ADA0D1329

&EIMPULSIVE PHASE OF SOLAR FLARES/
H- = Z -

l!’ 16 -PERFORMING ORG. REPORT NUMBER
7, ~-AUTHOR(E) ™ { j ) 8. CONTRACT OR GRANT NUMBER(s)
‘Sharad R./ ane U./Feldman M. R. Kundu R .

| C. J./Crannell A./Gabriel C. Matzler // Y Yo/
D. /Datlowe -H. S. Hudson* D, Neidig T
3 RERFORMING GRGANIZATION NAME AND ADDRESS 0. PBQGRAM ELEMEN-'T. PROJECT, TASK
Air Force Geophysics Laboratory (PHS) (e B WoRK Un T HOMBERS
Hanscom AFB /—\""”d_;—g”/" / \//é)_&-‘) ,"/'l ) ,’: { V4
Massachusetts 01731 (121707 7 T231ycs10 L4777 = L
H:AQONTROLLING OFFIC%NAM.E ANli‘ADbDRESSt (PHS) 12. REPOR'T DATE
aborator
H1r ForceA%eé>p ysics oratory 2 October 1980
anscom 13. NUMBER OF PAGES
Massachusetts 01731 43
14, MO'!ITORING AGENCY NAME & ADDRESS(if different from Controlling Oflice) 15. SECURITY CL ASS. (of thia report) !
Unclassified ,
15a, DECLASSIFICATION/DOWNGRADING
SCHEDULE

Uneclassgified l

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entarea)

REPORT DOCUHENTATION PAGE | pr AP NS TRUCTIONS

1. REPORT NUMBER - 2. GOVT ACCESSION NO,| 3. RECIPIENT'S CATALOG NUMBER

AFGL-TR-80-0363"" -A09L B417

4 TITLE (and Subtitle) - - 5 TYPE OF REPORT & PERIOD COVERED
~ [

-

Scientific. Interim,

16. DISTRIBUTION STATEMENT (of this Report) DTI C

™ ELECTE]
NOV6 1980
i

18. SUPPLEMENTARY NOTES

Reprinted from Solar Flares, A Monograph from Skylab
Solar Workshop II (Ed. P, A. Sturrock), Colorado Associated University
Press, Boulder, CO, pp. 187-229, June, 1980

19. KEY WORDS (Continue on teverss side /f necessary and identlfy by Slock number)

Solar flares

Particle acceleration THIS DOCIWENT IS BFST QUALITY PRACTICARLY,

X-rays I ANCY ¥ T4 TINED TO IO COMTATHED A
STONIFL S1N1 £ 2 TR OF PAGES #BICK DO ROT i
SR Ny FvsT Ry . i
P

26 ABSTRACT (Continue on reverse side If neCsssary and identify by block number)
A review of hard x-ray, microwave, and optical observations of the impulsive
phase of solar flares provides substantial evidence for non-thermal electrons
as the basic source of energy in the early stages of the flare, Direct thermal
input, however, can not be ruled out. The basic observational data are used
to assess a self-consistent flare model and to dete: nine what future obser-
vations will be required in order to model the flare .n more detail,

Block 7: Cont'd: V. Petrosian, N. R. Sheeley, sr.

DD , a8 1473 Unclassified 77757 & )d,&//

SECURITY CLASSIFICATION OF THIS PAGE (Fhen Data Entered)

I




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY. '

—
==
=y




AFGL-TR-80-0303

S. IMPULSIVE PHASE OF SOLAR FLARES

sharad R, Kane: C. ). Crannell, D, Datlowe, U Feldman, A. Gabricl, 118, Hudson,
M. R. Kundu, C. Matzler, D, Neidig, V. Petrosian, and N R, Sheeley, Ir.

5.1 INTRODUCTION

The imptlsive phase of a solar flare is characterized by short duration (10 10005)
pursts of impulsive hard X-ray, extreme ultraviolet {LUV), optical, and radio
cmission. A large part of the work on the impulsive phase has so far been concen-
wated on cstablishing quantitatively the interrelationships among the various
emissions, the temporal evolution of these relationships, and modeling of the
emission sources. Because of the limited temporal and spatial resolution of most
of the past observations, only an approximate, average description of the impulsive
phase has been achicved. 1t is clear, however, that in spite of its short duration,
encrgetically  the impulsive phase is probably the most important phase of a
solar flare.

During the past decade, perhaps the most significant advance in the under-
standing of solar flares came from studies of energetic particles, especially electrons,
These particles, which were previously comsidered as only one of the many
secondary cffects in solar flarcs, have been found to play a central role in the flare
energetics. This is particularly true for the impulsive phase, where most of the
relcased cnergy seems 1o appear initially in the form of encrgetic electrans which
directly or indirectly provide the necessary energy to other flare phenomena. The
impulsive phase has thus assumed a new significance and is expected to provide
major clues Lo the nature of particle acceleration processes and therefore to the
pasic flare mechanisms,

This review of our present understanding of the impulsive phase begins with a
prief background and an identification of the key questions related to this
phenomenon. These are Tollowed by an analysis of the various impulsive cmissions
and the models proposed to eaplain their origin. Finally, we consider the role of
the impulsive phase in the overall flare process and suggest future observational
and theoretical studics which will bring us closer to an understanding of solar flares.

5.2 BACKGROUND, KEY QUESTIONS, AND APPROACH
A solar flare, in general, produces a variety of clectromagnetic and particle
adiations. An example is shown in Tigure 5.1. The time-intensity profile of the
observed radiation depends on 2 number of factors. Some of these factors are:

1. Type of radiation (clectromagnetic, particle)

2. Spectal characteristios {frequency or energy, line or continuum)

o, g
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S0 Spatial tesolution of the entrumentation
4. Magnitude of the flae
3 Lodttion ol the e on the soba dish

6. 1 hue activity preceding the tlare being observed.

In addition, there is an apparently tandom variation i oseveral less-known {actors
{e.g., magnete ficld topology) trom one flae 1o mother, fnspite of these variations,
the gross feates of the timesdntensity profife of 4 solar flare can be divided into
thiee principal phases, viz, petcarsor phase, impubive phase, and gradual phase
(ot Tig 1ol kane, 19744).

tn this Juapter, we are primatily concerned waith ihe impulsive phase, The
principal characteristics of this phase have been reviewed extensively (o, Kundu,
1965; Kane, 1974a). The impulsive phase Lists Tor about 10 to a few hundred
seconds, depending on the magnitude of the flare, and is characterized by the most
rapid variations in the radiation fus during tne Jifetime of the flae, Thevariations,
Are most prominent at hard Xqay, LUV, and some optical and radio wavelengths,
The production of hard Xerays and impulsive tadio cmissions, such as microwave
and Type Hiradio buists, indicate the presence ol energetic (about 10 1o a few
hundred heV) clections in the fhue segion. Such encigetic clectrons have also been
observed in interplanctary space following solar tlares, When the propagation delay
from the sun 10 the point of obseivation is taken into account, the observations
of these elections indicate that they we released during the impulsive phase of the
are (\noldy ez af., 1968 Lin, 1970 L and Hudson, 1971), On the other hand,
the measurements of the Hate 14y emision {Clapp ez o, 1975; Talon et ol
1973) and imeplanctary solar protons indicate that encigetic protons are probably
praduced alter the impulsive phase (Bai and Ramaty, 1976}, Thus, acceleration of
~ 10 to g dew hundied heVoelections, rather than high-eoergy protons, is the most
characteristic feattne of the impulbsive phase.

When the total Minetic energy ol the encrgetic electtons in the flare region is
estimated from the hard X-ay observations, it is found that the clectron energy
may be compatable to the total encigy released duing the impulsive phase, There-
tore, the impulsive phase represents a process in which o luge Braction of the total
encigy teleased duting a flare appears in the form of energetic electrons. The exact
value of this fraction, also called “aceeleration efficiency,” depends on the assumed
madel of the hatd Xeray souce and is therefore not hnown at the present time. The
aeccleration cHidiency probably vaties fiom one Hare 1o another, In some flares it
seems 1o reach avatue as high as about 100%.

The distiibution of energetic clectrons and theis total energy aie deduced from
the hard Xeay observations, The exact welationship between the hard Xeray
spectiumt emitted by the source and the clectron spectium which generates the
Nays depends on the details of the model, Assuming bremsstrahlung as the
radiation process, two eatreme situations could oceur, vir., “thick-target” and
“thin-target” bremsstrablung, Ao, the clectton spectium could be “thermal*
or “nonthermal.” A thick-target model and/on @ thenmal electron spectrum places,
in genenal, a4 lower energy and number requitement on the electrons, Accurate
measuement and inteipretation of the hard Xetay ennssion are therefore vital for
anundenstanding of the flue energetics as well as the basic physical processes
governing particle acceleration in <olar thaes,
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tig. 5.1 An example of impubsive 1 UV and hard \ -rav emisions jn o solar tlyre,

2 thix cvent,

the inpulsive phuse occurred trom about 20077

U1 10 2000.0 ¢1, 1he impubsive phase was

receded by g low leved gradug! emission precanor) uid swas Lollowed by
p ¥

¢ relutively intense

graduol cmission {geadual phuse).

Nutice the excellent agre cment between the | UV emission

otserved by the broadband EUV spectrometer ahaard the ONO-S sarellize (Relley und Revse, |
1932) und the FUV emision deduced from the groumd based meainements of the Suilden
L requency Deviation (SID) an jonosplic ric ettedt {Kane, ot al. 1975), A

L s b b e R




190 IMPULSIVE PHASL O SOLAR FLARES

I thas chapter, we consider the following hey questions tegarding the impulsise
phase-

1. 1s the distibution of energetic clections thermal on non-theemal?

