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ABSTRACT

iatle cf lhesis: On the Origin of Nultiply-Ispulsive
cmission from Solar Flares

Judaith iobi Karpen, Doctor of Philosophy, 1980 (Astronomy)

shesis directed by: Prof. MNukul R. Kundu, Acting Director,
Astronosy FProgram; and Dr. Cacrol Jo Crannell, NASA-Goddard
Space Flight Center.

Over the past twenty years, our understanding of solar
tlares has been augmented greatlv by the alwvent of rocket-,
balicon-, and satellite-torne instrumentation dedicated to
observations of the Sun. In particular, the use of
spacecratt-borne detectors has permitted long-terms coverage
ot the shorter-vavelength regions of the electromagnetic
spectrum, 1inaccessible to ground-basel facilities. Hard
A-ray easission froe solar flares provides direct evidence of
the role of energetic electrons in these powverful
explosions. Analyses of flare-associated hard X rays, in
conjunction with coincident coverage at other vavelengths,
have countributed much of our current understanding of the
tundasental energizing processes and resultant particle
acceleration which characterize the flare phenomenon.

During the previous solar maxiamum, the hard X-ray burst
spectrometer on board the 050-5 satellite observed hundreds
i hard X-ray events on the Sun, Aih the energy range 14 to
254  kev. The 1.8-second temporal resolution of the
detector enabled detailed studies of the evolution of
burst intensity with timse, as well as the spectral
evolution. Furthermore, the temporal resolution was
comparakle to that of most solar radio cobservatories




operating at that time, thus facilitating sisultaneous
Aunterccempacisons of hard X-ray and radio data.

The analysis and interpretation of a set of coasplex hard
A-tay bursts, selected from the 0S0-5 data, are presented in
this vork. Lhe sultiply-ispulsive events vere chosen on the
basis of morphological characteristics: each event appears
to consist of a number of overlapping spikes, with no
apparent gradual component of significance. The twvo-stage
eveuts wvere selected on the basis of both wsorphological
Characteristics and association vith the appropriate
phenomena at other vavelengths. Coincident aicrowvave and
seter-vave iadio, soft X-ray, H-alpha, interplanetary
particle, and magnetographic data were obtained from several
observatories, to aid in developing a comprehensive and
Seit-consistent picture of the physical processes underlying
a Complex burst.

ihe present research is focussed on three specific
aspects of the multiple~spike and two-stage bursts:

1) 40 look for the causes of multiplicity in complex
impulsive events;

2) To cumpare and contrast the physical wmechanisas
respoasible for the sultiple-spike bursts with those
associated with their simple counterparts, the
sinyle-spike bursts (Crannell gt al, 1978); ana

J) 10 ccmpare and contrast the impulsive emissions with
associated gradual ewmissions, in order to pirpoint
the tasic processes vwvhich are applicable to the
impulsive phase alone.

fhe investigation is concentrated on the hard X-ray and
BiCrcvave eaissions, with reference to associated meter-wvave
phencmena, vhere appropriate. The hard X-ray and microwave
radiations are bremsstrahlunyg and gyrosynchrotron,
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respectively, from the electrons accelerated in the relevant
tegicns of the solar atmosphere. Together, they are used to
deduce the caaracteristics of the source: electron density,
tesperature or spectral index of the electron distribution,
magnetic-field strength, and area. The hard X-ray emissions
4l0Le ale used to deteramine the parent electron spectrum and
its evolution throughout an event, to search for correlated
vatiations 1in spectral parameters vhich may indicate the
underliying acceleration mechanisms,

ihe main conclusicuas of this work are:

1) 4he wultiplicity of the impulsive events studiel
requires at least tvo distinct causes. On the basis
of derived source parameters, the bursts fall into
tvo categories: events vhose component spikes
apparently originate in one location, and events in
which groups of spikes appear to come from separate
reyions which flare sejuentially.

2) The origin of wmultiplicity in the case of a single

source region remains unidentified. Progress was
made, however, in critical evaluation of postulated
explanations. One hypothesis, vhich attributes

intensity variations ¢to betatrun acceleration of
electrons in a magnetic trap, vas tested. It was
tound that purely impulsive emissions show no sign
of betatron acceleration, thus ruling out this
mechanism as a candidate for inducing
multiply-spiked structure. The second-stage
emissions of several complex bursts also wvere
tested, with results differing markedly from the
analysis of the ispulsive bursts. The majority of
the two-stage bursts exhibited spectral behaviour
cousistent with the betatron model, for the first
fev minutes of the second stage. Therefore, it
appears that Dbetatron acceleration nct only |is
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conspicuously absent during the impulsive phase of | ?
solar bursts, but also may be an integral feature of |

the early stages of the second-stage acceleration,
for msany two-stage bursts.
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Chapter 1
INTRODUCTION

che aBehzd’ 32%.‘.338!5.‘2.3%8"5;;52: ggﬁnwiﬁ‘.’;rb“

ihe 5un 1s the most powerful laboratory of astrophysics
accessible to humankind. Physical processes vithin and on
this nearest star are tha subjects of fundamentrl fields of
study, ranyging from nuclear and elementary-particle physics
to plasma physics. Although sclar flares are mere
perturbations in the total energy output of the Sun,
atfecting oniy a "skin-deep" layer of its surface, ¢their
complex and ill-understood nature encompasses a bevildering
variety of physical mechanisas. Atomic interactions,
hydrodynamaic and magnetohydrodynamic effects, plasma- and
electrosagnetic-vave formation and propagation, and other
basic jprocesses all play crucial roles in the flare
phencmenon.

in order to understand flare activity, a tvo-pronged

approach is necessary. Flares must be observed over a wide
range of the electromagnetic and particle-energy spectrum,
to obtain the characteristic signatures of the underlying
physical processes. This effort must be paralleled by
tueoretical research into those physical processes
tundamental to the triggering and subsequent unfolding of
fiare activity, to provide models of flare phencmena which
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consistently reproduce all the concurrently observed
Leatures.

it is dirficult to define a "typical" flare, because some
level ot what could be denoted flare activity exists on the
Sun at all times. Furthermore, individual sclar flares
ditfer enormously in their energy output and its detectabl»
manifestations. The basic, comsmen <lement is a rapid,
transient heating of a confined portion of the solar
chromosphere and corona. As much as 10'¢ g of highly~-
ionized plasmsa may be heated in less than a hundred seconds
(sust 1977) . In many cases this disturbance extends
dowavaras, to disrupt the photosphere, and upwvards, to eject
watter into interplanetary space. Ip all cases, however, it
iAs clear that the primary explosion occurs in a magnetized,
turbulent plasma, vhich evinces strong Jeviations fronm
thersod ynamic eguilibrium. Flates essentially begin with
reconnection amcng the magnetic-field 1lines found above
Sunsjpot groups. Through reconnection, the energy stored in
the cos:lex magnetic topology of the corona is liberated and
transtormed 1nto bulk heating and mass motions of the local
plasma. 1he sheared-field configuration in a coronal loop
Ccan result in a driven reconnection process, wvhere multiple
reconnections occur throughout the arch until saturation is
reached (Spicer 1976,1977). The physics of the reconnection
process and , in particular, the role of the plasma in which
the interacting fields are isbedded are not fully understood
at present. Laboratory experiments involving simulation of
solar tlare conditions have proven useful, but
controversiai, in this area (gf, Baum and Bratenahl 1976).
ine maygnetic-field strengths arnd topologies, e lectron
densities, and temporatures achieved during such experiments
aie not the same as those in solar flares, however, and it
15 unciear whether simple scaling laws are applicabdle.
sutensive development also is in progress in the theory of




reconnection and related plasma interactions, vith many
exciting results. However , the dangers of
oversimplification, often used to make a problem
aualytically or numerically tractable, amust be reccgni zed.

ihe enerygy imparted to the asbient medium through
reconnection eventually wmar ! s itself in a variety of
detectable tforns, includin iting and mass wmctions,
visible in H-alpha and soft X rays; plasma waves, which can
be transtormed into radio waves; and particle acceleration,
which is characterized by hard X-ray, BOV, microwave, and
lower-trequeacy radio emission. The relative proportions of
tuese flare products vary throughout each flare, as vell as
tiom filiare to flare. Lesgite these differences, an
idealized picture of a flare emerges from the  wmyriad
observations obtained over the century since the first
identification of a solar flare (Carrington 1859; Hodgson
1859) . On the basis of intensity profiles as a function of
time, flare emissions can be classified as either
"impulsive"™ or "gradual" (also "extended"). Impulsiive
emissions are characterized by rapid rise to, and fall from,
waximum inteusity, and often by spiky structure on even
shorter time scales. Gradual/extended emissions, on the
other hand, appear as they are named, with much slower rise
aud fall times and, usually, little or no internal structure
on shorter time scales. Both or either of these kinds of
emissions can be seen in a particular event. The
distinctive fteatures of both types of emission are
1llustrated by the hard X-ray burst of 1969 March 30, shown
an Figure 1-1.

L“he significance of these two classes is more fundamental
than wmere aorphology, however. The observed
characteristics indicate basic differences between the
physical circumstances resulting in impulsive radiations and
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those giving rise to gradual/extended enmissions. Thus,
tlare activaty often is classified into impulsive and
gradual "phases". De Jager (1969) first identified
ispulsive emissions with a stage of rapid particle
acceleration, and graduval emissions with a second stage of
particle acceleration to even higher energies. The
relationship between the observed radiation and the
(interred) particle energizing processes is discussed fully
in Chapter 3 of this wvork. An introductory explanation is
nveded here, however: the association of hard X-ray and
microvave radiation with flares strongly indicates the
presence of energetic electrcns, of energiss greater than 10
keV, in tlaring regions.

“bhe short duration of the impulsive phase emissions
iwplies & correspondingly rapid acceleration process, vhile
tne slover rise and fall of the gradual-plhase eaissions
poiut to a physical mechaniss of comparably longer duration.
She rapid acceleration thus associated with the impulsive
stage appears to affect mainly the electrons, raising their
ambient energies frcm the order ¢f 100 eV to between 10 and
100 kev. Al scme instances, the appearance of gradual
€emwlssion after the impulsive stage merely indicates a simple
keating of the post-flare plasma. This type of gradual
phase usualiy is characterized by a microwvave "gradual rise
and fall" event, with nc signs of associated particle
acceleration. Other events, hovever, exhibit gradual
emissious wvhich are manifestations of second-stage
acceleratioun precesses. Observations of flare-associated
interplanetary particle events indicate that, during the
gradual phase of this type, protons and heavier ions are
accelerated to enerygies in the MeV to GeV range, while the
electrous achieve relativistic energies, of order 1 NMev.
inhe i1dentitication and ccamprehensive theoretical modelling
ot the physics involved in these different particle-
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acceleration processes are among the most outstanding
Challenges to solar physicists today.

ihe preseut vork is devoted primarily to a study of the
complex solar emissions, as observed in hard X rays,
microvwaves, and, to a lesser extent, other portions of the
electrcsagnetic spectrum. These observations are used to
construct a self-ccnsistent picture of the physics of the
iuwpulsive and gradual stages. To avoid the dangers of
overgeneralization and consequent vagueness, which can
result easily from large-scale studies of the type described
here, twec sprecific approaches wvere chosen for in-depth
iuvestigacion. These two topics are related by a cowsmon
thewe: the search for an exglanaticn, or explanations, of
the multiplicity 4in impulsive emissions, as manifested
particularly in hard X-ray and associated micrcowave bhursts,
ueuce, the tirst topic is concentrated directly on
evaluating tne evidence for separate flaring sites, within
the same active region, being responsible for multiply-
impulsive emissions. In the course of this research, it
guickly became evident that, to comprehend the underlying
processes attecting impulsive radiation, one pust compare
and coutrast impulsive with non-impulsive emissions. The
second study 1s fccussed cn other plausible explanations for
multiplicity in impulsive burists, and on the ramifications
oL these models of multiply-impulsive emissions for the non-
impulsive phenomena closely associated with the impulsive
stage. bBrietf summaries of the two major lines of attack on
the Juestions posed above are incorporated into the
tollcvwing cutline of the thesis crganization.

shis dissertation comprises six chapters: the
introduction; two chapters providing information on
instrumental and data-analysis characteristics and relevant

physical processes; two chapters wherein the research,
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motivated as described above, is presented; and a final
"Coda" whach includes a sussary of the results and new
Juestions posed by the research presented here, together
vith suggestions for future investigations. Chapter 2
consists of a comprehensive description of the hard X-ray
spectrometer flown on board the 0S0-5 satellite, and a
general outline of the methods by which the X-ray data vere
obtained froms the syaceborne detector and the paraseters
were extracted for wuse in the present analyses. Those
readers who are familiar with this information might wish to
SKk1p part or all of Chapter 2. The physics of the hard X-
Lay and microvave enmission mechanisms which are relevant to
solar tlares is reviewed in Chapter 3, vith particular
eupnasis on concepts and formulae which are used in the
Observational analyses and interpretations of the later
Chapters. ihe purpose of this chapter is to provide a
comprehensive base for understanding the specific physical
pLocesses ou which the present research is based, and to
establish the scope of this work within the wider context of
current solar-flare reseatch. Chapter 3 may be read in
tull, selectively, or not at all, depending on one's
familiarity with the material.

ihe analysis and interpretaticn of coincident hard X-ray
and miciowave evolution in a set of multiply-impulsive solar
events 1s discussed in Chapter 4. This study resulted in
the identitication of two classes of multiple-spike bursts:
events whose component spikes apparently originate in one
location; and events in which qroups of spikes appear to
come frcm separate regions which flare sequentially. Thus,
the multiplicity of impulsive emissions is explained for the
latter type or events, but another mechanism is required to
account tor the amultiply-spiked emissions which originate in
a single source region. Chapter 5 is devoted to the
cratical evaluation of a promising canlidate for explaining




burst multiplicity: the betatron acceleration of X-ray-
emitting electrons in a magnetic trap, wvhich wvas proposed
originally by Srown and Hoyng (1975). Thke betatron model
first vas tested for consistency with the asultiply-impulsive
events; it was found that the betatron mechanism is
conspicuously absent in the purely impulsive bursts, thus
eliminating this process as a potential source of impulsive-
pnase multiplicity. However, the serendipitous inclusion of
tvo two-stage events in the initially-selected set of
wultiply-impulsive bursts enabled the discovery that the
betatron process apparently is associated, instead, vith the
second-stage emissions. The appliration of the betatron-
acceleration model to several “classic" two-stage X-ray
eveuts, and related meter-vave emission, provided strong
support for the identification of betatron acceleration as a
common second-stage phencmenon. The final chapter is a
summary of the cogent points of this thesis, and of the
unsolved questions, raised by this work, which are in urgent
need of furtuer scrutiny, perhaps during the ongoing studies
ot the jresent sclar maximum.




Chapter 2
THE INSTROUMENT

2-1  RASCRARIION QX THE SATELLIIE AND _THE DRETECIOR

The Fiten Orbiting Solar Observatc. ., (0S0-5) vas
Jaunched on <2 Januvary 1969, at 16:48 GANT. The orbit wvas
nearly circular (e = 0.002), with an apogee of 560 kw», a
perigee of 535 km, an inclination angle of 33°, and a period
ot 95.8 min. The satellite oukit vas located well within
the Larth's sagnetosphere, and pasred through portions of
the inner trapped-particle belt.

1he hard i-ray spectrometer on board 050-5 occupied one
orf the nine experiment ccmpartments in the rotating wheel of
the spacecratt, as shown in Figure 2-1, The detector axis
was perpendicular to the satellite spin axis, so that during
each vheel rotation a strip of the sky in the plane of the
vheel vas scauned. Each of the three eyeblocks shown in
Figure «~1 contained 3 photodiodes, separated by 40°, which
triggered upon viewing the Sun. This enabled each sky scan
to be divided into 9 sectors of U40° each. Operations in the
gector containing the Sun were denoted the scolar mocde, while
data obtained in the remaining 8 sectors constituted the day
SKy scan. lhe observaticnal format is discussed in detail
in Section 2.2.

1he detector has been described by Frost, Jennis, and
Lencho (1971) and Cennis, Suri, and Frost (1973). It vas
designed to detect hard X ravs from the full solar disk,
with good time resolution and moderate energy resolution.
Figure 2-2 shows a cross-sectional view of the instrument.
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The basiz comsponents are a central Csl(Na) crystal (a disk
0.64 ca  thick x 71 ca? cross-sectional area), actively
shielded by a well-shaped crystal of the sase saterial (3.2
Ce thick). ihe sodium-activated forms of Csl was chosen over
the thallius-activated variety because it yields three times
sore light per unit energy, in the vavelength range over
which available photomsultiplier tubes are wsost sensi tive;
and bas a faster tise constapt, so that it is less subject
10 extraneous light fros slow-decaying scintillations due to
charged-particle passages. Sodium jodide (thalliuws~
activated) also vas rejected becavse it is deliguescent and
brittle, and thus wuch more difficult to handle
(Ve be ennis, private copmunication). Two photosultiplier
tubes (kMis), operated in coincidence, vieved the central
ciystal ftros behind. The shield, operated in
anticoiucidence with the central element, vas v'eved by four
PHls, and included an aperture vwhich gave the detector an
angular response of 39° FRHN. The resultant gecmetric area
x solid-angle factcr ranged from 34 cm? sterad at the low-
energy limit (~ 20 keV) to 47 ce? sterad at the highest
energies attained (~250 keVv).

ihe 14 to 254 keV energy range of the pulse-height
anhalyzer was divided into 9 approximately linearly-spaced
Channels. Channels 2 through 9 were about 28 keV wvide;
Channel 1 wvas only W YeV wide. Table 2-1 lists for each
energy chanuel: the energy range, t' . mean energy, the
scaler capacity, and the area-efficiency conversion factor.
ihe energy resclution c¢f the instrument is given
approximacely by the follewiry exgression:

AE = 6 EV2 keV R (n

vhere AL is the FWHN of the Gaussian resolution function of




3
the detector for photous of energy E (Crannell gt al. 1979).

TABLE 2+
PABAAETERS FOR THE CSO-5 X~RAY SPECTROMETES

Lﬂ gol b"t‘l ‘rnqc nclqll‘,rqy {g:éti' Conxgsltcn r‘g:grl'

1 14~28 22 4095 9.708-02 3.71E-00
4 20-55 38 SN 1.19g-03 1. 31p-03
J 25-82 65 127 T7.6428-04 7,.42E-04
“ g2=-11 93 63 6. JUE-04 6, JUR-08
5 1= 122 n 6. 00E~-04 6.002-04
6 141-168 151 n 6.96E-04 6.96E~04
7 168~-200 179 15 6.413-04 6,412-04
L} 200-22°% 21 15 8. 94E-04 A, SUE-04
9 225254 236 15 8. 23E-04 8.23P-04

- ——————————

‘ggg: e ‘E:.‘::d“3:23‘$$§ onc gggvo:lionhsncto-- tgr gho a
ount t. es_p-t ¢ anucl te inci ent ;ux I Eafgﬁ'zf S
photens ce~? s=' ke

1he idealized efficiency of the detector is plotted in
Figure 2-3, after Frost, Lennis, and Lencho (1971). The
sharp decrease iu efficiency belov 30 keV is due to
apsorption in the two alusinum vindows, of total thickness
0.15 g cm—2, The purpose of this relatively thick window
was to attenuate the intense soft X-ray flux present during
moust solar bursts; without this attenuation, pulse pile-up
could cccur in the lowest channels during large flares,
causing distortion of the measured hard X-ray spectrum. The
actual efficiency is lover hecause of two zdditional
effects: absorption in the dead layer wvhich formed on the
surface of the central Csl crystal (Crannell, Kurz, and
Viebhmann 1974; Goodman 1976); and the coincidence
regquiresent on the two PNTs viewing the central
crystal-—-photons below 30 kev do not necessarily groduce a
signal above threshold in both ENTs. The coincidence
requiresent reduced the background events produced by random
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LOASe in tue tvo iNTs, vhich generally is not in
coincidence. Thus, X rays in channel Y (V4 to 28 keV) of
the pulse~height analyzer vere attenuated by a factor of
approximately 15 (B. B. Dennis, jrivate coamunication).

in=tlight calibration of the energy scale of the
iustrusent vas achieved by using the decay products of an
Au?%' scurce, vhich wvas embedded in a pi2ace of plastic
scintillator and mounted in the aperture as shown in Figure
a=2. ihe Am?*' Jdecays by isotropic emission of 59.4~kev
photons, some of which stop in the central crystal, in
coancidence with 5.5-MevV alpha particles, which stop in the
piastic scintillator and produce pulses in the PNT vieving
the Amé*t-activated scintillator. The calibration data thus
obtained demonstrated that the gain decreased gradually by
iu=304 between launch and 26 October 1968, requiring a one-
increment cnange in the asplifier gain to wmaintain the
constancy of the channel edges, and remained stable
thereatter. The threshold level of the active shield wvas
set at approximately 180 kev b.ofore launch and appeared to
remain constant throughout the lifetime of the instrument,
as indicated by the long-term stability of the shield
counting rate and the total dead time.

The satellite passed through the South Atlantic Anomaly
(5Aa), a region of exceptionally high trapped-particle
fluxes where the inner radiaticn belt intersects the
satellite orbat, about 6 adjacent orbits per day. To
prevent saturation and subsequent impaitrment of the ENTs,
the high-voltage source was turned off during each passage
through the 5AA  throughout th) lifetime of the satellite.
ihe backyround level of the detector was affected by passage
through the south Atlantic Anomaly and by high-energy cosmic
rays, Loth ot which induced radioactivity in the central
crystal and all the surrounding material, including the
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shield. The background counting rate reachel a peak
ismediately after each SAA passage and decayed
exponentially, as the shorter-lived isotopes decayed, until
the next passage through the SAA. The build-up of longer-
lived isotopes, however, caused a gradual increase in the
background rate superimpcsed on the regular orbital and
daily vairiations. Over the lifetime of the satellite, the
background rate changed by less than 10% in channels 2 and
J, and by less than a factor of 2 in channels 4 through 9
(be be sennis, private coswanlicaticon).

ibe hard A-ray spectrometer operated continuously from
launch untal 1972 Nay. After this, data wvere c)illected
sporadically, with partial coverage available for 1972 July.
ihe instiument failed fatally scmetime between 1974 August
9, 2319 Ui, and August 10, 0549 u1. Because the failure
ocCuired duiiny a three-crbit gap in data cCoverage, the
Cause ot faiiure could not bte established firwmly; failure
oL thke high-voltage power supply was strongly suspected,
hovwever (B. &e. Dennis and k. Thcmas, internal GSFC
semorandum) .

