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4.1 INTRODUCTION

Energetic solar particles, broadly defined as particles of
energies greater than about 10 keV, are a very important constituent
of solar flares: Energetic particle production seems to‘be intimately
related to the flare mechanism itself, and, moreover, the interactions
of the energetic particles with the solar atmosphere appear to be
respoﬁsiblé for" a great variety of flare phenomena.

The most direct observational evidence for the acceleration of
particles at the Sun consists of radio emission produced by fast electrons
interacting with the solar plasma and magnetic fields (Wild et al. 1963), X-ray
emission from the bremsstrahlung of energetic electrons (Peterson and Winckler :
Kane 1971), gamma-ray line .and continuum emission due t¢ nuclear interactions o

_energetic ions and the bremsstrahlung of relativistic electroms (Chupp et al.
1973, Ramaty et al. 1973), and direct spacecraft and ground-based observa-
tions of energetic electrons and ions which escape from the Sun (McCracken
and Rao 1970, Lin 1974, Simnett 1974, McDonmald, Fichtel and Fisk 1974).
Other emissions such as white light continuum and impulsive EUV bursts, not
directly attributable to energetic particles, also appear to be good indi-
cators of particle acceleration (e.g. Svestka 1976).

Tn examining the problem of energetic particles in flares, the
most striking result is the great variety of accelerated particle populations
that the flare is capable of producing. The most dominant population, at
least from the point of view of energetics, consists of electrons in the
energy range from about 10 to 100 keV. Information on these elgctrons,

at or close to the flare site, is derived mainly from hard X-ray observations.



The first measurement of solar flare hard X-rays (Peterson and
Wincklex 1959) was followed by many more from rdﬁkets, ballcon gondolas,
and spacecraft (notably the 0S0 and 0GO series). Though a clean measure-
ment of a steep photon spectrum over a wide energy interval is difficult,
many reliable solar flare hard X-ray spectra and their time histories are
available (Kane and Anderson 1970, Frost and Dennis 1971, McKenzie, Datlowe
and Peterson 1973, Datlowe, Hudson and Peterson 1974, Datlowe, Elcan and Hudson
1974, Hoyng, Brown and Van Beek 1976).

The results are that above a lower limit roughly around 10 keV
the photon spectrum is compatible with a power law spectrum. But above
about 70 KeV the spectrum frequently steepens, so that an exponential form can
also fit the data (Chubb 1970, Milkey 1971, Brown 1974; Crannell et al.
1978, Elcan 1978). The X-ray emission can be highly time
variable, with spikes in the time profile of only a few seconds duration.

The emission lasts for agbout 10 to 100 seconds, and in exceptional cases
it may last for as long as 1000 seconds.

It is widely accepted that the radiation mechanism for producing
hard X rays is bremsstrahlung from fast (10 to 100 keV) electrons. Two
limiting cases exist regarding the nature of these electrons. They could
belong to a nonthermal population whose number density is much lower than that
afi:the ! | relatively cool ambient medium with which it interacts, or they
could form a qﬁasithermal hot plasma. In the former case, the ratio of
the bremsstrahlung yield (due to electron—ambient ion collisions) to
nonradiative collisional losses (due to electron—-ambient electron collisions)

> at 25 keV); this would imply that hard X-ray production

is very small (~ 10~
in flares should be accompanied by the deposition of large amount of enexgy

into the solar atmosphere. The quasithermal case, on the other hand, allows

the production of hard X rays with less energy loss to the solar atmosphere,



although, as we shall discuss in detail in Section 4.2, the gain in
efficiency is not larger than about a factor of 20 relative to the
nonthermal case.

The X-ray production models can also be distinguished by the fate
of the electrons after X-ray producéion. In the thick targef model
(Brown 1971, 1972; Hudson 1972; Brown and McClymont 1975) the electroms
stop in the solar atmosphere and lose all their energy there, while in
the thin target case (Datlowe and Lin 1973} the electrons escape from
the Sun without much energy loss. Clearly, the ratio be;ween the
bremsstrahlung yield and the total energy contained in the 10 to 100 keV
electrons is lower for a thin target than for a thick target.

Even though a thick target model only requires that the 10 to 100 keV
electrons lose their energy at the Sun, for example in a magnetic trap,
thick target models with downward beaming inteo the dense chromosphere
were proposed (Sweet 1969, Sturrock 1974). The inferred beam strength can

36 clectrons s™. TFor any reasonable beam area, the energy

be as high as 10
’in the self magpetic Eield of such a beam is orders of magnitude above the
total beam kinetic energy and the total flare energy. This argument has
been used against beam models {Colgate, Audouze and Fowler 1977, Colgate
1978). However, other authors have pointed out that it underlines the need

for a reverse current {Hoyng, Brown and Van Beek }976, Brown and Melrose
l§77, Héﬁng 1977a, Knight and Sturrock 1977). We treat the existence and
consequences of reverse currents in Section 4.3, and point out the conflict
between the presence of a reverse current and simultaneously an induction
electric field. A specific consequence of a reverse current in certain
circumstances is the rapid heating of the coronal plasma which will have a
specific soft X-ray spectroscopic signature. This is treated in Section 4.4.

In addition to the production of hard X rays, the acceleration of
the 10 to 100 keV electrons is manifest (e.g. Lin 1974) in the simultan-

eous occurrence of impulsive microwave and fast drift type IIT radio



bursts with the impulsive hard X rays. In many cases the same energy electrons
ae%mwﬁaﬂﬁUmmZOMmméhmr@&mmntmewle As
discussed above, the energy contained in the 10 to 100 keV electrons may
comprise & substantial fraction of the total energy of the flare. The
acceleration mechanism responsible for the production of the 10 to 100 keVv
electrons, therefore, is likely to be catastrophic, involving the rapid
conversion of magnetic into kipetic energy. We shall refer to such mechanisms
as first phase acceleration, and we shall discuss them in

Section 4.5.

In addition to the 10 to 100 keV electron component, solar flares
also accelerate higher energy electrons which produce radio emission at
various wavelengths as well as gamma-ray continuum emission. The first
evidence that not all electrons can be accelerated by a single mechanism
came from radio observations (Wild et al, 1963). A detailed discussion on
the‘radio evidence on particle distribution functions in the coromz following
flares is given in Section 4.6.

The properties of.energetic particles in flares can also be
studied by directly observing the particles in space. Energetic ions from
just below an MeV to energies of severai GeV and electrons from tens of
keV to ultrarelativistic energies have been observed (e.g. McDonald et al. 1974).
These observations reveal complex spatial and téﬁporal characteristics,
many of which result from coronal and interplanetary propagation effects.

In Section 4.7, we emphasize those aspects of energetic particle observations
which could have a direct implication on particle acceleration in flares.
These are the energy spectra of protons and electrons, the proton-to-electron

3He enrichments. We also provide some discussion of

ratio, and the dramatic
the phenomenon of enrichments of heavy nuclei, since these appear to be

closely related to events enriched in 3He. A detailed discussion of heavy nuclei



enrichments, however, even though very .important for the flare acceleration
process, was not uhdertaken at the workshop.

Gamma-ray lines are the direct signature of nuclear reactions in
solar flares, énd these are believed to result from the interactions of
energetic protons and nuclei with the ambient solar atmosphere., Continuum
emission in the gamma-ray band is a superposition of relativistic electron
bremsstrahlung, and Doppler and instrumentally broadened nuclear lines.
Solar gamma-ray observations are therefore probing energetic particles
in the flare region at energies in excess of zeveral MeV for protons and
nuclei, and above hundreds of keV for electrons. The gamma-ray cobservations
and their theoreticai interpretation can give a direct measure of the
acceleration time of the nuclei and high energy electrouns, can determine
the ratio of protons to electrons ﬁhiéh can then be compared to the observed
ratio of these particles in the interplanetary medium, and can place important
constraints on the energy content in protons and nuclei, Gamma-ray
observations could also provide information on abundances, in particular
those of C, 0, Mg, Si and Fe. In.Section 4.8 we treaé the production
mechanisms of gamma rays in flares, and the information derived from their
observations and analysis.,

In addition to emissions whose association with accelerated particles
is clear and unmistakable (e.g. nuclear gamma rays, hard X rays, radio bursts,
and, of course the direct detection of energetic ions and electrons), there
are other emissions that mimic the time history of these above so closely that

their direct association with energetic particles is unescapable. Two such



flare-associated phenomena that show promise of setting direct, strong,
constraints on the flux, spectrum and place of acceleration of the energetic
protons during the impulsive phase are the white-light flare and the non-
thermal wings of the hydrogen Lyman-Alpha line. The former may yield
information on the downward flux of protons above 20 Mev or electrons above
.10 keV, while the latter may provide information on the flux of protons below
1 MeV. These phenomena are discussed in Section 4.9.

As we have already pointed out above, an eéamination of the radio,
X-ray, gamma-ray and particle signatures for solar flares indicates that
at least two distinct phases of acceleration can be distinguished in terms
of their temporal behavior, the type and energy of the particles accelerated,
and the likely acceleration mechanism. The first phase consists of the
aceeleration of electrons to energies of about 10 to 100 keV, and mechanisms
for accelerating these electrons are discussed in Section 4.5. In some large
flares a distinct second phase of acceleration lasting for ~ 10 minutes
follows the first phase, This is characterized by the acceleration of
ions to energles » 10 MeV and electrons to relativistic (& 0.5 MeV) energies.
Both ions and electrons are directly observed in the interplanetary medium;
in addition, the electrons generate detectable synchrotron radio and brems;
strahlung X—ray emissions, and tfieprotons produce gamma-ray line emission.
The radio, hard X-ray, and gamma-ray observations all indicate that the
particles accelerated in this second phase acceleration rise to their
maximum intensity slhower than do those accelerated in the first phase
(Wild et al. 1963, Frost and Dennis 1971, Bai and Ramaty 1976). The
interplanetary particle observations also show that the ioms and relativistic
electrons are likely to have been released a few minutes later than the
electrons accelerated in the first phase (Lin 1970, Sullivan 1970, Simmett

1974). There appears to be a close association of this acceleration stage



with the passage of a shock wave through the solar atmosphere, as evidenced
by type II and other radio emissions (McLean et al, 1971) and inéerplanetary
shock observations, indicating that a stochastic, Fermi-type acceleration
process may be operating. Second phase acceleration is discussed in Section
4.10.

A summary of the material presented in this Chapter is given in
Section 4.11. There we also indicate the contributions of Team members to
the various sections, as well as the contributions of other individuals to

this Chapter.



4.2 ENERGY CONTAINED IN THE 10-100 keV ELECTRONS

The 10-100 keV electron population which occurs.in most solar flares
may contain a significant,or possibly large fraction of the solar flare
eneré&. As discussed in §4.1, this result follows from tﬁé assumption
that the hard X-rays are produced by nonthermal electrons interacting
with a relatively cool ambient medium. In this section we consider the
observational Timits on the hard X-ray producing electrons and a quasi-
thermal model for hard X-ray emission in which the efficiency (the ratio
of the bremsstrahlung yield to the nonradiative energy loss rate) is

maximized under veasonably realistic conditions.

-

4.2.1. OBSERVATIONAL LIMITS ON THE ENERGY OF THE HARD X-RAY PRODUCING -
ELECTRONS

We considef‘the energy and number of electrons in the 10-~100 keV range
derived from observations. At these energies only bremsstrahlung due to
electron-proton collisions is important. We consider two models. The
first is a thick target model in which an observed X-ray flux I(g) = af 7Y,
where E is the photon energy, is due to an influx F of fast electrons
with energies above E% inéo the target which results in an energy deposi-
tion rate P as shown in’Table 4.2.1. Formulas for F and P are given in Hoyng
et al. (1976). The model independent emission ﬁeasure which follows
directly from a and v is Y. The second model we consider is a thermal
model for which the energy deposition rate is Pth in Table 4.2.1. This
model is 100% efficient with all of the energy supplied going into hard
X rays. The large difference between P and Pth indicates the possible_

advantages which might be obtained with a thermal model, but the difference

is unrealistically Targe because any thermal model must expand. In the
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next subsection we consider this expansjon and place more realistic bounds
on the reduction in energy deposition rate for a thermal model as compared
to a thick target model. Any thin target model is Tess efficient than

a thick target model.

4,2.2. . A QUASI-THERMAL HARD X-RAY MODEL

We consider as a model a symmetric initially constant density magnetic
arch- of Jength 10,000 km in which the e1e;trons_0f a 2000 km section at
the top are rapidiy energized in bulk (see §4.5) to an effective temperature

of 4 x 108 °

K. The model is termed quasi-thermal because the electron and
ion temperatures are unequal and the electron and ion velocity distributions
are not necessarily Maxwellian. The possibility that the X-ray emission
above 10 keV could be due to a multi-temperature thermal source was
pointed out by Chubb (1970} and made quantitative by Brown (1974) who
showed that any X-ray spectrum can be reproduced by a suitable distribution
of thermal sources. Common objections to a quasi-thermal source are
reviewed in Smith and Lilliequist (1978) where a more compiete analysis
of this model can be found. There it is concluded that there is no
reason in principle’why a quasi-thermal source could not work although
it remains to be shown in detail that it will work. The model examined
here is by no means complete in this sense and relations to other phenomena
such as microwave bursts are not considered. Rather, it is meant to be
an exploratory case in which dynamics are taken into account to see if
more involved modeling would be justified. -

For example, it might be thought that the efficiency € of a thermal

. model could be evaluated from the formula

jBTX
=3
?nKT

£ (4.2.1)

e
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where jB is the bremsstrahlung volume emissivity, Ty is the duration of

the hard X-ray emission, n is the density and Te is the electron temperature,
Eq. (4.2.1) gives the ratio of the energy in hard X-rays per unit volume
emitted to the energy per unit volume put in when a region of the solar atmospher
is instantaneously heated. However, this assumes no more energy is put into
the source after the initial instantaneous heating and the X-ray spectrum is
continucusly changing in time as fhe source expands and cocls, This is in
contrast to what was determined observationally in Section 4.2.1 which is

the instantaneous energy deposition rate required to produce an observed
emission measure in hard X-rays above 25 keV. C(Clearly, in contrast to Eq.
(4.2.1), an instantaneous efficiency is required which we define as

2

e=_2 (4.2.2)
NR

-

where LNR is the nonradiative loss rate per unit volume required to maintain

the source emitting at the rate jB. o

When the electrons at the top of an arch are heated to Te =4 x 108 oK,

a conduction front moves down the arch with a characteristic velocity

limited by ion-acoustic instability of

m.- L Te 3/2 0.5T /T, + 1.5
v =¢ + (¢ —v.,) E—q {_;] exp [ - e 1 ] , €4.2.3)
o s s 1 m Ti 1.25

where c = (kTe/mi>% is the sound speed and v, = (kTi/m.i)l/2 is the ion thermal
velocity. 1In the idealized case that the electrons are heated instantanecusly
we can solve for the expansion of the source along the magnetic field
analytically since the jons remain cold on the time scale of the expansion

and the second term on the right hand side of Eq. (4.2.3)
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is negligibly smali. Because the arch is symmetric, the calculation can
be restricted to a 5000 km half of the arch. Suppose that there is some

cooling during the expansion so that when the conduction front reaches

2(t) = 4000 km from the top of the arch, the temperature Te = 108 O
and the average temperature during expansion Té =2 X 108 °k. The rate
energy must be supplied per unit area of the arch cross,section is
Lpl(t) = 3SnKTv. =30 Kre ' {(4.2.4)
NR 2 'eteo 2 ete’s e

which gives 2.3 x 1012 erg cm'z s™! for the above values. The bremsstrahlung

emissivity per unit area, with the average effective atomic number Z determined

from Tucker and Koren (1971), is

. _ 27 . %
jga(t) = 2.86 x 10 Te neniﬂ(t) (4.2.5)

8o

With T_ = 4 x 10° °K from 0 to 2180 kn and T, = 2 x 102 %k from 2180

km to 4000 km, the total bremsstrahlung emissivity is 1.8 x 109 erg (:m"2

1 4

s™*. Thus the efficiency (from Eq. (4.2.2)) is & = 7.8 x 107", which has a

n,T -1 dependence for Te >> Ti and an N dependence in all cases. A

ie
52.5 keV electron corresponding to an effective temperature of 4 x 10
5

8 oK

radiates with an efficiency of 2.3 x 107~ in a thick target so that our
idealized model is 34 times more efficient.

We can justify a one-dimensional model for the 2.2 s time it takes the
conduction front to move to the feet of the arch by noting that in a

turbulent plasma the perpendicular diffusion coefficient cannot exceed

the Bohm value

1-—a||—-

V|e pe = _I_Dd (4.2.6)

Ol %
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where V[e is perpendicular electron thermal velocity, Pa is the electron
gyroradius and le is the perpendicular diffusion velocity of electrons

in a temperature gradient of scale d. For T, = 4 x 108 °k and B = 800

P S |
G, Yle 7.8 x 107" cm s

s'l. The hot part of the arch must have a radius of at lTeast 10 km %o

and o, =0.56 cm Teading to blé $"2.é x 108 cn?
give a reasonable emission meﬁsure and the scale of the temperature gradi-
ent over which the temperature returns to a coronal value d > 0.1 km.
This leads to a maximum perpendicular diffusion velocity of 0.28 km
s'1 or to a maximum expansion of 0.62 km during the time of movement of
the conduction front. Considering the exploratory nature of this analysis,
this maximum ervor of ~7% is judged to be of little éignificance. On
Tonger time scales the perpendicular expansion must be considered.

A model witﬁ a realistic heating rate of about 10° erg em™3 571
was computed numerically using one-fluid two-temperature hydrodynamic equa-
tions which are given in Smith and Li]1iéquist (1978)." The results of this.
model show that the ions are heated to about 2 x 107 % in 0.74 s which

1 pehind the conduction front.