2. Do the energetic particles {electrons), produced during the impulsive phase,
provide the encrgy lor the whole thue?

3. Amaong the models of the impulsive phase suggested so far, which ones are
must consistent with observations?

1n order 10 answer the above hey guestions, it is necessary to know the spectrum
of the encrgetic electrons and their total energy ¢, as well as the total energy ¢,
radiated by the flare region duting the impulsive phase. The energy (€. - ¢) avail-
able for the remainder of the flare can then be evaluated. 1t is also necessary to
know the spectral energy disutibution of the impulsive radiation and its temporal
and spatial variation to test the validity of 1l impulsive-phase models. Specifically,
our approach 1o obtain the answars to the thiee key questions consists of the
following:

1. Ciitical review of the impulsive hard Xeray and microwave burst observations
and their interpretation in terms of the distribution of energetic clectrons,

. Review of the observations of the impulsive EUV and aptical radiations,
which give a lower limit for the total energy released during the impulsive
phasc.

3. Analysis of the measarements made duning the Skylab observation period,
patticularly those in which soft Xray and LUV images were oblained with
relatively high time resolution at or near the time of the impulsive phase.

4. Lvaluation of the models proposed so lar for the impulsive phase in light
of the above review and anatysis.

In the process of finding answers to the Ley questions, we hope to learn what
futine obscrvations and  theoretical studies ate most likely 1o fead 1o a more
complete understanding of the solar flare phenomena,

5.3 HARD X-RAY LMISSION

The initial obscivations of impulbsive hard Xeray bursts by Peterson and Winckler
{1939). Anderson and Winckler (1962) and others, were followed by a sequence of
satellite eaperimients with better time and cnergy resolution, resulting in obser-
vations of many hundreds of events, Table 5.1 lists the iImpattant experiments and
their instrumental parameters. The observational dharacteristics of the impulsive
hard N-ray emission include its time variability, spectral distribution, polarization,
directionality, and location of emission. However, at this time adequate obser-
vations of only the first two of these categories are available, We will therefore
confine our discussion primarily to the following three ohservational characteristics:
{1} wrue spectral distribution; (2) time variation of the specjrum during a flare;
Accession For and (3) mganization of the impulsive hard X-1ay bursts into distinguishable classes.

e e Cleasly, the observations with highest available time resolution {(about 1 s} are 1o be
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emphasized. Morcover, it is important to note that the interpretation of the
abservations depends, in general, on the detailed characteristics of the hard X-ray
source, including the assumed Xeray emission mechanisms, source structure, and
propagation conditions. These aspects of the interpretation will be discussed in
Scction 5.8,

5.3.1. Spectrum

Examples of hard Xeray spectra at the peak of impulsive emission are shown in
tig. 5.2, The spectra fal off steeply above about 10 keV and can be characterized
by = power-law fit (~{h¢}? photons cm™ s keV™!) over 10 -80 keV range, with
¥z 2.5. Thus, there is an upper limit to the hardness of the impulsive X-ray
spectrum and, hence, that of the clectron spectrum in the Xeray source (Kane,
1971). 1t has also become clear that a second phase of gradiual hard X-ray emission
occurs during major flares (Frost and Dennis, 1971; Hoyng et dl., 1976; Hudson,
1978). Hoyng et af. (1976) describe these cvents as “‘extended bursts,” We do not
have sufficient observations 1o prove the existence o this second type of solar
hard X-eray emission strictly from some distribution in parameter space, but the
characteristics of the fimited group {~ 5 flares) of gradual hard X-ray bursts scem
to distinguish them clearly enough. We discuss only the impulsive bursts here.

The spectrometers used 1o date (Table 5.1) have not had sufficient spectral
resolution to describe the Xeray spectrum in much detail. For most analyses this
has forced the adoption of simple two-parameter fits (power law or exponential,
nominally corresponding to nonthermal and thermal bremsstrahlung, respectively).
Going beyond this simple spectral modeling, most of the impulsive-phase spectra
measured fater than 050-3 (Hudson ef of., 1969) show a steepening with increasing
energy as compared 1o a single power law (rost, 1969; Kane and Anderson, 1970;
Frost and Dennis, 1971; Hoyng ¢f of,, 1976, Llcan, 1978). ‘Tthe steepening may
result in a better two-parameter fit to an exponential law, as can be scen from
Fig. 5.3. The spectra may also have further complexity, but the data probably do
not have high enough quality to resolve it.

11 is important to have a statistical description of hard X-ray occurrence in
flares. Given powerdaw spectral fits of the form [ = A.q (w/20)7Y photons
(em? s keV)™!, where Ayq is the photon flun at 20 keV, we need to know the
exact distiibutions of spectral index v and flux Aag at the maxima of different
Xeray bursts and also their cross-correlation, for a4 set of well-observed flares,
Unfortunately, the instruments used for observations 10 date have not given uni-
formly good coverage of the (Y, /2a) parameter space. Purthermore, differing
energy resolution, the coupling of parameters in this nonlincar fitting, and other
systematic effects make intercomparison of different eaperiments difficult. Stilt
worse, the extreme dynamic range in the hard X-ray flux presented by the sun has
made different instruments sensitive 1o almost mutually exclusive domains of
parameier space.

For X-ray measurements with about 10+ time resolution, the most complete
statistical analysis has come from the 0SO-7 data (Datlowe, 1975; Datlowe ¢f dl.,
1974, 1979). These data show, for hard X-ray bursts associated mainly with sub-
flares, that 2<y<7 for the spectra at peak flux {123 cvents), with a median
v =4.0. Little corrclation existed between Ayq, the peak flux at 20 keV, and ¥
over the 050-7 dynamic range. A similar result was reported carlier by Kane
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(19740) tor the OGO-3 measusements, which had 4 higher time resolution but
smaller dynamic range. However, a few large events, such as the August 1972
flares, observed with TD-TA {Hoyng ¢f ¢l., 19706) show appreciably harder spectsa.

A thermal interpretation of the hard Xaay spectrum gives 5 <k <60keV,
with “emission measure” in the range of 10*- 10%% car™® {Cranncll ef ol., 1978;
Lican, 1978). The weak dependence of 7 on the intensity of 4 flare implies that
the peak temperature of 4 thermal hatd Neray buist does not depend strongly upon
total Hlate encrgy.

A power-faw spectral fit implicitly contains a third parameter, a low-cnergy
cutoff that prevents the total energy from diverging. H the power law docs fit
better than the eaponential law, soft X-ay mcasurements must determine this
cutoff energy. Even without the presence of the very intense soft X-ray component,
the cutoff cnergy represents a real challenge to the experimentalist: a perfectly
sharp cutoff in the clectron spectrum at £, results in only 4 gradual roll-off in the
bremsstrahlung spectrum at lower energies.

Kahler and Kreplin (1971) reported nonthermal cmission at lw ~ 3 keV from
0GO-5 obscrvations. This conclusion rests more on the time profiles than on the
spectral evidence and should therefore be repeated with better spectral resolution.
Peterson ef dof. {1973} showed a spectrum with a power law extending downward
to 5 heV; however, this burst did not show any impulsive emission at ~5keV and
scemed to be unigue among ~ 400 hard X-ray bursts detected by 0S0-7.

Direct X-ray mweasurements probably cannot adequatcly define a low-cnergy
cutoff without much higher spectral resolution, temporal resolution, and dynamic
range, Good spatial resolution would help enormously in reducing the soft X.ray
background against which we measure the impulsive-phase hatrd X-ray spectrum,

3.3.2. T'ime Vuriution

The hard Xeray emission maay fluctuate rapidly during the impulsive phase. An
cxample is shown in Fig. 54, Andetson and Mahoney (1974} and Hurley and

Duprat {1977) observed e-folding times of about 1.0s at an cffective cnergy of
about 10 keV, somewhat shorter tintes than those seported by Kane and Anderson
{1970). Trost {1969) and Cranncll ¢f of. {1978} found untesolved cvents at 1.8s
time resolution. The propertics of “clementary flire bursts,” which represent
short-lived bussts in a large flare {(Van Beek o1 of., 1974; de Javer and de Jonge,
1978} are not inconsistent with these observations. | uither progress requires a
thorough statistical analysis of high time-resolution observations,

Quasi-periodic structures with periods of about 30 < e been observed in some
multispiked Xeray bursts (Parks and Winckler, 1969; I'rost, 1969). Petrosian {in
cullaboration with B. Lippa) has analyszcd multispiked Xeray bursts obscrved with
0S0-3. Strict periodicitics do not  exist, but quasi-periodic modulations have been
found for a2 majority of the bursts analyzed. Periods ranging from 20 10 10
scconds, with the majority in the range of 30 1o 50 seconds, have been found
{Lippa, 1978).

The multispiked Xeray bursts may be considercd as 4 superposition of scveral
single-spiked cvents representing the basic units of encrgy release in flares {Crannell
of dl., 1978; de fager and de Jonge, 1978). However, characicristics of these basic
units, such s rise and decay times, are not well known because of the limited time
resolution of presently avaitable observations.
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lig. 5.5 1he tempurdl evolution of the Nray spectrum duting an impulsive hard X-ray burst.
The Neray spectium hardens with increasing Nsray Hus amd soltens with decreusing X-ray flux,
the spectewm bemg hardest gt the N-roy mulimum, The ene und decay times for the EUY
enussion ore lurger then the corresponding times for N ruvs 228 keV (Kune et al., 1978).
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198 INPULSIVL FHASE OF SOLARFLARLS

Physical interpretation of the hard Xeray emission sequites a4 determingtion not
anly of the time scales of intensity variations, but abso of the specteal evolution

duting o bust, An example of such a spectial evolution is shown in Fig, 5.5, Kane| |

andd Anderson (1970) found a dharacteristic softhardsoftevolition to chatactenze
their events, mostly short-duation emission spikes accompanying small flares,
These events had fastise, sfow-decay proliles, Lican (1978) found simitar patterns
with 10 ume resolution, Occasionally, o time dispersion, with harder Xerays
peaking Luer, has been teported (Bai and Ramaty, 1979), Hoyng ef al. (1976)
tound o dearly identitiable vend mosome of the thres they olwerved Plowever,
they and Bens {1977) did Hind that the solt-hatd-sott patter halds Tor cach spike
bunst of the multispiked Haes of 4 and 7 August 1972, Crannelt ¢ ol (1978), in
asenes of mostly shorter-duration events with simple time prohiles, found a rise
decay time symmetry with a soft-hards<oft pattern, Thus, a solt-hardssolt evolution
of the had Ny spectium seems to be g chanacteiistic feate of the impulsive
phase.

