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The scientific section of this report presents results of the anal-
ysis of the IMP-8 data, which was collected during the first six and
one-half years after launch of the IMP-8 spacecraft. Essentially, all
of the plasma wave experiment data has been processed and is available
in an eas..y accessible summary form. These data continue to provide a
valuable source for comparative studies with plasma wave experiments on
other spacecraft operating in the solar wind and within the Earth's mag-
netosphere {S3-A, IMP-6, Helios-A and -B, ISEE-1 and -2, Hawkeye). In
addition, reduced data has been submitted to the National Space Science
Data Center, and this data is presently being used for additicnal
research beyond that performed by the plasma wave group at the
University of lowa.

The scientific results of research carried out by the University of
Towa group are presented in this section. As in the past, the IMP-8
spacecrafi continues to provide a strong base for independent and cor-
relative study of the Barth's magnetosphere and the solar wind. Under
the IMP-8 contract detailed studies have been made of such phenomenon as
Type-II1 radio bursts and electromagnetic emissions and boundary layers
in the Earth's magnetosphere. The following abstracts are from the pub-
lished papers and reports that present the results of this study, which
is continuing as a part of current data analysis efforts with experi-
ments on other spacecraft. Coples of the entire papers are also

included as Appendix A of this section of the final report.
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1. Donald A. Gurnett
"The Earth as a Radio Source: Terrestrial Kilomec‘ric Radiation"
J. Geophys. Res., 79, k227, 197h

Radio wave experiments on the IMP 6 and 8 satellites have shown
that the Farth emits very intense electromagnetic radiation in the fre-
quency range of about 50-500 kHz. At peak intensity the total power
ernitted in this frequency range is about 10% W. The Earth is therefore
a very intense planetary radio source, with a total power output compar-
able to the decametric radio emission from Jupiter. We refer to this
radio emission from the Earth as terrestrial kilometric radiation.
Terrestrial kilometric radiation appears to originate from low altitudes
(less than 3.0 RE) in the auroral region. The intensity of the noise
has a pronounced dependence on both the local time and the magnetic lat-
itude of the observirg point. At large radial distances the radiation
is primarily observed on the poleward side of two cone-shaped surfaces
that are centered on the Farth and symmetrically locat2d with respect to
the northern and southern auroral zones. The magnetic latitude of the
cone-shaped boundaries varies from greater than 50° in the local morning
to near the magnetic equator in the local evening. Poleward of these
boundaries the noise occurs in sporadic 'storms' lasting from 1/2 hour
to several hours. Comparisons with auroral photographs obtained from
the low-altitude polar-orbiting Dapp satellite shiow that the terrestrial
kilometric radiation is closely correlated with the occurrence of dis-
crete auroral arcs, which occur in the local evening wegion of the
auroral zone, This association indicates that the kilometric radiation
is probably generated by intense 'inverted V' electron precipitation
bands, which cause the discrete auroral arcs. Possible mechanisms that
can explain the generation and propagation of the terrestrial kilometric
radiution are discussed.

2. Paul Rodriguez and Donald A. Gurnett
"Electrostatic and Electromagnetic Turbulence Associated With the
Earth's Bow Shock"
J. Geophys. Res., 80, 19, 1975

The electric and magnetic field spectral densities of plasma waves
in the Earth's bow shock have been measured in the frequency range 20 Hz
to 200 kHz by using two 16~channel spectrum analyzers on the IMP 6
spacecraft. The electric field spectrum in the bow shock consists of
two distinct components: one component has a broad peak typically cen-
tered between 200 and BON Hz with an average (5.,12-s time constant)
speciral density at the peak of about 1079 v/ m-? Hz’l, and the other
component in?reases mogotonically with decreasing frequency approxi-
mately as 7 2,0 1 045) gnd has an average spectral density of about 3.0
x 10=9 V2 m=? Hz-! at 36.0 Hz. The magnetic field spectrum in the shock
has only one compconent that increuseﬁ monotonically vith decreasing fre-
quency approximately as £=\4¢0 2 05} gnd has an upper cutoff frequency
near the local electroun gyrofrequency. This magnetic field spectrum
appears to be associated with the monotonic component of the electric
tield spectrum. The electric to magnetic energy density ratio tE/tB of
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this noise is about 10-3 to 10-*, which is consistent with the energy
density ratio expected for electromagnetic whistler mode waves in the
taow shock., The broad peck in the electric field spectrum between 200
and 800 Hz has a large electric to magnetic energy density ratio, ~ 102
to 103, indicating that this component consists of almost purely elec-
trostatic waves. Electrostatic nolse with a spectrum similar to the
turbulence {n the shock but with lower intensities is observed through-
out the magnetosheath region downstream of the shock. This magneto-
sheath electric field turbulence often includes many bursts with a dis-
tinct "parabdolic' frequency-time variation on a time scale of a few
seconds.  Spin modulation measurements of the electric field direction
show that the electric field vectors in both the shock transition region
and the magnetosheath regilon are preferentially oriented parallel to the
static magnetic fleld direction. The electric fileld of upstr:am elec-
tron plasma oscillations also is oriented parallel to the static
magnetic field.

3. William 5, Kurth, Mark M. Raumback, and Donald A. Gurnett
"Direction-rinding Measursments of Auroral Kilometric Radiation"
J. Geophys. Res., B0, 276k, 1975

Direction-finding neasuremenis with plasma wave experiments on the
Hawkeye 1 and IMP 8 satellites wre used to locate the source region of
auroral kilometric radiation. This radiation has peak intensities
between about 100 and 300 kHz and is emitted in intense sporadic bursts
lasting for from half an hour to several hours. At peak intensity the
total power emitted in this frequency range exceeds 10° W. The occur-
rence of this radiation is known to be closely associated with bright
auroral arcs which occur in the local evening auroral regions. Hawkeye
1 provides direction-finding measurements of kilometric radiation from
observations at high latitudes (5-20Ry) over the northern polar regions,
and IMP 8 provides similar observations at large radial distances (23-L6
“E) near the equatorial plane. Results from both satellites place the
source of the intense auroral kilometric radistion in the late local
evening at about 22.0 hours LT and at a distance of about 0.75 Ry from
the polur axis of the Earth. ‘These direction-finding measurements,
together with earlier results from the IMP 6 satellite, strongly indi-
cate that the intense auroral kilometric radiation generated by ener-
getle auroral electrons at low altitudes in the evening auroral zone,
The observed source location is in good quantitative agreement with the
source position expected from simple propagation and ray path considera-
tion.

L, Donald A. Gurnett
"The Barth as a Radio Source: The Nonthermal Continuum"
J. Geophys. Res., 80, 2751, 1975

In addition to the intense and highly variable auroral kilometric
radiation the Farth also radiates o weak nonthermal continumum from ener-
getic electrons in the outer radiation zone. The intensity of this con-
tinuum radiation decreases with dncreasing frequency and is usually
below the cosmic noise level at frequencies above 100 kHz., 1In this
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paper we show that the frequency spectrum of the continuum radiation
consists of two components, a trapped component, which is permanently
trapped within the magnetosphere at frequencies below the solar wind
plasma frequency, and an escaping component, which propagates freely
away from the Farth at frequencies above the solar wind plasma fre-
quency. The low-frequency cutoff of the continuum radiation spectrum is
at the local electron plasma frequency, which can be as low as 500 Hz in
the low-density regions of the distant magnetotail. Direction-finding
measurements and measurements of the spatial distribution of intensity
for both the trapped and the freely escaping componentes are used to
determine the region in which the continuum radiation is generated.
These measurements 21l indicata that the continuum radiation is gener-
ated in a broad region which extends through the morning and early
afternoon from about 4,0 to 14.0 hours local time immediately beyond the
plasmapause boundarcy. In contrast to the aurcral kilometric radiation,
which 1s generated in the high-latitude auroral zone reglons, the con-
tinuum radiation appears 1o be generated over a broad range of lati-
tudes, including the magnetic equator. In some cases the continuum
radiation appears to be closely associated with intense bands of elec-
trostatic noise which are observed near the electron plasma frequency at
the plasmapause. Possible mechanisms by which this radiation could te
generated, including gvrosynchrotron radiation from energetic electrons
in the outer radiation zone, are discussede.

Se N A. Gurnett and . A. Frank
"Continuum Kadiation Associated With Low-Energy Electrons in the
Quter Radiation Zone"
J. Gerphys. Res., 81, 387>, 1970

A weak nonthermal continuum radiation is generated by the karth's
nagnetosphere in the freguency range from about 500 Hz to greater than
100 kHeo  During magnetically disturbed periods the inteusity of this
continuum radiation increases significantly, by as much as 20 dR during
large disturbances. In this paper we present a series of observations
chtained by the Hawkeye 1 and TMP 8 spacecratt during a period of
greatly enhanced continuum radiation intensity which occurred from
October 1421, 1974, The enhanced continuum radiation intensities
observed during this event are found to be closely correlated with the
injection of very intense fluxes of energetic, ~ 1-30 keV, electrons
into the outer radiation zone. Direction-finding measurements of the
continuum radiation obseved during this event show that the radiation
is primarily coming from the dawn side of the magnetosphere, in agree-
ment with the observed dawn-dusk asymmetry in the 1-to 30-keV elactroun
distribution., These results suggest that the continuum radiation may bde
generated by a coherent plasma inatadbility involving relatively low-
energy, ~ 1 to 30 keV, electrons rather than by gyrosynchrotron radia-
tion from very energetic, 200 keV to 1 MeV, electrons as has been pre-
viously suggested.




6, Mark M. Baumback, William S. Kurth, and Donald A, Gurnett
"Direction-Finding Measurements of Type III Radio Bursts Out of the
Ecliptic Plane"

Solar Physics, 48, 361, 1976

Direction-finding measurements with the plasma wave experiments on
the HAWKEYK 1 and IMP 8 satellites are used to find the source locations
of type III solar radio bursts in heliocentric latitude and longitude in
a frequency range from 31.1 kHz to 500 kHz. IMP 8 has its spin axis
perpendicular to the ecliptic plane; hence, by enalyzing the spin modu-
lation of the received signals the location of the type III burst pro-
Jected into the ecliptic plane can be found. Hawkeye 1 has its spin
axis nearly parallel to the =:liptic plane; hence, the location of the
source out of the ecliptic plane may also be determined. Using an
empirical model for the emission frequency as a function of radial dis-
tance from the sun the three-dimensional trajectory of the type III
radio source can be determined from direction-finding measurements at
different frequencies. Since the electrons which produce these radio
emissions follow the magnetic field lines from the Sun these measure-
ments provide information on the three-~-dimensional structure of the mag-
netic fia2ld in the solar wind. The source locations projected into the
ecliptic plane follow an Archimedean spiral, Perpendicular to the
ecliptic plane the source locations usually follow a constant heliocen-
tric latitude. When the best fit magnetic field line through the source
locations is extrapolated back to the Sun this field line usually orig-
inates within a few degrees from the solar flare which produced the
radio burst. With directicn~finding measurements of this type it is
1lso possible to determine the source size from the modulation factor of
the received signals., VYor a type IIT event on June 8, 1974, the half
angle source size was measured to be ~ 0° and 500 kHz and ~ L0° at 56.2
kliz as viewed from the Sun.