4«2  RESCRAEALON OF DATA COLLECIION HODES

Frow launch until about 1969 January 28, the satellite
operations vere devoted to spacecraft checkout and no
usetul solar data wvere obtained.

i1he hard a-ray spectrometer viewed 1360° strips of sky in
each rotatiou of the wvheel, approvimately every 1.8 s. Each
scan was divided into 9 sectors, as noted previously, one of
which aincluded the Sun. In the normal wmode, the data
comprised the number of counts in e€each channel, the elapsed
time, and the instrusent dead time; these times are defined
Deiow. Except during very intense flares, data were
obtained in the sclar secter fer 0.17 to 0.19 s each

L e
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rotation, as detersined by the photodiode pulses signalling
the beginning and end of this sector. These pulses also
determined the elapsed time cf each solar observation, by
starting and stopping a scaler which counted pulses from the
BU0-Hz telemetry clock. Thus, the elapsed time in seconds
egualled the counted number of clock pulses divided by 800.

ihe true observing time, that .s, the live time required
to derive the rate of incident ! rays from the observed
counts, is the difference betvee: the elapsed time, as
defivned above, and the total instrumental dead time. The
dead time was measured during each solar observation with
the aforementioned clock-pulse counter, which vas gated by
pulses in the shield and central crystal and by the busy
signal cf the pulse-height apmalyzer and related electronics.

buring very intense tlares, however, a different mode of
data collection was utilized. If the counting rate vere
sutficiently intense to exceed the scaler capacity of any
channel betore the photodiode-signalled end of the solar
observation period, then the accumulation of data and the
ciock-pulse counting were stopped when the =scaler reached
capacity (that is, earlier than the diode pulse). In this
way the true count rate vas reccrded even during the largest
events, instead of being lost due to scaler overflow.

Observations in the eight non-sclar sectors differed
trom those in the solar mode only in that larger scaler
limits and longer integration times were implemented, and
the total count rates in botha the shield and the central
crystal were recorded. Lata vere accumulated for 6 wheel
rotations in the sector immediately following the solar
sector (denoted sector 1, in the clockwise direction when
vieved along the positive spin axis of the wheel) and wvas
tolloved by readout to a meaory. This process was repeated
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with data accumulation and readout for the next non-solar
sector, vhile the previous sector's data vere being
transferred from the buffer memory to the spacecraft tape
recorder. ihis sequence wvas isplemented for the remaining
non-solar sectors and repeated continuously throughout the
day-time period of the satellite orbit. Each cycle also
inciuded a calibration procedure, in wvhich the Apz %
calitration data (cf, Secticn 2.1) vere obtained for six
rotations betwcen se.'tors 6 and 7. A complete cycle lasted
for 108 s, during which a tctal of 10.8 s of non-solar data
vere collected: 1.2 s for each of the 8 sectors and 1.2 s of
Calibration daca.

Juring satellite night, when the spacecraft vas in the
Larth's shadow, yet another mode of data collection wvas
used. The dead tise and the nine-channel energy spectrum
vere accusulated tor 0.28 s every 1.28 s, for whatever part
ot the sky happened to be in view. The regicn of the sky
scanned auring this period could be reconstructed from the
spacecraft attitude, as determined from the magnetometer
data obtained simultaneously.

2.3  1ELEBEIKY

lhe information stored in the spacecraft tape recorder
vas communicated to the Earth-based ground stations via the
spacecraft telemetry system. Within the format of the
telewetry data stream, each instrument on board 0SO-5 was
aslotted specific words in the continuous data flow; the
particulars of this arrangement relevant to the hard X-ray
spectrometer are described in this section.

The transmission rate of the 0SO-5 telemetry was 800 bits
per second. The data were telemetered in 8-bit words and
organized within main frames and major frames. A main frame
consisted ot data in a 32~word (320 ms) readout cycle; 128
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main trames (40.96 s) comprised a sz jor frame. Within each
main trame, words 16,18, and 19 were devoted tc the hard X-
ray spectrometer. The order in which dJdata vere inserted
into the 3 wvords per main frame is shown in Figure 2-4,
since 1< werds were required to include all solar-sector
data in each readout cycle, transmission of each observation
(As€s, per wheel rotation) tcok 4 main frames (1.28 s). The
intormation contained in these 12 wvords was coamsmonly
referred to as the "pain frame data." The non-solar sector
and shield data vere transmitted at a slower rate: word 29
(An a main frame) was devoted to these Jata once every few
main ftrames. This procedure vas referred to as
"submultiplexing" or "subccmmutating™ the data. The digital
submultiplex word usage and locations within the major frame
(vSH nusber) are shown schematically in Figure 2-5.

Figure 2-o0 1is a representation of the data organized
within each major frame, showing the designated words filled
by the hard A-ray spectrometer data. The data telemetered
in this fashion vere relayed by the various ground stations
to the Intormation Frocessing Division (IPD) at Goddard
Space Flight Center (GSFC). In the next section, the
storage of this informaticn ¢cn @magnetic tape and subsequent
data prccessing are discussed.
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Figure 2-6. A representation of the locations of 050-5 data words within {
a major frame of telemetered data. |
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2.4 DAIA _RROCESSING

ihe telesctered 050-5 data were recorded on 7-track

Jigitas magnetic tapes in binary mode, with odl parity and
at a deusity of 800 EPI. Two types of tapes vere generated
by 4ikbL at G3FC, under the directicn of Mr. John Schaidt, for
distribution to the experimenters: Main Frame Data (MED)
and (orrelated Data (CD) tapes. The NFD tapes contained
main trame data, inciuding the rawv okserved counts, elapsed
time, and dead time. The corresponding CD tapes contained
intormation on the satellite attitude, observed counts in
the ncn-solar sectors (subcommutator data), and records of
any commsands issued to the instrument.

vy means of software developed by Mrs. A. Andersen, GSFC,
poth sets of tapes vere cosbined into a single set of
y=-track tajpes. Dire Brian Dennis then »rocessed the
informaticon on these intersediate tapes to construct
“"encylopedia" tapes, vhich contained all necessary
iustrument data plus the instrument orientation, as
calculated rrom the satellite aspect data. A set of
compressed eucyclcpedia tapes was made by CONMTECH, Inc., in
which the format cf the original encyclopedia tapes wvas
reorganized to recduce the total number of tapes required by
about a factor of 4. Programs written by CONTECH, Inc. use
tue relevant satellite and instrument information on these
tapes to obtain the flux observed in all 9 channels at a
given time, in physically useful units (j.e., Fphotons cn~2
s—1 kev=—i), Thus, spectra can te generated feor tire
intervals as short as 0.18 s every 1.8 s, or averaged over
lcnger times, to improve statistics or to obtain a measure
ot the hard X-ray background before or after a flare.




Chapter 2
PHYSICS OF HARD X~RAY AND MICROWAVE ENISSION

ihe first cobservation of hard X rays from the Sun vas
teported over twenty years ago by Feterson and Winckler
(1956,1959). in these papers, the authors interpret the
flare-associated X radiation as bremsstrahlung produced in
the solar photosphere fros electrons of energy 0.5 to 1 NevV.
They also infer that the accompanying radio burst {s
gyrosynchrotron radiation from the same electrons,
spiralling in a 1000~gauss sagnetic field in the flaring
re¢gion. Subsequent observations, obtained with rocket- and
ballcon~borne instrusents, confirued the association of hard
A-ray emission with other wmanifestations of solar-flare
activity, particularly type III and microvave bursts (Kundu
1961; Chubb, Friedman, and Kreplin 1960; Winckler, May, and
nasley 1901; Vette and Casal 1961; Anderson and Winckler
1962) « Although the discussions of the nature of the hard
A-ray source in these papers were qualitative, for the most
part, they did present the differing vievpoints that still
spark lively controversies among solar physicists.

1he presence of high-energy electrons during solar flares
had been deduced frcm observations of flare-associated
interplanetary electrons, prior to any of the hard X-ray
observations. The detection of photons at energies above 20
keV, simultaneous with other "flash-phase" flare phencesena
(€29ds, Moreton 1964), vas the first indicaticn of the
existence of energetic electrons "in situ", vithin the
flaring region itself. Most of the early observations
lacked good temporal resolution or energy resolution, or
both, and so could not fprovide precise informaticn on the
nature of the hard X-ray spectrum (and thus the electron
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eLergy distrabution) and its evolution throughout a flare.
4t vas assumed Dby several authors, perhaps due to their
Lasiliarity with avroral X rays and solar cosaic rays, that
the sclar~tlare X rays criginated 4in a wsonoenergetic
(Feterson aund Winckler 19%9) or a power-lav (Vette and Casal
1960; Anderson and wWinckler 19€2) distribution cf electrons.
Ou the cther hand, Chubb, Kreplin, and Friedman (1966)
presented X-ray spectra for several flares, observed in
1959, which appeared to te consistent with a thersal plasmsa
at temperatures of crder 10° K. The non-thersal versus
thersal arguesent has continued to rage throughout the past
20 years, despite progress in the guantity and quality of
observations and in the theoretical calculations relating
the physical conditions within the source and various
psausible electron distributions to the resultant hard X-ray
bremsstrablung spectruam. It has become clear frcm these
ertorts that the guestion is far from being resolved, and
that the choice of a thersal or ncn-thermal (L.€:.s PpoOver-
Jaw) tat to a particular spectrum usually is dictated by
personal preterence rather than by actual knovledge of the
"true" electicon spectrum.

it is not the intention of this thesis to discuss the
rtelative merits of all extant flare models; reviews, with
various biases, are givenp by Kane (1974), Svestka (1976),
browr (1976), Melrose and Brown (1976), and Report UAG-72
(1979) . Ihe purpose of this chapter is .0 reviev those
physicai mechanisms which are relevant to the analyses
presented in Chapters 4 and 5, with brief attention to
alternate processes. The specific focus is cn the
iuteractions betveen energetic electrons and the ions cf the
magnetically-structured solar medium, and the resultant hard
A-ray and wmicrowvave emissicn.
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AS first recognized by Peterson and Winckler (1958,19%9),
the bard X~tay enission during flares is attributable to
euneLgetic electrons. The close association between hard X-
tay bursts, seter-wvave type 1I1 ltursts, and sicrovave events
vas interpreted frce the beginning (Petorson and Winckler
1956,1959; Kundu 1961,196%; Anderson and Winckier 1962) as
strorg evidence of a common origin for these impulsive
phenceena: electrons significantly score energetic than the
asbient thersalized particles of the soler atmosphere, most
probably accelerated during the flash phase of a flare
(Moreton 1964). These authors all suggested bremsstrahlung
as thke emissioh mechanise responsitle for the hard X
radiation. Ve Jager and Kundu (1963) pointed out that,
although botu type 111 Ltursts and bhard X-ray/msicrowave
bursts are ispulsive phenomena, they probably originate in
two difrerent electron populaticns. As a result, the
apparent "beamed"™ nature of the type-IIlI-emitting electrons
cannot te interpreted as cupport for non-thermal models of
the 1mpulsive hard X-ray/microvave source. Other aechanises
proposed to explain the hard X-ray bursts include
synchrotron radiation frce highly relativistic electrons
(Guseinov 1963; Stein and Ney 15€¢3) anrd inverse Compton
fadiation ticm interactions Dbetveen flare-associated
intrared photcns and relativistic electrons in the flaring
regicn (Gordon 1960; Shklovskii 1964,1965; Zheleznyakov
1905). Caretul analyses cf coincident flare data at several
vavelengths and theoretical investigation of the relative
merlits of tohese three competing emission processes soon
eiiminated all but Etremsstrahlung as the most likely source
ot hard X rays during flares (Acton 1904; Korchak 1967;
brown 1576).

bremsstrahlung, or "braking radiation", also is referred
to as free-~tree radiation. This emission is produced by
tast charged particles accelerated, or decelerated, in the
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Coulosb fields of cother charged particles. At the
tesperatures and denrities typical of solar~flare plasmas,
the observed bressstrahlung esanates from electcons
travelliing past icns of various charge states; electron~
electron brewsstrablung 4is a second-order process (dipole
tadiation is tforbidden), vhile the ions have relatively far
lower welocities and so produce negligible 4Lfon-ion
bremsstiahlung. In a single encounter, the electron is
accelerated in the Coulcnmb field of the ion, and changes
directicu; the intensity of radiation resulting from an
vhcounter dejends con the scattering angle, the initial
velocity of the electron, and the charge (Z) of the ion
nucleus. i & plasma, cof course, wmany electrons are
tiavelliny past a large nusber <¢f icns, thereby sodifying
the process according to collective and statistical
considerations. Thus, fcor tremsstrahlung esitted in sclar
tiares, the intensity is a functica of the ion density and
the isotopic distribution in the esission region, as wvell as
tae electron density and energy distribution.

Seveiral early attempts to analyze solar hard X-ray events
assumeu relativistic electron energies (Peterson and
sanckler 1958,1959; Gordon 1960; Guseinov 1962; Shklovskii
1964,1965; 4iheleznyakov 1965). Cbservations of sclar flares
covering the energy range 10 to 200 keV (Chubb, Friedman,
aund Kreplin 1960; Winckler, May, anl Masley 1961; Anderson
and winckler 1962; Frost 1964; Chubb, Kreplin, and Friedman
1966; arnoidy, Kane, and Winckler 1968) soon demcnstrated
that the X=ray-producing electrons wmust be primarily mildly
telativistic, with energies in the range 10 to 100 keV. The
discussions of bremsstrahlung in this chapter therefore are
valid fcr wildly relativistic particles only.

‘he use of satellite-torne instruments (g.49., Frost
1964 ,1969; Aruoldy, Kane, and Winckler 1968) enabled
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comprehensive studies of . large nuaber of flares, observed
over timespans of a fev years (per satellite). The
cosparison of such extensive data bases with concident radio
and particle observations resulted 4in the identification of
tvo, fundamentally different, types of hard X-ray emission:
impulsive and gradual (see Introduction). Because the
Characteristics of the hard X-ray and asscciated eamission of
these two classes are quite dissisilar, it was concluded
that the underlying physical processes also must differ (de
Jager 1969; Frost and Dennis 1971). 1Therefore, this chapter
includes sections on several hard X-ray and wmicrowave
ceuission mechanisms, most of which are applicable prirmarily
to tne impulsive stage. These discussions are based on
Lelevant material published by Jackson (1962), Bekefi
(1966), Browa (1971,1975,1976), Brown and McClymont (1975),
de Feiter (1975), Tucker (1975), and Crannell gt_al. (1978).
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Ubservations of hard X-rays from solar flares provide
crucial ansigyht, unottainable frcm other observations, into
the rcle ot energetic electrons in these conmplex events.
With the establisheent of bremsstrahlung as the emission
wechanise responsible for the X radiation, the development
ot precise gquantitative relationships between the source
electrons and the resultant X-ray spectrum became the focus
of numerous theoretical analyses (g.9s, MHolt and Rawsaty
1969%; Kane and Anderson 1970; Brewn 1971). These endeavours
proved of timely importance in conjunction with satellite-
borne instrumentation, which enabled hard X-ray coverage of
hundreds of sclar events, over a wide range of intensities
and eneryies. in order to interpret these data in terms of
the physics ot the source regions, it is necessary to know
the shape of the photon spectrum emitted by a particular

electron spectrum, as a function of the density and
temperature ot the relevant site in the solar atmosphere.
ihis pertion of Chapter 3 is devoted to analytical
development of the relationship between specitic eleciron
energy distritutions and the associated bremsstrahlung hard
A=Lay spectra, arriving at practical formulae which are
appilicablie to guantitative analysis of solar-flare
observations.

because the ewsission ot bremsstrahlunyg is the product of
collisions, ¢tl. basic formula fcr the emissivity is similar
to that cof any collisional process. The total
bremsstrahlung cemission frem a volume V, in photons per
second per unit energy, is given by the expression

JE) = [ ) v [a €0 avlav, (2)
E v

vhere uiﬁ') is the <cross-section for electron-ion
bremsstiahlung at phcton energy E, as a function of electron




energy §; v (W), the electron velocity corresponding to
euergy w; a,, the ion density as a function of position in
the source volume; and f£'(W), the differential electron
number distribution as a function of energy in units of
electrons per unit volume per unit energy (Brown 1971 . For
purposes ot ccmparison with actual cbservations, it is more
usetul to obtain the predicted intensity as seen at Rarth.
Furthersore, because the hard X-ray coverage to date is not
spatially tesolved, the volume integral in Equation 2 must
be solved approximately, vith the terms replaced Lty
juantities wvhich are averaged over the source volume. Thus,
the tundamental eguation for the total bremsstrahlung
emission from a solar source seen at Earth, in photons per
second per unit area per unit erergy, wmay be written as
tollows:

LB = (VAmE2) o [TQ () v(W) () v, )
E E

where h 1is the Earth-Sun distance (1 A.U.); and the

quantities n, and f (W) are averaged over the scurce volume,

i
S0 that f (W) 1s in units of electrons per unit energy.

ihe bremsstrahlung cross section, QE(H), has been
evaluated analytically by several authors (gesde, Koch and
Motz 1959, and refs. therein), for various ranges of the
ratio u/w (pnoton energy to electron energy) . The form of
the electron distribution functicn, f (W), is specified by
the physical conditions of the assumed source: if the
euissicn orijinates in a fully icnized, thermal plasma, a
Ma xwellian distribution is used; if the emission originates
in a stationary non-thermal population of electrons, as in a
trap (see sSection 3.1.4), cr in a non-thermal Leam of
electrons travelling through the asbient solar plasma, then
the form of (W) is non-thermal in nature. A combination of
thersal and non-thermal distributions also may be used, as
described later in the last section of this chapter.
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AS mentiowed previously, one of ¢two forms for f (W)
generally is adopted in analyses of solar-flare X rays: a
therwal Maxvellian distribution, or a non-thermal power law
ih enerygy (128s/ f(W)aw-d), For the thermal situation,
there is no separate “"background™ plasma, because the
electrons ani: ions constitute a single charge-neutral gas.
in the case of an electron beam, the density of the asbient
aedium through which the tear of electrons travels dictates
whether the electrons will lose all their energy in
cullasicns with the ambieit ions ("thick-target"™ case) or
travel through the medium vithout significant energy loss
("thin-target" case). Thermal bremsstrahlung emission is
discussed in Section 3.1.1; thick-target and thin-target
non-thermal bremsstrahlung are censidered in Sections 3. 1.2
and 3. 1.3, respectively. Eremsstrahlung in models which
incorporate features of both therszal and non-thermal
distributions is discussed in Section 3.1.4,

3.0.1  Zhecrmal Bressstrablung

As originally noted by Chubb, Friedman, and Kreplin
(1960), the A-ray spectra of many events are best fit by an
exponential distribution function, suggesting a Maxwellian
dastribution of the eneryies of the electrons emitting the X
radiaticn. anterpretation of cbserved X-ray spectra is
complicated turther by the fact that a pover-law spectrunm
Can be duplicated by ewmission from plasmas at several
temperatures (Chubb 1972; Brown 1974). For the X-ray events
described in Chapter 4, =»5st of the instantaneous spectra
(determined at every pea” within each burst) are Lketter fit
by single-temperature thermal (exjonential times E-1),
rather than power-law, forms. This section ccmprises 2
quantitative discussion ot the froperties of X-ray emission
trom a thermal flasma.
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The rumber of electrons of energy W, per unit emergy, in
a thermal plasma follows a Naxwellian distribution:

£(W) = 2n=Van, T-3 RV2 exp(=W/T) V , ()

where u, is the electron density; T, the plassa temperature;
(an energy units); and W, the electrcn energy.

ibh general, the photon-energy and plasma-temperature
dependewces in the formulaticn c¢f the bremsstrahlung cross
section, UE(-), are combined into one pavrameter, the Gaunt
tactor. 1Thus, QE(H) can ke expressed as:

\)E(") - Qo fo(lo“o‘r)/3 ' (5

where the coanstant Qo is the classical high-energy
bremwsstrahlung cross section, and cf‘(z,l,r) is the Gaunt
tactcer. For non-relativistic velocities, the electron
velocity corcresponding to W is given simply by the kinetic-

enerqgy relation:
V(d) = (2W/m) V2 ' ()
where w 1s the electron mass.

Substituting Equations 4, 5, and 6 into Equation 3, with
9ff(1,x) representing fo(s,u,r) averaged over all ¥ for a
particular range ¢f T, yields the following expression for
the spectrum of emitted radiation at a distance of 1 AD from
the souice, in phctons ca~2 s=1 keV—-1i:

i(e) = 1.07x10? ?(neniZ')’V exp (~E/T) gff(!,T) ° (7)

vhere V 1s tune volume of the emitting region, as before;
gff(:,i) 1s the temperature-averaged Gaunt factor, and the




1

summation is performed over the charge, Z, ion density, LI
aud electron density, n,, for each ionic species, j§, in the
plasea. The temperature-averaged Gaunt factor bhas been
deraved, toi various ranges of temperature and the ratio
&/1, by Karzas and Latter (1961) and Gorenstein, Gursky, and
Garwire (1908); the formulae used tc derive q‘f(s.r) in the
hard A-i1ay and soft X-ray analyses of Chapters 4, S5, and 6
aiLe given in lable 3-1,

TABLE 3-1
TH: YEMPLBATURE-AVERAGED GAONT FACTCOR, for T > 3x10% X
L/‘ qt‘f(“lr)
<<1 (3v2/n) 1n (2.2 T/2)
1 1
>1 (1/E) 04

1he summation in Equation 7 depends on the ionization
state aud the elemental abundances within the source. ¥For a
fully-icnized plasma (T > 10% K), charge neutrality demands
that ne=!:Zn!. Thus, taking solar abundances into account,
ve have

f[nen‘z*] = 1.2 net. (8)

ihe emission measure, EM, defined such that xn-netv, is
coumonly empioyed in X-ray astroncmy to incorporate the
density and volume dependences cf the spectrum into one
parameter. This is particularly useful when analyzing
observations frcm instruments without spatial resolution,
wbhich can not provide irformaticn on dJdensity gradients
within the source volume. 1he substitution of Eguation B
and the detfiuition of EM into Egquation 7 yield (irp units of
photons cm~2 s~! keV-1):
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1(E) = 1.3x10% EM exp(-B/T) T-M® 2t g (E,T) . (9)

by definition, the particles within a thermal source obey
au isotropic velocity distibution in space; othervise, a
single-temperature plasma could not be maintained.
CUbservations which are sensitive to X-ray directivity
achieve prime importance in estatlishing the thermal or non-
thersal nature of hard X-ray burst sources because, as
discussed iu the fcllowing section, non-thersal models
predict signiticant etfects due to anisotropy. Recent
observations reported by Kane gt _al. (1980) are consistent
with essentially isotropic hard X-ray emission during
ilmpulsive bursts, over observation angles between 1319 and
79°. 1Thas lack of directivity gfrevides strong support for
thermal models, but it remains to be seen whether a larger
sample of 1mpulsive events exhibits a similar degree of
iSOotIopy. Similarly, a negligible degree of hard X-ray
polarization is predicted for thermal sources in the solar
atmosphere, in contrast tc the large polarization expected
trce now-thermal beams (gfs Langer and Petrosian 1977; Bai
and bamaty 1378).

A potential cause of spectral distortion for both thermal
aund non-thermwal sources is the albedo due to Ccmpton
backscattering of the hard X-ray photons from electrons in
the photosphere. Although this effect is most prosinent for
anisotropic non-thermal cases, the contribution tc cbserved
thersal spectra can produce measurable distortion at
energies around 30 kevV (Bai and Famaty 1978; M&tzler gt _al.
1978) . The main effect i5 to lower the deduced source
temperature by a few keV at wmost, which, for the 050-5
observatiouns, is on the order cf the uncertainty in the
derived tesperature value itself. Because the lovest energy
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considered 1n the spectral-fitting technique outlined in
Chapter 4 1is 28 kev, the albedo contribution has been
ueglected.

