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CHAPTER 1

INTRODUCTION

In 1950, Wild published a series of classic papers-describing
the properties of solar radio bursts at meter wavelengths, and
separating them into distinct classes (Wild and MeCready, 1950,
Wild, 1950). His observations over the frequency range 120-70
MHz were the first to be made with a sweep-frequency radiometer,
and confirmed the frequency drifting of the bursts previously
suggested by Payne~Scott, Yabsley, and Bolton (1947) Subsequent
observations extended the frequency range from 4000 MHz (Kundu
and Haddock, 1961; Thompson and Maxwell, 1562) to 5 MHz
(Sheridan and Attwood, 1962) Thas latter frequency 1s the cutoff
imposed by the earth's atmosphere.

Interferometric observations of fast drift bursts (Wild's
Type II) at a number of frequencies have clearly demonstrated that
the frequency of emission is inversely proportional to the distance
of the emitting region from the solar surface These observations
are satisfactorily explained as emission which occurs chiefly at the
local plasma frequency Because of the decrease in electron
density with increasmg radial distance from the sun, low-frequency

solar radio bursts origmate from very great heights in the corona



The development of spacecraft as scientific experiment
platforms provided the means for gathering radio burst data at
frequencies below the i1onospheric cutoff As early as 1960 a radio
astronomy experiment was proposed by the University of Michigan
Radio Astronomy Observatory, under the direction of Professor
Fred T Haddock, for the Orbiting Geophysical Observatory Series
0GQO-1, with the experiment aboard, was launched in September,
1964 The spacecraft failed to deploy 1ts appendages fulty and to
orient itself automatically toward the sun The attempt to extend
the radio astronomy antenna about 15 days after launch was
apparently unsuccessful No evidence of solar bursts has been
obtained from OGO-I The first reported low-frequency solar
burst observations from spacecraft were made using 1onospheric
sounder data from Alouette I at several discrete frequencies in the
10-1 5 MHz range (Hartz, 1964) The amount and quality of low-
frequency solar radio burst data were greatly increased two years
later with the successful operation of the University of Michigan
sweep-frequency experiment on OGO-III The data from the OGO-III
experiment constitute the observational base of this dissertation,
The University of Michigan Radio Astronomy Observatory eight-
channel radiometer aboard OGO-V, which was launched i March,
1968, has smce detected solar bursts to frequencies as low as

100 kHz



The OGO-II spacecraft was placed into an elliptical orbit
about the earth, with apogee at approximately 15 earth radii, Such
an orbit mimimized the data loss by i1onospheric effects and
occultation of the sun by the earth, thus permitting essentially
twenty-four hour operation. The antenna used was a thirty<foot
whip with a near-dipole radiation pattern, feeding a radiometer
which swept over the 4-2 MHz band every two seconds. Because of
the high radio noise conditions in the spacecraft environment the
dynamic range of the equipment was reduced from 60 db to 30 db

The solar radio burst data analyzed in this paper constitute
the first large sample at low frequencies, and are the only low-
frequency data obtained thus far by sweep-frequency techniques.
For the period June 7, 1966 to September 30, 1967, 218 solar bursts
were detected by the experiment Analysis has shown that nearly
all are of the fast drift type Type V contimnuum radiation, which
has been observed to follow fast drift bursts on occasion at hagher
frequencies, has been seen on the OGO-II data Type I soldr noise
storms are possibly present in a few cases Types II and IV have
not been observed

The availability of the OGO-III data in digital form has
permitted detailed quantitative analysis of the bursts at selected
frequencies. The burst data are plotted as a graph of output voltage
agamst time; such a simgle-frequency plot 1s referred to hereafter

as a "'radio burst profile' or simply a "profile'. These profiles



allow accurate determinations of the burst durations, drift rates,
flux densities, and other properties, with greater accuracy than 1s
normally achieved by analyses of analog sweep-frequency records
of solar bursts

Chapter II of this dissertation describes the OGO-III
spacecraft and the radio astronomy experiment The observed
properties of the golar radio bursts are described and 1llustrated
1n Chapter IIl. Chapter IV reviews the current state of knowledge
regarding the physical conditions of the corona at distances greater
than 3 RO (RO = solar radius), the characteristics of solar particle
bursts, and the properties of fast drift radio bursts as measured
by other observers In this chapter the evidence for the plasma
frequency burst hypothesis 1s also reviewed, and it 1s concluded
that the solar burst radiation observed by OGO-III originates from
coronal distances of 5.3to 6 3 R0 In Chapter V various theoretical
models for fast drift solar radio bursts are reviewed The growth
and development of the bursts 1s then studied as a function of the
burst emission bandwidth, the time scale of the electron injection,
and the temperature of the region from which the burst originates.
This appears to be the first attempt to study the combined effects
of these factors on the development of radio bursts, and has permitted
a consistent derivation of their values. Finally, Chapter VI compares
the observational results with the properties of fast drift bursts at

higher frequencies, and relates the bursts to the plage regions on



the sun from which the electron streams responsible for the bursts
originate. Implications of this work with respect to the density
and temperature structure and the morphology of coronal sireamers

are also discussed in the final chapter.



CHAPTER II

THE OGO-III RADIO ASTRONOMY EXPERIMENT

A The Spacecraft and Its Characteristics

Orbiting Geophysical Observatory OI, depicted in Figure 1, is
a rectangular alumimmum panelled box weighing approximately 1125
pounds, mcluding a total experiment weight of approximately 150
pounds 'Two solar arrays with Solar Oriented Experiment Packages
(SOEP), experiment booms, two telemetry antennas and one experi-
ment antenna are included in the major appendages of the spacecraft

In i1ts design configuration following full deployment, OGO-III
utilizes reaction wheels and gas jets to maintain an attitude with
respect to the sun, earth and orbifal plane such that its solar paddles
are normal to the sun-spacecraft line and the telemetry antenna
pointing is parallel to the earth-spacecraft line.

The spacecraft orbit selected enabled the vehicle to traverse
the Van Allen radiation belts twice during each orbit and to make geo-
physical measurements from near the earth to the region of cislunar
space. The nitial orbit achieved by OGO-III was very near that speci-

fied, with orbital elements summarized in Table 1:
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Semi-Major Axis 67635 km
Eccentricity 0.90133
Inclination 30.976°
Mean Anomaly 0. 109°
Argument of Perigee 312. 368°
Motion + 0 1005°/day
R.A. of Asc Node 101. 008°
Motion - 0. 06430/day
Anomalistic Period 2917, 5 min (48.6 hr)
Height of Perigee 295. 3 km
Height of Apogee 122219 km
Velocity at Perigee 38365 km/hr
Velocity at Apogee 1991 km/hr

Table 1. OGQO-II Orbital Elements, June 7, 1966.

The gravitational fields of the earth, moon, and sun exert a
continuous force on the spacecraft which gradually alters the orbatal
elements. The combined effect has been to decrease the eccentricity
of the orbit; thus the apogee distance decreases and the perigee dis-
tance increases somewhat with time. By October 11, 1867, some
sixteen months after launch, the eccentricity was 0. 8623, and perigee
and apogee distances were 2924 km and 119435 km, respectively.
These changes have no deiectable effects on the burst radiation re-

ceived by the radio astronomy experiment, which is msensitive to



orbital position except for the brief periods of time spent within the
earth's ionosphere, or when occulted by the ionosphere.

The data acquisition and transmission capability of the space-
craft was designed with the options of real time telemetry or playback
telemetry In the real time mode the spacecraft can transmit data at
rates of 64000, 8000 or 1000 bits per second (64, 8 and 1 "kilobits per
second", abbreviated "kb"), subject to the equipment constraints of
the ground stations in line-oi-sight at the time of transmission. When
operating in playback mode, the spacecraft records data on one of its
two on-board tape recorders at the rate of 1 kb, and transmits this
record to a ground station on command, at the rate of 64 kb Since
the second tape recorder can be operating during this transmission,
it is possible to obtain continuous data coverage throughout the orbit,

even when ground receiving stations are not in line-of-sight view,

B The Radio Astronomy Experiment Package

1 Concept of the Experiment

The purpose of the University of Michigan Radio Astronomy
Observatory OGO-III Experiment Package 1s to measure the radio
bursts incident upon an electrically short antenna m the frequency
band 4-2 MHz, with the objective of studying solar (and possibly

Jovian) radio bursts at these frequencies
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2 The Sweep-Frequency Radiometer

The receiver 1s of the electrically tuned sweep-frequency
transistorized type, with a two-second sweep period synchronized by
alternate one second clock pulses from the spacecraft. The receiver
bandwidth is 10 kHz, and the dynamic response approximately 60 db
Primary power for the receiver 1s 1. 75 watts and 1s provided by the
spacecraft The block diagram of the receiver is shown i Figure 2.

The first stage of the receiver (Figure 3) is located with the
antenna and its associated erection mechanism in SOEP #1, on one of
the solar arrays of OGO-III. This unit 1s composed of a radio-
frequency (rf) amplifier stage and 2 mixer stage with local oscillator.
Frequency tuning 1s accomplished by use of voltage tunable elements
in the tuned circuts,

The second stage of the receiver (Figure 4) i1s located in the
main body of the spacecraft. It consists of an intermediate-frequency
(1f) amplifier, detector and automatic gain control {AGC) unit. The
AGC unit 15 a cascade of synchronously tuned amplifier stages driving
a suitable detector. The amplifier stages are gain controlled by AGC
to provide the desired dynamic range.

The total weight of the receiver 15 2 25 pounds Dimensions
of the contamers are 1 inch by 2 5 inches by 6 mnches (first stage) and
2 inches by 6 inches by 8 inches (second stage)

The detector output is a signal which varies over the range

0 to +5 volts, as a function of the radiation flux mncident on the antenna.
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Figure 3. The First Stage Electronics. (UM/RAO Photograph)
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The voltage as a function of time (and of frequency, as a result of the
sweeping feature of the radiometer) is transmitted to ground stations.

The calibration of the output signal 1s discussed later in this chapter.

3 The Antenna and Its Reception of Radiation

The OGO-II antenna was constructed of beryllium copper, pre-
stressed to a cylindrical shape, and then wound onto a spool i the form
of a thirty-foot long strip After the spacecraft had been successfully
mserted into orbit, a ground command activated the antenna motor,
thus deploying the antenna from the spool. The pre-stressing caused
the deployed antenna to assume the standard shape of a long cylindrical
antenna.

The effective antenna pattern for the OGO-III antenna was
similar to that of a standard asymmetric dipole, because of the negli-
gible ground plane provided by the spacecraft. For a symmetric short

dipole the radiation resistance is given by
R 2
R = 30 (zL/2)

The OGO-III antenna {and that ef the sukbsequently launched

OGO-V) was 9.15 meters long. Thus at 3.5 MHz (A= 85.7 m),

er = 3.4 ohms

The deviation of the antenna from a perfect dipole causes the

radiation resistance to be reduced somewhat from this value In

the best judgment of Radio Astronomy Observatory personnel,
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Rr (CGO-III) = 2.8 ohms

4 Evaluation of Incident Flux Density

The flux density of a solar radio burst may be related to the

antenna temperature by the standard equation

47KT A

s = ,
v e

where K 1s Boltzmann's constant and G 1s the gain of the antenna

The determination of T AlS discussed later in this chapter

C. Calibration of the Experiment

1 The Calibration Concept

The radio astronomy experiment aboard OGO-III was con-
cewved as a scanning or monitoring instrument As such itwas con-
cerned primarily with relative intensity measurements over its
reception band Such an instrument 1s similar to most ground-based
sweep-frequency receivers, with two important exceptions. ¥First,
the sweeping rate was slow enough that the time constant did not
materially affect an output measurement over a narrow frequency band
Second, the data as received were already in digital form It was thus
possible to get an accurate value for the output voltage as a function of
frequency at a particular time, and the problem was reduced to one of
determining the transfer function for the system between the flux

density mnecident on the antenna and the output voltage
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Accurate determination of the system transfer function requires
knowledge of the antenna impedance This parameter was not mea-
sured 1n flight by the OGO -HI experiment and had to be estimated m
order that the transfer function might be specified An improved
means of calhibration became available 1n the spring of 1968 with the
launch of OGO -V on March 4, This spacecraft carried a University
of Michigan Radio Astronomy Observatory eight-channel stepping
radiometer, with the highest frequency channel at 3. 5 MHz The
antenna and its mounting were 1dentical to those of OGO-III A combi-
nation of good bench testing, complete measurement of electrical
parameters after installation on the spacecraft, and an in-flight noise
calibrator permitted specification of the characteristics of the equip-
ment within reasonable limits (MacRae, 1968) For selected intervals,
quick-look data from OGO-V and real time data from OGO-II were pro-
cessed A comparison showed two solar radio bursts which were com-
mon to both experiments It was then possible to estimate a calibration
for OGO-III by using the approximate OGO-V calibration and assuming

an equal flux density of radiation at 3 5 MHz at both spacecraft

2 Bench Calibration of the OGO-III Receiver System

a Calibration Techniques
Two distmct calibration seiups were used for bench testing.
In the "statie' calibration a fixed frequency signal was introduced
through a dummy antenna to the radiometer front end, and the output

fed io an oscilloscope. This setup was used to measure several
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specific parameters of the equipment, including the dynamic range
for a single frequency input, and the rise and fall time constants

The test setup for the "dynamic" calibration was much more
elaborate The noise source used was that initially designed for
testing the radio astronomy experiment aboard OGO-II (POGO) It
produced white noise, flat to within 1 db from 100 kHz to 3 5 MHz,
falling off slightly outside those limits The noise-diode current and
noise-amplifier gain were constant, so that a signal of constant voltage
was fed to an attenuator bank. The attenuators acted to simulate
radio bursts of different flux density levels by decreasing the noise
signal by measured amounts. The antenna was represented by a fixed
resistance and five capacitances The latter were used because the
characteristics of the antenna 1n free space were unknown. From
the dummy antenna the signal was fed to the radiometer.

The radiometer oufputs were connected to 22 kHz and 70 kHz
voltage-controlled oscillators (VCOs). In order to determine accu~
rately the beginning and the end of a sweep period, the two-second
sweep multivibrator output of the radiometer was fed into a 14 5 kHz
VCO. The outputs of the VCOs were then added 1n a resistive mixer,
and the resultant composite signal recorded redundantly on a tape
recorder. The calibration mformation was recovered by playback of
the magnetic tape, with the output of one of the direct-record channels

fed through the appropriate set of discriminators to a chart recorder,
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The radiometer output was calibrated by injecting a number of
precisely known voltages mto the VCO system in place of the radiometer
signal This permitted recovery of an output voltage from the system
during noise calibration which represented the system iransfer function
at specific values of the noise voltage, attenuation, and ambient tem-
perature,

From the dynamic calibration it 1s possible to construct the
transfer function for the radiometer In practice this 1s expressed as
the output voltage produced by a constant white noise signal under
specific levels of attenuation. The time and frequency limits of the
sweep are also derived from this calibration

The characteristics of the radiometer as derived from calibra-
tion data are discussed in detail in the following paragraphs.

b Dynamic Range

The dynamic range of the instrument 1s very nearly 60 db,
independent of temperature, although the response within that range
varies slightly with the thermal conditions. The voltage output for the
top 30 db of range is 3 0 - 4 2 volts. Below this range, the data
obtained in flight were obscured by radio frequency noise generated
aboard the spacecraft. The actual dynamic range over which observa-

tions took place, therefore, was approximately 30 db.
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¢. Time Duration of Sweep
The duration of the frequency sweep of the instrument was
measured against a crystal reference oscillator. The design value
of 2 seconds was reproduced consistently to within 1 msec.
d. Rise and Fall Time Constants
The radiometer time constants were measured by injecting a
square-wave signal into the radiometer, and photographing the

oscilloscope-displayed output At 25 OC the measured values are

t 0.91 msec
rise

teatl

3. 15 msec

These values vary by about 20% and 5%, respectively, at the exitremes
of temperature operation of the experiment aboard the spacecraft
Since all known types of low-frequency burst activity have durations
of several minutes or longer, the rise and fall time constants do not
significantly influence the measurements
e Frequency Limits

The center frequency of the radiometer at the beginning and
end of each sweep was determined by injecting a signal with frequency
spikes every 100 kHz into the radiometer. The output signal thus
contammed a peak every 100 kHz in addition to the radiometer keying
signal every 500 kHz The measured frequency range for full-sweep
operation was 2330 kHz, extending from 4150 kHz to 1820 kHz. In

the half sweep mode, the limits were 4150 kHz and 2980 kHz,
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respectively There were no measurable differences in these values
attributable to changes in local thermal conditions

f. Response Curve

Derivation of the flux density from a solar burst, based upon

the radiometer output voltage, requires the specification of the trans-
fer function of the entire radiometer/antenna package. In its most
convenient form, this will be given as a graph of the flux density as a
function of equipment output voltage. This curve 1s not directly avail-
able for the OGO-III experiment It is possible, however, to specify
its shape using the measurements of output voltage as a function of
signal attenuation which were made during the festing. With the form
of the curve known, determination of one point on the curve with known

flux density would fix the zero-point of the entire response curve.

3 Joimnt OGO-III/OGO-V Calibration

The procedure for calibrating the OGO-III radiometer through
the use of the OGO-V equipment was based on the assumption that the
flux densities observed by both spacecraft for the same solar radio
burst were equal The 3 5 MHz frequency was common o both radio -
meters and, for the two bursts observed in common, solar radial dis-
tance differences were negligible, The use of this approach results
in a calibration which 1s strictly valid only for the 3 5 MHz common
frequency The time-voltage plots for each spacecraft were con-
structed for each common burst from the data, and those of OGO-V

converted to time-T A plots through the use of the OGO-V calibration
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curve Comparison with the OGO-III time-voltage plots then per-
mitted an OGO-III calibration to be derived. By using the full range
of observed flux density values, the OGO-III mstrument was calibrated
over 1its total observed voltage range The result of this joint cali-
bration was that the limits of detectable solar burst radiation for the

OGO -IIT experiment were

9 15 1

28x107° <5 < 106x107"° watt m™?Hz"

D Data Processing

1 Analog-to-Daigital Conversion and Data Telemetry

The data acquired by the radio recerver are measurements of
only one parameter directly connected with the incident radiation at a
given frequency, 1 e , the mstantaneous voltage across the antenna
terminals This voltage 1s amplified 1 the first stage electronics
and passed to the second stage Here amplification and detection of
the signal take place, and an analog-to-digital conversion is per-
formed. The digital output 1s then sampled by the spacecrait data
system at one of three predetermined rates, and telemetered to
ground-based data receiving stations.

It is enlightening to examine the telemetry process more
closely. At the 1kb data collection rate the main commutator frame,
contaming 128 eight-bit channels, 1s sampled by the spacecraft
system every 1. 152 seconds., The channel time interval 1s thus

1152/128 = 9 milliseconds and the 1-th channel lags behind the first
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channel starting time by 91 milliseconds Channel assignments to
the radio astronomy experiment were 8, 26, 45, 64, 85, 103 and 120,
giving lag times of 72, 184, 405, 576, 765, 927 and 1080 milliseconds,
respectively. A true picture of the frequency sampling by the experi-
ment requires that these values be correlated with the 2000 milli~
second sweep period of the radiometer Reference to Figure 5 shows
that complete frequency coverage requires 26 sweeps of the radiometer
or a total of 52 seconds of observing time, and that some frequency
pockets are filled redundantly by the data handling process during this
period

The radio astronomy experiment package was designed with
the response characteristics necessary to permit sampling data at
the spacecraft telemetry rates of 1, 8 and 64 kb. This gives fourteen
data samples per two-second radiometer sweep at the 1 kb rate, 112
samples at 8 kb and 896 samples at 64 kb With a system bandwidth
of 20 kHz, the result 1s an eightfold redundancy at 64 kb, a nearly
complete sampling at 8 kb, and a spotty sampling at 1 kb

In each data channel eight bits are available for data trans-
mission, so that a maximum of 256 variations in the digital output
can be transmitted. Since the radio astronomy experiment was
designed lo produce an output voltage in the range 0 v g v, < bv.,
each datum increment represents approximately 0 02 volts This 1s
a technical constraint on the accuracy of the experiment, but, as

discussed in the previous section, it 1s not the controlling limat.
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Telemetered data are received by one or more of eight
existing ground stations which are m the line-of~sight of the space-
craft. Small antennas and associated equipment at some of these
stations Iimit the transmission data rates. The data received at
these stations are recorded on magnetic tapes, which are transferred

to the Goddard Space Flight Center for detailed processing

2 The NASA Experimenter's Data Format

Data tapes from ground receiving stations are processed at
Goddard on a2 Univac 1108 computer Iine. It 1s at this point that data
quality 1s checked, and the data from the different experiments
aboard the spacecraft separated. A tape 1s made for each experi-
menter. Each tape contains information concerning spacecraft
parameters of interest, time designators and data quality indicators,
and the data from the individual experiment.

The radio astronomy data tapes contain from one to six files
of mformation. Each file includes one label record of fixed length,
The label record format 1s standard for all experimenters It con-
tains, among other items, the day and year of observation, the
starting time of the observation 1n seconds, the data rate used and the
NASA designation of the master tape from which the data were gen-
erated. The data record format was specified by the University of
Michigan Principal Investigator. It includes the starting time of the
observation in milliseconds, the ambient temperature of the two

electronics packages and repeated samplings of the radiometer output
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Magnetic tapes recorded in the format described are 1nten-
tionally generated in a form which does not specify the subsequent
method or concept of data processing In the case of this experiment,
the flexible format permitted transfer of processing from an IBM 7090
computer {a 36 bit-per-word machine) to an SDS 930 computer (a 24

bit-per-word machine) without the necessity for rewriting the data

tapes

3. First-Pass Data Processing

In anticipation of a large quantity of data from OGO-III, the
reduction/conversion program was conceived with the aim of maxi-
mizing the ease of data scanning For this reason, the final output
medium chosen was 35 mm film mm 100 foot rolls Figure 6 1llus-
trates the sequence involved: the NASA data tapes are read into the
digital computer and a reformatted data tape produced for off-line
processing on the tape-to-film converter (TFC) The TFC uses the
tape to produce 1mages of the data on an oscilloscope and to control
film exposures on an oscilloscope camera.