Te Donald A. Gurnett
"The Farth as a Radio Source"
Magnetospheric Particles and Fields, B. M. McCormac, Ed.,
Reidel Publishing Co., Dordrecht, Holland, 1976.

Gatellite low freguency radio measurements have revealed that the
Earth is a very intense and interesting radio source with character-
istics similar to other astronomical radio sources such as Jupiter,
Saturn and the Sun., In this paper we summarize the primary character-
istics of radio emissions from the Earth's magnetosphere, consider the
origin of these emissions, and discuss the similarities to other astron-
omical radioc sources.

8. D. A. Gurnett, L. A. Frank, and R. P. Lepping
"plasma Waves in the Distant Magnetotail"
J. Geophys. Res., 81, 6059, 1970

In this study we identity the principal types of plasma waves which
gccur in the distant magnetotail, and we investigate the relationship of
these waves to simultanecus plasma and magnetic field measurements made




on the same spacecraft. The observations used in this study are from
the IMP 8 spacecraft, which passes through the magnetotail at radial
distances ranging from about 23.1 to 46.3 Rg. Three principal types of
plasma waves are detected by IMP 8 in the distant magnetotail: broad
band electrostatic noise, whistler mode magnetic noise bursts, and elec-
trostatic electron cyclotron waves. The electrostatic ncise is a broad
band emission which occurs in the frequency range from about 10 Hz to a
few kilohertz and is the most intense and frequently occurring type of
plasma wave detected in the distant magnetotail. This noise is found in
regions with large gradients in the magnetic field near the outer bound-
aries of the plasma sheet and in region with lairge plasma flow speeds,
103 km s‘l, directed either toward or away from the Earth. The whistler
mode magnetic bursts observed by IMP 8 consirt of nearly monochromatic
tones which last from a few seconds to a few tens of seconds. These
noise bursts occur in the same region as the broad band electrostatic
ncise, although muci: less frequently, and are thought to be associated
with regions carrying substantial field-aligned currents. Electrostatic
electron cyclotron waves are seldom detected by IMP 8 in the distant
nagnetotail, Although these waves occur very infrequently, they may bve
of considerable importance, since they have been observed in regions
near the neutral sheet when the plasma 1s extremely hot.

9. Dy A. GQurnett and .. A. Frank
"A Region of Intense Plasma Wave Turbulence on Auroral Field Lines"
J. Geophys. Res., 82, 1031, 1977

Plasma wave measurements from the Hawkeye 1 and IMP 6 satellites
show that a broad region of intense plasma wave turbulence occurs on the
high-latitude auroral field lines at altitudes raiging from a few
thousand kilometers in the ionosphere to many earth radii in the distant
magnetosphere. This turbulence occurs in an essentially continuous band
on the auroral L shells at all local times around the Earth and its most
intense during periods of auroral activity. The electric field inten-
sity of this turbulence is often quite large, with maximum field
strengths of about 10 nvm~ ! and peak intensities in the frequency range
10-50 Hz, Magnetic field perturbations indicstive of field-aligned cur-
rents and weak bursts of whistler mode magnetic noise are also observed
in the same region as the electric field turbulence., 1In the local
afternoon and evening the electric field turbulence is closely asso-
ciated with V-shaped auroral hiss emissions. 1In scme cases the electric
field turbulence appears as a lowering and intensification of the low-
frequency portion of the auroral hiss spectrum. Comparisons with plasma
measurements and with similar meesurements from other satellites
strongly suggest that this plasma wave turbulence oceurs on magnetic
field lines which connect with regions of intense inverted V electron
precipitation at low altitudes and with regions of intense earthward
plasma flow in the distant magnetotail. The plasma instabilities which
could produce this turbulence and the possible role which this turbu-
lence may play in the heating and acceleration of the auroral particles
are considered.




10, Donald A. Gurnett
"¥lectrostatic Turbulence in the Magnetosphere"
Physics of Solar Planetary Environments, Vol. II, ed. by D. J.
Williams, American Geophysical Union, Washington, DC 760, 1976

Plasma wave measurements from the IMP 6, IMP 8 and Hawkeye 1 satel-
lites show that a broad region of intense low-frequency electric field
turbulence occurs on the high latitude auroral field lines at altitudes
ranging from a few thousand kilometers in the ionosphere to many earth
radii in the distant magnetosphere. A qualitatively similar, but less
intense, type of electric field turbulence is also observed at the
plasmapause during magnetic storms. In the auroral regions the turbu-
lence occurs in an essentially continuous band on the auroral L-shells
at all local times around the Eartn and is most intense during periods
of auroral activity. 1In this paper we summarize the basic character-
istics of this electric field turbulence and consider the possible role
this turbulence may play in the heating and acceleration of plasma in
the magnetosphere,

1l. James Lauer Green, Donald A. Gurnett, and Stanley D. Shawhan
"The Angular Distribution of Auroral Kilometric Radiation"
J. Geophys. Res., 82, 1825, 1977

Measurements of the angular distribution of auroral kilometric
radiation (AKR) are presented by using observations from the Hawkeye 1,
IMP 6, and IMP 8 satellites. The University of Iowa plasma wave experi-
ments on Hawkeye 1 and IMP 6 provide electric field measurements of AKR
in narrow frequency bands centered at 178, 100, and 56.2 kHz, aad the
IMP 8 experiment provides measurements at 500 kHz. From a frequency of
occurrence survey, at radial distances greater than 7 Ry (earth radii)
it is shown that AKR is preferentially and instantaneously beamed into
solid angles of approximately 3.5 sr at 178 kHz, 1.8 sr at 100 kHz, and
1.1 sr at 56.2 kHz, directed upward from the nighttime auroral zones.
Simultaneocus multiple satellite observations of AKR in the northern
hemlsphere show that the radiation occurs simultaneously throughout
these s0lid angles and that the plasmapause acts as an abrupt propaga-
tion cutoff on the nightside of the Earth. Nc comparable cutoff is
observed at the plasmapause on the dayside of the Earth.

The results of computer ray tracing calculations for both the
right-hand (R-X) and left-hand (L-0) polarized modes are also presented
in an attempt to understand the propagation characteristics of the mag-
netic field line at 70° invariant latitude near local midnight. The
approximite altitude of the source can be determined for each of the two
modes of propagation by adjusting the source altitude to give the hest
fit to the observed angular distribution. The R-X mode is found to give
the best agreement with the observed angular distributions.




12. G. R. Voots and D. A. Gurnett
"Auroral Kilometric Radiation as an Indicator of Auroral Magnetic
Disturbances"
J. Geophys. Res., 82, 2259, 1977

Satellite low-frequency radio measurcments have shown that an
intense radio emission from the Earth's auroral regiors called auroral
kilometric radiation is closely associated with auroral and magnetic
disturbances. In this paper we present a detailed investigation of this
relationship, using the auroral electrojet (AE) index as an indicator of
auroral magnetic disturbances and radio uweasurements from the IMP 6
spacecraft. This study indicates that the mean power flux of the 178-
kHiz radiation tends to be proportional to (AE)!s2 for AE > 100 y. The
correlation coefficient between log AF &nd the logarithm of the power
flux is 0.514. Occasionally, a kilometric radiation event is detected
which is not detected by the ground magnetometer stations, even though
an auroral substorm is in progress. This study shows that the rewmote
detection of kilometric radio emissions from the Earth can be used as a
reasonably reliable indicator of auroral substorm activity.

13. D. A. Gurnett, M. M, Baumback, and H. Rosenbauer
"Stereoscopic Direction Finding Analysis of a Type III Solar Radio
Burst: ¥vidence for Emission at 2f,~"
J. Geophys. Res., 83, 616, 1978

Stereoscopic direction finding measurements from the IMP 8, Hawkeye
1, and Helios 2 spacecraft over base line distances of a substantial
fraction of an astronomical unit are used to directly determine the
three-dimensional trajectory of a type 1II solar radio burst. By com-
paring the observed source positions with the direct in situ solar wind
plasma density measurements obtained by Helios 1 and 2 near the sun
relationship of the emission frequency to the local plasma frequency can
be determined directly without any modeling assumptions. These compari-
sons show that the type III radio emission occurs near the second har-
monic, 2f,~, of the local electron plasma frequency. Other character-
istics of the type III radio emission, such as the source size, which
can be obtained from this type of analysis are also discussed.

1k, D, A. Gurnett and L. A. Frank
"Ton Acoustic Waves in the Solar Wind"
J. Geophys. Res., 83, 58, 1978

Plasma wave measurements on the Helios 1 and ? spacecraft have
revealed the occurrence of electric field turbulence in the solar wind
at frequencies between the electron and ion plasma frequencies, Wave-
length measurements with the IMP 6 spacecraft now provide strong evi-
dence that these waves are short wavelength ion acoustic waves which are
Doppler-shifted upward in frequency by the motion of the solar wind.
Comparison of the Helios reenlts with measurements from the Farthe-
orbiting IMP © and 8 spucecraft shows that the ion acoustic wave turbu-
lence detected in interplanetary space has characteristics essentially
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identical to those of bursts of electrostatic turbulence generated by
protons streaming into the solar wind from the Earth's bow shock. 1In a
few cases, enhanced ion acoustic wave intensities have been observed in
direct association with abrupt increases in the anisotropy of the so.iar
wind electron distribution. This relationship strongly suggests that
the ion acoustic waves detected by lelios far from the Earth are pro-
duced by an electron heat flux instability, as was suggested by
Forslund. Possible related mechanisms which could explain the gencra-
tion of ion acoustic waves by protons streaming into the solar wind from
the Earth's bow shock are also considered.

15, Donald A, Gurnett
"Blectromagnetic Plasma Wave Emissions From the Auroral Field
Lines"
J. Geomag. Geoelectr., 30, 257, 1978

Several types of electromagn=tic waves are known to be emitted by
charged particles on the auroral field lines. 1In this paper we review
the most important types of auroral radio emissions, both from a histor-
ical perspective as well as considering the latest results. Particular
emphasis is placed on four types of electromagnetic emissions which are
directly associated with the plasma on the auroral field lines. These
emissions are (1) auroral hiss, (2) saucers, (3) ELF noise bands, and
{4) suroral kilometric radiation. Pay tracing and radio direction find-
ing measurements indicate that both the auroral hiss and auroral kilo-
metric radiation are generated along the auroral field lies relatively
close to the Earth, at radial distances from about 2.5 to % Ry, probadly
in direct association with the acceleration of auroral particles by
parallel electric fields. The exact mechanism by which these :adio
emissions are generated has not been firmly established. ¥For tae auro-
ral hiss the favored mechanism appears to be amplified Cerenkov radia-
tion. For the auroral kilometric radiation several mechanisms have been
proposed, usually involving the intermediate generation of electrostatie
waves by the precipitating electrons.

