
Transient Particle Acceleration 
Associated with Solar Flares 

Understanding how individual charged particles can be 
accelerated to extreme energies (10" electron volts), 
remains a foremost problem in astrophysics. Within our 
solar system, the active sun is capable of producing, on a 
short time scale, ions with energies higher than 25 
gigaelectron volts. Satellite and ground-based observa- 
tions over the past 30 years have greatly increased our 
knowledge of the properties of transient bursts of ener- 
getic particles emitted from the sun in association with 
solar flares, but a real understanding of the solar flare 
particle acceleration process requires greatly refined ex- 
perimental data. On the practical side, it is also imperative 
that this problem be solved if man is to venture, for long 
periods of time, beyond the protective umbrella of Earth's 
magnetic field, which excludes much of the biologically 
damaging solar energetic particles. It is only through an 
understanding of the basic acceleration problem that we 
can expect to be able to predict the occurrence of a solar 
flare with lethal solar radiations. For our knowledge of 
these effects to advance, a new space mission dedicated to 
studying the high-energy aspects of solar flares at high 
spatial and energy resolution will be required. 

OW DO INDIVIDUAL CHARGED PARTICLES, ELECTRONS 

or ions, attain extreme kinetic energies that can be as high 
as 10" eV for the primaqi cosmic rays; above 10" eV (1  

TeV) for transient phenomena on neutron stars and powerful x-ray 
sources, such as Cygnus X-3 and Hercules X-1; and above lo8 eV 
for the enigmatic y-ray bursts? Throughout the solar system, particle 
acceleration is ubiquitous (1). The sun occasionally produces tran- 
sient bursts of relativistic charged particles, which initiate a strong 
short-term enhancement of the count rate in ground-level monitors 
of cosmic radiation-the ground-level event (GLE). The most 
recent example of this occurred on 29 September 1989 when the 
ground-level monitors and underground monitors (Z), over the 
whole Earth, responded dramatically to particles accelerated in a 
solar flare which occurred on the backside of the visible disk of the 
sun! Charged particles with energies up to about 25 GeV were 
produced in this event and reached the Earth along interplanetary 
magnetic field lines. More frequently, in phase with the sunspot 
cycle, solar flares produce charged particles with energies typically as 
high as 100 MeV. A major goal of current research in solar 
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astrophysics is to determine which mechanisms apply to the solar 
flare case and to test their applicability to other astrophysical sites 
where transient x-ray and y-ray bursts occur. 

First, it is of interest to recall the beliefs everyone held about solar 
flare particle acceleration before extensive observations were avail- 
able from the United States Solar Maximum Mission (SMM) and 
the Japanese Hinotori satellites. Based primarily on the early (late 
1950s and 1960s) observations of Type 111, Type 11, and Type IV 
meter-wave radio observations of solar flares and early satellite . , 

observations of solar flare x-ray bursts, it was believed that flare- 
associated particle acceleration occurred in two stages or phases (3). 
In the first stage electrons were accelerated to energies of -100 keV, 
giving rise to the Type 111 radio bursts, a bremsstrahlung x-ray burst 
and minutes later (typically 10 minutes), in some flares, ions would 
be accelerated to hundreds of MeV (or GeV) energies by a shock 
wave, moving outward through the corona and causing the Type I1 
and Type IV radio bursts. This picture gives a straightforward, 

.logical explanation for the high-energy emissions from a solar flare 
which include the prompt hard x-ray burst at the flare initiation, 
followed by the delayed production of the accelerated ions which 
occasionally produce the GLE. 

With the discovety of nuclear y-ray lines (4) from two flares 
during the major ~ u g u s t  1972 solar activity, which was a signal of 
ion acceleration, there was no reason to doubt this scenario since the 
observations could not put a tight restriction on the time of 
production of the y-rays. The y-ray spectra observed in these events 
were made with an instrument, on the OSO-7 satellite, which had a 
time resolution of 3 minutes, and it was not possible to discern 
shorter y-ray time structure. 

It is now clear that this simple picture is not valid because 
observations made by the y-ray spectrometer (GRS) on SMM have 
shown that both ion and electron acceleration cat1 occur on the time 
scale of seconds ( 5 ) ,  and this fact has been coiifirmed by similar 
measurements made from the Hinotori satellite ( 6 ) .  Further, the ~, 

expected close correlation of the occurrence of bursts of the solar 
energetic particles (SEPs) observed in space and y-ray bursts 
associated with solar flares has not been observed (7). A real ~, 

understanding of the way in which the sun cat1 accelerate particles is 
still elusive; however, solution to this problem is essential since it 
may well apply to other astrophysical phenomena. 

Diagnostic Tools 
Two different approaches are used to determine the characteristics 

of the charged particles accelerated in association with solar flares: 
1) The most direct and oldest technique is to measure the energy 

spectra and composition of charged particles (SEPs) observed in 
space and believed to be associated with a specific solar flare. These 
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charged particles are transported to the observer from the accelera- 
tion region along interplanetary field lines, a process which is 
complex and little understood for specific events. Corrections must 
therefore be applied to determine spectra and composition of the 
initially accelerated solar flare charged particles. 

