energy in the corona, since the electric currents 

responsible for the flare would have been generated be- 

low the photosphere (see also McClymont and Fisher 
[1989] and Sudan and Spicer [1996] for similar sugges- 
tions). The flare would then proceed as these intense 
magnetic fields expanded and interacted with the pre- 

existing coronal structure. These observations are only 

beginning to be interpreted and their relation to flares 

needs to be clearly established. 

5. Summary 

Flare observations and our ability to model physical 

processes in magnetized plasmas have developed enough 

that it now makes sense to strive toward a comprehen- 

sive model for impulsive flare particle acceleration. Al- 
though the observational data and our knowledge of 

plasma processes are still not extensive enough to settle 

upon one (or more) acceleration mechanism(s), we have 
been able to identify a number of issues that must be 

addressed by a successful model of flare particle accel- 
eration. 

1. The model must be capable of accelerating elec- 
trons and ions to energies in excess of 100keV and 

100 MeV, respectively, in order to account for hard X 

ray and gamma ray line emission. It should also allow 

the possibility of energizing electrons to about 10 MeV 
and protons to about 1 GeV, in order to account for the 

less common ultrarelativistic electron bremsstrahlung 

and pion radiation. 
2. The model must be able to accelerate electrons 

and ions to the lower energies in less than i s and to the 

higher energies over several seconds. 

3. For a large flare, the model must produce at 

least 2 x 10 35 electrons s -1 (hybrid model), and possi- 

bly as many as 1037 electrons s -• (nonthermal model), 
above 20keV and over a period of 10-100s. It must 

also produce • 3 x 103øprotonss -1 above 30 MeV and 
• 1035 protons s- 1 above 1 MeV over the same time. 

4. The model must provide electron and ion distribu- 

tions that are consistent with (i.e., can be used to suc- 
cessfully fit) high-resolution X ray and nuclear gamma 
ray line spectra, respectively. 

5. The model must reproduce the observed enhance- 

ments of 3He, Ne, Mg, Si, and Fe relative to 4He, C, N, 
and O. 

6. The model must describe how the accelerated elec- 

trons and ions are pulled out of the thermal plasma. 

7. The model must describe the relationship between 

electron acceleration and heating and, in particular, 

provide the observed relationships between the evolu- 

tion of hot plasma and accelerated particles. 

8. The model should describe the relationship be- 

tween electron and ion acceleration, and in particular it 

should account for the simultaneity to within • i s of 
the acceleration of these two particle species. 

9. It should be clear how the local acceleration model 

can be incorporated into the large scale coronal struc- 

ture, as observed by Yohkoh for example. 

Table 3 summarizes the results of this paper for the 

three main acceleration processes: stochastic accelera- 

tion by MHD waves, sub- and super-Dreicer dc electric 

fields, and shocks. The top 13 rows deal with the prop- 
erties discussed above. Each of the mechanisms has 

successes and failures. For example, none can account 

for the enhancement of 3He in flares; this requires a 
separate process. All can account for the observed ac- 

celeration times. With the possible exception of shock 
electron acceleration, particles can be extracted from 

the thermal plasma in each case. 
A major failing of both the dc electric field models 

is their inability to produce energetic protons above a 

few MeV. The sub-Dreicer model cannot produce the 
most energetic electrons either, due to the finite length 
of the small electric field. However, at low energies, the 
sub-Dreicer model is the only one that has been able to 

reproduce measured hard X ray spectra. 

The turbulence model has fewer glaring failings at 
this time. It can produce both high and low energy 

particles, but no detailed comparison with spectra has 

been carried out. Such comparisons are as much an 

issue of transport as anything else. The model may 

also unify ion and electron acceleration, since both fast 

mode and shear Alfv6n waves are likely to be produced 

together. Shocks models are less developed, and their 
viability for the production of low energy electrons is a 
major unresolved issue. 

The final three rows of the table discuss some geo- 
metrical constraints on each model. We find that the 

models separate out quite readily into those that are 

associated with large-scale coronal reconnection, and 

those that are not. Sub-Dreicer acceleration requires 
what we call hyperfilamentation of the coronal current. 

This is not a requirement in the other models. Instead, 

they can be associated with large scale (arcade or frag- 
mented) reconnection. 
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Table 3. Summary of Acceleration Models 

Observation Sub-Dreicer œa Super-Dreicer œb MHD Turbulence c Shocks 

-0 100 keV electrons yes yes yes yes 
-0 10 MeV electrons no ? yes ? 