3.1.2 Mop-thermal Bressstrahlung: lhick-target Case

ihe term "thick-target" lremsstrahlung originally wvas
¢uployed by experimental physicists to denote the radiation
euitted by a beam ¢f high-energy electrons striking a target
thicker than the energy-loss range of the electrons being
considered. in sclar-flare wmodelling, the analogous
Situaticn couprises a dilute beam of energetic electrons,
directed dowuwvards through the sclar atmosphere, which emits
thick-target bremsstrahlurg upon reaching a regicn dense
enough tor the electrons to lose all their energy in
collisicns vith the ambient medivm. in all thick-target
models, this target region is located in the chromosphere or
transition zeone, depending cn the assumel energies in the
electron beam and on the chosen model for the density
structuie ot the solar atmosphere. These models usually
assume a pover-law electron energy distribution function,
that 1is,

(W) = A wo , (10)

vhere the real number 6 is called the (power-law) spectral
index, and A is a constant.

The simple pover-law distribution in Eguation 10 cannot
be applied darectly, because f (W) as defined approaches
iutinity as the electron energy tecomes smaller and smaller.
10 avoid sucnh unphysical conditions, a low-energy cut-off,
usually of order 10 kev, is imposed on the electron
spectrus. 4in crder to duplicate observed spectra, which
oitten include steepening at high phcton energies, a high-
energy cut-ott (usually of order 100 kev) may te adopted as
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vell (gLs Kaue and Anderson 1970). The calculation of
bressstrahlung under these conditions differs markedly from
tue thermal case, covered in the last section. Instead of
dealing with a single plasma, in which the numsber and
density of the emitting electrons are directly related to
the number aud density of ions, tvo distinct components must
be considered: a team of high-erergy electrons, c¢f number
density n wuch less than in the target region; and the
daenser, thersal flasma of electrons and ions in which the
beamed electrons are stopped. The Jdirectional anisotropy of
the electron beam also causes potentially significant
moditications to the observed X-ray spectrum, prisarily due
to albedo, polarization, and backscattering effects. The
ettects of directivity on the breamsstrahlung X-ray spectrums
have been studied in detail bty Petrosian (1973,1975), langer
aud Petrosiau (1977), and Bai and Ramaty (1978).
¢vlarization of hard X-ray emission has been studied by
clwert and Haug (1970), Haug (1972), Brown (1972), Langer
aund retirosian (1977), and Fai and Ramaty (1978), with
emphasis on non-thermal beams as the origin of the X rays.
lheir rLesults remain to be tested, though, because reliable
puolarization measurements of solar hard X rays are not
availablie at present. These additional complications are
not 1included in the intentionally-simplified treatments
within this chapter. As pointed out by M®tzler gt al.
(1978) , the photospheric albedo primarily affects the hard
A-ray spectrum at photon energies around 30 keV. The 0SG-5
data analyses described in Chapters 4 and 5 utilize the X-
ray spectra above 28 keV only, thereby allowing the effects
ot the albedo to be neglected (see Section 3.1.1).
Similarly, 4isotropic emission is assumed throughout this
vork, so that directivity and its effects on the X-ray
spectrus need not be discussed here.
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in sclar tlares, thick-target conditions imply that the
electrons lose all their energy, mainly through electron-
electron coliisions, in the chrcmosphecic "target region®.
Wshe dosinant radiation wmechanism, electron-ion
bressstrahlung, only expends 10-% tises as much energy. The
rate ot collisicnal energy loss per unit time is, therefore:

daysdt = =55, 7ne’ n‘v(U)/H ? for 20 <W< 100 keVv . (m

For target densities typical of the chromosphere, it can be
assused that a traking electron emits each photon
iLstantaneously, relative to the energy-loss time scale. In
other vords, the electron energy Jdoes not change during a
biremsstrahlung-producing enccunter. An electron cf initial
energy w, will emit photcns of energy E as long as W, > E.
“hus, the total nuasbter of photons of energy E, per unit E,
ewitted by a braking electron of initial energy Ww,, is:

E
m(E,Ny) =/ Qp(¥) n, v(W) dt , (12)

where w = wW(t); and QE(H), the bremsstrahlung cross section,
as introduced in Section 3.1.1. Substitution of Eguation N
anto rquation 12 yields

E
n(E,% ) =K [ W Q (W 4w , (1)
w E
0
where K =(55.7Tne%) -1, Note that m(E,W,) is independent of
the ion demnsaty, e For ccmpariscn with observations, it
is implicitliy assumed that the energy-loss timescale is less
tnan the temjoral resolution of the detector.

Thus, the total photon emission rate seen at Earth can be
closely approximated by the product of two quantities, the
initial electron spectrum, f(¥,), and the total number of
photons emitted by each electron 4in the distribution,
B(E N, integrated cver all possible values of W :
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kL)
i(r) = (V/4nR2) f;lﬂo) s(E, %) as, . (s

mith QE(H) evaluated according the Bethe-Heitler forwsula
(€Ls Brown 1971), and wm(E,¥ ) defined according to Equation
13, the total photon eamission rate seen at Zarth is:

. W
4(E) = (V/4mR2)Q K n-lE! ulo){f ln—}%du}duo o
E —

(15)

vy teversing the order of integration and defining the
L

iutegrali electron spectrus F(§) = [ g(lo)dl , a reduced

expression tcr I1I(E) results: w

i(e) = (1/4nR2)Q K E-1 Ef”r(u) 1n’1—‘:%.n . (16)

For a jpowver-lawv injection spectrum, this expression is
solutle analyticaily. Taking into account the necessity of
a Jlov-energy lirit on the electron distribution, as
previously discussed, f (W) is redefineZ as follows:

(an

-

£(H) = l(!o/u)6

in urits of electrons s-! keV-!, where zo is the lowv-enerqgy
cut-oft (in keV). Therefore,

Em) = [ a (ggn® aw =zl w-snse-ny (18)
E

AL units of electrons s-1%, The tabulated Bets function
(cfs brewn 1371), B(n+1,1,2), vhich is defined such that

1 n
B(ne1,1/2) = (n+1) of x 1n (19)

T-/1-% '

also is used b2low.

R
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kquations 16, 18, and 19 yield the intensity of thick-
tatyet o rays fros a solar plasma seen at Barth, in
photcns ce~? g~V keV- 1;

LB = O/ema) ke AEg @-1) s [T wmaen 1ad SRR
E 1=Ji=
6 1 +
= (1/4ma?) KQARJE-0%1 (6= 1) =1 [ (B/W)6 -3 1%—%(”"
0 ~J1-

= (1/4ni?) KQ B(6=2,1/2) [ (6=1) (6=2) )=* A(Ey/E)0-2.  (20)

ihus, we see that the spectrum of the emitted X rays is
ftlatter than the injected electron spectrum , such that the
A-Lay spectral index is less by 1 than the electron spectral
index, 6.

1bus far, the Jderivation presented in this section has
been concentrated on detersining the photon spectrum
produced by injecting a given electron spectrum into a thick
target. in solar-physics research, hovever, the electron
spectrus obviously cannot Le measured jpn_situ. The
calculation of pertinent applicatiocn, therefore, is the
Lteverse of the process described above: to determine the
characteristics of the flare-~accelerated electron
distribution rrom an observed (or hypothetical) X-ray
spectium. The inversion technigue can be invoked, in
principle, tor any choice of electron distribution and of
emission molel; 4in practice, the form of the observed X-ray
spectruw (€sds, @exnonential cor powver lav) often is assumed
to indicate the appropriate electrcn spectrum. Because this
type of apalysis is necessary for the model testirg in
Chapter 5, the effective thick-target parameters which can
be derived (from X-ray observaticns and their relationship
with actual physical conditions in the source region are
included here. The motivation for focussing cn specific Y
torms of the thick-target parameters also is discussed, to
cilarity the method of model testing presented in Chapter 5.
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The inversion of power-law photen spectra to yield the
parent electron spectra is described in detail bty Brown
(19N . In the thick-target case, the injected electron
distribution is modified Lty collisicnal energy losses in the
target region, which preferentially deplete the lov-energy
portion of tne spectrum (gf., Equaticn 11). As noted carlier
(Eguation 13 and following text), the relationship between
the injected electron spectrum and the thick-target Y-ray
i spectrus 1is independent of the target density, a feature
which is uniyue to the “hick-target case (see Sections 3. 1.1
and 3.1.3). At present, no method exists for direct
detersipation of the densities in hard X-ray sources; wsodel-
dependent calculations hased on coincident analysis of
emnissions at cther vavelongths (§.9., Crannell gt al. 1978
apparently yield reasonable density estisates, but remain
controversial topics. As a result, the thick-target
assusption often is preferred for deducing electron spectra
from X~ray observations. For a powver-lav X-ray spectrum of
the tors I1(E) = A E=Y photons ca~2 s~! kev-!, where photon
eunergy t is in kev, Brown derived the following expression
for the number flux of injected electrons, with energies
? above a given lov-energy cutoff, required by the thick-
target wodel to account for the cbserved X-ray spectrum:

' 3 "1) = 2.0x103%% A (y=1)2 E(v=-1/2,1/2) al-‘f electrons s-!,
(21

vhere . is the low-energy cutoff, in keV; A and Y are the

parameters which characterize the hard X-ray spectrum; and
B(Y=1/4,'72) is the Beta function (Equation 19).

R PR

ihe thick~target parameters r(ul) and Y provide a
convenient description of the instantaneous X-ray spectrunm,
| and are wused accordingly in the analysis presented in
Chapter 5. It must be stressed that r(ll) does nr
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necessarily reflect the actual electron distribution
esitting the observed X-ray spectrums; it can be interpreted
45 a4 purely eftective pacrameter, representing the nusber
tlux (electrons s~') rejuired by tte thick-target case to
rejroduce the cbserved X-ray flux and spectral index.
Sspecitically, Af there is continuous reacceleration of the
eiectrons in the source, as in a sagnet‘c trap (gfs Section
Jol.4), then it is more meaningful to consider the
ilustantaneous non-thermal emissicn mseasure. The non-thersal
enission measure is defined as fcllovs (Brown 1971; Heyng
1975):

noN(h) = 1.46x100 W 32 (y=3/2)=} F(¥)) ca~3 (22)

vher€ n is tne background ion density, in cm=3; and N(Hl),
the total number of energetic electrons with energies
yreater than '1'

ihe paraseters l:ul) and nl(ﬂl) play crucial roles in the
analysis ot Chapter S, wherein the applicability of the
betatron-acceleraticn model (Erown and Hoyng 1975) to
complex solar emission is evaluated. Becau-e the test of
the model reguires ccmparison of observed X-ray spectral
parameters with those predicted by the model, for each
cbservational interval within a turst, it is convenient to
tormally characterize each instantaneous X-ray spectrum by
the appropriate values of r(ﬁl) and v. The effects of the
betatron process on the energetic electrons, as reflected in
the bard X-ray spectral tehaviour, can be characterized
consistentiy by parameters which are 4directly ccmparable to
the reduced X-ray observations. Tte fundamsental fpremise of
the wmodel, the reacceleration of the X-ray-eaitting
electrors by wmear of the Ltetatron process, naturally
suggests the use of the non-thermal emission wmeasure
(bquation 22) to express tle X-ray characteristics predicted
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by the model. The foregoing discussion is intended only as
an introduction to the concept of the effective thick-target
paraseters vhich are wutilized later in this thesis; the
betatron wouel 4itself, and the derivation of specific
exfressions for the tuick-target parameters within the
context of that wmcdel, are presented in more detail in
Lhapter 5.

The electrcn kinetic energy needed by the thick-target
case to reproduce a given Xx-ray flux can be determined
through inversion of Equation 20, and subsequent integration
ot the resultant electron enerqgy spectrum (€s9s., Erown
1979) . This procedure was applied to the large flare of
1972 August 4 by Hoyng, Brown, and van Beek (1976), yielding
the folloviny requirements: Ux103° clectrons with energies
245 keV, with a total energy cf 2x1032 erg. These
requirements increase by an crder of magnitude if the low-
euergy cutoff is placed at 10 keV (Brown 1975). To
illustrate the prcblem in accepting this estimate, we note
that the acceleration of 4x1039% electrons implies the
energization of gvery electron in a volume of 2x103%° cm?,
assuming a reasonable corcnal density of 2x10° cm—3. A
more realistic view of the acceleraticn mechanism, which is
expected to be much less than 100% efficient, vould
Lecessitate the invclvement of an even greater volume to
provide sufficient electrons. None of the observational
evidence presently availatle indicates that volumes of this
magnitude are involved in flares (cf. Svestka 1976).
Furthermore, the rapid intensity variation cbserved in
impulsive hard X-ray bursts require acceleration on
comparably short timescales. No acceleration mechanisnm
proposed to date is capable of accelerating such large
numbers of eiectrons, to such high energies, at such rapid
rates.

ety e o
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Another aspect of the so-called "particle-nusber" probles
becomes apparent ugon considering the number and energy of
the electrons respensible for wsicrowave eamission associated
vith most iwpulsive har! X-ray bursts. Although the
theoretical treatsent of the eamission and absorption
secuanises affecting the observed wmicrowave spectra |is
considerably more ccmplex than that of the hard X radiation,
the characteristics of the esitting electrons may te deduced
it &4 mapner siwmilar to that described above for the X-ray
spectra. For the ispulsive event of 1966 July 7, Takakura
(1972) tound that the electron energy needed to produce the
peak wmicrovave intensity is apjproximately 102% erg s-V,
vhile, tor the associated hard X-ray evont, a total electron
energy ct 2x10?% erg s-', for electrons above 100 kev, |is
required to produce the observed peak flux (de Feater 1975).
(onseguentiy, the total kiretic energy of the electrons
prtoduwcing the hard X-ray event is approximately 107 times
that of the electrons responsible for the microwave burst,
Several analyses have attempted to reconcile the discrepancy
between the hard X-ray and micrcwave electren-energy
estipates (Qsys, Hclt and Ramaty 1969; Takakura 19.2; 2irin
and lanaka 1473; Takakrra 1975), mostly through manipulation
of the physical parameters which determine the relevant low-
trequency aovsorption mechanism (see Section 3.2.2). At
present, it 18 unclear whether tlrese effects are reasonahle
excuser tor elimirating the problem, as the applicability of
the various absorpticn processes is still under detate.

it swouid be noted that the particle-number problem is
alleviated sigaificantly if the thermal case is assumed,
although the degree of improvement depends on how "thermal"
the source actually is. The hard X-ray/microvave electron-
energy discrepancy also disappears, {if a common source is
assused for both enmissions (€s:4., Crannell gt _al. 1978).
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J.1.3  Nop-thecmal PBremsstrabhlung:_Thia-tacget Case

+1 solar-tlare electrons streaa outwvards through the
corona, the 1low Jdensities encountered result in X-ray
cuission associated with thin-target conditions; this
correspends to negligible collisicnal energy losses from the
eLnergoetic electrons to the ambient sediun. Consequently,
the electron spectrum is not modified by collisions, as
occurs an thick-target situations, but remains in its
initial foram. Equation 3 thus simplifies to the following
vXpression:

1(3) = mu/unu)nf" £(N) Q0 aw h (23)

vhere AN 18 the target colusn density in protons per unit
aLea. Yor the pover-lav injection spectrum of Eguation 17
and the Bethe-Heitler formula feor QE(U), this equation
becomes:

1n—‘—’7.-=.ﬁ NI“E/W av . (24)

i(e) = (Au/unﬁ')uoud 3"!,{-0“0/"6 1-J1-8/

0
As 1n the thick-target case, this expression can te solved
aualytically, involving use of the Eeta function (Ejuation
19). The result is

L(e) = (AN/STR2) Q) B(8=1,1/2) (8=1)-1 A(so/s)" . (25)

ih contrast to the thick-target result, ve find that the
thin~target a-ray spectrum has the same slope as the
iujected electron spectrus, so0 that the thin-target X-ray
spectral index is greater Lty 1 than the thick-target
spectral index. The most important characteristic of the
thin-target case, however, is that most of the electrons
escape the “target" region with little or no energy loss.
As a result, the thin-target case requires more electron
energy than does the thick-target c.se to reprcduce a given




a5
A-LAay Antensity. The thick-target wmodel itself requires
unreasonably large electron nusters and total energy to
account for ali but the ssallest hard X-ray events, as
discussed an Section 3.1.2. The discrepancy betwveen the
Kinetic energy of the electrons needed to produce hard X-ray
bursts and that of the asscciated microvave events (see
Section 3.V Z) also is exacerbated fcr the thin-target case.
iherefore, the thin-target emission models have Dbeen
discounted, tor the most part, as viable explanations for
w0sSt hard X-ray bursts (g.9s., de Feiter 1975).

3.0.6  Igap Bodels

Neither thick-target nor thin-target nmodels for
production of solar bremsstrahlung X rays can fully explain
all features of the flare phenomenon. The shortcomings of
both cases have been discussed thoroughly by several
authors, inciulding Hudson (1973), Kane (1974), Brown (197%5),
aund Svestka (1976) . To summarize, ve point out the wmajor
faults in each nodel. In a purely thick-target situation,
all the¢ electron energy is deposited in the dense
chromospherestransition zcne; consequently, this cannot
provide type 11l bursts, interplanetary electrons, and
“"behand=the-limb" X-ray burets, which are observed at
aelghts well above the chrcmcsphere. On the other hand, the
tuin-target case cannot account for the flare emissions
which must ccme from the photosphere and chrcmosphere (i.€.,
H-alpha, &JUV, and soft X rays), and rejuires even more
euergy than the thick-target case to reproduce a given X-ray
spectrus (see Sections 3. 1.2 and 3.1.3).

Thus, it seems naturai tc consider sources which combine
the teatures of both thick- and thin-target models: the
electron trap models. As originally proposed by Takakura
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and Kai (19%b0), the prototype trap msodel described hard X~
Lay and microvave bursts in terss of energetic electrons
magnetically trapped in the corona. The discovery that soft
A-ray flares occur primarily in magnetically-bounded loops
ib the chromosphere/corona added further credence to the
1dea that the impulsive emissions also originate in a loop-
shaped trap. The initial hypothesis of Takakura and Kai has
been greatly modified over the years, for better agreement
with the hard X-ray and wmicrovave observations and with
advances in theoretical treatments of the probleam. Na jor
work on the subject has been done by Brown and Hoyng (1975,
brown and McClymont (1576), Melrose and Brown (1976), and
cuwslie, McCaig, and Brown (1979).

The most striking difference between the earliest trap
aodels and the currently-accepted versions is due ¢o the
Ltealization that precipitation of electrons must occur in
trap models, thus providing the wmore appropriate
uomenciature "trap-plus-precipitaticn" models (Melrose and
brown 1%7e). The inclusion of a precipitating cemponent
results from Coulomb scattering of electrons into the loss
cone' (ls€s, diffusicn in pitch angle), at a rate which is
estimated to be 2 to 3 times the collisional energy-loss
rate (Hudson 1972; Melrose and Brown 1976). Unlike thick-
and thin-target models, the trap-plus-precipitation model is
compatible with the high corcnal location of behind-the-limb
events, yet also allows heating of the denser chrcmosgheric
layers Ly the precipitating electrons.

tor convenience, the i-ray esission in the trap-plus-
piecipatation model wmay be divided into two components:
;14;), the eaissicn crowm the electrons within the trap, and
1;45), the thick-target X rays from the precipitating
electrons. Following Melrose and Brown (1976) and Sections
3.1.2 and 3.1.3, explicit expressions for IT(B) and Ip(!)
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are derived below. In this treatment, wvave-particle
iunteractions and ccllective effects have been ignored, and
are expected to be negligible (Melrose and Brown 1976).
rrom cquations 3 and 6, the X-ray spectrum from the trapped
electrons is :

i (B) = (‘/.BR‘)I’I.(Z/I)W fnﬂw Q. (W) f(W) dw ., (26)
T E E

ihe precipitating cospcnent produces thick-target X rays,
which can be evaluated by the same method as in Section
e Ve 2e Here, however, the electron distribution is related
to the trapped-electron spectrum by the precipitation rate,
Lp(i), 80 that there are rp(l) f (W) precipitating electrons
per unit energy range per unit time. In the wveak-diffusion
liwit, the precipitation rate is simply twice the Coulomb
energy=-ioss rate, that is,

(W) = 2 To - ' (27

vhere r, m&xtO"ne s=1 (kev) 32, Thus, following Equations
12 through 14, with dH/dt:-rou-!ﬂ, ve have

- w
Lpe) = "/"“"“1(2/""‘6"{ £, (%) f(ﬁ)dﬂé o Q (W)W .
(28)

Substituting for Ly according to Eguation 27, the
pLecipitating electron X-ray spectrusm is found to be

w0 W
lp(k.) = (l/~0!lR"’)ul (2/m) V'Ef 20—z f(ﬂ)dlEf UOQ (Ho) dﬂo. (29)

after partial integration of Equation 29, the exgressions
tor IT and ip may be corsbined to yield the total X-ray

spectrus from the trap-plus-precipitation model:

1(e) = tT(B) + Ip(!)

B i i



4l
= (1/4nR2)n, (2/m) V2] g (W)Q (V) AW,  (30)
E E

vhere

tog (W) = £(4) ¢ 2 uuwf N - t(uo) aw (3

0 0 2
f,¢ (W) can be interpreted as the equivalent electron energy
spectrus in a trap msodel without precipitation. In other
vords, f (w) produces the same X-ray spectrum in a trap-
pius-precipitation situation as does tef(U) in a trap
without precipitation.

In the case c¢f a power-lav electron spectrum, ve note
tunat the X-ray spectrum frcm the precipitating electrons is
pLopcertionas to that from the trapped component, so that the
spectral indices are identical. The spectrum of
precipitated electrons is steeper than in the trap itself,
due to its collisional origin, just enough to balance out
the greater hardness of a thick-target X-ray spectrum
relative to a trap emission spectrunm.

P R R N -

lrap wmodels in general have an additional advantage over
pure thick= or thin-target sodels in that the trap itself

— o e & -

can account tor rapid variations in the X-ray spectrum. In
non-trap situations, intensity increases within a burst can
result cnly trom injection of new particles; and even for
moderate events, an unreasonatly large number of
acccelerated electrons would be required to account for the
observed tlux (cf. Section 3.1.2). A trap allows for
continued reacceleration cf the trapped population of
electrons, perhaps through pulsations in the magnetic

|
)
:
|

structure of the trayp (see Chapter 5), thus avoiding the
particie-nuaber problen. The energy requirements in either
CasSe resain problematically large, hcwever, as a difficulty
intrinsic to all non-thermal models (gcf. Brown 1976).
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10 mitigate this extremse energy demand while retaining
the advantages of a trap, several recent efforts have been
devoted to the development c¢f a "quasi-¢hermal™ trap model
(brown, Melrose, and Spicer 1979; Swmith and Lilliequist
1979; vlahos 1379; Vlahos and Fapadopoulos 1979; Brown,
Craig, and Karpen 1980). Ir this mcdel, the X rays esanate
primacrily from a hot (T of crder 10®* K) thermalized
electron plasea, essentially contined to the top of the loop
by a pair of conduction fronts which propagate at the ion-
acoustic speed down the legs of the loop. Electrons with
velocities greater than 2.6 times the electron thersal
velocity are not ccenfined by the slowly moving fronts,
howevel, and precipitate down to the footpoints. Some
thick-target X rays are emitted Ly this precipitating
component, but the bulk cf the X radiation comes from the
thersal electrons. Accerding to Seith and Lilliecuist
(1979), the Maxvellian-plus-tail model is at least 20 times
wore efticient (ls268., requires 20 times less energy than
non-thermal trap wodels. Complexity in the intensity
structure of a burst may be achieved by wmeans of numerous
flaring "keruels", instead of a single bulk-heated plasma at
the top of the arch; this possibility has been investigated
by Brown, Craig, and Karpen (1980).