2) More recently, by means of satellites (and balloons), it has 
been possible to record the secondary neutral radiations produced in 
the solar atmosphere by the partic~ks accelerated (or energized) in 
association with the solar flare. These secondary radiations include 
the electromagnetic emissions in the visible, ultraviolet, soft x-ray, 
hard x-ray, and y-ray spectral regions and also high-energy neutrons. 
These neutral radiations directly reflect the properties of the acceler- 
ated particles which interact at the Sun. 

Gamma-ray line and continuum emissions (< 10 MeV). Theoretical 
studies (8), inspired by the seminal paper of Morrison in 1958 (9), 
give a detailed description of the components of a y-ray spectrum 
expected from accelerated solar flare ions interacting with the solar 
atmosphere. In general, one would expect a plethora of y-ray lines 
from de-excitation of excited nuclear levels of the most abundant 
nuclides in the solar atmosphere. To produce these y-ray lines, 
which have energies typically below -8 MeV, requires that protons 
of energies 5 5 0  MeV bombard the solar atmosphere. Other nuclear 
reactions produce neutrons of energies of a few to tens of MeV, and 
neutron-deficient radioactive positron emitters. Neutrons emitted in 
the direction of the photosphere slow down to thermal energies, by 
elastic scattering on hydrogen nuclei, and can be captured to give 
the deuteron formation line at 2.223 MeV with a width of -100 
eV, characteristic of photospheric temperatures (-6000 K). The 
positrons, trapped in sunspot magnetic fields, can eventually annihi- 
late with free electrons or bound electrons giving a distinct line at 
0.511 MeV with a width (full width at half maximum) of 
AE = 1.1 ( T4) VZ (kiloelectron volts); where T4 is the temperature of 
the annihilation region in units of lo4 K. Since the lifetimes of the 
excited nuclear levels are typically very short, ~ 1 0 - "  s, the time 
variations of this "prompt" de-excitation spectrum reflects, directly, 
the time history of the accelerated ions interacting with the constitu- 
ents of the solar atmosphere. The y-ray lines resulting from neutron 
capture and positron annihilation, on the other hand, are "delayed 
emissions," since the characteristic capture time for the neutrons is 
-100 s and positron emitters have half-lives of a few to several 
minutes. Gamma-ray line emission is usually accompanied by a 
continuous spectrum of photons resulting from the bremsstrahlung 
of primary electrons also accelerated in the solar flare (10). [If the 
spectrum of accelerated ions extends above 300 MeV and is 
sufficiently intense, then pion production can lead to an additional 
contribution to the continuous y-ray spectrum at higher energies 
( > l o  MeV).] 

The first observed y-ray line spectra from solar flares showed 
strong lines from neutron capture and positron annihilation at 
2.223 MeV and 0.511 MeV, respectively. Weaker nuclear de- 
excitation lines at 4.438 MeV and 6.129 MeV, from I2C and 1 6 0 ,  

respectively, were also identified (4). The neutron capture line was 
later observed during intense flares in 1978 and 1979 (1 1). During 
the lifetime of the SMM satellite 14 February 1980 to 2 December 
1989, with a scaled-up version (12) of the OSO-7 y-ray spectrome- 
ter, -250 additional solar flare y-ray spectra were obtained with 
emissions above 300 keV. Figure 1 shows the time-integrated count 
spectrum (13) obtained during an intense, long-duration (-30 min) 
limb flare on 27 April 1981. This experimental spectrum consists of 
several nuclear de-excitation lines, from the nuclides indicated, and 
delayed lines at 0.5 11 MeV and 2.223 MeV, a continuum consisting 
of kinematically broadened de-excitation lines and a primary elec- 
tron bremsstrahlung spectrum extending above 1 MeV. The spec- 
trum runs from -400 keV to the nuclear ledge at -7 MeV. This 

rich nuclear line spectrum can be used to obtain model-dependent 
solar abundances by matching predicted spectra with the observed 
spectrum with the use of the instrument response function. 

This procedure may be illustrated by considering the instanta- 
neous production rate of an excited nuclide, in thin target geometry 
expressed as 

411 = [ Ni(E,t)njcP;(E)c,(E)dE (1) 

where i, j refer to the accelerated ion and target nuclide, respectively. 
Ni(E,t) is the instantaneous number density of particles i with a 
kinetic energy per nucleon in the range E to E + dE, nj is the 
number density of the target nuclides, cPi(E) is the velocity of ion i, 
and uii(E) is the inelastic cross section for production of a nuclide in 
an excited state for which y-ray emission is allowed (in general, this 
includes spallation reactions). For prompt nuclear de-excitation, the 
production rate gives the emission rate of photons, so a measure- 
ment of the intensity of a gi"en y-ray line and a theoretical model for 
the accelerated ion spectrum permits a determination of the density 
(or abundance) of the target nuclide (14). The angular relationship 
of the bombarding ions with respect to the target and observer must 
also be considered since the kinematics of the particular reaction can 
lead to observable broadening or a centroid shift of the de-excitation 
line. For isotropic reaction geometries the lines are broadened about 
their rest energy. Also some excited nuclides may have significant 
recoil velocities  lo-^ c), and the lines will be greatly broadened or 
their centroid shifted. 