'gives rise to mass motions up to 410 km s~
The ion heat%ng also leads to a faster propagation speed for the front
which reaches 2430 km 19 0.74 s and neglect of perpendicular diffusion is
better jusfified. The efficiency (e = 4.3 X 10'4)f0r this model is 19
times greater than that of a 52.5 keV electron with the same n; depen-
dence as the analytic model. The decrease in efficiency of the numerical
model relative to the analytic model is due to a higher average Te and
the fact that 11% of the input energy goes iﬁto mass motions.

These results underline the possible advantages of a quasi#therhal hard

X-=ray source.
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4.3 ON THE EXISTENCE AND CONSEQUENCES OF REVERSE CURRENTS

If an electron beam is forced to pass through a plasma by a force other
and a uniform DC electric field, a reverse current can be gemnerated in the
plasma, such that the total current density vanishes, while the energy flux
density does not. This phenomenon is well established experimentally (Levine
et al. 1971, Klok et al, 1974) and theoretically (Cox and Bemnett 1970,

Hammer and Rostoker 1970, Chu and Rostoker 1973). A reverse Eurrent was -
already postulated in beams causing type III radio emission by Melrose (1970).

In the case of solar flares, when the emergent hard X-ray flux is caused
by bremsstrahlung possibly coming from a beam of fast electrons, the inferred
beam strength F could be as high as ~ 1036 electrons s—l, see Table 4.2.1,

The energy in the self magnetic field of such a beam [m(eF/c)2 % beam length]
is orders of magnitude above the total beam kinetic energy and the total flare
energy. This argument has been used against beam models (Colgate et al, 1977).
However, other authors have pointed out that it underlines the need for a

_ reverse current (Hoyng et al. 1976, Brown and Melrose 1977, Hoyng 1977a, aﬁd
Knight and Sturrock 1977). .

Beams of 10-100 keV electrons of the strength required by X-ray observations
can only exist if they are compensated. This can be achieved by the reverse
current, which allows a net beam energy transport at zero net particle transport.
On the other hand, this implies that the mechanism operative in the acceleration
region itself must be such that a reverse current can be set up. This places
restrictions on these regions, as discussed in Section 4.5. Possibilities for
the acceleration of 10-100 keV electrons are given in Section 4.5. The analysis

here is restricted to the problem of beam transport.
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k,3.1 Consegu=nces of a reverse current

The dynamics of an electron beam due to Goulomb and wave-electron inter-
actions with the background plasma has been studied extensively (see for
example ﬁoyng and Melrose 1977 and references thérein). The existence of the re-

verse current adds two new elements: (a). ~Stability of the reverse current requires

04T T~ T,
v_r/vt - 0.19 T, = 3T, (%.3.1)
0.063 Te = 10:13:.L

(Kindel and Kennel 1971), where v_ = (k.‘J'.‘e/m)l/2 is the electron thermal

t

velocity, v. is the reverse current drift velocity and T, j are the electron
2

and proton temperatures. (b). The electric field E that drives the re~

verse current (against ohmic, i.e. Coulomb losses), will decelerate the beam.

For a beam elactron with velocity v, this deceleration is smaller than that

due to Coulomb losses (collisions) if (Hoyng and Melrose 1977):

(v/v)% (v Iv) < 6.4 (4.3.2)
where

v ~ F/nA O (83.3)

r

F = fast electrom flux as inferreﬁ from hard X-rays (ﬁoyng et al. 1976), and
n , A = background density, beam area. Caution is needed with relation (%.3.3)
as it only holds under special conditions which are more fully discussed by
Hoyng et al. (1978) [ for example, since the hard X-ray flux is very insen-

sitive to the angular velocity distribution, the fast eleckrons may not be

streaming at.all and then v_ =< 0]. 1In principle, (4.3.3) expresses the
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requirement of zero total current.

RequiFements (4.3.1) and (4.3.2) are summarized in Figure 4.3.1 in a
diagnostic diagram. Application of this'diagram requires knowledge of v, (froé/
soft X-rays) assuming soft and hard X-ray -sources to be spatially coincident, .
beam flux F, area A and velocity distribution {(from ;patially resclved hard
X-ray observations), the density o (from line intensity ¥atios or non-

stationary ionization equilibria), and the proton temperature Ti (from

linewidths). At present, we have no information at all concerning the
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position of hard X-ray sources in Figure k.3.1, One may hope that the Solar
Maximum Mission will make the observations needed.

Out of the many pogsible scenarios, we just mention briefly two rather
inéeresting onés (éhe feadér is referred to Hoyng ;t ai. {1978) for a complete
discussionb:

(a). 1t may turn out that the ambient density m_ and/oxr the beam area A
are so small (small A means small hard X-ray image) that the position in
Figure 4.3.1 is far beyond vr/vt = 1, The reverse current is then always
unstable, The result is that the beam current is virtually isotropized, whict
decreases the actual value of v (but not F), and the band is moved to the
left;to a position of marginal stability, supposing T 6 =T, (Figure 4.3.1 at
¢ or d). The ¥esu1t could be a (partly) thermal X-ray source, which is
theoretically very attracéive, see Section k4,2.

(b). ‘Suppose a beam is initially at, say vr/vt = 0.1 and T = T,. The
beam is stable, but decelerated by the reverse current electric field Erev
ingtead of Coulomb collisions as usual. The possibility of this in the
context of solar flares was first pointed ocut by Knight and Sturrock (I97T).
X-rays will therefore emerge from a relatively low density plasma. However,
this situation will not last for very long, since the ambient electrons are
heated to, say, Te = lOTi. As a consequence, the later stages are collision-
dominated azd the "classical thick taxget analysis applies (Figﬁre 4.3.1 at

a and b}.

If impulsive hard X-ray bursts are produced by directed streams of non-

thermal electrons, reverse currents will develop such that the total curfent
dénsity is approximately zero. The examples discussed above illustrate that
these reverse currents can have important conseguences. The second of these
two possibilities is anaijzed more thoroughly in Section 4.4. Possible

-

acceleration mechanisms are discussed in greater detail in Section 4.5,
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4.4 THE RAPTD HEATING OF CORONAY, PTASMA DURING SOLAR FLARES:

NONEQUILIBRTUM TONLZATION DIAGNOSTICS

Observational and theoretical evidence suggests that hard X-ray emission
{10-100 keV) during solar flares may be accompamied by extremely rapid heating
of coromal plasma. If this hard X-ray emission is thermal electron-ion bremsstrahlung
(Section 4.2.2), then very hot plasma (kTe Y 50 keV) must be created in a very short tim
Alternativelﬁ, if the hard X-rays are non-thermal electron-ion bremsstrahlung
resulting from the streaming of energetic non-Maxwellian electrons from the
corona to the chromosphere, a reverse current is required to balance the beam current

(Section 4.3). This reverse current can lead to extremely rapid heating (Knight and

Sturrock 1977).

If the temperature of coromal electrons increases during flare hard X-ray
bursts on a time scale which is shorter than the characteristic icnization times
of plasma ions, a lack of equilibrium between ionization and recombination results
which can dramatically affect the emergent X-ray line spectrum (Shapiro and Moore

1977). The effect of non-equilibrium ionization of coronal
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flare plasma on selected X-ray line intensities has been illustrated by Kafatos
and Tucker {1972) and Mewe—and Schrijver {1975). Recently, the effect on the
complete Tine and continuum spectrum from 1 to 250 R has been calculated in
detail for-a model in which a magnetic Toop of preflare coranal plasma ini-
tially in jonization equilibrium at a typical quiet coronal temperature (n2 %

16° K) and at a density of between 10'? and 10! 3

is heated within a frac-
tion of a second to a temperature close to 108 K {Shapiro and Moore 1877}.
Among the non-equilibrium effects found for this model was a burst-like en-
hancement of the soft X-ray flux from the Toop. It was argued there that
such effects are 1ikely to be common to a fairly general class of scenarios
involving rapid coronal heating.

The magnitude of such soft X-ray enhancements as a function of wavelength
should reflect the particular-temperature té which the plasma electrons are
heated, while the decay time for the enhancements Should depend upon both the
temperature and the density after heating as reflected in the ionization
times of the line-emitters. This suggests that observations of such non-
equilibrium jonization effects may provide a useful diagnostic of the tempera-
ture and density of rapidly heated corornal flare plasma. Since the reverse
current mentioned above may.imply rapid heating, such effects may provide

ochservational confirmation of theoretical reverse current models, or at

least place constraints on them.



19

The rate for collisional excitation of the i to j transition of a positive
ion by Maxwellian electrons of temperature T and number density Ny» where i

is the ground level and j is the upper level, can be written as

_ -3 -1
necij = 1.70 x 10 neEij

fij §(Eij/kT)T"% exp(-Eij/kT) sec) >, (4.4.1)
where Eij is the energy difference (in eV) between the ground Tevel and level
js k is the Boltzmann censtant, fij is the absorption oscillator-strength, and
g is the integrated effective Gaunt factor (Van Regemorter 1962). We shall

be particularly interested here in situations in which Eij/kT is a small num-
ber. In that case, the Bethe approximation is valid and we can replace g by

the asymptotic form of the actual integrated Gaunt factor for high electron

energies. If we define y = Eij/kT, then this gives (for y < 0.07)

oly) = (/3/21)(~0.57722 - 1n y). 4. 2)

(cf. Van Regemorter 1962). For low electron energies {y > 1), on the other
hand, at Teast in the case of the optically allowed transitions in which we
are primarily interested, g can be taken as constant and roughly equal to 0.2
(Van Regemorter 1962).

The Tine emission rate for spontaneous radiative decay of the upper level
j into a level k subsequent to the collisional excitation described by equa-

tion {4.4.1) is given by
= -3 -1 .
Ajk = enHA(Z)yZ,ZEjkCiijk e¥em~s ', (4.4.3)

where ny is the -hydrogen number density, A(Z) is the abundance of element Z
relative to hydrdgen, yz,z is the fraction of atoms of atomic number Z which
are in the zth ionic stage, and Bjk is the branching ratio indicating the
fraction of decays of level j which end in level k. This ignores the typical-

Ty minor contributions to the 1line emission rates considered here from such
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things as cascades from upper-levels, dielectronic recombination, and the
collisional depopulation of nearby mestastable levels. The temperature de-
pendence of this Tine emission rate is then contained entirely in the product-
Y7,z ﬁ(y)T“% eY. ihat happens to the rate if T is instantaneously increased
by a factor a?

Since Y7,z is a quantity which varies on a time scale cqmparab]e to the
ionization time for that species, any increase in T which occurs faster than
this will Teave ¥7.2 unaffected. Accordingly, if we define B as the factor
of change in the line emission rate resuiting from the factor a increase in

T, then

8 = (Gly/a)/3(y) o”* o y(1/0-1) (4.4.4)

For small values of y/a, where y > 1, we can use equation (4.4.2) for g{y/«) and

replace g{y) by 0.2. 1In that case,

B = 1.38(=0.577 - In y + Tna) o % Y{1/0-1), . (4.4.5)

As an example, let y=1. Then for =10, g=1.8, and for =100, B=1.5. As we
shall see when we consider selected Tines, B can sometimes be quite large.

For a given y, B has a maximum as a function of « given by 8 = B(e

max max)"

where

% ax = 17y. (4:4.6)

When y=5.88, for example, ax=]00, and the corresponding 8__ =105!

®m max

Equation (4.4.5) suggests a_simple temperature diagnostic for the rapidly
heated coronal plasma: For a givgn initial. pre-flare (i.e. prior-to-heating),
coronal temperature. an X-rav Tine can be chosen which is fairly prominent in
the spectrum of the jonization eauiTipnjum at that T (using a tabulation such.
as that of Kato. 1976). A measurement of B at the time of heating then permits

the use of equation (4.4.5) to solve for o.and, hence, the post-heating -temperature, oT.
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At the wvery least, twp lines with different y-values must be
considered.since the existence of a maximum in é’as a function of
/

o implies that, in some neighborhood of X , & is a double-

max’
valued function of /

We present in Table: 4.4.1 a representgtive selection of thirteen lines suit-
abTe for measuring o as described above, for-the case in which the initial
electron temperature before heating is 3 x 106 K, a value typical of the
corona-above an active region (Noyes 1971). We have limited our selection to
optically allowed transitions, for which the density-dependent-effects de-
scribed, for instance, by Mewe and Schrijver (1975) do not occur Table 4.4.1

gives the enhancement factor 8 for these 11nes for a variety of temperature

increases. Results range from an enhancement factor of 133 for the Mg XI
Tine at 7.85 R for a=100 to a factor less than one for the Fe XQI line at
76.60 R for «=1000. The ease witﬁ thch these enhancement factors can be
measured depends on a varieﬁy of things including the duration of the enhance-
ments relative to instrumental timg resolution, instrumental waqe]ength.réson
lution and the confusion caused by nearﬁy lines, and the strengfh of the 1ine

re1a_t1ve to the contmuqm. Shapiro and Knight (1978) discuss the thermal

bremsstrahlung contimuum and. show how it may provide an independent

temperature diagnostic as well.

The time scales on which fhe non-equilibrium-enhanced X-ray Tines
decay are just the jonization times of the species responsible for the

lines; the lines disappear when the ionic stages which produce them are
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jonized away. This suggests an electron density diagnostic for the rapidly
heated coronal plasma as follows: The ionization time is a function of both
T and nei Once T is determined by the prescription gqiven above. however,
the ionization times determined from the line emission decay times are
just inversely proportional to the electron density.

The thermal electron collisional ionization time for an ion of

nuciear charge Z in the corona is given by Lotz (1968, 1969) as

1

-1.% 1 - -
o = 130t o]t (el (6 (r)-be YT Ep(ew) )T L (a.a)

c+yI

where y1 = IZ Z/kT, IZ 5 is the ionization potential in eV of one shell

of the zth

stage of element Z, and a, b, ¢, and £ are tabulated constants
{(where, in general, aa 5, 0<b<1,0<c<1,and1 <& < 10), and
where the summation is over all contributing n, 1 subshells. When ¥y is
small, we can ignore the second term inside the innermost parentheses in
equation {4.4.7) and replace ET(yI) by (-0.577 - 1n ¥ +1yI).

Table 4.4.2 shows -the collisional ionization times and, hence, the
expected line-enhancement decay times for the ions included in Table 4.4.2 for
the same selected temperature increases, using equation (4.7). These

3, a typical value for

times are normalized to the case of n, = 107w
the corona above an active region (Noyes 1971). The timescaie to produce a
maxwellian distribution may not, in fact, be short enough in some cases, to
justify our assumption of a well-defined electron temperature aftexr heating.
accommodated by interpreting okT as a characteristic mean energy of the

heated electrons. For instance, the ionization times given by equation

(4#.4.7) and shown in Table 4.4.2 are simply~uniformly 20% higher than would be

calculated for a monoenergetic distribution of electrons of energy E0

This can
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roughly equal to %okT. It should be noted that autoionization is important
for a few of the ions and, in a more accurate treatment, this would slightly
reduce the time' scales shown in Table 4.4.2 for these ions. Inasmuch as
Ty is just inversely proportional to ne, meaéuregent of the decay times
of the line enhancement; is much more sensitive a diagnostic of o than the
measurement discussed eéflier was of T,

¥n conclusion, we m;ntion another more commonly known temperature
diagnostic which, while not based upon a non-equilibrium effect, takes a
particularly simple form in the case discussed here. Using equations (4.4.1),
(4.4.2), and (4.4.3), and the fact that y/kT is small for the lines considered,
it can be shown-that the ratio of line intensities of a pair of lines

produced by the same ion gives the electron temperéture_T after heating

according to the equation

T = exp(((9.94 + In E))R - (9.94 + In E})C)/(R - ©) ), (4.4.8)

whetre C = (lelEZAZ)/(fZBZElll),

and where £ s and A are the oscillator strengths, branching

1,27 B1,20 E1 2 1,2
ratios, excitation energies (ev), and wavelengths, respectively, of the lines
and R is the measured ratio of line 1 and line 2. This diagnostic has the
particular virtue of allowing the "monitoring" of the electron temperature
both during and after the rapid heating, in the event that either the heating
is not much faster than characteristic ionization times or the temperature
continues to change rapidly even after the heating takes place. TFor details

on how electron beams and return currents can lead to rapid heating .see

Shapiro and Knight (1978).
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4.5 ACCELERATION. AND ENERGIZATION MECHANISMS FOR THE 10-100 keV ELECTRONS

The demands on %he acceleration mechanism for the 10-100 keV electrons
are not presently .completely clear and range from. supplying .a -direct £lux
of 1036 electrons s—l above 25 keV (Hoyng et al. 1976) to supflying 5 1034
electrons spl.above 25‘kev with a power-law distribution. (Lin 1974)." fhe
former requirement comes from the interpretation of hard X-ray bursts as
‘due to a nonthermal flux of éléctrons streaming into-a thick-target, whereas
the latter comes‘from electrons directly measured near the earth which thus
leads to an escape probability ~ 1% assuming that the electrons were
injected over the duration of the.flash phase and that the X-rays were
,produced by thick-target processes. The above numbers do not necessarily
refer to very large flares. It may also be possible to interpret the hard
X-rays as due to a quasi-thermal distribution of electrons (cf. Section 4.2),
in which case the nonthermal electron requirement from directly measured
electrons becomes applicable. Tn this case all of the electrons in a small
volume nust be heated to a temperature T, w4 x 108 K.by a process of bulk
energization., We can divide possible acceleration and energization processes
into.bﬁik energization, direct electric field‘acceleration; and . wave
acceleration which are interrelated and which will be considered in turn.
Second order'Fermi acceleration processes which are considered in §4.10

probably are not efficient enough to be of interest for the 10~100 keV .electrons.

4.5.1. BULK ENERGIZATION

The heating of the eléctrous and/or ions of the plasma by the conmversion
ﬁf stored magnetic energy into thermal energy is quite easy to obtain
and partictically unavoidable under solar conditions. The term

heating as used here is synonymous with bulk energization and is meant
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to imply an increase in the energy content of the nearly isotropic, but
not necessarily Maxwellian, eiectron velocity distribution.