3.2 DICEOWAYE EBISSION BECHABRISHS

1he basic connection between hard X-ray and microvave
emission during flares vas recognized jJuite early in the
history of coincident observations at these wavelengths
(Kundu 1961,1965) . Intensity-versus-time profiles of
impulsive microwave events closely resemble the associated
hard X-ray profiles, although the reseamblance generally
deteriorates during the decay phase. The temporal
coincidence between micrcvave and bthard X-ray emissions
during a flare vas established originally by Kundu (1961),
anderson and winckler (1962), and de Jager and Kundu (1963).
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in recent years, the availability of coordinated
observations vith Aimproved temporal resolution has led to
the confirmation of this striking correlation, even in small
structural details of the flux plots (g.9., Figures 4-3 and
4=4). bhovever, our understanding of the physical sechanisas
behind this relationship remains incomplete, vwith several
competing msodels crerrently teing promoted to explain the
observed characteristics. This section of Chapter 13 is
devoted to the impulsive wmicrowvave emission: vhat the
properties of sclar wmicrcvave tursts indicate about the
physical nature of their sources; and hov these sources may
be related to the source of the associated hard X-ray turst.

The early (pre-=1965) history of solar wmicrowvave
observations and interpretations is reviewved comprehensively
by Kundu (1965). Microvwave bursts from the Sun wvere first
observed by Covington and coworkers (Covington 1948,1951).
Systematic studies of these events initially appeared during
the 1957-19548 International Geophysical Year (IGY), and have
coutinued thercafter. Throughout this dissertation, the
frequency regime denoted "microvave™ is defined to Dbe
between 2 and 100 GHz; most micrcowave observations, however,
ounly cover selected frequencies in the range 2 to 20 GHz.
At present, the technology cf microvave observations allows
more comprehensive coverage than is attainable for hard X-
ray cbseivations. Folarization data and spatial information
have been obtained for numerous microwave events, while the
temporal resolution of many facilities has reached the
millisecond rangje. Microvave events associated with the
impulsive phase are classified variously as Type A/Sismple
pursts and .sapulsive Cutbursts (Kundu 1959,1965), as well as
the Simgle 1, Simple 2, Spike, Conmplex, and Great burst
categories used by the Sclar-Geophysical Data reports (cf.
Solar-Geophysical Data Descriptive Text 1970). The Complex
and Great bursts often evince a seccnd, non-impulsive stage;
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the followiny discussion is apglicable primarily to the
simple/Spike bursts and the ispulsive portions of Complex
and Great buists.

As vas the case for the hard X-ray emission processes,
early microvwave observers correctly identified the general
enission mechanisms resjponsitle for wmicrowave bursts during
solar flares: the gyrosynchrotren or the synchrotron
process. Both types of radiaticn originate in high-energy
eisectrons, spiralling around magnetic-field lines. In
comparison tc the tremsstrahlung process, the intensity,
polarization, and directivity of (gyro) synchrotron emission
depernd on the same source parameters, with an imsportant
addition: tne magnetic-field strength and gecmetry along the
electrons' path. As a result, viie analysis and
interpictation of wmicrovave spectra are considerably more
complicated than for hard X-ray spectra. Furthermore, the
solar atmospnere is practically transparent to hard X rays
but npnot to microvaves. The effects of the plasma above the
source greatiy mwmodify the cutgoing microvwave emissinrn at
lover tiequencies, and must be taken into account.

Gyrosyncnrotron and synchrotron emission are
differentiated by the energy of the emitting electron:
synchrotron emission comes from relativistic particles,
vhile gyrosynchrotron denotes a mildly relativistic source.
because very high electror energiecs and extreme brightness
temperatures are required by the synchrotron process for
ayreesent with observed spectra, this process is considered
a viable emission mechanism only in large bursts,
particularly to explain the so-called "microwave type IV®
phencmera. Cther features support the gyrosynchrctron
hypothesis: the electron energies inferredl from
observations by means of this hyfpothesis, wvhether a thermal
oL a non-thermal spectrum is assumed, compare favorably with
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the predictions of most models of electron acceleration in
tlares; the de 2 of polarization, usvally circular (XKundu
1965), 4is typ al of gyrosynchrotion radiation; coherent
plassa emission, as suggested by Bhatia and Tandon (1970),
vould require unreasonably large magnetic-field strengths (B
> 10* 6); thermsal bressstrahlung (Hachenberg 1958; !
Hachenberg and Wallis 1960; Tekakura 1967) cannot reproduce |
the spectral shape of the wsajority of wsicrovave bursts.
iheretore, the gyrosynchrotron process is preferred as the
source ct impulsive microwave radiation during flares.

Within the past decade, several theoretical analyses of
gyrosyuchrotron emsission under conditions relevant to solar
tlares have appeared in the literature (Ramaty 1969; Holt
and hkamsaty 1969; Takakura and Scalise 1970; Takakura 1972;
bamaty and Petrosian 1972; Kovalev and Korolev 1977%;
larnstrom 1976,.1977; Matzler 1978; ©Dulk, Helrose, and White
1979) . Although solar microvave emission and its
implications about the flare phencesenon are not thoroughly
understcod, the abovesenticned analyses have enabled
significant progress in the formaticn of a clearer picture
oL the roles played bty energetic electrons and the cospliex
magnetic-field topology in flares. In all studies of
gyromagunetic emission and propagaticn through the ambient
medium, the electron plasma frequency and electron

gyrofrequency play prcminent roles. The plasma frequency
describes the oscillatory pericd of electrons within a
pLaswa, the corona in this irstance, due to the leong-range
torces coupling the particles; it is defined as followss
(Kkrali and irivelpiece 1973) :

tp = (nge?/n m ) o8
* 8.7x10=2? a_0¢ NHz , (32)
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vhere n, is the local electron Jdensity in cea~?, and a, the
Bass of the electron. The electron gyrofrequency is the
Ltregyuency at vhich an electron will spiral around a
particular magnetic-tield lire, and is Jdefined as follows:

t, = e B (1-t2)08,2p g ¢ 0 (33

B
vhere b 18 tue magnetic-field strength; ¢, the speed of
light; aud b, the ratio of the electron velocity to c. The
(1-b2)0s terwm is a relativistic correction, more
Ltecognizable as the inverse of the Lorentz factor, I', where
I'= [(1/(1=b2) ]os, In the non-relativistic limit, this term
A5 approximately nunity, sc tha'

fo~2.8 B NHz |, (34)
tor b in gauss. This approximation is adequate for the
tuermal case, because the steep electron enerqgy spectrua
ensures that the contributicn frem relativistic electrons is
smoll. However, the lLorentz factor reappeaxs in the non-
tuermal case, discussed in Secticn 3.2.2.

Section J.2.1 comprises a quantitative overviev of
gyrosynchrotron microvave emission from a thermal population
ot electrous, as a countergart tc the hard X-ray source
presented in sSection 3.1.1. Gyrosynchrotron radiation from
a non-thermal electicn beam is <considered in Section 3.2.2.
in parallel with Section 3.1.3, the final section of this
chapter covers wmicrcvave emissicn in models which combine
tnersal and non-thermal scurce characteristics.

3.2.17 Thermal Gyrosynchrotron

1he brightuess temperatures of impulsive microwave tursts
are typically cf order 107 tc 10* K (1 to '00 keV) at flux
maximsum (Kundu 1565). These high temperatures, together
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with the observed polarization of many bursts, originally
led soler radio observers to conclude that the esission must
come from a nen-thersal population c¢f electrons. This
assumption has been challenged recently, as a response to
sounting evidence that some hard X-ray bursts originate in a
bot thermal plassa (Crannell gt al, 1978; Elcan 1978;
MEtzler gt al. 1978). Also, tte spectral shapes and
Antensity profiles observed during sany smicrovave bursts are
consistent with a thermal origin, as originally suggested
(but wrongly attributed to breasstrahlung) by Hachenberg and
wallis (1901). Models in wvhich the ispulsive X rays and
mictovaves esanate fros the same¢ electron population are
attractive because, in these models, the close siwilarity in
bard X-ray and wmicrowvave intensity structures Jduring
coincident events is a natural consequence of a comson
source. The gyresynchrctricn esission evaluated 4in this
section can be thought of as originating in the same thermal
plassa that prcduced the hard X-ray esission of Section
J. .

ihe characteristics of wmicrowave radiation from hioh-
tesperature plasmas were investigated originally by plasma
physicists (gad., Irubnikcv 1961; Hirshfield, Baldwin, and
vrown 1961; Hirshfield and Brown 1961; Drummond and
hosenbluth 1363; Shukla and Singh 1%72). Hovwever, the
source conditions of interest to fplasma research,
particularly those applicable to tokamak and other plasma
machines, are not necessarily appropriate for solar-flare
situaticus. More recent analyseés by solar physicists, as
vell as plasma physicists interested in the solar-flare
probliewm, have concentrated on the density, temperature, and
magnetic~field strength regimes typical of solar flares.
M¥tzler (1978) and Culk, Melrose, and White (1979) have
calculated the gyrosynchrctrcn esission from electrons with
a Maxwellian energy distribution, for temperatures above
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1W® K and dJdensities typical of the solar corona, «ith
sisilar results, The tollowing discussion is based
piimarily on material in these papers, as vell as relevant
portions ot cekefi (1960).

ror thermal plasmas vith temperatures above 7 keV in
which tie maguetic energy density exceeds the thersal energy
density, the total gyrosynchrotron emissivity exceeds the
bireusstrahlung emissivity by several orders of p:3itude
(M8tzler 1976). In the micrcvave range, the gyrosynchrotron
component dominates comp letely. Consequently,
bremsstrahlung at microvave frequencies is neglected here.

il the non=-relativistic limit, tle gyromagnetic emission
spectrums from one electrcn or an ensemble consists cof a
series of lines, each at a harmonic of the gyrofrequency tB’
with intensity decreasing and half-vwidth increasing towards
Ligher harsonics (€s9., Bekefi 1966, Figure 6.10a). As
higher electron energies are considered, the Lcrentz factor
becowmes significant and the electron velocity distributicu
must be considered. Consequently, the spectrum loses its
discrete~line character at all but the lowest frequencies,
while the freguency at which the maximum intensity occurs
shifts to hiyner harmonics. In their study of microwave
emissicn from guasi-thermal electrons in solar flares, Dulk,
Melrose, and white (1979) conclude that the harsonic numbers
ot interest are in the range l'f/f8'~ 10 to 100.

me Ltrier.y consider propagation effects on thermal
gyrosynchrotron spectra. Mest of these effects are much
mote important for non-thermal sourcves, and vill te ccvered
in depth in Section 3.2.2. The influence of the corona on
the outwardly-propagating microwave emission is confined
primarily to the lowest harmonics of the gyrofrequency, for
the followinj reasons. Fadiation at and below the local
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plassa frequency will be sugpressed totally. Because the
eiectron density decreases with bheight in the solar
atmosphere, the highest plasma frequency of concern is that
of the scurce region. For typical burst densities,
by ~108-1010 ca=3, the ~urre-vonding plasama frequency is in
the range :p-too-1ooo MHz~~at mst equal to the lcwer limit
ot the frequency range considered "microwvave". The process
of gyrcresonance absorption is s?)f-explanatory: the
absorption of gyrosynchrotron emission by thermal electrons
in the ambient mediunm, vith wmasimum absorption at
“resonances" (harmcrics) of the local gyrofrequency. In
essunce, the actual mechanisn is identical to
gyrusynchrotion self-absorption (see below); gyroresonance
avsorption is due tc electrons which are not sources cf the
burst-related emission, vkereas self-absorption refers to
abscrption by the gyro-emitting electrons themselves.
Gyrorescuauce absorption by thermal electrons in the coronal
piassa in and above the source affects predominately the
lowest harmonics: typrically, the fundamental and second
narmonic for the ordinary mode, and the fundamental, second,
and third harmonics for the extraordinary mode (gcl. Kundu
1965; Takakura 1967; alsc Secticn 3.2.2). Magnetic- field
strengths in wmost burst sources are in the range 70 to
700 G, correspcnding to tB-zoo to 2000 MHz; for the lower
tield strengths, then, even the third harmonic is safely
below the microwave range. In the non-thermal case, where
cerission at .ovwer tarmonic numbers predominates (see Section
3...2), thermal gyroresonance absorption kas significant
in‘ivunce on the spectrum. On the other hand, the harwmonic
numbers of relevance to thermal scurces are sufficiently
high that gyroresonance atsorpticm can be neglected. Free-
iree abtscrption by coronal electrons may contribute
negligible apsorption at microvave frequencies (Holt and
kamaty 1969). However, for sources at sufficiently small
heights or low temgc¢racures, this absorption mecharism could
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P dominate (hawaty and Petrcsian 1972; N@tzler 1976; Marsh gt
@ds 19680) . & detailed discussion of free-free abscrytion is
L given iu section 3.2.2; it is shown that this process can be
neglected tor the thermal sources studied in this section.

i1he remaining absorption process of interest |is

gytusynchrotron self-absorption, which is the reabsorption
of the radiation by the source electrons themselves. For
the densities, magnetic-tield strengths, and temperatures

i observed durang solar bursts, self-absorption is ar integral
part of the emissicn prccess. The Razin suppression
wechanism (Cfs Section 3.2.2) also must be considered,

’ since the self -absorption process and the Razin effect are
highly interdependent (Kamaty 1969). As is shSwn in Section
3.4.2, the densities and magnetic-field strengths typical of
most tnermsal rsts identified to date ({.€., Crannell gt
ads 1978) yield Razin cut-off frequencies which are well
below the microwave range (€s9s. tR-200 MHZ) . Dulk,
Melrcse, and white (1979) <confirw that the RKazin effect has
little aufluence on the absorption coefficients of thermal
gyrosynchrotron sources, for the frequency range, magnetic-
tield strengths, and densities relevant to impulsive

i micrcwave bursts.

The emission and absorption of a Maxwellian plasma are
related by Kirchoff's Lawv; thus, to solve the transfer
equation for the intensity as a function of frequency, only
j the abscrption coefficients need to be known. Both the

extraordinary and the ordinary (x and o) modes must be
considered, since the absorption ccefficients for these
modes can differ jreatly. The transfer equation for an
isothermal point source (Eekefi 1966; MHAtzler 1978) yields
| the tolloviny expression for the intensity, in each mode,
} sec¢n at EBarta:

lo,x(n = 0.08 f2 7 (1-‘"9‘-’6,7( )] sfu ¢ (35)




58

vhere f is the frequency in GHz; T, the temperature in keV;
and Tox ¢ the optical depth, is defined more precisely
below. lhe solar flux wunit .s defined as 1
stu = 10-22  a~2 Hz-t, To find the enmission from an
extended source, Equation 35 must be integrated over the
projected area, A. The optical depth, 7t , is the line-of-
Sight iptegral of the abscrption coefficient, k, such that
T =/ k dz . Those micrcwave bursts observed to be
polarized are nearly alvays circularly polarized (Majun and
MMtzler 1973). If wode-coupling is assumed to Dbe
negligible, then the total intensity ejuals the sum of the
intensities in the two wodes,each of which is expressed as
tollows:

iyxlf) = 0.08 t2 7 & (vexpt-7,, )] dA sfu . (36)

lbhe total 1ntensity, I, then equals the sunm I, 41y The
degree of circular polarization is defined to be (Iy=1,)/1.
Lquation 36 can be simplified for two limiting cases: T <1
and T >>1. Thus,

0.C8 £2 1 & >

(37
0,08 f2 1frox dA <<
A .

‘o,x(f,
At iutermediate optical depths (7T 1), of course, neither
appioexisation is valid. However, the frejuency range over
which T =1 is very narrow, due to the small physical depth
Of this "skin" between the cptically-thick inner volume and
the surrounding optically-thin plasma.

1¢ sclve tor I(f), functicnal forms for L (ie8ss Ko.x !
and tor JA must be chosen. The absorption coefficients,
Ky x ¢+ Ancerporate a complex dependence on the plassa
temperature; magnetic-field strength; electron density;
harmoi‘c number, or t/fB; and tte angle between the line of

sight and ‘he magnetic field of the source. The angular
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dependence can be eliminated either by assuming that all the
euission is in the extraordinary mode, so that the radiation
is propagated perpendicular to the field lines (€.49., Dulk,
Melrose, and White 1979), cr Ly averaging 'mx over all
directions, yielding an average value vhich is approximately
1/4 of the saximum value (g.9., MNMtzler 1978). The
foliowing expression for 7T is given by 4&8tzler (1978), for
temperatures, dJdensities, and magnetic fields typical of
flares:

g S840 8o 76" $ (38)

where o« is a slov function of T (a< 10 for T > 20 keV), and

Lo, x ¢
the frequency at which 7, .= 1.
’

the turnover frequency for the mode of interest, is

i1he determination of dA as a function of frequency is
dependent mainly cn the density and magnetic-field gradients
within the source, neither of which can be measured at
present with adequate temporal and spatial resolution. The
choice of source-parameter gecmetry is at best an
intelligent estimate, althcugh the set of physically
reasonaltle cases is limited Lty theoretical considerations as
vell as available interfercmetric and magnetographic solar
data. At a given frequency, the projected source area
consists of an optically-thick inner region, surzcunded by
an optically-thin region; as wmenticned previously, the
boundary between these twc components is relatively sharp.
Because the brightness of the optically-thin region is
smaller, by a factor of 7 , than that of the optically-
thick part, the integration in Equation 37 can bte reduced *o
the problem of deriving the total optically-thick area at
each frequency. For example, PFHtzler (1978) defines a
monotonically-decreasing distiibution function for dA(f)
expressing the fractions of the total area with turnover
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trequencies in the range to.x to to',pdtu. The form adopted
ftor this dasctribution function allows certain magnetic-field
topologies vithin the source to be incorporated in the
calculated spectra.

Visregarding the dA term for the moment, we nov see the
general torm of the isothermal gyrosynchrotron microvave
spectrum: Ltelov the turnover frequency, the emission follows
the payleigh-Jeans expression for black-body radiation, and
18 proportional tc f2?; while at frequencies above the
turnover, the flux density followss a pévor lav, decreasing
Sharply with increasing frequency. The exgenent of this
pover-law fit to the optically-thin part of the spectrum is
(-a+l), acccrding to MMtzler (1978); thus, microwave
Obsetvations at high frejuencies could be used to derive a,
and hence the source terperature, T (gf. M#tzler 1978; Dulk,
Melrcse, and white 1979).

Unfortunately, good microvwave coverage at freguencies
above 15 GHz is sparse, although this situation is being
alleviated through recent additicns and improvements to
Lecelvels at Derne, Nagoya, Toyokava, and other
obselvatories. A more feasible method of determining the
source temperature is by means of spectral fitting to the
hard X-ray data (see Secticn 3.1.1). Coincident hard X-ray
aud wmicrowave coverage provides a powerful tool for
detersipation cf conditions within flaring regions. The
aleas and temperatures derived for the single-spike bursts,
through joint analysis of hard X-ray and nmicrowvave data
(Cranneil gt _al. 1§78), are ccmparable to the values
obtained from high-rescluticn interferometric observations
oL impulsive microwave bursts (Alissandrakis and Kundu
19764,1978; Marsh and Hurford 1980; Marsh gt_al. 1980). One
application for coincident data analysis, described fully in
Chapter 4, enables the calculaticn of the magnetic-field
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strength wituin the source, as wvell as 4its evolution
throughout the flare. This technijue is briefly summarized
here. The formulae tor the total flux, I(f), as presented
by M8tzier (1978) or Dulk, Melrose, and White (1979), can be
invelted to yield the frequency at which a particular flux
18 observed. The relationship is simplified greatly by
coucentrating on the flux at the turnover frequency, which
is at or near maxisum intensity. Because 7, =1 at this
trequency, the definiticn To.x “Koxe vhere z is the
ettective depth aleng the line of gight, and a) analytical
expression for Kk, ( Sads, M&tzler 1578, Equations 1 and 3)
way be used to derive f « Total-flux observations include
emissicr from both wmodes, so, for comparison to observed
spectra, it is conveniem to introduce the turnover
trequency Lo, detined as the arithesetic average of f and
Lo The resultant expression for :T is determined by the
suurce parameters 1, B, and B,% (see Section 4.2). The
dgependence on the cclumn density is slight, so that adopting
a value typical of the lower corcna will be sufficient. As
previously mentioned, T can be derived from the hard X-ray
data. Thus, & simple relationship is obtained betwveen tr
and b. 1he maximum magnetic-field strength in the flaring
region, at a given time, can lte tound from the cbserved
microvave and hard X-ray spectra. It is crucial, wvhen
implementing this jrocedure, to use simultaneous hard X-ray
and microwave spectral intformation, preferably with
cumparatie temporal rescluticn.

Contrary vo €arlier beliefs, a thermal plasma cap emit
polarized gyrosynchrotron emission. A significant degree of
circular polarization can be expected from thersal microwave
sources, primarily at high, optically-thin frequencies. For
the simple case vhere the temperature and magnetic field are
constant throughout the source and sharp boundaries are
assumed, the optically-thick pcrtion of the spectrum will

——
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shov no polarization, wvhile the optically-thin part will be
highly polarized (up to 90%) in the extraordinary mcde.
(M8tzler 1974; Dulk, Melrose, and White 1979). In real
sources, hovever, the density may well be non-unifcrm, the
magnetic-field topoclogy may be ccmplex, and edge effects may
piove significant. As a result, the degree of polarization
observed during a sclar burst protably vill deviate frcm the
“ideal" case.

3.2.2 Mop-thermal Gyrosynchrotxronm

ln sSections 3.1.2 and 3.1.3, the hard X-ray emission from
a dilute beamr of accelerated electrons was described. These
electrons also will emit gyrosynchrotron radiation upon
iuteracting with the asbient magnetic field of the sclar
atmosphere. 1he calculation of the gyrosynchrotron emission
itrcm a non-thermal electron distribution is considerably
more complex than for the thermal case: the directionality
ot the lteam must ke considered and, because Kirchoff's Law
no lcnger applies, the emissivities and absorption
coefficients must be determined separately. The actual
derivation of the emissivity and the absorption coefficients
15 gquite complicated and not directly relevant to the
purpeses of this thesis. Thus, this section comprises a
mostly gualitative discussion, with formulae for useful
Juantities (such as the total flux density) presented as
appropriate. Detailed calculaticns are given by Takakura
(1967), kamaty (1969), Takakura and Scalise (1970), Trulsen
and rejer (1970), wild and Hill (1971), and Tarnstrcne
(197¢,1977).

i1be emissivity fcr a single electron moving along a
helical path, at an arbitrary angle to the magnetic field
directicn, 1s a function of the electron energy, the
magnetic-field strength, and the pitch angle. For an
ensestle of electrons characterized by a known energy
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distribution function, the total emissivity is found by
summing the discrete contribution from each electren. As a
result, the gyrosynchrotron emission from an electron bean
does not appear to be made up of discrete lines, as does the
single-election spectrum, tut is "“smeared out™ by line
proadening due to the relativistic change of mass at higher
electror energies (Bekefi 19€6; Takakura 19€7). As in the
tnersal case, the emnissivity for each mode, jo and j,, wmust
be determined individuoally. If the line of sight is
perpendicular to the magnetic-field directicn, the
emissivity 1s zero for the ordinary mode and non-zero for
the extraordinary mode; for this reason, some theoretical
studies of gyrosynchrotron emission assume this orthogonal
Jeometry, so tte extracrdinary mode alone can be considered
(€242, Lulk, Melrcse, and White 1579). hs long as the
emitting electrons are only weildly relativistic, the
emissivity in the extraordinary mode alwvays exceeds that in
the ordinary mode (Hclt and Ramaty 1969; KRamaty 1969).