The data processing involved in the SDS 930 computer 1s
essentially a three-stage process. In the first stage, data from one
data sequence (1.e , one sequential reading of the main commutator
channels) is checked to insure its quality and then placed in the proper
frequency ''pocket', analogous to the correlation technique used to
construct Figure 5 Any redundant data are averaged, and the result

placed in the appropriate pocket Unfilled pockets are then filled by
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interpolation Stage two of the program takes the ''line" of filled
frequency pockets and adds timing marks, bit error indicators and
camera control codes. Stage three consists of writing the output
tape with a specially formatted output from stage two, along with
title frames generated from the data tape label records.

Analysis of the dynamic spectra produced by this procedure
consists of visual scanning of the films with the aim of 1dentifying
the distinctive radiometer output resulting from solar radio bursts.
The date and time of the burst are noted, the time being given to
approximately + 0 5 minutes, and a qualitative description of the
type and intensity of the event 1s assigned. This information is used
as a gulde for the more defailed second-pass processing, which
concentrates upon the significant events detected and briefly

described by the preliminary data analysis.

5. Second-Pass Data Processing and Analysis

Second-pass data processing consists of taking the qualitative
information provided by the prelimmary analysis and usmmg it as a
guide to recover as much quantitative mformation as 1s available m
the experimental data. Using the event times indicated by the initial
data scan, a small amount of data is read from the data tape into
computer storage. The radiometer voltages corresponding to
several chosen frequencies are then plotted as functions of time,

usmg the on-line CALCOMP plotter,
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Two factors contribute to the possibility of an individual fre-
guency pocket containing data which do not represent the true flux
density of radiation on the antenna as a function of time and reception
frequency The first factor 1s the inability of the experiment to pro-
vide coverage of more than a few frequencies in a short period of
time To retain time resolution, unfilled frequency pockets are
filled by mterpolation from nearby filled pockets This 1s satisfactory
only if pockets near the frequency in question contamn good data. The
second factor 1s the frequent occurrence of 'data dropout’ due to
imperfect telemetry which results in either bad data or no data at all
for these points.

To minimize the statistical effects of poor data and still retain
the time resolution inherent m the experiment, the 100 frequency
pockets are combmed by averaging into 20 frequency pockets prior
to interpolation The second-pass processing thus reduces experi-
mental resolution in frequency to 100 kHz, while retaining time reso-
lution of one to three seconds, depending on the data rate.

From the plotted output the following mformation about the
solar burst event is recovered: flux density as a function of frequency,
burst initiation time, drift rate and burst duration These 1tems pro-
vide direct quantitative information concerning the energy dissipation

of the low-frequency solar burst
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E. Spacecraft and Experiment Operation

1 The OGO-I Spacecraft

The spacecraft was satisfactorily launched on June 7, 1566 and
functioned without any significant problems for 46 days after launch.

At 1804 UT, July 23, 1966, a short circuit occurred in one of the ampli-
fiers in the reaction wheel attitude control system (ACS), causing the
solar array paddles to lock into place. This prevented the spacecraft
from maintammg solar pomting, which resulted 1n a decrease in the
power output from the sotar cells and curtailment of the operation of
some of the experiment and housekeeping functions aboard the space-~
craft.

The OGO -III spacecraft retained some reorientation capability
due to the continued availability of the supplementary gas jet ACS.
Using thas capability, the massion control center placed the spacecraft
in a controlled spin about the Z axis of the vehicle (mutually perpen-
dicular to the line connecting the solar paddles and the line parallel to
the length dimension of the spacecraft). This enabled the solar paddles
to view the sun during a portion of the spin and to provide enough power
for quasi-normal operation of the scientific experiments. As the
earth-sun vector changed during the passage of time, successive reor-
1entations became necessary i order to maintain an adequate power
supply. These were accomplished by repeated use of the gas jets,
together with the utilization of knowledge of the precession introduced

into the spacecraft orientation during re-spin operations. Such
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reorientations have been necessary at about three-month intervals
since the ACS failure,

The effects of a spinning spacecraft may complicate the data
analysis which has been discussed previously. This is due chiefly to
the directional response pattern of the antenna. A point source which
lies end-on to a dipole antenna will not produce an ouiput at the antenna
terminals. Therefore, if the sun 1s nominally in the plane of spmn of
the spacecraft, the response of the detection system will be influenced
by such factors as the spin rate and the exact antenna pattern. In the
actual case of OGO-III, the solar paddles happened to lock mnto posi-
tion 1 such an orientation that the solar cell surface was approximately
1n the spacecraft spin plane. Subsequent reorientations were designed,
therefore. to place the spacecraft in an orientation in which the sun-
spacecraft line was approximately parallel to the spin axis. The sun
was thus well within the antenna pattern of the radio astronomy experi~-
ment Except for brief periods prior o reorientation maneuvers,
this positioning has been maintained The effects of the spacecraft
spin have thus rarely been detectable on the radio astronomy data

The loss of positive spacecraft pointing had one significant
consequence for the radio astronomy experiment The highly direc-
tional data transmission antenna was originally earth-oriented, and
allowed data at high data rates to be transmitted from most segments
of the orbit. With the loss of earth-pointing, i{ransmission began fo

be made exclusively by the less efficient omnidirectional {elemetry
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antenna The effect was to reduce the percentage of high-data-rate

data, transmission of which became possible only near perigee.

2, The Radio Astronomy Experiment

The equipment package for this experiment was designed to
operate over a dynamic range of 65 db, producing an output signal
ranging from zero to five volts The first limitation on the experi-
ment was anticipated by pre-launch tests and confirmed shortly after
launch, when 1t was found that the output noise level coming from the
spacecraft environment of the package was nearly three volts. The
dynamic range of the experiment was thus cut approximately in half,
thereby decreasing the detection possibility for low intensity events.

A second limitation on the experimental data 1s the method of
repeating the sweep through the frequency range. The spacecraft
clock furnishes pulses every second to the experiment, which was
designed to begin a new sweep after receiving two timmng pulses.
Forty-five days after launch, however, the spacecraft power supply
began to develop transient pulses which were interpreted by the
experiment as timing pulses. Since these pulses were frequent, they
often arrived just after the first timing pulse, causing the radiometer
to return to 4 MHz reception after only one second of sweep operation
rather than the two second sweep operation designed., The result is a
series of frequency sweeps :frorr; 4 MHz to 3 MHz with repetifion time

of one second, rather than two second sweeps from 4 MHz to 2 MHz.
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Time resolution is thus mcreased by a factor of two, while the fre-
quency band 1s decreased by the same amount

The reduced sweep problem was first noted at 1700 UT on
July 22, 1966. It is worth noting that this 1s one day prior to the
failure of the ACS; the two malfunctions are apparently not directly
comnected From the time of first incidence, the percentahge of data
containing only the 4-3 MHz band increased steadily; by October 10,
1966 the radiometer was operating entirely in the one-second sweep
mode. This obviously decreased the mformation available for mea-
surement of impulse drift rates At the same time, it permitted
mcreased accuracy for measurements of burst initiation times and

burst durations.



CHAPTER III

OBSERVATIONS OF SOLAR RADIO BURSTS

A Data Characteristics

1. Time Coverage

Over the time covered by this study, the radio astronomy
experiment was in operation and in one of the three data rate modes
for 90 8% of the possible hours of operation (see Table 2). Time
gaps in the data do not follow a set pattern, but they are more likely

to occur near perigee when the spacecraft 1s subject to occultation

-
s

by the earth, as seen from the ground stations.

2 Detectability Limits

It has been stated i1n the previous chapter that the flux density
detection limit for the OGO-III equipment 1n 1ts operational configura

2zt This high threshold

tion 1s approximately 3 x 1071 watt m™
indicates that only the more intense solar radio bursts will be detected.
Therefore, it must be remembered that these bursts specify coronal
conditions which are probably significantly different from those of
the quiescent state.

In connection with this detection limitation, it 1s mmteresting to

note that, in general, the strength of a burst bears no relationship to

its other characteristics. That 1s, a strong burst 1s likely to have

32
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Hours of Fraction
Hours in OGO-IIt of
Month Month Operation Operation

June, 1966 4251 422 0. 99
July 744 577 0.78
August 744 528 071
September 720 720 1. 00
October 744 T42 1. 00
November 720 720 1.00
December 744 688 0.93
January, 1967 744 678 0.91
February 672 604 0.90
March 744 735 0.99
April 720 T15 0.99
May 744 674 0.90
June 720 674 0.94
July 744 697 0.94
August 744 683 0 92
September __ 120 __474 0. 66

TOTALS 11393 10331 0 91

Table 2 Monthly Hours of Operation of the

OGO-III Spacecraft

1 From time of antenna deployment
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the same duration, drift rate and spectral energy gradient as a weak
burst. The major exception to this tendency appears to be that strong
bursts are more likely to show clustering than are weak bursts
(Maxwell, et al., 1960). For the purpose of this discussion it will be
assumed that the drift rate of the burst and the form of the burst profile
apply also to weaker bursts at low frequencies, although these have

not been studied by the author.

The distribution of bursts as a function of relative energy out-
put can be regarded as representative of the stronger bursts only.
Finally, implications drawn from observations concerning the state of
the corona are regarded as significant only in describing a corona in a

highly disturbed state

3. Data Quality

When the spacecraft 1s near perigee, onospheric noise over
the receiver band 1s detected for a period of up to two hours before
and after the time of perigee passage During ihis period only the
strongest solar bursts are detectable on the data records The effect
decreases rapidly as the height of perigee increases, and is of con-
sequence 1n the case of OGO-III only for about six months after launch,
as a result of the gradual decrease 1n the eccentricity of the space-
craft orbit. Table 3 shows that the number of bursts observed by the
spacecraft varies directly with the amount of time spent in each radial
distance range The implication is that ionospheric noise has essen~

tially no effect on burst detection statistics; if it had, the detection
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data would show a bias toward occurrence at large radial spacecraft
distances.

Use of the spacecraft omnidirectional telemetry antenna 1n
place of the high gain telemetry antenna results in considerable
amounts of "bad data” These are data in which missing or incorrectly
received telemetry bits distort the appearance of the experimental
data to such an extent that recognition of solar events is seriously
impaired Experience has shown that strong events can be detected
even on distorted records, but that events of lower intensity are lost
in the telemetry noise

To determine the amount of burst information lost, six data
samples of 200 hours each were selected from various time periods
of the sixteen months under study. The data were divided into ""good"
and 'bad" The criterion for '"good" data was that Importance 1 2
bursts should be unambiguously visible. Importance 2 and 3 events
were visible on nearly all records; the amount of data so severely
distorted that a major event was undetectable was less than five per-
cent. The percentage of good data under this standard averaged 33%
and was essentially constant as a function of time The conclusion
17

reached 1s that coverage of bursts with flux density > 4 4 x 10~

watt m~2Hz "1 (the Importance 2 mean level) 1s §1% complete and 1s

2 Importance ratings are qualitative estimates of the intensities of
solar radio burst on the photographic data records. Table 6 gives
the corresponding quantitative flux density limits.
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No. of
0GO-II1 Percentage of Time
Spacecraft Events Percentage in This Part
Distance Detected of Events of Orbit
0 - 1x 10* km 3 1.5 2.0
1-2 4 2.0 2.3
2-3 6 2.9 2.8
3-4 3 1.5 3.1
4 -5 16 7.7 3.5
5-6 7 3.4 4.1
6 -1 8 3.9 5.0
7-8 11 53 6.2
8 -9 18 8.7 7.2
9 -10 13 6.3 8.1
10 - 11 25 12 0 10 3
11 - 12 32 15. 4 14.5
> 12 62 29. 9 30 9

Table 3. Solar Burst Detection as a Function

of Spacecraft Distance. >

Iimited only by the spacecraft time coverage. For bursts with

17 1 19 1

4 4x 10 " watt m"sz" > sv > 3x 10 "7 watt m'2Hz‘ the

coverage is estimated to be (91%) (83%) = 30% complete

3
No orbit information 1s available for the spacecraft at the times
of ten of the solar radio bursts
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4. Effective Time and Frequency Resolution

The time resolution limit for the OGO -III experiment is set by
the telemetry rate and, as discussed in the mstrumentation section of
this paper, by the location of the data words assigned to the experiment
on the spacecraft main commutator frame, The long time scale of
low-frequency solar bursts and their wide bandwidths, compared to
the time constants and instantaneous bandwidth of the equipment, per-
mit some averaging of data in both frequency and time without a signifi-
cant loss of information. Such averaging tends to smooth anomalous
data bits due to poor data transmission, radio frequency interference,
ete.

In this analysis tame and frequency resolution limits are set
by the method of data treatment in the second-pass program In this
program the outputs from the radiometer are analyzed for twenty
frequency mtervals, each having a bandwidth of 100 kHz. The radio-
meter output voltage of any one of these intervals 1s then plotted as a
function of time For 1 kb data, the voltages from three scans are
averaged, and the time resolution is 3(1 152 sec) = 3 456 sec.
Fourteen scans are averaged for 8 kb data and one hundred twelve for
64 kb data; the time resolufion 1s 8(0 144 sec) = 2.016 sec and
112(0. 018 sec) = 2.016 sec, respectively. These limits are well
below the anticipated burst bandwidths of several MHz and burst dura-

tions of several minutes
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B The Fast Drift Burst at Low Frequencies

1 Frequency of Occurrence

Analysis of the sixteen months of OGO-1II data has resulted in
detection of 218 solar radio bursts, or about one burst for each 50
hours of operation The number of bursts in each month is given 1n

Table 4

2. Spectral Appearance of the Events

The appearance of fast drift solar spectral events at low fre-
quencies 1s sumilar to that seen 1 higher-frequency observations.
In the standard format, frequency is plotted vertically and mcreases
from top to bottom and time 1s plotted horizontally, increasing from
left to right. Figure 7 illustrates the format, i this case for data
contaming a powerful solar burst The time scale along the horizontal
axis 18 i minutes, the space between each tick mark representing a
one~minute interval This positive print shows enhancement as a
function of mncreased signal to the radiometer The increased signal
from about 2 to 2. 3 MHz 1s ambient radio frequency interference from
the spacecraft The solar burst 1s double, presumably mdicating
two separate excitations of the coronal region producing the radiation.
The data during this time period were taken at the 8 kb rate; because
of the averaging of redundant data the appearance of 64 kb data is
similar to the 8 kb data

At the 1 kb data rate the appearance of bursts on the spectral

records undergoes time compression, as seen i Figure 8. ,On these
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Figure 7. Dynamic Spectrogram of a Low-Frequency Solar Radio Burst.

(UM/RAO Chart)
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Number of 4-2 MHz

Month Solar Burst Events
June, 1966 12
July ‘ §
August 3
September 13
October 8
November 4
December 11
January, 1967 -
February 13
March 39
April 12
May 4
June 16
July 50
August 15
September 4

218

Table 4. Monthly Summary of Solar Burst
Events Detected by OGO-III.

records the drift of the burst onset from higher to lower frequencies
can be seen only with difficulty. Second-pass processing is thus
absolutely necessary for the derivation of quantitative values from

low data rate information.
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As has been discussed previously, the OGO-III radiometer
shifted from a 4-2 MHz sweeping mode into a 4-3 MHz sweeping mode
after several months of operation, due to transient pulses in the
spacecraft clock. The resulting dynamic spectrograms contain two
virtually identical 4-3 MHz bands, since the data time separation
between bands is only one second. An example of the appearance of
these data at the 1 kb rate is seen in Figure 9.

Finally, Figure 10 illustrates the appearance of strong solar
bursts on bad data records. On this 1 kb data segment, the markings
in the time indication portion of the record signal the absence of com-
plete data coverage (presumably due to insufficient power radiation by
the omnidirectional telemetry antenna; the spacecraft was within
1500 km of apogee). It is clear from this figure that a powerful event
has taken place. It is equally clear that the characteristics of the
event are completely obscured by the very high noise to signal ratio.
Detailed analysis of the noise level shows that it is above the output
level of most of the weak bursts detected on other data records.

Second-pass processing involves scanning the original data at
one frequency only, and plotting the output voltage as a function of
time on a greatly expanded time scale using the SDS 930 computer
interfaced to a Calcomp 565 plotter. The result permits much more
accurate quantitative measurement of parameters than can be made
from the photographic method of display. An example of the plots

produced by this method is shown in Figure 11.
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Figure 9. A Solar Burst with 4-3 MHz Band Redundancy.




Figure 10. The Appearance of Strong Solar Radio Bursts on Bad Data Records.
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Figure 11. A Monofrequency Burst Profile Produced
by Second-Pass Data Processing Techniques.
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3. Drift Rates

To determine the rate of drift of the burst impulse across the
4-2 MHz frequency band, 42 burst events were 1nvestigated in detail
usig second-pass processmng. By making a series of single-frequency
plots for each event, the increase in the signal as a function of
time can be followed through the OGO-III radiometer pass band.
Seven of the 42 burst events investigated were multiple in nature,
permitting two drift rates to be unambiguously derived Thus 49 sets
of single-frequency plots are available for analysis.

The accuracy of the derived drift rates 1s not the same for all
events, since more accurate results are obtainable for events which
were observed at high telemetry rates, preferably at times of low
mierference To an extent, the accuracy is a function also of the
signal-to-noise ratio of the burst, since a strong signal enables more
precise measurement of starting times for the burst under study.
Finally the profile of the burst.affects the results to some degree, as
a sharp rise to maximum 1s more easily measured than a gradual rise
of the same magnitude

All drift rates were measured trom the initiation time of the
burst rather than from the time of maximum. The former 1s much
easier to defme on the data plots, and the flat response of the radiom-
eter over the reception band prevents distortion of the drift rates due

to the response curve
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The average value for all drift rate measurements is
0.095 + 0.010 MHz/sec; at this rate it would take 21 seconds for a

burst impulse to drift across the OGO-III band from 4-2 MHz.

4, Duration of Bursts

Two distinct methods can be used to measure the durations of
solar radio bursts If a very accurate instrumental calibration is
available, the e-folding time of the burst can be measured Alterna-
tively, the complete detected extent of the burst can be measured. In
the second method, the assumption 1s made that for a high noise~to~
signal rati1o the e-folding level 1s not seen, and the measured duration
1s thus a lower limit to the duration Because of the calibration accu-
racy which has been obtained, the first method 1s used here

Duration measurements were made for each of the 49 burst
events studied in the drift rate analysis A study of the data suggests
that the 3 5 MHz durations are the least distorted by spacecraft inter-
ference; for that reason they have been subjected to a more intensive
analysis and correlation than durations derived for other OGO-II
frequencies

The mean values of burst duration from the time of burst
maximum until decline to é of the maximum level as a function of
frequency are given m Table 5 The number of measurements differs

with frequency as noted The small number of measurements below
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3 MHz is due to the instrumental mode change early in the life of the

spacecraft
Number of

Frequency Measurements Mean Duration
4,0 MHz 42 20.9 + 1 7 seconds
35 49 23.3+ 14

3.0 33 211+ 16

25 6 23,0+ 21

20 4 256 + 23

Table 5 Burst Duration as a Function of Frequency

5. Burst Harmonics

Harmonics may be expected to be seen m either of two ways
on the OGO-III data. If the exciting mechanism produces measurable
radiation at all frequencies m the 4-1 MHz range, both fundamental
and second harmonics should be detected in the OGO-III reception
band. Secondly, second harmonics of the 2-1 MHz band which are
produced under conditions in which the primary radiation 1s absorbed
will appear on the OGO-III records as single bursts, but with the
characteristic drift rates and burst durations of the 2-1 MHz region
from which the radiation origmates

The characteristics of data in which both fundamental and

second harmonic radiation are detected in the 4-2 MHz band can be
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predicted through the use of the burst harmonics model developed in
Chapter IV The values for the second harmonic of the 2-1 MHz
emission have been derived using the Malitson-Erickson (1966)
coronal density model. The results are that, in the 4-2 MHz band,
the time lag between fundamental and second harmonic radiation at
the same frequency should be of the order of 20 seconds, and the
drift rate of the second harmonic radiation should be of the order of
0 04 MHz/sec Since typical 1/e burst durations in the OGO-III band
are equal to or greater than the predicted time lag, the second har-
monic must be of the same order of magnitude in terms of flux density
level in order to be detected Only one fundamental-harmonic pair
has been detected with certainty i the OGO-III data The burst pro-
files of this event at 0 5 MHz intervals are shown in Figure 12.
Although the data sample 1s limited, such burst pairing does not
appear to be common at 4-2 MHz,

In the data sample for which studies of burst durations and
drift rates were possible, no evidence was found to indicate the
presence of second harmonic bursts without their associated funda-

mentals being present

6 Energy Spectra

Detailed processing of data for 42 solar radio burst events
provided flux density data for 61 individual bursts. The additional
19 data points resulted from burst clustering within the events The

characteristics of low-frequency bursts are most distinct 1n or near
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the center of the frequency band, as opposed to those precisely at the
beginning or end of the frequency sweep For this reason the flux den-
sity results at 3 5 MHz have been studied in some detail These pro-
vide data both prior to and subsequent to the changeover from two to
one second sweeping. The average maximum flux density and the

range in maximum flux density as a function of  OGO-III burst impor-

fance 1s given m Table 6.4
Range of
OGO-HI
Burst Number of Miail';l Flux De;sﬂ:;zl 11;1ux Dens;ty .
Importance  Events (107 wattm “Hz ) (10 ' wattm “Hz ")
4 4 T4 13 to 110
3 20 16 1.8 to 63
2 26 4,4 1.6 to 23
1 1 2.8 10to 61

Table 6 Flux Density as a Function of
Burst Importance at 3. 5 MHz.

The results mdicate that, in general, the qualitative ratings
give an accurate picture of the relative burst importance at low fre~
quencies. Exireme values in any one importance designation are due
1n most cases to bursts within a cluster of several closely-spaced
bursts The relative importance of such bursts with respect to each

other is extremely difficult to specaify.