16, D. A. Gurnett, R. R. Anderson, F. L. Scarf, and W. 8. Kurth
The Heliocentric Radial Variatior of Plasms Oscillations Associated
With Type IIT Radio Bursts
J. of Geophys. Res., 83, L147, 1978

A survey is presented of all the electron plasma oscillaticn events
found to date in association with low-frequency type 1171 solar radio
bursts using approximately 9 yesars of observations from the IMP 6 and 8,
Helios 1 and 2, and Voyager 1 and ? spacecraft. Plasma oscillation
events associated with type 111 radio bursts show a pronounced increase
in both the intensity and the freguency of occurrence with decreasing
neliocentric radial distance., This radial dependence explains why
intense electron plasma oscillations are geldom observed in association
with type 111 radio bursts at the orbit of the Farth., Possible inter-
pretations of the observed radial variation in the plasma oscillation
intensity are considered,
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17 Lesr .8 L. Callagher and Donald A. Gurnett
"Auroral K.lometric Radiation: Time-Averaged Source Location"
J. Geophys. Res., 84, 6501, 1979

The location of the average generation region of auroral kilometric
radiation i{g found by studying average electric field strengths as a
function of spacecraft position in narrow frequency bands centered at
178, .00, and 56.2 kHz. A combined S5 years of data from the University
of Irwa plasma wave experiments on satellites Hawkeye 1 and IMP 6 pro-
vide the basis for determining the average electric field strengths.
Hawkeye 1 was in a highly elliptical, polar orbit with an apogee near 21
Rp over the northern polar region, and TMP 6 was in a highly elliptical,
near-equatorial orbit with an apogee of 33 Rz. Together these satel-
lites provide extensive coverage from 3 to 21 Ry in the northern hemi-
sphere and inside of 3 Ry in the southern hemisphere. Intense sources
of auroral kilometric radiation are found in the northern and southern
hemispheres. Their locaticns are near 65° invariant latitude in their
respective hemispheres, between 22 and 24 hours magnetic local time, and
near 2,5 Rg. The total time-averaged power generation is found to be
about 107 W, assuming a spectral tandwidth of 200 kHz. Propagation
effects 1limit the emission cone of auroral kilometric radiation in a
given hemisphere to roughly L.l sr at 178 kHz, 2.7 sr at 100 kHz, and
1.5 sr at 56.2 kHz. Evidence that the polar cusp region is {lluminated
at distances as close as U Rp suggests the possidbility that previously
observed polar cusp sources are the result of scattering from field-
aligned density irregularities.

18. Robert R. Shaw and Donald A. Gurnett
"A Test of Two Theories for the Low Frequency Cutoffs of Nonthermal
Continuum Radiation"
J. Geophys. Res., (accepted for publication), 1980

Two thecries have been proposed that differently identify the fre-
gquencies of the low frequency cutoffs of nonthermal contino:im radiation,.
The first of these theories states that the two low frequency cutoffs
occur at the local plasma frequency and R = 0 cutoff frequency, with the
continuum radiation propagating in the ordinary mode between the cutoffs
and a mixture of ordinary and extraordinary mode above the upper cutoff.
The second theory suggests that the two low frequency cutoffs occur at
the local L = 0 cutoff frequency and plasma frequency, with the contin-
uunm radiation beirg generated by Cerenkov emission in the Z-mode between
the local plasma frequency and upper hybrid resonance frequency. Mode
coupling at the local plasma frequency is suggested to generate contin-
uum radiation in the ordinary mode which freely propagates to remote
regions of the magnetosphere, 1In this paper, several examples of con-
tinuum radiation observed in the outer magnetosphere Ly IMP 6 and ISES 1
are analyzed in detall, and it is shown that these cutoff frequencies
occour at the local plasma frequency and R = 0 cutoff freguency. 1In
addition, no substantive evidence is found in the ouler magnetosphere
for a component of continuum radiation propagating in the Z-mode.
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19. D. A, Gurnett, R. R. Anderson, and R. L. Tokar
"Plasma Oscillations and the Emissivity of Type TII1 Radio Bursts"
Radio Physics of the Sun, ed. by M. Kundu, Reidel Publishing Co.,
Dordrecht, Netherlands, 1979

Plasma wave electric [ield measurements with the solar orbiting
llelios spacecraft have shown that intense electron plasma oscillations
occur in association with type I1IT1 solar radio bursts, thereby confirm-
ing a well known mechanism for generating solar radio emissions first
proposed by Ginzburg and Zheleznyakov in 1958. 1In this paper we review
the principal characteristics of these plasma oscillations and compare
the observed plasma oscillation intensities with recent measurcments of
the emissivity of type III radio bursts. The otserved emissivities are
shown to be in good agreement with two curreit models for tle conversion
of electrostatic plasma oscillations Lo electromagnetiz radiation.

20. L. Burlaga, R. Lepping, R. Weber, T. Armstrong, C. Goodrich,
J. Sullivan, D. Gurnett, P. Kellogg, E. Keppler, F., Mariani,
F. Neubauer, H. Rosenbauer, R. Schwenn
"Interplanetary Particles and Fields, November 22 - December 6,
1977: Helios, Voyager, and IMP Observations Between 0.6 AU and
1.6 AU

In the period November 22 -December 6, 1977, three types of inter-
plunetary flows are observed--a corotating stream, a flare-associated
shock wave, and a shock wuve .Uriven by ejecta., Helios 2, IMP 7, 8, and
Voyager 1, 2 were nearly radially aligned at o 0.6 AU, 1 AU and 1.6 AU,
(respectively., while Helios 1 was at % 0.6 AU and 35° of Helios 2. Tue
instrumenis on these spacecraft provided an exceptionally complete des-
cription of the particles and filelds associated with the three flows and
corresponding solar events. Analysis of these data revealed the follow-
ing results. 1) A coronel hole associated corotating stream, observed
at 0.6 AU and 1 AU, which was not seen at 1.6 AU, The stream interface
corotated and persisted with little change in s*ructure even though the
stream disappeared. A forward shock was observed ahead of the inter-
face, and moved from Helios 2 at 0.6 AU to Voyager 1, 2 at 1.6 AU;
although the shock was ahead of a corotating stream and interface, the
shock was not corotating, because it was not seen at Helios 1, probably
btecause the corotating stream was not stationary, 2) An exceptionally
intense type IIi burst was observed in association with a PB flare of
November 22, The exciter cof this burst--(a beam of energetic
electrons)--and plasma oscillations (presumably cuused by the electron
beam) were observed by Helios 2. 3) A non-sphericual shock was observed
in association with the November 22 flare. This shock interucted with
another shock between 0.6 AU and 1 AU, and they coalesced to form o
single shock that was identified at 1 AU and at 1.6 AU, L) A shock
driven by ejecta was studied. 1In the electa the density and tempersture
were unusually low end the magnetic tield inteusity was relatively high,
This region wus preceded by u directiona) discontinuity at which the
magnetic field dropped appreciably. The shock appeared to move globally
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at a uniform speed, but lozally there were fluctuations in speed and
direction of up to 100 km/s and 40°, respectively. 5) Three types of
electrostatic waves were observed at the shocks, in different combina-
tions. The detailed wave profiles differed greatly among the shocks,
even for spacecraft separations § 0.2 AU, indicating a strong dependence
on local conditions. However, the same types of fluctuations were
observed at 0.6 AU and at 1.6 AU. 6) Energetic (50-200 keV) protons
vere . .celerated by the shocks. The intensitlies and durations of the
fluxes varied by a factor of 12 over longitudinal distances of .2 AU.
The intensities were higher and the durations were lower at 1.6 AU than
at 0.6 AU, suggesting a cumulative effect. T) Energetic (250 keV)
protons from the November 22, flare were observed by all the spacecraft.
During the decay, Helios 1 observed no change in intensity when the
interface moved past the spacecraft, indicating that particles wvere
injected and moved uniformly on both sides of the interface, Helios 2
observed an increase in flux not seen by Helios 1, reaching maximum at
the time that a shock arrived at Helios 2. The intensity dropped
abruptly when the interface moved past Helios 2, indicating that the
"extra" particles seen by Helios 2 4id not penetrate the interface. 3

21, R. L. Tokar and D. A. Gurnett
"The Volume Emissivity of Type III Radio Bursts"
J. Geophys. Res., (accepted for publicaticn), 1980
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The volume emissivity has been calculated for thirty-six type III
solar radio bursts obtained from approximately 6.5 years of IMP 8 and
ISEE 1 satellite data. Although the emissivities for these events vary
over a large range, all the emissivities decrease rapidly with increas-
ing heliocentric radial distance. The best fit power law for the emis-
sivity, using the average power law index for all events analyzed, is J :
= JOR‘é°°, with Jg = 1.5 x 10~2% wvatts m~% ster~!. This best fit emis- i
aivity is used to estimate the expected radial variation of the plasms
cscillations responsible for the type III radio emission.
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Terrestrial Kilometric Radiation
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Radio wave experniments on the Imp 6 and 8 satellites have shown that the carth emits very intense
clectromagnetic radiation in the frequency range of about S0-500 kHz. At peak intensity the total power
emitted in this frequency range 1s about 10° W The carth s therelore a very tense planctary radio
source, with a total power output comparable (o the decametric radio emnsion from Jupiter. We reter to
this radio emission from the earth as terrestrial hilometnie radiation. Terrestnal kilometrie radiation
appears to orginate from low altitudes (less than 30 Ky) i the auroral region. The intensity of the noise
has a pronounced dependence on both the local time and the magnetic latitude of the observing point. At
large radial distances the radiation 1s primanily obsersed on the poleward side of two cone-shaped surfaces
that are centered on the carth and ssmmetrically located with respect to the northern and southern
auroral zones. The magnetic latitude of the cone-shaped boundaries varies trom greater than 30° in the
local morning to near the magnetic equator in the local evenimg. Polew ard of these boundarnies the nonse
occurs in sporadic ‘storms” lasting from 2 hour to several hours. Comparisons with auroral photographs
obtained from the low -altitude polar-orbiting Dapp satellite show that the terrestrial Kilometne radiation
15 closely correlated with the occurrence of discrete auroral ares, which occur in the local evening 1o gion of
the auroral zor: This association indicates that the kidlometne radiation s probably generated by intense
Yinverted Ve ctron precipitation bands, which cause the discrete auroral ares. Possible mechanmisms that

Intense clectromagnetic radiation 1s commonly observed
propagating outward from the earth in the frequency range of
about S0-500 kHz with the University of lowa plasma wave
experiments on the Imp 6 and 8§ satelhites. Since the wavelength
of this radiation 1s usually in the Kilometric range, we shall
refer to this radiation as terrestnial kilometnie radiation
Terrestnal  Kilometric radiation was  first  discovered by
Durckel et al [1970! from very low frequency (VLF) radio
measurements with the Ogo 1 satellite. Dunchel et al. refer to
this radiation as *high-pass’ noise because the upper frequency
of the Ogo VLF receiver (100 kHz) was too low 1o reach the
peak in the emission spectrum. As we shall show, the spectrum
of the terrestrial Kilometric rad:ation extends with siwmificant
intensitics up to about S00 kHz and typically reacnes max-
imum intensity at about 200 kHz. Brown [1973] has also com-
mented on observations of carth-related radio emissions at
i50-300 kHz with the Goddard Space Fhight Center (GSEHC)
radio astronomy experiment on Imp 6 and refers to this noise
as ‘midfrequency’ radation

At peak intensity we will show that the total power of the
terrestrial kilometnic radation 1s about 10° W The earth 1s
therefore a very tense planetary radio source, with a total
power output comparable to the decametric (3.0-300 MH2z)
radio emission from Jupiter. For comparison, the towal power
of the Jovian decametric radiation is estimated by Warwick
[1963] to be about 2 X 107 W As we shall slso show, the
terrestrial kilometric radiation appears o onginate irom
relatively low altitedes (less than 3 Ry) in the aurorul regrons
and s closely correlated with the occurrence of discrete
auroral arcs detected optically by the low-alutude polar-
orbiting Dapp reconnaissance satellite. Since the maximum
energy dissipated by the auroral charged-particle precipitation
1s about 10" W, the mechamism for generating this raduition
must be very eflicient (~10) Because the terrestrial Kilometric
radiation has many features 1 commaon with Jovion solyr
and other astrophvsicad g s TTLIO R I
this 1 hiation 1s ot considerable general mterest, particularly
since in this case direct in situ measurements can be made in

Copyright @ 1974 by the Amencan Geophysical Umon

can explain tne generation and propagation of the terrestral kilometne radiation are discussed
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the source region. The purpose of this paper is to present a
comprehensive study of terrestrial Kilometric radiation as
observed by the Imp 6 and 8 satellites.