S.0.0. Chnses of N-Ruy FHares

The tme vanations and spectia of Xeray bursts dunmg the impulsive phase do not
peinut orgamication into subdasses, However, the presence o absence of the
impulsive phase itself can be used 1o classity Hares, For example, the hardfsoft
atio of peak tHuses at 20 KeVoand § KeV omay be used 1o chaacterd <o the
“magnitude” of the mpulsive phase of a given flae. We can conceive of gradual
flares with wtually no ampubive phase, Although the O50-7 abservations do
nol seem to show b distinet subclass of themmal only events on the basis of the
hard/solt rauo (Dadowe of o, 1979}, other observations (hane, 1969, 19744,
Kane and Andeson, 1978) do indicate the existence of gradual flares with
essentially na detectable impubsive phase.

5.3 Polaication und Directvity

the punapal polatization measarements of ~ 15 keV Ny s have been carried out
by the Intercosmuos series of sateffites and the OSO-7 satefe, OSO-7 abservations
{Nakada et o/, 1974) were examined tor a number of events, primarily during
August 1972, Becawse of intercalibiation mpoblenms between detectas, their results
are not certain, but the most probable value Lot the polatization is less than about
100, Intercosmon 7 obsetved polatization of the same onder in the flare of 4 August
1972 (findo et al., 1973). More recent obsenvations by SOLRAD {Doschek, private
commuication) and Intercosmos 11 (Findo of of | 1976), which were rotating
devices o remove intercglibiation problems, were hampered by a Lack of intense
Netay events duting solar minimum. The Intercosmos 11 esperniment saw not more
than 4 tew percent polatization in a 6 July 1974 event, but this observation may
not have covered the impulsive phase,

Directivity m the hard Xaay emission has been sought on 4 statistical basis by
looking for center-to-limb variations in the peak Xeray {lux or spectral hardness
of ditferent Xeray bursts. On the sssumption of a4 constant geometry from flare
to flare, ane ¢an count the rate at which events Luger than a certain threshold
accut 85 function ol Tocation on the sun, Ohki {196Y), Pinter (1969), and Phillips
(1973} mdependemily studicd o set of Xeray bty from 0GO-1 and 0GO-3
{\inoldy e @i, 1968). They found, tespectively, 2 manimum in the center of the
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dish, & maximum at 10 30° longitude, and no center-todimb variation at all in the
frequency of burst occunence. incanclusive and conflicting results,

Moie definitive center-todimb hatd Xeray studics have been carried out by Kane
(1974b) and Datlowe et ul. {1977). Datlowe et af. used hypothesis-testing techniques
to check the significance of their results and used the solt Xeray burst location to
reduce the model-dependence. No o center-to-imb vaiation was found in either
study. Datlowe ef of. {1977) have claimed an upper limit of 40% for-the total
vatidtion at Y55 confidence fevel and infernied that this ruled out strong streaming
motions of the X.ray emitting electrons.,

Since hard X-ray directivity is enetgy dependent, it could cause center-to-limb
variations in the spectra of hard Xetay bursts, Roy and Dattowe (1975) reported
that spectra were characteristically steeper (softer) at the limb. To produce this
variation would require very farge center-to-limb intensity variations, well beyond
the upper limit found by Datlowe et of. (1977).

tis important to note that the claims regarding absence or presence of directivity
of the hard X-ray emission are dependent on the assumptions regarding the model
of the hard X-ray source and adequate corrections for the low sensitivity in identifi-
cation of flares near the limb, Corrections for X-ray albedo (Henoux, 1975) may
also be important. The present status of the scarches for polarization and directivity
in hard Xeray bunsts is a collection of null or inconclusive results, More sophisticated
tests are required to observe these phenomena properly,

54 RADIO EMISSION

The main components of radio entission during the impulsive phase are the Type 111
bursts at mcter- decameter  wavelengths and impulsive  continuum  radiation,
uccasionally with superposed fine stiucture at centimeter--decimeter-wavelengths
(cf. Kundu, 1965). The Type 111 bursts are characterized By -their brief dufation
of 1 or 2 seconds around 100 Mtz and a rapid drift a1 a rate of about 100 MH.
per s from high to low frequencics. The special significance of Type NI bursts
in relation to solar flares is their occutrence in compact groups of intense bursts
marking the impulsive phase (cf. Kane, 1972a; Stewart, 1978). An example is
shown in Fig. 5.6. The Type 1 bursts are generally interpreted as dice 1o plasma
radiation from 10 -100 keV electrons suddenly cjected in- repeated bursts of
less than about 1 s duration. The Type 1 electrons travel along open ficld lines
(Wild, 1964), with typical velocitics of about ¢/3, out through the corona into the
interplanetary medium, as confirmed by in situ observations (Lin, 1973). Frequently
Type V and Occasionally Type U bursts have also been observed in association
with simple impulsive microwave events {Crannell ef of., 1978), although the time
coincidences were not as good as in the case of simple Type 11 bursts, The obser-
vation of such "U" bursts imphies that in these flares magnetic field lines at coronal
levels above the active region were closed.

A typical microwave impulsive burst is characterized by a rapid rise {less than
about 30 s) to maximum and a slightly slower decay (< 1 mindte), followed by a
post-burst tail with a few minutes duration. The radiation is continuum in nature
and is believed 10 be duc to gyrosynchrotron radiation of intermediate encrgy
clectrons (~100 500 keV) spiralling in the sunspot-associated magnetic field of
sevaeral hundied gauss. The radiation is polarized, 10- 40%, generally in the extra-
ordinary mode at higher frequencies (10-4 Giz) and in the ordinary mode at
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tower fiequencies (1 2GHZ) (Fanaka and Kakinuma, 1962), The reversal in the
sense of polatization aises, according 1o bakakua (1960), from the fact that
there is 4 sharp deerease in the extraordinay, o deasity ot the gyrofrequency
fy ot et clectrons, while lowe frequencies(<. /Y in the ardinary mode
stilf escape.

The Hunvedensity spectra of two microwave bussts are shown in Lig, 5.7 ‘The
spectra of most centimeter bursts at the peak of the impulsive phase shows a
sharp tise in intensity from <1 Gz 1o about 5§ Gilz and then decrease more or less
seeply towad short contimeter and millimeter wavelengths (cf, Guidice and
Castelli, 1973). Sumetimes, the spectrum eahibits & “thermaldike™ behavior in the
sense that the burst intensity increases with increasing frequency until about
2 Gitz, followed by a region in which the intensity is independent of frequency.
However, the number of impulsive bursts having this kind of spectrum is very
small. Both kinds of spectra have been interpreied as due to synchrotron scli-
absorption andfor thermal gyrotesonance absorption (sce, c.g., Takakura, 1972;
Ramaty and Petrosian, 1972),

There have been abundant abservations of impulsive radio bursts at fixed fre-
quencics, but without spatial resolution. Extensive intesferometric observations
with intermediate {~oremin} spatial resolution have been made at Toyokawa
(cf. Enome and Tar .<a, 1973), but high spati- wesolution has been achieved
only recently and for limited periads, Early obsciv..tions by Kundu (1959} showed
that the centimeter burst source starts with a size of slightly smaller than 1" arc,
condenses into a smaller region (s 1" arc) during the impulsive phase, and then
expands 1o a size of 3" arc during the post-mianimum decay phase. The burst is
polarized mainly during the impubsive phase, the post-busst phase being essentiatly
unpolarized. Recent, higheresolution inteiferometric observations by Haobbs ef o,
{1973) andd Fundu er of, (1974) have provided valuable information on the
eaistence of fi e structure in the burst sources. One-dimensional fan-beam obser-
vations with & resolution of 6 are at 6 cm by Alissandiakis and Kundu {1978)
have confitmed the polarization and spatial charactenistics of microwave bursts
on a scale of several arc seconds and have revealed several other interesting features.
Bunsts of intemity 1 1o 10 sfu {1073 Waw™® 11,7} oceur quite often near the
neutral ine of the magnetic ficld, as determined by the polarization maps of G-cm
adtive regions (Kundu ef of., 1977). Al the time of maximum, the brightness
temperatures can reach 10% K and the angular sise is generally about 10" arc, c¢
Iess. After the masimum, the buist core eapands up to a size of > about 1’ arc,
and the brightaess temperature is generally near 10° K. At 3.7 em, the burst source
often stants with a precursor of 4 arc, condenses 10 a minimum size of 2" arc at
the peak of the burst, after which the source expands to . size of ™ are, or larger.
in 4 complen burst with several manima, the burst sources are located at different
puitions; this pusitional change is similar to the behavior of Ha flares, which often
have more than one maximum, cach mnimum corncsponding to a small-diameter
“kernel” {Enome and Tanaka, 1973; Alissandrakis and Kundu, 1975).