Confirmation of this conclusion comes from both laboratory experi-
mgnts (Hirose and Skarsgard 1976) and numerical simulations (Boris
et al. 1970) of the effect -of applying a direct electric field to a
plasma as in Subsection 4.5.2. At first the electrons are freely
accelerated. However, as soon as a critical velocity is reached, an
instability occurs and waves are generated which transfer the directed
motion of the electrons into heat. When the plasma is heated suffi-
ciently, the criterion for instability is no longer satisfied, the
electrons are again freely accelerated until they reach a new critical
velocity and so on. Thus it is only possible to give the electrons a
directed velocity to the extent that the electrons are heated since
Vp = Yo ON the average, where Vg is the directed ve]oqjty and Vo is the
electron thermal velocity. This méans that 50-75% of the energy ‘that
'wou]d otherwise go into acceleration must be expended for heating depending
upon how many thermal degrees of freedom are present. Although there are
other possibilities for bulk energization, the one considered here is
just direct electric field acceleration in the presence of intense wave
scattgring which inevitably arises if the acceleration is sufficiently

strong.

4.5.2. DIRECT ELECTRIC FIELD ACCELERATION

By direct electric field acceleration we mean the acceleration of
particles along the magnetic field either by an induced electric field
due to magnetic field 1ine motion or a polarization electric field dﬁe
to charge separation. Since the medium in which the acceleration
occurs is presumably the highly canducting coronal piasma, poiarization

electric fields are extremely hard to maintain because according to
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3= o) (3.5.1)

only a very small current is required to eliminate any E]|' Here j|l
and £1r are. the current. and electric field .parallel to- the magnetic
field, respectively and o is the conductivity. This situation changes
if the value of o is reduced signjficantly due to an instability such as
the Buneman instability. ﬁowever, conditions for the Buneman instability
are quite difficult to satisfy under.coronal conditions, requiring
extremely large current concentrations and small dimensions. In thesé
cases even the'l{)5 reduction factor in the conductivity is typically not
sufficient to account for the energy release in solar flares (Smith and
Priest 1972). Thus, for solar conditions, the induced electric field
must be due to magnetic field line motion in the frame in which the
acceleration occurs. The most favorable configurations for acceleration
in which such motion occurs are tearing mode instabilities (Drake and
Lee 1977) and reconnecting current sheets (Vasyliunas 1975).

The manner in which this acceleration occurs and the gain in energy
is summarized in Smith (1974) neglecting thermal velocities, polariza-
tion.fields and microinstabiiities such as the ijon-acoustic instability.
Thermal velocities will lead to a spread of the energy gain and micro-
.instabilities will have two effects. The first is to scatter the direc-
tions of particles which again will lead to a spread of the energy gain
since some particles will leave the field reversal region prematurely
while others will be retained longer and experience additional accelera-
tion. The other effect is to provide a dynamic change in the conductiyity
which may dramatically increase the energy §ain via Equation (4.5.1). This

effect could be used to explain some pulsating phenomena in solar flares
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(Smjth 1976a). However, it should be noted that as soon as the velocity
Vp and dénsity of the accelerated component become large enough to cause

microinstabilities, v, will be limited to Ve as in 84.5.1. The values

D
of vp and v, can become quite large locally and the resulting hot drifting
plasma will appear as a distinct nonthgrmai component when it interacts
with the cool plasma outside (Smith 1977b).

Finally, the transverse dimensions of any direct electric field
acceleration region are restricted by the requifement that the magnetic
energy carried by the acceierated electrons which form a current must,

N Fk&“ /
not significantly exceed the kinetic energy of the electrons ( 7 4.3
on reverse currents). Assuming the current has a circular cross section

of radius R, this requirement becomes

r MC
R 5 . (4.5.2)
90nbe

where n, is the density of the accelerated electrons. The factor 90 can
vary within a factor of 2 for typical solar parameters. For example,

9 3

for n, = 3x 107 em 7, R < 13.5 cm which means many small regions must

be involved (Hoyng 1977a).

4,5.3. WAVE ACCELERATION

Since an efficient accelerat%on mechanism may be required and electric
field acceleration is very efficient, we restrict our discussion to
electron plasma and electron cyclotron waves (whistlers) which carry a
large fraction of their energy in electric fields. . Since thst1ers are
not easy to excite except by énisotropic distributions of already accele-
rated electrons (Melrose 1974), their main function tends to be isotropi-

zation and redistribution of accelerated electrons. Thus electron
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plasma waves which can resonantly interact with particles from ~ 2ve up
to ¢ are the best candidate for wave acceleration (Benz 1977; Hoyng
1977a,b, Smith 1977a,b).

The principfé prablem with electron plasma wave acceleration is
again the wave generation although the conditions are generally much
Tess stfingent than for whistlers. The possibilities summarized in Smith
(1977a) and Tsytovich, Stenflo and Wilhelmsson {1975) are:
a. Electron-electron and electron-ion two-stream instabilities which
require at least one streaming éomponent.
b. Quési1ingar relaxation of a low density stream.
c. Extended nonthermal tails and gap distributions of isotropic
electrons.
d. Conversion of anisotropic ion-acoustic wave energy into electron
plasma wave energy by a nonlinear amplification process.
The first three mechanisms require streaming particlés of velocity greater
than Vo which can occur when hot streaming plasmd (Subsections 4.5.1 and 4.5.2)
interacts with cool plasma. The single mechanism which may be able to
produce electron plasma waves with particles streaming at velocities
- less than Vo is amplification by an anisotropic distribution of ion-
acoustic waves. However, shock and turbulent heating experiments with
high levels of anisotropic ion-acoustic waves have been carried out in
a number of laboratories throughout the world over the past 15 years
with -high intensities of electron plasma waves measured only in cases
where a 'suspected or confirmed runaway electron stream with velocities
greater than Vg was present.

Given a large energy density W_ in eléctron plasma waves, the most

P
efficient acceleration sequence is the following {Hoyng 1977a,b, Smith
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1977a,b}. The waves are Tikely to be produced with large wavenumbers k
or low phase velocities. WNonlinear scaitering processes (Tsytovich

1970) will transform the waves to smalil k until the condition

W

)
neKTe

2, 2

2
>k ADe

or (k)% (4.5.3)

is satisfied where Ap, = vo/u o is the electron Debye length and Ak is
the width of the plasma wave spectrum in k space. At this point the
ponderomotive force of the plasma waves overcomes the dispersive proper-
ties of the plasma which forces the plasma waves to form_spatia1iy
isolated regions of depleted density and high wave intensity called
solitons (Zakharov 1972). The subsequent development of the solitons

is for the density depletion and wave intensity to increase which drives
the plasma waves trapped in the solitons to large k or low phase velocity
where they are heavily Landau damped by the tail of the electron distri-
bution. This results in the nearly complete conversion of wave energy
into an accelerated electron tail which extends up to several tens of

keV for typical solar conditions. This process is especially effective

, where w__ is

when a moderate magnetic field is present With ce

< W
ce v pe
the electron cyclotron frequency. 1In this case both the nonlinear scat-
tering processes and the modulational instabiility occur almost one-
dimensionally in two cones along the magnet%c field (Smith 1976b,

1977b).
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4.6, Radio Evidence on the Particle Distribution Functions in the

Corona Following Flares

The purpose of this Section is to summari?e the results of radio
studies and the informa%ion they give on the distribution functions
[numbef, énergy distribution aﬁﬁ pitéﬁ angle distribution) of the energetic
particles produced at the time of solar flares. We discuss the distribu-
tion -functions of the particles resulting fromT) first phase acceleration,

II) first and/or second phase and III) second phase acceleration. Table4.6.1

Summarizes the results.

4.6.1. First Phase Acceleration

Two kinds of radio bursts are caused by particles accelerated in
the first phase: Type III bursts and microwave impulsive bursts.
Type III bursts provide evidence that 1032 to 10°° electrons in
the energy range ~10 to ~100 keV are often accelerated in the initial
phases of a flare. Type III bursts occur in the corona above 1.1 Rg during
the flash phase of about 30% of all Hu flares (e.g. Svestka 1976};
similarly, many Type III bursts have no chromospheric counterpart. When
they occur together, they are highly‘correlated with the time variations
in microwave and X-ray impulsive bursts.
It is now reasonably certain that the Type III bursts result from
the conversion of Langmuir waves into electromaghetic radiation, and that
the intense Langmuir waves result from nonthermal electrons propagating
outward from the flare region. Both the particles and the waves have
now been observed directly in interplanetary space (e.g. Lin 1974, Gurnett
.and Anderson 1977). The observed electron energies are again ~10 to ~100 keV
and their pitch angles favor the forward direction. Spacecraft observations
show a "“forward-cone' distribution in "scatter-free" events -(Lin 1974);
in "diffusive events' where the majority of electron velocities are nearly
isotropic, there seems to be a "scatter-free" core of streaming electrons

(Kurt, Logachev and Pissarenko 1977). From theory, it seems necessary to
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have both a gap distribution in velocity spate (attributed simply to
the faster electrons outpacing the slower ones) and a strongly anisotropic,
forward-cone pitch angle distribution to give sufficiently intense Langmuir
waves to account for the observed brightness temperatures of’}gloll'K (e.g.
Smith 1977C; Melrose 1978). Also as shown recently by Melrose, Dulk and
Smerd (1977), the observed sense of polarization of harmonic Type III
bursts (w;ich Suzuki and Sheridan 1978 have shown to be d-mode) implies
that the Langmuir waves, and presumably the particles which :generate them,
are confined to a forward come of angle 10° to 30°,

In the acceleration region, the information we can deduce from
Type I1I bursts about the electron energy and pitch angle distribution is
quite limited, We have no direct information from the radio observations
on electrons with energy less than several keV. This is because the
collisional slowing-down time varies as vs, and only the faster particles
can escape. The total number of first phase electrons at low heights can
be any number greater than 1033 insofar as type III bursts zre concerned.
Also their energy distribution could be power law or thermél with T 2:108 K.
Regarding their pitch angles, the observed pitch-angle distributions must
be determined by propagation effects and cannot reflect conditions at the
source; some pitch-angle scattering must occur to produce the observed
pitch-angle distribution at the Earth.

Microwsve impulsive bursts are believed to be due to gyrosynchrotron
emission from basically the same particles which produce the impulsive hard
X-ray bursts except that most of the radio emission.is produced by
electrons with emergies greater than 100 keV and most X-ray emission is
produced by electrons with energy less than 100 keV (e.g. Takakura and Kai
1966, Ramaty 1969, Ramaty and Petrosian 1972, Takakura 1972).

The possibility that microwave impulsive bursts are radiated by quasi-

thermal electrons (with near-Maxwellian velocity distribution) has not yet been

investigated thoroughly, (see, however, Matzler 1978) but the radio observationms
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be
seem to/compatible with the idea of a small source in which the electron

temperature is between 108 and 109 K, the density is “1010 cm-3 and the
magnetic field is a few hundred gauss.

Comparing the implications of microwave impulsive vs. Type IIil
bursts, we infer that the microwave, X-ray and Type III bursts stem from
the same electron population, accelerated by the same acceleration
mechanism, and that the electrons have access to both closed fie;d lines
of low loops where the majority are trapped and radiate microwaves and
open field lines where they produce Type III bursts.

It is important to note that if the individual Type III electron
streams are discrete by acceleration, rather than m&dulation, then the
acceleration mechanism has to explain repeated (quasi-periodic at ~10 sec),
impulsive (lasting ~1 sec) electron acceleration. Taking into account

decimeter wavelength fast drift bursts, both the impulsiveness (~0.1 sec)

and the repetition rate .(™1 sec) must be even shorter.

4.5.2, First and/or Second Phase Acceleration

There are two kinds of radic bursts whose origin cannot be attributed
unaﬁbiguously to the particles of first- or second-phase acceleration:
Type II bursts and the early meter-wave continuum designated FCM.

Type 1T bursts have two different aspects wh;ch need to be carefully
distinguished: a} Type II's as indicators of a shock front and second phase
acceleratiSn and b) the Type II radiation itself. TFollowing the work of
Wild, Smerd and Weiss (1963) it is widely accepted that Type II bursts are
indiéators of shock fronts and second phase acceleration. This belief,
which we share, relies on fadio, particle and X-tay evidence: 1) the
spectral drift rate of Type II'bursts suggests a disturbance which originates

- at the place and time of the flash phase of flares and which travels faster

than the Alfvén speed (Wild, Murray and Rowe 1954), 2) there is a close

association between Type II ‘bursts and the high-energy phase of other
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coronal events (e.g. microwave IV's, strong,
stationary meter-wave IV's) which require rclativistic particles, and
3) there is a close association between Type II bursts (and the other
bursts‘just enumerated) with relativistic particles producing PCA's and
"cosmic ray events' as detected on spacecraft. As discussed in Section 10,
Fermi acceleration by the shock oxr in shocﬁ—produced turbulence may be the
agent fo€ the second phase acceleration.

The Type Il radio emission however, may not result from the
relativistic electrons produced in the second phase acceleration. In
fact, the occasional presence of "herringbone structure' in Type II
bursts, i.e. Type III —1like extensions from the slow drift "backbone"
toward higher and/or lower frequencies, indicates that Type 1II radiation
too results from 10 to 100 keV electrons. These electrons could be
accelerated in or near the shock front“and then oﬁtpace the slower ones
to form the gep distribution and the forward-cone anisctropy whiéh are
required for the Type III-like bursts, Note, however, that despite their
similarity, these electrons are accelerated at a later time and in a differ-

ent location than the first phase particles.

The early flare continuum, FCM, is probably initiated by first

phase electrons, but its characteristics give evidence of subsequent
acceleration. FCM is usually weak, continuum radiation that starts during
the flash phase, persists about 10 min in a given location, and then dis-
appears (usually in association with the appearance of a moving Type IV
bu?st; hence the name FCM). The relatively long duration.and the
occasional brightening of the source in association with a Type II burst
suggests that secondary acceleration is important (Robinson and Smexd 1975;

see¢ also the discussion of FC II below).

4.6.3. Second Phase Acceleration

There are three kinds of radio bursts which are related to second

phase acceleration and from which we can derive some properties of the
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particle distribution functions: Microwave Type IV, Flare Continuum and

Moving Type 1IV.

Microwave Type IV bursts (IVu), it is generally accepted, result
from gyro-synchrotron radiation emitteé?;lectrons trapped in low coronal
loops, as suggested by Takakura (i960). To distinguish weak IVyu bursts
from the tails of impulsive bursts, it is important to note a delayed
rise to maximum intensity, taking 23 min, and the "U-shaped spectrum"
which peaks at wavelength of 3 cm or less (e.g. Wild,‘Smerd and Weiss
1963; Castelli and Aarons 1968; Croom 1971). When distinguisﬁgd in
this way'there is a strong correlation between IVW bursts and‘the observa-
tion of relativistic particles near the Earth.

Studies of IVu bursts ha;e led-to the conclusion that about 1031
to 10'7_53 electréns are accelerated to relativistic energies by‘the second
phase process, i.e. about 10“3 of the first phase electrons are accelerated
to about 100 times their energy. The energy distribution is inferred to be
a power law of index vy ®# 2 to 3 (e.g. Kai 1968). The radio observations
" do not require a strong anisotropy for the radiating particles. Because
they are trapped in coronal loops we would expect them to have a loss cone
distribution, but this probably has little effect on the radio emission.

Moving Type IV bursts (IVM) appear to be of several varieéies (e.g.
Wild 1970; Smexrd and Dulk 1971), only two of which are of interest here.
The first is the rare "Advancing Front" which is closely associated with
a Type II burst and indicates that relativistic electrons are produced in
the vicinity of the shock. The radiation occurs over about a 2:1 frequency
range, the sources occur considerably higher in the corona than the plasma
level for the frequency of observation, and the only acceptable radiation
mechanism seems to be synchrotron emission, Only a half-dozen or so
bursts of this kind have ever been recorded: examples were given by

Boischot and Clavelier (1967, 1968), Warwick {1968), and XKai (1970), while

Ramaty and Lingenfelter é%gﬁ?, 1968) and

ideas on their interpretation were given by/Lacombe and Mangeney (19

2
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Smith (1971, 1972a, b). Because the source regions are

large and the magnetic fields are small (approximately the ambient fields),

it is inferred that about 1033 electrons of energy =1 to 3 MeV are
required (Boischot and Daigne 1967). The frequency spectrum of the
emission implies that the electron energy distribution is a steep power
law, with index vy ® 5 to 10. We know little about the pitch-angle distri-
bution, but a strong anisotropy does not seem to be required.

The second variety of IVM burst is the "Isolated Source", which
is much more common and is probably a self-contained configuration of
electric currents, magnetic field and mildly—rélativistic electyons
(termed a "plasmoid"), which moves outward from the low or middle coxrona.
The properties of these bursts and their interpretation have been given
by Smerd and Dulk (1971}, Schmahl {1972), Dulk (i973) and Robinson (1977)..
Again, the only acceptable radiation mechanism seems to pe gyrosynchrotron
emission. The observed characteristics, especially the high degree of
circular polarization usually cbserved, imply a strong magnetic field
(3-10 G) and relatively low particle energies. About 1033 electrons with
energies greater than 100 keV are required; the inferred energy distribu-
tion is a power law with index ®4. The pitch angle distribution is - .
‘uncertain; only an extreme type of anisotropy would lead to observable
effecfs, i.e. to maser-like emission. '

Flare Continuum, especially- the FCII variety, closely associates

with Type II bursts and second phase acceleration. FCII differs from the
moving Advancing Fronts‘in that at a given observing frequency, the
sources typically appear at a given height at about the time that the
Type II passes and then remain at the same height for some tens of minutes
afterwards. At lower frequencies the sources appear at greater heights.
This characteristic and the arch-shaped structure sometimes observed,
indicates that the radiation comes from electrons trapped in high coronal

loops. Although a definitive study has not yet been carried out, it
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appears that FCII bursts are very closely associated with long-decay

X-ray events and proton events observed by spacecraft. The characteristics
and intérpretation of these bursts have been given by Pick (1961), Akinyan
et al. (1971), Bohme (1972), Robinson and Smerd (1975), Magun, Stewart and
édbinsqn (1875) and Robinson (1977).