Individual values for selected events are given 1n Appendix II.
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Mea surement of the area under the cahbrated solar burst

profile curve gives the total energy output of the burst per Hz The

5 15

average value for all bursts studied 1s 1 87 x 107! joules m™2 Hz"
If it 1s assumed that the solar burst radiates into a hemisphere and
that the flux density spectrum is flat over the OGO-III reception band

(which 1s suggested by unpublished data from the Michigan experiment

aboard OGO-V), the average electromagnetic energy loss in the

4-2 MHz passband 1s

-2 -1 2
(E4_2 MEHz’ joule m ~ Hz ) (AHem , m°) (AB Hz)

Erotal = OGO -III’

15)

=(187Tx10 7)) (1 41x 1023) (2x 106)

4

=5 28x 101 joules

This figure 1s the energy equivalent of 8§ 2 x 1031 40-keV
electrons The estimates of Van Allen and Krimigis (1965) of the
number of fast electrons escaping from the sun and of the number
required to produce an X-ray event indicate that this 4-2 MHz
electromagnetic energy loss 1s approximately equivalent to the
average escaped electron energy loss and that these energy losses
comprise 0.01 to 0 1 of the total energy involved m a major X-ray

event

° Individual values are listed in Appendix I¥
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7. Clustering of Low-Frequency Bursts

The tendency for fast drift solar radio bursts at meter wave-
lengths to occur in groups of from two to ten within a few seconds is
well known and well observed. Such bursts are distinguished from
harmonic bursts by their similar properties; their drift rates, dura-
tions, and in many cases their intensities are so similar as to be
indistinguishable. This clustering characteristic is present also on
OGO-III low-frequency records. An example is shown in Figure 13.
The bursts occur with a sixty-second separation at the start of the rec-
ord. A change in synchronization occurs immediately following the
bursts due to a spurious timing pulse received by the radiometer.

The drift rates and burst durations derived from Calcomp plots
agree closely. In all, 21 burst events observed by OGO-III can be
readily identified as clustered bursts; this is about 9% of all bursts
observed. The figure could well be much higher if greater time
resolution were available, since most of the burst events plotted
suggested the presence of more than one peak in the intensity profile.

An analysis of the qualitative importance rating of the clustered
events confirms, for low frequencies, the finding that the stronger
burst events tend to be clustered more often than do the weaker events.
The mean importance rating for OGO-III clustered bursts events is

2. 65 compared with 1. 89 for all OGO-III events.



Figure 13. Low-Frequency Clustered Solar Radio Bursts,
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8. Associated Type V Bursts

If Type V radiation is to be visible on low-frequency records,
it must be strong enough to be distinguished at the threshold level of
the instrument, and it must last significantly longer than the associ-
ated fast drift burst. At ground-based frequencies the duration of
Type V radiation is typically one to two minutes (Warwick, 1967),
which is of the same order of magnitude as fast drift burst durations
at low frequencies.

Despite the difficulties implied by the factors mentioned above,
it has been possible to detect low-frequency Type V radiation for a
limited number of events. Perhaps the most graphic of these is
shown in Figure 8; here the duration of the Type V radiation increases
toward lower frequencies and appears to be about six minutes at
2.5 MHz. Another example is shown in Figure 14. The radiometer
was operating in the one-second sweep mode during this event. The
burst duration is of the order of four minutes and appears to decrease
with frequency. Only two other events have unambiguous Type V
radiation following the fast drift burst. For the four events the mean
duration of the Type V radiation is approximately five minutes.

.. For many of the clustered bursts observed by OGO-III it is a
,“ "r‘noot point as to whether Type V radiation is present or not. For
i »such events a series of bursts of weak intensity may easily be mis-

g

.. taken for broadband continuum. An example of such an event is that

",?:jshown in Figure 10. Even when plotted with high time resolution it

wd



Figure 14. The Appearance of Type V Radiation on Low-Frequency Data Records.
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is impossible to specify the characteristics of the enhancement
following the fast drift event

The conciusion drawn from the above 1s that Type V radiation
has been unambiguously detected at low frequencies, but not in suffi-
cient quantity to specify its characteristics It 1s worth noting that
the percentage of definitely identified Type HI/V burst events 1s
4/218 = 1.8%. This 1s close to the 2% figure given by Thompson and

Maxwell (1962) for higher-frequency observations.

9 Monofrequency Burst Profiles

A great deal of information can be obtained from analyses of
solar radio burst profiles. The method of profile measurement used
is illustrated in Figure 15. The burst duration at a designated level
with respect to peak flux density is given by B, while burst duration
with respect to the base level 1s given by D. The durations from peak
flux density to the point of burst termination for the reference levels
are specified by A and C. The total shape of the curve may be speci-
fied by measuring A and B for several different levels with respect to
the peak flux density

The relationship between the rise time and decay time of the
i}ursts may be specified by the ratios A/B and C/D. The determination
of the levels with respect to the peak flux density depends directly on
the calibration. The A/B ratio is thus calibration-dependent. The

C/D ratio, conversely, 1s independent of the calibration but might not
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Figure 15 Definition of Measured Burst Profile Parameters
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be an accurate reflection of the burst profile. A profile mn which both
the rise and fall slopes are essentially constant, however, should give
the same value for each ratio. Table 7 lists the measured values at
3. 5 MHz for the bursts on which detailed measurements are possible
for measurements at the 0 9, 0 8, 0 6 and 1/e levels The average
values for the ratios are nearly the same: (A/B) —l—ave = 0 64,
e

(C/D)ave = 0 62

Although there 1s a moderate amount of variation among the
burst profiles, it is accurate to say that the i1dealized profile depicted
in Figure 15 resembles closely the appearance of the great majority
of low-frequency bursts which have been studied. In some instances,
particularly when the peak flux density 1s very high, the leading slope
of the profile 1s much more gradual, and the burst becomes nearly
symmetric about its peak, Profiles for which the leading slope is
markedly more gradual than the trailing slope have not been observed,
nor have profiles which mclude a flat or nearly flat "plateau’ at the
peak flux density. In nearly every case the maximum 1s sharp and

well -defined

10. Reverse Drift Bursts

Reverse drift bursts are those in which the sense of the fre-
quency drift 1s from lower to higher frequencies, rather than con-
versely. In the frequency range 500-7 MHz these are generally seen
as a "turning-over'' of a standard fast drift burst; the total event 1s

called a "U-burst", after its appearance on solar spectral records



UM/RAO

Event 20,9 Bo.9 %08 Bog %06 Boe A1e Bie ABye C D ¢/
Number (sec) (sec) (see) (see) (sec) (sec) (sec) (sec) (sec) (sec)
2 2 2 30 21 40 64 11 4 95 165 0. b8 30 54 0. 56
4 22 4 4 50 9.1 101 165 14.5 230 0.63 23 37 0.62
37 6 I 10 0 8.0 125 129 201 189 28.1 0 68 35 56 0.64
59a 56 110 8.1 16,3 143 31.4 23.1 46.8 0 49 71 125 0.57
59b 81 162 175 29.5 291 44.8 430 651 0. 66 91 124 0.73
66 50 101 85 17.1 123 23.5 154 27.9 0 56 44 68 0.65
80 6 5 9.5 11.5 155 18,5 230 280 33.1 0.856 27 83 0.33
104a 80 11.5 95 145 13.2 20.6 17.4 267 0. 65 19 40 0.48
104b 8.3 132 12,5 185 205 301 32.1 450 071 32 120 0. 27
155 4.4 10 9 6.0 14.5 95 2.9 16.2 30.4 0 53 X X p:4
159 61 130 8.6 175 11.5 23.5 17.2 331 0. 52 47 80 0. 59
160a 6.5 13.1 7.6 16,5 10.2 22,4 120 28.2 0. 43 17 41 0.41

Table 7. Solar Burst Profile Parameters

09



UM/RAO

Event 20.9 Bos ‘0.8 Po.s %06 Po.s A1e Bre ABye € D C/D
Number (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec)
160b 8 2 14.3 i1 2 192 135 239 157 278 0. 57 27 45 0 51
209 45 100 9.1t 19,1 13.1 27.2 18.5 37.8 0.49 35 68 0.51
217 4 1 9 3 6.0 13.5 89 19.5 17.1 31 2 0. 565 27 50 0. 54
328 31 5.0 4,2 6.5 6.5 10 5 8.0 14.1 0. 57 X X X
329a 4 5 6.5 6.1 8 5 T1 115 T9 140 0 57 23 43 0.54
3280 115 238 18.5 37.5 310 610 64.0 105.0 0.61 X X X
452 65 102 10.9 16,1 16.9 25,3 28.9 41,2 0.71 X X p.4
454 50 7.5 T3 112 125 195 164 25.6 0. 64 62 83 0.75
461a 6 1 95 85 13.0 17.5 264 24.1 35.3 0. 69 75 103 0.73
461b 49 8.1 7.5 11,9 16.5 25,5 16,4 25 2 0 64 54 72 0.75
474 6 5 95 7.5 12,1 10.9 165 170 27 8 0.71 X X X
477 9.2 16.5 12,9 24,3 19,1 37.0 27.9 511 0. 55 X X X
479 291 405 40.5 55.0 632 71.4 65.0 88.0 0.74 116 173 0. 67

Table 7 (Cont.)

19
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Event 209 Boo %48 Bos %06 Bos 21e Bre ABye C D ¢/p

Number (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec)
481 3.0 5.2 4.5 7.5 7.5 12,5 101 17 2 0.59 X X X
488 5.5 11.5 9.5 1.1 13.5 25,6 19,2 34.4 0. 56 X X X
501 8.2 13.5 13.8 23.2 22.5 37.5 32.8 55.0 0. 60 118 179 0.66
503 3.5 6,5 4,5 8.5 5.5 10.5 7T1 14,1 0. 50 36 83 0.43
504 5.5 9.5 8.5 130 165 22,5 25.0 32.1 0 78 99 140 0.71
514 956 155 151 242 23.8 365 340 50.0 0.68 117 146 0 80
560 3.5 75 6.2 12 5 7.5 17.2 100 21 8 0.45 4] 63 0 65
61 4 41 7.0 55 10,5 7.2 13.5 10.1 19,0 0 53 31 50 0 62
676 75 10 5 12 1 16.5 16 5 22 5 22.8 30,7 0,74 X X X
678 5.9 9.8 105 151 180 234 27,1 32.0 0. 84 82 98 0 84
680 4 5 7.5 59 10.0 8.0 135 102 183 0 44 X X X
683 40 7.5 5.5 97 89 151 151 23.0 0 65 x X X
684 50 105 7.2 133 11 5 17.9 149 21 8 0.68 45 69  0.65

Table 7. (Cont.}
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UM/RAO

gvent 0.9 Poo9 “0.8 Bos “0.6 Bo.s A1/e Bre ABye C D ¢/
Number (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec)
686 35 7.0 6.0 11,0 10.5 16.5 17.0 25.0 0. 68 103 103 0.76
681 5.1 7.5 T2 10,5 145 20,5 290 38.5 0.76 115 157 0.73
692 4 4 7.6 6.0 10.5 11.0 18.5 200 30.0 0. 67 X p.¢ X
695 5 2 8.5 5.8 10.2 10.2 16.8 13.2 23.3 0. 57 52 76 0. 68
1101 6.5 101 11 0 15.0 21,0 34.3 401 53.0 0.75 119 153 0.78
1151 5.4 8.2 8.1 128 9.5 21.1 14.2 29.5 0.48 X X X

Table 7. (Cont.)

€9
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One such reversge-drift burst has been observed by OGO-IIL.
The event took place at 1525 - 1531 UT on September 19, 1966, and
1s illustrated i Figure 16. The detail of the burst which 1s visible
on the origmnal negative record 1s diagrammed below the illustration.
The rate of drift of the reverse-drift burst is about half that of the
precedmng fast drift burst, and the mtensity is much greater. A fast
drift burst was seen at higher frequencies just preceding the OGO-III
event 1llustrated, but no reverse-drift high-frequency event was

detected.

C. The Slow Drift Burst at Low Frequencies

1 Anticipated Characteristics

The characteristics of Type II (slow drift) bursts at higher
frequencies have been discussed by Wild, Smerd, and Weiss (1963),
Kundu (1965), and others, and can be described concisely as follows:

The Type II bursts are much less frequent than fast drift
bursts, occurring three or four times per month near sunspot maxi-
mum. Their energy spectrum 1s similar fo that of fast drift bursts.
The drift rate 1s very much slower, suggesting a velocity for the
exciting mechanism of about 1000 km/sec. Type II bursts have been
observed at frequencies as low as 5 MHz (Suzuki, Attwood, and
Sheridan, 1964) Harmonic bursts are common, and are easily dis~
tinguished due to the slow drift rates involved. At 4-2 MHz the

expected energy from Type II bursts is comparable with that of fast
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Figure 16. The Appearance of a Reverse Drift Burst on
Low-Frequency Data Records.
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drift bursts. Because of the decrease in drift rate and increase in
burst duration with decreasing frequency, however, the drifting
characteristic of the burst is unlikely to be clearly evident. The
predicted time required for the burst to drift from 4-2 MHz is over
eleven minutes. Such an event would be expected to look like broad-
band noise and to show strong enhancement at low frequencies some
thirty minutes after a high-frequency Type II event. The drift of
such an event over the low-frequency band, however, may or may not

be visible.

2. Data Search Procedure

In addition to the normal scanning of all data by the first-
pass technique discussed previously, ground-based solar spectral
observations of Type II bursts were used to indicate time periods
when such bursts could be expected on OGO-III data. For the period
June 13, 1966 to September 30, 1967, thirty-eight Type II bursts were
observed by ground-based stations during periods of solar observation
and data accumulation by OGO-III. The data for each of these time
periods was rechecked to permit correlation of the observations in

the different frequency regions.

3. Data Search Results

For each of the 38 time periods mentioned above, the OGO-III
data were examined and, in two cases, plotted by second-pass pro-
cessing techniques. Marginal evidence for a Type II burst was seen

in one case; no evidence exists for a Type II burst in 37 cases.
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It cannot be argued that the failure to detect Type II bursts at
low frequencies is due fo a lack of sufficient sensitivity. Type II
bursts are typically preceded by fast drift bursts; 21 of the 38 bursts
discussed here had this feature. In 11 cases, these fast drift bursts

were observed by OGO-II (Table 8).

Importance  Importance Importance

1 2 3
Observed by OGO-II1 0 1 10
Not Observed by OGO-III 3 5 2

Table 8. Correlation of Fast Drift Bursts Observed by OGO-IIT
with Typelll Bursts Observed from Ground Based Stations
Since the sensitivity limit of OGO-IIT is between the Importance
2 and 3 levels of ground-based observafions, it 1s clear that during the
burst periods 1n question, the experiment was operating normally and
was capable of detecting fast drift burst radation of Importance 2+,
The case for which marginal evidence of a low-frequency
Type II burst 1s present may be documented as follows. At 1656.2 UT
on 4 February 1967, a fast drift burst was detected by the University
of Colorado over the band of 41-18 MHz, and rated as Importance 3.
OGO-III detected this burst at 1657. 2; this burst was also rated as
Importance 3. A Type II burst, also of Importance 3, then followed at
the higher frequencies, lasting from 1707.8 to 1728 0 Very minor

enhancement of the low-frequency band was seen from 1708 to 1712,
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and from 1723 to 1730 The first enhancement cannot readily be
explained. Interpretation of the second enhancement as Type I radia-
tion requires the assumption of a doubling of the exciting mechanism
velocity, since the anticipated lag time 1s 35 minutes. Also requred
is an explanation for the decrease m 1mportance from 3 in the 48-41
MHz band to 1- in the 4-2 MHz band

The conclusion reached from the data survey 1s that Type II
bursts are not present at 4-2 MHz at the radiated energy levels detect-

able by the OGO-III instrument package.

D, BSolar Noise Storms at Low Frequencies

1. Noise Storm Characteristics

Solar noise storms consist of background continuum with super-
1mposed bursts of short duration and fine structure (these are desig-
nated '"Type I'" bursts) The continuum intensity appears to exhibit,
on the average, a maximum in the frequency range 250-150 MHz, but
has been detected at frequencies as high as 2000 MHz (Suzuki, Attwood,
and Sheridan, 1964) and perhaps as low as 1.5 MHz (Hartz, 1964).

The bursts occur within a narrower range, generally from 350-50 MHz
(Fokker, 1965).

Narrow band studies of Type I bursts (Elgaroy, 1961, 1965,
1967, de Groot and Van Nieuwkoop, 1968) have revealed a considerable
degree of complexity. Most of the bursts have bandwidths of a few

MHz, durations of a few tenths of a second, and a stable center
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frequency. Bursts with frequency drift, generally about an order of
magnitude smaller than that for fast drift bursts but sometimes of
comparable drift rate, have been detected un some occasions.
Continuum radiation 1s sometimes observed following a Type II
burst. Bursts of a "blobby' appearance are often seen within this con- ,
tinuum (Warwick, 1965) These burst/continuum events are known as
Type IV solar radio bursts. Such bursts are commonly ¢bserved as

low as 10 MHz by ground-based monitoring stations

2. Predicted Low-Frequency Characteristics

The limited observations made to date indicate that continuum
radiation 1s to be expected in the 4-2 MHz band Hartz (1564) pro-
vides possible evidence for continuum at 1.5 MHz Although some-
tfimes quite strong, this radiation i1s 1n general not as strong as burst
radiation

The presence of Type I bursts at low frequencies does not
seem likely, as no confirmed observations below 50 MHz are extant
As with bursts of other types, it might be expected that, if Type I
radiation 1s present at low frequencies, the duration would be con-
siderably mcreased over that measured at high frequencies.

Type IV bursts, particularly the short-duration mtense
'""blobs", are fairly likely to be present at low frequencies These
events are seen periodically at slightly higher frequencies, with,

typical durations of a minute or so at 15 MHz,
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3 Low-Frequency Observations

In attemptmmg to detect Types I and/or IV bursts at low fre-
quencies, it is natural to seek a correlation with events observed by
ground-based stations at somewhat higher frequencies For OGO-III
the situation 1s complicated by the high noise environment of the
spacecraft. From a study of continuum radiation at higher frequencies
it seems unlikely that moderate broadband noise can be detected by
the experiment

Three events have been observed which may be provisionally
classed as "blobby' bursts. All are narrow band in character, of
the order of 1 MHz These evenis may be briefly described as

follows:

Event 167: This is a three-part event, the first two parts of
(9/16/66) which form the reverse-drift burst previously dis-
cussed. The 'third part i1s similar to what Elgaroy
(1961) calls a I(s) burst, except that its duration 1s of
the order of one fnmute and bandwidth somewhat greater
than 0.5 MHz I 1is interesting and perhaps significant
that Elgardy (1961, Figure V-7, p. 159} also classes as a
Type I burst a forward-reverse drift pair strikingly
similar to the first two parts of Event 167
Ground-based observations detected an impulsive

burst coincident with the first part of Event 167. The
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only other coincident ground-based event was Type I
radiation from well before to well after the OGO-III
event A Type I burst seen nine minutes later at

320-16 MHz was not detected by OGO-IIL.

Event 472 This event consists of two blobs with bandwidths

(3/24/67)  of about 1 MHz each and durations of about ten minutes
each, No drift is apparent in the blobs, which are
separated by about fifteen minutes in time. Two
Importance 1 fast drift bursts observed by ground-based
equipment at 41-26 MHz during the time period of the
first blob were not detected by OGO-III. A gradual rise
and fall was seen at 4295 MHz during the initial time

period of the second blob.

Event 752: This event consists of one blob with a duration of

(8/4/67) approximately 0 6 minutes and a bandwidth of > 0 7
MHz (OGO-III records show only the 4. 0-3 3 MHz por-
tion of the burst bandwidth). No drift 1s apparent.
Coincident ground-based observations show no events
except a weak fast drift burst preceding the blob by six
minutes (average time delay for a fast drift burst from
ground-based detection to OGO-III detection is of the

order of one minute).
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In additicn to the above, UM/RAO Event 754 shows enhance-
ment lasting approximately fifteen minutes over the 4. 0-3. 2 band.
No drift 1s evident. The intensity of the event indicates a classifica-
tion as Importance 1 No solar burst acfivity 1s reported from the
Culgoora, Australia station, the only ground-based radio spectrom-
eter in operation at the fime. No spacecraft commands were sent
durmng the period, nor is there any indication of interference

The conclusion reached from the above considerations is that
low-frequency observation of noise storm radiation can be termed
conditional at best. If solar noise has been observed, it is more
likely to have been of Type IV than of Type I Note, however, the
observation of Elgaroy (1967) that Type I bandwidth decreases with
decreasing frequency, a result not inconsistent with the data discussed

here



CHAPTER IV

THE SOLAR CORONA AND ITS BURST PHENOMENA

A. The Nature of the Coronal Plasma

1. The Current State of Knowledge

Dramatic advances in the availability of information concerning
the physical parameters of the solar corona have been made during the
past two decades. Newkirk (1967) has pomnted out that these are due
largely to the advent of new techniques and new instrumentation. Much
of the new instrumentation has been carried above the earth's atmos-
phere by spacecraft, thus permitting coronal studies over a very wide
frequency range

The current state of knowledge of the coronal plasma has been
the subject of recent reviews by Billings (1966) and Newkirk (1967).
Both authors emphasize the scarcity of firm determmations of the
physical parameters, particularly at coronal heights above approxi-
mately two solar radu (as measured from the center of the sun).

Since the properties of the corona at much greater raaqial distances
are of interest here, this chapter will discuss the present status of
information on the "far' corona, which is arbitrarily defined as that
portion of the corona beyond three solar radiz This cutoff 1s chosen
because it is generally considered to represent the outer limit of

ground-based solar observations, except during eclipse.
13
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2. Density Structure

The density structure of the corona has been subject to par-
ticularly active investigation during the past few years. The primary
methods used have been coronal photometry, radio burst measﬁre—
ments, radio source occultations, and direct sampling by spacecraft.
Theoretical models of the density structure of the solar wind have also
been developed and compared with observational results.