Only one sense of circular polarization over the entire extent of the burst
sources (Fig. 5.8) was obscrved by Alissandrakis and Kundu, 1978, This suggests
that if the bust was associated with loop structures, the emission must have been
associated with one leg of the loop, The fact that no polarization is abserved in
the post-busst phase implics that the energetic clections responsible for gyro-
synchrotton radiation during the impulsive phase must be thermalized in the
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postbuist phase, The themmalization o the nonthermal elections alone cannot
eaplain the emission in the posi-burst phase? thee must exivt at the same time &
larger number of lower energy clecirons (1. Neupert, T968; Hudson and Ohgd,
1972), which will conttibute to the post-buist phase emission. The unipolar natuse
of the miciowave sowce could be interprcted oy evideme ol the existence of
asymnrctiical bipolar magaetic ficlds in which the aceelerated electrons are focated
{Kundu and Vighos, 1978). Specitically, the obwervations suggest that aver the
sironger pole (of field sueagth near GO0 g} the clections huve Lape pitch angles
and theretare they radiate efficiently at 6 v, wheredas over the weaker pole (tickd
strengeh 100 200 gauss) the electrons have smaller pitch angles, so that they
cither penetiate toward the chromosphere where they produce Xerays, or radiate
etficiently only at longer waelengths {about 20 30 cm) because of weaker ficld
and smatler pitch angles. In the cases where the magnetic ficld in the two naiarities
is sumilar of when the burst is very strong, une should observe both sense of polari-
zation at ene particufar wavelength, in agreement with the observations of Enomc
ct of. (19G9). t

5.5 LUV, XUV, AND SOE 1 X-RAY LMISSION

An example of an impulsive LUV burst was shown in Fig. 5.1. The impulsive phase,
as defined by the hard X-ray and microwave buists, is marked by similar cvents
in the XUV and EUV radiation emitted over the temperature range of 10 10 10° K,
However, unlihe the hard Xeray and microwave wavelength regions, the 10-1000 A
region containg both line- and contintum-cmission compaonents during solar flares.
Measurements of line emission provide 3 potentially power{ul diagnostic tool for
determining characteristics such as temperature, emission measure, and density of
the radiating region. When intorpreting line cmission over the EUV/XUV/soft
Netay spectium, it is important to appreciate that correlation of high temperatuie
with shorter wavelength is only approximaie. There are several notable exceptions
(c.8., both OVII 216 A and Mg X 625 A are emitted at about 1.5 X 10* K). We
shall therefore try to refer to the cmitting temperature when tevicwing obser-
vations, sather than designaie only the wavelength band.

Line spectra relating o the impulsive phase have now been observed with a
number of insttuments. Some of the eatliest data were recorded by the AFCRL
imtument on 050-3, which uperated in the sange of 270 10 1310A {1all and
thenteregeer, 1969; Hall, 1971). These included, in pasticular, a number of chromo-
spheric and coranal lines covering the range 10% 10 2.5 X 10" K. The daa had good
time rosulution {about 0.16 s), but were spatially integrated over the entire disk.

The Harvard experiments on 050-3 and 050-5 muade some useful measurements,
(Woad ¢ ol., 1972; Donnelly er ol 1973), but it is with (3SQ-7 and Siylab that
muost of the recent data has been obtained. On OS0-7, the Goddard instrument
package comsisted of two filtered telescopes covering 120 A00AR (Neupert o7 ol
1974). These instiuments bad a spatial resolution of § aresec. On Skylab, flares
were tecorded by the NRL spectroheliograph and slit spectrometer, as well as
the Havard polychromat . In most of these measurements, the impulsive phase
of the e was missed because of relatively poor time resolution. Even the obscer-
vations ol “impulsive” solar LUV bursts iecently reported by Emslie and Noyes

(1978} probably relate to smallsscale, secondary Drightenings rather than tw flares
themselves,




LN 60 01 kR AR A G e g TP | ke

Aane et al, 205

b s Lebedev Institute experiment {(Grineva of of., 1973) flown on the satedlite
Inte,cosmos 4 hay recorded the finest spectium of the important iron lines at
LY A, Untortunately, the limited operational Heibility of the satellite led to o
vety small amount ol data, so that good weads we not available during the
impulsive phase.

Information on spatial distribution of the LUV hay been obtained from the
0OS0O-7 data (Neupert ef of., 1974). Duiing the impulsive phase, the LUV follows
the neutrdl ine closely, and is somewhat simila to the He flace, Hotter material
contesponding 1o e XXV LYA appeans 1o come from aches overlying this
structure. In 3 slow-rising flare, Rust ef ul. (1975} have obwrved impulsive EUV
cmission confined to the center of an activated filament. The emission increased
again some cight minutes later when the filament distupted. 1t has been suggested
that this obscrvation supports the concept of the flare uigger arising from inter-
action between nenly emerging flus and the twisted-ilament flax.

The major incicase in the LUV emission seems to otiginate in the upper chromo-
spheie and tamition tegion (Hall, 1971). The demsity-dependent lines indicate
an enhuancement in demsity duting the impulsive phase (Hall, 1971; Noyes, 1973}
Compared 10 the chromospheric and transition-cgion lines, Ho seems 1o have a
slower tise and 4 later peak, while coronal lines show a4 much slower rise, with
vittually no impubise component. This is broadly comistent with the results
trom QSO-7 {Newy et of of., 1974), but Neupert finds that the impulsive phase is
crident up 1o temperatures of 23X 10°K (He XIV). While this is the general
picture, there we abo cases from 0SO-3 {Neupert, unpublished) where the soft
Neray manimum prececds the XUV manimum, In evaluating this apparent discre-
pancy, honever, it should be renembered that 0503 data comes from integrated
disk radiation, and could be misleading,

A major ditliculty with the fine measurements in the past has been their poor
time gesolution. This was particulaly tue for imtuments with fine spatial
sesolution becase of difficultics in recarding the Luge mattin of space and time
pointy, The conclsions diawn lom  these obwnations with regard 1o the
mpubsive  phase should  therefore be comsidered  only  suggedtive,  Significant
iprovement i evpected from the furthcoming Sola Maximum Mission, which is
specificatly designed for observing flares,

A grouad-bused technigque, exploited by Donnelly (1963, 1973), sclics on the
abworption of the LUV radiation by the anth's jonosphiese 1o praduce sudden
trequency deviations {STD). It is possible to seproduce the time-history of the
total emittedd zadation in the 10 1o 10308 1ange, although such a technique
ends o favor stronger lines (e.g., e 1 581 and He 3018), Alihough the measure-
menty do oot have any spatial rewolution, they do provide continuous daytime
corerage of the sun with 3 high tempardl resolution (> 1s). Consequently, several
handred LUV bursts have been recorded. The observed  Central Meridian
Dependence (CMD) of the occusrence frequency of these bursts, shown in Tig. 5.9
mdicates that the impulsive EUV emission originates in mogze than one small source
{“kernels”) in the flue region, some of these sovrees being shallow and others
decply cmbedded in the chromosphere, as shawn, fur example, in [ig. 5.10b.
The nonflaring solar atmaosphere outdide the source, asumed to be like the
upper  chromosphere {10°=10%K), causes occultation of individual EUV
surces when viewed from large angles and thin gises 1ise 1o the observed
CMD dependence,
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Lach LUV source is ussumed to be optically thin, und the cmission from the sides of the
cvilindricdl weil i€ gssumed (0 be nedigible compared to the cmission lrom the bottam surluce.
Ouendltation ol g purt of the source urea by the surrounding dironssphiere gives rive 1o the CAID
depemdence. A satisfuctory esplunution of the observations requites the presence of two or
maote sl UV sources [“kernels ) in mont impulive Hares (Donnelly asd Kane, 1978).
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IMBULSIVE PHASE OF SOLAR FLARES

5.6 OPHICAL LMISSION

The optival camponents of the impulsive phase appear 1o be spatially limited 1o |

certain small points, or heenels, within the flare. A number of authars within the
last decade have drawn attention to these hemels, usually observed in Ha, which
correspond appronimately in time with spikes in hard Xaays and microwaves
{de Jager, 1967; Varpahl and Zitin, 197C; Zirin et of., 1971; Vorpahl, 1972, 1973;
Zitin, 1978). 1 is important to distinguish between the kemnel emissions and those
emibdions associated with the exteaded {(total wea) Ho fhre: the latter show a
closer temporal selation with the thermal aspects of the flue {e.g., Svestha, 1976).
Apart liom their close temporal relation with other impulsive emissions, the
\ernels, according to Vorpahl (1972), are also dharactetized by the broad line
profite of Ha emission,

The tight carves for the hernels observed by Varpahl Lagged the associated hard
Keray profiles by about 20- 30 s in their onset and peak. This lag, however, was
nut found in the observations by Zicin (1978); instead, the light curves in Ha were
found to match the X-ray profiles to within the eaperimental resolution (£ 3s)
during their onset and rise to intensity maximum, Thus, the temporal relationship
between Ha and other impulsive emissions is not completely clear at the present
time,

Vorpahl's {1972) observations indicated that when paits or maitiple kernels
accurted, their locations were near the magnetic inversion fine and in regioas of
oppusite magnetic polarity, Furthermaore, these tegions were apparently connecled
by commuon ficld fincs, as judged by fibnl configurations. Zirin and Tanaka {1973)
obsersed a number of shortdived (5—10s) bright points with the A3835 A filter
{15 A bund) duing the flare of 2 August 1972, The fifter’s bandpass contained the
119 tine, thercfore it is not clear whether these points were continuum emission or
HY line coission (Svestka, 1976). These points occurred in pairs lying on apposite
sides of the inversion line and their appearance corresponded in time with
individual peaks in the associated hard X-ray burst.