The radiation at low frequencies (harmonic numbter < 10)
can ke influenced by several processes: absorption below the
piasma frequency, the Fazin effect, free-free and
gytorescnance absorption by the ambient thermal electrons in
the corcua, and gyrosynchrotron self-absorption.

Absorption below the plasma frejuency was discussed in
section 3.2.1. It was shown that this process only could
atfect the microvwave spectrunm significantly if
n, > 10m cm~3, vwhich is higher than the densities typically
observed in impulsive microwave turst sources.

The hazin effect is intrinsic to electrons radi.  ing in a
background plasma and not in vacuum; for this reason, it is
aiLso referred to as "medium suppression™. DBecause the index
of refraction in an ionized medium is less than unity, the
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emissivity of individual electrons is suppressed, while the
cortespondinyg absorption coefficient (for self-absorption)
15 reduced as wvell. Hence, the Fazin effect and
gyiosynchroticn self-absorption are bhighly interdependent,
anLd wust be considered simultaneously in any self-consistent
treatmert of gyrosynchrotron processes in solar flares.
namety and Lingenfelter (1967) and Ramaty (1968) introduced
a critical parameter, a, which is a measure of whether or
not the low-frequency emission from a particular electron is
suppressed. 1his parameter is defined as

a = 1.5 tn/fp ' (39)

vhere tB is the gyrofrequency (Equation 34) and tp, the
piassa frequency (Eguation 33). Gyrosynchrotron radiation
irom an electron of energy I'mc? (I'is the Lorentz factor) is
gLeatly reduced at lcv frequencies if al' < 1; this condition
obtains vhen either the magnetic field is sufficiently low
aund/or the density is sufficiently high to produce an
appropriate ratio of fB and tp (see Equation 139).
turthermore, if al'<< 1 (lowTI'), thte total radiated power is
strongly suppressed; this results from the combined effects
ot the hazin wechanisu and the small emissivity of mildly-
relativistic electrons at high frequencies (Ramaty
1968,1569) .

The effect of Razin suppression on the spectrum as a
whole can be expressed in terms of a cut-off frequency, f ,
below wihich the spectrum is severely wmodified. This
critical frequency depends on source parameters as follows
(Ginzburg and Syrcovatskii 1965; Famaty and Petrosian 1972):

fo = 2x10-% n,/B NHzZ, (40)
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vhere 3 is the source magnetic-field cosponent
perpendicular to the line of sight, in gauss. Although this
forsula vas derived initially for synchrotron radiation by
ultrarelativistic electrons, Ramaty (1969) found that this
expressiou srgrees with the value of tR obtained for mildly-
relativistic electrons frce detailed numerical analysis, ¢to
within 10%. Thus, the parameter tn, defined in Equation 40,
is suitable for applicaticn to gyrosynchrotron spectra. For
the thermal spike bursts studied by Crannell gt al. (1978)
and Metzler gt al. (1978), the densities and magnetic-field
strengths within the emitting regions vere found to be of
order 10* ca~? and 100 G, respectively, corresponding to a
hazin cut-off freguency cf ta- 200 MHz. Because this
trequency is well telowv the microvave range, the Razin
efttect 1s regligible for these and similar thermal events.
For non-thecrmal sources at greater depths (higher densities)
in the chromospheres/corona, the EKazin effect does become
important. As an example, if n,= 10t ca~%, as in some soft
iA-ray bursts, and E = 400 G, then tnf S5 GHz; those microvave
spectra observed tc turn over at 5 GHz wmight originate in
the same Zouive as the soft X-ray emission and be dominated
at lov trequencies by the Razin suppression meckanism.

The absorption coefficient for free-free absorption is a
function of frequency, source temperature, and electron
density. As vas done to evaluate the effects of Razin
suppression, the free-free absorption can be characterized

by a critical frequency, f below which the spectrum is

br’
strongly absorbed bty this process. Thus, after Ramaty and

Petrosian (1972):

tbr = 2x10-%2 (EN)OS/TO.7S j0S MHz , an

vhere the emission measure EN = n.tv in ca~?¥ (see Section
3.1.1), V being the volume in cm?®; T, the temperature in
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keV; and A, the projected area of the source in ce? (vhere
it is assumed that V=AL, L being the linear depth of the
source) . For tygical spike-burst parameters
( EN=5x104% cp~?, 1=32 keV, and M=5x10"7 ca? ), Equation 81
yields tbruls MHz. Therefore, wvwe conclude that free~free
absorption within these thermal sources is negligible at
micrcvave trequencies. Since the cut-off frequency for
free~free absorpticn is inversely related to temperature,
however, this process can become significant if the lover-
temperature sedium in or around the emitting region , such
as the corona, is considered. This is of particular
interest in non~thersal mcdels, vherein the flare region
comprises a dilute beam of high-energy electrons ismersed in
the ambient solar chromosphere/ccrcona. To illustrate: {f
typical values for source density, n,~ 10%° ca~?, and size,
L ~5x109% cm, are assumed, ve can derive the tesperature for
which the free-free cut-cff is located at a particular
microvave frequency. For tbr's GHz, a commonly chserved
turnover fLtrequency, Equation 41 yields Tax2x10¢ K
(~0.2 keV), a reasonable value for the quiescent corona.
S50tt X-ray burst observations generally yield temperatures
an order ot majnitude higher (gf. Svestka 1976), however,
and the presence of significant amounts of lower-temperature
gas within the microvave-groducing regions of flares has not
Lol eostablished. Analyses of soft X-ray line data also
yavld deusity estisates vwhich greatly exceed those derived
irom microwave and hard X-ray coverage, by as much as 4
orders c¢f wagnitude (Svestka 1976; Doschek and Feldman
1979). Couseguently, the role of free-free absorption in
uon-thermal microwvave spectra is far frcocm clear. This
problem 1s retflected in the literature: for example, Holt
and hamaty (1969) state that free-free absorption is
negliigible, while Ramaty and Petrosian (1972) suggest that
this process amay be the dominant absorption mechaniss,
particularly tor the small class of spectra which are "flat"
avove the turnover frequency.
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GyroiLesonance atsorption Lty the asbient thermsal electrons
scrongly influences the spectral shape at lov frequencies.
As noted in the jrevious secticn, both the ordinary and
extraordinary modes are absorbed at the fundamental and
second barmonic of the gyrofregquency, vwhile only the
extraordinary mode is atscrbed at the third harmonic. The
absorption coefficient is dependent on the teaperature and
density of the thermal electrons, as vell as the magnetic
tield ip the region; for bursts with high tesperatures
(4 > 107 K) and densities (r > 1049 cp~3), absorption of
extraordinacry mcde radiaticn at the fourth harmonic also may
occur (ramaty and Fetrosian 1972). Because most picrowvave
observativons Jdo not distinguish Dbetveen ordinary and
extraordinary-mode radiation, a single frequency is defined
in order to evaluate the effects of gyroresconance absorption
on the total~jpover spectrum. This critical frequency, t‘,
15 defined as the highest frequency at which gyroresonance
absorption can msodify the spectrum. Thus,

£, = 3-8 fB

(iacakura 1972; Lamaty and Petrosian 1972) . A turnover
trequency of 5 GHz would imply B~ U450-600 G in the source
region, assuming that thermal gyroresonance is the dominant
absorption mechanisn.

Gyrosynchrotron self-absorption was introduced briefly in
the previous secticn. Por the thermal case, the emissivity
and the absorption coefficiert are related by Kirchoff's law
tor the optically-thick pecrtion of the spectrum, so that the
selt-absorption coefficient is known if the enpissivity is
provided. The ncn-thermal case is considerably wmore
complicated, as sentioned at the beginning of this section.
ihe assumption of a power-lav electron number (or energy)




R I I TR =———

e =

|
r

68
spectius enables numserical solution of the equations for the
self-absorption and emissivity (Bolt and Ramaty 1969; Ramaty
1969). U der this assusption, the coefficient for self-
absorption is a function cf: the maguetic-field strength,
density, and area of the eaitting region; the spectral index
of the electron spectrum and the anisotropy, if any, of the
electron pitch-angle distribution (gf. Ramaty 1969); the
angle betveen tle sagnetic field and the line of sight; and
the frequency cf observation. Mcdels which incorporate a
non-unifors magnetic field vwithin the emitting region (g.9.,
Takakura and Scalise 1970; Kovalev and Korolev 1976; HMAtzler
1976; Btume gt al, 1977) require, in addition, a dependence
ou the wmagnetic-field gecmetry. For comparison with
competingy absorption mechanismes and with observations, we
adupt sisple source conditions (no anisotrofy and uniform
#aguetic field) and detersine the critical frequency, fg.,
belov which tle spectrus is atbscrbed sigunificantly by
gyrosynchrotron self-absorption. Famaty and Petrosian
(1972) conclude that, fcr non-thermal source paraseters
typicai of solar bursts, the value of fg, derived by
numerical analysis (Ramaty 1969) can be reasonably
approxisated by the following expression, originally
totwulated for relativistic synchrotron sources (Slish 1963;
lucker 1970):

fgq = 2.8%x10-2 poz (1 /4)0a NHZ |, (4

sa
waere i, is the maximum flux density of the source in sclar
tiux units , and €4, the angular size of the source in
radians (¢cfs also Guidice and Castelli 1975). Thus, for
source jarameters B~200 G, I, ~100 sfu, and 8 ~10"% (g.4.,
Marsh gt al. 19680), t.‘w 2 GRz.

Constraints can be placed on tte choice of absorption
wechanisu active in individual Ltursts through inspection of
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the spectral slope at lov frequencies, for which 7> (gf,
“yadice and castelli 157%). Bach absorption process yields
a cCharacteristic slope, under ideal conditions, as listed in
iable 3-2; the spectral sloje, m, is defined such that the
tivx density ius progertional to ("', for the optically~-thick
reyame.

TABLE 3-2
SFeCTihalL CHARACTEERISTICS OF ADSCRPTION PROCEZSSES
ammmngmie S SO e i — SE 08 D08
Lice~free 2 Ca 1141 1974
Guisfco c!&'é‘ito?li'l??S
thermal gyroiesonance >3 Castelll gt _al. 1974

mitemyaskaecsan (it} 234 R salempesing (0l

- - ———— - - — - - ——

in principle, the observed slope of the optically-thick
portion of tne spectrum, 4in conjuncticn with the critical
frequencies defined above for each preocess, can be used to
determine the dcminant absorgtion mechanism for a particular
event. For most bursts, however, two or more dabsorption
processes are found to fit the observational requirements
ejually wvell. If the source size and density, as well as
the strength and gecmetry of the magnetic field within the
source were known by independent wmeans, then the relevant
absorption process or processes could be lidentified with
certainty. Since this irforu-tion is unavailable for the
wa jority of microwave bursts, empirical studies of the low~-
trequency spectrum have Leen concentrated on statistical
surveys, searching for trends towvard a particular value of
the clserved slope. Schéechlin and Magun (1979) recently
analyzed 100 microwave burst spectra, and found that the
most frequent value of the low-frequency spectral index is
1. 4. 1his slope is inccnsistent with all non-thersal
models, and bpest ctaracterizes an optically-thick, therwmal
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source wsith tesp2rature and magnetic-field inhomogeneities
in the source boundary. Schoechlin and Magun also find ¢
sinor peak in tlte distributicn cf spectral indices at 2.5,
in agreement with Guidice and Castelli (1975). This peak
probably is due to a small class of non-thermal events, and
can be explained in terms of self-absorption of emission by

a power-law electrcn distribution.

Anisctropy in the propagaticn of the electron beanm
turther complicates the issue of absorption mechanisms, by
producing directivity in the enmissivity which |is
iudistinguishable from absorpticn dependent on viewing
angle; the self-absorption becomes anisotropic as wvell.
Non-uniform magnetic field configurations also have been
shown tc affect spectral shape, by varying both the
emissivity and the absorption ccefficients with positicn in
the source region. Most models of this sort assume a
magnetic field which decreases with height above the
photosphere and with distance frcm the central source of the
field. Botn half-dipole (€:9., Takakura and Scalise 1970\
and bipolar (g2:9., Mltzler 1976) geometrties have been
considered, as counterparts to the observed coronal loops
which appear to track the pagnetic fields in the solar
atmosphere.

ihe difterential microwave flux in each mode, dsom(t),is
given by tane fcllowing expression (Takakura and Scalise
1970) :

A5 () = (1/32) 3, exp(=7,) AV , (by)
vhere 3o x is the emissivity for the ordinary or
extraordinary mode; P, the Earth-Sun distance (1 AU); | o

the wmcde-dependent optical depth, as defined previously; and
dV, the volume element. The emissivity and optical decth
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are tunctions of frequency, while for non-uniform magnetic-
field geometries, 4V also depends on frequency (gf. Kovalev
and Korclev 1976).

Fecr the ideal, homogeneous case, this ejuation simpiifies
iu the limits of 7T 7<% and T >1, and can Ye integrated
easily to tind the total flux:

(W/2%) 34" T <<
= ' as
o,x (¥ (1/R?) jo.xho.x av T e

vhere V is the source volume. At very high frequencies, the
spectral shaje s.ofly reflects the emissivity shape; a
pover-lavw electron spectrum thus yields a power-lav
m>crLovwave ftlux spectrum in the optically-thin regire.
vntortunately, this ideal case cnly applies to a limited
portion of the spectrum, and cannot accomodate non-uniform
magnetic-field configurations.

Kundu and Vliahos (1979) have interpreted the observed
spectral and polarization characteristics of impulsive
miCrovave bursts in terss ¢f an inhomogeneous source
structure, assuming an asymmetric, bipolar magnetic loop, in
which the microwave-emitting electrons are contained. Kundu
aud Vlahos adopt the analytical forwmalism for dv derived by
Kovalev and (forolev (1976), plus the formulae for jqx and
To.x 9Yiven for non-thermal scurces by Takakura and Scalise
(197C) and Takakura (1972), for determination of the total
uicrowave flux origyinating in a source of non-unifornm
magnetic field. Sutstituticn of these expiessions into
Ljuaticn 45 and subsequent integration yield the following
exprzssiun rcr the total flux in either mode:

)k [m n—ker -
¥ Jox(® exp(=71, y(m)] anm,
(46)

Sox(E) = (1/62) G (£/fy

may
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vhere G 1s a function of the source area and maximum height,
the ratio of the <wsaximums and sipimum magnetic-field
strengths, and the arbitrary constant, k, which essentially
describes the divergence of the field lines; tB.U{ the
gyrofrequency for the saximum wmagnetic field within the
B,“.‘ and the limits of integration, ", and
B depend on £, tBn..' and tn.h (Kovalev and Korolev 1976;
Kundu and Viahos 1979, Appendix 1I1). The total flux, S(f),
is 5 (£)+5,(1), and the degree of polarization is (Sx=S,) /S.
Kundu and vViahos explain tle polerization struct.ce and time
evcluticn of the source in terms of the relative field
strengths at the fcotpoint. of the 1loop, and find

source; m = f,/f

qualitative agreement with cbservations. Hovever, the
gqualitative nature of this work fprecludes critical
evalvation ot the model wuntil quantitative predictions are
provided.

Unlike the thermal case, non~thermal gyrosynchrotron
emission is polarized intrinsically in both the optically-
thick and optically-thin regions of the spectrum. In an
optically-thick thermal source, the radiation intensity is
¢he same in both modes (by Kirchoff's Law), whereas in au
optically-thick non-thermal source, the ordinary mode
radidqticn dominates (Ramaty 1969). In both cases, the
extraordinary mode radiation prevails through.ut the
optically-trin portion of the spectrunm. Assuming a single
non-theirmal zource, Holt and Ramaty (7969) attritute the
reversali of pclarization at some frequency, cbserved in most
wicrcrave bursts (Kundu 1965), to the transition from the
optically-thick tc the cptically-thin regime. The
polarizaticu reversal also could be due to selective
absorption by tle ttermal gyrorescnance process (see atove),
accordirng to Takakura (1967). Thus, this polarization
phencmernon cannot be upasbiqguously interpreted as sufpcrt
tor either hygothesis. As always, the Jetermination of
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polarization can be complicated further by the introduction
oL multiple source regions (€s4.. a bipolar loor emitting
tiom either or both footpcints), non-uniform magnetic-field
geometry (gsdass an asyasetric loop), andsor density
inhomogeneicy within the source.

3.2.3 Zgap and other "Combipation" Nodels

ihe basic features of non-thermal and juasi-thermal trap
uodels were discussed in Section 3.1.4. In general, such
models include a population cf energetic electrcns contained
within a magnetic loop, the footpcints of vhich are rooted
in the photosphere. Most of the microvave epission observed
during impulsive events ccmes from electrons with energies
above 100 keV (Holt and Famaty 1969), depending on the
number c¢f electrons at these high energies (i.8., on the
spectial index of the electron distribution). In contrast,
the asscciated hard X-ray emission originates primarily in
electrons in the energy range from 10 to 100 keV (cf.
Section 3.1). Therefore, the electrons producing
simultaneous hard X-ray and microwave radiation could
constitute a common distribution function, but would occupy
contigucus energy ranges.

The eftects of this separation become particularly
important in trap wmodels, because the highest energy
eliectrons are expected tc precipitate out of the trap and
down the leys of the loop (Melrcse and Brown 1976; see also
Section 3.1.4). According to the quasi-thermal model
ptopcsed by Brown, Melrose, and Spicer (1979), the primary
energy release at the tofp of the loop causes bulk
energization of the local plasma; the resultant turbulence
causes the rfcrmaticn of ion-acoustic conduction frorts,
which propagate slcwly towards the footpoints. Electrons
with energies greater thar J'th' where 'this the electron
thermal velocaity in the energy-release region, will escape
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tarough the conduction fronts. If the electrons in the
heated plasma assume a Maxwvellian velocity distribution
characterized by temperature T ~ 3x10® K, then all electrons
with kinetic energies above 200 keV will precipitate out of
the energy-release region. These electrons will retain the
steef slope characteristic of the original Maxwellian,
unless subjected tc furtker acceleration within the
precipitation zones (¢gf, Vlahos 1579, Chapter 4). In a non-
thermal trap, as discussed in Section 3.1.4, the energy
spectrun ot the precipitating electrcns remains a power lav,
althcugh collisicnal processes will change the spectral
index. The existence of a non-thermal component in the
source regio. can be deduced potentially by inspecticn of
the otserved microwave spectrum, frcm the presence of an
optically=than spectral index much flatter than would be
expected zrrom the high-energy portion of a Maxwellian

i

|

i
(assuming temperatures typical of impulsive bursts). This
diagnostic can te misleading, hcwever, because the presence
of a steep gradient in the wmagnetic field within the source

\ regyicn can reduce the steepness of the associated microwvave

spectrum above the turnover frequency (cf. Kovalev and

Korolev 1976 for exausgples).

:
|
\

At piresent, the available data do not lend unambiguous
support to either the nor-thermal or thermal versions of
trap models. Observations at frequencies above 20 GHz are
rare, so tnat the slope of the optically-thin spectrum has
not teen measured for the majority of bursts. The poor
coverage ot the millimeter-wave region has been improved at
several observatories within the past few years; as yet, the
paucity of impulsive flares in these pre-solar-raximum years
has jrevented statistical studies of the properties of burst
spectra in the optically-thin regine. It is to be hoped
tnat coverage during and after the Solar Maximum Year will
contribute enormously to cur understanding of the emission




wechanisms involved in microvave events, as vell as the
energy distribution of the emitting electrons themselves.
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Chapter 4
SFECTEAL EVOLUTION OF EBULTIPLY-IKPULSIVE BORSTS

1he impulsive phase provides the most direct evidence
available for the rcle of energetic electrons in solar
tiares (Kane 1974). In crder to study these electrons, and
thereby the physical fprccesses responsible fcr their
acceleraticn, cbscervations which determine both temporal and
spatial features of impulsive esissions are required. of
particular significance is the lccation of the sources with
respect to the magnetic-field tojclegy of the active region.
ihe different dependences of the hard X-ray and micrrvave
emission on scurce properties such as electron density,
magnetic-field strength, and temperature or spectral index
(see Chapter 3) enable these source parameters to be
determined and their evolution to be followed throughout an
iwpulsive event. Each set of source properties can be
utilized to locate the ewmitting region in the solar
atmosphere, by means of extant wmodels of _ensity and
magnetic-field strength as a function of height above
photospheric active regicns. The results of such an
analysis provile informaticn on the evolution of the spatial
characteristics of the impulsive flare source and further
ciues a& to the basic mechanisms of the flare process. In
the current absence of direct, btard X-ray images of flares,
this is one of the few methods by which the relative
positiouning of impulsive hard X-ray burst sources can be
estipated.

According to the research repcrted here, the msultiply-
impulsive solar bursts do not comprise a homogeneous set of
events. kather, they fall into twc categories according to
their spectral characteristics: those even%s for which the
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seasured values of the sicrovave turnover frequency and
electron temperature yield the same magnetic-field strength
tor the source of each peak within a burst; and those svents
vhich demonstrate significant differences betwveen the
magnetic-field strengths of the sources of different peaks
vithin a burst, as deduced from variations 4in turnover
frequency and temperature. These two classes of spectral
behaviour are interpreted as evidence for tvo types of
spatial structure in impulsive bursts: events vhose
ccmpounent spikes aprarently originate in one location, and
events in which groups cf gpikes appear to come from
separate regions which flare sequentially. Althcugh the
concept of separate regions contributing to a complex flare
has been discussed hy many authors (g.g., Hagen and Neidig
1971; Zirin and Tanaka 1973; Alissandrakis and Kundu 1975;
vorpahl 197s), the present vork is the first analysis
shovwing both hard X-ray and microwave evidence for the
existence of these discrete flaring sites within the regions
producing multiply-impulsive bursts.

The analysis of the selected set of multiple-spike bursts
1s described in Section 4.1, In Section 4.2, the division
oL these events into two classes according tc the evolution
ot spectral properties and magnetic-field strength is
discussed, and specific examples of each type are presented.
1he couclusions drawn frcm this research are presented in
Section 4.3, and tie results are evaluated in the context of
observations and current theoretical predicticns.

4.1 DATA ANALYSIS

A total of 66 multiply-impulsive sclar flares have been
identified in the CS0-5 hard X-ray spectromeier data. The
properties of the instrument are described in detail in
Chapter 2. lhese events vere chosen for their apparent
impulsive nature, according to the following mcrphological

criteria:
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1) Maximum count rate greater than or equal to 280
counts s—1;

2) Successive peaks which are distinctly separable,
vith rapid rise to and fall from an intensity at
leasct 30 atove noise;

3) No apparent gradual component immediately before,
during, or after the impulsive event, above 15% of
the maximum flux.