INSTRUMENTATION

The Tmp 6 spacecraft was launch d on NMarch 13, 1971, into
a highly eccentric carth orbit with imitial perigee and apogee
geocentric radial distances of 6613 and 212,630 km, respec-
tvaly, orbit imchination of 2877, and pertod ot = 18 aays ihe
Imp 8 spacecralt was launched on October 26, 1973, into a
shghtly eccentric carth orbit with imtiai perigee and apogee
geocentric radial distances of 147,434 and 295,054 km, respec-
tively, orbit inchnation of 28.6°, and penod of 1198 days
Both spacecraft are spin-stabilized, their spin axes being
oniented very nearly perpendicular to the echptic plane
The University of lowa plasma wave experiment on lmp 618
designed to study plasma wave phenomena in the frequency
range 20 Hz to 200 kHz. The antennas for this experiment con-
sist of three mutually orthogonal ‘long” dipole antennas tor
clectric field measurements and three mutually orthogonal
loop antennas for magnetic field measurements. Two of the
clectric dipole antennas are perpendicular to the spacecraft
spin axis. These antennas, Eyand By, have tip-to-tip lengths of
S35 und 92.5 m, respectively. The third electric antenna, L,
hes along the spin avs and has a tip-to-tip length of 7.7 m. The
signals from these antennas are analyzed by two l6-channel
spectrum analyzers with center frequencies from 36 Hz to 178
kHz. The filter for each channel has a bandwidth of ap-
proximately 158% of the cen’er frequency, and there are four
filters per decade of frequency. Bach frequency channel has
two detectors a peak detector and an average detector. The
peak detector has a response time constant of 0.1 s and
measures the Lirgest signal occurnmae in a given sample interyal
(S118), and the average detector measures the average noise
Nty dusine the came sample menval The outpat o oh
drtedton s a v ttage p opartiota to the logarihom o the signan
amphtude The dynamic range of cach spectrum analyser
channel s 100 4B Further detawls of the Tmp 6 plasina wave
expeniment are piven by Gurnere and Shaw (1973
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1, which shows the electric field strength in the 178-, 100-,
56.2-, and 31.1-kHz channels for a 24-hour period while the
spacecrafl is near apogee in the geomagnetic tail region. The
ordinate for each frequency channel in this figure is propor-
tional to the logarithm of the electric field strength. The inter-
val from the base line of one channel to the base line of the
next higher channel corresponds to a dynamic range of 75 dB.
The vertical bars indicate the average field strength over the
time interval between samples, and the dot above each bar in-
dicates the peak field strength over this same interval. The dis-
tinct enhancements in the 100- and 178-kHz channels of
Figure |, extending as much as 60 dB above the receiver noise
level, are typical of the terrestrial kilometric radiation
observed by Imp 6. The intensity of this noise often varies con-

TERRESTRIAL KILOMETRIC RADIATION
1 N 2 IA : N 1 — 1

FREQUENCY (aH2)

0G0 0600 1200 1800 2400 UT

%0 323 20 3 295 R Ry
0% o7 08 i0 12 LTI
244 20 168 587 182 A, (DEG:

IMP-§  SERT (4, 197t
Fig. 1. A 24-hour period of Imp 6 clectric field data near apogee in
the geomagnetic tail regron, which shows several periods of intense
tersestrial Silometric radition in the 100- and 178-kHz channels,

2 -
1. MAGNETIC FIELD SPECTRAL DENSITY camal, 1!

Fig. 2. Simultaneous electric and magnetic field intensities from an
inbound Imp 6 pass in the local evening, which show that the
terrestrial kilometric radiation consists of electromagnetic waves. The
dashed line £ = ¢B gives the electric to magnelic field ratio of an elec-
tromagnetic wave in free space.

siderably (by as much as 20 dB) on a time scale of a few
minutes or less. The kilometric radiation occurs in distinct
‘storms’ lasting for periods from 'z hour to several hours
(Figure 1). Between the storms the noise may be completely
undetectable, sometimes for periods lasting as long as 24
hours. On a time scale of a minute or less the peak and average
field strengiiis tend to vary together, the typical difference be-
ing about 3 dB. As will be shown later, this difference between
the peak and the average ficld strengths is primarily caused by
the antenna rotation and indicates that the source has a small
angular size as viewed by Imp 6 ai large radial distances from
the earth. :

It is easily shown that the kilometric noise detected by the
clectric antenna on Imp 6 is electromagnetic radiation, since
the same noisc is also detected with the magnetic loop antenna
on Imp 6. Figure 2 illustrates the electric and magnetic field
amplitudes for an intense kilometric noise storm observed dus-
ing an inbound Imp 6 pass from about 6.0- to 3.7-R; radial
distance. The close correspondence between the electric and
the magnetic field amplitudes is clearly evident in the top panel
of Figure 2. The bottom panel of Figure 2 shows the cor-
responding electric and magnetic field spect-al densitics com-
puted at several points from about 1345 to 1500 UT during
this pass. The electric ficld strength is determined by dividing
the measured ac voltage at the antenna terminals by one half
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The University of lowa plasma wave experiment on Imp 8 is _2:;9 P _3:-:2 ow
similiar to the Imp 6 experiment. The antennas {or the Imp 8 T
experiient conaist of two orthogonal fine-wire (LO20 inch in . T 8 e r
diameter) dipole antennas for electric field measurements and 2
three mutually orthogonal search coil magnetometers for ¥
magnetic field measurements. The electric dipole antennas are . -
extended outward, perpendicular to the spacecraft spin axis, g‘ [oe fLEeThe fieLs e M o
by centrifugal force. The nominal tip-to-tip length of the eiec- -
tric dipole antennas is 121.8 m. Because of a mechanical failure 200 1300 ‘00 R -
in one of the antenna extension mechanisms, only the E, antenna
is extended to the full length. All duta presented in this
report are obtained with the E, antenna. The spectrum 10® ML B B L e e
analyzer used in the Imp 8 experiment is very similar to the 3 s o
Imp 6 spectrum analyzer. Fifteen channels are used for electric of ORBIT 94 y 4
field measurements covering the frequency range 40 Hz to 178 R I ey e
kHz, there being approximately four channels per decade of . Res7 1037 7ot ]
frequency. Each char.nel is sampled once every 10.24 5. In ad- ’g, @Ok e T35 10 -are . j"
dition to the 15 cha'inel spectrum analyzers the Imp 8 experi- ¥ E L71160 T0 188 R , 4 -% 3
ment also has a wide-band receiver that can provide wave form 3 I /1 1’ 2,
_ measurements over the frequency range 10 Hz to 1 kHz from  § & o 3 $ 4 "';;}>
any selected antenna. The wide-band receiver can also be §"‘F 3 ExcB s 1 45
tuned to frequencies of 2.0 MHgz, 500 kHz, 125kHz,and 31.25 &<, . \,./" 1 25a
kHz. so that wave form measurements can be obtained at these & g 9" F ) 1 ¢« ,
frequencies. An amplitude output is also available from the § : /.'f' 3 {'\, R .
wide-band receiver, so that frequency spectrum measurements & | s I /./. 1 '{: e ‘ !
can be obtained at frequencies up to 2.0 MHz by stepping the )= 3 b E '*,'Q\z‘.;'j) !
center frequency of the wide-band receiver. F , Vg 3
~14
OBSERVATIONS CF E
[ o ~MAGHETIC RECEIVER 3
Survey of basic characteristics. An example of terrestrial .0-15” N o m'“jsm'd T T I
xilometric radiation observed by Imp 6 is illustrated in Figure w2 w? e W w0 0 T
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Fig.3. Power spectrum of tereestrial kilometric radiation as observed by Imp 8 at a radial distance of 25.2 R in the local
evening.

of the tip-to-tip length of the antenna and ignoring any anten-
na impedance corrections. The linear relation between the
electric and the magnetic field spectral densities illustrated in
the bottom panel of Figure 2 provides convincing evidence
that the terrestrial kilometric noise detected by Imp 6 is elec-
tromagnetic radiation. The small deviation (~20%) of the elec-
tric field amplitude from the £ = ¢B line for electromagnetic
waves in free space is believed to be due to the loading effect of
the input capacity at the base of the electric antenna. The ab-
solute sensitivity of the electric antenna can be directly deter-
mined by comparison with the loop antenna response, since no
antenna impedance corrections are necessary for the magnetic
field measurements.

The frequency spectrum of a typical kilometric noise event is
shown in Figure 3. This spectrum was obtained from Imp 8 at
a radial distance of about 25.2 Rg in the local evening. The
power flux in Figure 3 was computed from the measured elec-
tric field spectrum by assuming that the radiation is
propagating radially outward from the carth and that both
polarizations have equal power. The spectrum in Figure 3
shows the main spectral characteristics of the terrestrial
kilometric radiation observed by Imp 6 and 8: (1) the spectrum
reaches peak intensity in the range of about 100-300 kHz, (2)
the spectrum decreases rapidly with decreasing frequency
below about 100 kHz and is seidom detectable at M1 KH2,
and (3) the speetrum decreases rapidly weth icreasing tre-
quency above about 300 kHz and is usually down to near the
cosmic noise Jevel at 2.0 MHz.

Evidence of near-earth origin. Several characteristics of the

terrestrial kilometric radiation indicate that the noise 1s
generated very close to the earth, probably at a radial distance
of less than 3 R;. As was mentioned earlier, the measured in-
tensity of the kilometric noise has a very distinct modulation
due to the rotation of the antenna. Figure 4 shows an example

1MP-8

ORBIT &
2101 10 2181 UT
oEC 21, 1973
EARTH
R 320 R,
SEV . 120.2°
ANTENNA Mosg* 70|
00e- NP9
o
-
¥
3 .
Ew Mgl
X
EE { it i } i i EARTH i
% by 1t
‘5’ FREQUENCY 178 WH; Il i
]
i H
[-1] U S SUN I ED S NS U S S N S
° W & % 120 150 180

", ANTENNA-SUN ANGLE {(DEGH

Fie 4 Ancualar divieibutinn of the clectric fie'd component
AR AR N RN SRS N O Y TR SN O TGS TAY TR I U A AT AK A SIS
tation. The deep null when the antenna i ponted at the earth shows
that the kilometric rudiation sppears to be coming rom the earth and
that the source hus a small angular size {<0° haif angle) us viewed
from Imp 8 at 32.1 R,.
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Power flux distribution of terrestrial kilometric radiation at 178 kHz as a function of radial distance.