The radiation mechanism for FCII bursts is not known; plasma
radiation and gyrosynchrotron radiation are possible. If plasma radiation,
it is necessary to have many more than one fast electron fer cubic Debye
1ength‘through0ut the source volume (e.g. Melrose 1978), which is typically
10°% £o 10% cn®. Because the Debye length is about i cm, this implies
that 21034 electrons of enexrgy 210 keV are required, [he plasma ‘mechanism
allows, but does not require the electrons te be zelativistic, but it does
require the enexrgy distribution to be either a gap or a plateau and it
requires the pitch angle distribution to be anisotropic; a loss-come
distribution of opening-angle 20° to 30° will suffice (Robinson 1977).

Such a distribution could result from scattering of particles intc the
loss cone’ {Melrose and Brown 1976) followed by their thermalization due
to Coulomb interactions in lower, denser regionms.

Alternatively, if gyrosynchrotron emission, it is necessary to
have about 1033 electrons. with energies 20.5 MeV in -order to account for
the observed intensity from a region with the relatively low magnetic
field strength of the ambient corona (<1G at the heights involved).

From the spectrum, it is inferred that the énergy distribution is a steep
power law, of index ¥ ® 7. The pitch angle distribution is not required

to be anisotropic for this radiation mechanism to work, but a Ioss-cone

distribution is likely for electrons trapped in coronal loops.

&.6.4. Summary and Conclusions

Scanning Table 46,1, we note that the short wavelength radio bursts
emanating from the low corona generally requirve a harder electron energy

spectrum than do the long wavelength bursts from higher up.
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Most bursts are ‘onsistent with a power-law distribution; the
exceptions are Type III (where the fast electrons have outpaced the slow),
the Type II radiation itself (which is not understood), and the Flare

Continuum if interpreted in terms of plasma radiation.
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4.7 ZENERGETIC SOLAR PARTICLES AT 1 AU

Acceleration processes in solar flares can be studied by observing
-flgre associated energetic particle events in. the interplanetary medium,

generally at 1 AU. After the particles have been accelerated and released
from the Sun, the charge composition and energy spectra can be measured
in interplanetary space as a function of time. Contained in these measure-
ments is information on—the-acceleratiom process and the properties of the
source region, as well as on the transport of the energetic particle in
both the corona and the interplanetary medium. -

In this Section we discuss the observed energy spectra of protons and
electrons over a wide range of energies, the ratio of protons-to-electrons,
and the observations of energetic particle events which are rich in 3He.
Information on the spectra of protons and eléctrons and their ratio can
give important clues for uaravelling the properties of the acceleration
mechanism. Knowledge of the proton and electron spectra as deduced from
particle observations in space is also required for the interpretation of
information derived from X-ray and gamma-ray data discussed- elsewhere in
this Chapter. The 3He enrichments pose a considerable challenge to particle
acceleration theories in flares; and indeed to the entire flare process
itself. The'BHe enhancements are strongly correlated with enhaﬁcements
of heavy nuclel in solar energetic particles. In the present Section we
give a brief review of these enhancements, and in Section 4.8 we evaluate
their effects on solar gamma-ray spectra.

4.7.1 PROTON AND ELECTRON ENERGY SPECTRA AND RATIOS

The energy spectra observed at 1 AU represent the combined effects
of acceleration, coronal transport, release into interplanetary medium and
interplanetary propagation. As'a result of the propagation conditions,

N

the observed spectra vary considerably from one event to another and during
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the course of a given event. For example, near the onset of the particle
event, the spectrum should be harder than that near the acceleration site,
because the-higher energy particles arrive first; in the decay phﬁse, on the
other hand, the fluxes of higher energy particles are already decreasing
while the lower energy particles fluxes are still inecreasing, and this
effect produces a softer energy spectrum than that released from the flare.
It has been shown (Lin 1974, Van Hollebeke, Ma Sung and McDonaid 1975) that
the propagation effects can be minimized if the energy spectra are observed
at a time of maximum particle intemsity. Furthermore, the direct magnetic
conmection of the observer to the flare is also important for obtaining an
energy spectrum representative of flare acceleration; if the associated flare
is #t a substantdal azimithal angle from the preferred commection site (i.e.
separated by more than 60° of longitude), the particle distributrions are
expected to be significantly modified by coronal prqpagation. And finally,
for obtaining an unbizsed flare acceleration spectrum, it is dimportant that
no strong interplanetary disturbances, such as shocks, exist between the
particle release site and the point of observation.

Proton Spectra

An extensive study for determining the energy spectrum of protons
from solar flares was made by Van Hollebeke et al. (1975). By analyzing
some 32 particle events associated with flares that were well connected
magnetically to the observing spacecraft, these authors found that over
the limited energy range from 20 to 80 MeV the spectrum of the proton
number density can be expressed as a power law in kinetic energy N(E) o E°.
It was also found that for these well comnected flares the values of s
displayed only a small dispersion, with 907 of the events in the range
2.5 € s € 3.7. Steeper spectra (i.e. larger values of s) are observed from
flares which are not well connected to the obseryer, and this steepening may

result from the energy dependence of particle escape from the corona.
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Below ~ 10 MeV, the observed spectrum is generally flatter than at
higher energies (McKibben 1972, Van Hollébeke et al, 1975). These authors
‘have Shown that the spectrum cannot be represented by a sinéie pdﬁer_laﬁ
over an extended energy Interval (n;é to 80 MeV) even when the velocity
dispersion of the particles is taken into account. An exponential in
rigidity also does mot give a good fit to the dat;. This indicates that
either there is an intrinsic flattening in the spectrum of protons escaping
from the Sun, or different propagation conditions apply at low and high
energies. That the flattening is intrinsic i:_o the acceleration mechanism
is supported by the finding that a similar change of spectral slopeée is
required also by the gamma ray data (Section{8).

Above 100 MeV, reported measurements have shown a steepening of the
spectrum. However, these measurements are often the result of indirect
observations which present both uncertainties and limitations. Ground

\
level detectors, such as neutron monitors, need to be corrected for geomag-
netic cutoff fluctuations or variation of the cone of acceptance; rocket
measurements are limited to brief samples; balloon experiments have limi-
tation in the low energy threshold. Intercalibration betweeﬁ the various

parts of experiments covering a larger energy interval is not easy. '’

It is expected that measurements of protons from large flares in solar
cycle 21 (to be made by detectors on IMP 8, ISEE A and C) will help define
the proton spectrum at high energies. Meanwhile, we tentatively summarize
the observational evidence as indicétive of a proton spectrum which i; a

power law in kinetic energy from about 20 to 80 MeV, with a flattening at

lower energies, and a possible steepening at energies exceeding about 100 MeV,
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Electron Spectra

A detailed analysis of a large number of nonrelativistic electron
events was made by Lin (1971). 1In this study the spectrum was determined
from méasurements of the maximum intensity at two energies, > 22 keV and
> 45 keV, and the number Hensity was fitted to a power law in kinetic
energy, EHS, with s between 3 and 4.5. In a subsequent study (Lin 1974),
the electron events were analysed according to whether they were or were
not accompanied by > 10 MeV protons above a given flux threshold
(0.3 cm_zsec_lsr_l). This analysis revealed the existence of two groups
of electron events: ‘'pure electron events", i.e. those which were not
accompanied by protons, and mixed events in which both protons and electrons
were observed. It was found that pure electron events generally exhibited
power law spectra from 5 to }00 keV with s ranging from 2 to 5, and a rapid
steepening above ~ 100 keV. For mixed events, the spectrum tends to be
harder and does not seem to steepen above 100 keV.

Based on observations on Ehe timing of the arrival of the particles,
and related observations of optical, radio and X-ray phenomena, first
phase acceleration should be responsible for the pure electron events,
while second phase acceleration could produce the protons and more energetic
electrons in mixed events (Lin 1974).

Relativistic electron events occur much less frequently than do non-
relativistic events, and they are accompanied by large fluxes of energetic
protons. The spectra of relativistic electrons are also power laws: in
the energy range fr;m 3 to 12 MeV, s = 3.2 4+0.2 (Simnett 19715, while from
12 to 45 MeV, s has a median value of 3.5 (Datlowe 1971).

For only a few solar energetic particle events has the electron spectrum

been measured over a wide energy range. Spectra determined from some 20

keV to beyond 10 MeV are generally the result of a compilation from different
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experiments. For example, Lin (1974), by combining electron spectra from
various measurements found that the spectrum of the May 28, 1967 event is con-
sistent with a power law in kinetic -energy with spectril index s=3. However
uncertainties in some of the measurements used to determine this spectrum
were as large as 1007. Quite recently, Lin et al. (1978) have determined

‘ the electron spectrum for several events from tens of keV to about 10 MeV
(Figure 4.7.1) A break at ~ 100 keV is clearly evidenced in these spectra.
Above this energy, an unbroken power law can be seen out to the highest
observed energies.

Correlations Between Electrons and Protons

An important parameter in the study of particle acceleration
mechanisms is the ratio of the protons to electrons. Im Figure7.2 we
compare the intensities of 0.5 to 1.1 MeV electrons with proton intensities.
at 10 MeV for 42 events detected by the Goddard Space Flight Center experiment
on IMP 4 and IMP 5 from May 1967 to October 1972. Both the electron and
proton intensities are taken at time% of maximum intensity. As can be seen,
for large events (pwoton intensity greater than 5x1072 protons/(cmzsec sT MeV))
there is an almost constant ratio between the electrons and protons. This
result suggests that for such events 0.5 to 1.1 MeV electrons and 10 MeV protons
are accelerated by the same mechanism; this mechanism could operate during
second phase acceleration.

For small size events (proton intensity less than 5x10-2 protouns/ (cmzsec
st MeV)), the results of Figuref7.2 show that there is no good correlation
between the electran and proton intensities. These events probably belong
to the same class as Lin's (1974) "pure electron events". They are
characterized by an overabundance of electrons which are likely to be

accelerated by the first phase mechanism.
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Because of uncertainties in the value of the geometric factor of the
GSFC electron detectors, it was not possible to obtain a ;umerical relation-~
ship between the proton and electron intensities for large events in
Figure 4,7,2 To overcome this problem, we have used results from the
Caltech cosmic ray experiment on IMP 7 (E. Stone, R. Mewaldt, private
communication 1977). In Figure 4.7.3 we compare the intensities of 0.2 to
1 MeV electrons from the Caltech experiment with the 10 MeV proton intensity
from the GSFC cosmic ray telescopes on IMP 7. We again see a good correla-
tion between the proton and electron intensities. From this correlation
we can deduce that I, (~ 0.4 MeV)/IP (10 MeV) == 100.

Assuming a spectral index s=3 for electrons above 0.2 MeV (Figure 4.7.1),
we find that for second phase acceleration the electron-—to-proton ratio at
10 MeV is about 10~ % This result is qualitatively consistent with that of
Datlowe (1971) who also found very small electron-to-proton ratios at high
energies. As we shall see in Section4.8 an essentially similar result can
be obtained from the analysis of gamma-ray data. Second phase acceleration,
therefore, should produce many more protons than electrons at the same
energy.
£.7.2 3He IN ENERGETTC SOLAR PARTICLES

The first attempt to measure the 3He abundance in energetic solar particles
was made by Schaeffer and Zahringer (1962). By using mass spectroscopy of
material from the Discoveref 17 satellite, these authors found that the
3He/l*He ratio at about 70 MeV/nucleon was ~ 0.2 for the 1960, November 12
flare. Subsequent measurements (Hsieh and Simpson 1970, Anglin, Dietrich
and Simpson 1973, Dietrich 1973, Garrard, Stone and Wogt 1973) have revealed
the existence of a class of solar particle events in which the 3He/4He ratio
is substantially larger than in the ambient solar atmosphere. In the solar

wind, for example, 3He/4He is of the order of a few times 10_4 {Geiss and

Reeves 1972), while Hall (1975) determined spectroscopically a 3He/4He ratio
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4

of (4 #2)x10 ~ 4in a solar prominence. There is no direct observation

of the 3He in the ;hotosphé¥e, but the 2,2 MeV gamma-ray line sets an
upper limit on the photospheric 3He abundance congistent with that measured
in the sélar wind kwané and Ram;ty 1974). 7
The basic characteristics of the 3He rich events can be summarizea
as follows: {(a) The 3He/kl-le ratio measured over the energy range from
1 to 20 MeV/nucleon is fairly wvariable ranging from about 10—'2 to more than
1. (b) The enhancement in 3He is not accompanied by a similar enhancement
in 2H or 3H. The upper limits on 2H/3He and 3H/3He'can be as low as a
few times 10—3. (c) Large enhancements of 3He usually accompany small
proton events. These events are not always identified with solar flares.
(d) 3He rich events are alw;ys associated with enhancements of Fe nuclei,
the range of variability of the ratioc Fe/éﬁe being similar to that of
3He/4He. The opposite, however, is not true, i.e. there are events rich in
Fe with no 3He enhancements (Anglin‘et al, 1977; Zwickl et al. 1978).
Enrichments of 3He in energetic particle populations (for example the
galactic cosmic rays) have been generally attributed to nuclear reactions
between the energetic particles and the ambient medium. But as first pointed
out by Garrard et al. (1973), this interpretation of the solar 3He enrichments,
in its simplest form, is inconsistent with much of the 3He data. 1If the 3He
enrichments are due to nuclear reactions of the'energetic particles, then they
should be accompanied by similar enrichments in 2H and, to a lesser degree,
in 3H. Sueh entrichments, however, are not observed.
To resolve this diffieulty, Ramaty and Kozlovsky (1974) and Rothwell (1976)
have pointed out that the kinematical prpperties of the 2H and 3He producing
-reactions are such that 2H is preferentially emitted in the forward direction,

i.e. the direction of the primary projectile. Thus, if energetic particles

in the flare are beamed, fractiomation effects among 3He and 2H could arise,

provided that the escape of the particles from the interaction region is not
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along the beam direction. Moreover, 3H is more readily destroyed after its
production than 3He. These effects can iead to an enhanced 3H372H ratio,
but no larger than about 30 (Ramaty and Kozlovsky 1974), while'there are
cases where the observed ratio is larger than about 600 (Serlemitsos and
Balasubrahmanyan 1975). In a different nuclear model, Colgate, Audouze,
and Fowler (1977) have proposed that the energetic proéﬁcts of the primary
npclear reactions, by being confined to thin filaments in their flare model,
interact thermonuclearly with each other to destroy 2H and 3H. Such destruction
in addition to the kinematical selection, can lead to a 3I—Ie/2H ratio greater
than 10°, |

As opposed to the above nuclear models, plasma models for'SHe enrichments
were proposed (Fisk 1978, Ibragimov and Kocharov 1978), In the model of
Fisk (1978) it is suggested that a common current instability may excite
electrostatic ion cyclotron waves which could heat coronal 3He to a temper-
ature significantly higher than that of the ambient 4He. Then, if ions from
the high—en;rgy tail of a Maxwell-Bolzmann distribution are directly acceler-
ated to energies in excess of an MeV, 3He would be pref;rentially injected
into the acceleration mechanism, and hence would show up oYerabundant at
high energies. This interpretation of the 3He—rich particle events prédicts
no enhancements of<2H and 3H, since these isotopes are essentially absent
from the solar atmosphere.

The requirements of Fisk's model are that (a) the P of the plasma be

less than lO_3

, {(b) the electron temperature be less than 10 times the ion
temperature, and (c) 4He/lH = 0.2 in the ambient medium. Requirement (a) is
plausible in the low corona while (¢) could result either from thermal
diffusion or from the consideration that the solar wind removes, on the

average, more protons than helium from the coroma. If only (a) and (b) are

satisfied, the waves can be excited, but their frequency is above the lH
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cyclotron frequency. If, in addition, (¢) is alsoc satisfied, the wave
frequency is between the 4Héi'_z and 1H cyclotron frequencies. Electrostatic
ion cyclotron-'waves can then resonate with ambient coronal 3He, thereby
raising its temperature. If the acceleration process has an injection
threshold (Sectiomn 410), only particles in the hiéh‘energy tail of the
Maxwell-Boltzmann distribution are accelerated. The heating, and hence the
acceleration, of the 3He is preferential, because this isotope is the only
stable one with fundamental cyclotron frequency between those of 4H6+Z and
lH. However, as pointed out by Figk, (1978), resonance at the second
eyclotron harmonic is also possible, in particular for heavy ions. To
have the right cyclotron frequency, these ions must be partially stripped;
preferential heating is expected for 120+4, l60+5 and 56Fe+17. Since the
concentration of theee ions in the ambient medium is strongly tempetature
dependent, not all of them should be simultaneously enhanced together with
3He. The obgervation that the 3He enrichments are best correlated with Fe

enrichments (see below) suggests, in Fisk's model, that the temperature

is around a few million degrees. At this temperature there is an appreciable

120+4 and 160+5

’

concentration of 17Fe with essentially no present (Jordan
1969). Furthermore, the preferential heating of 3He and Fe by electrostatic
ion cyclotron waves has the implication that the charge state of enhanced
Fe in 3He—rich events should be around +17.

To compare the above proposed theories with stervations, we have
compiled and analyzed the available data on energetic particle events
which are vich in 3He.