Similar model calculations have been carried out for the ion 
spectrum impinging on a thick target, where all recoiling nuclides 
and the incident ions stop. In the solar case a so-called "narrow line" 
spectrum results from protons and a particles incident on the 
ambient "thick" target of heavier nuclides. Since the accelerated 
beam of ions is also assumed to contain heavier nuclides, they 
become excited when impinging on the ambient (predominately 
hydrogen and helium) target, and their de-excitation lines are 
greatly broadened, effectively producing a continuum below the 
narrow lines (15). 

To determine solar target abundances from the experimental 
spectrum shown in Fig. 1, an unnormalized de-excitation y-ray 
spectrum is calculated for a particular accelerated particle energy 
spectrum with different assumed compositions for the ions and also 
an assumed composition for the target abundances (14). To this 
spectrum the delayed y-rays at 0.511 ~ e v ' a n d  2.223 MeV must be 
added. For comparison with the experimental observations a contin- 
uum due to a primary (power-law) electron bremsstrahlung spec- 
trum is also added to the line spectrum. This introduces additional 
other parameters, the power-law index and the intensity. This 
composite spectrum with the several unknown parameters is then 
folded through the SMM GRS spectrometer response function and 
a best fit to the experimental spectrum is found by varying the 
several individual parameters until the overall X 2  is minimized. 
Murphy et al. (14) used this technique, and assuming that the 
accelerated particle composition was similar to the SEP flux ob- 
served in large flares, they found that the best fit was obtained by 
enhancing the target abundances for Mg, Si, and Fe (relative to C) 
over the photospheric or local galactic abundances with the results 
consistent with coronal abundances. Also they noted that the NeIC 
ratio was larger than the coronal value, but the OIC ratio (16) was, 
within error, in agreement with both the best photospheric and 
coronal values. The enhancement of heavier elements (Z > 8), is 
consistent with earlier calculations (17). 

A further analysis of these data (18) varied the accelerated particle 
abundances; however, all individual accelerated ions were assumed 
to have the same spectral form. Besides obtaining target and 
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Table 1. Ambient medium abundance from the M-fit gamma-ray analysis 
compared with photospheric abundance [from Ramaty et al. (16)l. 

Element Gamma-ray 
abundances 

195 -+ 28 
1.00 -+ 0.18 

<0.82 
2.40 ? 0.28 
0.86 -+ 0.14 
0.24 -+ 0.11 
0.47 t 0.15 
0.26 -+ 0.11 

Photospheric 
abundances 

accelerated particle abundances, the best fits for several other 
parameters could be determined: the power-law exponent, s, for the 
bremsstrahlung component; the accelerated a particle to proton 
ratio (alp); and the spectral parameter ( a  T)  for accelerated particles 
having a Bessel function spectral form, which results from stochastic 
acceleration of ions (see below). The target abundances for the best- 
fit values for a T ,  s, and alp = 0.2 are shown in Table 1, and are 
compared with recent photospheric values in (16). The more 
comprehensive analysis (13) gives results similar to the previous 
ones (14), with the elements above oxygen having abundances 
enhanced over the photospheric values as shown in the table. This 
basic result from the y-ray observations is somewhat of a surprise 
since it suggests that the interaction region is not in the photo- 
sphere. However, it has usually been believed (19) that the target for 
the nuclear reactions has been at densities well in excess of 4 x 10" 
~ m - ~ .  Furthermore, detailed studies (20) of the depth distribution 
of prompt nuclear de-excitation lines show that the maximum of the 
line production should be at ambient densities exceeding l0I5 ~ m - ~ .  
One therefore expects that the narrow y-ray line fluxes which are 
most sensitive to the target abundkces should reflect those in the 

Energy (MeV) 

Fig. 1. The y-ray spectrum observed (13) by the SMM GRS for the 27 April 
1981 flare. The smooth curve is based on an analysis by Murphy et al .  (1990) 
(18). 

interaction region. There is also evidence that some SEP events have 
abundances of elements above oxygen, enhanced over the coronal 
values. This is also the case for flares that are enriched in 3 ~ e  (21). 
(See the later discussion on SEP events.) 

Neutral emissions above 10 MeV. Emission from one of the most 
intense flares in cycle 21 was recorded by the SMM GRS on 3 June 
1982. Figure 2 shows the time history of the count rates in several 
energy balds extending from 56 keV to over 25 MeV (22). A study 
of data for this event (23) indicates that nuclear line emission was 
present throughout the event, but electron bremsstrahlung above 10 
MeV was intense only in the time interval 1142 : 44 to 1143 : 49 UT 
with the spectrum hardening above 40 MeV indicative of a contri- 
bution from meson decay y-rays (24). The decay of neutral .rro 
mesons (meanlife - 10-l6 S) gives a broad spectrum extending from 
tens of MeV, to over a hundred MeV with a centroid peak at -69 
MeV and the electrons resulting from the decay of charged mesons 
[T' -+ p'(F-) + ~ ~ ( 5 , )  - e'(e-) + ve(Ve)] produce a further 
contribution to the electron bremsstrahlung continuum. The de- 
tailed analysis of the spectrum above 10 MeV in this time interval 

3 June 1982 
SMMIGRS 

X-ray (56-199 keV) 

MCW 
L 

(4.1 -6.4) MeV ' ' X  

Sunset at satellite-1204 UT . 1 
Jungfraujoch neutron monitor 7 

Time (UT) 