Microvave data vere ccllected for as many events as possible
from Sagamore Hill, Bern, and other ground-based
observatories.

interest 1n these events was sparked by the resexblance
ot the component sgpikes to the sisple impulsive "spike
bursts" discussed Lty Crancell gt__al. (1978). The time-
intepsity profiles of the multiple-spike bursts appear to
consist of groups of overlapgping spikes; thus, it seemed
worthwhile tc look more deeply for evidence of fundamental
structures corresponding to the individual spikes within
each event. For the simgle spike bursts, Crannell et al.
found that the wmicrcwave and hard X-ray emissions during
each time interval are consistent with a commcn crigin in
the sase localized population of energetic electrons.
Similarly, 1i1or the analysis of the multiple bursts we have
assumed that, 3t _each mcuent, the hard X rays emanate from
the same source as the microwaves. As is shown in the
toillowing sections, hovever, this common source may or may
unot be found at the same location throughout an entire
event.

Iventy events were observed to have sufficiently intense
hard X-iay eamission and coincident microvave coverage with
sufficiently good time rescluticn to allow a detailed study
ot the spectral evclution throughout each event. The major
peaks of each burst were identified in the hard X-ray time-
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intersity profiles. Least-squares fits wvere perforsed for
each spectrum, to both single powver~lav and isothersal
forms. For sany cf the sultiple bursts, including those
discussed an detail in Section 4.3, the X~ray spectra of the
ma jJor peaks are msuch better fitted by single-temperature
therwsal distributiouns.

Micrcwave spectra were obtained for the times
corresponding to the X-ray peaks within each event. The
Sagamsore Hill and Bern records, the primary sources of
microwave data, provided flux measurements with
uncertainties of at most $10%X. Tke temporal resolution is
apprcxisately 3 s for the Sagamore Hill data and 0.1 s for
the Bern data. Fecords sith poorer time resolution wvere
gaven lovwer wveight. The turncver frequency ‘T‘ the
trequency at which the spectrum changes from being optically
thick tc optically thin (see Section 3.2.1), wvas determined
empirically by inspection of each microwave spectrum. Then
the following procedure for finding the ambient magnetic-
tield strengths frcm the properties of the microvave spectra
was applied.

ihe sagnetic-field strength corresponding to each peak
within an event was calculated according to the following
tormula, taken from the work on gyrosynchrotron radiation
from a thermal population of electrons by MHtzler (1978)
(see also Section 3.2.1):

iT = ta(s.doo.noer) (2.5x10~28 naz/a)'/‘y"’ MHZ , (47

vhere £ is the local cyclotron frequency in MHz (Equation

B
34); 1, the source electron temperature in kev, as derived
from the hard X-ray spectrum; NgZ, the column density in
Cu~2; B, the ambient magnetic-field strength in gauss; and

Y, the high-freguency (very optically thin) slope of the
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sicrovave spectrum, such that I«f-Y (a=y+2; see Section
J.2.1) . 1he microvave spectral slope, Y=6, vas determined by
inspection of several sicrowave 3pectra. The value adopted
for the column density, n 2=8x10'7 ce~?, is typical of the
relevant regiocn of the solar atmosphere (NMAtzler 1978). The
accuracy of these estisates is quite adequate, because
Equation 47 is only veakly dependent on both quantities.

For the parameter values given above, the magnetic-field
strength depends on the electron temperature and tle
turnover frequency according to the following relationship:

B = 2.2x10°9 [£,/(5.840.406T) s G . (48)

4t is crucial to note that, wvithout the temperature derived
from the hard X-ray spectrums, it would be impossible to
determine the magnetic-field strength for each peak. The
microwave spectra alone are not sufficient to distinguish
whether peak-to-peak changes in the observed turnover
trequency indicate chenges in the @magnetic field cr simply
Lerlect changes in the temperature of the source electrons.

ihe event of 1970 Mdarch 26 provides a striking
1llustration of the necessity for toth hard X-ray and
microvwave data. The spectrum, shovwn in Figure 4-1, exhibits
a marked shift to higher turnover frequency at 1728.3 0T,
the peak of highest flux during the burst. However, the X-
Lay analysis shows that this peak also exhibits the highest
temperature, 73 keV, as compared to the values derived for
the other 3 peaks, 34-45 kev. As a result, the magnetic-
field strenyth is comparabtle for all 4 peaks. Without the
temperatures provided by the hard X-ray spectra, the change
in turnover frequency might be mistakenly interpreted as a
shitt tc¢c higner field strength.
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4.2  RESULLS | ]

Un the basis of cobserved spectral characteristics and the
magnetic fields derived therefros, the twenty events studied
tall into tveo categories:

1) 8 events in which the amicrovave spectra retain the
same shape and turnover frequency from peak to peak
(for example, see Figure 4-2), or which vary
sirultaneously in teapercture and turnover
frejuency, implying that the magnetic tield remains
constant; arnd
Z4) 10 events in vhich the microvave spectra change
significantly fros peak to peak, particularly in the
locat:on of the turnover frequency, such that the
magnecic field changes with time,
For the remaining 2 bursts, the degree of variation is such
that they cannot be assigned to either class with certainty.

jable 4-1 lists, for the events in each category, the
peak times wvithin each burst and the wmagnetic-field
strengths derived for these times by means of Zquation U4,
ihe range of field strengths shown for each peak results
irom the ti-sigma uncertainties in the best-fit temperature.
she events vith spectral shages that remain unchanged from
peak to peak are discussed in Chrapter S5, vhere possible
Cause€s tor their  wmultiplicity are sujgested and one
candidate, the betatron mechanisr, is critically analyzed.

40 this chapter the second class of events, ¢those with
obvicus peak-to~peak changes, is described in detail. Two
ot the ten events have been chosen to illustrate the second
category: 13970 September 8, 1226-1233 0T, and 1969 may 29,
1938-1944 U7 These bursts contain the largest number of
Ciearly sep .able peaks, thus providing the largest number
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* NC A=~ray coverage at this time (see text).

ot reliable hard X-ray and mwmicrovave sractra. The
pataweters characterizing these tvo bursts are presented in
lable 4-2, which lists fcr each peak within the bursts the
time Of the X-ray peak; the hard X-ray flux from 14 to
454 kev; the tlux at the peak of ths microvave spectrum; the
turnover freguency tT; the best-fit temperature and emission
weasure of the hard X-ray spectrum and the reduced chi-
squared ot the fit; and the corresponding magnetic-field
vaiue, derived frca tT and T as described in Section 4.2,
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ihe bard X-ray time-intepsity profiles in the nipe energy
channels between 14 and 254 keV for the Septesber £ event

are shown an Figure 4~13. The sicrovave records of this
eveut at 5 aud 15.4 GHz, ottained by Sagamore Hill, are
shown 1u Figure 4-4, The different phases of microwave
spectril evo.ntion, shown in Figures 4-S5a, 4-5b, and 4-Sc,
aie dencted in Figures 4-3 and U4~4 by the sections labeled
“a™", "b", and "c", respectively. In phase "a" the turnover
trequencies range frem 9 to 213 GHz. The spectrum seen at
1229.65 UT appears to increase mcnotonically with frequency,
up to the highest cbserved frequency, 15.4 GHz. This
spectiuw also could consist of two components, howvever, as
would result from adding the spectra resembling those of the
preceding and fcllewing fpeaks (at 1229.5 and 1229.95 U7T).
Although the high-frejuency portions of the spectra differ
in slope, the turnover fregquencies both lie between 4 and
© Gz in the next twe phases. The inferred magnetic-field
strengths range from B 2 120 G in phase "a" to about 7% G in
the later phases, as detailed in Table 4-2.

ihe event of 1969 May 29 exhibits spectral changes which
ditter yualitatively frem those of the September 8 event,
but which lead to similar conclusicns. The hard X-ray and
the microwave time studies of this burst, shown in Figures
4-6 and 4-7, are divided into phases "a", "b", and "c"
corresponding to the microwave cspectra shown in Figures
4-Ba, 4-8b, and 4-gc. During phase "™a", the turnover
fireguencies are approximately 4.5 GHz. in the next phase,
however, a "double-humped" structure appears in each of the
micrcvave spectra, for which two turnover freguencies can be
found: 5-5.0 and 12-13 GHz. The existence of two turnover
trequencies tor each peak in this phase is equally
consistent vith source parameters of two magnetic fields or
two temperatures cor both. Because a two-temperature
distribution can be neither ruled out nor verified on the .
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Figure 4-7, Microwave time-intensity profiles at 4995 and 15,400 MHz for the
1969 May 29 event, Portions labeled "a", "L", and "c" correspond
to Figures 4-8a, 4-8b, and 4-8c, respectively,
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basis of the available hard X~-ray svectra, the peaks in
phase "L"™ are assumed to be characcer .ed by the beit-fit
Rilgle tesperature listed in Table 47, The correspsnding
magnetic~field values are, on the average, 50 G in phase
“a®, and 65 and 200 G in phase "“tv,

Finally, in phase "c", the microvave spectrum resumes a
single C~type shape (Guidice and Castoili 1979) vith a
turnover at approximately 12 GHz. NO X~ray coverage exists
Lor this phase, which includes a single microvave peak at
1943.1 vi. it the source of this peak vere at a tesperature
1u the tange 34-60 kevV, as is typical of phases "a™ and "“b%,
then the turnover frequency of ~12 GHz wonuld yield a
wagnetic-tield strength ir the range 140-220 G. This is
consistent with the higher of the fields appearing in phase

.D“

4.3 RASCUSSION JBL_(ONCLUSIONS

As shown in the previous section, some multiply-impulsive
bursts can exhibit widely Zifferent pagnetic--field st engths
at dififerent times in their duration. The, question which
tuen acrises 1s, 1o these differeut magnetic fields appear in
the sameé burst location, or are they features of separate
tlaring regions?

According to the Sglar-Geophysical Data Prompt and
Comprehensive Reports (1969-1972), each impulsive burst

cotrelates in time with orly one H-alpha flare in a specific
active region. This fact, in conjunction with the short
time scales between the ccnsecutive phases of magnetic-field
evoluticn, iaeplies that if separate sourc.s exist within cne
burst, they must be located within the same active region.

Observational evidence on flare-associatel magnetic-field
Changes is awbiguous at best, and often contradictory (Fust
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1976a,b). Although oxtensive observations of the
photospheric field have Lleen made over the past 20 years
(8adss Hev.td and Pabcock 1960; Howard and Severny 1962;
severuny 1969; Michard 1971; Harvey and Harvey 1976), almost
WO LLrormation bhis been ottained on the temporal evolutic.
aund spatial structure of the fielus ir the chromosphere zad
cotona, vherle most of the hard X-ray and micrcvave hursts
vecur. The available inforsation, wost of it inlirect,
leads to the conclusion that the wsagporic field in a single
location does not change during flares by factors of 2-3, as
woulu be rejuired to fit the present observations. The
existence of howologous flares, whick are nearly identical
events cccurcing withip hours c¢f each other, strongly
SUygests that (.e sagnetic features of a flaring region are
not destroyed, even during large events (de Feiter 1974;
Svestka 1970; Z4irin 1978). Tte persistence of magnetic
structures atove active regions is {mplied also by the
piesence ot “"elementary burst structures™ both in hard X-ray
and in sicrowave events (van Beekx, de Feiter, and de Jager
1974 ; de Jajer and de Jonge 1978; Wiehl 1979). Nagnetic
reconnection processes, which are thought tc provide the
energy tor tne ispulsive phase, convert at most 5% of the
asbient sagnetic~-field evergy into hcating and gparticle
acceleration (Baum and Bratenahl 157€; Schnack and Killeen
1977, quoted by Spicer 1978). 1f the reconnection prccess
tesults trom a driven instability (¢f. Spicer 1978), the
magunetic epergy vwill be replenished at the same rate as it
is released, for the duration of the flare. Thus the
ambient ftield strength should remain constant, on the
average, and not change drastically betveen the emission of
one group cf spikes and the next.

The sain conclusion is, therefore, that the different
magnetic-field strengths b:long to separate regions in the
tlare area. The idea that complex, impulsive structures in
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tiares criginate in different areas has been proposed by
Baluy authors (8.9s, EFelgman gt al. 1969; Hagen and Neidig
1971; Apnderson and Mahoney 1974; vorpahl 1976; 2Zirin 1979).
ihis sugygestion has been supported primarily by evidence of
an inditect natv.e. Zirin and Tanaka (197)) observed good
tespcral cortelations between hard X-ray spikes and H-algha
brightenings during the 1972 August 2 flare. Hobts gt al.
(1973) end Alissandrakis and Kundu (1975) observed igpulsive
BACrovave bursts with the NBEAO interferometer at 1.7 and
11.1 ca. fhey (ound evidence fo:. discrete spall-scale
teatures wituin the bursts, wvith sizes of a fev arcsec.
Using the VLA interferoscter at 4.5 GHz, Marsh, Zirin, and
Hurtord (1979 obrerved microvave events with impulsive
compenents clearly lccated 4in regions a fev arcsec agpart,
but with no hard X-ray coverage. Sisultanevus
iuterterosetiic-microvave and hard X-ray observations of a
single impulsive event, occurring on 1979 February 17, have
been interpreted in terms of a migrating double-source wmodel
(Kosuga 1980). Al. of these olservations are consistent
with the existence ol srall-scale spatial features J4ithin
impulsive flares. Circusstantial support for the existence
ot different source regions in the bturst of 1970 Scptesber 8
is provided by an analysis of periodic hard X-ray eesission
in large bursts seen with 050-5 (Lipa 1979). Of the 28
bursts studied, crly 2 exhibit no signs of periodic
behaviour in their tise-intensity profiles: the 1970
September 8 event, and a non-impulsive event. This lack of
pericdicity puzzled the auther of this earlier work, because
the intensiiy structures of these events are not agpreciably
difrerent frcm those of the pulsating events. In the
context of the present research, however, the aperiodicity
ot the September B event ajppears to be a natural consequence
ot the sultigle scurces present in the flaring region.
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The dis. auce betveen the sources wvithin the bursts
presented here cannot be determined accurately from the
available data. Certain assumptions can be made, however,
vhich enable one to estimate this separation.

If the sources were causally related, then the time
betveen successive manifestations of different magnetic-
tield streagths would egual the time required f(or scme
triggeriang dasturbance to prepagate between the two regions.
1uis relationship provides a distance estimate only if there
exists such a sequential connection between the component
sources. Undé~ the assumption that the disturbance travels
at or near the Alfvén speed U the distance ) between the
individual sources can be exgressed s follows:

L= ‘A At = 2.2x10% B ne'ﬂﬂ ot km 0 (49)
where n, is the local electron density in ca~?; B, the local
magnetic-field strength ir gauss; and At is chosen to be the
time between the last hard X-ray peak in one phase and the
rirst peak in the fcllowing phase, in seconds. For the
relevant values of n ard B, the Alfven speed is fcund to be
~3500 ks s=' for the September 8 burst and ~2700 km s-' for
the May 29 purst. The temporal separation for the September
8 event is At=>12 s, yielding a source separation of about
4.2x10% km. The correspcnding values for the May 29 event
are At = 30 s and D = 8.1x10* km, respectively.

Another technique for deriving the source separation
requires a quantitative model for the functional dependence
ot the local magnetic-field strength on height in the solar
atmosphere. The main cbstacle to isplementing this method
is that reaiistic models of the wmagnetic-field topology
within tlaring regions are not available. For simplicity,
the potential dipcle wodel of Takakura and Scalise (1970)
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has leen used to illustrate this technique. The true
distance is underestimated because no horizontal separation
can be taken into account, Taking the photospheric field
strength b, _=2800 G, after Castelli gt al., (1974), the model
yields the tollowing expression:

h = (1.2x2108%7/B) 0333 ~ 3 .5x10¢ ka . (50)
iThe vertical distance between the sources, therefore, is:
Ah = (l.&:\O"/ll)‘J" - (l.leol'/lz)OJ'! ks . (51

For the September 8 event, the vertical separation derived
in this manner is Ah 2 3.7x10* km, wvhich is comparable to the
Larst estimate. For the May 29 event, the vertical distance
is Ah > 3.8x10% km, only half the first estisate; this would
be consistent with the existence of a signiticant horizontal
separation betveen the regions. Again, it must be stressed
that, while the actual values of the distances Jlerived abow
are only estimates, the difference in magnetic-field
strengths still strcngly suggests a difference in location.
“he distances estimated Dby mears of the Alfvén-speed
assumption fall vell within the areas reported for the H-
alpha tlares associated with these hard X-ray bursts (jolap-

eeobhysacad _Lata Prompt and Comprehensive Reports,
1909=1972) .

in conclusion, the present analysis of hard X-ray and
micrcvave bursts has identified a class of asultiply-
lspulsive solar events vhich consist of Dbasic impulsive
spikes, groups of which originate in localized flaring
rvgions. Further investigation of the fine structure within
regicns producing ccmplex flares will benefit greatly from
the use of observational equipment with good temporal and
spatial resoiution. Coincident cbservations with hard X-ray




imaging instruments and interfersmeters operating in the
microvave range are needed particularly to resolve the tasic
Aspulsive elements in these tursts, thereby increasing our
understanding of the undexrlying physical processes.
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Chapter 5
THE BOLE OF BETATRON ACCRLERATION IN COMNPLEX SOLAR BUBSTS

As is shown 4in Chapter 4, the wultiple-spike bursts
Comptisv two distinct classes: events vhose cosponent spikec
apparently ocrijinate in one locaticn, and eveats in which
gioups of spikes appear te we from separate regions which
tiate sequentially. The .+ 1 case is discussed in detail
iu Chapter 4, wusing two ;. . ific bursts to illustrate the
Characteristics of the grcup. The first part of the present
Chapter is devoted tc the former class of events, focussing
ou the seaich for the cause of wmultiplicity in emissions
trom a single source region. In the second part of this
Chapter, tne applicability of a specific model, initially
chosen as a possible explanation ftor the prcperties of the
multiply-ispulsive emissions, is evaluated in the context of
the sore complex, extended flare emissions. For the sost
part, wmodels which attespt to account for the intensity
variat.icns seen in  all tut the simplest bursts are
jualitative, and Jdo not provide quantitative wmethods of
evaluating their hypotheses. Several reports of
perrodicities or quasi-periocdicities in flare-associated
hard A-ray and msicrcvave erissicns have appeared in the
literature (gsds, Maxwell and Fitzwilliam 1973; Hoyng,
Brown, and van Beek 1976; 1lipa 1578), but the theories
proposed to explain these phenomena have been speculative
rather than analytical (gsds, Mclean gt _al. 1971; Wild and
swerd 1872).

lhe simplest explanaticn cf intensity variations within a
hard X-ray burst is that each spike represents a new
electron-acceleration event (see Chapter 3). Multiple
accelezations could result either from energizing of a
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separate population of electrons to produce each spike, or
tros repeated reacceleraticn of the same electron
population. The formar case is wsore compatible with pure
thick-target or thin-target sodels (gf. Sections 3.1.2 and
3.1.3, respectively), because in both models the electrons
are "lost"™ (by collisions or bty escape) and are J0t
available for reacceleration. The latter
case - reacceleraticn - necessitates a trap situation, in
vhich the initially-introduced distribution of energetic
elections lcoses its menbers sufficiently slowly that
repeated reacceleration can persist throughout the burst
duration. The reacceleration hygcthesis is attractive
because it does not require large numbers of electrons to
account for all tke intensity peaks. Hovwever, the erergy
requiresents are the same for beth successive accelerations
oL ftresh electrons and reacceleraticn of a single electron
population.

in a trap model dinvclving reacceleration, the analysis
relies on tever unknovwn juantities than in models inveclving
discrete "injecticns™ of accelerated electrons: once the
electron spectrum and number density are set at the
beginning, they can be determined at any other time during
tue burst. Furthermore, because the single source location
(L2€2+ the upper loop) must be consistent with the
properties of a trap (see Sectiocn 3.1.4), the physical
conditicns in the source can be assumed to remain constant
or to evolve in a well-defined manner. The symmetry inherent
inh most trap aodels also allows the propagation of periodic
or quasi-periodic disturbances within the loop. In
contrast, the models which assume separate accelerations of
Sseparate electron istributions to account for each
intersity peak require as many discrete sources as there are
intensity maxima; these models also lack inherent symmetries
to account tor pericdic tehaviour.
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The first serious atteapt %o incorporate the features
sentioned above in a quantitative trap model, and to apply
it to an otserved bhard X-ray burst, wvas sade by Brown and
Hoyng (1979) . Intrigued by the nearly periodic spacing of
Antersity saxima in the complex flare of 1972 August &4,
brown avd Hoyng proposed that a quasi-periodic disturtance,
causing repeated acceleraticn of trapped, X-ray-emitting
electrons, might explain the cbserved behavicur.
Uscillations in the magnetic field of the trap appeared to
be the most likely mechanism for inducing continual
reacceleration of the trayped electrons, according to Brown
(1973). Brown and Beyng specifically chose magnetc-acoustic
vaves, whicn travel along the field lines at approximately
the Altvén speed (gf, Section 4.3, Equation 50). The
iuteraction of the oscillating field with the energetic
electrons results in betatron acceleration of the particles,
S0 Dnawed Dbecause this process is respounsible for
accelerating particles in betatron machines. The ternm
“"petatrcn wodel"™ will be used henceforth for the model
developed by Brown and Hoyng, and for the adaptation applied
in the jpresent research.

in order to clarify the logical sequence of the material
comprisang tais chapter, a btrief preview of the results is
presented here. The purely impulsive events vere fcund to
show no siyns of betatron acceleration, according to the
Criteria described in Section 5.2.2. As a result, the
betatrorn model cannct explain the existence of periodic or
non-periodic multiply-peaked structure in complex impulsive
bursts. 1T1he serendipitcus inclusion, in this iritial study,
ot two events which manifest emissicns of both impvlsive and
uon-impulsive characteristics, also designated "two-stage"
bursts (see introduction and Section 5.4), 1led to a more
exciting discovery: during the initial fewv wminutes of the
second stage, the non-impulsive X-ray emission appears to be
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consistent with the predictions of the betatron-acceleration
sodel. 10 evaluate this preliaminary result more rigorously,
several intense tvo-stage events, also selected from the
Uol(~=5 data, vwere subjected to tle appropriate analysis and
comparison with the test criteria, as vas done for the
sultiply-impulsive events. The results of this study firmly
estaklish the identification of the betatron process as a
viable wechaniss for jprcducing the early second-stage
ewission, and verify the absence of betatron action in the
lupulsive stage. Faradexically, while attempting to
evaluate the betatron-acceleraticn sechanisa as a possible
Origin tor the wultciplicity of ispulsive emissicns, we have
identitied, ‘nstead, a mechanism which is conspicuously
absent in the iapulsive staye. Furthermore, this mechanisnm
appears to be a characteristic of the second-stage
emissions, and the unique signs cf its presence mpay serve as
anu ispreved sethod of identifying non-impulsive X radiation.

The retation model is described 4in Section 5.1, after
vrown and Hoyny {1975) and Hoyng (1975). The analysis
tecanique and criteria for testing the model are discussed
in sSection 5.2. Section 5.3 and 5.4 comprise the results of
the applaication of the betatron wmodel to the multiple-spike
bursts and the two-stage btursts, respectively. In Section
5.5, the interpretation of these results is presented. The
conclusions on the 1rcle of tetatron acceleraticn in solar
tlares are summarized in Section 5.6.