The radial distance intervals are logarithmically spaced so that a (1/R)? variation is indicuted by u straight dashed

line in this diagram.

of spin modulation from the Imp 8 spacecraft. As is indicated
in Figure 4, the spacecraft is at a radial distance of about 32.1
Ry inthe local evening, and the sun-earth-vehicle (SEV) angle,
projecicd oxio the ecliptic plane, is about 128.2°. The geocen-
tric solar ecliptic latitude, Agsg = —1.7°, is such that the earth
j is located very close to the plane of rotation of the antenna,
i thereby assuring a sharp null for radiation coming directly
from the earth.

The antenna orientation angle ¢, in Figure 4 is the angle
between the electric antenna axis and the spacecraft-sun line.
Because of the rapid intensity fluctuations and the slow sam-
pling rate (one sample every 10.24 s) it is necessary to average a
large number of measurements to obtain a suitable angular
distribution. The amplitudes plotted in Figure 4 are an average
of 40 min of data from the 178-kHz channel during a period
when intense kilometric noise was being detected. To reduce
the error caused by intensity variations, the measured field
strengths are blocked into 3.6-min intervals and are nor-
malized by dividing by the average field strength. The nor-
malized electric field amplitudes shown in Figure 4 are the
average of the normalized field strengths obtained in each 10°
interval from 0° to 180°. Because of the symmetry of the
dipole antenna patiern, angles in the range 180° < ¢, < 360°

o are shifted by 180° into the range 0° < ¢, < 180°,

; A null is clearly evident in Figure 4 al an antenna orienta-
tion angle of about 130°. This null position corresponds
almost exactly to the angular position of the earth (SEV ungle
of 128.2°). The null is also very deep, the null amplitude being
almost a fuctor of 10 below the peak ampiitude. The deep null

indicates that the source must have a small angular size, less
than about 6° half width, as viewed from Imp 8 at 32.1 R;.
This angular size shows that the source does not extend more
than about 3.0 R, from the center of the earth.

If the source of the kilometric radiation is located close to
the earth, then the power flux should vary inversely with the
square of the radial distance from the earth, This radial
dependence can be verified directly with the Imp 6 data. Figure
5 shows the powe; Tux distribution as a function of radial dis-
tance from the earth in the 178-kHz electric field channel. The
bar graph within each radial distance interval gives the percen-
tage occurrence of the kilometric noise as a function of the
power flux within that range of radial distances. These percen-
tage occurrences are computed by using all data points
(327.6-s averages) obtained during | year of in-flight operation
totaling 22,802 measurements. To reduce ihe effect of local
time variations, only local times in the range 18-24 hours are
considered. All points are included without regard to the type
of noise being detected. From the 24-hour survey plots, such as
that shown in Figure 1, we have established that virtually all of
the noise detected in the 178-kHz channel consists of terrestrial
kilometric radiation. The radial distance ranges in Figure 5 are
logarithmically spaced so that a (1/R)? dependence of the
power flux is a straight line in this diagram. The peak power
flux is seen to follow closely the (1/R)? dependence indicated
by the dushed lines in Figure 5, thereby providing further
evidence of the near-earth origin of the kilometric radiation.
The data in FFigure S also provide quantitative information on
the intensity of the kilometric radiation at any given radial dis-
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tance. At a radial distance of 30 Ry the maximum intensity 1s
about 10 W m * 1iz " at 178 kHz.

Spanal distribution of the radiation.  In addition to the
(1'R)* radhal vanauon the kilometne radiation also has a
pronounced dependence on the local ime and the latitude of
the observing point. The local time dependence isaillustrated in
Figure 6, which shows the local ime and radial distance coor-
dinates of Imp 6 for times when the power flux in the 178-kH/
channel exceeds o threshold power flux of

?
thrzshold = (';’) X (735 X 100"y Wm " Hz

The (1 'R)? factor in the threshold for counting an event is to
correct for the expected {1 R)" vaniation of the power flux with
radial distance. This threshold corresponds to a power flux of
B16 X 10 "W m “Hz "at R = 30 Ry, which 1s much less
than the average power flux of the kilometnie radiation, so that
esseniially all events that occur should be detected. The detan
Figure 6 represent | complete year of in-flight operation,
thereby assuring coverage ol all local times. In order to
provide an unbiased representation the time interval between
points in Figure 6 1s adjusted to give a constant number ol
samples per unit length along the trajectory

Figure 6 shows that the hilometnie radiation 1s much more
frequently observed in the local eveming (from about 16.0 to
4.0 hours focal time) than in the local morning. The noise 1s
seldom observed from about 6.0 to 120 hours local time
Figure 6 also shows a sharp cutoff in the hilometrnie radiation
at a radial distance of about 3.0 Ky at all focal umes. The loca-

6 HR

- RADIAL DISTANCE -
30-R, .20 R, 10 Ry

ton of this cutoll (nzar the expected locaton of the
plasmapause boundary) suggests thet the plasmasphere s
affecting the propagation of the kilometric radation in this
repon

To investigate this plasmapause effect further, the frequency
of occurrence has been determined as a function of the
magnetic latitude and radial distance in the local time range
18.0-24.0 hours, where the noise i1s most frequently observed.
Magnetic lattude A, is used as a parameter because the
plasmasphere i1s known to be controlled strongly by the
geomagnetic field. To correct for the expected (1'R)* vanation
of the power flux, the threshold for counting an event is again
varied as

threshold = (2") X (735X 10'")YWm * Hz!'

Data from 2 vears of in-flight operation are used to determine
the frequency of occurrence. Because ol the hmitations un-
posed by the Imp 6 orbit 1t 1s necessary to combine the
northern hemisph=re and southern hemisphere data, the sign
of the magnetic lattude being ignored, in order to obtain an
adequate number of samples in each A, R block. The percen-
tage occurrences computed from these data are shown in
Figure 7. All latitudes below the upper border marked it of
latitudinal coverage’ have at least 20 samples in cach A, R
block. A well-defined low-latitude cutotl in the occurrence of
Kilometrie radiation is evident in Figure 7, varying from about
40° magnetic latitude at 3.0 Ry to about 10° magnetic latitude
at 10,0 R,. At radial distances of less than about 4.0 R, this

LOCAL TIME

18 HR

FREQUENCY = |78 kHz

2

' R .
THRESHOLD (—Rf-) x (7.35 x 10'€

)

big 6 Spatial surves of points dlong the Imp 6 orbir gt which the power flux an the I8 MHZ channel exceeds the
specihed threshold The threshold s vaned as (1 R) o correct tor the expected radial varnation i the power lin The coor

dinates ate geoventrn il distance and local time
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40° magnetic latitude at 3.0 R to about 10° magnetic tatitude at 10.0
R;. )

cutofT coincides closely with the rapid increase in the plasma
density that occurs at the plasmapause. Figure 8 shows a low-
altitude Imp b pass selected to illustrate this cutoff at the
plasmapause. The plasmapause in this case was identified from
the abrupt change in the low-frequency (<300 Hz) electric field
interference generated by the spacecraft solar array (sce the
discussion by Gurnett and Shaw [1973]). Figure 8 shows that
the kilometric radiation detected during this pass disappears
abruptly as the spacecraft crosses the plasmapause at 1913 UT.
This abrupt termination is believed to be due to a propagation
cutoff that occurs when the plasma frequency f, exceeds the
wave frequency as the spacecraft enters the plasmasphere.
Note in Figure 8 that the cutoff in the 100-kHz channel (at
1913 UT) occurs before the cutoff in the 178-kHz channel (at
1918 UT). This sequence of cutoffs is consistent with the ex-
pected rapid increase in the plasma density and plasma fre-
quency as the spacecraft passes into the plasmasphere.

The systematic difference between the peak (dots) and
average (bars) intensities of the kilometric radiation observed
during the inbound low-altitude pass in Figure 8 indicates that
a significant amount of spin modulation (30% null-to-peak
ratio) still exists even at radial distances as close as 2.8 Ry,
thereby implying that the source of the radiation still subtends
a small angular size even at this low altitude. These results in-
dicate that the kilometric radiation must originate from the
high-latitude low-altitude regions of the magnetosphere. The
Imp 6 spacecraft probably does not pass through the source
region, since as is evident in Figure 8, the orbit does not
provide high-latitude (A > 50°) measurements a! radial dis-
tarices of less than about 3.0 R,.

At higher altitudes (greater than about 4.0 R;) the low-

latitude cutoff of the kilometric radiation is not as abrupt as -

the example shown in Figure 8, and the cutoff does not corre-
spond with the local plasmapause location, As is shown by
Figure 7, there appears to be a ‘shadow zone' near the
magne:ic equator extending out to radial distances of about
10-15 R, The existence of this shadow zone is further con-
firmed by the fact that terrestrial kilometric radiation is almost
never detected by the University of Towa plasma wave experi-
ment on the S%-A satcllite, which has un orbit near the

T R T R R = T T W T T e e e
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magnetic equator even though the spacecraft often crosses into
the region bevond the plasmapause to radial distances of §.24
Ry.

To determine the angular distribution of the kilometric
radiation, as would be observed far from the earth, the fre.
quency of occurrence has also been determined as a function
of magnetic local time (MLT) and magnetic latitude. Magnetic
coordinates are used because of the expected geomagnetic con-
trol of the source. To avoid effects due to the propagation
cutoff at the plasmapause, we have used only measurements
obtained at radial distances greater than S R;. The threshold
for counting events is again varied according to the relation

threshold = (ff) X (7.35 X 107') W m™? Hz!

to correct for the expected variation in the power flux with
radial distance. The results of this investigation, using 2 years
of Imp 6 data from the 178-kHz channel, are shown in Figure
9. The limits of the atitudinal coverage provided by Imp 6 are
indicated by the solid lines at the outer boundaries of the
shaded region in this diagram,

The frequency-of-occurrence contours in Figure 9 show that
in the northern hemisphere the kilometric radiation is confined
to a single -=gion with a distinct cone-shaped equatorward
boundary. A sinilar region with a cone-shaped equatorward
boundary is alio evident in the southern hemisphere. Near
local midnigtii the two cone-shaped boundaries appear to
merge, and the radiation is detected at all magnetic latitudes
sampled by Imp 6, although there is a reduced frequency of oc-
currence near the magnetic equator. On the day side of the
earth (from about 6.0 to 12.0 hours MLT) the radiation is
observed only at very high magnetic latitudes: A, > 45° in the
northern hemisphere and A, < -—45° in the southern
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hemisphere. In the looal midnight region the frequency of oc-
currence does not show any tendency to decrease at high
latitudes. From about 12to 20 hours MLT, however, a distinct
latitudinal maximum exists in the frequency of occurrence,
varying in location from about Ay = 30° at 20 hours MLT 10
about Ay = 45° at 12 hours MLT. Thkis latitudinal maximum
suggests that a poleward minimum probably exists in the fre-
quency of occurrence over the polar cap regions.