Fig. 2. The time history for several data channels from the SMM GRS and 
for the Jungfraujoch neutron monitor count rate for the 3 June 1982 flare. 
Peak count rates in the GRS (x-ray) and main channel window (MCW), 4.1- 
to 6.4-MeV energy bands are uncertain because of pulse pile-up, excessive 
dead time, and photomultiplier gain shifts, and should be used with care. 
The highest MCW count rates have been estimated using measured live time 
values, averaged over 16.384 s, and a derived gain shift correction. Error bars 
are 1 u based on count statistics only [after Chupp et al .  (22)l. [Reprinted 
courtesy of the authors and the Astrophysical Jourwal published by the 
University of Chicago Press. 0 1986 The American Astronomical Society] 
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(24) shows that it is best explained by three components consisting 
of a power-law bremsstrahlung spectrum from primary electrons, a 
no meson decay y-ray spectrum, and a meson decay electron 
bremsstrahlung y-ray spectrum. The no decay y-rays contribute an 
integrated flux of -12 photons cm-2 in the initial impulsive time 
interval (24). 

After the initial im~ulsive emission of ~ h o t o n s  described above, 
emission continued in all energy bands until satellite sunset. In 
particular, the large energy-loss events, above 25 MeV, indicated in 
Fig. 2, do not fall in time as rapidly as the lower energy x-rays. The 
detailed analvsis of this event- has shown that this time-extended 
emission results primarily from meson decay y-rays (24) and higher 
energy neutrons (22) which reach Earth. During the time of -. 
secondary, enhanced high-energy emission (see Fig. 2), from 
1146:OO UT to 1147:06 UT, there is only evidence for meson 
decay y-rays and no primary electron bremsstrahlung component. 
During the h l l  period of extended emission, from 1146: 00 UT 
until satellite sunset at -1203 UT, the integrated flux of y-rays from 
neutral pion decay is -45 photons cm-2 (24). This indicates that 
>80% of the pion production at the Sun occurred after the initial 
impulse of the flare, with no clear evidence for high-energy electron 
production ( > l o  MeV), as was the case earlier. It has been 
suggested (25) that the high-energy photon emissions observed in 
this event are evidence for a two-stage (phase) acceleration process, 
similar to that suggested by the early radio observations (3). This 
view should be considered tentative, since the possibility of coronal 
storage and later precipitation of the accelerated ions have yet to be 
thoroughly investigated. 

As the extended high-energy emission continues, the SMM GRS 
energy-loss spectrumshows evidence for a flux of neutrons, which 
reach Earth, consistent with the enhanced Jungfraujoch neutron 
monitor count rate (see Fig. 2) which resulted from an atmospheric 
nucleonic cascade produces by a direct flux of high-energy neutrons 
from the sun (26). With the combined GRS and neutron monitor 
count rate data and a model of high-energy neutron production, 
which follows the no meson ~roduction time histow, allowable , . 
neutron production spectra, at the sun, have been determined (22). 
The results, shown in Fig. 3, give the time-integrated, directional 
solar neutron emissivity spectrum for two acceptable spectral shapes. 

also shown [after dhdpp et  
a l .  (22)l. Errors bars are 1 a 
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the authors and the Astro-  
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Fig. 3. The time-integrated 
directional solar neutron 10Z.8 
emissivity spectrum is 

Fig. 4. The SMM GRS y-ray spectrum near the energy of the neutron- 
proton capture h e  during the post-impulsive phase of the 3 June 1982 flare. 
The solid curve is the total counts observed in each GRS channel over the 
time period from 11 : 46: 33 UT to 11 : 52: 01 UT. The dotted curve shows 
the best fit to the line with the measured SMM GRS response function to a 
Gaussian primary line, single and double escape peaks, and the Compton 
continuum [after Chupp (32)l. 
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One form, a power law in neutron energy with negative exponent 
2.4, must be truncated at -2 GeV, otherwise the neutron monitor 
would have had a greater initial response than observed. The other 

shown for flare 2 with best- - 
fit power-law and Bessel- 'i~ 

function neutron spectral v, 1027 .................. 

forms with parameters 
s = 2.4 and a i  = 0.07, re- 
spectively. The data used for 
the fit are from neutrons ar- .................. ........-....----- 

riving, at Earth, over the 
time period 1144 UT to a 
-1200 UT. Data points 5. from the neutron decay pro- .................. .................. 

ton observations (27) are 

s~ectral form. mathematicallv a ~ e s s e l  hnction of order 2, has a 
curvature which depletes the GeV neutrons such that no cutoff is 
needed. The points on the neutron emissivity spectrum shown in 
Fig. 3, at energies below 100 MeV, are based on the spectrum of the 
protons, observed in space, which result from intlight decay of 
neutrons from the sun (27). Current use of this technique, with 
proton detectors on the ISEE-3 (ICE) and Imp spacecrafts, give the 
neutron flux above about 20 MeV. At lower energies a crude 
estimate of the spectrum is possible, by means of the capture line at 
2.223 MeV. The study (22) of high-energy neutrons and the meson 
decay y-rays in the 3 June 1982 flare have shown that GeV ions can 
be accelerated with 100-MeV electrons in a time scale of <16 s. 