Essentially all of the determinations of density structure inside
two solar radi1 have been made by the method of coronal photometry
(van de Hulst, 1950). The method involves sensitive polarimetry, and
rests upon the assumption that the K corona (the true continuum
corona) produces all the measured polarized radiation, and that the
radiation of the F corona (the Fraunhofer corona, due to scattering by
interplanetary dust) is both unpolarized and spherically symmetric.
This assumption 1s untenable past 6 R@ at which point the method 1s
no longer valid (Billings, 1966). The combined results obtained by
various mnvestigators (Pottasch, 1960; von Kluber, 1958; Newkirk,
1961, Ney, et al., 1961; Gillett, Stemn, and Ney, 1964) define a model
which might be called the "average equatorial coronal density
structure'. Although such a model 1s of considerable value to dis-
cussions of normal coronal properties, it nonetheless overlooks the
substantial variations in coronal density with solar lafitude, solar

cycle, and distinctive coronal features.
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The electron densities at distances from 10 RO to 80 RO are
currently obtamed by observation of the occultation of discrete radio
sources by the solar corona As the sources pass near the sun their
observed radiation patterns are broadened by scattering and refraction
of the radio emission by the solar wind electrons. The theory of the
method has been given by Erickson (1964). Although the results are
qualitatively reasonable, the densities appear to be as much as 10% in
error 1n some regions (Newkirk, 1967). Closer to the sun than approxi-
mately 10 R ., the electron density 1s too great to permit occultation
measurements,

Space probes have made direct measurements of solar wind
electron densifies. In all cases these have been at solar distances
R > 100 RG)’ and do not apply to the region of interest in this discussion.

In addition to the methods discussed above, coronal densities
may be deduced from interferometric solar radio burst data which
produce values for the spatial velocity of the burst exciter as a function
of frequency, thus providing a density model. The assumption of
emission at local plasma frequencies is necessary to this approach.

The valadity of the assumption 1s reviewed later in this chapter,
Malitson and Erickson (1966) have shown that these measurements
imply a density which 1s about ten times that derived by van de Hulst
(1950) for the maximum corona, for distances as great as 10 RO'
Observations of high-density coronal streamers (Schmidt, 1953;

Newkirk, 1961) agree with the Malhitson-Erickson model suggesting
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that radio bursts originate preferentially along the dense axes of active
region streamers. The sole experimental analysis of the density
structure for R > 4 RO has been done by Hartz (1964). He assumed
Malitson-Erickson densities of ten times the van de Hulst maximum
for the region 3 > R/RO > 15. This model 1s shown in Figure 17 for
the region 1 > R/RO > 15, together with the corresponding models
for the "quiet corona' from Whang, I,yu, and Chang (1967) and Noble
and Scarf (1963) These models are supported by interferometric

radio burst observations, and give similar density profiles except

for small differences very near the solar surface

3 Temperature Structure

The inner corocna maintains a temperature that 1s approximately
1.5 x 10° °r (Newkirk, 1967) Over active regions this value may
merease to 2 x 106 °K or greater (Billings, 1966). At increased
radial distances from the chromosphere/coronal interface the tem-
perature will decrease, the grachent being determined by the energy
supply from the interface, losses due to thermal conduction, and the
escape of material into the solar wind. Since evidence indicates that
radio bursts occur principally withm coronal streamers (the properties
of which must be determmed largely by the underlying active regions),
it 1s the temperature structure of streamers beyond three solar radu
which 1s of interest.

Temperatures above active regions are determined from solar

radio bursts using the method developed by Boischot, Lee and
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Figure 17 Electron Density Models of the Corona
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Warwick (1960). The theory states that, under the assumption that

the plasma oscillations are damped only by collisions, the electron
temperature 1s related to the frequency of emission and to the e-folding
time of the burst (the time 1n which the amplitude decreases to 1/e of

1ts maximum value) by

2/3 _

T, = 065x 107" /3 at (v 1)

A number of coronal temperatures for low frequency radiation
have been computed through application of this equation (Hartz, 1964;
Boischot, 1967; Slysh, 1967) The results are plotted in Figure 18
along with those resulting from the Whang, ILiu, and Chang and Noble
and Scarf models discussed previously. A model by Hartz and
Warwick (1966), based on Hartz's observations, 1s also shown. It 1s
apparent that the observed temperature gradient 1s much steeper than
that predicted by the models Newkirk (1967) has considered whether
the observations can be made consistent with theory He notes that
the assumption of a density model is a necessary first step in the
temperature determwmnation, and gives evidence for a substantial in-
crease 1n the ratio of the density of streamers over the background
density at large radial distances Measurements of these densifies
are extremely difficult to make, but the work of Sandlin, Kooman, and
Tousey (1968) does not seem to support such an increase.

It appears safe to conclude that the temperature profile of a

dense coronal streamer 18 even less well-defined than 1s the density
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profile. It 1s not really surprising that this should be so. A cursory
glance at solar eclipse photographs will show a wide variation in
coronal streamer densities. When this variation 1s combined with
the uncertainties involving the change in coronal density over the
solar cycle and as a function of latitude, and the fact that various
observers have observed different active regions, 1t is perhaps real-
1stic to be satisfied with observaticnally-based models which vary in

electron density and electron temperature by factors of three.

4. The Structure of Coronal Streamers

Because solar radio burst observations have suggested that
the bursts originate within coronal streamers, it 1s appropriate to
describe briefly the current state of knowledge regarding streamer
structure and dynamics. These characteristics have recently been
summarized 1n a dissertation by Bohlin (1968), on which much of this
discussion 1s based.

The morphology of coronal streamers 1s very poorly known.
Because of their small radiated flux levels in comparison with that
of the solar disk, they have been detected only during solar eclipses
or by rocket or balloon flights of coronagraphs (Newkirk and Bohlmn,
1965; Sandlin, Koomen, and Tousey, 1968) The short time scale of
such observations 1s a significant handicap to the development of a
consistent picture of the history of a streamer, Bohlin's (1968)

approach was to identify a streamer on a balloon photograph with a
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ground based coronameter feature, and to assume that further exis-
tence of that coronameter feature 1mplied continued existence of the
streamer 1tself. In this way he derived a lifefime which can at least
be regarded as an upper limit for the streamer duration. The one
streamer which could be well studied had a lifetime of 4-1/2 solar
rotations. Eight other streamers for which incomplete data were
available had an average lower limit lifetime of 1 4 solar rotations.
Several sireamer density models have been proposed, based
largely on analyses of eclipse photographs Comparison of the resulis
of Schmidt (1953), Michard (1954), Saito (1959) and Bohlin (1968) shows
differences of as much as a factor of ten at distances greater than
2 RO Since different streamers were analyzed 1n each case, a
difference in density structure from one streamer to another i1s im-
plied. A potential further complication for the density determination
1s that the three-dimensional density distribution of a given streamer
1s not known; such lack of knowledge directly affects the density
determination. Bohlin (1968) has derived a three-dimensional density
distribution for a model streamer In his model a radially-dependent
core density NO (r) decreases as a gaussian in directions perpendicular
to the core lme The 1/e-density dimensions of the model streamer
at r, = 1-1/4 RO are ~25° 1n latitude by ~40° 1n longitude This
result may well have little application at 5 R, however

The evolutionary development of a streamer 1s not known, but

Newkirk (1967) has hypothesized that the streamer begins as an
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enhancement overlymg an active region, later developing an extended
appearance, Still later the magnetic field, which has acted as a
channel for electron streams and for the solar wind, decays, and the
extended portion of the streamer slowly merges into the background
corona. In this picture an enhancement in the lower corona would
exist at least as long as the associated streamer, and almost cer-
tainly longer than the radio burst lifetime of the streamer.

The Iimited information available suggests that a caronal
streamer of substantial radial extent (1.e., more than 1 R(:’) above
the solar surface) 1s generally associated with a combmation of an
active plage region and a prominence. Bohlin (1968) has suggested
that the existence of the prominence indicates the presence of the
necessary magnetic field configuration, while the active plage regon
supplies the enhanced source of plasma needed for the eventual growth

of the streamer.

5. Kimematic Structure

A dynamic corona has been 1implied by knowledge of solar
rotation, and confirmed by observations of the solar wind It is
probable that most coronal structures, certainly including streamers,
owe their form to the mteraction of the solar wind and the underlying
magnetic fields (Newkirk, 1967) In studyng solar radio bursts,
however, a principal question is whether the normal kinematic struc-

ture of the corona 1s significant when compared with the velocities
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involved 1n burst mechanisms. Relevant measurements place the
solar wind velocity at approximately 500 km/sec (Neugebauer and
Snyder, 1966), the velocity of slow-drift (Type II) radio burst exciting
burst particles at approximately 1000 km/sec (Kundu, 1965) and the
fast-drift (Type II) radio burst exciting particlesat 0.1 -0.6¢
(Malville, 1931). Thus the dynamic structure of the corona may
possibly affect conclusions about slow-drift bursts, but will not be a

factor in the study of fast-drift bursts,

6 Magneto-Ionic Structure

It 1s dafficult to establish the presence of magnetic fields in
the corona and more difficult to map their structure. Billings (1966)
has observed that many measurements indicate the exastence of such
fields, but the magnitude of the fields 1s quite uncertain, Takakura
(1864) has given arguments from radio measurements for fields of
the order of ten gauss at plasma frequency levels of 50 MHz (2 2 R o )
Boischot and Clavelier (1967) have derived a field of 0.5 gauss at a

distance of one solar radius above the photosphere These appear to

be the only determinations of coronal magnefic fields to date.

B. Solar Particle Bursts

1. Observations of Particle Burst Events

The existence of streams of particles emanating from the
photosphere or chromosphere and passing through the corona i1s

crucial to the generally accepted theories of solar fast-drift radio
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burst production Evidence for particle emission has been suggested
for many years by the magnetic storms in the earth's atmosphere
following large solar flares., Confirmatory evidence for solar par-
ticle emission has been obtained with rockets and spacecrait,
Equipment capable of detecting solar particle emission at
moderate or high energies has been flown on a number of different
spacecraft, but only within the past few years have experimenters
been able to measure the characteristics of the particles. The
standard equipment configuration for this work has been a battery of
Geiger-Muller tubes with different threshold levels, sometimes com-
bined with 1on chambers or scintillation counters, Such experiments
have now been discussed for Mariner IV by Van Allen and Krimigis
(1965), for IMP I and IMP III by Anderson and Lin (1966), for
IMP I, II, IIf, Marwner IV and Explorer 33 by Lin and Anderson
(1967), and for IMP III, Explorer 33 and OGO-II by Lin, Kahler and
Roelof (1968). Lin and Anderson (1967) have given a summary of
solar electron events for 1964, 1965 and 1966; durmg this period 34
such events were observed by one or more of the spacecraft. In no
case have the observations been made at distances greater than
60, 000 miles from the earth. It appears safe to assume that particles
observed near the earth have passed through the far corona. Their
characteristics are thus of significance for the study of radio bursts

origmating from regions through which the particles passed.
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Detection of energetic electrons from the sun is much more
frequent than that of protons The low masses of the electrons make
it much easier to accelerate them to the typical speeds of several
tenths of the speed of light mnferred for radio burst exciters by obser-
vgtlons These facts suggest that radio bursts from the outer corona
are directly related to the propagation of energetic electrons Sucha

relationship will be assumed throughout this paper

2 Characteristics of Particle Burst Events

L

The basic quantity measured by particle detection experiments
18 the number of particles within a certain stated energy range, per
steradian cm2 second If the instrument acceptance angle 1s well
known, a spacecraft moving across the line of particle travel can also
measure the lateral spread of the propagating particles Other spatial
characteristics of the particles can be deduced if an event 1s observed
by a number of spacecraft having substantially different orientations
with respect to the earth-sun line

The electron energy threshold level for all experiments of this
type has been 40 keV  This 1s precisely the energy range of interest
for solar burst studies, since the velocity of a 40 keV electron 1s
0 28 ¢ Mariner IV observations suggest that the spectrum falls
steeply with increasing energy (Van Allen and Krimigis, 1965) The
range of peak intensities measured to date 1s very wide Values for

34 electron events observed during 1564-1966 range from 10 io 5700
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electrons per sr-cmz-sec (Lin and Anderson, 1967). As 1s the case
with many solar phenomena, the correlation of electron fluxes with
flare importance 1s only suggestive. Correlations attempted with
solar burst or X-ray burst data are also inconclusive. The agreement
with radio burst data tend to be good at high electron flux levels and
poor at low flux levels. It 1s tempting to suggest that a certain
threshold number of electrons is required for the initiation of coronal
plasma waves which are of sufficient amplitude to produce radio

emission

3. The Observational Model for Electron Bursts

As observations of energetic electrons increase 1n number, it
1s becoming possible to describe not only the characteristics of the
electrons themselves, but also the extent of their spatial distribution
and their relationships to the conditions of the interplanetary medium
It appears that a high electron flux 1s observed only when a field line
of the interplanetary magnetic field 1s connected to a point on the sun
near the occurrence of a flare, This creates the econditions necessary
for rapid motion of the electrons away from the point of injection. The
electrons spiral out along the magnetic field line, incidentally exciting
plasma oscillations as they move Since coronal streamers are thought
to form around magnetic field lines, the electron densities derived
from solar radio bursts are representative of coronal streamer den-

sities,
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A final parameter, that of the total electron emission from
observed events, has been derived from the diffusion model of Krim-
igls (1965) by Van Allen and Krimigis (1965), From their obser-

vations, they estimate the total emission as 1033-1034 eleetrons sr-
It appears reasonable to take these values as order-of-magnitude
estimates for the number of electrons > 40 keV emitted during a

particle burst event,

C Fast Drift Solar Radio Bursts

1. Imtroduction

Fast drift solar radio bursts comprise by far the most common
type of solar radio activity at meter and decameter wavelengths.
First observed and described by Wild (1950} at 120-70 MHz, they are
now being studied in detail at frequencies less than 10 MHz. Such
observations have been reported by Sheridan and Attwood (1962),
Hartz (1964), Boischot (1967), Slysh (1967), Suzuki, Attwood and
Sheridan (1964), Malitson, et al. (1968), and Haddock and Graedel
(1968) The burst frequencies studied extend to 100 KHz and possibly
to 30 KHz. Ground-based cbservations are limited by the ionospheric
cutoff frequency, which at times may extend to 4 MHz but 1s generally
m the range of 10-7 MHz The published data on observations below
the 1onospheric limit have been acquired from spacecraft-borne
mstrumentation aboard Alouette I (Hartz, 1964), Venus II (Slysh, 1967),

and ATS II (Stone et al., 1967; Malitson, Alexander, and Stone, 1968);
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none of these experiments has observed enough burst events to make
a definitive study of burst characteristics at low frequencies.

It has been established in Chapter III that fast drift bursts
the only radio events observed often enough and identified with suffi-
cient certainty to merit discussion here. For these reasons a
discussion of the characteristics of solar radio bursts other than
fast drift bursts and the associated Type V bursts is omitted, except
for brief descriptions relevant to the data search described n
Chapter III r

Observations of solar radio bursts are typically made either
with fixed-frequency receivers, or with radio spectrometers. The
latter are essenfially narrow band tunable radiometers whose recep-
tion band is repeatedly swept across the frequency range of interest
at a rapid rate Fixed-frequency receivers are much easier to use
and to calibrate, but fail to give as comprehensive a picture of solar
radio events as that provided by the radio spectrometer.

The characteristics of fast drift solar radio bursts have been
summarized by Wild, Smerd, and Weiss (1963} and by Kundu (1965)
This discussion will concern the characteristics of fast drift bursts
for frequencies less than 10 MHz Higher frequency results will be
mentioned only if germane to low frequency work,

Many of the coronal parameters computed from observations
depend on two crifical factors: the electron density model used, and

the assumptions made concerning the damping of the plasma oscillations
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producing the radio event Since results depend so heavily on these
assumptions, it 1s important to separate observational data from

derived data and o treat each separately whenever possible,

2 Frequency Drift

Fast drift bursts, as their name implies, show a rapid down-
ward drift with time in the frequency of maximum imtensity The
drift rate decreases with frequency, in the approximate relationship

(Wild, 1950)

|2

T = Zf—5 MHz sec_1 . (Iv-2)

o

The sole reported drift rate at low frequencies 1s by Boischot (1967)
over the range 40-4 MHz His mean drift rate at 4 MHz, based on
only three bursts, 1s 0. 125 MHz/sec It should be noted that the drift

rate is one burst parameter which 1s not model-dependent.

3. Energy Spectrum

The radiated energy flux density spectrum of the typical fast
drift burst shows a logarithmic decrease as the frequency mcreases
(Wild, 1950). Measurements of the low-frequency energy spectrum
over a wide frequency range have not been made, but much information
regarding the flux densities of bursts may he derived from values

reported in the ESSA Solar Data Bulletins, and other similar sources.



90

4 Burst Duration

The profile of a fast drift burst typically shows a steep rise
to the maximum level, followed by a quasi-exponential decay. At
successively lower frequencies this profile retains the above charac-
teristics. but becomes progressively broader and smoother.
Although durations of a few seconds describe bursts at several tens
of MHz and above, the duration of lower frequency bursts may be a
minute or more

The measured duration of a solar burst 1s dependent on the
sensifivity of the equipment being used With mstruments which
record the quiet sun level above the system noise level, the derived
values may be considered satisfactory If this sensifivity 1s not
reached, the derived values may be regarded only as lower limits
(Hughes and Harkness, 1963) Most writers have not stated this
Iimiatation explicitly but it 1s certainly implied, particularly for obser-
vations made from spacecraft. This problem will be discussed in

more detail in Chapter V.

5 Harmonic Frequency Emission

It 1s not unusual for fast drift bursts to show two components,
one of which duplicates the features of the other but at about twice the

frequency (Wild, Murray, and Rowe, 1954) The effect is much more
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recognizable in slow drift burst events; in fast drift bursts the rapid
frequency drift combined with a fairly broad bandwidth tends to merge
the fundamental and second harmonics This merging effect 1s more
noticeable at lower freguencies because of the increase 1n burst dura-
tion Since the harmonic radiation reflects the conditions existing in
the region of the fundamental it 1s possible, at least in principle, to
separate fundamentals from harmonics by a study of the properties
of individual bursts

Figure 19 1llustrates the sequence involved in the production
of burst radiation The plasma frequency level for a particular fre-
quency 1s defined as the coronal radial distance for which the electron
density 1s appropriate to the frequency in question [ see equation (V-2),
p. 107]. The interval between time mcrements 1s given by the linear
distance between the plasma frequency levels divided by the velocity
of the electron stream exciting the burst The former changes with
frequency due to the decrease of the density gradient in the outer
corona

Figure 19 shows the burst development for observation with a

sweep frequency receiver in the 200-150 MHz band. At time t, the

1
electron stream arrives at the 200 MHz level, exciting fundamental
radiation at 200 MHz and second harmonic radiation at 400 MHz.

(The bandwidth of the rachation 1s assumed to be small compared to

the bandwidth of the receiver. This assumption 1s supported by obser-

vational arguments discussed in Chapter V1 ) The electron stream
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travels to the 175 MHz and 150 MHz levels, the enhanced radiation
at these frequencies 1s observed The drift rate of the observed

impulse is

(200-150) MHz

DR = (t3-t1) sec

and the burst duration depends upon how rapidly the radiation process
is damped.

The electron stream continues its motion, arriving at the
100 MHz level At this point a second burst begins 1n the 200-150 MHz
band, as a result of the second harmonic of the 100 MHz radiation
Harmonic radiation from the 100-75 MHz levels completes this burst
sequence in the 200-150 MHz observing band. The drift rate of the

latter burst in the observing band is

(200-150) MHz
(t7 —t5 sec

DR =

The difference in drift rates between the two bursts depends

on the difference betwean (t3—t1) and (t At the frequencies

77t
discussed here these differences are small, but they become mcreas-
ingly larger at lower frequencies This suggests that harmonic radi-
ation should be easier to detect at low frequencies than at higher
frequencies At lower frequencies, however, the burst mechanism

1s dampad much more slowly [see equation (IV—l)] If the damping

time for the fundamental 200-150 MHz burst illustrafed 1s comparable

with or greater than (t5 —tl) the harmonic burst may be difficult to
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distinguish from the fundamental. A further complication is that the
second harmonic may become mcreasingly weaker than the fundamental
at lower frequencies (Wild, Sheridan, and Neylan, 1959; Shain and
Higgms, 1959). The detection of harmonic bursts 1s worth investi-
gating, however, since successful detection doubles the frequency
range of radiation, and hence the coronal distance range, which can

be studied

6 Clustering

Fast drift bursts exhibit a strong tendency to occur in groups,
sometimes with as many as ten 1n a group. Generally the bursts
within a group tend to have similar characteristics. Often the bursts
are quasi-regularly spaced in time (Wild, Smerd, and Weiss, 1963).
Ilustrative examples of this clustering indicate that the individual
bursts within a group are often barely resolved at 50 MHz. With the
longer duration of bursts at lower frequencies and the smearing due to
harmonics, we would expect to observe much less of a clustering
tendency on low-frequency records

Two distinct characteristics of clustered bursts have been
suggested by solar radio spectiral observations. First, the individual
bursts within a cluster seem to be of similar spectral appearance and
almost 1dentical source position (Wild, Sheridan, and Neylan, 1959),
mdicating that the cluster constitutes a single event. Second, Maxwell,

Howard, and Garmire (1960) have found that the intensity of the
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individual bursts in a group appears to increase with the number of

bursts comprising the group

7 Type V Solar Radiwo Events

About ten percent of all fast drift bursts are followed by
broadband continuum radiation which is strongest at low frequencies
and may last for one to three minutes at a few tens of MHz (Kundu,
1965), The properties of initial position, variation of position with
frequency, and polarization for the Type V event are often similar
to those of the associated fast drift burst (Wild, Smerd, and Weiss,
1963) It appears, therefore, that a direct cause-and-effect rela-
tionship exists between the fast drift and type V bursts Warwick
(1967) has recently proposed that Type V bursts are merely bursts
emanating from regions which have been heated by the exciters of
previous fast drift bursts. This model appears to explain many of
the properties of the Type V burst; the extended duration results from
the local temperature increase, [Note the temperature dependence of
equation { IV -1)1 The model implies that Type V radiation would be
likely to occur following a long series of intense fast drift bursts;
this implication has not been verified observationally An argument
against the model 1s that it predicts harmonics similar to those pro-
duced by a fast drift burst These have not been observed in Type V
radiation (Kundu, 1965). In addition, recent solar mnterferometry
(Ka1, et al , 1968) suggests that a position shift between associated

fast drift and Type V bursts may commonly occur,
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The intensity of Type V radiation at low frequencies indicates
that it should appear when observations are made at frequencies sub-
stantially lower than 10 MHz, The problems of increased duration,
however, may be expected to make Type V radiation difficult to

separate from other forms of broadband solar radio noise

8. Correlation With Optical Flares

Attempts to correlate fast drift bursts with other solar
phenomena have been made ever since the first detection of the radio
bursts. The association of bursts with optical flares has proved to
be productive. A strong positive correlation exists, although the
numerical figures which are derived vary according to the complete -
ness and consistency of the flare list used, and with the association
criterion selected. A noninterferometric study of such an association,
furthermore, must assume that a radio burst occurring within the
limits of the association criterion (for example, within + 1 minute of
a flare period) 1s associated with the flare detected within that period.
This assumption overlooks the possibility that some other occurrence,
such as a subflare below the detection 1imit, 1s the true radio burst-
associated event, Interferometric observations by Erickson (1962) at
26 MHz, however, indicate that the assumed association is generally
confirmed

Perhaps the most careful study of the flare/burst correlation
has been that of Malville (1961, 1962a) Using a consistent flare list

of which 93% were subflares, he found that 76% of the bursts withm
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the range 580-25 MHz occurred within + 1 minute of the flare period
and that most of these begin within + 1 minute of the flash phase. The
implication 1s that the stage of most rapid growth of the instability is
the stage during which acceleration of electrons to very high energies

takes place

9 DPositional Measurements

Interferometric observations of solar radio bursts (Wild,
Sheridan, and Neylan, 1959) indicate that burst events successively
lower in frequency occur progressively further out in the corona.
Warwick (1965) has confirmed this effect for frequencies as low as
12 5 MHz, and finds i addition that at a given frequency the bursts
in some cases vary in position by as much as a solar radius The
results are consistent with emission taking place at or near the local
plasma frequency, and with temporal variations i the coronal density
structure.