i1 is important 1o note that in these observations, an X-ray peak, when associated
with an aptical counterpart, had a tendency to be heyed to the brighiening of a
particular point, or pair of points, and not (o 3 epeated brightening of the same
puint, wm pair of points. This suggests that the impuldve phienamenon may consist
of an energy telease which occurs only once at a given location within the flare.
A similar effect is indicated in Ho (Zirin, 1978) and in the £UV observations
{Thomas and Neupert, 1975). Furthermune, the spatially-tesolved microwave
observations made by Enome and Tanaka {1973) showed that for seveial flares
the individual components of the microwave burst occupiced different sites within
the active region, Thus, even the microwave observations are consistent with the
single uccurtence of impulsive emission at a given location in the {lare,

In addition to revealing a tempornal relation between Ho and hard Xeray
ennission, Zirin's {1978} abscrvations have shown that the impulsive growths of
e missions in various distant sections of individual flares occur within scconds
of each other. These ncarly simultancous brightenings are indicative of a rapidly
propagating disturbance with speeds greater than S000 kni g8,

White-light obscrvations {what few there are) have shown that the appearance
of the continuum emission knots in energetic flares corresponds in time to the

N
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mpulsive phase (see seview by Ssedaka, 1976). In the well-known (e of 7 August
1972, Rust and Hegwer-§1975) observed the whiie-light intensity curve to follow
e hard X-ray profile in considerable detail. The continuous emission in white-
tight flares is tocated within the brightest Ha strands focated on cach side of the
magnetic invession fine {cf. De Mastus and Stover, 1967: Slonim andd Kasabova,
1975); this obseevation suggests the coherent picture that the white-ight flare
cmission, like the Ha heinels, is a phenomenon ocauting at the foatpoints of the
magaetic arches that span the invension line,

Sutficient spectra! data are not prosently available fo deteimine the origin of
the-optical continuum in flares {see review by Svestha, 1976). 1 has been suppested
that the emisston is the response to bombardment of the photosphere by high-
eovrgy protons (o f Svestha, 1970; Ngjita and Oneall, 1970), or of the chromo-
sphere by clecirons resulting in enhanced recombination continuum {cf. Hudson,
1973; Lin and Hudson, 1976). In cither case, the white-ight continuum seems to
have a direct relationship to the high-cnergy partide characteristics of the flarc,
I ihe white-hght emission is indeed an impulvive-phase phenomenon occurring
prar o the secondstage acceleration, then energetic clectrons ae probably the
prmary source of eneigy for the white-light emission,

An nteresting spectral effect regarding the two princypal kerneds in flares (lying
on opposite sides of the invenion fine) is that the hernel located in the region of
weakter magnetic tield striengtht seems to have the heger Hoe line widih (Neidig,
1976} This is comistent with a fLire model comisting of an asymmenicdl, hipolar,
teld configuraiion in which clections prefesentially precipitate 1o chiromaspheric
fevels at the pole with weaker field stiength; such 4 model is gleo consivient with
the high-resolttion microwave obseivations described in Setion §.4.

Madel caleulations have shown that Luge Huses of highenergy  clectrans
penctiating the cuamasphere should sesult in Luge o line widths {Canficld,
19 Brown o o, 1978). Obscrvations of the development and decay of the
Ha line width duting a flare might, therefore, provide information on the character-
isticy of peactrating clectrons duting the optical impubive phase. The available
alnenvations, which typically have ot time resolution of about 1 minuie, Tullow
the s features of the associated mictowave bunsts {cf. Janssens and White,
1970). Abu, the peak tHa line width in 3 flase seems 1o be related 1o the peak
Huves in the assuciated hard Neray and mictowave buists [Neidip, 1978). The
vccurrence of white-light emission in flares has been known 1o be assuciated with
Luge Ho line widths (Slonim and Korobova, 1975; Neidig, 1978). However,
quantitative obwervations with higher {about 1<) time resolution are cssential
fon determining precisely how the He emission from the keraels is related 10 the
deselopmient of the impulsive phase.

3.7 RULATIONSHHPS AMONG X-RAY, LUV, OPHCAL, AND
RADIO EMISSIONS

The charactenistivs of Xeray, LUV, optical, and radio emisdons ohwerved in solar
Hares depend on different aspecis of tie flare eavironment, Taken together, they
movide complementary evidence of the role of encigetic elecirons in the flare
povess. Average quantitative relationships among impubvive hard Xeray, LUV,
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and microwave flunes have been deduced from observations of a large number of
flares {Kane, 1973; Doanelly and Kane, 1978; liudson ef al., 1978}, Similar
quantitative information about the optical fluxes is not yet available, We will
therefore confine our discussion primarily to the role of encryetic clectrons in
exciting the hard X-ray, EUV, and microwave emissions. With regard 1o the optical
cmission, we only mention here that it, too, could be excited inditectly by encrgetic
clectrons, 33 has been suggested, lor example, by Ziin e of. (1971), Hudson
(1972), Brown ot ol. (1978), and Zirin {1978).

While the hard X-rzy and microwave emission is related to the population of
encrgetic clectrons inside the fidre region, the Type HI sadio emission is related
to the 10—-100 LeV clectrons escaping into the corona. The hard X-gay, microwave
relationship yiclds the relationship between the X-ray cmitting clecirons and the
clectrons located in the microwave source, where the magneiic ficld is expected
10 be several hundred gauss and the ion density is < abait 10'° cni™, Since it is
the higher energy part of the electron spectrum that contributes more to the
microwave cmission, the deduced parameters are characteristic of clecirons with
tne:gy > about 100 keV,

On the other hand, the hard Xeray, LUV relationship sclates the Xoray emitting
clectrons to the encrgy deposited in the LUV source, whidh s oxpected 1o be a
selatively low-temperature region with the hydrogen density 2102 cn™? {Kane
and Dannelly, 1971; Hudson, 1972). Thus, if the encrgy is irancported primarily
by cnergetic clectrons, the deduced paramcters we chatacteristic of clectrons
with energy ~ 10 ke,

5.7.1. X-Ruy, Redio Relationship

Since the carly reports by Peterson and Winchler {1959) and Kundu (1961),
simultancous hard X-ray and microwave observations of impulsive solar flares have
shown that these emisstons are gencrally well correlated in time and occur in
coincidence with other impulsive {flash-phase) emissions {Amoldy 7 of., 1968;

Kang, 1972b, 1973' The microwave encrgy flux §, has been faund to be approxi-
mately proportional to the encrgy flux § in high-cnesgy (> about 20 keV) Xerays

obse-ved at the maxima of 2 large number of X-ray bursts. §, /§, ~ 107, where
the units for § and § are crgem §°° and 10732 Wai? 117 respectively. No
direct relationships have been found between the X-ray and microwave spectral
distributions, except for individual cvents such as the August 1972 flarcs studied
by Beaz {1977). As for other observational characteristics, the data of X-ray
polarization and spatial distributions are too sparse 1o <upport any pencral con-
clustons in relation to radio spectra,

In 3 study of a special class of burst made by Cranncll o1 of,, {1978}, hard
N-ray bursts with a relatively simple time structure were sclecied from the obser-
vations oblained with the 050-5 Xoray spectromeier, These data confirm the time-
intensity correlations reported by Kane {1973, 1974a) and exhibit 2 symmeiric
structure in the rise and fall of the Xeray emission. U-bursts preceded mast of the
simple X-ray spile bursts for which meterwave radiation was reported, Type V
and Type U bunsts were 3lso common in these ovenis. A variable delay of the
microwave peak with respect o the Xeray peak emission and 2 loager microwave
{all ume compared to the Xeray fall time wore found in these events. The most
piobable value of the delay for 10 GH/ was 2 scconds, as seen, for examgle, in
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Figure 5.11, The peak microwave emission was found to be most strongly correlated
with the time integral of the X.ay emission,

About 30% of microwave and hard Xeray impulsive bursts are associated with'~:
Type 1 busts (Kane, 1972a; McKencie, 1972). M .eover, the correlation between
the impulsive hard Xeray and the Type 11 bursts tends to increase systematically
with the inciease in the hardness of the Xeray spectrum {Kane, 1975). These
obscrvations are consistent with the suggestion by de Jager and Kundu (1963)
that only part of the acceferated clectrons escape into the curona and gencerate
Type TH bursts, while other electrons move downward o lower fevels to produce
micrewave and hard X-ray emission,

Detailed characteristics of the magnetic ficld topology and the acceleration
process probably determine the relationship between these two clectron popu-
lations, Further understanding of the related processes requires measurements
with high spatial resolution at both microwave and hard X-ray wavelengths.,
However, while positional measurements of microwave-burst sources with spatial
resolution of a few arc seconds are now being made (¢f, Alissandrakis and Kundu,
1978), such data for hard X-ray bursts are not yet available. For three flares studicd
by Kundu et o/. {1976), a comparison of the high-resolution microwave data and
the simultancous Skylab soft Xeray data obtained with similar spatial resolution
shows that at the impulsive phase the soft X-ay tlare keinels are cosspatial with
a part of the microwave-burst source, and that the two co-spatial sources have
angulu sizes of about 5" arc. Ahernatively, other studies of the Skylab data
involving a much larger number of events indicate that there is no direct corre-

“fStion between soft X-ray hemols and impubive phases of flares (Vorpaht et ol
1975; Kahler et o/, 1976).

We now comsider some questions related 1o the interpretation of the hard
X-ray, mictowave relationship, 1t is generally accepted that the emission mechanisms
for the impulsive hard Xeray and microwave emissions are respectively the
bremsstablung and gyrosynchrotion radiation from energetic > about 10 keV)
clectrons (cf. Korchak, 1971). The principal questions 1o be resolved are: (1) Is a
single clectron papulation responsible for both the X-ray and microwave emissions?
{2) What is the natuse of the clectron distribution inside the radiation source (s)~
thermal (Maxwellian) or nonthermal (non-Maxwellian, .., power law)?