Neutron capture y-ray line. This line is the strongest individual 
line from disk flares; however, because of its photospheric origin 
it is stronelv attenuated in a limb flare (28). as was  the case for ", ~ ,. 
the flare producing the spectrum shown in Fig. 1. In Fig. 4, 
we show a portion of the SMM GRS spectrum encompassing the 
2.223 MeV line for the 3 June 1982 flare which occurred at the 
heliocentric coordinates SO9 E71. The time history of the intensity 
of this line is shown in Fig. 5 (29), and is determined largely by the 
loss processes which deplete the neutron density in the photosphere. 
~ h e i e  Drocesses includi radiative caDture on Drotons,nonradiative 
capture in He3, scattering out of the photosphere, and radioactive 
decay (28, 30). Most of the neutrons, producing this line, were 
injected during the initial burst in this event; however, neutron- 
emitting reactions continued at a lower level throughout the event, 
as indicated by the MCW rates in Fig. 2. Analysis of these data, 
taking into account the continuous injection of neutrons, gives a 
best-fit value for the mean loss time of the neutrons as 
~l~~~ = (89 + 10) s (29). Further analysis of these data give the 
time-integrated fluence for the line as 314 y cmP2 (29) and the 
3 ~ e / ~  ratio as (2.3 2 1.2) x loP5 (30). 

At photon energies below the capture line (see Fig. 4), a low- 
energy tail appears that indicates excess y-rays coming from the Sun, 
above that expected from nuclear de-excitation contributions. A 
possible cause b f  this excess is due to Compton photons generated 
by 2.223 MeV y-ray scattering in the photosphere. Recent analysis 
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2.22 MeV flux 
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Fig. 5. Time history of the 2.223-MeV y-ray line flux during the 3 June 
1982 flare. The thin-line histogram, with 1 u error bars, shows the observed 
counts in the line in 16-s time bins of the SMM GRS. The darker line 
histogram shows the best fit predcted time history for a single exponential 
decay with a model of neutron production which is proportional to the 
observed flux of prompt nuclear y-rays in the 4.1- to 6.4-MeV GRS energy 
band [after Prince et a l .  (29)l. 

(31) has shown that the ratio of the intensity of the photospheric 
Compton continuum to the intensity of the neutron capture line can 
be used to determine the degree of beaming of the primary neutrons 
into the photosphere. 

Temporal characteristics of y-ray events. A comparison of flare 
emission time histories at different energies could reveal salient 
properties of the particle acceleration mechanisms. The SMM GRS 
y-ray observations show that the range of event durations runs from 
- 10 s to over 20 min. Most events include several emission pulses, 
which can be as short as 10 s or as long as 2 min in an event of -20- 
min duration (17). The shortest pulses are similar to the reported 
"elementary flare bursts" (EFBs) in hard x-rays < 100 keV (32), 
with widths varying between 4 2 1 s and 24 +- 5 s for different 
flares. At lower photon energies (<270 keV), structure is observed 
down to -0.1 s within longer (-2 s) bursts (33). In a study of 
several SMM GRS events (34), it was found that the time of the 
maximum count rate in an individual burst in the 4.1 to 6.4 MeV 
energy band occurred between 2 s and 45 s later than the corre- 
sponding maximum for the hard x-rays >270 keV, with the 
retardation observed to be proportional to the pulse rise time. 

Simultaneous peaking of low-energy (>lo0 keV) and high- 
energy ( > l o  MeV) photons is also observed, limited only by the 
GRS time resolution. Figure 6 shows the count rates for a flare with 
several pulses of photons extending from 40 keV to 25 MeV, all 
occurring within a time interval of 2 min. At -1249 UT, photons 
having energies <300 keV were strongly attenuated by the atmo- 
sphere, since SMM was just entering sunlight. The peak intensities 
for the third impulse at -1250 UT occur simultaneously at all 
photon energies to within -21 s. This means that either the 
particles producing the energetic photon emission up to >25 MeV 
were injected into and interacted with the target medium at the same 
time ( 5 1  s), or else they were produced (accelerated) in the target 
medium at the same time (35). 

Electron-dominated events. During sunspot cycle 21, it was already 
evident (36) that the intensity of the photon emission in the MeV 
region due to electron bremsstrahlung is highly variable compared 
to the nuclear line intensity. Thus, in a few intense events nuclear 
line emission is relatively weak. An outstanding example of this was 
recently reported (37), in a study of the series of intense flares which 
erupted during March 1989. Figure 7 shows a portion of the time 

history, for several energy bands, for the 6 March 1989 event, which 
began at -1357 UT. During Interval 1 (1357: 12 to 1358:50 UT) 
and Interval 2 (1359:23 to 1359:39 UT), intense emission oc- 
curred extending above 40 MeV. Analysis of the energy spectra in 
these intervals indicates a strong continuum from x-ray energies to 
60 MeV, with a rapid falloff above this energy and, most important- 
ly, only weak nuclear line emission. The spectra are uniquely 
different from the "so-called" y-ray line events that characterized the 
majority of the flares seen by the GRS in cycle 22, and one might 
interpret these observations as indicative of electron acceleration 
being more efficient than ion acceleration. It should be noted, 
however, that the photons are secondary radiations, and transport of 
electrons and ions to the target regions may be a major factor in 
determining relative photon intensities at a given time. In any case, 
the most straightforward interpretation of the predominantly con- 
tinuous spectrum in the two intervals mentioned is bremsstrahlung 
from a nearly monoenergetic beam of electrons (37). About 40 min 
after initiation of this event, nuclear line emission becomes relatively 
more intense. 