Measurements of the relative position of fundamental and
second harmonic radiation have not fitted so neatly mnto the theoretical
picture At a fixed frequency the anticipated result is that harmonic
emission would originate at greater radial distances than would the
fundamental, and at a later time. Observations by Smerd, Wild, and
Sheridan (1962), however, indicate that the position of the second har-

monic 1s often inside that of the fundamental. Although difficulties of
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identification are present, the effect seems to be real. Efforts to
explain the observations theoretically have not been particularly con-

vincing.



CHAPTER V

THEORETICAL STUDIES OF FAST DRIFT

SOLAR RADIO BURSTS

A Introduction

Detailed theoretical studies of solar radio bursts have been
done only within the last ten years. Although considerable progress
has been made, many aspects of the creation and propagation of the
burst radiation are still poorly understood

In this paper only the low-frequency segment of the radio burst
spectrum is considered The restriction of the discussion to this
spectral region permits certain simphifying assumptions to be made;
it also introduces some uncertainties. These assumptions and uncer-
tainties will be pointed out as they arise, and their implications con-
cerning the solar corona will be discussed

Metric and decametric solaxr radio bursts exhibit a specific
set of characteristics which must follow naturally from any compre-

hensive theory These characteristics may be summarized as follows:

(1) The velocity of an exciting disturbance is in the
vicinity of 0 15 ¢ -0 6 ¢ and appears fo be nearly con-

stant over path lengths of several solar radii (Wild, 1950).

99
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(il) The duration of a burst increases with decreasing
frequency, from a fraction of a second at several hundred

MHz to a minute or more at a few MHz (Kundu, 1965).

{i11) Bursts show a strong tendency to cluster in groups
of from two to ten Frequently the most intense events
are those which exhibit clustering (Wild, Smerd, and

Weiss, 1963)

(1v) The profile of a burst (i. e , the variation of flux
density with time at a given frequency) shows a fairly
rapid rise to maximum and a slower guasi-exponential

decay (Wild, 1950)

(v) The second harmonic of a burst is commonly seen,
generally at radiated flux levels comparable with the

fundamental (Wild, Murray, and Rowe, 1954).

(vi) Interferometry has demonstrated that bursts may
occur at a substantial distance (one solar radius or more)
above the photospheric surface of the sun (Wild, Sheridan,

and Neylan, 1959).

(vi1) - The available evidence indicates that the disturbance
creating a burst travels outward from the sun along the

axis of a coronal streamer (Newkirk, 1967)
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This chapter will deal with the development of solar radio
bursts in one observed frequency band. The aim 1s to compare the
theoretical burst profiles with those observed by the OGO-III experi-
ment. In this initial treatment the complicating factors of burst
multiplicity, harmonics, and profile changes as a function of freguency‘
are not considered An extension of this approach to explain fully all
the observational characteristics listed above 1s obviously desirable.
Such an extension is outside the scope of this paper, however, and in
most cases beyond the firm knowledge of coronal properties and

plasma physics theory

B, The Injection of Electrons Into The Corona

1 The Basis of Solar Burst Theory

A prerequisite to the emission of fast drift solar burst radia-
tion from the corona 1s excitation of the coronal plasma Two mecha-
nisms for excitatior “ave been proposed. In the electron stream
mechanism, a packet of electrons is injected into the corona at speeds
of several tenths of the speed of light. These electrons then produce
plasma oscillations (Wild, Smerd, and Weiss, 1963) The second
method uses magneto-hydrodynamic (MHD) waves to mitiate the plasma
oscillations (Zirin, 1966).

The electron stream theory i1s subject to several constraints.
Large numbers of electrons must be propagated to excite plasma

oscillations to the degree deduced from the observed radiation.



102

In addifion, the velocity distribution of the electrons must be such as
to explain the observed burst profile. Finally, the stream must be
guided radially outward from the point of injection.

The theory of excitation by MHD waves 1s also restrictive.
The most stringent requirement 1s that of maintaining the balance
between the magnetic field pressure and the local gas pressure over
large radial distances (Malville, 1961). This 1s particularly true
when the constant velocity of a burst impulse 1s considered Sucha
velocity requires that Bz/ » be unchanged over the total path length
of the wave The unlikelihood of such a balance in view of the coronal
magnetic fields inferred from observations has led to the rejection of

MHD waves as a general burst exciting mechanmism (Warwick, 1967).

2. Observafional Properties of Injected Electrons

Since 1t 1s generally assumed that fast electrons are' the
effective burst exciters, it is desirable to specify the properties of
these electrons. The basic information desired is the method of pro-
ducing the electron packets, the number of electrons produced, the
time scale for their production, the distribution of the electrons in
velocity space and the guiding of the electrons. It should be noted that
the electron production mechanism 1s not critical to the discussion if
the other parameters can be determined

Evidence for the existence of high energy solar electrons has
been presented in Chapter IV. It does not appear that the observations

which have been made to date are capable of providing definitive
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information on the electron velocity distribution. The figure for the
total number of electrons seems to be better defined. The evidence
of Van Allen and Krimigis (1965) and Takakura (1967) indicates that
a packet of 1033 electrons 1s a typical figure for an electron burst
event. The resolution of solar radio telescopes 1s too low to meag-
ure accurately the coronal volume from which the emission comes.
Thus the spatial dispersion of the fast electrons in the corona is an

open guestion

3 Methods of Electron Injection

A theory of electron injection must satisfy several require-
ments The physical conditions invoked must be common enough to
be reproduced by the solar plasma several tens of times a day (this
is the observed frequency of solar radio bursts during the active part
of the solar cycle). Production of clustered bursts requires injection
of up to a dozen similar eleciron packets within a period of several
seconds, each packet containing on the order of 1033 electrons. The
injection mechanism must not produce a large optical flux, since
many radio bursts coincide with no observable optical phenomena.

Several processes have been proposed for electron mjection.
These have been briefly summarized by Takakura (1967) It is
unclear whether any of the processes could be effective on the sun,

Because of this uncertainty, the properties of the mjected electrons

must be regarded as unknown
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Although the form of the velocity distribution is not known, it
seems reasonable to expect it to be approximated by one of two models,
The first is a damped Maxwellian distribution, while the second is a
Gaussian distribution of undefined spread. The first model describes
the injection of a group of electrons whose velocity distribution
follows a very high temperature Maxwellian curve. The second model
describes 1njection of a group of electrons with a very restricted range
of high velocities 1In both cases the maximum of the distribution must
be centered at or near a velocity V o which 1s typical of the velocity of
radio burst exciters The distribution of the imnjected electrons must
be superimposed upon the local Maxwellian distribution existing in the
emission region under study. At 5.5 RO the temperature6 can be
taken as 7 x 10° °K (Whang, Liu, and Chang, 1966) The resulting
Maxwellian distribution and the two injected electron distributions
being considered are shown in Figures 20 and 21 for V0 = 0.25 c.
These distributions will be used as a basis for the discussion of the
conversion of the electron energies 1nto plasma waves and subse-

quently into electromagnetic radiation

C. Production of Plasma Waves
The high temperatures and low densities present in the corona

combine to create a state of very high 1onization As a result of the

6 In this paper "temperature' will be used specifically to designate
the electron kinetic temperature.
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electrical interactions between the 1ons and electrons, the highly
ionized gas demonstrates ordered behavior m a variety of forms,
These are essenhially the result of the tendency of the plasma to
remain force-free and electrically neutral (Bohm and Gross, 1949a)
The introduction of an electric field will cause the plasma to respond
1 fixed modes which are dictated by its electrical properties. For
the general case in which a magnetic field 1s present, plasma wave
growth encounters a resonance at the upper hybrid frequency (see,

for example, Bekefi, 1968), defined by
w, =\ e (V-1)

where w = mel fp and fb are the electron plasma frequency and

the gyro frequency, respectively, defined by

2
N e
e -
fp = | me - 000898 {N_ MHz (V-2
and
el
f, = o5 = 2.799H MHz, (V-3)
where e,m = electron charge and mass
N, = electron density, em ™3
H = magnetic field strength, gauss
€ = permittivity of free space
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The limited experimental data on magnetic field strengths in
the far corona has been discussed in Chapter IV. In addition, Billings
(1965) has used IMP -1 data to substantiate an r'2 decrease of the
general solar magnetic field. Such a decrease results in a field
strength of the order of 0.1 gaussat 5 5 RO‘ Reference to equation
(V-1) shows that the resulting gyro frequency is negligible compared

with the plasma frequency, and that the equation reduces to

[wo = wp]I-I:v o (V-4)

The analysis presented here will assume the validity of equation
(V-4) 1n the vicimty of 5 5 RO , although 1t must be pointed out that

if the field strength mn coronal streamers at these distances 1s
actually of the order of one gauss or higher, a more general develop-
ment is required The expanded development 1s certainly necessary
1 the inner corona, where sunspot magnetic fields of several
thousand gauss are not uncommon.

The wntroduction of an electric field into an equilibrium plasma
may be accomplished by the injection of a stream of electrons. The
resulting plasma waves may grow or they may be damped, depending
on the physical conditions of the plasma and on the properties of the
injected electrons. In the absence of a magnetic field, the plasma
waves are damped by particle collisions and by a collisionless pro-
cess known as Landau damping The latter has not been conclusively

explained, but it involves energy interchange between the wave and
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the background plasma Landau damping affects the amplitude of the

electric field carried by the electrons as

where the derivative 1s taken at the point V':Vphase for the plasma
wave (see, for example, Montgomery and Tidman, 1864) The energy
mterchange acts primarily at the expense of the lower velocity elec-
trons in the stream Malville (1961) has pointed out that the result of
this effect 1s to set a lower limit to the propagation velocity of supra-
thermal electrons through the coronal plasma. This lower limit 18
between 0 1 ¢ and 0 2 ¢, depending on the local coronal temperature;
these figures are supported by observations of the motion of distur-
bances through the corona

The theory of collisional damping of plasma waves has been
developed by Bohm and Gross (1949b) One of the results is that the
time 1nterval for the wave amplitude to fall to 1/e of its initial intensity

1s the mean time between particle collisions. The collision frequency

@ 1s given by Jaeger and Westfold (1950) as

P{T) =~ 42 NeT”3/2 sec ! (V -8)

Inverting and rearranging this equation, together with the use of
equation (V-2), gives the relationship between plasma frequency,
temperature and e-folding time which has been presented previously

as equation (IV-1), p. 78.
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Reference to equation (V-5) will show that if the derivative is
positive rather than negative the wave will gain energy from the par-
ticles rather than lose energy through Landau damping. Injection of
electrons with a velocity distribution satisfying this condition will
result in rapid, unstable growth of the plasma wave. This mechanism
1s known as two-stream instability and has frequently been invoked to
explain the observed magnitude of solar burst radiation (Malville,
1961; Kundu, 1965 and others) Whether two-stream instability is of
consequence 1s an open question, since Sturrock (1264) has argued
that such an instability would be damped out in an extremely short
distance. In any case, the presence or absence of plasma waves in a

medium does not depend on the presence or absence of instabilities

D. The Production of Electromagnetic Radiation

The production of electromagnetic radiation by fast electron
streams under the conditions where there 1s no refractive mdex
resonance and where the ratio of the gyro frequency to the plasma fre~
quency 1s much less than unity requires the conversion of plasma wave
energy into electromagnetic wave energy To conform with observa-
tional evidence, this conversion should produce resonance peaks at
the local plasma frequency and at twice the local plasma frequency,
and essentially no radiation at other points of the electromagnetic

spectrum



111

Two mechanisms for energy conversion of this sort have been
proposed The first mechanism (Ginzburg and Zheleznmakov, 1958,
1659a) utilizes scattering from electron density clumps to produce
emission at the plasma frequency The second mechanism (Tidman
and Dupree, 1965, and Bekefi, 1968) invokes enhanced bremsstrahlung
as the plasma frequency mechanism’ Both produce the second har-
monic by a process known as combination scattermg in which two
plasma waves collide, producing radiation at the sum of the frequencies
of the two waves

In this paper the normalized profiles of the bursts rather than
their absolute emission levels will be examined It 1s therefore not
necessary to consider any constant coefficients 1n the theoretical
mtensity equations such as the plasma wave to eleciromagnetic wave
coupling efficiency The primary way in which the variable param-
eters enter the intensity equations i1s through the value of the velocities
in the suprathermal electron stream. The manmner in which the
velocily function is used in the coupling models from which computa -

tions are made 1s described later in this chapter

E Predicted Radio Burst Profiles at 3. 5 MHz

1 The Form of the Observed Radiation

Prediction of the form of the solar burst profiles which are
observed must be based on the somewhat scanty information discussed

thus far. Two points are particularly relevant The first is that all
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theoretical work to date indicates the very high probability of radia-
tion at the local plasma frequency (and at twice that frequency) for
bursts originating in the far corona. The second is that the mecha-
nisms invoked require a stream of suprathermal electrons with a
velocity distribution similar to one of those shown 1n Figures 20
and 21 In the idealized case, a packet of appropriate suprathermal
electrons would propagate through a region small enough so that the
temperature and density may be regarded as constant, instantaneously
exciting radiation with a fixed spectrum. This radiation would be
detected by a receiver of very narrow bandwidth, tuned sharply to
the plasma frequency of the region The flux density of the radiation
would decline as the plasma waves were damped, 1 accordance with
the precisely known ambient temperature of the region.

In practice, the situation 1s quite different for several reasons
First, there is a substantial spatial diffusion of the suprathermal
electrons, particularly in the far corona This will be demonstrated
by a rise to maximum which 1s not the delta-function type previously
described Second, since the electron density gradient 1s very small,
reception of radiation from a region of considerable spatial extent 1s
implied In addition, the emission, while peaked at the plasma fre-
quency, has a finite bandwidth ¥inally, the values of the coronal
temperatures are not well determined and in any case the value

selected will be at best an average over the extended emission region.
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While recognizing the problems listed above, it is neverthe-
less of interest to examine closely the total process with the aim of
producing quantitative predictions of solar radio emission. This is

done on the following pages

2. Mathematical Model for Solar Burst Emission

The factors which have been discussed this far suggest the
general form of the relationship for the observed flux density as a
function of frequency and time. In the most general case this propor-

tionality may be written, for frequency fc and a receiver with pass-

band Af, as
1
r=t TlrgAl yog
s [ {f S S[f, F(V)]
T0 gep lag VI
c 2
T[FW]avl at} nery e POET] gy (V-7)

where the terms are defined as follows:

S(t) = observed flux density as a function of time
at a given frequency { o for a receiver with
passband Af,

S[f,F(V)] = instantaneous plasma wave energy spectrum

as a function of freque ncy and of the velocity

distribution of the suprathermal electrons.
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T[ F(V)] = transfer function specifying the efficiency of
conversion of plasma wave energy to electro-
magnetic enerygy, as a function of the suprathermal
electron velocity distribution.

N(7) = number of suprathermal electrons injected per unit

time through a unit cross-sectional area of the
plasma level under study. This parameter, together
with the plasma emission spectrum, specifies the

volume of the emitting region,

e'qo(T)[t"T] = the collisional damping factor for the plasma
waves The use of the damping factor in this
way implies that no other damping mechanism
1s significant, and hence 1s restricitve 1n
application. The collisional frequency ¢ 1s
dependent on the ambient electron temperature

and hence on the coronal temperature model.

The proportionality sign is used because numerical coefficients
have not been included, and since it is the intent of this paper to nor-

malize all theoretical profiles to facilitate comparison.

It is pertinent to discuss the manner in which the variable
quantifies prescribing the solar radio emission enter into equation
(V-T7). The bandwidth of the receiver 1s of consequence only for the

Iimits of the frequency integration. The integration over time is
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necessary because electron injection into the plasma occurs over a
finite period of time and because the emission originates in regions
which the plasma electron density, temperature, etc are not the same.
The result 1s that the traveling electron stream successively excites
regions with different properties Time t = 0 specifies the time of
mitial electron injection into a region in which 8 i, F(V)] has a non-
negligible value within the frequency nterval fc + 1/2 Af of the re-
ceiver. The mtegration over the electron velocity spectrum includes
both the local plasma electrons and those of the suprathermal electron
stream

The four factors of equation (V~7) are all model dependent.
N[V, 7] 1s prescribed by both the theories of 1nitial electron accelera-
tion and of damping and spatial dispersion from the point of origin
to where the electron density 1s appropriate for emission in the fre-
quency band of the receiver The emission spectrum and the transfer
function as a function of suprathermal electron velocity are given by
theories which predict the characteristics of electromagnetic wave
emission from a plasma mto which a beam of suprathermal electrons
1s 1njected Finally, the damping factor 1s dependent on the invoked
damping mechanism, and on the value chosen for the ambient coronal

temperature,

3. Electron Injection Model

An accurate specification of the parameter N(7} requires

detailed knowledge of the process of electron injection at the base of
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the corona and of the changes m the velocity and space distributions of
the electrons as a result of their passage along a designated coronal
path The mnjection process 1s unknown, as 1s the time scale of the
electron injection It 1s obvious, however, that a packet of electrons
with a significant velocity dispersion will develop a spatial dispersion
which will increase with time. In such a dispersion the higher energy
electrons will be at the leading edge of its spatial extent, with success-
wvely lower energy electrons in the spatial regions closer to the source.
In addition, the spatial extent of the electrons may be limited at the
low-energy end by Landau damping and by collisional damping, primar-
ily at the expense of the low-energy electrons.
The parameter required from an electron mjection model is

the number of suprathermal electrons which enter a specified volume of
coronal plasma at the 3.5 MHz level (1 e , the surface of constant

R/ RO for which fp = 3 5 MHz), as a function of velocity and time.
Weiss and Wild (1964) have studied the propagation of electrons
1njected along a magnetically neutral plane near the chromosphere/
corona interface Their model utilizes a magnetic field with vertical
field gradient exp (-5R/ RG) and 1sotropic mnjection over the vertical
hemisphere at R/ RO =1 Several distributions of electron velocity
and injection time are proposed The resulting electron flow for a
quasi-Maxwellian velocity injection [F(V) = exp{-168 (0. 44V - 1/ 6)2},
where V is in units of solar radii per second] appears to meet the

general requirements which have been specified in this paper Their
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model 15 therefore chosen as a trial electron injection model for low-
frequency burst profile computations performed here. Predicted dis-
tributions are given for coronal heights which correspond "approxi-
mately" to the 50 MHz and 20 MHz surfaces Because of the uncer-
tainties involved, both of these distributions are used for the compu-
tations described herein, as are two distributions developed by the
author of this paper These distnbutions N{4 ) are shown in Figure 22,
with the maximum normalized in each case The total electron
population of the volume of plasma in question 1s the sum of N(7) and
the local Maxwellian distribution. In the figure, {A) represents an
extrapolation of the Weiss-Wild 20 MHz model to the approximate
region of the 3.5 MHz surface Distributions (B) and {C) are the
Weiss~Wild models for the 50 MHz and 20 Mhz surfaces, respectively
Distribution (D) has been developed for this paper to study the effect-
produced by a much shorter injection time scale than those predicted
by the other distribufions These distribution functions are designated
hereafter as Gl, WWI1, WW2, and G2. The injected electrons which
are represented are suprathermal; an ambient Maxwelhan distribution

of electrons 1s also present 1n the region of plasma under consideration
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Figure 22 Temporal Electron Distributions for Different
Electron Injection Models.
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4 Plasma Wave Emission Spectrum

No theoretical studies have produced accurate spectral predic ~
tions, although recent progress suggests that such predictions may
soon be made Enhanced radiation at fp and 2fp 1s commonly observed,
although the enhancement mechanism 1s at issue For purposes of
discussion some of the features of the methods proposed can be used
to predict the observed spectrum In particular, Tidman and Dupree
(1965) have shown that suprathermal electrons can produce enhanced
emission at { o and 2f o if they are in the high energy tail of the ambient
Maxwellian distribution of velocities, This condition 1s satisfied for
all electrons which have not been damped in the inner corona The

strength of emission, however, is subject to the following propor-

tionality*
-1 2
T[F(V)] o Vg €XP Vg
where
kT
vV = 2
S m

and the Ts refers to the kinefic temperature of the suprathermal elec-
tron stream

The second plasma wave emission model which 1s considered
is that of Ginzberg and Zhelezmakov (1958, 1959a,b) Their treatment

predicts that
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9
TFWV)] o< Vg -

In view of the considerable uncertainty about the generally
accepted coupling mechanisms, burst profile computation is also per-
formed 1n this paper using an emission intensity model similar to that
suggested by Weiss and Wild (1964). In this model the emission inten-

sity is proportional to the suprathermal velocity as

T[F(V)] ot exXp VS

The great differences between these predictions should make
it possible to use the electron injection spectrum to produce at least
a qualitative statement of the agreement between theory and observa-
tion. Consider the observed radiation for two time periods of a radio
burst The emission of radiation in the first period is caused by
suprathermal electrons of velocity VS =0 32 c¢ and that in the second
period by electrons of velocity VS =0.16 ¢ The difference in

observed intensity predicted by Tidman and Dupree's theory 1s

T[F(V)]0 32 ¢) _ exp(0 32 c)2 (0,16 ¢)

= 10
T [F(V)J(O 16 c) exp (0 16 0)2 (0 32 ¢)

while the difference predicted by Ginzberg and Zhelezniakov 1s

T[FW](0 32 c) © 32 c)9

) = 500

T [F1v)](0. 16 ¢) (0 16 c)

and that of Weiss and Wild 1s
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TIF(W)1(0.32¢) . exp(0 32¢) _ 4
T{FWV)](0.16 ¢)  oxh(0.16 ¢)

The three coupling models between plasma waves generated by
the suprathermal electron stream and the resulting electromagnetic
radiation will be designated henceforth as TD (Tidman-Dupree), ‘GZ
(Ginzberg-Zhelezmakov), and WW (Weiss-Wild)

The bandwidth and shape of the emission peak at p are also of
substantial mnterest The ambient parameters of the coronal plasma
are so poorly known, however, that, except for a prediction of a
"sharp' peak, no spectral information can be obtained from any of
the coupling models. The emission peak bandwidth 1s thereiore essen-
tially a free parameter This bandwidth i1s one of those quantities
which has been varied within reasonable limits to predict the emission

profiles

5. Collisional Damping of Plasma Waves

It has been previously noted that plasma waves are collisionally
damped as exp[-¢(T)t] where ¢(T) 1s given by equation (V-6) In order
to mclude damping in the burst profile model it 1s necessary io adopt
provisionally a model for the coronal temperature gradient as a
function of distance For the purpose of comparison with observations,
three temperature models will be used. One 1s the model of Whang,
Liu, and Chang (1968), based on a theoretical solar wind study The

other two result from comparisons of burst observations with assumed
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coronal density models; they are those of Hartz (1964) and Hartz and
Warwick (1966). The collisional frequencies given by the three models
at the 3 5 MHz level are listed 1n Table 9 These models are referred

to hereafter as W, H, and HW, respectively.