CORRELATION WITH AURORA

Because the terrestrial kilometric radiation appears o be
coming from low altitudes in the auroral zone, we have in-
vestigated the relationship of this radio noise to the occurrence
ol aurora by using auroral photographs from the US. Air
Force Dapp satellite. The Papp spacecraft is in a sun-
synchronous dawn-dusk polar orbit at an altitude of 830 km.
An optical scanner on the spacecraft provides a synoptic view
ol almost the entire nighttime auroral oval on each polar pass.
1t is found that the occurrence of intense hilometric radiation
is closely associated with the occurrence of aurora. This con-
clusion is based on a study of about 150 Dapp auroral
photographs (one photograph per orbit) obtained during
January 1973, Because of the ditficulty in providing 1 quan-
titative auroral index from the Dapp photographs tte results
of this study are qualitative. Whenever a bright eatensive
auroral display occurs in the Dapp photographs, intense
kilometric radiation is always detected by Ilmp ¢ if the
spacecraft is located in a favorable region for receiving this
radiation. When no auroral light is evident, the Kilome! ric
radiation is usually weak or undetectable.

To illustrate the observed relationship between the aurora
and the Kilometric radiation, a particular day, January 25,
1971, has been selected for discussion. This day was selected
both because this day is representative of the relationships
observed during other periods and because the Dapp auroral
photographs for this day have previously been published by
Snyder et al. {1974] and are available for comparison. Figure
10 shows the envelope of the ground magnetogram records (H
component) for this day and the power flux in the 178-kHz
channetl of Imp 6. The difference between the upper and the
lower magnetogram envelopes in Figure 10 is the auroral elec-
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trojet index AE, frequently used as a measure of auroral sub-
storm activity,

The only significant activity evident in the Dapp
photographs from 0000 to 1000 UT occurs on orbit 1089 (see
the paper by Snyder et al. [1974] for the Dapp photogruph
from this orbit). The aurora observed during orbit 1089 is
associated with the weak magnetic activity from about 0200 to
0400 UT, and a vorresponding small enhancement in the 178
kHz power flux is evident in Figure 10,

The first major auroral substorm activity on January 25,
1973, starts at about 1000 UT. The Dapp auroral photographs
obtained during this substorm are shown in Figure 11, The
magnetic pole in each of these photographs is located near the
top center of the photograph, dusk being on the left and dawn
on the right (sec the paper by Savder et al. [1974] for further
details). The photograph for orbit 109}, which was taken at
aoout 0940 UT (before the onset of the substorm), shows es-
sentially no auroral activity. No kilometric radiation is
detected in the 178-kHz channel at this time. The next
photograph, that for orbit 1094, which was taken .t abou!

S UT (near the time of maximum magnetic disturbance),
shows an extensive region of bright auroral light emission e\-
tending along the entire auroral oval from dawn to dusk,
Several bright arcs, called discrete auroras, are evident on the
poleward boundary of the auroral oval extending tfrom local
carly evening, in the upper left-hand corner, around to local
midnight in an almost continuous band. In the local midnight
tegion, equarorward of the discrete arcs, a broad band of
diffuse aurora is also evident extending beyond the lower edge
of the photograph. The bottom panel of Figure 10 shows that
very intense kilometric radiation (~§ X 10°® W m~* Hz'")
is observed by Imp 6 simultancous with the auroral light
emissions vbserved by Dapp on orbit 1094, On the followine
Dapp photograph, taken on orbit 1095, the discrete ares have
completely disappeired, and the 178-kHz Kilometric radiation
has correspondingly disappedared. A small band ot diftuse
aurora, however, is still seen near the lower edge of the
photograph.

The second major substorm activity on Junuary 25, 1973,
starts at about 1330 UT, The next Dapp photograph, that tor
orbit 1096, which was taken at about 1440 UT, again occurs
near the time of maximum magnetic activity, and an extensive
region of bright auroral light emission is evident. Figure 10
shows that again, in association with the aurora, very intense
kilometric rudiation (~3 X 10 W m-? Hz " is observed by
Imp 6. On the next Dapp orbit, 1097, the Nilometric radiation
has decreased to near the receiver noise level, and the auroral
photograph for this orbit shows that the aurora has corre.
spondingly disappeared.

The third major aurorai substorm activity on Juanuary 2§,
1973, starts at about 1950 UT. The Dupp photographs ob-
tained during this substorm are shown in Figure 12 The
photograph for Dapp orbit 1099, which wus taken at about
1805 UT (before the onset of the substorm), shows no signili-
cant auroral activity, and no kilometric radiation is detectable
by Imp 6 at this time. The next pnotograph, that for Dapp or-
bit 1099, which was taken at about 1935 UT (duning the peniod
of increasing magnetic activity associtted with the expansne
rhace of the cabatormd chow s ot beshpdinerete aee in the

Tercrbevene sy Phec o B of tns s el e oot

at the onset of o period of intense hifometne radiation On the
following Dapp photograph. that for orbit TH, which was
taken uat about 2135 UT, 4 moderately bright discrete are s
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Fig. 10. The 178-kHz power flux observed by Imp 6 and the corresponding ground magnetogrum envelopes for January
25,1973, Three main periods of magnetic substorm activity occurred during this day (1000-1230 UT, 1330-1530 UT, and
1950-2300 UT), and each of these substorms is associated with 4 period ol intense kilometric radiation.

seen, and a broad region of diffuse aurora is evident in the
local midnight region. Moderately intense kilometric radiation
(~107* W m~? Hz" 1Y) is also detected by Imp 6 at this time.
Both the magnetic activity and the 178-kHz power flux are
decreasing, probably indicating that this photograph was ob-
tained during the recovery phase of the subsiorm. On the neat
Dapp orbit, 1101, both the discrete aurora and the kilometric
radiation have disappeared. The band of diffuse aurora is still
cvident, though with reduced intensity, near the bottom of the
photograph for this orbit.

These data show that the kilometric radiation detected by
Imp 6 is closely associated with the occurrence of aurora in the
Dupp photographs. The association with aurora is in fact to be
cxpected, since Dunckel et al. {1970] showed that the occur-
rence of Kilometric radiation (referred to in their study as high-
pass noise) is closely correlated with the AE index. However,
the Imp 6 ‘Dapp comparisons now show that the kilometric
radiation is mainly associated with the discrete arcs found at
high latitudes in the local evening. The kilometric radiation
does not appear to be as ciosely associated with the diffuse
aurora observed at lower latitudes near local midnight, since
the diffuse aurora is sometimes evident in the Dapp photo-
graphs after the kilometric radiation has disappeared (as is
true tn orbits 1095 and 1101).

DiscussioN

Substantial evidence has been presented showing that the
terrestrial kilometric radiation detected by Imp 6 and 8 1s
penerated at fow altitudes (R < 3.0 Ry) near the carth in
assoctation with discrete auroral arcs. Since this radio emis-
sion oceurs at frequencies much greater than either the plasma
frequency or the clectron gyrofrequency in the outer
magnetosphere, it is not surprising that the radiation is
gencrated at relatively low alutudes, because only in this

region are the characteristic frequencies of the plasma com-
parable to the frequency of the radiation. At low altitudes the
propagation and the generation of the kilometric radiation are
strongly influenced by the propagation cutoffs produced by the
ionospheric plasma. Figure 13 shows a model of the expected
variation of the plasma frequency f, (proportional to the
square root of the electron d:nsity) and the electron gyrofre-
quency f, as a function of the geocentric radial distance for a
representative auroral field line (L = 8). The polar ionospheric
model used to compute the plasma frequency is that of Banks
and Holzer [1969). The electron density is given by Banks and
Holzer only for R < 2.0 Rg. The electron density used for R >
2.0 R, is a qualitative extrapolation of Banks and Holzer's
mode! to an asymptotic density of about 1 el cm~? at large
radial distances.

Two propagation cutoffs occur for the free-space clec-
tromagnetic modes propagating in & plasma [Stix, 1962]. The
left-hand-polarized ordinary (L, O) mode has a cutoff at the
plasma frequency f,. and the right-hand-polarized extraor-
dinary (R, X) mode has a cutoff at a frequency fa.o, given by

Sreo = (/) + (/D" + f1)
These propagation cutoffs are indicated by the crosshatched
lines labeled (R, X) cutoff and (L, O) cutoff in Figure 13. These
cutoffs represent the low-frequency limit of the elec-
tromagnetic modes that cun propagate freely away from the
carth and therefore are the altitude limits above which the
kilometnie radiation must be generated. Figure 13 shows, for
cxample, that at a frequency of 178 KH7 the minimum radial
distances at which the right. and left-hand-polarized modes
can propagate are about 2.8 and 1.8 Ry, respectivels, At pres.
ent, the polarization of the tecrestrial Mlometric radiation has
not been determined, although such measurements are possi-
ble with the University ol Minnesota plasma wave ¢xperiment
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on Imp 6 (P. Kellogg, personal communication, 1973), and so
the mode of propagation is not known. Since the radiation is
almost certainly emitted by electrons, which rotate around the
magnetic field in the right-hand sense, 1t is considered highly
likely that the kilometric radiation is emitted in the right-hand-
polarized (R. X) mode.

Regardless of the mode of propagation the observed spatial
distribution of the kilometric radiation can be understood
from the ray paths of the emitted radiation. Figure 14 il-
lustrates the expected ray paths for electromagnetic waves
gencrated at relatively low altitudes on an auroral field line.
The surface labeled ‘propagation cutofT surface” in this illustra-
tion is the three-dimensional surface defined by the radial dis-
tance of the propagation cutoff for a particular mode and a
fixed frequency. This surface has a similar shape for both
modes of propag=tion, and so only one cutoff surface is shown
in Figure 14. At magnetic latitudes of less than about 45° the
cutoff surface tends to follow the contour of the plasmasphere

4235

boundary because of the rapid increase in the plasma density
(hence an increase in f, and fx.o) at the plasmapause. Al
higher latitudes (outside the plasmasphere) the cutoff surface 1s
located at lower altitudes and is determined by the parameters
of the polar ionosphere (Figure 13).

Since the index of refraction goes to zero at a propagation
cutoff [Stix, 1962], there is a strong tendency for the ray paths
to be refracted away from the cutoff surface (Figure 14). This
tendency is strongest for waves generated closc to the cutoff
and decreases as the generation region moves to higher
altitudes above the cutoff point. The general effect of this
refraction, when a distribution of emitted wave normal direc-
tions is considered, is to direct the radiation into the interior
of a conical regior whose axis is aligned roughly normal to
the propagation cutoff surface. The halfl angle of this cone
depends strongly on the altitude of generation above the
cutofT surface (Figure 14).

The observed angular distribution of the kilometric radia-
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ton (Figure 9) can largely be explaiied from the comcal
distrihution of rav pathe llustrated n Fioore 18 and he

sratial Jecation of the source Lo well Reow that vy
bright discrete auroral ares are most pronounced in the local
evenmng [ Ahasofu, 1968; Snvder et al ., 1974] 11 the Kilemetnie
radiation s generated by electron precipitation associated with
discrete ares in the local eveming region, it s evident
from the ray paths in Figure 14 that the radianon can be
observed only at very high magnetic latitudes i the loca
morning, in agreement  ath the Imp 6 observations in
Figure 9 In the local c.eming the radiation should be ob-
served at essentially all latitudes, provided that the obser-
e pomt s bevond the shadow zone produced by the
plasmasphere boundary, again an agreement with the Imp 6
observations.