Solar energetic particles (SEPs). The first observed ground-level 
increases (GLE) in cosmic-ray intensity monitors, associated with 
solar flares, occurred in 1942 and 1946 (38). By using Earth's 
magnetic field as a momentum analyzer, it has been established that 
the high-energy protons reaching the Earth have had energies in 
excess of 20 GeV (2, 39'). However. the observations cannot , .  , 
precisely determine the time of acceleration of the particles at the 
Sun, because of uncertainties of their actual trajectories in the 
interplanetary magnetic fields. 

~ h e s e  pioneer&g observations were followed by others utilizing 
secondary neutron monitors, balloon-borne charged particle detec- 
tors, riometers (relative ionospheric opacity meters), and more 
recently, particle detectors on spacecraft near Earth (such as IMP 

1 10-25 MeV j 

Time (UT) 

Fig. 6. The time history of photon emissions from 40 keV to -25 MeV is 
shown for the flare on 8 February 1982, which occurred before 1249 UT. 
Early in the flare, low-energy photons <300 keV are occulted by Earth's 
aunosphere. The times of the peak intensity for the pulse at -1250 UT are 
the same to within 2 s for all photon energies. Errors bars are 1 u based on 
count statistics only [after Chupp et a l .  (32)l. 
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and ISEE-3) and closer to the sun (Helios 1 and 2). The particle average electron/proton ratio was considerably larger (> 10) for 
detectors on spacecraft typically record the fluxes of ions with those in the "impulsive class" than for those in the "gradual class." 
energies up to a few hundrkd M ~ V  per nucleon and electrons with 
energies to a few tens of MeV. These observations have dramatically 
increased the data base available, because low-energy ions produced 
by the Sun (only detectable in space) are observed several times per 
month, near the sunspot maximum, whereas the relativistic particles, 
which signal their arrival by an increased count rate in the ground- 
level cosmic ray monitors, occur infrequently, approximately every 4 
years. In cases when a specific particle increase in space can be 
associated with a particular solar flare, the number of particles 
emitted by the flare can be estimated by means of an argument from 
simple diffusion theory. Here it is assumed that the peak intensity of 
a particle event is a direct measure of the number of particles injected 
into a magnetic trapping volume-this procedure is called the time 
of maximum (TOM) method (40). If all SEPs were from the same 
population of accelerated ions which produced the y-ray emission 
one would expect a close correlation of the peak SEP intensities with 
the fluence of nuclear y rays. Such a correlation has not been found 
(7), which implies that either the TOM technique is not universally 
valid, or that the y-ray producing particles and the SEPs come from 
two different processes. 

A comparison (41) of electron observations at 1 AU on (ISEE) 
and on the Helios spacecraft at 0.5 AU suggest that electrons arrive 
at Helios without scattering, while the electrons which are observed 
at ISEE have undergone diffusion. In a related study (42), five 
events showed that electron injection occurred simultaneously with 
particle acceleration as indicated by the initiation of radio bursts. 
Thus, it is clear that more SEP observations closer to the Sun will be 
needed to precisely determine the initial flare properties of the SEPs, 
particularly their time of production. The observations of 200-MeV 
protons by detectors on Helios (40) have also shown a striking 
correlation with the y-ray observations for the 3 June 1982 event. 
Because of the fortuitous location of Helios and the flare on the east 
side of the Sun, SEP propagation to the Helios spacecraft was very 
direct, and there is a strong indication that both the SEP and the y- 
ray producing protons were accelerated at the same time (40)! 

Available SEP data suggest that there may be (at least) two 
processes responsible for their production at the Sun. When the SEP 
events were divided into two classes, according to their soft x-ray 
duration (43) (impulsive or gradual), it was found (44) that the 

Also, the time sckes of the SEP events in the "impulsive class" were 
shorter than for those in the "gradual class." I t  was also found (45) 
that the electron rigidity spectra for SEPs divide into two classes 
consistent with the impulsive and gradual classifications just men- 
tioned (44). The electron events corresponding to the impulsive 
class had spectra that are harder at high rigidities (> 1 MV) and also 
have y-ray line emission (46). Electron events which fit the impul- 
sive class and were observed between 1980 and 1982 all had higher 
3 H e / 4 ~ e  values and were SMM GRS flares (47). 

It is of particular interest that events in the impulsive class have 
enhanced abundances of 3 ~ e / 4 ~  and sometimes heavy elements 
such as Fe/O (16, 21) over the "normal" coronal abundances. These 
correlations are not always seen on an event-by-event basis, howev- 
er, and it seems possible that the temperature in the acceleration 
region which controls the degree of ionization of the ions, and 
hence their gyrofrequency,' may be responsible for the lack of a 
perfect correlation (21). 

Acceleration Mechanisms 
Our knowledge of the characteristics of the particles accelerated in 

flares has increased dramatically in the past 10 years, but further 
refinements are needed in order to locate the regions where particle 
acceleration and interactions occur. It is expected that in the future, 
high-spatial resolution observations by the Orbiting Solar Labora- 
tory (OSL) at optical to soft x-ray wavelengths and corresponding 
high-energy resolution observations of the energetic neutral y-ray 
and neutron emissions will make a qualitative advance in resolving 
the flare problem. Until we have this vital new information, we must 
be content to investigate the applicability of all the known accelera- 
tion processes. 