Assuming that the Xetay and microwave emissions are emitied by the same
clectron population, Peterson and Winckler (1959) cal ulated a magnetic ficld
strength of about 1000 gauss for the ~~urce tegion, However, comparison of the
Xeray and microwive intensities led to the conclusion that only 0.01% of the
mictowave radigtion escaped from the source. An alternative explanation was that
the microwave-emitting electrons were near 10° times fewer in number than those
emitling the Xerays. A possible resolution of this apparent “discrepancy” has
been widely discussed in the literature {cf, Takakura, 1973), Peterson and Winckler
noted that the microwave radiation field is tightly coupled to the emitting clectrons.
This speculation was confirmed by Ramaty (1969) with caleulations of self-
absorption and the Razin cffect applied 1o solar flaies. Holt and Ramaty (1969)
reviewed  eadier attempts to interpret the observed  temporal and  spectral
characteristics of associated Xeray and microwave bursts, including the work of
Kundu (1961), Anderson and Winckler (1962), Takahura and Kai (1966), and
Cline er of. {1968). With detailed calculations of electron biemssirablung and
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gyrosynchrotron emission and absaeption, Hoh and l‘{.u".tl)‘ \"M'Wt'l‘.“‘-!l the olner
wations of the farge event in July 1966 are consistent with g single soumee of
clectians with energies from 100 1o 300 Kel'.

The thermal veisus nonthernal mterpretation of the clection distiibation has
peen discussed extemsively in the Lieraune (o anoldy er ol 1968, Kaliler,
1975). An unambiguous dnswer iy nal yet avdilable, the depeiddence of the had
Neray spectium on the electron spectiuny i rebatively simple, bt the existing data
cannet distinguish bhetween g thermal and 4 nonthesmal election distrilustion, In
adiitivn to the problems relating W deduding the eleciton spectrum from the hard
Neray spectium observed with the presently available spectial esolution {f. Brown,
178 Lin, 1979), the detailed chaacteristics ol the had Neay souee andg con.
pibution hom N-ray albedo (Tombling 1972; Henouy, 1975; Langer and Petrosian,
1977; Bai, 1977) may substantially affect the interpretation of the Xeray obser-
vations,

The interpretation of the microwave obseivations is ambiguous becatse of the
campetition between various emission and absorption mechanisms {cf. Ramaty and
Petrusian, 1972). An additional complication arises from the dependence of gyro-
synchrontron emission on the structure of the magnetic field (Takakura, 1973;
Miateter 1976). Thus the conclusions diawn from the miciowave spectra are
strongly madel dependent.

Ihe interpeetation of the microwave spectia is simpler in the optically thick
partion of the spectrum, especially for Mavwellian distributions of clectrons,
Assumung this 1o be the case, using the temperature 10 AT < 60 keV deduced
from hard Neray obsetvations, Crannell ef g/, (1978) found aieas of order 101 ¢m?
fon the mictawncemitting region, For hamogeneous, isalropic satinees commeon o
bath Netay and miviowave emission, demsities of order 107 o™ were obitained,
The sabidity ot these assumptions is presumably supporicd by the good conelation
between the area and the duration of the Xeray buesis,

Matler ef ol {1978) have investigated the implications of the thermal model
based on the ahove analyses. They assume that the heating and cooling of the
plasma resubts, respectively, from the adiabatic compresion and expansion, This
prediviy asiple aelationship between the tempetatie and emission measure:
I« 1Y which they find is consistent with their observations of the 1 March
1970 flue event (Fig. 5.12). The 0SO-7 observations al similar events, however,
tdo not follow this simple patierm (Klcan, 1978); insead, the emission measure
in a thamal fit wends 1o increase inroughout the impulsive phase, even when the
temperate iy decreasing, Clearly, further observations and analysis are needed
n onder 1o establishy the relationship tetween the emission measure and temperature.,

5.2 N-Ruy, LUV Relutionship

So ta, most of the studies of the hard Xeray, LUV relationship bave been based
un the broad-band (10 -1030 A) LUV meastements made via Sudden 1 iequency
Deviation {ST0) (Kane and Donnctly, 1971 Donnelly and Kane, 1978 Emslic
ef al,, VI8 Kane of ol 1978). The studies by Dunnelly and Kane indicate that
the manima of the impulsive hard NXeay and LUV emisaions are coincident with
s, Moteaser, the UV emission s consistent with the production by 10 25 keV
ciectiony, muving down inte the upper chromosphere and producing & quasi-
thermal plasma,
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A comparison of the total energy of the accelerated electrons, as deduced
from hard X-ray emission, and the total EUV radiated energy indicales that there
may be only a “partial” precipitation of clectrons in the chromosphere, the bulk
of elections being confined to lower-density regions {Lmslic ¢t ¢f,, 1978; Donnelly
and Kane, 1978) as shown, for example, in Fig. 5.10a. Further, the efficiency of
the EUV emission, as determined by the ratio of the energy radiated in EUV to
the energy input to the EUV-source region, could be €1, A possible source
structure, which would give rise to such a low CUV-emission efficiency, is shown
i Tig. 5.10b, Donnelly and Kane have suggested a carelul search for impulsive
radiation in the UV range, where a substantial emission energy is expected.

5.8 MODELS OF THE IMPULSIVE PHASE

5.8.1. Classification of the Models

In this section, we discuss models that describe the impulsive phase in terms of the
behavior of energetic particles, particularly electrons, in various magnetic field
configurations. We consider the relationships of these models to X-ray, EUV, and
radio observations, with special emphasis on the X-ray and radio obscivations,
since they desciibe the impulsive-phase particles more directly. Fig. 5.13 and
Lable 5.2 give the descriptive parameters of such models. Here we distinguish
between “thin-target” and “thick-target” bremsstrablung {(Koch and Mots, 1959)
in the following way: if the clectrons lose a substantial fraction of their encrgy
10 collisions, they radiate in a thick target; in a thin target, they “escape’ before
doing so. Escape means outward propagation on open field lines that do not
connect back to the sun close to the flare site. According to this definition,
tremsstrablung from energetic clections confined by a magnetic trap having low
ambient plasma density will be termed thick target, cven though conventionally
it is often referred to as thin-arget bremsstrahlung,

If the injection of particles into the radiation region occurs continuously, the
aceeleration mechanism operates throughout the duration of the impulsive burst,
If the injection occurs impulsively, the observed X-ray, EUV, and microwave time
vriation must be due to electron-propagation effects. Viable models include
those in which acceleration comncides with the radiation of X-rays and microwaves,
as well as those {analogous to the terrestrial aurora) in which the clectrons stream
some distance before entering the taget, Similarly, valid models may envision
cither bulk heating, which energizes all of the electrons in the acceleration region,
ot the production of a nonthermal tail that may include only a small fraction of
the total clecuon distribution. We characterize the shape of the clectron energy
distribution by the terms thermal or nonthermal, referring to whether or not the
distribution resembles a Maxwellian,

The models proposed so far can be classified into lour classes: (/) thin-target
madels; {2) thick-target models; (3) partial-precipitation models; and () thermal
models, In the thin-target, thick-target, and precipitation models the hard X-rays
are produced by biemsstrablung of accelerated electrons with ambient ions, while
in the theymal models both electrons and ions are heated to high temperatures and
the thermat bremsstahlung from this hot gas produces hand Xerays, In both cases,
the mivtowave radiation is produced by the electrons through the gyrosynchrotron
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mechanism, with sell-absorption at longer wavelengths giving rise 10 a local
maximum in the range of 2 to 20 Gli,,

The radio and Xeray observations provide the main tests for the various models,
The EUV emission provides an additional self-consistency test by requiring a
minimum ot energy deposited in the upper chiomosphere and the transition
region. Type HE radio buists, in general, oceun during, s well as outside, the times
of impulsive phase, However, the intense Type 111 bursts andfor those extending
into the decimetric wavelength nnge tend to ocou primarily duting the impulsive
phase (Kane, 1975). These Type HE bussts, as well as the interplanctary clectrons
emitted by the sun (presumably, then), must have some relatively direct relation-
ship to the energy release in the impulsive phase (cf, Kane and Lir, 1972).

In the following sections, we discuss the physical properties of various models
and the observational constraints on cach of thent, e maodels are not complete
and self-consistent since they make o attempt to identify the mechanism of
particle acceleration or heating, Chapter 4 discusses these questions in detail,

5.8.2. Briet Description of Models

A. Thin-targel models. In these muodels, energetic electrons produce bremsstrah-
lung Xerays in a region of relatively low ion density (<10 jons em™), the time
variation of the X-ray emission being o signature ol the time variation in the
clectron acceleration or injection process {Kane and Anderson, 1970; Kane and
Lin, 1972; Datiowe and Lin, 1973). The loss of radiating clectrons from the source
is primarily caused by cscape to a much lower density region, where the X-ray
emission is negligibly small.

As far as the Xeray bremsstrahlung is concerned, thin-target models use the
cnergetic clectrons rather inefficiently and, heace, tend 10 put more stringent
requirements on the electron acceleration process and on the stability of electron
propagation against the effects of possible reverse current (Brown and Melrose,
1977). Also, there is no natural eaplanation of the hard X-ray, EUV relationship
in 4 pure thin-target model. On the other hand, similarity between the hardness
of the clectron spectra deduced from the Xaay measurements and the spectral
hardness of the cscaping electrons observed in the interplanctary space is con-
sistent with 2 substantial fraction of the impulsive hard X-ray cmission being
produced as thin-target bremsstrahlung. Observations of impulsive hard X-ray
bursts from behind-thedimb flares (Kane and Donnelly, 1971; Frost and Dennis,
1971) are also consistent with a thin-target source located at an altitude of
22X 10% km above the photasphere.