5.1 1HE BEIAIRON_BODEL

The general features of the betatron model, as they
atfect the burst evclution, are depicted in Figuzre 5-1. The
basic characteristics of a simple magnetic trap, as
described an Section 3.1.4, apply. For this model of
electron acceleration, the magnetic field is assumed to be
spatially uniform tut temporally varving. Magnetic loops on




| 1. INJECTION OF IMPULSIVELY-ACCELERATED ELECTRONS
INTO A TRAP (LOOP)

-

2. OSCILLATIONS IN MAGNETIC FIELD PROVIDE BETATRON ACCELERATION
OF TRAPPED ELECTRONS

3. FINAL STAGE = DECAY OF EVENT, REFLECTING LEAKAGE OF
ELECTRONS FROM TRAP, EXPANSION OF TRAP, ETC.

Figure 5-1. A pictorial representation of the betatron model, showing the physical
evolution of the X-ray source region,
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the Sun actually exhibit tipolar field topologies, with the
tield lines cenverging at the footpcints. The assusption of
constant magnetic field in the trapping region is satisfied
Ouly iu the upper part of a loop, vhere the expansion of the
tield is most negligible. For this assumption tc apply,
tuerefore, the esitting electrons sust be confined to the
top of a loop. Under these sisplified conditions, one~
disensicnal geceetry is adejuate.

The jarticles are accelerated by the electric field
associated vith the changes in the longitudinal sagnetic
tield (that is, time-dependent cscillations of the magnetic
field). Thrcughout the betatron phase (see Figure 5-1), the
entite trapping region essentially expands and contracts, as
would result from the passage of a @magneto-acoustic
disturktance thrcugh the lcop. It is reasonable to assume
that the scale length of the magneto-acoustic waves
tiavelling across the @asagnetic tield of the trap is wsuch
greater than the gyration (Larmor) radii of the energetic
electrons, and that the frequency of field osnillatien is
such less than the gyrofrequency. Hence the changes in
electron energy associated with their transverse soticn is
determined by the adiabatic invariance of their magnetic
somsents (gsds, Krall and Trivelpiece 1973, Apgendix 1.7).
ihus,

'J./“J.O - B/Bo ' (52)

where "o and W are the electreon energies due to motion
transverse to the wmagnetic field when Bo and B,
respectively, are the magnetic-field strengths. The
Juantities ‘10 and Bo represent the initial values of the
transverse energy and field strength, immediately tefore the
ouset of betatron acceleraticn. Througbkout this chapter,

the subscript "o" dencotes initial values of the relevant

L e
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paraseters. The effect of the fie)d variations on the total
energy, ¥, is given by the expression

NN W,
= (B/By) b, * 4,
= Wy (1 ¢ bE /) 0 (<9

vhere ¥, is the electron energy parallel to the magnetic
tield, and

b = (l/lo) - 1 . (54)

5.2  BAILQR OF AMALYSIS AND TESI OF IHE HODEL

10 show tie eftects c¢cf the betatron mechanisam as
wmanitested 1n the hard Y¥-ray evamission, the behaviour of the
electron spectrum resulting frem this process must Dbe
estatlished tirst. Thep, by adopting an appropriate
ewissicn model, the specific bebaviour induced by betatron
action con the electrons can be identified in the coincident
behaviour ot the X-ray spectrus. The predicted X-ray
characteristics are expressed in terms of parameters which
can be compared directly to X-ray observations of selected
events. Ihe X-ray data are interpreted Ly means of the same
enission wmodel as is adopteld for the betatron-model
calculations, to ensure ccnfistency between the format of
the scdel predictions and that of the observed spectral
properties. 1he division of this section into two parts vas
aictated by the need to introduce these bhasic parameters,
which are comsmen to toth the observational and theoretical
analyses, before entering the detailed lerivations of the
weasuratie ettects predicted by the tetatron model. Hence,
Section 5.2.1 is devoted to a description of the analysis
technigyue applied tc the X-ray data for each burst, while
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section 5.4.2 ccaprises ap inp-deptl derivation of the X-ray
Characteristics predicted by the betatron sodel, and the
sethed tor testing theso predictions for consistency with
the X-ray easission frcm ccemplex tursts,

5.2.1  Data _Apalysis

10 \nvestigate the temperal evclution of the X-ray
ealssion for a large set of events, it is necessary to adopt
a wsodel for the erission process which allows both
consistency vith the tepets of the betatron sodel and
calculational tractability. The actual choice is not
crtucial, sc long as the same process is retained throughout.
In a trap, some cceplex combination of thick-target and
thin~target caissicns aost likely applies; however, within
the confines of this analysis, the simplest case which is
aualytically tractable will suffice. In choosing betveen
thick-target and thin-target representations, it was noted
that the thick-target case jrovides the simplest wmeans of
relating the electron spectrum tc the photon spectrum: the
iustantaneous esissicn is independent of the density in the
trap (ls€s+ the target region), and does not rely on the
temporal evoiution of the electron energy distribution (see
sSections 3.1.2 and 3.1.3). 1In a sense, the selection of the
thick-target case provides a self-consistent means of
charactexvizing the electron and photon spectra, at each
moment, without necessarily representing the actual physical
situation in the source regicn.

The thick-target parameter ’('1)' introduced in Section
3.1.2, 1is used in the present analysis to characterize the
observed X-ray spectra in terms of the esitting electrons.
This parameter is defined as folloes (gf, Zquation 21):

Foy) = 2.0%103% A (y=1)2 BYy=1/2,172) W,=Y ,  (55)
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vhere "'1’ A8 the nusber flux of accelerated electrons
Aujected into the target region, with energies greater than
U0 A0 units of electrons s-\; ¢+ the hard X-ray spect)al
Andex; A, tone norsalization constant of the pover-lav X-ray
gpectrus, as defined by x(l)gll-7 (see Section 3.1.2); and
b(y=1/2,1/2), the Beta function, dJdefined in Equation 19,
ihe low-energy cut-ofi, ¥, , is taken to be 25 keV, slightly
belov the lowest energy of the hard X-ray observations used
here to detersine the spectrum. Substituting Il-RS ka¥V into
byuation 55 yields

F(25) = 2.0%00%% 3 (y=1)2 BOYy=1/2,172) (2% =Y . (56)

For the hard X-ray bursts studied, F(25) and Y vere
Calculated for each 0.2-seccnd interval by means of the
cosputer progras listed ir Appendix A. Although a least-
Syuares titting routine (as wvas u ed in the analysis
described in Chapter &) wvould provide the wmost accurate
detetminations of the sgectral index, Y, and the
normelizatiou constant, A, this procedure is far too time-
consuasing to be practical for analysis of thousands of
spectira. A less precise btut adequate technique wvas
iuplemented, wvherein is the weighted mean of the spectral
ludices determined tcr each pair of energy channels showving
Ssiguiticant 1lux abtove the noise level; a pair consists of
Chancel 2 and cne ¢f the higher-energy channels (see Chapter
4, labie 2-1). Tc avoid systematic errors induced by the
point=tc-pciat variaticn in the Fkighest-energy channel
contaiuing significant flux, the spectral index wvas
Calculated usging data fros Channels 2, 3, and 4 only. The
constant A vwas Jdetermined from the flux in Channel 2, I1(2),
the sean enecrgy of that channel, B(2), and the previously-
Calculated volue of VY, according to the following
expression:
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A= 1(2) (E(2)) (57

rivally, F(25) vas calculated using the relevant values of
and A and cyuation Se. A plot showing the evolution of
E(2%) versus Y then vas gepurated tor each event, and
searched tor indications of the pattern characteristic of
betatron acceleration (see next subsection).

5.2.2 precedure for Testing the Betatron fodel

Ip order to relate the expressions derived in Section 5.1
to the changes prcdeced in the flux and spectrum of the
energetic electrons, the original relationship betveen the
tiansveirse and total energies must be known, as well as the
A~ray tlux and spectrum at that instant. The former
reyuiresent corresgords tc deducing the initial pitch-angle
distribution of the electrons wvhen they where "injected™
(Aass the primary acceleration) into the trap, a
characteristic intrinsic to the physics of <this initial
acceleration precess. In the absence of definitive evidence
tavoring a particular model for the brief initial process,
Brown and hoyng (1975) adopt acceleration by a large-scale
eilectric field as a plausible choice. Under these
conditicus, W does not change with the action of this
primary electric field on the electrons, and is treated as a
constant tor the entire pcpulaticn of high-energy electrons.

ihe original betatron model thus is predicated on
injecting electrons with a particular anisotropic pitch-
angle distribution into a trap. Although direct electric-
tield acceleration is the most coammon example of this type
ot mechanism, it need not be the cnly possibility. Cther
possible acceleration wmechanises, inciuding those wvhich
yield isotropic pitch-angle distributions, are considered in
section 5.5, with eusphasis on the applicability of the
betatron model uader these alternative initial conditions.
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ihe assusjtion of a directed electric field, or any
process which results in the sase anisotropic pitch-angle

distribution, as the ipitial accelerating mechaniss is a
pivotal aspect of the wmcdel. Because electric-field
acceleration results in sealler pitch angles for the higher~-
energy electrons (Hoyng 1575), their electron energy is due
predcminately to wsotion jparallel to the wmagnetic field
(halar W, 224 ). The betatrcn-acceleration process,
however, acts only on the transverse electron energy (gf.
aquation 52). consequently, the changa in energy is the
samse for all electrons, but the fraectional change in total
euergy, W, 1s less for the higher-energy electrons. As the
magunetic field increases, the @sore numerous lcver-energy
electrons are accelerated proportionately more than those at
higher energies, so that the pover-lawvw electrcn spectrum
Steejens wvhile the instantaneous electron rate required to
account for the X-ray flux increases. The opposite
correlation obtains when the field Jdecreases: the lover-
energy electrons are decelerated most, resuiting in spectral
hardening and dJdecre¢asing electrcen flux. Thus, a plot
suoving the Ltehaviour of the instantancous electron rate
versus spectral index, resulting from the betatror-
acceleration prccess, would exhibit a curve of correlaticn
traced trom lov values of the electron rate and spectral
index to high values of tcth paraseters. The spectral
behaviour ascribed to the oscillating strergth of the
magunetic field, as descrited above, curresponds tc periodic
"wotion" up and dewn the predicted correlaticn path.

it ais0 18 necessary to relate the hard X-ray photon
spectrus to the parent electron spectruam. Because this
analysis is focussed on evaluating variations in the
observed tlux and spectrum, rather than absolute values, the
choice of a particular tors for the electron distribution is
not of critical importance. Fer simplicity, the work
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prtesented here adopts the pover-law electron number spectruam
usvd by brown and Hoyng:

£olRg) = (6= 1 (N8 ) (W /0 ) =P ' (58)

iL upits of electrons per unit energy. ¥ is the tctal
inatial number of electrons with energies greater than the
lov-cn::qy cut-of€, W) (see Section 3.1.2), such that

Ny = / Lolwg)diy , and &y, the initial electren spectral

w

index:s If continuity is assumed, the cosbination of
cquations 53 and 58 produces an expression for the spectrum
of the trapped electrons at any time during the Letatron-

acceleration phase:

L(W,b) = fo(ﬂo) (dﬂo/dﬂ)
= (6y=1) (Ng/8)) [(w=bu ) 8)=% , (59

it is assumed that ccllisicnal lcsses are negligible, over
the lifetime of the betatron-acceleration phase.

The total number cf electrons above energy '1' N(b), and

their effective spectral index, 6, at any time, are obtained
trom Equation 59 as follows:

N) = S f,b) aw
1
= No[1=(bwg/8,) 1= 0%t . (60)

pecause the spectrum given by Equation 59 is not quite a
power law, an effective pcwer-law index, 6(b), is defined to
characterize the actual electron spectrum. Following Hoyng
(1975), 6(b) is defined as the logarithmic point slope at
the lowest energy of cbservation, El. Thus,

8(b) = 8/[1=(b¥ o /E) ] - (61
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The spectrum defined by Equations 59 and 61 describes the
electron distribution in the trap and its spectral index, at
each mosent during the betatron phase. Because this
dastribution as assumsed to be conly wveakly affectel by
collisicns with the background plassa in the locp, the X-ray
emission can be Jderived directly from this electron
spectrus, without the modifications required by the thick-
target sodel (see Section 3.1.3). According to Prcewn
(1971), the electrcn spectral index, O, and the resultant
hard X-ray spectral index, Y, are reldated by the following
expLession:

8=y =172 . (62)

lhe ‘nstantaneous electron rate, r(ul). and the total number
oL electrons above the cutoff energy ‘l' N(b), obey the
tolloving projortionality:

F(W) & (y=3/2) n N(D) . (63)

vhere n 1s the ambient particle density in the trap (see
also Section J.1.2, BEquation 22). It is convenient to
eXjpress the relationship tetwveen r(ul) and N(b) in terms of
the ratios ot betatron-phase parameters to the initial
values; that is,

E(n) ZEgny) = [ 03207 00= /2 Jw/ng) (NI Mg ), (60)

vaere the subscript "“o" denotes initial values, as before.
ihe assumption of one-dimensional geometry implies that
u/no-a/to-lOb.

ah order to derive F/F, a5 a function of )/)b alone,
tather than of b, an expressicn relating b and Y is
required. aquaticns o1 and 62 yield the guantity b as a
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function of ¥, the lcvest energy of cbservation, nl. and the
Abitial transverse electrcn energy, '10' as fellows:

b= (=%)E/(r=1/2) ¥, . (65)

wence, &yuation 64 can be reexpressed, wvwith the aid of
Lyuatious 60 and 65, as fcllows:

E(ey) (y=372) =% I, =) E Y *"
cemeess &  eeeeeee. 1emencccnnn- - emenceceee § . (66)
Folwy) (7,=3/2) (r=1/2)4%, (y=1v/2) %

tor consistency with the work of Brown and Hoyng and with
tue thick-target paranmeter, P(Ul), defined by Equation 56,
the low-enerygy cut-off, “l' vag set at 25 keV. In the
context ot the 0OS0-5 observations, this is a reasonable
choice because it implies only a minor extrapolation telow
the energy range of the hard X-ray spectrometer. The lovest
channel used 4in thke 0S0-5 data analysis is Channel 2,
syanning the energy range 28 to 55 kevV (gf. 1Table 2-1);
hence, plazs kev. The initial transverse enerqgy, '10'
remains a free parameter which can be varied to ottain the
best possible fit tc the data (see Section 5.4). With the
abovementioned values for ‘1 and E, substituted into
Lquation 66, the (F,Y) relationship used for comparison of

tue betatron model with the CS50-% hard X-ray observations is
F(29) (y=372) (y=%) 28 (r=7,) =Yt
------ 2 wececnes Qlécccccccnns 1= coee=(1.12)F . (67)
I 0(15) (70-3/2) r=1/2) "o (y=1/2)

vhere W, 1s 1in units of kev.

for each event studied, the results of the (F,Y) analysis
ot the hard X-ray data (Section S5.2.1) and the (F,Y)
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correlation predicted by the betatron model (Equation 67)
aile used joantly to test for the presence of a phase of
betatron acceleration, in the fclloving manner. First, wve
wote that tue relationship expressed by Equaticn 67
describes a curve in the (F,Y) plane, from low values of
F(45) and Y to high values of both parameters (see, €.d.,
Fagures 5-1 and 5-6). The (F,,) plot characterizing the
burst observations then is examinel for visible evidence of
such a curve, as a prelisinary iadication of the possible
piesence of tetatron acceleratior Jduring some pertion of the
event. 1hose bursts which shov no signs of the (F,Y)
correlation curve defined by Eyuation 67 thus are identified
as non-ltetatron events, and are not candidates for further
ankalysis.

ihose bursts for which the (F,Y) plots exhibit the unique
pattern indicative of betatron acceleration are denoted
betatron events, and are investigated further to establish
the relevant properties of the lLetatron stage. For each
burst which exhibits a tetatron stace, the parameters !o(Zﬂ
and 7b ate Jdetormined observaticnally, from the hard X-ray
tlux and spectrum at the mcment vhen the betatron action
apparently starts (see Section 5.2.1). In the actual (F,Y)
paots, vhe Letatrcen-induced pattern appears as a general
tiend of moviung, from point to point, wup and down the
patticular curve; according to the model, this behavicur
retlects the rise and fall of the wmagnetic-field strength
during the trap oscillaticns. As a result, the beginning
(or end) of the betatron phase usually is distinguishalble as
the joirt where the observed (%,Y) path changes to (or frcm)
the test-fit predicted curve. 70 determine the (F,Y)
correlation cuive which Ltest fits the observed betatron
"teature" in the (F,Y) plot, the relevant values of ro(ZS)
and Yo are substituted into Fjuation 67, and various values
0oL the transverse electron energy, !“J. are tried. In this
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manner, the start tise and duration of the betatron action
AL these events, as vell as the initial value of the
cliectron energy perpendicular to the magnetic field, are
identified.

5«3 AERLJICAIION IC THE BULTIRLE-SRIKE BURSIS

A set or 20 multiply-impulsive hard X-ray bursts vere
selected from the ¢SC-5 data, for testing the betatron
wodel. These events vwere chosen from the larger set of
multiply-impulsive bursts, initially selected accerding to
the craiteria outlined in Section 4.1, by requiring
sutticient A-ray flux to allcw determination of the thick-
taryet parametecrs F (25 and Y throughout most, 4if not all,
0oL the event. Tabtle 5-1 lists the bursts and the time
pericds over which they were tested for the presence of
betatron acceleraticn, 1he test periods denote the time
span tor which the flux in 2 or more channels was above the
woise level, although minor "breaks"™ due to low flux above
Cuhanpnel 2 are included occasionally.

Au example of the (F,Y) plot obtained for a multiple-
spike burst, the ovent of 1970 March 26, is shown in Figure
5-2. ihe swooth, curved path predicted by the betatron
wodel (see section 5.2.2) is absent in this plot. Of the 20
events studied, only 2 evinced definite signs of betatron
acceleration in their (F,y) plots: 1969 April 26 and 1969
May 6. The (F,Y) plot for the April 26 event is shown in
Faguie 5-3 , with the Lest-fit curve predicted by the
betatron model (Eguation 67) superposed on the relevant
portion of the graph (Figure 5-3, Part 2). Due to the large
range of F(<5), about 3 orders of magnitude, the (F,Y) plot
for this event is presented in two parts, roughly
corresponding to the two stages of the burst. The
difterence betveen Figures 5-2 and 5-3 is obvious: even
without considering the tetatron model, the inmmediate
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1909 February 13

1970

197

implication is that the April
evident in
completely absent in the March 26 event.

phencmenon,

the May ¢ burst qualitatively resembles Figure 5-3,
dif ferent value of the
“10' the initial transverse electron energy,

Characterized by a

Late

March 21
March 22
April 20
May 6
May 29
June 6
March 1
March 1
March 1
Maich 17
daich 2o
May 20
June 28
July 23
August 18

Sejtember 8

May 3
August 21
August 22

TABLE 5-1

Timespan of Test Period

19:36:17 -

12:28:59 -

tit betatron—-action path.

20z 12: 44
19:43: 36
06z 44:04
23:02:58
02:38:48
19:39:08
16:C6: 01
05:01:26
13:59:10
20:03:59
05: 27: 06
17:27:11
11322215
20:00:29
18: 42:05
22:C7:08
12:30:04
14:12:05
09: 34: 01
07:50:09
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FCE BETATRON ACCELERATICN

20:13:135
19:44:29
06:45:40
23:09:00
02:44:42
19:41:47
16:07:28
05:03:51
14:02: 11
20:06:03
05:27:50
17:27:55
11323257
20:05:29
18:46: 31
22:08:03
12:30:39
18315213
€9:35: 14
07:52:0C

- 19:43:01

12:31:59

26 event manifests a physical

Part 2 of Figure 5-3,

which is

The (F,Y) plot for

but is

free parameter
for the test-
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ihe pext questicn is, of course, wvhat differentiates
these 2 eveuts from the other multiple-spike bursts? From
Apspection ot Table 5-1, one distinguishing feature is
apparent: the timespans over wvhich the 2 bursts vere tested
tor betatron action ltoth exceed 5 minutes, vhereas the
ma jority ot the remaining events (12 of 17) were tested for
periods less than 2 sinutes. However, this is not unique to
the tvo events which evince betatron phases: six other
wultiply-impulsive bursts had test durations cf over 2
@inutes, yet did not shovw signs of betatron acceleration.
Lonsequentliy, the lcnger duration of the betatron events may
be a "“pecessary but not sufficient"™ condition for the
presence of the betatron jrocess.

an additional characteristic must be found which

difterentiates between the betatrcn and non-betatron events.
40 vdentify the underlying cause, the nature of betatron
acceleration was considered, wvwith particular emphasis on
oLservaltle manifestations of the related physical grocesses.
“he most proeising line of investigation proved to be the
lgentificaticn of other flare-associated emissions which are
evidence tor the presence of the magnetic-field oscillations
tundamental to the betatrcn process. Such oscillations
could result from phctospheric activity, such as twisting of
the tootpoincts of the magnetic trap, or from the passage of
an energetic disturtance, such as a shock wave, through the
trap. The lack of H-alpha coverage wvith good spatial and
tesporal rescluticn during the last solar maximum prevented
further evaluation of the former hypothesis. The latter
hypothesis, howvwever, precvides a clue to another feature
distinguishing the betatrcn eévents.

The flare-associated phencmencn mcst commonly interpreted
as evidence ftor shock waves is the radio type II burst,
genetally cbserved at frequencies tLtelovw 600 MNHz (Kundua
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1965) . Meter-vave data were available for 15 of the 20
events studied; copies of the dynasic spectra vere
graciously supplied by Drs. HMaxwell (Fort Davis), Stevart
(Culgoora), and Urtarz (Weissenau). The radio racords were
searched for evidence of type II emission, resulting in the
identification cf type 1I bursts accompanying 7 of the 15 X-
ray eveuts. Of these 7 events, 1 burst included the start
ot the type il emission within the test period: the April 26
event. The 10-580 MHz dynamic spectrum, obtained by the
Fort Lavis (Harvard) BRadio Station, 4is shovwn in Figure 5-8,
together vith the *imse-intensity profile of the hard X-ray
burst. The type II burst began at approximately 2305.5 uT,
with furdameuntal emission at 120 MHz, vhile the stage of
betatron acceleraticn apjarently started at 2305.7 U1.
indirect evidence for the existence of a gperiodic
perturbation during the April 26 event is provided by the
Fcurier analysis of the hard X-ray emission (Lipa 1978), in
waich seveiral significant periods ranging from 22 to 71 s
were identified. \Also seen in conjunction with the April 26
event vere a succession cof chrceospheric brightenings, to
the rast ot the main flare, and oscillations of a nearby
tilasent, suspended ~10% km atove the flaring regicn
(Harvey, Martin, and Riddle 1574). These authors af firm
that one shock wave vas respcnsitle for both the radio and
tue optical phenomena, lending additional support to the
piLopcsed asscciaticn of a shock wave with the two-stage
event under consideraticn. Unfortunately, no meter-wave
coverage vwas available for the <cther betatron evepnt, 1969
Hay 6.
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5.4 AERLICAZION 10 THE INQO-STAGR RBORSTS

ihe association of a betatron phase in the hard X-ray
esission of an apparently-impulsive event with a seter-vave
type 11 burst complicates the interpretation cf complex
S0lar events, because type II emission traditionmally is
classified as a seccnd-stage phenosenon (gf. Frost and

vennis 1971). The concept of the two-stage opurst has
standard observational connotaticns, and is used, as such,
thloughcut the present work. For, clarity, a precise

defipition ot the tvo-stage phenomenon is presented here.