These may be categorized as follows: (i) First-order Fermi or 
diffusive shock acceleration, (ii) second-order Fermi or diffusion in 
momentum space, and (iii) coherent processes involving electric 
fields generated by a variety of plasma processes. Before discussing 
these mechanisms, it must be realized that the acceleration must take 
place in a geometry containing strong (100 to 1000 G) magnetic 
fields in open or closed configurations and that the transport of 

Time (UT) 

Fig. 7. A partial time history of photon emissions 
in several energy channels for the cycle 22 flare on 
6 March 1989 which was initiated in hard x-rays 
at -1357 UT. In the time intervals 1357:12 to 
1358:50 UT and 1359:23 to 1359:39 UT the 
photon spectra are dominated by primary electron 
bremsstrahlung. The total duration ,of the event 
seen by the SMM GRS was over 1 hour. [Figure 
courtesy of E. Rieger and H. Marschhauser, Max 
Planck Institute of Extraterrestrial Physics (37)] 
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particles during and after acceleration plays a vital role. For example, 
the gyroradius of a 10-MeV electron in a 500-Gauss field is -0.7 m 
and for a GeV proton it is -57 m, so the particle trajectories follow 
closely the magnetic field topology. In either case, this size scale is 
far below that discernable with the best optical telescopes (1 arc sec 
-750 km), and there may be transient structures in the magnetic 
field of such small scale size. The importance of the geometry can 
also be appreciated by considering the escape time of an ion from a 
flare loop due to curvature drift which, for typical loop con- 
ditions, can be estimated (48) as >2 hours for a 10-MeV electron 
and >2  min for a 1-GeV proton, depending on the pitch angle of 
the particles. 

I do not intend to give an exhaustive review of the vast literature 
in solar flare particle acceleration but rather to describe, briefly, 
those mechan&ms that seem to show the most applicability to the 
current problem. Any attempt to determine which acceleration 
mechanisms will explain the observational data must consider the 
following facts: 

1) 1on and electron acceleration is observed frequently in flares 
(17), but the electron-to-ion ratio is highly variable. 

2) Relativistic electrons (100 MeV) and ions (GeV) can be 
accelerated together in time scales <16 s (22). 

3) In at least one intense y-ray event, ions of GeV energy were 
apparently continually produced or released from storage for greater 
than 20 rnin, but without corresponding precipitation of relativistic 
electrons (y > 20) (24). 

4) The interaction region for accelerated ions producing y-rays is 
more characteristic of normal coronal rather than photospheric 
abundances (16) and must have a density n 2 10" cm-3 (19). 

5) Electron-dominated events can occir due to transient accelera- 
tion of electrons with energies >10 MeV in <2 s (37). 

6)  There is an apparent poor correlation of the number of ions 
which produce y-rays with the number of SEPs released into the 
interplanetary medium (7). 

7) Strong evidence exists for two classes of SEP events. One class 
includes events which are impulsive in time, have y-ray line emis- 
sion, larger-than-normal 3 ~ e / 4 ~ e ,  elp, and a/p ratios, are usually 
rich in MeV electrons, and have enhanced heavy-nuclide abundances 
(2 > 8). The second class of events has abundances very similar to 
those of the ambient corona (16, 21). 

Shock dvift and jivst-ordev Fermi  accelevation. Solar flare particle 
acceleration by shocks has been extensively studied (49). If a fast- 
mode magnetohydrodynamic (MHD) shock v, >> c, is formed 
during or after the initial flare energy release, acceleration can take 
place by one of two means. Here v, and c, are the shock velocity and 
sound velocity, respectively. 

In one case, if no wave activity exists upstream or downstream of 
the shock (a highly idealized situation), then a particle with initial 
energy Eo can be trapped in the shock and be accelerated as it drifts 
along the induced convection field E = -v, x B, where B is the 
magnetic field. This "shock drift" mechanism can give a rapid energy 
gain to only a few times the injection energy Eo for quasiperpendicu- 
lar shocks, where the local magnetic field is more or less perpendicu- 
lar to the shock velocity vector (50). A detailed analysis (51) 
indicates that nonrelativistic particles can achieve an energy of 
13 x Eo and ultra relativistic particles an energy 7Eo. 

The second, more promising, case of shock acceleration arises if 
there is upstream and downstream turbulence, so that the particles 
crossing the shock can scatter back and forth, be trapped in the 
shock, and are accelerated in each cycle as they cross the front. The 
fractional energy gain in this process is ~v , I c  and is therefore called 
first-order Fermi or diffusive shock acceleration. This mechanism is 
well developed theoretically since shock-accelerated particles are 
commonly observed, in situ, in interplanetary solar flare shocks and 

planetary bow shocks (1, 50, 52). The acceleration time for ions in a 
flare-generated quasi-parallel shock can be very fast (-1 s) (49), if it 
is assumed that the ions are injected into a preexisting shock. 
Acceleration of electrons, however, requires very high injection 
energies (-100 keV) (49), so this mechanism alone cannot explain 
all the flare emissions. The diffisive shock acceleration mechanism is 
very attractive; however, in order to explain the neutral flare 
emissions the shock must be fully developed and efficiently acceler- 
ate ions at the flare energy release site (53), in subsecond time scales, 
which is necessary to explain much of the neutral flare emission. 