Temperature
Model at 5 5 Ry @ (T) e“[@(T)t]
Whang, Liu, and Change (1966) 7Tx 10°°K  o0.010 0 010t
Hartz (1964) 6x10°°K 0013 o0 013
Hartz and Warwick (1966) 4x10°°%K 0021 70-021

Table 9 Coronal Collisional Frequencies at 3 5 MHz for
Three Coronal Temperature Models

6 Theoretical Solar Burst Profiles

The computation of theoretical burst profiles follows directly
from equation (V-T7), with the factors of the equation being specified
from the models described on the previous pages The OGO-III pass-
band is restricted to a very small range of frequencies This suggests
that predicted profiles at the extremes of the frequency range will
differ very little For this reason, the profiles computed here are
restricted to £ =3 5 MHz

The practical consequence of the gradual temperature gradient
in the far corona 1s that collisional damping 1s essentially uniform
over large coronal path lengths To simplify computation the damping

narameter @(T) may be regarded as a constant for a low-frequency
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burst at 3. 5 MHz. This assumption implies that the principal contri-

bution to the flux density at one frequency is produced in a region in

which the electron temperature is essentially constant. The data

averaging process 1n the OGO-III analysis produces burst profiles for

a bandwidth of Af = 100 kHz For this reason, the computations here

are restricted to the receiver frequency band f = 3.5 + 0 05 MHz.
A final assumption 1s that emission at the plasma frequency

takes the following form:

1

S{f, F(V)} )

1
1f A =
or f f <f< ¢ +2Af

0 elsewhere (V-8)

1l

where Afp 1s the bandwidth of the emission centered on the plasma
frequency. This assumption 1s plausible in view of the plasma wave
spectral intensity profiles computed by Tidman and Dupree (1965) and
the identification of the emission as a sharp resonance phenomenon

It 1s now possible to integrate equation (V-7), using the dis-
cussion above to specify the factors contamed within the equation.

The numerical integeation 1s performed by choosing an elec-
tron injection model for N(7), using one of the three wave-coupling
transfer functions T [F (V)], selecting a collisional frequency by choos-
ing one of the three coronal models, and designating emission bandwidth
for the solar radio burst by equation (V-8) It 1s assumed that the

higher velocity electrons are moving at 0 25 ¢ (Stone, et al , 1967)
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The schematic development of a solar radio burst is 1llustrated
1in Figure 23 for an emission bandwidth of 2 MHz. The receiwver pass-
band 1s assumed to be very narrow compared to the emission bandwidth;
for OGO-III the receiver passband is 20 kHz The solar burst profile
resulting from this development will be designated Burst Model
Number 1 Its model characteristics, along with those of other burst
models to be discussed, are lhisted in Table 10 At time t =0 the
leading edge of the suprathermal electron packet arrives at the
f o = 4 5 MHz level, producing the emission shown (The electro-
magnetic emission 1s taken to be essentially simultaneous with the
passage of the suprathermal electrons ) As the electron packet con-
tinues through the coronal plasma radiation with the emission spectra
shown 1 Figure 23 is successively excited at higher coronal levels
In the actual case, of course, a continuous series of emission spectra
18 produced, rather than just the five spectra shown here

Emission from any one coronal level as a function of time
depends on the temporal electron injection spectrum and on the damping
of the plasma oscillations. This model uses the WW1 injection spec-
trum, which has a duration of about 13 seconds (Figure 22b). When
this spectrum 1s convolved with the collisional damping factor, the
result is the solar burst profile at one coronal level. For Model 1
these profiles are shown as the smaller curves in Figure 24

Superposition of each profile contribufing to the radiation in the receiver
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Figure 23 Schematic Development of a
Low-Frequency Solar Radio Burst.



Burst Electron Injection Model Wave Coupling Model Coronal Temperature Model Emission

Model Bandwidth
Number WWI1 WW2 G1 G2 G3 TD GZ WW HW H ) kHz
1 x x (Varymg with R/ RO) 2000
2 X X 200
3 X X 400
5 X X X X 800
6 X X X 400
7 X X X 400
8 X X X 400
9 X X X 400
10 X X X 400
11 X X X 400
12 X X X 400
Table 10. Specification of Variables For Theoretical Solar Radio Burst Profile Computations,

9¢1
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passband produces the total burst profile, which i1s the solid curve in
Figure 24

The minor variations in the individual burst profiles in Figure
24 are due to the slightly different damping constant extant in the
coronal levels from which the emission origmnates. In the remaining
burst models described 1n this chapter, the temperature variation has
been neglected, That this 1s justified in light of observations is shown
in Chapter VI

With the schematic picture of solar radio burst production at
hand, it 1s of interest to investigate the effect of varying each of the
available parameters. Figure 25 shows the result of increasing the
bandwidth of the emission centered on the plasma frequency. The
temperature model, wave-coupling model and electron injection model
are the same for all three profiles. If 1s readily apparent that increas-
1ng the bandwidth modifies the slope of the rising portion of the profile
but has little effect on the declining portion This 1s because the
rising portion 1s sensitive to the electron travel time through the
region of emission. As the emission bandwidth is increased the
emission region is enlarged, hence travel time increases and the
leading edge of the burst profile 1s modified. The declining portion of
the profile is controlled largely by collisional damping and thus shows
little change as a function of bandwidth; note that this would not be the

case if significantly different temperatures were involved



o

Q O
o} @

O
'S

FLUX DENSITY (NORMALIZED UNITS)
Q
)

TIME (SEC)

Figure 24, Schematic Development of a Solar Radio Burst Profile.

8¢T



129

Figure 25. Theoretical Radio Burst Profiles for Different
Emission Bandwidth About mu
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Figure 26 demonstrates the solar burst profiles resulting
when different coronal temperature models are invoked. As antici-
pated, a marked difference 1s present among the resulting profiles,
particularly in the declining portions of the curves

More surprising 1s the comparison among the profiles resulting
from the various wave-coupling models These are shown in Figure
27, and are seen to resemble each other very closely, despite the
very great difference 1n emission intensity dependence as a function
of suprathermal electron velocity predicted by the different models.
It must be pointed out here that this comparison is between normal-
1zed profiles The method of profile computation used does not pro-
vide absolute flux density values; such values would be strongly model
dependent Without mformation concerning the electron flux in the
high-energy stream, however, no absolute emission predictions can
be made The relevant comparison of theory with observation is thus
the normalized variation of flux density with time.

Figure 28 shows the effect produced on the burst profile by
varying the time scale of the electron injection The result is that
increasing the injection fime scale brdadens the peak of the curve
without having much effect on the declining slope The change pro-
duced on the rising slope 1s msignificant compared to that produced
by changes i bandwidth The shape of the injection function N(t)
also has an effect on the burst profile In Figure 29, (a) is a repro-

duction of Figure 22 (a), and (b) shows N(t) for distribution G3.
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Figure 26. Theoretical Radio Burst Profiles for Different
Coronal Temperature Models
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Figure 27 Theoretical Radio Burst Profiles for Dafferent
Plasma-EM Wave Coupling Models
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Figure 28. Theoretical Radio Burst Profiles for Different
Electron Injection Models.
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Figure 29 Temporal Electron Distributions with
Different Shape but of Equal Duration
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This distribution has the same time duration as G1, but has its maxi-
mum at a time similar to the WW models. The resulting burst profiles
are shown in Figure 30 It is seen that changing the shape of the injec-
tion spectrum changes the rise time to maximum, but has only a small
effect on the burst profile.

The computed parameters for the twelve solar burst profiles
depicted in this <hapter are listed i1n Table 11 These figures may be
used as starting points 1n the task of fitting the theory developed here
to the observational data from OGO-III

To summarize, even though all points of a solar burst
profile are determined to some extent by each of the variables of
equation (V-7), the dependence of the profile on each individual

variable changes throughout the curve, as follows:

(1) The leading edge of the profile 1s strongly dependent
on the bandwidth of the emission centered on the plasma
frequency To a lesser extent, it 1s dependent on the time

span of the electron mjection.

(1) The change of curvature in the profile in the vicinity of
the maximum pomt 1s strongly controlled by the time span

of the electron injection

(111) The trailing edge of the profile 1s strongly controlled

by the coronal temperature 1n the emitting region.
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Figure 30 Theoretical Radio Burst Profiles for Differently
Shaped Electron Injection Models.
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Burst
Model Rise Time to e-~folding (A/B) 7
Number Maximum (sec) Time (sec) 1/e
1 17.0 55 5 0.79
2 8.8 60 0 0. 89
3 11.4 61.5 0.87
4 18 0 62 8 0 81
5 14 0 89. 4 0 90
6 14. 2 100 1 0.91
7 13.9 62. 4 0. 86
8 11 8 60 5 0 87
9 12 1 61 2 0.88
10 20 8 61.1 0.82
11 90 58 4 0 88
12 18 0 61.0 0 82

Table 11 Theoretical Solar Radio Burst
Profile Parameters

7 These parameters are defined by Figure 15,
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(1v) The wave coupling model mvolved has very little

effect on the solar radio burst profile,

A final remark i1s in order concerning the comparison. If
several radio bursts are seen within a fairly short time period
(of the order of a few hiours) and are determined to have originated
1n the same coronal streamer, no significant temperature change is
Iikely to have taken place and the same coronal temperature model
should hold for all the bursts The method of coupling the electron
stream into electromagnetic radiation must be the same for all the
bursts, as must the form of the emitted spectrum If appears
reasonable, therefore, to attribute differences between the observed
profiles to differences 1in the velocity and time injection of the
suprathermal electrons In this way it may be possible to deduce

the properties of tne electron streams from the observed solar

radio burst profiles.



CHAPTER VI

DISCUSSION OF RESULTS

A, Correlation With Radio Spectral Observations

1 Event Correlation

The reception pattern for the OGO-III antenna closely approxi-~
mates that of a Hertzian dipole, rather than being directional In order
to establish whether or not a signal enhancement was truly solar in
origin 1t was advisable, particularly in mitial data evaluation, to cor-
relate tentative low-frequency burst events with higher frequency
events observed by ground-based stations. The ground-based mnstru-
ments have the advantages that their antenna patterns are centered on
the solar disk and are at least moderately sharp, and that their equip-
ment response can be actively monitored.

Since the OGO-III radiometer 1s a sweep frequency mstrument,
1t was anticipated that the correlation of OGO-II events with ground-
based sweep frequency radio events would produce a high incidence of
coincident burst detection The correlation 1s, 1n fact, very good.

Of the 164 OGO-III events for which concurrent ground-based observa-
tions were made, 157 were confirmed as being of solar origin, a
correlation of 95 8% The seven unconfirmed events all occurred
between 0000 and 0700 U T., during which time only the Culgoora

radio spectrometer was in operation. It seems likely, therefore, that
139
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event correlation 1s limited by either incomplete event reporting or
the Culgoora station's having a lower sensitivity than other observa-
tories operating radic spectrometers

An alternafive correlation approach 1s to analyze the number
of events for which the OGO-III experiment confirms a burst detected
by ground-based equipment In order to perform this correlation, all
Importance 3 fast drift bursts observed by the University of Colorado
radio spectrometer at 41-7 6 MHz were listed OGOQO-III data for con-
current periods was then examimed Of 399 UC events, only 82 were
detected by OGO-III. This apparently results from the very mgh
radio noise environment of the spacecraft, although it could also
be caused by a great number of solar radio bursts having a Iow-
frequency cutoff 1n the vicimity of 5 MHz Such a Iimit has been
suggested by low-frequency ground-based observation, (see, for
example, the burst events i1llustrated by Sheridan and Attwood, 1962)
The high mverse correlation, however, suggests that all radio bursts
which are strong emitters in the 4-2 MHz band are also strong
emitters in the 50-5 MHz band commonly observed by ground-based

stations

2. Relative Importance Ratings

A comparison of the qualitative importance ratings assigned to
comcident bursts by high- and low-frequency observers makes 1t

easier to understand the event occurrence correlations described above.
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For comparative purposes the ratings of the University of Colorado
radio spectrometer are used here The importance ratings assigned

to the bursts observed with this mstrument are (Solar Geo Data, 1968):

Imp. 1 : 5-20x 10722 watt m~2mz"1
Imp 2 . 20-80x 10722 watt mnsz-1
Imp 3 : >80 x 10”22 watt m 2Hz 1

It has been stated in Chapter IV that typical OGO-III burst flux levels

16 watts m"sz“1 Reports of radio burst events in the

are 10~
120-70 MHz band indicate typical fluxes of 10718 watt m 2mz1 (Wild,
1950) It is thus anticipated that the strong bursts detected by OGO-III
will all receive high importance ratings by the University of Colorado
n the 41-7 MHz band. Table 12 shows that this 1s indeed the case

Of the 148 coincident events, 102 are rated Importance 3 by the
University of Colorado The solar bursts reported monthly by
Colorado are almost equally divided among the three importance
categories The facts confirm the expectation that OGO-III detected
only major events, and explain the failure of the OGO-III experiment
to detect more than about 20% of the Colorado events Any statistical
comparisons of these low-frequency results with those at higher fre-
quencies must thus take into account the fact that OGO-III events are
restricted to those of substantial flux density

To estimate whether the flux densifies measured by OGO-III are

consistent with those obtained at other frequencies, Wild's (1950) flux
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University of Colorado OGO-III Importance Rating
Importance Rating (4-2 MHz)

(41-7 MHz) 1 9 53

1 8 8 4

2 10 10 8

3 37 39 26

Table 12 Comparison of OGO-III and University of Colorado
Importance Ratmgs for Solar Radio Bursts.
density values at 120-70 MHz may be used Over his limited frequency
range, the average flux density as a function of frequency followed the

-39 Figure 31 shows two of his data points and

proportionality SV o
the position of the proportionality law which he derived, on a flux
density -frequency graph Also shown in the average flux density mea-
sured by OGO-III for fast drift bursts at 3 5 MHz, together with the

measured range of OGO-III flux densities The results indicate that

Wild's proportionality 1s not valid at very low frequencies

B Correlation With Solar X-Ray Observations
Both thermal and nonthermal fluxes of solar X-rays are com-
monly seen The nonthermal bursts show a very high correlation with
centimeter wave solar radio bursts (Kundu, 1863), but only about a
10% correlation with fast drift bursts in the 500-10 MHz range
(de Jager, 1965) The accepted mterpretation of these results has
been outlined by Kundu (1965) and Goldberg {1967). Kundu's statement

1s as follows:
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It appears that the energetic electrons (accelerated in the flare
region) produce centimeter-wave bursts by synchrotron radiation and
flow mto the lower chromosphere, where they produce high-energy X-
ray bursts through collision with neutral hydrogen atoms (nonthermal
bremsstrahlung) On the other hand, there are evidences that at least
some of the centimeter-wavelength bursts, particularly those unaccom-
panied by meter-wavelength bursts, and those associated low energy
X -ray bursts may be due to thermal bremsstrahlung The occasional
occurrence of meter-wave Type III bursts at higher altitudes in the
corona in association with high energy X-ray bursts 1s probably due to
the fact that some of the electrons produced during the flare are accel-
erated upwards, possibly as a consequence of an irregular flare struct-
ure, and move through the corona without being ""braked”. The "un-
braked' electrons may excite Type III bursts at higher levels 1n the
corona, but they do not seem to play any significant role in the produc-
tion of high energy X-rays

OGO-II solar radio bursts have been correlated with solar
X -ray events detected by 1onization chambers aboard OGO III
(Arnoldy, Kane and Winckler, 1967, 1968a, 1968b) and OSO-~II, in
the latter case with unpublished data; made available by Dr R G.
Teske. The OSO-II detector was used for the more detailed of the
two mvestigations The results, which are summarized in Table 13,
give a computed 4-2 MHz radio burst/X-ray event association of

60 per cent, a figure of the same order of magnitude, but somewhat

4-2 MHz events with concurrent OSQ-III observation. 70

4-2 MHz events with an X-ray event 1n progress
within + 5 minutes of the 4-2 MHz event: 42

4-2 MH=z events with no X-ray event 1 progress
within + 5 minutes of the 4-2 MHz event: 28

Table 13. Cormrelation of Solar X-ray Bursts with
4-2 MHz Solar Rad:o Bursts.
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lower than, that derived for the association of low-frequency radio
bursts with optical flares Teske (private communication) suggests
that such a result is simply a manifestation of the high degree of
correlation between X -ray events and optical flares.

A precise specification of the relationship between X-ray
events and low-frequency radio bursts cannot be derived from the
data available here It 1s possible that no unique relationship exists,
and that the observed characteristics of the two types of events are
controlled by the mnstantaneous magnetic field structure in the

chromosphere at the moment of 1nstability

C Correlation With Solar Flare Observations

1 Event Correlation

The assoclation of a solar radio burst originating at four or
five solar radi with a particular center of activity at the solar photo-
sphere is not always an unambiguous process The basic assumption
mvolved in the association 1s that the same instability which produces
the suprathermal stream of electrons responsible for the radio burst
is also the cause of the increase 1in Hy intensity occurring durmg a
solar flare If this assumption 1s used as a starting point for the
correlation, it then becomes necessary {0 place limits on the time
1nterval between the two events In this study a 4-2 MHz radio burst

was consldered to be assoclated with a solar flare if the burst began
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within + b minutes of the observed flare duration. This criterion 1s
not extremely restrictive, and its use may be expected to produce a
certain number of chance associations. Nevertheless, the results
which have resulted appear to justify such a choice as opposed to one
1 which the association requirement 1s more stringent

Using the criterion specified above, the solar radio burst events
were checked agamst the Worldwide List of Flares and Subflares,
World Data Center B, France, kindly made available by Dr. H.D.
Prince Since no attempt was made to judge the reliability of the flare
data the correlation may be regarded as an upper limit in terms of
reported flares and subflares Of the 218 OGO-III events detected during
the period under study, 166 were found to be "associated', according
to the above definition, with a reported flare or subflare Four events
occurred when no optical flare patrol observations were made The
resulting correlation 1s thus 78%.

In order to relate the optical features of the sun to solar radio
burst characteristics, the properties of the flares associated with the
solar buPsts were studied. Table 14 shows the number of flares and
subflares 1n each 1mportance classification which were found to have
such an association It 1s immediately apparent that flares associated
with solar radio bursts are not necessarily major ones. Such a result
has been suggested by the burst/flare correlation work of Giovanelly
(1959) The importance distribution, 1 fact, closely approximates

the distribution of all reported optical flares (Smith and Smith, 1963)
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Subflare reporting is much too heterogeneous to allow such a compari-
son, but it 1s significant that two thirds of all low-frequency solar

bursts observed are associated with subflares.

Importance ~ Bright  Normal  Famt  Total’
S 17 73 21 111
1 16 18 2 36
2 6 4 0 10
3 2 0 0 2

Table 14 Dastribution of Importance Ratings for Optical Flares
Associated with 4-2 MHz Solar Radio Bursts.

Another approach to the correlation of optical and radio data
15 fo compare the relative importance levels of associated events.
Such a comparison 1s made in Table 5. No significant trend 1s
apparent, although there 1s some evidence that a major optical flare
is more likely to produce a major radio event than 1s a minor flare

Analysis of the heliographic distribution of flares associated
with solar radic bursts shows that the associated flares are well
distributed over the disk No evidénce exists to indicate that radio
bursts origmating from any particular position on the apparent solar

disk, either East or West, are less likely to be observed by OGO-III.