The distinct temporal characteristics and
interrelatiouships cof the flare-related hard X-ray,
microvave, and meter-vave epissions were identified soon
arter the advent of cocrdinated observations in all three
vavelength ranges (see, @.4., ¥Wild, Smerd, and Weiss 196)).
pased on the observed duration and fine structure, the flare
emissions each wvere assigued to one of two categories:
impulsive emissions, 4including rapid and "spiky" hard X-ray
and sicrovave events, wmeter-vave type III bursts, and the
“explosive" or "flash"™ phase seen in H-alpha flares; and
gradual emissions, including slovwly-evolving hard X-ray and
microvave eveuts, type II and type 1V meter-vave bursts, and
soft X-ray events. A correlation between the cverall
wmaynitude of a flare and its component enmissions also vas
uoted: small events tend to be characterized orly by
impulsive emissions, while large flares often include both
impulsive and gradval emissions. The fact that, for these
larye eveats, the impulsive ewmissions invariably were
observed betcre the gradual emissions led to the division of
these events into impulsive and gradual phases or gtages.
Hence, the term "twoc-stage" denctes a burst comprised of
both impulsive and gradual (second-stage) esissions. In

Py
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current usage, a two-stage hard X-ray event consists of the
Ainitial, ispuilsive-phase radiation, generally accospanied by
othe:r ispulsive esissicns (gss, type III Dbursts and
lspulsive wmicrovave events), followel by second-stage
radiation, generally asscciated with type II and type IV
enission.

The sultiply-impulsive bursts, Aintroduced in Chapter &,
vere selected solely on the basis of the appearance of the
hatd X-ray tise-intenpsity profiles (gf. Section 4&.1),
vithout consulting the ccincident coverage at other
wavelengths., As noted in the previous section, howvever, the
prtesence of type 11 enmission appears to be critically
associated with both second-stage emission and the presence
ot ltetatrou acceleration, S0 a closer look at the
sorphologically-chosen rultiple-spike Dbursts is required.
Accordiry to the criteria outlined above, the event of 1969
April 2¢ is a two-stage event: the initial phase of Y-ray
enission 1s associated with type III bursts, vhile the
second stage of X-ray activity is closely associated with a
type 11 burst (see Figure 5-4). Unfortunately, the lack of
meter~vave coverage for the Pay 6 burst prohibits a similar
procedure for observational verificatjon as a two-stage
event., it is evident that the nwcrphology of the time-
iuntersity jrofiles for hard X-ray events is not a reliable
indicator of the ispulsive or non-impulsive character cf the
enissions; the April 26 and May 6 events "look" as impulsive
as the cther hard X-ray tursts denoted multiply-impul sive,
and do not resemble the "classic" two-stage bursts (for
exawgple, Figure 1-1).

The relationship betwveen the twvo stages of flare-related

emissions and the underlying physical processes is poorly-
understood, at present. The terms "impulsive-stage
acceleration" and "second-stage acceleration™ have been

= i s s = e e —
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adopted, perhaps too eagerly, to denote the particle-
energizing processes in vhich the ispulsive-phase and second
stage esissions, respectively, originate. The implication
of a one-to-one corresjondence between acceleration
sechanises and temporally-associated ecissions wsay not he a
viable jpoint of viev, considering the complexity of the tvo~
stage phenceseuna. As suggested by the above discussion of
the April 20 event, "spiky"™ emissicn structures are not
necessarily characteristic of the canonical imspulsive-phase
acceleration processes alcne (see Figure 5-4). On the other
hana, flares which produce type II Dbursts do not
uecessserily produce signiticant asounts of associated X-ray
esission, avcributatle to second-stage acceleration.

1he Letation process is applied here to reacceleration of
the X-ray-emitting electrons, of energies belov a few
hundred keV. It is crucial to note, therefore, that the
betatron-acceleration mechanism considered here is not being
tested as a candidate for the elusive "second-stage
acceleration” process, vhich is the hypothetical physical
mechanism responsible fcr very energetic electrons and ions
observed in interplanetary space, in associaticn with large
scvlar flares. The possibility that a connection exists
betveen the petatron process and the mechanisas responsible
tor accelerating electrcns and ions to energies in excess of
! Mev aud 1 eV, respectively, is not ruled cut by the
present study, and is an intriguing subject for future work.

L0 Letter establish the connection between betatron
acceleration and second-stage emission, a number of large
tvo-staye bursts vere selected froe the 050-5 hard X-ray
data and subjected to the same analysis as the multigply-
impulsive eveuts (j.€., as described in Section 5.2). The
burst selecticn was aided by K. Frost (GS5FC), who had
identitied many of these two-stage events previously in the




125
course «I his own res rtch (g:9ds, Frost 1969; Frost and
veunis 1971). The events chosen, and the time _,ericds over
which tley vere tested for betatron acceleration, are listed
ih iable 5-2.

TABLE 5-2
Tw(~STAGE BUKSTS TESTED FOR BETATHON ACCELERATION

Lvent Date Test Timespan (UT)
1 1969 February 24 27312220 - 23:1%2:56
P February 27 13:56:55 - 13:57:58; 13:59:30 - 14:14:58
3 darch 1 21:40:40 - 21:49:26
“ March 21 01:49:42 - 01:59:06
5 darch 3C 02:47:08 - 03:C0:00
6 April 26 23302358 - 23:3-9:00
7 May 6 02:38:48 - 02:44:42
[*) November 24 09;14:08 - 09:27:%2
9 November 27 19:30:19 - 19:39:12

10 1970 July 20 19321522 - 113323 18

n August 12+ 20:18:26 - 20:28:%6

12 November 5 03:17:10 - V3:35:00
13 v?eceaber 11 10:27:35 - 10:31:02

14 1971 January 24* 23319215 - 23:36:00

—————————_ - ————————— - -~ —— -~

because the

13569 April
reclassitied as

they are included

26 and May
tvo-stage events (see
in the tables and in

this section for completeness.

asterisk were observed only for part of the entire flare,
due to the satellite entering

The events denoted by an

while the flares were in progress.

6 bursts

previous section),
the discussion of

or leaving the Earth's shadow

have been
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TABLE 5-3
GLSULLS CF BETATHCN ANALYSIS AND RELATED CHARACTERISTICS

Lvent 3*353 }*.109f a.§§!§3n’$!2.2ior) "'t-fit Periodic?

1 23115 23:13:09 100 oo
4 1404.3 W06z 23 75 No

3 2142.0 21342: 29 100 Yos
- 0150.0 ——— e Yes
5 0250.5 02:50:29 100 Yes
6 2305.5 23:05:56 50 Yes
7 (no coverage) 02:41: 00 100 ——
4 (bo coverage) 09:18: 34 100 -——
9 1932.0 19:31:19 75 Yes
10 none? (see text) 11:23: 54 75 Yes
11 2015.0 —-— ——- Yes
12 U3i264.0 03:24:40 100 Yes
13 1030.0 = ow o= Yes
14 2315.6 ——— ——— Yos

lable 5-3 summarizes the results of the test of the
betatron model for the two-stage events. The event numbers
arc¢ used tor convenience, and reter to Table 5-2. For each
event, labie 5-3 lists, wvhere apjplicable: the start time of
the assccioted type 11 emission; the approximate start time
and best-fit value of ¥, for the betatron phase; and the
presence of periodicities found by Lipa (1978) in the hard
A=LAay e§issicn. Those events fcr which there is a dashed
lipe in the "Poriodic?™ column were not analyzed by lipa
(197y) . AlL but one of the 14 hard X-ray events, that of
1970 July 4u, were accoapanied Lty type II bursts. "t is
interesting to note that type III drift pairs wvere reported
tor this event (Solar-Ggophysical__pata Prompt HKeports,
1970), a teature which closely resembles wveak type-II
eaission with "herringbone™ structure (gf. Kundu 1965). Due
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to the scatter of the (F,y) points throughout the betatron
phase, the best-fit start times and values of b are
esmpirical estimates cnly, and shculd not be taken as precise
parameters (see Section 5.9).

10 allustrate tte properties of the tvo-stage bursts
vhich ccutain a stage of betatrcn acceleration, the (F,Y)
piot tor Eveant 9, 1569 November 27, is shown in Figure 5-5.
A schematic representaticn of the general (F,Y) path
outlined during this burst is included in the upper-left
corner of rFigure 5-5, for ease in interpreting the more
complex waiu graph. The time-intensity prcfile for this
event, summed over the nine energy channels from 14 to 254
keV, 1s shown in Figure 5-6. 1he impulsive stage, from
19:30:19 to 19:31:19, is distinguisbhed easily, in Figure
5-6, by the lack cf the (F,Y) correlation path indicative of
betatron action, and by the cverall tread, vwith time, of a
significaunt decrease 4ir the value of ¥ acccmpanying a
saaller chanye in F(25) .The character of the plot changes at
approximately 1931.3 UT, coincident with a minor peak in the
A-ray intensity (see Figure 5-6). The three mgin peaks all
tall within a narrow racge of F(25) and ¥, followed by the
developwent of a smooth path leading from low to high values
ot both ¥ (25) and Y. The period identified as a phase cf
betatron action, characterized by the variation of F(2%) and
Y up and down this path, becins at approximately
19:31:15 Ui, and ends at 15:34:56, a duration cf 3.6
wipnutes. Also marked in Figure 5-6 are two (F,Y) paths
predicted according to the betatron model (Zquation 67), for
which the tree parameter ¥, equals 50 and 100 keV,
tespectively. Thereafter, the event decay is reflected by
the overall tendency towards lower F(25) and hicher ¥, with
the flux reaching the noise level at 19:39:12 0T. with
minor variations, this pattern for the overall evclution of
the (F,Y) path is exhibited by the other nine betatron

e e
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events as vell. Event 9 is somevhat ~typical, however, in
that the betatron stage apparently began before the
associated type II burst (see Tatle 5-3). This discrepancy
may reflect the wuncertainties in the tetatron start time,
which is estisated ly inspection of the intensity structure
and of the (F,Y) plot, and the uncertainties in the start
time rejported for the type II burst, vhich is often obscured
by other meter-vavelength 2missions and is a function of the
highest frequency cf observation. As is discussed in the
tolloving section, hcwever, this gap may be real, but does
not necessarily conflict with the requirements of the
betatror model.

Four of the 14 bursts shov no signs of betatron
acceleration during tha2ir evolution. Two of these non-
betatron events, 1970 August 12 and 1971 January 24 (Events
11 and '4) apparently began during satellite night, so that
the beginning stages of the hard X-ray emission were not
observed. lhe time~intensity profiles for both bursts
indicate that conly the decay phases were observed; thus, the
presence of a betatron stage at earlier times, wvhen X-ray
coverage was not available, cannot be ruled out. For the
1970 December 11 event, a definitive test for the presence
of Letatron acceleraticn cannot be performed, due to
instrumental effects. The time-intensity profile for this
event is shown in Figure 5-7, demcnstrating the rather
unique properties of the hard X-ray emission: an extremely
rapid iritiai spike, with the largest peak flux of any 0S0-5
hard x-ray burst, is followed by a general decay stage of
much lower intensity, containing several quasi-pericdic
peaks. i1he associated type II burst began at 1030 UT, well
into the decay phase. Between 1031.0 and 1031.9 UI, a gap
occurred in the hard X-ray coverage, so that the presence of
betatron acticn during this time cannot be ascertained. As
aiscussed in Section 5.3, a test-period duraticon of 22
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Figure 5-7. Hard X-ray time-intensity profiles for the unusual two-stage event
of 1970 December 11.
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sinutes wmay be required for the effects of betatron
acceleration to beccwese apparent, in the analysis technique
used here (section 5.2). If the start time of the type II
enission miynt e assumed to indicate roughly the inception
of the betatron acceleration phase, then a definitive test
cannot be made for the Lecember 11 event, because X-ray data
vere obtained only for 1 sinute after the beginning of the
type 4l burst.

The remaining non-betatron event, 1969 March 21 (Event
4), does not present an ancmalcus tise-intensity profile,
nor does it suffer from data gaps, so the apparent lack of a
betatron stage cannct be attributed to instrumental causes.
Lpon detailed investigaticn of the X-ray spectral evolution,
a4 unigue characteristic emerges: although the flux in
Channel 2 (aud, incidentally, the flux in Channel 1)

‘ exhibits a gradual stage of emission which reaches saximunm
iitensaity at approximately 0157 0T, this feature |is
practically non-existent in the upper chanaels. Thus, the
spectral evclution of the hard X-ray event changes
agrastically at ~0154 0T, more so than in any other tvo-stage
bursts analiyzed ‘ltere. The ccincident meter-wvave data

» provide further clues as to the origin of this unusual
behaviour , and hence, a reascnable explanation for the
absence of betatron acceleration in the hard X-ray source.
using the b0-MHz radioheliogragh, 158-MHz interferometer,
and 10-.00 4Hz dynamic spectral observations obtained at
Culgccra Observatory, Stewart and Sheridan (1970) analyzed

!
|

the complex type Il and type IV emission associated with the
parch 21 event. Their wcrk indicates that the type II

emission, whach began at C150 U1, and a moving type IV %
burst, beginnirg at 0154 ¢TI, Dboth were excited by a ccmmon i
{ shock wave ejected frem the flare region. Of particular
interest in relaticn tc the present work is the advent of 5
the moving type IV emission, which is temporally coincident
g7 .
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vith the stacrt of the "peculiar™ hard X-ray phase. It
appears that this gradual X-ray emission emanates from the
BOVing type-.V source, and not frcme electrons which are
eneryized by typical seccend-stage acceleration processes.
ihus, betatron acceleration, wvwhich acts on electrons in a
stable sagnetic trajy, would not be expected to apply in the
uuusual circumstances of the Manch 21 event. MNoving type IV
bursts also are associated with Events 1 and 3 (1969
February 24 aund March 1) but, in both cases, the radio event
began lony after the end ¢f the hard X-ray emission (Riddle
1970; schmahl 1973).

5.5  RASCUSSION

ihe Ltetation model has been shown to be generally
consistent wvith observations of several ¢twvo-stage bursts,
and particularly identified as a second-stage phencmenon.
iu this section, the quantitative jproperties derivel for
these events, according to the model, are critically
evaluated. ihe present discussion is concentrated on three
aspects of the betatron test results: the significance of
the presence or absence cf pericdicities in the betatron-
phase X-ray vwmissicn; the duration of the betatron stage;
and the ccmparison tetween the onset of type II emissicn and
the start of betatrcn action within the associated X-ray
source. These results alsc are ccnsidered in ccmparison to
the "originai" betatron event, ¢the great flare cof 1972
August 4, using the results reported by Brown and Hcyng
(1975), Hoyng (1975), and Hoyng, Erown, and van Beek (1576).
At the e€nd of this secticn, the initial cenditicns and
pLimary acceleraticn mechanism assumed by the original
betatrcr model are discussed, and alternative hypotheses are
ciitically evaluated. Brief attention also is devoted to
the post-Letatron phase cf the events under consideration,
and to the interpretation of the changes in (F,Y) behaviour
which cbaracterize this final phase.
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5-5.1  jpigppretation_of Periodic Bebavieur in Ive-stage

As noted Au Section 5.3, the existence of periodicities
iu the burst esissicn jrecvides further support for tho
betatron hypothesis. Multiple periods vere identified for |
those events studied by Lipa (1578), generally within the )
range 15 to 90 s (see Table 5-4 for relevant events).
vhtortunately, Lipa's aralysis vas not wvell-suited for
evaluating the detailed dynamical evolution of the periodic
behaviour; the 14-254 keV fluxes were analyzed in
consecutive 190-s segments, with no systesmatic attempt to
partiticn the bursts accerding to physically-meaningful
criteria (gsdss 4into impulsive and non-impulsive phases).
“he resvlts cf these Fourier analyses were reported only for
15 of the 28 events studied (Lipa 1978); thus, periods are
available for only 5 of the btetatron eveuts, although Lipa
reported the presence of pulsaticns in all but cne of the 10
betatrou flares.

ior svents 3, 6, 9, and 12, the betatron-acceleration
stage 1s included in a single 190-s test segment, thereby
alloving aetermination of the pulsation frequencies
speciftically when the betatrcn mechanism was operating. The
reportea pericds range from 12 tc 77 &, and usually differ
4l value andysor phase frcam the periodicities found during
the non-betatron gpnase of the same event. Event 10,
however, exhibited pericdic behavicur before, tut not
during, the betatrcn phase. This event (1970 July 20) |is
ancmalous 1ip ancther respect: no type II e€missior
accomspanied the X-ray event. Type IV radio emission, a
large ipterplanetary-protcn event, and a micrcwave post-
burst increase all wvere associated with Zvent 10, indicating
that 1t 1s, otherwise, a classic two-stage burst. Event 2,
1969 Fecruary 27, is classified as a non-periodic event by
Lipa (1978), but was acccmpanied by a type II burst.
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Analysis of a larger set of events, with coincident meter-
vave coverage, is necessary for further investigation of the
tequiresents and Jlisitations of the betatron-acceleration
pechanism.

Heyny, brown, and van Beek (1976) perlormed a dynamic
Fourier analysis cf the X-ray esission during the August 4
event. lhey found significant periods in the 41-53 keV flux
oL approximately 30, 60, aud 120 s during the early stages
ot the i-ray event, with the lcvest frejquency (~120 s)
persisting tor about 5 minutes. Fourier analysis of the
spectral evolution also tevealed similar periodicities in
the spectral index, Y . Assuming that the largest period
eyuals the time required tor the initiating disturbance to
traverse the trap (see Section 5.3), Hoyng (1975) deduced a
scale length of ~5x10% ks for the August 4 event. In
coasparison, the largest period found for a two-stage
betatron event, 77 s, yields a scale length of ~3x10% knm,
assuming the same Alfvén speed; the other betatrcn events
exhikit smallier periods, and thus smaller dimensions. The
twec-staye events are shorter and less intense than the
August &4 burst, so it is plausible that the region in which
the A-ray-emitting electrons are trapped might be smaller
tor the two-stage events as well.

Ideally, cthe pericds evident in the hard X-ray time-
iutensity profiles should be apparent in the (F,Y) plots as
vell. The scatter inherent in the derived parameters,
however, allovs grecss estimates, at best, of any periodic
variaticn of F({25) and Y during the betatron phase. Because
the magnetic-tield cscillations may change in amplitude from
cycle tc cycle, as was fcund for the August 4 event (Brown
and Hoyng 1975), the saxisum "excursion"™ of the (F,Y) points
associated with each oscillation alsc may vary; as a result,
the existence of jeriodic behaviour is obscurel farther in
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the sctual (F,y) plots. Although the (F,Y) plots theaselves
cannot be used to establish the existence of periodicities
in the Xi-ray parameters, some indication of periodic
behaviour can te obtained from plots of the evolution of the
indavidual quantities, F(25) and ¥, as a function of time.
For the representative events for which such plots were
made, visual inspection yields approximate periodicities, in
both F(<5) and ¥, wkich are consistent vith those derived by
Lipa (1578) trom the X-ray intensity alone.

It must be noted, however, that the presence of
periodicities in the X-ray esission does not guarantee the
presence of betatrcn action. Events 4, 11, 13, and 4 do
uot appear to include betatron phases, yet all vere found to
exhitit periodic tehaviour in their X-ray emission (Lipa
1978) . Furthermore, six cf the sultiply-impulsive bursts
s1sted in Table 5-1 were found to be periodic (Lipa 1978),
but do not iunclude betatron stages. It is clear that the
relationship betveen X-ray pulsations and the betatron
wmechanise is wcre ccmplex than initially supposed, and
Cannct be understocd thorcughly within the confines of the
sisple Letatrcn mecdel as originally proposed by Brown and
Hoynge. inis prcblem avaits toth theoretical and
Observational efforts tc inccrporate more realistic physical
conditicus aud effects into the betatron model, and to
develop more rigorous criteria for its applicabilaty te
relevant solar phencmena.

5.5.2 Jemporal Relationships of the Second-stage Esissions

For the 10 two-stage events found to include a betatron
stage, lable 5-4 lists the duration of the betatron-
acceleration phase, and the difference between the onset of
type Ii emission and the start of the betatron phase, both
il Wminutes. A negative value for this difference indicates
that the betatron action began before the appearance of type
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1i esission. Comparing the betatron-phase durations to the
total a-ray-esissicn durations, and to the duraticns of the
type 1. esissicn, yieldes no cerrelation betveen these
tisescales.

TABLE 5-4
CHAGACTERISTICS OF TWO~S1AGE EETATRON EVENTS
tart of Petatro hagse - Du o tro
Lvent :tcr o? type ii Qlinu €3) t’tglg ?ﬁx%ﬁ%%-f "
9

1 1.6 "
P, C. 4.
3 0.5 1.7
5 ~0 5.0
o 0.4 2.0
7 —— 2.0
u —— 2.7
" -0.7 3.6
1w (11.42) 5.4
12 0.8 2.4

ibe aistraibution of betatron-phase durations supports the
contention, criginally suggested in Section 5.2, that the X-
ray event sust last at least 2 minutes to be identifiatle by
tue jpresent seans of analysis. The shortest betatron stage
lasted for 1.7 minutes (Event 3), perhaps implying that an
event ot shoiter duraticn might not be capable of sustaining
auy tetatron acticn. The lcngest tetatron-stage duration,
9« 4 min(Evepnt 10), provides a measure of the lifetime of the
trapped electrons, because the lowest-energy particles must
remain in the trap as long as the betatron phase is observed
to last. The assumpticn cof a ccllisionally-domsinated
litetime for the trapped electrons gives an upper limit on
the trajp density (gf, Hoyng 197%5); for a 30-keV electron,
the ltetatron-phase duraticn cf 320 s yields a trap density
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of n,$2x10% ca~?. In comparison, the densities derived for
the single-spike impulsive events by Crannell gt al. (1978)
tange trom Zx10% to Sx10% ce~?, indicating that the single-
spike bursts originate in scmevhat denser loops than do the
tvo-stage betatror events. A possitle explanation for this
ditrerence is that the single-sgpike bursts are located
Aover in  the corona than the tvo-stage betatron events,
LibCce€ a higher density generally isjlies greater depth in
the solar atmosphere. On the other hand, the spike-turst
sources might bte denser locgs which coexist at ccamparable
heights with the less dense loops of the betatron events,
Coincident analysis of hard X-ray and aeicrovave esmission
piovided density estimates for the simple spike bursts
studied by Crannell gt _al. (1978). 1he application of their
technigque to several pultiply-impulsive events (i.¢., of
iable 5-1) indicates that the component spikes of the
wultiple bursts originate in regions whose densities are
Comparable to those found for the single-spike events. For
the tvo-stage event of 19€9 April 26, on the other hand, the
densities derived for the sources of the impulsive peaks are
consistent wath tle upper limit cn the Jdensity of the
second-stage source reyion, according to the 2 nrementioned
colliisicn~tige argument, The difference ii density thus
provides a possible explanation for the the apparent
restricticn of the tetatrcn frocess to the two-stage bursts
aione: the greater densities fcund for the multiple-spike
bursts say prohibit the formaticn and maintenance of the
betatrou-acceleraticn mechanisa, within the appropriate
sSouLce 1egions.

For the august 4 flare, Brown and Hoyng (1975) found that
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