A list of all known 3He—rich events with 3He/4He 2 0.1 is given in
Table 4.7.1. The first and second colums give the dates and time intervals

of the measurements (for some events there are no published time intervals

and these are indicated by dashes). In the third column we give the location
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of the fldres which are expected to be associated with the observed enrich-
ments. But, as can be seen, there are many 3He rich events which are not
associated with known flares and these are indicated in this column by dashes.
Columns 4 through 7 give the observed 3He/4He, 4He/lH, 2H/BHe and 3H/3He
ratios and the energy intervals in which these ratios are measured. The
values of ZHIBHe and 3H/3He are given for only 19 events and for all of
these only upper limits are available. This shows that the 3He enrichments
are not accompanied by corresponding 2H and 3H enrichments. Column 8 gives
the actual number of nuclei observed, when this information is available
and column 9 gives the proton intensity of the time of maximum intensity of
the event. Column 10 gives information on the association of the 3He rich
events with radio and X-ray emission and column 11 cites the appropriate
references. B

The 3He/z‘He ratio as a function of the maximum proton intemsity at 10 MeV
is plotted in Figure 4.7.4. In addition to the data of Table 4.7.1, this
figure also includes 10 events with 3ﬁ;74He < 10—1 in the energy range 5 to
8 MeV/nucleon (Anglin et al. 1977, J. A, Simpson private.communication 1978).
It can be seen that there is a general trend for the smaller events to be
richer in 3He. Small events also tend to have larger 4He/]'H- ratios as can
be seen from Figure 4.7.5. This figure is also based on data from Table
4.7.1, from Anglin et al. (1977), and from J. A. Simpson (private communication
1978). It can be seen from Figure 4.7.4 and 4.7.5 that the higher 3Qe/4He ratic
occur for small events with high 4H,e/lH ratio. A consegquence of this result
is that the large 3He/4He ratio reflects a genuine 3He enhancement rather
than a 4He. depletion, TFigure 4.7.6 is taken from the work of Anglin et al
(1977) and shows a plot of Fe/4He as a function of 3He./‘?Heo As can be seen,
3He rich events are also rich in Fe, confirming the initial observation of

-- Hovestadt =t gl. (£975). Thesa are, however, several Fewich events which do
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not show an enhancement in 3He.

A summary of the models proposed to explain the 3He rich events has
been given above. The result,thatﬂzﬂ.and.;Harﬁunot-enhanced—together-with
3He is a problem faced by all nuclear models. However if 3He enhancements
are due to preferential heating (Fisk 1978) no-ZH and 3H enhancements are
expected.

The mechanism of Fisk (1978) requires an enrichmené of 4Hg in
the ambient medium (4He/1H > 0.2). Tn order to check this requirement. we
have plotted in Figure 4.7.7 the ratio 3He/liHe as a function of lﬂléﬂe,

using data given in the Figures 4.7.4 and 4.7.5. As can be seen the 3He

overabundance is associated with an enhancement of 4He in the energetic -
particles and this enhancement might be due to thé enrichment of 4He in the
ambient medium, as required. Another requirement of the mechanism is that
the temperature of the ambient electrons be sufficiently low (Te < 10 Tj.,,)-.
This could also be consistent with at least part of the data, since, as
can be seen from Figure 4.7.4, maqyof the 3He rich events are not associated
with identified flares and this may be due to the low temperature of the
electrons. Finally, preferential heating of 3He could be accompanied by
preferential heating of partially stripped Fe (Fisk 1978), consistent with
the association of 3He and Fe enhancements (Figure 4.7.6).

There is however a group of events with 3He/4He ratio in the range
0.1 to 0.2 for which 4He/lﬂ.m’lowz or less (Figure 4.7.7). These events cannot
be easily explained by Fisk's model because,as mentioned above, the mechanism requires

4

a large ambient "He abundance. Furthermore, as we have already discussed in
connection with Figure 4.7.6 the events for which 3He/4He is about a few
percent, do not show any clear correlation between the ratios 3He/4He and

Fe/4He. Furthermore, we have been able to find one 3He—rich event for which

the charge state of Fe has been measured, and it is not +17 as reguired by
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the preferential heating model. This is the May 14, 1974 event for
which 3He/4He = 0,18 (Table 4.7.1). Gloeckler et al. (1976) have detected
overabundant Fe from this event (Fe/0 ~ 1), and they find that its mean
ionization is 11.6. It is possible, therefore, that the origin of 3He in
the moderately enriched events (3He/4He € 0.1) is nuclear, while the plasma
mechanism could be responsible for the 3I-Ie enhancement in the extreme cases
where 3He/4He > 1.

There is additional data to support the hypothesis that there could be
two classes of 3He riech events. This-is shown in Table 4.7.2 where we
have compiled data on energy spectra of 3He‘and 4He. Such spectra are
available in only a few cases, but even the limited data of this table
shows that the 3He and 4He spectra are paraliel if 3He/4He is large, while

3He/4He is smaller. If preferenti

the 3He has a flatter spectrum than 4He if
heating and injection are responsible for the large 3He/aHe ratios, then the
parallel SHe and 4He spectra could simply result from the common mechanisms
which accelerates these two isotopes after injection. In the nuclear
models, howévér, the 3He is expected to have a flatter sﬁéqtrum than its
parent 4He, gualitatively consistent with thé results of Table 4.7.2.
4.7.3 HEAVY NUCLEI IN FLARES
Nuciei heavier than He in energetic solar flare particles were

first detected by Fichtel and Guss (1961), and since then numerous measure-
ments of such particles havé been made (e.g. Fan, Gloe;kler and Hovestadt
1975 and references therein)iwhile the earlier results of the composition of
solar energetic pérticles have indicated rough agreement with photospheric
composition, during the last %ew years, it became quite obvious that in many
instances the energetic particle composition can depart drastically

3

from the expected composition of the solar atmosphere. 1In addition to the "H

enhancements mentioned above, there are very dramatic enhancements of
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heavy nuclei, in particular Fe; the largest Fe enhancements are observed

at low energies (< 10 MeV/nucleon), where Fe/He ratios close to unity have
b?en sgen-(sge_previpug subaection);‘ But these. enhancements- are not- Limited-
to only the low energies. In the 15 to 30 MeV/nucleon range, Bertsch and
Reames (1977) have reported on Fe/O ratio close to 40% for the 1974, July

4 flare, while Dietrich and Simpson (1978), report on Fe/O ratio close to
unity up to about 200 MeV/nucleon for the 1977, September 24 event. It

is outside the scope of this Chapter to discuss these enrichments in great
detail. In Section 4.8, however, we evaluate the effects of heavy nuclei

enrichments on solar gamma ray spectra.
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4,8, SOLAR GAMA RAYS

Solar gama ray lines were first observed from the 1972, August 4 and
7 flares by a detector employing a Nal(T¢) crystal flown on 0SQ-7 (Chupp
el al. 1973, 1975). Lines at 2.22, 0.51, 4.44 and 6.13 MeV, and
‘continuum in the 0.35 to 8 MeV range were reported from the August 4 flare;

2, (3+1) x 1072 and

with fluxes of (2.8%0.22) x 1070, (6.3%2.0) x 10~
(3£1) x 10-2 photons/cmzsec in the above 4 lines, respectively, and about
1 photon/cmzsec in the continuum above 1 MeV, Line emission at 2.22 and
0.51 MeV, with fluxes of (6.9+1.1} x 10_2 and (3.0%1.5) x 10_2 photons/cmzsec,
respectively, was also detected from the August 7 flare, but only upper limits
could be set on the 4.4 and 6.1 MeV lines and on the continuum from this
flare. CGamma-ray emission in the MeV region was also reported from the 1967,
May 21 and 23 events, But because of poo¥ energy resolution, mo line emission
could be resolved from these flares (Gruber, Peterson and Vette 1973). It
is worthwhile to note, however, that the flux of MeV gamma rays from the
May 23 flare was comparable to that froq the 1972, August 4 event, and that
the upper limit set on the 2.2 MeV line was larger by only about a factor of 2
than the observed flux of this line from the 1972, August 4 flare., Very
recently, gamma-ray line observations were reported from the flares of 1977,
November 22 (Chambon et al, 1978) and 1978, July 11 (Hudson et al. 1978).
Solar gamma rays are the most direct probe of the nucleonic component of
energetic particles in flares.
4.8.1. GAMMA RAY BEMISSTON MECHANISMS

The strongest gamma-ray line from flares is expected at 2,223 MeV
resulting from the radiative capture of neutronsg on protoms (n+p +-2H4-Y).
The neutrons are produced mostly in spallation reactions of He and heavier
miclei in the chromosphere or lower corona, The nuclear cross sections were
summarized by Ramaty -et al. (1975). After their production, the neutrons

propagate rectilinearly with typical initial energies of v 10 MeV, until they

either decay or are captured. Wang and Ramaty (1974), employing a detailed


http:2.8�0.22
http:0.51,.4.44

52

Monte Carlo simulation, have shown that the neutrons whosé velocity
wvectors at production point toward the photosphere have a good
chance (probability = 0.2) of being thermalized and captured before
-they decay. The resultant gamma-ray line, at 2.223 MeV is extremely
narxow (Fwﬁﬁ = 100 eV), its width determined by the photospheric tempera-
ture.

Because of the finite capture time, the 2.223 MeV gamma rays are
emitted after the production of the parent neutrons. This delay,
A100 sec, has to be taken into account in the comparison of the time
profile of the 2.2 MeV line with hard X-ray and miecrowave time profiles.
Such a comparison has been done by B;i and Ramaty (1976), and forms the
basis for present studies of the temporal relationship between proton
and electron acceleration in solar flares.

The second strongest line from flares is expected at 0.511 MeV from
positron annihiiation. The most important sources of positrons are

radioactive nuclei (e.g. llC, 13N, 140, and 150), the first excited

%6. +
160'6 052, and m mesons. The positrons are produced

state of oxygen,

with initial energies ranging from several hundreds keV to tens of MeV

(depending on the production mode), but if trappe& by magnetic fields

close to the Sun, the positrons can be slowed down to energies of tens

of €V on time scales less than "--102 sec (if the ambient density is about
1011hm_3). The positrons then annihilate, either freely or from a

bound positronium atom. The latter amnihilation mode dominates if the temperature

is greater than %106K and the density is >1015cm—3 {(Crannell et al. 1976).

Posifronium formatioq leads to a characteristic 3-photon continuum just

below 0.511 MeV. The width at the 0.511 MeV line depends on the temperature,

state of ionization and density of the ambient medium, and is expected to
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be less than about 20 keV for solar flares.
in ad&itiOn to the 2.223 and 0.511 MeV lines, nuclear interactions
in flares lead to many other lines resulting from deexcitations of nuclear
levels. Figure 4.8.1 shows the speétrum from these deexcitations calcu-
lated by employing a Monte Carlo simulation for an energetic particle
population interacting with an ambient medium. The energetic particle
spectrum is proportiomal to E—Z, where E is energy per nucleon. Both
the amblent medium and the energetic particles at the same E have a
photospheric composition (Ross and Aller 1976). The calculations are
based on close to 100 nuclear lines derived from either labotatory
measurements or theoretical interpolations and evaluations (Ramaty,
Rozlovsky and Lingenfelter 1979). The shapes of the lines are evaluated
by taking into account nuclear kinematics and data on the differential
cross sections of the reactions. The results of the simulations are
binned into energy intervals ranging from 2 to 5 keV, as indicated in
the figure, consistent with the resolution of a high purity Ge detector.
Two line components can be distinguished in Figure 4.8.1: a ﬁarrow
component resulting from the deexcitation of ambient heavy nuclei excited
by energetic protons and alpha particles, and a broad component from the
deexcitation of energetic heavy nutlel interacting with ambient H and He,
The widths of some of the narrow lines are about 5 keV at 0.847 MeV,
18 keV at 1.369 MeV, 13 keV at 1.434 MeV, 100 keV at 4.44 MeV, and
150 keV at 6.129 MeV, The spallation features.at %5.2 and 6.3 MeV
are a few hundred keV wide. -There-are many other weaker lines, which

together with the Doppler broadened nuclear emission produced by heavy
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accelerated particleé, merge into the underlying continuum. Above
v MeV most of the radiation is from C, N and 0, while below about
3 MeV the principal contributicnis are Mg, Si and Fe. At higher

120 deexcitation

energies, an important line is at 15.11 MeV from
(Crannell, Ramaty and Crannell 1977). Even though its intensity is
less than 27 of the 4.44 MeV line intensity, its high energy could
make this line. detectable above background for large flares.
4.8.2 CONSEQUENCES ON ENERGETIC IONS AND RELATIVISTIC ELECTRONS

Solar gamma rays, being produced by protons and nuclei of energies
greater than several MeV and by electrons above about 0.5 MeV, provide
unique information on these particles at or near the flare region. In
" what follows, we discuss the information on tﬁe timing of the acceleration
of high energy particles in flares, the spectrum and energy content of
the nucleonic component, the entichment of heavy nuclei in the accelerated
particles, snd the proton-to-electron ratio.

Timing of the Acceleration of High Energy Particles

Gamma-ray observations of the 1972, August 4 flare have pinpointed
the acceleration time of the nucleonic component ¢f solar energetic
particles with an accuracy on the order of 1 minute., In Figure 4.8.2
the three upper curves are the measured time profiles of X rays (29 to
41 keV), gamma, rays (0.35 to 8 MeV), and microwaves (37 GHz). The error
bars in the lower part of the figure represent the measured intensities
of the 2,22 MeV lines (Chupp et al. 1975). The solid, dashed, and dotted
curves are calculated time profiles of the 2.22 MeV line (Bai and Ramaty
1976); the solid curve is obtained by assuming that the instantaneous
number of energetic nuclei in the flare region has the same time depen-—

dence as that of .the observed 0.35 to 8 MeV gamma rays, while the dashed

and dotted curves are obtained by assuming that the time dependence of



55

the nuclei is the same as that of the 29 to 41 keV X-rays. Thus, there
appears to be a delay between the appeardgce of the ~10-100 keV electrons
which produce the 29 - 41 keV X rays and the energetic nuclei which are
responsible for the gamma-ray line emission. TFor the solid and dotted
curves we use a photospheric 3He abundance 3He/H = 5x10_5, and for the
dashed curve we use 3He/H =0, On the other hand, there seems to be
'no delay between the time profile of the nuclei and that of the gamma
rays above 0.35 MeV or the 37GHz microwaves. The microwaves are produced
by electrons of energies from several hundred keV to about 1 MeV and the
gamra rays are a combination of bremsstrahlung from such electrons and
nuclear radiation. We therefore conclude that nuclei of tens of MeV and
electrons of several hundred keV should have similar time profiles. 1In
Section 4.10 we show that this result could be consistent with Fermi

acceleration,

The Spectm.m;l3 and Energy Content of the Nuclei

The spectrum of energetic particles in the 1972, August 4 flare has
been estimated by comparing the calculated and observed ratios of the
- intensities of the 4.44 and 2.22 MeV lines (Ramaty et al. 1975), or of
the total 4 to 8 MeV radiation and the 2.22 MeV line (Ramaty et al. 1977).
We define spectral parameters s and Ec’ such that the instantaneous number
of particles per unit energy per nucleon around E is proportional to E_é
for E > Ec_and to a constant for E < Ec. Figure 4.8.3, taken from Ramaty
et al. (1977), shows the ratio of the nuclear radiation from 4 to 8 MeV
to the 2.223 MeV line intensity as a function of these parameters. The
shaded area is the measured ratio of the total 4 to 8 MeV radiation to the

2,22 MeV line intensity. The comparison of this ratio with the calculated
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ratios yield the spectral information: for Ec £ 10 MeV/nucleon s = 1.8,
while for Ec = 30 MeV, s = 2,5, Steep spectra (Ec,s 10 MeV/nucleon, s
2 2)y are inconsistent with the pamwa-ray ddtd becaise Ehé?’prddhce too”
much radiation in the 4 to 8 Mév range relative to the 2.22 MeV line
intensity.

The production of gamma rays by nuclear collisions is accompanied
by energy deposition due to Coulomb colligions of the accelerated particles.
Using the energy loss rates for protons in an ionized medium (Ginzburgq
and Syrovatskii 1964) we have calculated the ratio of the energy deposi-

tion rate, W, to the narrow 4.44 MeV line production rate, The

.4
results are shown in Figure 4.8.4. The ordinate on the left side of this
figure shows W/Q4_44, while.the right side ordinate shows ﬁ for the 1972,
August 4 flare; to calculate W we have used the measured 4.44 MeV line
flux of 0.03 photons/cm2 sec (Chupp et al. 1975).

As can be seen, ﬁ/Q4'44 is a strong function of the spectral para-
meters; for steep energetic particle spectra the energy deposited per
gamma ray is large because the particles below a few MeV per nuéleon
deposit energy efficiently by Coulomb collisioﬁs but do not produce gamma
rays. However, using the previously derived conmstraints on the spectral
parameters, we see that the energy deposited by the protons ;nd nuclei
in the 1972, August 4 flare could not have exceeded ahout lO28 erg/sec.
While this is an upper limit, a more probable value of W would be that
corresponding to s = 2.5, Ec.= 50 MeV/nucleon, a set of parameters which

fit the data in Figure 4.8.3. TFor this spectrum,W is about 6x1026 erg/sec.

Since the duration of proton acceleration should be similar to that of
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electron acceleration, about 103 sec, the total energy deposited by the

nucleonic component was about 6X1029 erg for the 1972, August & flare.
If the energetic protons and nuclei produce the gamma rays by inter-

acting with a thick target, the total energy in the nucleonic component

is just the deposited energy as calculated above. However, for a thin

target, the total energy is the sum of the depositeé energy and the energy

carried away from the Sun by escaping particles. This energy is given

approximately by (Wi/tesc) T, where W; and tesc are the average

instaneous energy content and escape time from the Sun of energetic

particles, and T is the total duration of particle acceleration.

. In Figure 4.8.5 we show the production rate of the narrow &4.44 MeV
line, Q4.44, for Wi = 1 eV and unit ambient density as a function of s
and Ec' For the spectral parameters derived above, Q4.44/Wi is about
10_26 photons/sec eV. The observed 4.44 MeV line flux, ~0.03 photons/cm2
sec, and T = 103sec imply that the escaping particles carry away about

1043

ergs/(ntesc), where n is in cm-3 and Eose in seconds.