At a radial distance of 30 Ry the terrestrial kKitometric radia-
tion s found to have a maximum average power flux (1% oc-
currence) of about 10 W m *Hz "at 178 kHz. By means ol
this power flux and on the assumption that the effective
bandwidth of the emission is 360 kHz and that the radiation 1s
contred uniformiy over a sohd angle of about 6.5 sr (estimated
from Fagure 9), the total power radiated is about 7.0 x 10* W
Since the sohd angle used to calculate the total radiated power
is bused on the average sohd angle at a relauvely low power
flux, :t 15 possible that the instantaneous solid angle of the

Guanitr Tirrrestrial Kinometric Rapio Esissions

emitted radiation may be substantially smaller when high in-
tensites re observed. The sohd angle can be determimed aw-
by comparning the power tfay simuliancously at two
or more points. The prehminary  result ol comparing
simultancous Imp 6 and 8 data s that comparable peak power
fluves are observed at widely different locations, provided that
both spacecraft are within the region where the radiation has a
high probability of occurrence (Figure 9). These comparisons
indicate that the radiation s emitted over a large solid angle
event at high intensities and that the peak total power radia-
ton s of the order of 10* W_ Further analysis of simultancous
Imp 6 and 8§ data should provide a firm determination of the
tota! radiated power.

The maximum power dissipated by charged particles in the
aurora during an auroral substorm s about 10" W [ 4kasofu,
1968]. If the corresponding maximum power of the kilometric
radiation is 10° W then the efficiency with which this radiation
1s generated must be about 1%, From all present knowledge of
magnetospheric radio emissions the generation of terrestrial
kilometric radiation represents a very efficient conversien of
charged-particle energy into radio emission.

Since electromagnetis radiation occurs abos : the plasma
frequency in a wide variety of physical situatior s for examole,
n type 3 solar radio noise bursts [MWild, 19501 ina in Jovian
decametnic radiation [Warwick, 1967], 1t 1s v, considerable
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Fig. 13 Polar 1onospheric model showing the expected radial
vatiation of the cutoff ‘requencies f, and fp., for the left- and nght-
hand-polarized free-space electromagnetic modes. The upper- and
lower-frequency hmits of the terrestnal kilometnic radiation can be ex-
plained if the radiation s generated by coherent cvclotron radiation
from encrgetic auroral electrons

general interest to establish the ornigin of the terrestrial
kilometric radiation. 1n this case it should be possible to make
considerable progress toward identifying the basic mechanism
involved, since a great deal is known about the electron energy
distribution and intensities associated with auroral arcs and
about the basic plasma parameters in the generation region
Discrete auroral arcs have been directly associated with in-
tense “inverted V' electron precipitation bands observed by
low-altitude polar-orbiting satellites [Frank and Ackerson,
1971, Ackerson and Frank, 1972). Because of the observed
association between the terrestrial kilometric radiation and
discrete auroral arcs it is almost certain that the energeiic elec-
trons in these inverted V events are directly responsible for the
kilometric radiation. The inverted V electron precipitation
events have fluxes of up to 10% el ¢m# s ' sr ' and manimum
energies of about 10 keV. Detailed energy spectra for these
events are given by Frank and Ackesson [1971].

Two general mechanisms can be considered to explain the
generation of the terrestrial kilometric radiation: (1) the noise
may be generated by incoherent radi.tion from encrgetic elec-
trons, or (2) the noise may be gererated by a cenerent plasma
instability. Because of the very high efficiency with which the
kilometric radiation 1s gerierated 1t is considered very unlikely
that this noise 1s produced by an incoherent mechinism. A
rough calculation shows that the power radiated by incoherent
cyclotron rediaton from energetic auroral electrons 1s too
small by a factor of about 10* Simularly, the power radiated by
incoherent Cerenkov radiation [Tavlor and Shawhan, 1974)
and by incoherent gyrosynchrotron radiation (Frankel, 19713
aproars (o be much too smail to account for the observed in-
tensities of the kilometnic radiation

What is needed to explain the terrestrial kilometi, o radution
1s a suitable mechanism for providing coherence between the
radiating electrons in order to increase the radiated power (by
a factor of A" where N s the number of clect=ons that are
LARTRL 2 n g UL | 4 i, \ 1 '

tay N Last e vt LU RRR Y B YUY [ S SRR L R

radiation, vl
kilometnic radiation, Scaf [1973] has suggested that a purely
clectrostatic plasma instabihity that ocours at a trequency of
about Y, 2 may organice the phase of the energetic electrons

in the Jovian magnetosphere, thereby greatly increasing the
power radiated by these electrons. This sume mechamsm had
also been proposed by Gurnett and Shaw [1973] 1o explain the
generation of electromagnetic waves trapped in the
magnetosphere above the lecal plasma frequency. It 1s not
known whether electrostatic emissions at 3/,/2 actually occur
in the region where the kilometric radiation s generated,
because Imp 6 does not go through this region (see the trajec-
tory in Figure 8, for example). However, these electrostatic
emissions do occur over large regions of the magnetosphere
{Kennel et al., 1970] and arc expected in regions of field-aligned
currents associated with discrete auroral arcs. If the kilometric
radiation 1s generated at 3f,/2 by this mechamsm, then a sim-
ple explanation arises for the observed bandwidth of the radia-
tion. Figure 13 shows that th= nipht-hand-polanized free-space
mode cannot propagate at a frequency less than the (R, X)
cutofl at fy.,. If the radiation 1s emitted as night-hand-
polarized electromagnetic waves at 3,2, then this radiation
can only propagate away from tie gencration region in a
limited frequency range, from about 5 “Hz 10 1.2 MHz for
the model in Figure 13.

To explain the intense decametric radio emissions associated
with Jupiter's moon lo, Goldreich and Lynden-Bell [1969] have
proposed a coherent cyclotron mechamsm  for directly
2enerating intense electromagnetic radiation from a beam ol
weakly relativistic electrons. This mechanism may also be able
to account for the main charactenstics of the terrestrial
kilometric radiation, since many similanities exist between the
terrestrial kilometric radiation and the Jovian decametric
radiation. These similanties include the following

1. In both cases the radiation appears tc be associated with
magnetic field-aligned beams of electrons with energies of the
order of tens of keV.

2 In both cases the frequency of the radiation appears to
be closely associated with the electron gyrofrequency (hence
the magnetic field strength) in the emitting region.

: / ~AUmORAL FIELD
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Fig 14 Qualitative sketch of the ray paths of electrotaagnetic
rachistion emitted at low altitudes and fived frequency along an aurnrgl
held line Because the relracting inden goes to zero Jat the propagation
cutofl, there s a strong tendency for the ray paths 1o be refructed up
ward, away from the propagation cutofl surface The propapastion

)
[

accounts tor the low-latitude cutofll esident in Fgure 7 Also, note tha
rachiation from the locai eveming can reavh the loca! mormimg only gt
vers high magnetic Litnudes, e agreement with the observed angular
distribution an Figure 9
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3. In both cases the angular distribution of the emitted
radiation s assoctited with o distinet cone-shaped boundan
that s ata basge angle to the magnetie held direction ain the
cmitiirg region

4. Inboth cases the total emitted power (10°W and 2 X 10’
W and field-aligned currents (10° A in both cases) are quan-
titatively similar.

It is interesting to note that the coherent cyclotron
mechanism could also account for the primary frequency
range of the kilometric radiation, since the resonance energy at
which the emission occurs decreases rapidly as the ratio of the
clectron plasma frequency to electron gyrofrequency, f,/ /e
decreases (S Shawhan, personal communication, 1974). On
the wo.umpuion that the number of ciectrons in the auroral elec-
tron heam increases with decreasing energy, the maximum
growth rate. and hence the intensity, occurs where the ratio
I, /¢ 18 @ mimmum; this s at a frequency of about 150 kHz for
the wonospheric model used in Figure 13.
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3 Electrostatic and Electromagnetic Turbulence Associated
‘ With the Earth’s Bow Shock
: . Patt RODRIGLEZ AND DONALD A. GURNETT
b Department of Physics and Astronomy, Universuy of lowa, lowa City, lowa 52242
: 4
i -
: i The electric and magnetic field spectral densities of plasma waves in the carth’s how shock have been

measured in the frequencs range 20 Hz to 200 kHz by using two i6-channel spectrum analy zers on the
'mp 6 spacecraft. The electric tield spectrum in the bow shock consists ol two distinet components one
component has a broad peak typically centered between 200 and NOO Hz wath an average (5.12-5 tme con

stant) spectral density at the peak of about 10 * V' m - Hz "o and the other component increases
| monotonically with decreasing trequency approvimately as f “and has an average spectral density
of about 3.0 x 10 *Vim *Hz ' ut 36.0 Hz. The magnetic ticld spectrum in the shock has only one com-
ponent that increases monotonically with decreasing frequency approvmatels as /8 7 and has an up-
per cutoff frequency near the local electron gyrofrequency. This magnctic field spectrum appears to be
associated with the monotonic component ol the electnic beld spectrum The electric to magnetic energy

* A . .
: Q V& \1\“.’ density ratio ¢; ey of this noise is about {0 2 to 10 % which is consistent with the energy density ratio ex-
_;r'_,\\\. pected for electromagnetic whistler mode waves in the bow shock The broad peak in the clectrie hield
( ;".\“ spectrum betveen 200 and 800 Hz hus a lurge electric to magnetic energy density ratio, ~ 107 to 10%, in-

aicating that this component consists of almost purely electrostatic waves. Electrostatic noise with a spec-
trum similar to the turbulence in the shock but with lower intensities v observed throughout the

magnetosheath region downstream ot the shock. This magnetosheath clectric held wurbulence olten in-
‘ cludes many bursts with a disunct “parabolic” frequency -time variation on a time seale ol alew seconds.,
Spin modulation measurements of the electric field direction show that the electric tield sectors in both the
shock transition region and the magnetosheath region are preferentially onented paraliel to the static
magnetic field direction. The electric field of upstream clectron plasma osaillations also s onented parallel

-
,

to the static magnetic held.