-• 100 MeV protons no ?a yes yes 
-• I GeV protons no ?a yes yes 
-• i s acceleration time e yes yes yes yes 
• 100 keV electron flux yes yes yes ? 
< 100 MeV proton flux no ? yes ? 

electron distribution yes ? ?f ? 
proton distribution no ? ? ? 
SHe enhancement g no no no no 

Heavy ion enhancement no no yes h no 
Electron acceleration 

from thermal plasma yes yes yes ? 
Ion acceleration 

from thermal plasma yes yes yes yes 
Hyperfilamentation essential yes no no no 
Current complexity high low low medium/low 
Strength of link to 

large-scale reconnection weak good good ? 

a Based on the work of Holman et al. as discussed in text. 

bBased on the work of Litvinenko as discussed in text. 

cBased on the work of Miller et al. as discussed in text. 

abut does not appear promising. 
eTo those energies given in the above 4 rows accessible by the mechanism. 
fHowever, Hamilton and Petrosian [1992] have shown that whistlers can produce correct distributions. 

gNone of these models will directly give the SHe enhancement. However, if any generate a bump-on-tail electron 
distribution, then the model of Ternerin and Roth [1992] and Miller and Vi•as [1993] may be applicable. 

hBut the parameters are restrictive. 

5.1. Recommendations for Future 

Observational Studies 

In conclusion, we outline briefly future observational 

needs to help address the problem of what causes a flare. 

1. The hard X ray observations of Linet al. [1981] 
have demonstrated clearly the value of high spectral 

resolution. However, only one t•are was observed. Such 
observations need to be repeated over a wide range of 

flare sizes and over energy ranges from a few keV up to 
10 MeV. In addition, CGRO has demonstrated the need 
for high temporal resolution and Yohkoh has demon- 

strated the need for high spatial resolution in the hard 
X ray energy bands. A future instrument must have at 
least the same resolution. 

2. High-resolution spectra of the emission above 

• 400 keV will allow many lines associated with the 
accelerated ions to be resolved for the first time. The 

shape of the lines is a sensitive indicator of the angu- 

lar distribution of the interacting ions [Werntz et al., 
1990; Murphy et al., 1991]. This allows their degree of 
anisotropy to be measured, which is a useful diagnos- 

tic of transport. An understanding of transport is a 
necessary step between the acceleration model and the 

observable radiations that one is making detailed com- 
parisons with. The relative intensities of different lines 

provides unique information on the spectrum of the ions 

and on their abundances, both in the accelerated beam 

and in the target. 

Imaging at gamma ray energies will allow the spa- 
tial distribution of the emission from accelerated ions 

to be studied. They could allow the fraction of gamma 
rays that originate in the corona to be determined for 

different types of flares when observed near the limb. 

Comparisons of X ray and gamma ray images would 
provide fascinating information on the spatial relation- 

ship between accelerated ions and electrons. 
3. It is essential that observations of high energy 

particles be placed in the context of both the prefiare 
corona and the less energetic flaring plasma. Thus good 

obser•vations of a variety of UV and X ray lines are re- 

quired with high spatial and temporal resolution (1-2 
arc secs and i s). By measuring line profiles, informa- 
tion on mass motions will also be obtained. This will 

enable an assessment to be reached of whether such 

flows are consistent with large scale coronal magnetic 

reconnection, a common flare model, and could repre- 
sent a fundamental breakthrough in our understanding 
of flares. 

4. In view of the possible importance of low energy 

protons (10 keV to 1 MeV), it is imperative that diag- 
nostics be developed to detect their presence. One pos- 

sibility for detecting their presence would be through 
charge-exchange emission in the red wing of the hydro- 
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gen Lyman c• line [ Orrall and Zirker, 1976; Canfield and 
Chang, 1985]. Energetic helium could similarly be de- 
tected in the red wing of He 304 •[Peter et al., 1990]. 
Such emission has not been successfully detected on the 
Sun, although it does appear to have been detected dur- 
ing a flare on the flare star AU Mic [Woodgate et al., 
1992]. Another possible means would be the detection 

of p-•/lines around 8 MeV due to the resonant capture 
of • 500 keV protons on ambient carbon [MacKinnon, 
1989]. This possibility is perhaps the most direct, but 
it should be noted that the fiuences from these lines are 

very low. 
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