The value of ntesC can be best determined from observations of
energetic particle species with low abundance in the ambient solar
atmosphere {(e.g. 2H, 3H, Li, Be, B). Such species therefore, if observed
in the enmergetic particles, must be of secondary nuclear origin. 3He

can only place upper limits on ntesc in flares, because, as implied by
the anomalcusly rich 3He events, (Section 4.7), at least part of the
energetic 3He nuclei could be due to preferential heating rather than

nuclear spallation.

3He was observed from the 1972, August flares (Webber et al. 1975),
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and these observations imply that ntesc < 1.5x1013cm_3sec (Ramaty and

Kozlovsky 1974)., While 2H and 3H was not observed from the 1972,
August events, Anglin et al. (1973). . have presenteduaverage~2H/lH and-

3H/lH ratios for other flares which at 10 MeV/nucleon are about 8}{10"5

and 2x10_5,'respectively. For these ratios ntesc is abeut 1013cm_33ec.
Hurford, Stone and Vogt (19752 detected 2H in data from several flares,

and found an 2H/lH ratio consistent with this walue. Thus, while the

3He abundance seems anomalous for many flares, for the 1972, August events
the observed 3He flux could be consistent with nuclear reactions of
energetic particles, and the impiied wvalue of nteSc is about 1013 cm_BSec.
When thig value is compared with the range—energy relations of Barﬁas and
Berger (1964), it follows that pxotons above V15 MeV escape without much
energy loss (thin target), and that below this energy they lose a large
fraction of their emergy (thick target). Most of the gamma rays are in fact
produced by particles above 15 MeV, and, moreover, for the spectral para-
meters deduced above, more than half of the energy resides in these particles.

13 -3 30

For nteSC = 10 sec, the escaping particles carry away about 10

ergs. This is comparable to the total energy deposited, %6x1029 erg, but

it is less by almost an order of magnitude than the estimated energy

30

8x10~ "erg, in the interplanetary medium in particles above 10 MeV (Lin

and Hudson 1976). A possible reason for this discrepancy could be the

acceleration of particles in the interplanetary medium by shock waves
(e.g. Otaola, Gall and Perez Enriquez 1977). The total energy in energetic
protons and nuclel at the Sun is therefore about l.5x1030ergs, or about

1% of the total flare energy.
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The Effect of Heavy Nuclei Enrichments on the Gammz Ray Spectrum

The gamma ray spectrum of the 1972, August 4 ‘flare, after the
subtraction of the observed lines at 0.51, 2.22, 4.44 and 6:13 MeV is shown
by the data points (Suri et al. 1975) in the left panel of Figure 4.8.6. °
The solid line in all three panels is the bremsstrahlung spectrum (Bai
1977) produced by electrons with number spectrum proportional to E_S'S
which fits the X-ray data of Van Beek et al. (1973) above 100 keV. The
data points in the central and right panels were obtained from those in
the left panel by subtracting the contribution of unresolved nuclear lines.
This nuclear radiation is calculated for photospheric abundances for the
ambient medium, and is normalized to the observed total radiation in the
4 to 7 MeV region. This emission is believed to be éntirely of nuclear
origin for the 1972, August 4 flare (Ramaty et al. 1977). For the central
panel éhe energetic particles have the same composition as the ambient
medium, and for the right panel the energetic particles are enriched in
heavy nuclei. We have used the recent results of Dietrich and Simpson
(1978) for the 1977, September 24 flare at high energies, ‘C:N:O:Ne:Mg:Si:Fe =
0.3:0.1:1:0.17:0.23:0.35:0.89:, where the Mg, 5i and ¥e abundances combine
the data for VNa and Mg, AL, Si and S, and 17<2Z<28, respectively.

If both the energetic particles and the ambieﬁp'medium.have photospheric
abundances (central panel) the gamma-ray data requires more bremsstrahlung
above ~ 0.7 MeV than is produced by a single power law electron spectrum.
Baged on this result Suri et al. (1975) and Bai and Raﬁaty (1976) have
suggested that the electron spectrum should flatten abové ~ 0.7 MeV, but
as shown in Section 4.7 (see Figure 4.7.1) there is no évi&enéé for such
flatténing in observed electron spectra from other flares. If, however the
energetic particles are rich in heavy nuclei (right panel)'all the gamma ray

data are consistent with nuclear radiation and bremsstrahlung from a single
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electron power law. (The excess between 2 and 2.4 MeV is probably due to
the incomplete subtraction of the 2.2 MeV line, A. N. Suri private commumi-
cation-1978). The. energetic particles-from the 1972, --August & flarecould
have been enriched in heavy nuclei as were those from the 1977, September .
24 event, eventhough the measurements of Webber et al. (1975) indicate only
moderate enrichments; as we have already discussed, a major fraction of the
energetic particles from the 1972, August events were probably accelerated
in the interplanetary medium, and therefore their composition could differ
from the composition of the flare accelerated particles.

The issue of whether the excess gamma rays are mostly from nuclear
reactions or bremsstrahlung produced by a flat electron spectrum could
potentially be resolved by microwave observations. The data of Croom
and Harris (1973), at 71 GHz, indicate a flattening in the radio spectrum
at high frequencies, and this would imply a corresponding flattening in
the electron spectrum (Bai and Ramaty 1976), but the reliability of these
millimeter wave data is somewhat in doubt., High resolution nuclear
spectroscopy could also resolve this issue, since the fine structure of a
Doppler-broadeined nuclear spectrum should be quite different from that of
bremsstrahlung, but no such data are available from solar flares at the present
time,

The Proton—-to-Electron Ratio

In Figure 4.8.7 we show nN(E) for protons and electrons as derived
from the analysis of gamma ray and X-ray observations. The protons are
normalized to nWj = 1040 erg cme. The electron spectrum shown by the
solid -line produces the bremsstrahlung spectrum of Figure 4.8.6. As we
have just discussed, this spectrum cannot accdﬁnt for the observed gamma rays

and hence requires an enrichment of heavy nuclei. This enrichment could be

in the energetic particles, in the ambient medium or in both. The electron
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spectrum shown by the dashed line would produce the required excess -
bremsstrahlung without such enrichments, but the flattening implied by
this spectrum is not seen in the particle data.

The temporal evidence for a second phase acceleration phase for
the protons and relativistic electrons different from that which accelerates
the lower energy electrons was shown 'in Figure 4.8.2., The flattening
of the electron spectrum above 0,7 MeV would be another manifestation of
second phase acceleration. If, however, there is no such flattening,
then second phase acceleration should produce electrons with a single
power law above about 100 keV. The two acceleration phases also manifest
themselves in different proton-to—electron ratios. Whereas at low energies
Q§ 100 keV) this ratio is quite low (Canfield and Cook 1978), above about
10 MeV, the instantaneous number of protons must exceed that of the electromns
by a large factor, as can be seen from Figure 4.8.7., Measurements of
relativistié electrons in the interplanetary medium (Section 4.7) lead
essentially to the same conclusion. In Section 4/10 we show that Fermi

acceleration can lead to a large proton-to-electron ratio at high energies.
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4.9 OTHER MANIFESTATIONS OE PARTICLE ACCELERATION

4.9.1 WHITE-LIGHT FLARES

Theég are short—lived, localized brightenings .in the .optical
continuum sometimes observed during the impulsive stage of energetic
flares. The light curves of these events have been ofserved to co-~
incide with ﬁard X-ray bursts, and there is evidence that they are
associated with the proton flares with the hardest spectra, although
the sample of observed events is small. -

A number of possible explanations of white light flares have been
prop;sed (e.g. Svestka 1976). We consider here only those mechanisms
for producing optical continua that depend directly on energetic particles
and which might serve as useful diagnostics. a) Synchrotron emission
from highly relativistic electrons (e.é. Stein and Ney 1963); b) thermal
emission from the photosphere produced by the thermalization of energetic
flare protons (or electrons) penetrating from .above; ¢} free-bound emission

from the recombination of chromospheric material non-thermally ionized by

energetic flare electrons (Hudson 1972, Lin and Budson 1976); d) self-absorbed

thermal synchrotron emission from hot filaments (Colgate 1978). We shall

not attempt here to compare the merits and difficulties of these four mechanisms,

except to note that the relativistiec synchrotron mechanism would require many

more relativistic electrons (10 to 1000 MeV) than there is other evidence for.
More observations of the color and polarization of white

light flares are needed, as well as more detailed theoretical modeling. It

may be that more than one process is operative. Here we shall only.consider

[y

the second proposed mechanism, since it is simplest to interpret, less model-

dependent, and leads to the most useful diagnostics.
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The suggestion was made and discussed independently by Najita and
Orrall (1970) and Svestka (1970) that white light flares are due to the
heating of the photosphere by a flux‘oﬁ energetic flare parti?les deposited
from above. Protons (or electrons) with energies above 20 MeV can reach
the photosphere. Because of the rapid increase of column density with
depth there, particles of between 20 and 1000 MeV will deposit most of
their energy in a thin layer about 100 km thick and the temperature will
rise in the region of impact., Because of the short radiative relaxation
time in the pﬁotosphere (vl see), an equality will be quickly set up
between the incoming particle energy flux and the excess radiative flux
from the slightly heated region of impact. The white-light flare of
1967, 23 May (Demastus and Stover 1967) was a factor 1.16 brighter than
the ngarby photosphere, corresponding to a temperature increase of 2200K,
and an excess radiative flux of mlolo erg cm_2 secbl. This is the flux
that must be provided by particles with energies of 20 MeV or more. The
larger of the two flare patches had an area of 2 x 1017 cm% so that a total
deposition rate of 2 x lO27 erg sec—l would be required to maintain it.

An early objection to this model was that it ;equired par&icles of
MeV energy to be accelerated early in the impulsive phase. But it is now
known from the gamma-ray observations from 0S0-7 of the 1972, August 4
flare (Chupp.et al, .1973 and Section 4.8 that such protons are indeed pro-
duced in the impulsije phase only slightly later than the hard X-ravs
(Bai and Ramaty 1976). From Section (4.8), the rate of energy deposition

for the August 4 flare from protons and nuclei above 20 MeV was about

6 -1 )
5 x 102 erg sec ~, and this is about a factor of 4 too small to have
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maintained the 1967, May 23 event.

No white light event was reported during the 1972 August 4 flare,
but a well ébserved white Tight eVent cccurrad during the 1972, August 7
flare that coincided with the impulsive hard X-ray burst. Rust and
Hegwer (1975) estimate that the total optical emission rates from the
& b;ight knots of the event was 4.6 x 1027 ergs sec_l. Unfortunately
050~7 was in earth-shadow during the impulsive phase, although gamma ray
observations were obtained during;the later stages of the flare (Chupp
et al. 1973).

From a comparison of the delayed emission at 2.2 MeV with microwave
emission in the late stages of the flare, Wang and Ramaty (1975) find that
‘the gamma-ray production during the unobserved impulsive portion might
have been an order of magnitude greater than for the 4 August flare,
provided that the delayed emission was due to the finite capture time of
neutrons in the photosphere. If this is indeed true, the gamma-ray data
are presently consistent with a proton-heated model of white light flares,
since the total proton energy would have just supplied the events of 1967,
May 23 and 1972, August 7, But Wang and Ramaty (1975) point out that this
delayed emission might also be produced by protons trapped in the region
of interaction. Further discussion probably must await new cobservations.
4,9.2 NON-THERMAL WINGS OF HYDROGEN LYMAN ALPHA

It has been pointed out by Orrall and Zirker (1976) that a beam of
fast nonthermal flare protons impacting into the chromosphere will pro-
duce some equally fast neutrals (mostly by charge exchange). These will

radiate Doppler-shifted photons, so that the hydrogen Lyman-alpha line
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from the region of impact will have aéymmetric, polarized, non-
‘thermal wings, whose asymmetry depends on the flux and energy spectrum
of the protons. The effect has been studied in some .detail by Orrall .
and Zirker (1976), who find that protons with energies less than about
300 keV should be detectable, if the proton beam has a flux and spectrum
. comparable to the impulsive non-relativistic electrons.

The interpretation of the effect is not greatly model~-dependent.
It is uncertain how rapidly the thermal flare Lyman-alpha, produced by
the thermalization of thé fast protons and electrons themselves, will
increase to mask the non-thermal effect. For this reason, observations
early in the imwpulsive phase are required. Spectra of the Lyman-Alpha
Iine in flares including the extended line wings,-were obtained by the
NRI, experiment on Skylab but not in the early impulsive phase. These
have been studied independently by Canfield and yy Orrall at this workshop.
No asymmetry has yet been detected that is certainly associated with the
flare. Canfield and Cook (1978) place an upper limit of 2 x ].0'_2 on the
ratio of the energy':ﬁlux of nonthermal protons-to-electrons injected

into the chromosphere at energies above 20 keV,
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4.10 SECOND PHASE ACCELERATION

Ideas on second phase acceleration are closely related to older
concepts of fhe'acceléfaﬁion\of galactic cosmic rays. From an historical
viewpoint these arose as follows. Swann (1933) proposed acceleration due
to the "betatron'" effect, and his idea was modified by §Schluter (1957) and
Berger et al. (1958) who called it "magnetic pumping." Fermi (31949, 1954)
proposed acceleration from moving magnetized blobs, and Thompson (1955)
and Kaplan (1956) applied the same idea to acceleration by hydromagnetic
waves. It was recognized by Thompson (1955), Davis (1956) and by Parker
and Tidman (1958) that effective acceleration requires effective scattering
of the particles. Parker (1958) suggested that the sca?tering could be due
to hydromagnetic waves with wavelength equal to the Larmor radius of the
scattered particles. The theory of this co-called "resonant scattering' has
since been developed in detail, and it is an important ingredient in present-~
day theories of acceleration by hydromagnetic turbulence. In this section we
review some of the theoretical ideas of particle acceleration, and we discuss
the plausibility of the Fermi mechanisms for second phase acceleration of
energetic particles in flares.

4.10.1 Brief Review of Theoretical Ideas

Provideq the turbulence can be regarded as stationary on time-
scales shorter than the acceleration time (e.g., excluding advancing shock
fronts) detailed balancing applies. This was implicit in some earlier theories,
e.g. Parker and Tidman (1958), and was made explicit by Tverskoi (1967). It
then follows that thg acceleration of a distribution of particles £(p) may

be described by an equation of the form

Ep,t) _ L 9 T, 3f (p,t)

where p is parfiicle momentum. This eguation can be rewritten as a Fokker-
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Planck equation {(e.g., Chandrasekhar 1943)

N(E,t) 3 192 [ 1
e < 35 [AE) NEOI+ 5 f(E)N(E’”j ' ((4.10.2)

where E is particle kinetic energy, N(E,t) = f(p,t)pzdp/dE, and there

is a relationship between A(E) and D(E),

A(E) = if a_p ;:2d( ) gE} D(E) = 2d(p) (dE/dp)2. (4.10.3
In the presence of advancing shock fronts there is an additional contri-
bution to A(E) but not to D(E). The rate of change of the mean energy of
the particles is given by A(E).

Kulsrud and Ferrari (1971) treated acceleration by hydromagnetic .
turbulence in a general way. They showed that d(p) in equation (4.10.1)

could be written in the form

3 *
dp) = p2 [ d~kdw (&, 0) <8B(k,w) 6B (k,w)>
(271')4 . BOZ

where Bo is the magnitude of the ambient magnetic field and §B(k,w) is

Y

the Fourier transform of the magnetic fluctuations associated with the

» (4.10.4)

turbulence. The scattering rate y(k,w) depends explicitly on the assumed
collision rate y. Kulsrud and Ferrari found simple limiting expressions
for the acceleration rate w(k,w). They take w/k ~v,, i.e., that the
turbulence consists of compressions and rarefactions propagating at the
Alfvén speed. The limiting cases are then as follows: (i) For w/v << vu/v
and v << vy the acceleration corresponds to magnetic pumping. The particles
can be regarded as trapped in localized regions subjected to compressions
and rarefactions which change the energy of the particle due to comnservation
of tﬁe magnetic moment. The scattering tends to keep tﬁe pitch~angle
distribution isotropic and provides a frictional drop which casses the com-
pressions to damp by transferring their energy to the particles. (ii) For
w/u << VA/v << 1 the aecceleration corresponds to transit acceleration as

discussed by Shen (1965). In this case the particles diffuse out of the
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region of compression at a rate, wp = w(v/vA)z, which is faster than the
compregsion rate w. (3ii) For w/v >> vAlv the acceleration corresponds to
Fermi acceleration in the sense defined by Parker (1958).. The particles
are reflected by the moving magnetic compressions and the scattering
counteracts the tendency of the pitch angles to decrease systematically.
Following Kulsrud and Ferrari's treatment Melrose (1971, 1974) showed
that the scattering rate v can adjust itself to a value which corresponds
to Fermi acceleration in the Kulsrud and Ferrari theory. The underlying idea
is that the turbulence cauases the particles to become amisotropic, and such
particles generate the resonant waves which scatter them. This idea is most
familiar in connection with trapped particles in the magnetosphere (Wentzel
1961, Dragt 1961, Dungey 1963, Kennell and Petschek 1966). The conditions
for the aﬁisotropic particles té generate thleir owm resonant waves are
relatively mild, and the resulting acceleration rate (for w/k = vp) is

VA
v(k,w) = 1?::_ W g . (4.10.5)

This is essentially the same as the rate which occurs in the early theories
of Fermi acceleration, e.g., Tﬁompson (1955), Davis (1956), Parker and
Tidwan (1958), and Hall and Sturrock (1967).