Second-ovder Fermi  ov stochastic acceleration. In the classic Fermi 
process (54), where ions collide with randomly moving magnetic 
clouds, the fractional energy gain per collision is proportional to the 
average square of the velocity, 6v2, of the clouds (55), hence the 
connotation "second-order" Fermi. Detailed general treatments (55) 
describe the acceleration as difusion in momentum space. This 
model has received considerable attention in the solar flare case since 
it can be expected that a turbulent medium must surely be present in 
the aftermath of a flare. Solution of a Fokker-Planck equation in 
momentum space, assuming an energy-independent (constant) 
mean free path, A, between scatterings, and containment time T 
(56), give a two-parameter solution for the accelerated ion energy 
spectrum that fits many of the SEP spectra observed in space. The 
two parameters are the acceleration efficiency a = (SV~IAC) and the 
containment time T. These may be adjusted to give ion spectra 
which can explain the observed y-ray and neutron spectra. 

Further refinements (57) have postulated for ion acceleration, 
gyroresonant scattering with a Kolmogorov spectrum of stochastic 
MHD waves. In this model the flare is assumed to occur (with the 
desired spectrum of turbulence) in a magnetic loop whose ends are 
tied to the photosphere, and the Fokker-Planck equation is solved 
numerically for the time-dependent accelerated ion spectrum. Accel- 
erated particles whose pitch-angles end up in the loss cone will 
precipitate into the photosphere, giving a time-dependent burst of 
neutral radiation. The acceleration of electrons is accomplished by 
resonant scattering with whistler waves (57). Such a model can 
conceivably explain the rise time of short impulsive y-ray bursts if 
the turbulence is assumed to have the right time dependence. The 
decline of the y-ray burst in this case must be controlled by transport 
of the precipitating ions and electrons (58). The essential condition 
that must be satisfied for stochastic mechanisms to be applicable for 
fast solar flares is the rapid development of a physically plausible 
spectrum of turbulence. The dependence of the acceleration efficien- 
cy, a ,  on the turbulence spectrum and particle energy has been 
recently considered (59). However, the physical basis of an energy- 
independent containment time, T, used in the work to date has not 
been discussed. 

Direct electvicjield and other coherent mechanisms. One of the earliest 
mechanisms proposed for the acceleration of flare particles is a 
transient electric field which would accelerate electrons and ions in 
opposite directions (60). Indeed, the existence of impulsive bursts of 
electron-dominated events, described above (37), suggests that a 
nearly monoenergetic beam of electrons directed into the solar 
atmosphere could explain the hard y-ray bursts shown in Fig. 7. 
These observations imply that a transient electric field E, of scale 
length d, provides a potential drop d.E - 100 M V ,  which must be 
maintained for time periods ranging from a few seconds to 30 s. 

A recent review (61) of solar flare particle acceleration classifies all 
mechanisms which involve generation of an electric field as coherent 
processes. For example, electric fields can be produced in a current 
sheet, perpendicular to the magnetic field, giving an electric.field 
E o  = nJ0& (61). Also an electric field E = -v x B can be induced 
as a result of the flow velocity v of material outside the current sheet. 
Numerous schemes to accelerate particles during magnetic recon- 
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nection have been studied in detail and discussed in several reviews 
[see (50, 61, 62)]. The possibility of particle acceleration when the 
electric field or currents are parallel to the magnetic field have also 
been considered (63). It is noteworthy that magnetic reconnection 
in the Earth's magnetopause does actually occur (64) and during the 
magnetic substorm, ions (and electrons) are impulsively accelerated, 
to energies of 1 MeV or more (65). The similarity of auroral particle 
acceleration to the solar flare case has suggested to several authors 
(66, 67) that the same acceleration mechanisms may explain both 
phenomena. An application of reconnection theory in a specific loop 
coalescence model of solar flares has been compared to the y-ray 
observations in several solar flares (68) with generally good agree- 
ment. 

Short spikes (< lo0  ms) of decimetric radio emission are some- 
times seen in association with groups of metric Type I11 radio bursts 
and are closely associated in time with (>30 keV) hard x-ray bursts 
(62). The radio spikes are narrow band (3 to 10) MHz, at 500 MHz 
and have an estimated source size of < lo0  km, with a brightness 
temperature of -loi5 K implying a coherent radiation mechanism 
(62). The possibility that these narrow band electromagnetic waves 
could also accelerate electrons in the ambient plasma has been 
investigated recently (69) and may be an effective way of transferring 
energy from inside closed loops to external plasma electrons. 

Conclusions 
It is gratifying that there have been considerable advances in the 

experimental and theoretical understanding of the various possible 
mechanisms that can accelerate solar flares. It is hoped that in the 
hture more refined high-resolution observations will be made of 
solar active regions in the optical and soft x-ray energy bands. 
Coordinated vector magnetic field measurements during flares and 
improved observations of the energetic solar neutral emissions with 
high-energy and spatial resolution will provide knowledge of the 
parameters needed by theory to evaluate specific flare models. It 
seems likely that more than one acceleration mechanism may be 
necessary to explain all observations. 
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