Seven flares were associated with two radio bursts
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Optical Flare Importance No
Importance Associated
(4-2 MHz) 8f Sn_Sb 1l In 1b 2n 2b 3b Flare
1 13 31 6 2 4 A 3 0 0 18
2 7T 19 7 0 9 5 1 1 2 20
3 1 22 3 0 3 6 0 3 0 10
4 0 1 1 0 2 0 0 2 0 0

Table 15 The Correlation of 4-2 MHz Event Importance Ratings
with Importance Ratings for Associated Optical Flares
The significant results of this study of the relationship of
low-frequency pursts and optical flares are that the correlation appears
to be considerably above 50 per cent, that it 18 only moderately
dependent on flare importance, and that association with subflares

accounts for a majority of all associations which have resulted

2 Taime Association With Flare Maximum

Previous studies of the association of solar radio bursts with
optical flares have indicated that fast drift radio bursts tend to precede
the maximum phase of the flares, and to be approximately coincident
with the flash phase (Malville, 1962a) In order to examine the flare-

burst time relationship for low-frequency solar bursts, the time

9 Seven flares were associated with two radio bursts; the bursts are
thus considered to be a single event and appear in this table only
once, under the higher importance rating Four bursts occurred
duriny gaps 1n optical flare patrolling and are not included i1n the

totals viven here
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intervals between reported flare maxima and radio burst start times
are plotted in the form of a histogram in Figure 32, both for all
associated flares and for only those of Importance 1 or greater. The
figure clearly demonstrates a tendency for a low-frequency radio
burst to begin prior to the maximum of its associated flare. It is of
interest that radic bursts associated with the more major flares are
more likely to precede the reported flare maximum than are those
which are subflare-associated Such an effect would not have been
noted had more restrictive limits, such as t 5 minutes from reported
flare maximum, been placed on the association, The average time
difference between the start of a radio burst and the maximum of the
associated subflare 1s 1 9 minutes For flares 2 Importance 1,

this figure 1s 3. 9 minutes The time requred for an electron stream
moving at 0 25 ¢ to travel from the photosphere to the vicinity of

5 RO (the 4 MHz plasma frequency level) 1s approximately 38 seconds.
It thus appears that the electron stream responsible for a solar radio
burst at 4-2 MHz 1s emitted from the point of nstability approximately
2-1/2 minutes prior to the time of maximum H o intensity of the
associated subflare For flares of Importance 1 or greater, this
time interval 1s approximately 4-1/2 minutes These results are
entirely consistent with radio burst production occurring during the

period of strong pre-maximum growth of the optical flare
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3. Characteristics of Associated Regions

A total of 58 plage regions were found to be regions of origin
for flares or subflares associated with OGO-III radio bursts It 1s
enfirely possible that some of the i1dentifications may be fortuitous,
particularly those in which only one or two radio bursts were associ-
ated with a particular plage region Several plage regions, however,
proved to be prolific producers of flares associated with radio bursts
at 4-2 MHz Table 16 Lists the plage regions which were associated
with the greatest number of bursts for the period June 13, 1966 to
September 30, 1967, together with mmformation concerning the charac-
teristics of each region The region ages, intensities, and central
meridian passage (CMP) plage areas are those determined by the
McMath-Hulbert Observatory Data on CMP sunspot areas and coronal
lme indices are from the Sacramento Peak Observatory The sunspot
field strengths are those measured by Mount Wilson-Palomar
Observatories An indication of the radio burst activity of these
regions 1s that they were responsible for 54% of all radio burst-
associated flares for the period of study, while all other plage regions
contributed the remainder It is these burst-prolific plage regions
which must therefore be examined 1n detail 1n an attempt to identify
the optical solar phenomena which are associated with low-frequency
solar radio bursts,

The general characteristics of the plage regions selected by

the radio burst data are those of regions judged very important by the
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Radio Number of CMP Sunspot CMP
Burst McMath Associated Age CMP Plage Sunspot Field Coronal

Production Plage Radio (Solar Area CMP Area Strength G6
Rating Number CMP Bursts Rotations) (Millionths) Intensity (Millionths) (Gauss) Index

1 8905  7/28/67 19 land3" 17,200 3.5 1500 2800 119

2 8907  7/20/67 15 1 4, 300 3.0 530 2800 116

3 8740  3/21/67 12 3 9, 800 35 840 2300 131

4 8863 6/ 26/ 87 12 2 5, 000 3.0 280 2300 103

5 8704 2/ 21/ 67 8 2and 4 8, 500 3.5 1600 2800 119

6 8942  8/26/6% 7 2 and 4 15, 600 3.5 910 2800 119

7 8818 5/25/67 4 2 10, 000 4.0 1700 2800 89

8 8546 10/18/66 4 2 5, 000 3.0 390 2300 83

9 8716 3/10/67 4 1 4, 500 3.5 580 2300 73

10 8629  1/2/67 4 1 1,800 3.5 270 2300 31

*Had a resurgence on the invisible solar hemisphere.
*x
Grew rapidly and reached 3900 before west limb passage

Table 16, Characteristics of Plage Regions Associated with Four or More 4-2 MHz Solar Radio Bursts.

¢Sl



153

application of nearly every common criterion, For the period covered
by this study, Dr. H.D Prince has selected fifteen regions as those
which were most flare-rich, using JAU Solar Data Bulletin information.
Nine of the ten regions discussed here (the exception being 8716) are
included in the list, thus marking them as outstanding flare producers
The sunspot areas and field strengths were all quite substantial. The
mtensifies and areas of the plage regions are compared in Figure 33
with those of all regions which appeared on the solar disk during the
period of this study It is apparent that the radio burst-associated
regions are outstanding by these criteria also, although not every
large, bright region was associated with the radio bursts. The regions
were not necessarily correlated with major geomagnetic disturbances
The two largest in terms of radio burst production, 8905 and 8907, did
not produce solar protons or demonstrate any significant geomagnetic
effects at all.

The coronal line index 1s an cbservational parameter which
indicates the level of activity in the lower corona. Table 16 gives the
average value of the index G6 for both East and West Iyimb passages of
the plage regions studied here, (Intensity measurements are made at
5° intervals along the limb; the G6 mdex is the average of the six
highest measurements in the greeu coronal Iine of Fe XIV 1or the
quadrant specified ) Although it 1s impossible to predict which impor-
tant coronometer structures are streamer-associated (MacQueen,

1968), the lack of a significant line index level at a given position
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presumably indicates that no streamer can have its base at that loca-~
tion (see, for example, the streamer maps and coronometer 1sophotes
illustrated by Bohlin, 1968). It may therefore be of importance that
radio burst activity m a region 1s at least roughly consistent with a
high coronal line 1ndex, as 1s shown in Table 16

Some suggestions regarding the evolufion of solar conditions
suitable for the occurrence of radio bursts of the fast drift type may
be gleaned from an examination of the individual plage regions. For
this reason a short history of each region 1s given below, the regions
being listed i1n chronological order along with their radio burst produc -

tion rating, solar latitude, and CMP date.

Region 8546. This region appeared on the East solar limb on
(#6)
(N 239) October 11, 1966, representing the return of two
(8/26/67)

regions, one of which had been relatively flare-rich
m 1its first rotation On October 19 a large filament
to the East of the region began to fade, and had
almost disappeared by October 21. The 20th and
21st of October also saw rapid growth of the major
sunspot group in the region. Region 8546 was a good

flare producer.

Region 8629. This region was the first major flare producer in
(#10)
(S 239) the southern hemisphere for solar cycle 20. It was
(1/2/67)

characterized by rapid change. The plage and spot



Region 8704.

(#5)
(N 239)
(2/27/67)

Region 8716
(#7)
(S 229)
(3/10/67)

Region 8740
(#3)
(N 229
(8/27/67)
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formed on the visible disk and grew rapidly on
December 29-30 The region's area increased
markedly from 1800 millionths at CMP to 3900

millionths before West limb passage.

Representing the return of a smaller region,
8704 was in every sense a strong, large solar center
of activity. Flare production was very high. The

Mount Wilson-Palomar magnetic field measurements

indicated that the field strength of the major sunspot

was greater over the disk passage than for any other

region discussed here

Born on the back of the solar disk, this plage
region was already large and well developed at East
Iimb appearance on March 3, 1967 The region was
only a moderate flare producer, and the flares
occurred primarily during the first half of its disk
passage A filament near the region grew noticeably

just prior to CMP.

This large, active region 1s particularly inter-
esting m that it was the return of Region 8704, which
was also an active radio burst producer. Both flare

production and burst production remained high. Thez



Region 8818
(#7)
(N 259)
(5/25/67)

Region 8863.

(#4)
(N 229
(6/26/67)

Region 8905
(#1)
(N 279
(1/28/67)
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sunspot characteristics were not as unusual as those
of 8704, but the group was magnetically complex on

at least 3 days during its transit of the disk

Many similarities existed between this region and
8704 Both were large, had substantial sunspots, and
were good flare producers. Region 8818 was flare-
rich during its entire disk passage On May 22 a
filament suddenly appeared 15° to the West of the

region, remaining essenfially stable thereaftier.

This region was large and bright, but was only a
moderate flare producer with respect to most of the
other regions discussed here. Although the principal
sunspot was not large, it contained a v configuration
A most distinctive event associated with the region
was the disappearance of a very large filament between

June 23 and June 24.

This great region is perhaps the most distinetive
one of the entire time period studied here Very
large and very bright, it produced more flares and
radio bursts than any other region. Major growth
of a filament to the North of the region between July

25-30 was observed
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Region 8907. A close association existed between this region
(#2)
(N 179 and 8905, which preceded it by two days and was 10°
(7/30/67)

higher in latitude In itself, 89207 was a good flare
producer, with a large, strong sunspot group. The
combination of this region and 8905 caused an ex-
tremely high level of solar acfivity during its disk
passage The filament growth near 8305 may also

be significant for this region.

Region 8942, This very large and interesting region represented
(#6)
(N 239) the return of the combined Regions 8905 and 8907,
(8/26/67)

and as such was the second case 1n this study in which
a region produced radio burst-associated flares on
two successive rotations The region very nearly
equalled 8905 in flare production. A small filament
near the plage became very dark and conspicuous
between August 27-28. In addition, a southern region
at the same longitude as 8942 showed rapid sunspot
growth on August 24-26. Whether any physical rela-

fionship existed between the two regions 1s not known

It 1s mmteresting to note that most of the regions discussed here
demonstrated extremely erratic radio burst production as a function
of time, as shown i Figure 34 In most cases the periods of enhanced

radio burst production were not directly dependent on the flare
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production of the region, which tended to be considerably more uni-
form The obvious question to ask is whether any observed changes
in the regions can be held responsible for the enhanced radio burst
production As an approach to this question, Figure 34 shows the
periods of major filament or sunspot changes in or near the selected
regions, and indicates the days on which gy or % sunspot configura-
tions were observed in the regions. It may be significant that every
major sunspot or filament change preceded or coexisted with a period
of solar radio burst activaty The sunspot magnetic field configuration
does not appear to exercise direct control over radio burst production,
although the regions certainly tended to possess the gy and 8 con-
figurations in which mixing of the magnetic field polarities 1s

observed

4 TImplications for Coronal Streamer Structure

From the characteristics of the plage regions studied here,
it 1s possible to specify some of theJreun.rements for coronal
streamer production It appears that nearly all large, very bright,
flare-rich plage regions are assoclated with streamers having a
radial extent of at least 5 RG) The regions involved had large sun-
spot groups with strong magnetic fields, and most had high coronal
line index values The data also suggest the possibility that any
major change mn filament or sunspot structure in a large plage can
temporarily create or enhance the conditions necessary for the propa-

gation of electron streams to large radial distances.
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Although the data are not conclusive, it appears that the
formation time for a streamer over a newly-formed active region
can be as short as about three days (Region 8629). The majority of
the regions associated with 4~2 MHz solar bursts were in at least
their second rotation, however, so that a longer streamer formation
time appears to be more usual. The two cases in which the same
plage region was associated with radio bursts on two successive
rotations suggest that well established streamers maintain their
integrity and magnetic field structure for up to two rotations. Such
lifetimes are 1 good agreement with the minimum streamer life-

times deduced by Bohlin (1968)%0

D. Burst Mechanism Characteristics Indicated by Observations

1 The Average Burst Profile at 3.5 MHz

The measured parameters of the 3. 5 MHz burst profiles
derived from OGO-INO data are listed in Table 7 In order to
specify the form of the average 3 5 MHz profile produced by a low-
frequency solar radio burst, numerical averages of these parameters

have been computed. The resulting values are given in Table 17,

0’.1.‘he results discussed herein rely upon the assumption that emission
occurs at the local plasma frequency After the completion of this
paper, the author's attention was called to a recent publication by
V I Slysh (CosmicRes 5, 759, 1967) in which evidence 18 presen-
ted for emission at f>fp The conclusion 15 based on just two bursts,
only one of which 18 confirmed by other opbservers Slysh's work has
been criticized by French scientists because of poor calibration tech-
niques and inappropriate theoretical treatment (Weil, private commu-
nication)
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Fraction of Peak
Flux Density at

Point of Measurement A B A/B
0 900 6.1 sec 10. 6 sec 0. 57
0 800 95 14,7 0 65
0 600 14 5 24 0 0 60
0 368 21.4 33 8 0 63

Table 17 Profile Parameters for the Average
3 5 MHz Radio Burst.
The best f1t to the above profile was obtained for a theoretical model

having the characteristics specified in Table 18.

Instantaneous Burst Bandwidth = 900 kHz
Electron Injection Model = G3 (Figure 29)
Collisional Frequency: @(T) = 0 055 sec-1

50

Kinetic Temperature = 2 4x 10" K.

Table 18 Burst Mechamsm Characteristics for the
Best-Fit Theoretical Model
Figure 25 depicts the profiles described by Tables 17 and 18
It is apparent that although minor variations exist the forms of both
curves are virtually identical The agreement of the leading segments
of the profiles suggests that the derived bandwidth is of the correct
order of magnitude The distinction between this value and the values

of instantaneous observed bandwidth has been discussed 1n a preliminary
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Figure 35. Radio Burst Profiles for Average 3. 5 MHz Model
and Best-Fit Theoretical Model.
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way by Hughes and Harkness {(1963). The observed bandwidth 1s the
result of the reception of the total burst emission from all contributing
coronal levels at a given time. It 1s thus strongly influenced by the
instrument sweepmg rate and the velocity of the burst exciter A burst
exciter moving at constant velocity traverses a range of high-frequency
electron density levels much more rapidly than it traverses a range of
low-frequency levels, due to the coronal electron density gradient,
which decreases with distance from the sun. Instruments with similar
time resolution should thus observe a much broader instantaneous
bandwidth at higher frequencies than at low frequencies The data of
Hughes and Harkness (1963) and Hartz (1964) are consistent with such
a hypothesis, as are the bursts illustrated by Sheridan and Attwood
(1962).

The bandwidth value given in Table 18 refers to the instanta-~
neous bandwidth from the 3 5 MHz coronal level only, rather than to
the observed bandwidth, and thus specifies a characteristic of the
emission spectrum at that level. Theoretical considerations (Jaeger
and Westfold, 1949; Malville, 1962b) have suggested emission band-
widths of less than 1 MHz The evidence presented here fully supports
their suggestion In fact, an emission bandwidth of, for example,

5 MHz would predict a rise time of thirty seconds or more from start
to maximum for bursts at 4 MHz Such values have not been observed.

The derived electron mjection model 1s incomplete 1 that 1t

consists of the integration of the dispersion of the electron stream
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with the relative enhancement of emission due to 1ts wave coupling
mechanism. It has been pointed out 1n Chapter V that the various
wave-coupling models had little effect by themselves on the appearance
of the radio burst profile. The coupling model ambaiguity cannot be
clarified by OGO-III data alone, and thus the electron velocity disper-
sion camnot be rigorously specified It 1s, however, possible to place
Iimits on the time scale of the injection of suprathermal electrons at
the 3 5 MHz level For the average burst profile discussed here, the
time scale must be on the order of twenty seconds, a figure which is
reasonable in view of the distance of the level from the suprathermal
electron source and the probable distribution of initial electron veloc-
1fies,

The derived collisional frequency and coronal temperature
value will be discussed i detail and compared with other observa-

tional data later in this chapter

2. Analysis of Individual Burst Profiles at 3, 5 MHz

Although it is possible to specify an average profile for a
3. 5 MHz solar radio burst, the actual data show variations from this
average The differences can be explained by variations m the elec-
tron injection profile and in the ambient temperature of the burst
region

The derived bandwidths, collisional frequencies and electron

kinetic temperatures for mdividual bursts are given m Table 19,
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UM/RAO Collisional
Event Frequency Kmetic Electron
Number Bandwidth - = o(T) Temperature

2 ? 0. 100 16x10° %K
4 400 kHz 0 070 2.0
37 650 0 070 2.0
59a 900 0. 050 25
59b 900 0 021 4 5
66 900 0. 065 2.1
80 400 0 035 3.2

104a 650 0 065 2.1

104b 900 0 035 3.2

155 900 0 070 2.0

159 > 900 0 065 21

160a 900 0 100 1.6

160b 900 0 100 1.6

209 900 - -0 060 2 2

217 900 0.070 2.0

328 < 400 > 0.100 <168

329a < 400 > 0 100 <1686

329b > 900 0.021 45

452 300 0 040 29

Table 19 Bandwidths, Collisional Frequencies and Kinetic
Electron Temperatures Derived from Analysis
of Individual Burst Profiles.



168

UM/RAQ Collisional
Event Frequency Kmetic Electiron
Number Bandwidth @(T) Temperature

454 650 KHz 0. 070 2,0 x 10° °K
461a 650 0. 040 2.9

461b 400 0.040 29

474 400 0 070 20

477 > 900 0 040 29

479 900? 0.021? 4 57

481 400 0 100 1.6

488 900 0.055 24

501 > 900 0.030 3.6

503 < 400 > 0.100 <186

504 400 0 040 2.9

514 900 0.030 3.6

560 900 0. 100 16

614 400 0 100 1.6

676 400 0 050 25

678 < 400 C. 040 29

680 400 0. 100 16

683 400 0.070 20

684 < 400 0. 065 21

686 400 0 070 2.0

(Table 19, Cont)



UM/RAO
Event

Number

6817
692
695
1101

1151
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Collisional
Frequency Kinetic Electron
Bandwidth ¢(T) Temperature

400 kHz 0 040 2.9 x 10° °K
400 0. 065 21
400 0 070 20
900 0 021 45
900 0. 100 1.6

(Table 19, Cont.)



i70

Individual bursts were fitted to an array of electron mjection and
damping models, and to two bandwidth models within this matrix at
400 kHz and 900 kHz., A computed profile using one of these two band-
widths reproduced the observed data in most cases If the observed
profile was obviously between the two values a bandwidth of 650 kHz
was assigned. It 1s apparent from a study of Table 17 that the average
profile has been weighted toward a wider bandwidth by a few very large
values It appears that about 80% of the bursts studied here are con-
sistent with an emission bandwidth of 650 + 250 kHz

No attempt has been made to study in detail the variation in
electron 1njection/wave-coupling models imphed by the observed pro-
files. It is felt that resolution of this problem will require accurate
radio burst profiles from a wide range of frequencies Such a program
could use, for example, a combination of ground-based radio spectral
data and data obtained by OGO-V, or other spacecraft experiments
operating over a range of low frequencies., The OGO-IHI data indicate
that the time scale for electron injection into the 3 5 MHz level varies
within the range of ten fo thirty seconds, being most frequently of the
order of twenty seconds.

The temperatures derived from the individual burst profiles
cover a range 1,6 x 105 <T< 4.5x 105 °K, If a constant coronal
temperature function with radial distance is assumed, as has been the
approach of Newkirk (1967) and others, a variation of about a factor of

five in the densities of different coronal streamers would change the
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radial distance of the 3. 5 MHz level enough to make this temperature
range plausible Such an interpretation implies that solar radio bursts
origmating from the same streamer within a short time period should
satisfy the same density model. The OGO-III data sample 1s not large,
but suggests that this is indeed the case Events 328 and 329a occur

0g  Events 683, 684

about three hours apart; both give T< 1 6x 10
and 686 take place within a four hour interval; the derived temperature
range is 2.0x105°K <T < 21x 105°K

Two multiple events 1n which the two measured profiles are
well separated, 1602 and b and 461a and b, likewise give similar
temperatures Events 59a and b, 104a and b and 329a and b are mult:i-
multiple events in which the individual burst profiles are intermingled
or distorted; in each case the individual events give substantially
different temperatures Events 503 and 504 represent another situa-
tion They occur less than an hour apart, but are identified with com~

pletely different centers of activity on the sun The derived tempera-

tures daffer by about a factor or two

E Coronal Parameters Inferred From
Low-Frequency Observations
1. Electron Density Model
It was pointed out 1n Chapter IV that the electron density struc-
ture of the far corona 1s not well known and that a density model for

streamers is less well known Furthermore, any model 1s at best an
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average over the range of actual density values Even the most cursory
glance at a solar eclipse photograph on which more than one coronal
streamer 1is visible is convincing evidence that no unique density struc-
ture exists for the streamers This is the probable reason for the
differences between the streamer density models of Bohlin {1968),
Michard (1954), Saito (1959) and Schmidt (1953), all of whom studied
different coronal streamers. The probability of a range of ellipticity
1 the three-dimensional density structure (Bohlin, 1968) further com-
plicates the problem. It i1s very important to note that at 5 R@ the
streamer density derived by Michard 1s greater than that of Saito by
about a factor of three and that of Saito exceeds that of Schmadt by
approximately the same amount If these electron densities are
correct, the effect on temperature models derived from radio bursts
origmnating m different streamers 1s very great indeed

In spite of these ambiguities, the specification of an average
electron density model from streamers 1s of value. Such a model pro-
vides information which 1s needed for a study of the problems of inter-
action between the chromosphere, the corona and the solar wind.
Radio astronomers have hitherto specified coronal streamer electron
densities by interpretation of interferometric measurements. A new
method of determining the electron density gradient as a function of
frequency which has been developed by the author 1s presented below