B. Thick-target madels. In these madels, aceelerated clectrons are injected into a
region in which they undergo substantial cnergy loss during the course of the
impulsive cvent. These are essentially the models described by Kane {1974a) and
have many simiilarities to terrestrial aurora. If the initial iniection is into a region of
relatively Tow density, the various models of Lig. 5.13 and Table 5.2 arc realized
depending on the pitch-angle distribution ol the clectrons and the relative scale
heights, s, of the ambient density and, Iy, of magnetic ficld strength along
the loop.

If the pitch angle of electrons is large, or if hy 3 Iy, the result will be the trap
models. In the impulsive trapped model, suggested by Takakura and Kai {1966)

o T e L e L et
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{later refined by Takakura and Scalise, 1970; see Takahuta, 1974 {or review), the
time scale for injection of clectrons is much shorter than the duration of the
impulsive phase of the flare. Histarically, this work is the first attempt to tic the ™
microwave and hard X-ray obscrvations together in a seif-consistent way. This
muodel predicts gradual hardening of the hard X-ray spectra, even during the decay
phase, which is in disagreement with most observations (Kane and Anderson,
1970; Crannell et of., 1978; Eican, 1978). Bai and Ramaty (1979) have, however,
wsed 2 model of this type to eaplain the impulsive bursts in the August 1972 flare.
In the other extreme case, if the election pitch angle is small andfor h, € iy,
the result will be the beamed thick-target madel whose Xeray characteristics have
been calculated by Sytovatshii and Shmeleva {1971, Brown (1972), Elwert and
Haug (1970, 1971), and Petrosian (1973), or a4 madel in which electrons rapidly
diffuse from corona to chromosphere (Hudson, 1972, 1973). Since the new
clectrons rapidly penctrate the higher densities in the solar chromosphere, they
lose their energy at & tlime scale mudh shorter than the {lare duration, so the
injection in the model must be continuous. Cleasly, in the extreme case of very
small pitch angles, little microwave radiation can be produced. In general,
characteristics of the microwave flun will depend on detaifs of pitch-angle dis-

tribution and licld geometry.
The common features of all thick-target models is that the hard Xeray energy

vield ¥ of the electrons is small and varies between 1075 and 107, depending on
the model and spectrum {for details cf. Pewrosian, 1973). (f I and [, ke,
respectively, the total energy flun (erg cn™ ) and number flux (photons cm?)
of Xerays > about 20 keV observed at 1 Av, then the total Kinetic energy ¢, and
total number .V, of the accelerated electrons > about 20 keV are given by

¢ = 28X 1077 [yeg (5.1)

‘i
N, = 28X 10°7 1y clectrans
)l
Thus in a “typical” flare with /7 ~10™ ergen™ and /, ~ 10* photons cni?,
there are a total of about 10* clectrons with a total hinetic energy of about
1077 erg. Such 4 high energy supplicd to the chromasphere (through collisions
with ambient electrons) could produce the secondary effects, such as e, visiblc
continuum, and EUV radiation, the evaporation of hot gas to create the observed
wft Xerays, and the formation of coronal transients such as shock waves.
Theoretically, acceleration of so many particles and production of such high
energies appear to be difficult (Hoyng et of., 1976) unless there is a bulk encrgization,

In the case of the beamed madel, there is abvo the problem of stability of the
clectron current beam (Smith, 1975} which can be overcome by a reverse curient.
As a result, a fraction of the beam encrgy will be ost due 1o ohmic heating {Knight
and Sturrock, 1977}, This fraction will be negligible {and the beam model valid)
if the deasity and temperature of the ambient plasma in the flare region arc larger
than that of the gquict corona and chromosphere,

1 urther difficulty with the beam model are the abservations of impulsive X-ray
buists from behind-thedimb events (Kane and Donnelly, 1971; Frost and Dennis,
1971; McKensie, 1975; Roy and Datlowe, 1975). Unless the ambicent density in
the flux twbe along which the beam is directed is considerably higher than that in

(5.2)
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the quict conditions, most of its X-ray radiation will occur deep in the chromo-
sphere, in disagreement with such observations. The beam model is also distinguish-
able from all other models because of the large degree of polarization and directivity™
of the resultant X-ray flux. The presently available observations do not have the
accuracy and sensitivity necessary to test the models on this basis.

C. Fartivl-precipitation models. Between the oxtremes of thin- and thick-target
models exist a host of other models that could be classificd under the partial-
precipitation models. The characteristics of these will depend on the relative
importance of the trapped and precipitating electrons, Such models were described
gualitatively by Kane (1974a), but a more quantitative analysis has been carried
out by Mclrose and Brown {1976). Clearly, with the added degree of frecdom such
models are more flexible, It scems very likely that the dispersion in the observed
characteristics of the impulsive phase are caused by variations in the relative
importance of the trapped and beamed clectrons from one flare to another. Recent
studies of the hard X-ray, EUV relationship (Emslic ¢t a/., 1978; Donnelly and
Kane, 1978; Kane et af., 1978), which indicate that only a small fraction of the
to1al clectron energy is sufficient 1o explain the observed EUV emission, strongly
favor the partial-precipitation models.

D. Thermul models. 1f the initial energy is released in a high-density or turbulent
region, so that the “thermalization” time for the energetic particles is much shorter
than the duration of the impulsive phase, then a thermal radiation source would
result. A significant difference between such thermal and thick-target models is in
the X-ray yield. While in the thick-target models the yield is fairly insensitive to
the details of the models, in the thermal models the hard X-jay yield depends on
the density # and burst duration ¢

n 1
Y= o,

10" cm®  10s

so that for densities 7> 10% cni™ the yield of a thermal model s larger (and the
encrgy required for production of hard X-rays, smaller) than that of thick-target
models.

A low-density, thermal (hard X-ray) model could come about by adiabatic
compression (Chubb, 1970) of flare plasma to a high temperature. Matzler ef of.
{(1978) have investigated the implication of the thermal model based on the above
analyses. The model includes a common hard X-ray and microwave source, homo-
gencous and isotropic, with an clectron density of i, = 107 em™. Mitzler ef al.
find that the adiabatic compression predicts a simple relationship between
temperature and the emission measure: £EM @ 732 which is consistent with their
obscrvations (Fig. 5.12), although other observations {Elcan, 1978) do not scem to
confirm their findings. The mechanism for compression and the ficld configuration
arc¢ not specificd, but apparently the model requires a magnetic trap as in the earlier
models and an additional confinement mechanism {turbulence?) to keep the
clectrons in the trap during the compression.

A truly thermal modcl will require approximately isotropic compression, which
is difficult 1o obtain. Morcover, heating of the plasma before the impulsive phase is
required, since if adiabatic compression started at coronal temperatures, the
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compression would have to change the volume by an unrealistic factor of 10°,
An additional difficulty with thermal models may lie in the cxplanation of the
post-burst phenomenon,

5.8.3 Compurison of Models with Qbservations

A number of observational tests can be applicd to the models described above. In
terms of the observed radiaiion or phenomena we ¢an look for the following
characteristics associated with cach model,

A, Xerays: yicld, spectrum, polarization, directivity, time variation, spatial
distribution,

8. Microwave: same as A,

C. Other radiation: Type 1 bursts, white-light continuum, Ha, EUV, soft
X-rays.

D.  Other effects: shock waves, coronal transicnts, chromospheric rarefaction,
cscaping clectrons.

The observations made so far are inadequate to fully support or rule out any one
model. This is particularly truc about the observations that require high spatial
and spectral resolution simultancously with a high time resolution. The following
discussion should therefore be primarily regarded as an aid to determine the future
observational and theoretical efforts.

A Hurd XNeravs, The difference between the Xeray yields of the various models
has been described above, There are no high spatial-resolution observations of hard
Xerays. We thercfore consider here the spectrum, polarization, dircctivity, and
time cvolution.

The hard X-ray spectrum gives the most direct information about the spectrum
of the high-energy clectrons. In simple, homogencous models a  power-law
{eaponential) X-ray spectrum is obtained from a power-daw (thermal) clectron
spectrum, Eaistence of hard Xerays with “convea™ spectra {Kane and Anderson,
1970; Hoyng of df., 1976; Elcan, 1978; Crannell ¢t ol., 1978) has heen used as
evidence for thermal models. Unlortunately, such simple interpretations are not
wanianted by the existing observations hecause they have very poor spectral reso-
lution and no spatial resolution. The latter is very important since, in principle,
any obsenved spectium can be fit to a multitemperature thermal model or a non-
thermal thick-target model with vaious breaks in the clectron spectrum. (The
terrestrial aurorac produce convex, hard Xeray spectra from a pusely nonthermal
clection distribution.)

Strong polarization and directivity effects are expected only in the case of
beamed clectrons (Brown, 1973; Langer and Petrosian, 1977). At large pitch
angles, characteristic of radiocmitting clectrons, both of these cffects wash out.
Thermal and partial-precipitation models have no intrinsic polarization or directiv-
ity. Indircct propagation (albedo) reduces these cffects in beamed models and
introduces a very small residual polarization in isotropic emitting models {{icnoux,
1975; Langer and Peirosian, 1977).