The réquirement that resonant scattering be effective provides several
limitations on the acceleration. The most important is a threshold condition.
The scattering is possible only when the gyroradius of the particle is
comparable with the wavelength of the resonant wave and the speed of the‘
particle ig much greater than the phase speed of the wave (so that the
wave looks like a stationary spatially periodic magnetic fluctuation to
the particle). These conditions can be satisfied for nonrelativistic ions
only for v >> Ve anrelagivistic electrons can resonate only with whistlers

and only for v >> 43 (ignoring the electron-cyclotron branch 6f the whistlez

Va

mode at frequencies above half the electron gyrofrequency).
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Other restrictions are that the particles must become sufficiently
anisotropic to éenerate their own waves, and that the resonant waves grow
fast enough, a condition which places a lower limit on the number density
of the accelerated particles (Melrose 1974).

4,10.2 Fermi Acceleration in Solar Flares

In this subsection we wish to investigate the plausibility of the
Fermi mechanism for second phase acceleration of emergetic particles in solar
flares. We consider the rate of change of the mean energy, A(E), given by

equation (4.10.3). By using equations (4.10.4) and (4.10.5) we obtain
y

A(E) = 2n<w>(SB/B)2(;éJpc (4.10.6)

where

2 -
<w> 2By =% 2 [ 3% dw w Bl,wB* (kw)>. (4.10.7)
o - oL
A result similar to equation (4.10.6), i.e. that A(E) is proportiomal

to.particle momentum, can be obtained from the simple consideration of

interactions with "moving magnetic mirrows" (Fermi 1949, Davis 1956). If-
the particles are assumed to collide with such mirrors moving with velocity
vy, the mean energy gain per collision is<ju§>= g(vA/c)ZW, where € is a
numerical constant of order unity, and W is the total energy of the particle.
The mean reate of energy gain is then given by
AGE) = E(vpy?/ 10)pe, q (4.10.8)
-where { is the mean free path between collisions. We denote by « the
constant of proportionality in front of pc in either equation (4.10.6) or
equation (4.10.8); these é&ugtions can be solv;d for E as function of time,
yielding
E(t) = [Aqexp (ot) - mc2]2/[2Aoexp(qm)], (4.10.9)
where A, =me2 + Eo + [EO(E0+2mc2)]1/2 and E; is the initial ox

injection energy.
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In order to satisfy the injection conditions v >> v, for protons and
v >> 43 v, for electroms, the particles must have energies greater than
‘at least 0.5 keV. But acceleration also requires that the rate'of ene?gy
gain be larger than the energy loss rate due to Coulomb collisions with
the ambient medium.

The dasheﬁ lines in Figure 4.10.1 show the energy loss rétes of protons
and electrons in an ionized medimm of unit density and temperature T = 2xlO6K.
The proton loss rate is from Ginzburg and Syrovatskii (1964). TFor the
assumed tem,perature.,“(dE/dt)P peaks at about 0.5 MeV, where the proton
velocity equals the thermal speed of the ambient electrons. The loss rate
for electrons is froﬁ Trubnikov (1965). At nonrelativistic energies

(dE/dt), varies as E_:I'/2

for E >> kT, while in the MeV region synchrotron
losses (not shown in Figure 4.10.1) could become important. If these losses
were taken into account, (dE/dt)e would vary as E2 at relativistic energies.

The solid curves in Figure 4.10.1 are the energy gain rates, A(E) =
a(pc), where ¢ was chosen such that Ae(E) exceeds (dE/dt)s for E > 100 keV.
Thus, electrons from the high energy tail of the first phase mechanism could
be injected into the second phase accelerator at about this energy, as
suggested by hard X ray and electron observations. The comparison of Ag(E)
with (dE/dt), yields a(sec—l) a-l.leOdlzn(cme). '

We can estimate ¢ independently from equation (4.10.9), since the
second phase mechanism should be capable of accelerating electrons to about
an MeV in less than ~ 1 minute, as evidenced by radio, hard X ray and pamma ray
continuum observations (Sections 4.6 and 4.8). TFor E, = 100 keV, E = 1 MeV

and t =~ 60 sec, equation (4.10.9) yields o =0.02 sec 1.

This value could
result from large amplitude turbulence, (aB/B)2 = 0.5, with periods around 1
second, and an Alfyen speed of ~ 300 km/sec (equation 4£.10.6). There is radio

evidence for such hydromagnetic turbulence (Abrami 1970, McLean et al. 1971,
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Gotwolds 1972). For o= 0.02 sec—l, the density that satisfies the injection

condition derived above is n ﬁ:l.3x1010cmf3

, and this value is reasonable
for the region of 'second phase acceleration of electrons in flares (e.g.
Bai and Ramaty 1976).

The energy gain rate for protons, AP(E), is plotted in figure 4.10.1
with the same value of o as for electrons. Since AP(E) is greater than
(dE/dt)p at all energies, the only injeétion condition for protons is
v>vp, and this can in principle be saéisfied by ambient protons in the
high energy tail of the Maxwell-Boltzmann distribution, provided of course
that the temperature is sufficiently high.

Acceleration of ambienf ions from the high energy Maxwell-Boltzmann tail
is consistent with the ephancement mechanisms of 3He and heavy ions that_rely
on preferential.heating (Fisk 1978, and Section 4.7). As we have discussed
3

in subsection (4.7.2), for events with very large ‘He/AHe ratios, these two

isotopes have similar energy spectra. This result strongly suggests that

the same mechanism accelerates both isotopes, in which case the 3He enrichment
cannot be due to the acceleration process itself, If, however, only particles
above an enexgy threshold (v>>wy) are accelerated, preferential heating of
3He would greatly inerease the number of ambient 3He
nuclei above the threshold, and hence would drastically alter the abundance
of this isotope in the observed energetic particles. On the other hand, if
the ambient ions undergo first phase acceleration, for example by bulk
energization (Section 4.5), it would appear that the different 3He and 4I-le
temperatures could have no significant effect on the ratio of these isotopes
at high energies,

We note, ho&ever, that v >> v, and B<10"3 (a condition required in Fisk's

1978 model for 3He~rich flares) would allow the acceleration of only an

insignificant nurber of 3He nuclel unless very substantial 3He preheating
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takes place. There are, of course, other versions of statistical
accelerations where the scattering is not self-generated but comes from
external sources; these could work when the particle speed is small
compared with uA.
A strong result of the analysis of the particle and gamma-ray

observations (Sections 4.7 and 4.8) is that more protons than electrons are

accelerated to MeV energies in flares. Fermi acceleration is quite consistent
with this result, the overabundance resulting mainly from the more rapid
energy gain of protons than electrons (see Figure 4,10.1). For example,

if we inject protons into the second phase accelerator at a few keV and

the electrons at ~ 100 keV, then, from equation (4.10.9) with & = 0.02 sec T,
we see tha£ the mean energy of the protons can increase to tens of MeV imn a
few tens of seconds, while the mean energy of the electrons increases to only
a few hundred keV in this time interval. Since the acceleration lasts for
only a finite time, we expect a,large proton-to-electron ratio at high
energies. The protonrto-elecyron ratio is also affected by the different
injection conditions of these two particle gpecies as discussed abo%e, but

in any event fewer electrons than protons are expected to reach MeV energies
because of their lower rate of energy gain. On the other hand, since the
acceleration time of protons of tens of MeV is similar to that of electrons

of hundreds of keV, the nuclear lines produced by such protons should have

a time dependence similar to that of gamma-ray continuum produced by electrons
of several hundreds keV energy. This result is consistent witﬁ the data
discussed in Sectdion 4.8.

We do not attempt to evaluate the spectrum of protons and electrons
resulting from second phase acceleration. As was shown by Wentzel (1965),
even in a steady étate, different spectral shaées can result, depending
on the escape conditions of the particles from the acceleration region.

Moreover, acceleration in solar flares can only be poorly approximated by a

steady state.
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4.11. SUMMARY

We have examined the various manifestation of energetic particles in
solar flares as well as the possible mechanisms for the acceleration of these
particles,

Electrons in the 10 to 100 keV range are energetically the dominant
component of flare accelerated particlés. These electrons are manifest in
hard X-ray bursts, type TII radic bursts, and they are directly observed in
the interplanetary medium., In the nonthermal, thick-target interpretation
of hard X-rays, electrons above 20 keV could contain up to 50% of thé total
. flare energy. The possibility that these electrons are thermal has recently
been reconsidered by Colgate (1978); Crannell et al. (1978) and Elcan (1978)
have shown that at least some of the data are consistent with thermal bremsstrahlung
In this Chapter (Section 4.2) we have discussed a quasithermal model‘in which the
ratio of bremsstrahlung yield to nonradiative energy loss rate is maximized
under reasonably realistic conditions. In such a model, the X-ray emission
efficiency is increased, and therefore a given hard X-ray flux requires a smaller
nonradiative energy loss (by about a factor of 20) than that deduced from the
nonthermal thick target case {(see also Smith and Lilliequist 1978).

A‘promising mechanism for producing the 10 to 100 keV electron component
is bulk energization. ‘An additional result of the analysis of Sections 4.2
and 4.5 is that in such energization the protons are heated to an energy lower
by at least an order of magmitude than the eléctrons. There is no direct
observational evidence for a 10 to 100 keV proton component in flares, and the
analysis of the nonthermal wings of hydrogen Ly o places only upper limits on
the proton-to-electron ratio in this energy range (Canfield and Cook 1978, and
Section 4.9). However, bulk energization on the short time scales implied by
the X-ray observations most likely involves direct electric field acceleration
coupled with a wave isotropization process. DMoreover, direct electric field
.and wave acceleration processes are the most likely candidates for producing the

electrons observed in interplanetary space. These electrons, however, comprise

only a small fraction of the 10 to 100 keV electron component.
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In Sections 4.3 and 4.4 we have discussed the existence and
consequences of reverse currents. Such currents are required to neutralize
beams-of fast elec?ronsrwhich have been invoked to. account for energetic solar
pﬁen;mena such as type III radio bursts and nonthermal hard X-ray emission.
Without reverse currents, the energy in the self magnetic fields of the
postulated beams is orders of magnitude above the total flare energy (Colgate
1978). The reverse current allows beam transport, but it cannot exist in
acceleration region itself thereby placing restrictions on the
acceleration regions (see Section 4.53).

In Section 4.4 a method is presented for the diagnosis of the electron
temperature and density of a rapidly heated coronal plasma (see also Shapiro
and Knight 1978). Such heating is implied by the hard X-ray observations, and
may result from the energy dissipated by either the fast electrons that produce
the X .rays or the reverse current which neutralizes the electron beam,

Particles of energies higher than about 100 keV are a genuine
nonthermal manifestation of solar flares. The existence of such particles is
manifest in radio observations (Section 4.6) which show evidence for electrons
up to energies of a few MeV, in gamma-ray continuum measurements {Section 4.8)
which define the electrons spectrum in the 100 keV to ~ 1 MeV region, and nuclear
gamma—ray observations which iIndicate that flares accelerate protons and nuclei
to tens of MeV in reasonably close temporal association with the bulk energiza-
tioﬁ in the 10 to 100 keV region. The temporal behavior of the gamma-ray
continuum above ~ 100 keV, of the nuclear gamma rays and of the high frequency
(> 20 GHz) milcrowave emission, nevertheless, indicates that a phase of acceler-
ation, distinct from that responsible for the bulk energization, is required
for the acceleration of the high energy particle component. We have referred

to these two acceleration phases as first phase (10 to 100 keV electrons) and

second phase mechanisms. Second phase acceleration is discussed in Section
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(4.10) where it is suggested that it could be due to a stochastic, Fermi-type
process closely related to the passage of shock waves through the solar atmos—
phere. Some of the observed features of the high energy particle component,

such as the proton-to-electron ratio, are consistent with this type of accel-
eration. The proton-to-electron ratio above several MeV is found to be very large
QB 102); this 'result is deduced from both particle (Section 4.7) and gamma-ray

(Section 4.8) observations. An acceleration mechanism in which the rate of

[y

énergy gain iIs proportional to particle momentum would produce this result,

One of the most puzzling aspects of energetic particle observations
from solar flares has been the tremendous compositional variability of these
particles. The species that have shown the greatest variability are 3He and Fe
(Section 4.7). The theories proposed to account for the 3He enhancements are
discussed in subsection (4.7.2). We feel that particle events in which 3He/4He
exceeds about 107 could be best explained by a model such as proposed by Fisk
(1978), in which ambient solar 3He ie preferentially heated by electrostatie
ion cyclotron waves. No specific acceleration mechanism is suggested in
this model, but as we have discussed in Sections (4.7} and (4.10), second order
Fermi mechanism could be a viable candidate. We point out (Section 4.10) that
if the rate of emergy gain is determined from the requirement that first phase
electrons are injected info the second phase mechanism at about }00 keV, then
protons and nuclei could be accelerated direcély from the high energy tail of
the thexrmal (-~ 2x106K) ambient medium. In this way, minor constituents of the
ambient gas (e.g. 3He and Fe), if preferentially heated, would show up over-
abundant at high energies, as occasionally observed (Section 4.7)..

We have found that notall 3He-rich events can be easily explained
by the preferential heating model, and, therefore, nuclear reactions may be
raquired to account for such events. These events ha%e 3He/4He ratiocs of a

féw percent to ~ 10%. The limit set on the amount of matter traversed by
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energetic particles as they escape from the Sun (from 2H.observations, Section
4.8), however, is not sufficient to account for these ovbserved 3He/4He ratios,
But as discussed in Section -(4.7), the nuclear models that have been Dproposed
can sSuppress 2H by kinematical effects (Ramaty and Kozlovsky 1974, Rothwell
1976) or by thermonuclear burning (Colgate et al, 1977).

The most clear cut evidence for nuclear reactions in solar flares
comes from gamma-ray studies, Gamma rays above an MeV Rave Ey now been observed
from several .-solar flares,.and nuclear lines from at-least two (See Section 4.8).
The reactions which produce nuclear gamma rays are mns%ly inelastic collisieons
between the energetic particles.and the ambient solar atmosphere. 1If the 3He
nuclei, in at least some of the 3He—rich events, result from:such collisions, then
these events should be accompanied by gamma rays and this will be tested by
observations on the Solar Maximum Mission. As we have seen in Section (4.8),
the gamma rays provide information on the timiné of the acceleration of protons
and nuclei and on the energy content in the nucleonic component. In Section
(4.9) we have discussed the origin of white light flares, and we have found
that the energy contained in protons and nuclei above 20 MeV is lower by only
a small factor than the energy required to produce white light emission by
fast ions impinging upon the photospherg. Simultaneous observations of white-
light and gamma-ray emissions are required, since the above conclusion is based
on the comparison of observations from different flares.

The enhancement of heavy nuclei which is so evident in the particle
fluxes from flares, may also be manifest in gamma-ray spectra. We have found
that a broad feature between ~ 0.8 to 2 MeV in the spectrum of the 1972, August
4 flare could be due to an overabundance of Mg, Si and Fe nuclei in the energetic
particles from this flare. This result is consistent with new observations of
particle events in solar cycle 21 (Dietrich and Simpson 1978), and seems to

indicate that the enrichment of heavy nuclei in energetic particle events occurs in
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both small and large flares. ﬁith this interpretation, essentially all
gamma rays above ~ 1 MeV are of nuclear origin, i.e. produced by the interactions
of energetic ions with the sélar atmosphere.

The material presented in this Chapter has been discussed by
the authors at 4 separate one-week meetings of the Second Skylab Werkshop
on Solar Flares, Boulder, Colorado, 1976-1977. Section (4.2) has been written
by P. Hoyng and D. Smith, Section (4.3) by P. Hoyng, J. Knight,.-and D. Smith,
Section (4.4) by J. Knight and P.- Shapiro, Section (4.5) by P. Hoyng, J. Knight anc
D. Smith, Section (4.6) by G. Dulk and D. Melrose in collaboration with S.F.
Smerd, Section (4.7) by C. Paizis, R. Ramaty and M. Van Hollebeke in collabor-
ation with R. McGuire and A. T. Serlemitsos, Section (4.8) by R. Ramaty,
Section (4.9) by F. Orrall, and Section (4.}0) by D. Melrose and R. Ramaty.
The Imtroduction and Summary, Sections (4.1) amd (4.11), have been written by
the Team Leader, R. Ramaty, with inputs and suggestions from all Team Members.
S. A. Colgate and R. P. Lin have contributed to various sections pf this Chapter.
Colgate to Sections (4.3), {4.5) and (4.7), and Lin to Sections (4.1), (4.2),
(4.5), (4.7), (4.8), (4.9) and (4.10). The editing of Sectiomns (4:2) through
(4.5 was done by D. Smith, and that of that of the rest of the Chapter by
R. Ramaty with assistance from C. Paizis. T. Bai, a member of Team IV of the
Workshop, participated in the meetings of the present Team, and contributed to
the discussion on the time dependences of hard X-ray production in solar flares.
L. A. Fisk participated in one of the Workshop meetings and presented the 3He
enrichment model discussed in this chapter. The data used in Section (4.7)
has been kindly provided by E. C. Stone, R. Mewaldt, J. A. Simpson, F. B. McDonald
and T. von Rosenvinge. The team leader is grateful to the referees, H.S. Hudson
and L.A. Fisk, for the careful review of the manuscript and the many helpful

suggestions that they made.
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Figure Captions

4.3.1 Figure 4.3.1 Diagnostic diagram for hard X-ray sources. The stable
and unstable regimes are indi;ated; the former can be subdivided inéo
a collision-dominated and a "reversé currént electric field" - dominated
regime. Knowledge of the absolute veldcity or energy distribution
results in a vertical velocity band at the relevant value of vr/v,.
Four such bands are drawn and discussed in the text., The width
of the band is a rough indication of the relative energy distribution
of the beam electrons. The arrows indicate. movements of the source

made while positioning it on the Vflvt - axis,

4.7.1 Differential electron energy spectrum observed in the interplanetary
medium from the 7 September 1973 flare. The spectrum is comstructed
from the flux maximum jin each energy channel and compiled from 3

different detector systems as shown by the different symbols. Overlapping
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energy in the ~ 100 keV region between IMP-6 UCE and IMP 7 Caltech
experiments insures a cross—checked intercalibration.