The drift rate of the exciting impulse for 4-2 MHz burst events

was found to average 0.095 + 0.010 MHz/sec Boischot (1967) has
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recently obtamed low-frequency drift rates from ground-based
harmonic burst observations. His results, together with the higher
frequency values,of Maxwell, Howard and Garmiare (1960) and Wild
(1950), are compared with those of this paper in Figure 36 It is seen
that the agreement 1s excellent The relationship between drift rate
and frequency may be expressed by the equation for the line of best

least squares fit to the points:
log (df/dt) = 1.755 logf - 1.890 , (VI-1)

which 1s plotted on the figure The significance of this equation can
be made evident by substitution for some of the variables therein If

it 1s assumed that the electron stream responsible for the burst moves

at 0 25 ¢,
v = dr/dt = 0.25¢ =0.107R_/sec (VI-2)
Rearranging equation (VI-2) gives
dt = 9 35dr (VI-3)

where the units of t and r are seconds and solar radiu, respectively

Differentiating equation (V-2} gives

-5
af = 204x10 gy (VI-4)

f e

Substituting equations (VI-3) and (VI-4) into equation (VI-1) and

rearranging gives
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log (dNe/dr) = 2.755 log f + 3 473 (VI-5)

which 1s an observationally determined equation for the change 1n
electron density with coronal path difference as a function of frequency.
This relationship 1s completely independent of interferometric measure-
ments and is based solely on observations of the drift rate of burst
impulses from 550-3 MHz, together with the assumption of constant
exciter velocity In Table 20 the density gradient values computed
from equation (VI-5) at three frequencies are compared with the values
derived from the Malitson and Erickson (1966) density model, The
agreement is excellent, with the two models converging near

f = 10 MHz. The slightly higher values predicted by equation (VI-5)
suggest a slightly increased slope for the electron density curve com-
pared with the Malitson-Erickson model for R < 4 RG)' A lmmear

extrapolation of the Malitson-Erickson model appears to be satisfactory

in the region 4 RGJ < R < 8 R, m view of the observations discussed

here
dN_/dr dN /dr
f (MHz) Equatlo% (VI-5) Malitson-Erickson
100 9.73x 10% em™ R} 6 07 10° em™ R
50 179 x 108 103 x 108
10 1 69 x 108 1.65 x 10°

Table 20 Comparison of Electron Density Gradients
Predicted by Equation (VI-5) with Those Derived
from the Malitson-Erickson Model.
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2. Temperature Model

The use of solar radio burst durations as coronal temperature
indicators has been discussed in Chapter IV, The hypothesis 1s that
the duration of a burst 1s related to the electron temperature at the
plasma frequency level by the relationship given in equation (IV-1)

which is rewritten here for convenience:

T, = 0.65x 107" f;‘/ 3 at?/3 (v -1)

Radio burst durations and the temperatures resulting therefrom have
been determined at a wide range of frequencies At less than 5 MHz,

the derived values for all frequencies are based on a combined total

of less than fifty bursts It is reasonable to consider all published
results to date as prelimimary in nature. The statements of Hartz
(1964) who has done much of the low-frequency work to date, support
this assessment. On Figure 37 1s plotted the published determinations
of coronal temperature as a function of solar radial distance, as deter-
mined by radio burst measurements. The temperature derived 1n

this paper from the mean e-folding time of solar bursts at 3. 5 MHz 1s
included in the figure The error bar indicates the limits of tempera -
ture listed in Table 19, and the Iimits of radial distance for the 3.5
MHz level, using the density models of Figure 17. Such values are
at least semi-independent of those derived by the use of equation (IV-1),
They are related, however, in that both are functions of the slope of

the declining segment of the burst profile,
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The temperature analysis of this paper has suggested that solar
radio bursts do 1n fact originate 1n regions of substantially different
temperature, and that this effect is caused primarily by a density vari-
ation in coronal streamers at four or five solar radii. It appears that
the use of solar radio bursts for coronal temperature model-building
is ill-advised Conversely, the results suggest that solar radio burst
information, particularly at the lower frequencies, can provide at least
rudimentary data on the evolution of coronal streamers, and on their

densities and temperatures

F, Summary

The analysis which has been described i this dissertation was
begun with the aim of specifying the characteristics of fast drift solar
radio bursts occurring at frequencms below the 1onospheric cutoff.
The goal of describing these bursts in some detail has been achieved.
In addition, theoretical analysis of the radio bursts permitted the
observational determination of the average instantaneous emission
bandwidth, the time scale of the electron injection responsible for
3 5 MHz radio bursts and the range of temperatures in the regions
from which 3 5 MHz emission originates Finally, comparison of
the radio burst data with information regarding optical solar features
has permaitted certain characteristics of the coronal streamer struc-

ture to be specified
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The conclusions which can be drawn from this work can be

summarized as follows:

1, Solar fast drift radio bursts with peak flux densities

at least 2.8 x 10-17

watt m~2Hz ! in the 4-2 MHz band
were observed at the rate of approximately one bt;rst
per 50 hours of observation, These bursts showed a
mean frequency drift rate of 0 095 + 0 010 MHz/sec,

and a mean e-folding duration of 23.3 + 1.4 seconds

at 3 5 MHz,

2 The tendency for fast drift bursts to occur in groups
of from two fo ten was not greatly noticeable 1n the low-
frequency bursts studied A lower limat of 9% of all
OGO -TII bursts demonstrated this clustering charac-

teristic.

3. Type V continuum was observed in 2% of all cases
following fast drift bursts at low frequencies. No evi-
dence of Type II radiation at detectable radiated energy
levels was found Noise storm radiation may have been

present, but the identification was not conclusive.

4, The detection of a reverse drift burst at low frequencies
may indicate the presence of significant magnetic fields
transverse to the radial direction at distances of approxi-

mately 5 RO .
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Fast drift radio bursts detected at low frequencies
by OGO-III were also detected in 95. 8% of all cases by
ground-based observations at higher frequencies
Conversely, only 20 5% of ground-based events were
observed by OGO-II equipment. This 1s interpreted

as being due to the low detection Iimit.

No significant relationship has been found between

solar radio bursts at 4-2 MHz and solar X-ray bursts

Low-frequency solar radio bursts show a 78% cor-
relation with optical flares and subflares, the bursts
generally begmning approximately 2-1/2 minutes prior
to the optical maximum of associated subflares and
4-1/2 miutes prior to the optical maximum of associ-

ated flares

The association of an optical flare or subflare with
a low-frequency solar radio burst 1s only a very moderate

function of the importance of the flare

The plage regions which produced the associated
optical flares and low-frequency solar radio bursts
were mvariably large, with large sunspot groups and
a high incidence of flare activity. The regions were
relatively young, most of them being in their second

rotation across the visible disk The suggested
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radio burst lifetime for the coronal streamers associ-

ated with the active regions 1s < 2 solar rotations.

10. Evidence is present to suggest that rapid change in
a sunspot group or a filament may be connected with a
temporary increase in low-frequency radio burst pro-

duction from a plage region

11 The comparison of a theoretical model for the
formation of radio burst profiles with observed profiles
at 3. 5 MHz indicates that the following characteristics
are present in solar radio burst emission: instantaneous
emission bandwidth = 6560 + 250 kHz; time scale of elec-
tron 1njection = 20 seconds; mean temperature at the

3.5 MHz level = 2.6 x 105 OK.

12 For the low-frequency solar radio bursts observed
at 3. 5 MHz, femperatures in the emitting regions varied
over the range 1.6 x 10° °K < T < 4.5 x 10° °K.
Such a variation can be explained by postulating a density
difference of up fo a factor of five among the streamers

associated with the radio bursts, for a constant T(r)

model

The results which have been reported in this dissertation have
been derived from the first large body of solar dynamic spectra of

radio emission at frequencies below the ionospheric cutoff. Because
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of the occurrence of the emission at the local plasma frequency, the
observations describe coronal regions more distant from the sun than
those studied at higher frequencies. Further observations from other
spacecraft experiments at even lower frequencies, such as those now
in operation aboard OGO-V and Radio Astronomy Explorer-1, promise
to increase our knowledge of the solar corona and its radio emission

mechanisms,



APPENDIX I

SOLAR RADIO BURSTS OBSERVED BY OGO-III

June 13, 1966 to September 30, 1967

Start Assoc Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date (U.T.) Importance Imp Region
1 6/13/66 1227 1 - --
2 6/13 1611 2 sn 8336
3 6/13 2132 3 o -
4 6/13 2156 2 sn 8336
b 6/14 0007 2 - -
6 6/14 0328 2 - -
13 6/17 0646 2 -~ --
18 6/23 0525 1 sn 8340
25 6/24 0340 2 -- -
28 6/25 1538 3 1b 8348
35 6/29 0202 3 -- --
37 6/14 0011 3 -- -
59 /17 0040 3 2b 8362
66 7/8 0953 4 in 8362
77 7/12 0731 2 1n 8379
78 7/12 1103 1 sn 8397
80 7/12 1620 3 sn 83179

183
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Start Assoec. Assoc,
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date (U.T.) Importance Imp. Region
95 7/28/66 2151 3 - -
99 7/11 2246 1 - -
103 8/24 1230 3 -- -
104 8/28 1535 4 2b 8461
106 8/3 0037 1 -- _—
155 9/9 1727 3 sn 8496
156 9/9 1936 1 sn 8496
158 9/10 1520 1 sn 8484
159 9/10 1722 3 sn 8484
160 9/11 0734 3 sb 8484
162 9/12 1335 2 -- --
166 9/17 0232 2 -- -
167 9/19 1527 3 sn 8496
172 9/21 1932 2 sn 8509
173 9/21 2029 1 sn 8509
176 9/25 1310 3 - -
183 9/2 0555 2 3b 8461
184 9/17 0345 3 sf 8505
205 10/13 0136 1 - -
208 10/13 1942 2 -- --

209 10/13 2019 3 sn 8545
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Start Assoc Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date (U.T ) Importance Imp. Region
211 10/14/66 1845 2 -~ --
214 10/18 1941 2 sn 8553
217 10/20 2154 2 sb 8546
219 10/21 0348 2 sn 8546
220 10/22 0348 1 st 8546
255 11/6 1036 2 -- --
264 11/17 1407 2 -- -
270 11/24 2213 3 sn 8589
272 11/21 1825 2 sn 8586
308 12/9 1810 3 2b 8610
316 12/24 1120 1 sn 8624
321 12/26 1120 2 -- -
328 12/31 0844 3 1b 8629
329 12/31 1139 3 sn 8629
330 12/31 1653 4 sb 8629
331 12/31 1842 3 1b 8629
332 12/23 2352 2 sn 8625
333 12/23 0843 1 in 8620
334 12/23 2109 1 sn 8625
335 12/23 0759 1 ib 8620

351 1/1/67 0242 3 -- -
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Start Assoc. Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No Date (U.T ) Importance Imp. Region
367 1/25/67 0621 4 sn 8663
368 1/24 2019 3 1b 8663
369 1/15 2007 1 sn 8647
402 2/4 1650 1 2b 3682
403 2/4 1657 3 2b 8682
404 2/13 1804 2 3b 8687
405 2/ 23 0110 3 sn 8704
406 2/ 26 0858 2 in 8704
407 2/ 21 0037 1 - —
408 2/ 27 1224 3 sn 8704
410 2/4 1720 1 b 8632
411 2/21 1604 2 1n 8704
412 2/ 25 1844 i 1b 8704
413 2/ 21 1339 1 -- -
414 2/4 1707 1 1b 8682
415 2/ 6 0259 1 sn 8684
451 3/2 2345 3 sn 8704
452 3/3 0524 3 -- --
453 3/3 0918 3 in 8707
454 3/5 0944 2 in 8704

455 3/6 2259 1 2n 8715
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Start Assoc. Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No, Date (U.T.) Importance Imp. Region
456 3/1/67 1008 i in 8716
457 3/1 1558 2 -- --
458 3/17 1708 3 - --
459 3/1 1855 2 sn 8716
460 3/17 1902 2 sn 8716
461 3/9 0409 2 -- -
462 3/9 1113 2 In 8715
463 3/9 1524 2 st 8711
464 3/11 0927 3 sn 8715
465 3/19 1436 1 -- --
466 3/20 0815 1 in 8733
487 3/20 1348 2 in 8733
468 3/20 1718 1 St 8740
469 3/20 2124 1 -- --
470 3/23 0938 1 sn 8740
471 3/23 1929 2 1b 8740
472 3/24 1440 2 .- --
473 3/26 0656 1 sn 8745
474 3/28 1209 3 sn 8740
475 3/29 2344 2 sn 8739

476 3/30 0337 1 sn 8754



188

Start Assoc. Assoc,
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date (U.T.) Importance Imp.  Region
477 3/30/67 0411 3 sn 8740
478 3/30 1725 2 sf 8740
479 3/30 1940 3 sn 8740
480 3/30 2111 1 sn 8740
481 3/31 1017 2 sb 8745
482 3/31 1100 1 -- -~
483 3/% 1537 1 sb 8716
484 3/31 1703 2 sb 3740
485 3/22 1527 1 sn 8727
486 3/22 1733 1 -- -
488 3/4 07724 2 1b 8704
489 3/4 1313 1 sn 8714
490 3/23 1734 i -- --
501 4/1 0758 4 -- --
502 4/1 0852 2 1b 8740
503 4/1 1319 1 sn 8739
504 4/1 1411 2 1b 8740
505 4/1 1609 3 - _—
508 4/1 1854 1 sn 8740
507 4/1 2339 2 -- --
509 4/3 1020 2 - --

510 4/3 1625 2 -- --
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Start Assoc, Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No, Date (U.T ) Importance Imp. Region
514 4/24/67 1237 3 - --
522 4/5 1902 1 sf 8758
523 4/14 1709 2 2n 8760
551 5/9 0936 1 -- -
958 5/ 27 1900 2 sf 8818
559 5/25 1924 2 sb 8818
560 5/29 1427 3 sn 8818
561 5/29 2101 2 sn 8321
562 5/30 2201 2 -- -
563 5/23 1842 2 2b 8818
601 6/12 0738 1 -- -
602 6/22 1637 1 sn 8863
603 6/22 1821 3 sn 8863
604 6/22 1943 2 sf 8863
605 6/22 2258 1 st 8863
606 6/23 0040 3 in 8863
607 6/23 0044 1 1n 8864
608 6/24 0208 3 sn 8863
609 6/26 0613 3 sn 8863
610 6/26 1726 1 sf 8862

611 6/26 2321 1 -- -
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Start Assoc. Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date (U.T.) Importiance Imp. Region
612 6/28/67 1300 1 sf 8863
613 6/217 0007 1 - -
614 6/2 1245 2 sn 8821
615 6/23 1932 2 sb 8863
616 6/23 0312 1 sb 3863
651 /1 0652 1 sb 8863
652 /1 0846 1 sf 8877
853 7/3 0757 2 In 8875
655 7/5 1617 2 st 8875
656 /5 1718 3 sb 8880
657 7/5 1844 1 1b 8875
663 7/13 0220 2 sb 8886
667 7/22 0229 1 -- -
669 7/ 24 0034 3 In 8907
670 7/ 24 1000 3 1b 8807
671 7/24 2051 4 2b 8907
673 7/27 0008 1 sn 8505
675 7/ 21 0356 2 sn 8907
676 /21 0600 1 sn 8905
6777 /21 0631 1 sn 8905

678 /21 0713 3 sn 8905
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Start Assoc. Assoc
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date (U.T.) Importance Imp. Region
675 7/21/67 0901 1 sn 8905
680 7/ 27 0919 2 1n 8205
681 T/ 27 1004 1 sb 8907
682 /27 1023 1 st 8905
683 /27 1113 2 sn 8905
684 /21 1143 3 sb 8905
685 T/21 1233 1 sn 8907
686 /27 1609 3 sn 8905
687 /21 2012 3 sn 8905
688 7/28 0052 1 sf 8905
689 /28 0145 1 sn 8907
690 /28 0546 1 sn 8911
691 7/28 0838 1 st 8911
692 7/28 1249 2 sf 8911
693 7/28 1301 1 1f 8907
694 7/30 2210 2 sn 8905
695 7/31 ) 0832 2 In 8905
696 7/21 0946 1 1f 8905
697 7/21 1110 1 st 8901
698 7/6 2007 2 - --
700 7/23 1247 1 ib 8907

701 7/23 1300 2 1b 8907
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Start Assoc. Assoc.
UM/RAO Time 4-2 MHz Flare Plage
Event No. Date {U.T.) Importance Imp. Region
702 7/23/6%7 1556 2 gb 8907
703 7/23 1650 1 sf 8901
704 7/23 1815 1 sb 8907
705 7/26 1531 1 sn 8907
706 7/26 1621 i sn 8905
707 7/26 1746 2 sn 8905
708 7/ 26 2105 1 sn 8907
709 7/26 2212 1 sf 83017
711 7/26 2244 2 sn 8905
712 7/31 1507 1 sn 8905
713 7/31 2049 2 1b 8905
714 7/31 2054 3 1b 8905
752 8/4 0225 2 .- .~
753 8/4 0236 1 - -
758 8/12 1702 1 2n 8926
759 8/12 1842 1 - -
760 8/12 2109 1 sn 8921
761 8/14 0205 2 sn 8921
763 8/14 0824 4 in 8921
766 8/19 0002 1 2n 8942
769 8/26 0008 1 1b 8949

T71 8/26 1045 1 sn 8942



UM/RAO
Event No.

772
713
774
775
T8
802
806
807
811
1101

1151

Date

8/26/67
8/26
8/26
8/26
8/30
9/3
9/10
9/11
9/29
3/30/68

4/2

193

Start Assoc. Assoc.
Time 4-2 MHz Flare Plage

(U.T.) Importance Imp. Region
1809 2 sf 8942
1936 2 sn 8942
2305 2 sn 8942
2310 1 sn 8942
0324 1 in 8942
0302 3 sn 8960
1739 1 sb 8972
2323 1 -- --
2225 2 -~ ~-
0036 3 -- --
1615 2 -- --
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MEASURED PHYSICAL PROPERTIES OF SELECTED

LOW-FREQUENCY SOLAR BURSTS

Integrated Flux

UM/RAO Drift Duration (sec) Fllvlix]l)m:n;t Density Over
Event Rate WETSN.  4-2 MHz Band
Number (MHz/sec) 4 0 MHz 3.5 MHz 3.0 MHz 2.5 MHz 2.0 MHz (wattm “Hz ") -2
(joule m )
2 0 111 i 0.2 14.8 15.6  16.2  1.60x10°Y°  7.48x 10711
4 I I 14.4  15.1 20.6  23.7 1.31x10°Y  1.01x10"10
37 0.125 16.5  19.0  21.9 27 2 I 1.44x 1071 1.43x10°°
592 I I 22.9 I I I 5.08x 1071¢  7.38 x 10" 10
59b 0. 059 I 43.1 I I I 2.50x 10°17  5.56% 10710
66 0.125 12.0 14,0  14.6 I I 3.71x 10" 4 24x 1072
80 0.063 I 2.1  28.6 33,1  40.6  3.94x10°1%  450x 107

Hegn indicates data which is distorted to such an extent that a measurement is indeterminate.
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Integrated Flux

UM/RAO Drift Duration (sec) Fﬁ?cx]?;:;‘gty Density Over
Event Rate 5. 1 4-2 MHz Band
Number (MHz/sec) 4 0 MHz 3,5 MHz 3 0 MHz 2.5 MHz 2.0 MHz (wattm “Hz ') Goule m"z)
104a I 22.7 23.4  24.7 N2 N 2.25x10°1%  2.3ax107°
104b 0 125 15.3 18. 2 Y N N t.10x10°%  165%10°8
155 0 125 I 108 117 N N 6 21x10°% 6. 76x107°
159 0.125 15 1 16,0 16.1 18.5 21.¢  3.51x10°% 4 26x107°
160a 0 125 i 12.0 1 I I 1.76x 1078 2.00x107°
160b 0 125 I 16. 0 X I I 2.42x107%  3.00x 107
209 0 063 17.8 20.4 21.4 N N 3.12x107% 4 26x107°
217 0 077 I 8.2 I N N 7.36x 108 7.34x 107°
328 0. 100 4.4 7.9 94 N N 5.03x 10717 2.56x 10710
3292 I I 21.4 1 N N 9.48x 10717 5.40x 10710
329b 0. 050 21.5 231  24.6 N N 8.67x1071%  256x 1078

12 vy indicates that no measurements were made by the experiment for the frequency in question.
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UM/RAO

. Event
Number

452
454
461a
461b
474
477
479
481
488
501
903
504
514

Drift
Rate

(MHz/sec) 4.0 MHz 3.5 MHz 3.0 MHz 2.5 MHz 2.0 MHz (watt m'ZHz'l)

0
0

125
100
I

. 067

200

143

1i1

. 125
. 053
. 091
. 100
.071

071

I
I
38 0

44.3

30.

31

60.
24.
10.
20,
6.
10,

18.

28

21

52.
53.

Duration (sec)

9

2

-~ D

I

40.8

13.0
21.8

30.0

2 =2 2 2 =2 =2 Z 2 Z2 Z Z2 =2 2

2 2 2 2 Z 2 =z 2 27 =z =z Z Z

Maximum

Flux Density

3

1

4,

.12x10”

.93 x 10"

44x 107t
57 x 1071
.94 x 1071

.12x 107

.10 x 10”7
.68 x 10~
.89 x 10”7
27T x 107
5% 107"

16
16
20 x 10717
8
6
6

16

03 x 10717

17
16
17
16
6

Integrated Flux

Density Over

4-2 MHz Band

{joule m"z)

4.

1

5

19 x 107
.08 x 10°

.86 x 10°

.08 x 10
.14 x 107
.94 x 10

.08x 10

.26 x 10°

.39 x%x 10"

00 x 10'9
9
10

11

.60 x 1072

9
8
10
9
76 x 107°
10

9

.92 x 1072
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Integrated Flux

o gt st () rlobeiy 2
Number (MHz/sec) 4.0 MHz 3.5 MHz 3 0 MHz 2.5 MHz 2.0 MHz (wattm “Hz ) (joule m'z)
560 0.071 13.5 15,1 I N N 2.10 x 10716 1.86 x 10~°
614 0. 200 I 0.1 14.4 N 8.10x 10" 5.56x 10710
676 0. 143 I 22.5  26.5 N N 1.05x 10717 1.20x 1070
678 0. 143 927.5  33.4 I N N 2.76x107¢ 3. 14x107"
680 0. 091 I 0.0 119 N N 1.88x1078  338x10°1
683 0. 100 32.0  40.1 I N N 9.48 x 1077 7.38x1071°
684 0. 200 18.7 22.3 29 4 N N 2.42x 1078 2 26x107°
686 0. 167 5.8 8. 2 1 N N 9.15x 10710 7 84 x107°
687 0. 125 I 15.9 1 N N 404x10°%  518x107°
692 0. 200 I 18.7  25.1 N N 4.20x 10717 3.86x 10710
695 0.143 I 24.0  28.9 N N 1.58x1071% 1,30 x 1079
1101 0. 067 28.2  32.9 I N N 3.94x10°°% 6 44x 1079
1151 0. 167 123 13.9 I N N 5.80x 1077 5,78 x 10710
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