The most recent Xeray polarization measurements have not found anything at
a level eapected from the beaming muodcels, bui, due ta poor coverage and the




MR A A A K S 1 A R MRS

T ] o

222 IMPULSIVL PHASL OF SOLAR | LARLS

difficulty of making the measurements, the results are not definitive. The center-to-
limb variation of the frequency of occurrence {Kane, 1974a; Datlowe ¢t al., 1977)
also does not provide a clear support for beamed clectrons, although the center-
to-limb variation of the X-ray spectral index is not inconsistent with such models,

There has been inadequate analysis of time evolution of fluxes, but the results
deserve mention. First of all, there have been various analyses indicating quasi-
periodic modulation of Xeray and microwave fluxes (Parks and Winckler, 1971;
Frost, 1969; Brown and Hoyng, 1975; Lippa, 1978), the significance of which
remading uncertain because of fack of spatial resolution. It scems likely that this
modulation arises from successive brightening of scparate regions in the flare, The
idea of adiabatic compression was motivated by an observed correlation of rise and
fall times of single-spike impulsive bursts and the correlation between the Xeray
flux and spectral index (Crannell er al., 1978; Mitsler et of., 1978). However,
further obscrvations are nceded for confirmation of such correlations. In any case,
such correlations are neither necessary for (nor unique to) the adiabatic com-
pression model. For example, the time variation of the X-ray spectrum observed
duting the 4 and 7 August 1972 flares (Hoyng ¢f al, 1976; Ben  1977) has been
interpreted by Bai and Ramaty (1978) in terms of a nonthe ¢ thick-target,
trap model, where the density (~3 X 10'® coi™?) is substantially higacr than that
in the model by Matsler et ol,

B. Microwaves. The interpretation of microwave observations is more complicated
than the X-rays because (i) the magnetic ficld strength and geometry play as
significant a role as the clectron distribution in the production of the microwave
fluaes (Takakura, 1973; Miwler, 1976); and (ii) the microwave, at lower fre-
quencies, are subject to various absorption and supression processes (Ramaty and
Petrosian, 1972). Most calculations of the microwave flux expected from various
models have been limited 1o uniform ficld geometrics. This clearly is unrealistic,

-and even the high spatial-resolution microwave observations by Kundu and

Alissandrakis (1977} demand inhomogencous ficld structure. However, with the
added fice parameters, most probably all of the modcls becomie sufficicnily flexible
to permit close matching with observations {spectrum, polarization, dircctivity,
yicld), but no such detailed analyses have been carried out for most of the models.

High spatial-resolution observations have the potential of providing a good
test of the models. For eaample, with such obscrvations one may be able to
separate the trapped and precipitating components of the partial-precipitation
models.

C. Other radiation and effects. One main strength of the thick-target model lics
in its convenicnce for supplying secondary radiation and cffects through the
coilisional losscs of the encrgetic electrons. These effects include the white-light
continuum  (Hudson, 1972, 1973), LUV radiation (Kane and Donnclly, 1971)
and “chromospheric rarefaction” {Ncupert, 1968; Brown, 1973; Hudson and
Ohki, 1972), and the simulation of shock waves (Lin and Hudson, 1976). Kanc
and Donnelly {1971) observed a strony longitude deqendence of LUV 10 hard
Xeray flux ratio that places most collisional losses relatively deep in the solar
amosphere, especially for near 20 keV clectrons (Donnclly and Kanc, 1978).
Recent studies (Brown ef of., 1978; Emslic ¢f of., 1978; Donnelly and Kane, 1978)
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have argued that o beamed thick-target model will produce too much energy
deposition and hence much more Ha line and EUV emissions than are actually
observed. No predictions have been made in regard to these phenomena in thermal
models. Explanation of the close temporal relationship between hard X-ray and
EUV cemissions could turn out to be a major difficulty for the thermal models.

5.9 SOME ANSWERS TO KLY QULSTIONS

We now attempt to answer the three hey questions formulated in Section 5.2,

1. Although the temporal relationship between different hinds of emissions
is now fairly well established, the interpretation of that relationship in terms oi
a physical modei of the impulsive phase is far from clear. Inadequate spatial and
spectral resolution and the absence of good measurements of polarization and
directivity of the hard X-ray emission cause large ambiguity in the deduced encrgy
distribution of the energetic clectrons. This makes the estimates of the total energy
and number of the energetic clectrons depend critically on the assumed model of
the hard Xeray source. The present observations are therefore unable to answer
unambiguously whether the clectron distributior is thermal or nonthermal.

2. Before we can analyze the observations, we have to assume the nature of the
clectron distsibution. If we assume that the clectron distribution is nonthermal
{e.8.. 2 power faw), then it invariably turs out that the total encrgy of clectrons
> about 20 keV deduced from the impulsive hard X-ray observations is comparable
to, or greater than, the total energy required for the post-impulsive-phase
phenomeng, such as thermal soft X-ray emission, mass motions, particle acceleration,
ctc. This in turn requires that the energy conversion into accelerated particles be
~ 100% cfficicnt. On the other hand, if we assume that the clectron distribution is
thermal, then the total energy of the electrons deduced from the impulsive hard
X-ray obscrvation is substantially less than the total cnergy required for the gradual
phase. The energy conversion efficiency implicd in this case is accordingly smaller.
thus, it is not possible at this time to state unambiguously whether the encrgetic
paticles (clectrons) produced during the impulsive phase provide the cnergy
accessary for most of the flare, It is fairly certain, however, that these clectrons
have cnough energy to produce all the impulsive-phase emissions. Also cnergy
refease, at a lower rate, probably occurs both before and after the impulsive phase.

3. Since the distribution and total cnergy of the energetic clectrons accelerated
during the impulsive phase are not unambiguously known, it is not surprising that
many diffcrent models claim to provide an accurate description of the impulsive
phase. The two key parameters, viz. the cfficicncy and time constant of the
acceleration process, are not known at the present time, The time constant is not
hnown because of the inadequate time resolution of the hard X-ray observations,
A review of the impulsive hard Xeray and Type 111 radio-burst data suggests that
the basic time constant of the clectron acceleration process could he less than or
about cqual to 0.1s. In ~30% of all impulsive flares, a small fraction of the
encrgetic clectrons cscape into the outer corona. When these characieristics are
combined with the hard X-ray, EUV relationship and the “embedded” nature of
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the impulsive EUV sources, it appears that models permitting at least partial pre-
cipitation of clectrons are to be preferred. Models involving acceleration of
clectruns at snuall piteh angles inside a closed mapnetic loop that permits free move-
sent of clections along the ficld lines but inkibits the clectron escape from the loop
almost compleicly are not likely to represent the true characteristics of the impulsive
phase. Similu comments apply to models imaolving adishatic compression. The
ealstence of severld point sources inside the main cmission region and the successive
brightening of the different poin' sources, a indicated by radio, optical, and EUV
observatives, suggests 2 filamentay  stucture in the cleciton acceleration/
propagation region.

5.19 FUTURE WORK

1t is clear fzom the discussion in the preceding sections that our understanding of
the impulsive phase has increased substantially during the last decade, especially
with regard to the quantitative interselationship between the different impulsive-
phasce cmissions. Although the Skylab abservations could not contribute dircctly
1o this progress, the Skylab program did encourage new wark and new approaches
in the studics of this phenomenon. A greai deal, however, remains to be done.
We give below some of the obscrvations and theasetical studies that must be
pussucd during the coming vears,

5.10.i. Future Obscrvations

In vicw of the rapid time variations and probably very anall spatial eatent of the
radiating sources preseat during the impulsive phase, high temporal {(<about 0.1 5)
and spatial {~1 arcsec) resolution should be emphasized in all future measure-
ments. The other parameter to be emphasized is high spectral resolution so that
basic paramicters such as velocitics and temperatures in emission sources can be
deduced.

In the EUV, UV, optical, and radio wavelength regions, high spatial and spectral
resolutions are currently available, or soon will be. The prncipal aim in these wave-
iength regions is therefore to achicve 2 high time resolution (0.1 ¢).

On the other hand, the hard X-ray measurements have suffered from the lack of
spatial resolution and alse poor spectral resolution. Lven the time resolution of
the past mcasurements, which was often about or > 1<, was adequate only to
identify the impulsive phase. Good, hard X-ray mcxsurements are particularly
important because they are used 1o deduce the basic guantities, such as total
number, energy, and distribution of the cnergetic clectrons, Most current models
of the impulsive phase utilize the energetic clecirons 16 provide the necessary
cncrgy to the impulsive X-ray, EUV, UV, optical, and radio emission sources and
cven altempt 1o provide the cncrgy required for the ontire solar flare. Thus,
adequate tests of the different models are not possibie until satis{actory hard X-ray
measurements are available. Specificaily at photon encrgics > 20 keV, the Xray
spectrum {resolution ~ 1 keV} and polarization {sensitivity ~0.1%%) need to be
measured with a spatial resolution of ~ 1 arcsec and a time resolution of < 0.1,
In addition, obscrvations of the directivity of the X-ray cmission made simultanccusly
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with two o more spacecralt separated widely in solar longitude nd hav' -8 o
sensitivity of about 19% and time resolution of a second are required to test the
presence o electron beams in the Xeray source,

it there is one lesson to be learned from past experience, it is not to push obser-
vations of one wavelength range at the cost of the other. Our hope of solving the
impulsive-phase prablem lies in a coherent progiam of observations at a1 wide range
of wavelengths made with a comparable spatial and temporal reselution,

5.00.2 Tutuee 1heoretical Work

The basic neertin all of the viable models of the impulsive phase (those in Table 5.2)
lies in realistic numerical modeling and comparison with observations, Some work is
dieady in progress {ef. Smith and Lillicquist, 1978). At present, the microwave
data provide the most interesting information and have the smallest degree of
maodel exploitation. Only the impulsive-trap model (Takakura and Kai, 1966) has
secerived a thotough analysis,

Several important related effects have not been studied in any detaled model:
the gencration of Type 1 buists, the production of coronsi transient and inter-
planetay shock waves, and the relationship between the soft and hard X-ray
sources, Much ol this wotk probably awaits the present development of claborale
computer models that include enough physics 1o be realistic; this work is com-
plicated, but probably feasible.
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