4.7.2 Correlation plot between .5 to 1.1 MeV electrons and 10 MeV protons
for some 40 flare-associated events detected by the IMP 4/5 GSFC
cosmic ray experiment. All these events are associated with flares
well connected to the observer. The flux has been measured at its
maximum £or both protons and electrons. In order to detect possible
bias due to difference in the proton spectra, the events have been
grouped into two categories according to the shape vy of the differential
energy-spectrum. Such bias is not observed. There is a good correlation

i

for events in which the proton flux is larger than 5x10—2(Cm2-sec-sr-MeV)_l
We suggest that in such events the two particle populations are from second
phase acceleration. The excess electrons for small events, are probably
from the high energy tail of the first phase acceleration.

4.7.3 Same as Figure 4.7.2 for a different time period, except that the
electron flux from the IMP 7 Caltech experiment is given in absolute
units (see text).-

4.7.4 The ratio 3He/4He measured at various energies as a function of Ip, max
(10 MeV), the proton intensity at 10 MeV and at the maximum intensity
of the event,

4,7.5 The ratio 4He./lH measured at various energies as a function of Iy, max
{10 MeV). Note that tﬁe trend in 3He/4He and 4He/lﬁ ratios shown in
figures 4.7.4 and 4.7.5 considerably exceeds the variability that might
result from the fact that the measurements are at different energies.

4.7.6 The ratio Fe/4He as a function of 3He/4H (from Anglin et al. 1977).

4.7.7 The ratio 3He/4He as a function of 1H14He for all available energies.

In a few cases the same event has been measured in more than one energy

interval, and then it appears more than once in this figure.
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4.8.1 Prompt nuclear gamma ray spectrum from the interactions of emnergetic

4.8.2

“4.8.3

4.8.4

particles with the solar stmosphere. The composition of both the

energétic particles at the same energy per nucleon and the ambient

medium is the same as that of the photosphere. The energy spectrum
2

of the particles is proportional to E “. Not shown in this figure

are the delayed lines, at 2.223 MeV from neutron capture and at 0.511
MeV from positron amnihilation. Imn the 1972, August 4 flare these
lines were ~ 10 and 2 times more intense, respectively, than the

120 line at 4.44 MeV.

Time dependences of radiations of the 1972 August 4, flare. The three
upper lines are the measured time profiles of X-rays (29 ~ 41 keV),
gamma rays (0.35 ~ 8 MeV), and microwaves (37 GHz). The error bars

in the lower part of the figure represent the measured intensities of

the 2.2 MeV line, The solid, dashed, and dotted iines are calculated

time profiles of the 2.2 MeV line. The solid lines is obtained by

assuming that the instantaneous number of nuclei in the flare region
has tﬁe same time dependence as that of the observed 0.35 to 8 MeV
gamma rays. The dashed and dotted lines are cbtained by assuming

that the time dependence of the nuclei is the same as that of the 29 to
41 keV X-rays. %or the solid and dotted lines we used a photospheric
3He abundance 3He/H = 5x10—5; for the dashed line, 3He/H = (0 (from

Bai and Ramaty 1976).

The;ratic of gamma ray production rate in the energy range 4 to 7 MeV
to the production rate of the 2.2 MeV line. " The shaded area represents
the observed ratio for the 1972, August 4 flare {(from Ramaty et al. 1977).
The ratio of the instantaneous energy deposition rate of protoms and

nucleil in a ionized medium to the instantaneous narrow 4.44 MeV gamma

ray line production rate. Both the energetic particles and ambient



4.8.5

4.,8.6

4.8.7

4.10.1
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medium have photospheric composition. The right side ordinate is

the energy deposition rate for the 1977, August 4 flare for the measured
mean 4.44 MeV line intensity of 0.03 photons/cmzsec (Chupp et al. 1975).
The instantaneous production rate of the narrow 4.44 MeV line by
energetic partiéles with energy density 1eV/cm3 in a medium of

unit hydrogen density.

The effect of an enrichment in emergetic heavy nuclei on the gamma

ray spectrum (see text).

Instantaneous proton and electron numbers for the %972, August 4 flare,
The proton numbers are deduced from the gamma-ray line observations,
while the electron numbers are obtained from the hard X rays and
gamma-ray continuum.

Energy gains and losses of protons and electrons. The losses (dashed
curves) are for a fully donized hydrogen at T = 2x106K. The gains
(so0lid curves) are given by the functions A(E) = const x momentum,
where the constant has been chosen so that A, (E) > (dE/dt)e for E > 0.1
MeV. At about this energy, a transition from £irst phase to second

phase acceleration is observed (see Figure 4.7.3).



Table 4.2.1., Parameter summary for thick target and thermal hard X~ray source models (EO = 25 keV)

¥ duration F Pm Y kT Pth
(s} (s™H (erg s ') (cmds) (keV) (erg s"l)

Largest event .-
(August 4, 1972) 3,5 A 1000 hx103% 2,3x10%° 3.6x10° 30-66 2.8x10%3
(Hoyng et al., 1976)
Typical strong event 55 10-100 1p30 5x1028 6x10™  30-60  2.4x10%2
(TD-1A; Hoyng et al., 1976)
Typical small event

5 10-100 5x10 30 2.5x10%7 2.6x10"" 30-60 8. 3x10%0

(0S0 V!, Datlowe et .al.,
1974b) '




TABLE 4.4.1°T

Line Enhancement Factors (8)

fon Transition A(R) Eij(ev) y %ax =10 o= =100 ¢=300 «=1000

Mg XI 152(13? 7.85 1579.6 6.110 104 56.1 133 133 117 88.2
~1s3p('P) S o
152(13? 9.17 1352.2 5.231 90 28.7 58.0 58.0 50.8 37.9
~1s2p('P)

Fe xviz 2p8('s).  12.12 1023.1 3.958 68 1.5 19.2 18.4 15.4 11.3
~2p°4d(1p)
2p5gls) 15.26 812.6 3.143 54 6.6 9.5 8.9 7.3 5.2
-2p53d(tp)

0 VIII 1s(%S)  19.00 652.6 2.524 43 4.4 5.7 5.2 4.1 2.9
~2p(2P)
2-4 75.90 816.78 3.160 54 6.7 9.6 9.1 7.4 5.3

0 VII 152(]s? 21.60 574.1 2.221 38 3.7 4.5 4.0 3.2 2.2
~-1s2p('P)

NVIT 1s(°S) - 24.80 500 1.943 33 3.1 3.6 3.2 2.4 1.3
-2p(2p)

S XV 2s(’S)  30.43 407.5 1.5%6 27 2.6 2.8 2.3 1.8 1.2,
-3p(?P)

Cvl  1s(%s) 33.70  368.0 1.424 24 2.4 2.6 2.1 1.6 1.1
~2p (2P}

Si XII 25(25) 40.92  303.0 1.172 20 2.1 2.2 1.7 1.3 0.9
-~3p(“P)

Fe XVI 3s(®S)  50.50 245.5 0.95 16 1.9 1.9 1.4 1.1 0.7

_-4p(2P) ’ :
3d(®p).  76.60 245.5 0.95 16 1.9 1.9 1.4 1.1 0.7

-4p(%P) .

*Wavelengths and excitation energies were taken from Kato (1976).

Tinitial

= 3x106K is assumed.
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- TABLE 4.4.2

f.

Ionization Times (rIne gg;cm'3)

10N 11(EV}/y] 2, L/ 3 g2/g3 =10 o=a_ 0100 =300 =100

Mg XI  1761.79, 2 38.4 21.5 21.6  25.2 33.7
x 6.815 . {onax=90)

Fe XVII 1265 1397, 6 2, 4.89  3.39  3.51  4.24 5.79
4.893 5.404 (oq,=68)

0 VIII  871.39, 1 17.9  15.1  16.3  20:5 28.7
3.371 (epa=54)

0 VII  739.316, 2 6.63 5.84 6.57 8.37  11.8
' 2.860 (eax=38)

NVII  667.029, - 1 1.0 9.99  11.5  14.7 20.9
2.580 (o 0y=33)

S XIV 706.8, 3076, 1 2, .4 9.31 9.8 12.2 16.8
2.734 11.899 ‘ (a5 =27)

c VI 489.98, ’ [ 6.53  6.29  7.68  10.1 14.5
| 1.895 (nax=24)

S1 XII 523.3, 2310, 1 2, 6.63 5.96 6.63 8.38  11.8
2.024 8.936 (o 0y =20)

Fe XVI 490, 1223, 1344, 1 6, 2.68 2.33 2.33  2.89 4,02
1.895 4.731 “5.199 2 (¢pax=16)

*Constants are taken from Lotz (1968, 1969), where a = 4.5, b = ¢ = 0 throughout.
= 3x106 K is assumed.

+T

initial
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CERGEDING PAGE BLANK NOT &t mEe

Burst Type Radiation Total Number Energy Range, Pitch Angle Remarks
Mechanism of Particles Energy Distribution bDistribution
A. First (Flash or [mpulsive) Phase
Type IIL at Rp1.1 R, plasma ~10 bunches 10-100 kzv, gap forward cone fast electronc
’ 1031—1032per bunch of angle ~20 have outpaced slow
Microwave Impulsive gyro-syncheotron ~103411037 >10 kev { 10 kev -1 Mév, power |nearly lsotropic? most emlssion from
law with vy = 3 to 5 e~ of E> 100 kev
(thermal?) >1OJ‘0 cm-3, thermal T~108~109 K Lsotropic questionable
B, First and/or Secdnd Phase
Type LL plasnma ? plateau or gap anisotropie
Flare Contlnuum (FCM) gee | below -
C. Second Phase .
Microwave IV gyro-synchrotroen 1031—1033 0.5~5 Mev, power . |nearly isotropic? e~ trapped in low
" ' law with ¥ = 2 to 3 ‘} ‘coronal loops
© Moving Type 1V 13 .
a)Advancing Front gyro—-synchrotron ~1077 > 1 Vev 1 -5 Mev, power nearly isotro?lc? Rare. Cl?se assoc—
law with ¥ ~ 5 to 10 lation with shock
b) Isolated Source gyro-synchrotron ~1033 > 0.1 Vev 0.1-1 ¥ev, power nearly isotropic? plasmoilds with
' law with Y x 4 . field of 3 - 10 G
34 “
F >107 " > 10 kev lateau or gap logs cone sonetimes starts
Flare Continuum (FCII) plasma > 2 P g . with TII's (CH)
gyro-synchrotron? ~1033 > 0.5 Mev 6.5 -1 Mev, power nearly isotropic? e~ trapped in high
law with vy = 7 corconal loops




TABLE 4.7.1

TIHE OF Hiar*He e/ D/ T/ | NO. OF EVENTS|  ~i0 Mey )
DATE MEASUREMENT | IDENTIFICATION ENERGY EMERGY ENERGY ENERGY PROTON MAX. FLUX REMARKS REF.
START STOP RATIO  WeWNUC |  RATIO  MeV/NUG | RATIO  WeWNUC| RATIO  MewNUG| D T  %Hs | P/CME-SEC-SH-MaV
NV 12, 1980 - CLASS 3 FLARE | 02 ' |~{50-120) - f - - : -1 -1-1- =1 - - % i
AVERAGE OVER -t|10- 4+ lpp- S T R A — -
WERACE OER, - - iz axiolio-100 933010 :m 100 | B i i A 0
i | s
APRIL 19,1960 |1800 4/22/68 000 |we2,N20  |omeoos |as-19 (4220310 4-19 o Bl Bl Al I_I i |oup THEE L2 DKM RADIO. (2121 A X-RAY ¢
| 1 . I MV ELECTRON ONSET AT 23/1310 UT
APRIL 231968 | 1800 4726/68 0800 - 003£0.0  |46-i9 | (3120 2ki0%4-19 - I IR e L e O e AT 210 T ¢
3 3
APRIL 29,1968 |0700 5/1/68 2400 - 0164005 |46-19 |(LRLOINIO? 418|503 |46-B |$020 l4s-10 <5 2014 |saoe WIGGLE LIKE PROTON EVENT c
I 1 [
MAY 11,1968 | 0700 5/14/68 2000 - 0 14£002 i4.s-|9 (690210 4-19 — = -] =1~- [ 1120 | 4xio CONSISTENT WITH A CO-ROTATING EVENT | ¢
. ! I |
0CT. 30,1968* [ 1200 10/30/68 2400 [ Wiz 516 017£0,03 :4.s-|s - - o e - |- I 3l o EVENT ASSOCIATED WITH IP DISTURBANCE | ©
| | -RAYS (1-20) A
MAY 5,196 |1500 5/m/69 0900 |wWr2,No9  |0s3t007 E4.e-|9 w02t a-lg | 2004 i46 15 008 las-to| 2 12 1o | 2x0°2 RADIO BURSY TYPE Th Mo XRAS(FZ0IA) ¢
B |
MAY 13,1969 [1800 5/15/69 1000 - lortoms fae-m |mmoskioa-s — = ===t P DISTURBANCE DURING MEASURERENT | ¢
i {
MAY 28,1968 |1500 5/29/69 0200 | W59 ,H 10 1s2201  j46-19 {04t02  l4-13  |aexotlesn stenotlago | 1 | o0 ! 560 | L2slo"? §P€A§}s“}’§‘ TYPE TM, DK, TU DKM B,E
i
| | |
MAY 20,196 0200 5/20/69 2100 |Wes K12 [oTit0os la6-1s |otstoas :4}—I9 <4xi0 14513 |<8x10° [46-10 | © | 11250 4ot RADIO BURST TYPE 1,10 E
1 { +
- la 46 e i - RADIO BURST TYPE IL. X-RAYS (120} A,
MAY 20,1969 (2100 5/30/69 2000 [WTG M1z 0356003 la6-19  [o2so0r |4t |steroieen sitotias=io | 3 1 2 {300 | exs RADIO BURST TYPE IL. X E
“ ol |
JUNE 8,1969 | 0415 6/12/69 2300 - 00010.02 }46—|9 {7410 310" 4~ 18 - -] = : - == } a2 |15 - ¢
P I
SEPT.28,i969" |0600 10/2/69 2000|E02,N08  |0.18£0.05 | 46-19 (55£034110°% 4-18 - = === I |7 EVENT ASSOCIATED WITH IP DISTURBANCE | C
I 1
_ . 1 e 2lye S U B ONSET 280 k¥ ELECTRONS AT 1470345 AND
0CT. 14,1969 , |0100 10/15/69 2100 o500 | 46-19 | $5500746-13 [ 2300 610 3 | | ! 86 | ~81i0 OHSET 280 Koy ELECTRONS ATAA/OMa AN ¢
| ¥
0T, 14-15,1969 - - 0264008 | 4-5 130K 4-5  |<0le lgms | — i —|ololn - FIRST e ICH EVENT REPORTED FROM | ¢
OCT 14,1969 - - 0331008 |l05-21 |[L2xi0? |8s-188 | <016 ho-15 J<ot s |— |~ | — — - 5
| 1 [
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TABLE 4.7.1 (cont.)
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NOTES FOR TABLE 4.7.1
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C. Present work

D. Balasubrahmanyan and Serlemitsos (1974).

E. Serlemitsos and Balasubrahmanyan (1975).

¥. Garrard, Stone and Vogt (1973).

G. Anglin (1975).

H. Dietrich (1973).

I. Hurford, Mewaldt, Stone and Vogt (1975}. .

J. Hurford, Stone and Vogt (1975).

K. McGuire, McDonald, von Rosenvinge, private communication.
L. Hovestadt, Klecker, Vollmer, Gloeckler and Fan (1975):

M. Van Hollebeke, Trainor and McCracken Gl9755.

N. Green, ﬂibberen;, Miller-Mellin, Witte, Kempe and Kunow (1975).

*For this event, pieces of Discoverer 17 satellite material have been used
to search for ~He.

The identification is based on the requirement of velocity dispersion in
the proton component and the association with optical flares, radio
bursts and X-ray bursts prior to the highest energy particle arrival.

The 10 MeV proton maximum intensity is determined from the Low Energy Detector
(LED) from the GSFC Cosmic Ray experiments onboard 0G0~V and IMP's IV,
V and VII.
- oo A1 3 3 .
In a few cases the ratios He/ H, D/ He and T/ He were not given explicitly
by the cited authors. The figures given here are estimated from the
reported number of- counts or spectra.

+The observations started 24 and 17 hours, respectively, after the Hu
maximum and after the onset of the particle events. Moreover, there
were interplanetary distrubances going on during the measurements.
Thus they may not reflect the genuine solar flare particle emission.



TABLE 4.7 2

POWER LAW EXPONENT RATIO ENERGY RANGE
EVENT DATE 74, 73 e MeV/Nucleon REFERENCE
e He /
4
He
w2
August 1972 2.65 + 0,03 - L.35 (1.7 + 0.6) x 10 50 - 70 Webber et al (1975)
' -2
Jan. 25, 1971 3.5 + 0.3 2.1 + 0.8 2+ 1) x 10 10 - 50 Dietrich (1973)
. * ...2
Flare Sum ~3 1.8 (2.1 + 0.4) x 10 10 - 100 Hsleh and Simpson (1970)
-2 .
Nov. 2, 1969 3.5 + 0.2 1.9 £ 0.6 (7.7 £ 2) x 10 10 - 50 Dietrich (1973)
Oct. L4; 1969 - ~3 ~3 0.33 + 0.08 10.5 - 22.1 . Anglin (1975)
May 29, 1969 3.24 + 0,05 3.24 4 0.05 0.35 + 0.03 . 4.6 ~ 19 _ Serlemitsos & Balasubrahmanyan (1975)
July 30, 1970 ~3 ~3 0.5 1 0.09 10.5 - 27.1 Anglin (1975)
May 29, 1969 3.55 + 0.12 3.69 + 0.12 0.71 + 0.06 4.6 - 19 Serlemitsos & Balasubrahmanyan (1375)

May 29, 196% 4.16 + 0.1 4.04 + 0.1 1.52 + 0.1 4.6 - 19 Serlemitsos & Balasubrahmardyan (1973)
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