A basic problem of shocks in collisionless plasmas is to iden-
tify and understand the dissipation mechanism that occurs in
the transition region connecting the upstream ard dow nstream
states. In the absence of binary collisions, dissipation must oc-
cur through collective coulomb interactions of the charged
particles. This results in the self-consistent generation of a tur-
bulent spectrum of electrostatic waves that stochasucally
accelerates the charged particles. Experimentally. this is often
described in terms of an anomalous’ or effective resistivity for
Ohm's law, E = n*J, through which turbulent electric fields
heat the plasma. The earth’s bow shock provides a very con-
venient steady state laboratory for the study of high Mach
number collisionless shocks. Electron and proton velocity dis-
tributions measured in the solar wind and magnetosheath near
the bow shock indicate that strong thermalization occurs in
relatively thin regions within the shock structure [Montgomery
et al., 1970, Formisano and Hedgecock. 1973a. b].
Magnetometer measurements of the magnetic field in the bow
shock up to 10 Hz show a broad turbulent spectrum 2-3 orders
of magnitude above the interplanetary spectrum [Olson et al.,
1969. Holzer et al., 1966, 1972]. Uiectric field spectra in the
range 560 Hz to 70 kHz (Fredricks et al., 1968. 1970a. b} show
clecirostatic turbulence in the shock strongly correlated with
magnetic field gradients, indicating the presence of some form
of current-driven irstability [} u and Fredricks, 1972}

In this report we present some simultaneous measurements
of electric and magnetic field spectral densities in the bow
shock as obtained with the University of fowa plasma wave ex-
periment on the Imp 6 spacecraft. The trequenc s range of the
plasma wive detector, 20 Hz to 200 kHz, covers most of the
characteristic plasma frequencies for electrons and protons in
average solar wind conditions. Electric ficlds are measured
with long dipole antennas (~ 100 m up to tp) with high sen-

Copyright © 1975 by the Amencan Geophysical U nion

sitivity, of the order of 1 V.- m. Magnetic fields are measured
with single-turn loop antennas.

The ciectric field measurements of Fredricks et al [196N]
were obtained with short dipole antennas (effectine lenzth ot
0 5 m) on the Ogo 3 spacecraft, which are less sensitive than
the long Imp 6 antennas (the ratio of effcctive lengths 1s ~ 100)
To provide a basis for comparison between the Imp 6 and the
Ogo § measurements. Imp 6 also has a short dipole antenna
(efTective length of 0.38 m).

The Imp 6 spacecraft was liunched on March 13, 1971, with
inttial orbit parameters as follows: period, 4.i8 dayvs: perigee,
6614 km: apogee, 212.269 km (~34 R,). inclination, 28.7¢. The
satellite is spin stabilized with s spin vector perpendicular to
the ecliptic plane and pointing toward the south celestial poie
and with a nominai spin period of 11.1 s,

The measurements of the present study were obtained dur-
ing the first 30 orbits, covering the noon to dawn Guadrant ot
local time. During this time, from March 17,1971, to July 13,
1971, the solar wind conditions were usually relatively quie
with intermittent noisy periods as indicated by daily average
values of Ap. The overall average Ap was about 2.0 In 30 or-
bits the spacecraft would have to cross the shock at least 60
times, but multiple crossings (duez to the oscillatory motion ol
the bow shock structure past the spacecraft) have increased
this number to over 150.

EXPERIMENT DESCRIPTION

Electric antennas.  The spacecraft has three mutually
perpendicular long dipole antennas identilied in the spacecran
frameas + X, £V, and £ Z The spacecralt spinvector s in the
+Z direction. and the X-Y plane s parallel to the edipu
plane. The antennas are formed from prestressed conducting
ribbons that assume a tubular shape s they are extended out-
ward from the spacecraft. An msulating matenial covers ai|
the outer 16,8 m ol the ontennas

Eatensions of the antennas
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were made i seven steps over the time interval of the fiest nine
orbits. The final tip-to-tip lengthsare as tollows £y - S0 m,
Ey 9 mand £, - 1.7 im0 Fhe ellective lengths tor the long
antennas are trhen as one-halt the tip-to-tip lengths, The short
dipole antenna s attached to the mapnctometer boom and
oriented in the Z direction. Twao spherical wire cages at the
ends of insulating rods form the elements of the short dipoie
antenna, ity effective length thus being (LN mu This antenna
swas desipgned to serve as a backup to the fong antennas and to
provide the measurements at a Jitferent ellective length,

Muagnetic antennas. A system of three orthogonal loops at
the end of a boom forms the magncue antennas (My, My,
A Vhey are oriented o conform to the coordinate system
detined by the tong electric antennas, Fach loop is made ot
single tuen of aluminum tubing and has an area of 081 nic,

Spectrunt analvzers. Two to-channel spectrum anadyeers
(A and BY are uxed to provide spectrum measurements. Fach
spectrum amadyzer covers the frequency range from 20 He to
200 KHe with four filters per dacade ol Trequency. The tilter
bandwidths range from about 2007 ot the center frequencey wt
low Trequencies to about 107 at high freguenaes, Pach tilteris
connected to o logarithmic receiver with 100-dB dynamic
ranpe and 10.0V seasitivity, The receiver output s propor-
tiont) o the logarithm of the input voltage. By using the long
ciectric antenna, electric fields ax fow as 0.2 aVom can be
detectzd. The magnetic field sensitivities depend on the wave
frequeney and range trom 2.0 my at 36 Hz to about 10.0 uy at
1o.8 KHy,

In the uswad made of operation, analyzer A iy connected to
the £, antenna, and analyzer Bos connected to the M, anten-
n. However, on command. each analyzer can be switched to
amy of the seven available antennas. In the higi-rate dat
samphing mode the 32 analvzer channels are sampled in rapid
sequence once every 12 s for averaee and peak outputs. The
peak measurement gives the maximum receiver output over
the S 12- interval between samples. The time constants are
512 s for the average measurement and 010 s for the peak
measurement. A complete set of average and peak spectrum
measuremients is obtained for all channels once every 81208
and is cilled o snapshot, A snapshot is the basie data amt lor
the spectral density caleulations presented i this paper. Inad-
dition to the spectrum measurements, there - rapid-sample
mode in which a given channel is sampled every 0.3 5. The
rapid-sample measurements evele through cight spectrum
analyzer channels ina fived sequence, 128 consecutive samiples
thus resulting from i given channel.

Shorthy after Lwnch it was determined that intense low-
frequency (below | kHe) electric tield interference was being
praduced by the spacecratt solir aeray . The main component
of this notse s strongly spin modulated and iy due to voltage
transients caused by the shadow of the magnetic antenn
boont and foops moving across the solar cell pancls. The near
2:1 relationship between the spacecrall spin period (1.1 8)
and the sampling interval (5.12 s} means thit noise contamina-
tion in the peak measurements oceurs i alternate snapshols
and is easily identitied.

Wide band receivers. Two wide hand receivers provide
broadband coverage over the ranges 10 He to P RHz and 030
Hey oto 30 KHZ These analop sienals are used to reconstruet
analog  requencs-time spectrst for studving cutofly) res.
ondnees, and other wave characteristies that sequire pood
Crequeney -t resolution.

Bow SHUCK TURBLLENCE

Prassa Wave SPECTRA IN THE Bow SHOCK

General characteristics.  Figure |illustrates the electriv and
magnetic field intensities typieally observed in a bow shock
crassing wath the imp 6 ptasni wave evperiment. Aserape and
peak cleetric and magneue field amplitudes are shown as a
function of universal time for xeven chianneds of both spectrum
analyzers, The average field amplitudes are indicated by ver-
ticad lines, und the peak field amplitudes, by dots, The constant
level for the peak messurements in the 36-Hez and 120-Hs clec-
trie field channels is caused by the previoushy mentioned in-
terference from the solar arrayv. The spacecralt crosses the bow
shock, passing from the magnetosheath into the solar wind. at
about 14R UT, as is indicated by the sharp enhancement in
the clectric tield strength above the average levels of both the
magnetosheath and the solar wind at all frequencies below
about 10.0 kKHz. The clectric tield noise in the bow shock
t pieally extends over a very broad trequency range, usually
from 36.0 Hzo which is the lowest frequency measured, to
grater than 10,0 kHezo In some cases, clectric ficld neise
assoctated with the bow shock has been detected up te 30.2
KH..

The regions upstream and downsteeam of the bow shock are
distinguished by their correspondingly low and high levels of
clectric field noise. In the magnetosheath the peak electric tield
spectrad density in the LOO-kHz and X11-kHz channels s
ty pically about 3 orders of magnitude above the solar wind
levels. In the solar wind the peak, and to a lesser entent the
average, field strengths are strongly modulited at the lower
{requencies by the solar array noise,

Timediatey upstream of the bow shoek adistinet enhancee-
ment 18 evident in the 31 E-kKH2 electric ficld strength from
about 1048 UIT to 1085 UT. This noise is primarily clec-
trostatic, since no comparable enhancement is evident in the
3 He magnetic fiekd dati, and is caused by electron plasma
oscillations at the local electron plasma frequency. Several ac-
counts of electron plasma oscllations of this type, generated
by clectrons streaming into the solar wind from the bow shock.
have been reported previousty [Fredricks er al., 19080 Scarf et
al., W71 Fredrichs er al., 1971, 1972]. Electron plasmir os-
cillations upstream of the bow shock are observed on almost
all shoek crossings with Tmip o,

Fipure | shows only a slight increase in the magnetic field in-
tensities at the bow shock. In the solar wind upstream of the
bow shock the magnetie field intensities are below the sensitiv-
ity threshold of the receiver in all except the lowest-tre-
quency channel, In the magnetosheath downstream of the bow
shock, magnetic ficld Auctuations are evident in ! frequeney
channels below about 100 KHz These luctuations are usually
maost evident in the peah measurements, indicating that the
fluctuations occur on 2 time scale much less than the 312
time constant for the averape fickd strength measurements,
Often the magnetic ticld measurements it the nugnetosheith
indicate turbulence at only two or three intermediate frequen-
vies (such as 120 He and 200 H2 The maenctosheath nose
sturty abruptly at the bow shock, The magneue field flu-
tuations at the shock are usually only slightly tacger than those
in the magnetosheath,

Figure 2 shows o double crossing ot the bow shock, the tirst
at about 251 UT and the second ar about 1252 U7 caused by
the osarllatary motien of the shock structure. A clean separa-
ton ol the upsiream and downstream reprons y the shock
transtiion oceurs 0 thes example, the upsteeam solar wind
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A typical bow shock crossing as detected by the Imp 6 plusma wine expenmient. Average

measurements (5.12-s time constant) are plotted as vertical lines: peah measurements (0.1 time constant)
are plotted as dots. The shock transition occurs at about 1048 UT. The electric licld measurements (left)
show upstream plasma oscillatons at 31.1 kHz after 1048 UT.

region being between 1251 and 1252 UT. The magnetic field
measurements from the Goddard Space Flight Center (GSFC)
magnetometer on Imp 6 show a clear jump in the magnetic
field at each crossing from a steady upstream value. B, > 5 v,
to a downstream value, B, >~ 20 v. The angle between the up-
stream field and the shock normal calculated from the model
of Fairfield [1971) is ¥(B. 7)) =~ 92° for both crossings
(D. Fairfield, personal communication. 1974). The bow
shock in this case is therefore a perpendicular shock.

Electric and magnetic field spectral densities. E*w) and
B*(w), have been computed for 16 snapshots obtained for the
second crossing of the shock shown in Figure 2. Each snapshot
of data provides a complete electric and magnetic field spec-
trum for both average and peak measurements. The electric
field strength is determined by dividing the measured ac
voltage at the antenna terminals by one half of the tip-to-tip
length, any antenna impedance corrections being ignored. The
computed clectric field spectral densities for the average fizid
strength measurements are shown in the three-dimensional
plot in Figure 3. The time axis is at an oblique angle in this
plot, and successive spectra are 5.12 s apart. The time in-
dicated at the bottom of the figure is the universal time of the
first snapshot. For ease of reference, each spectrum is labeled
by a snapshot number. Figure 4 shows the corresponding
magnetic field spectra for the same time interval,

Beginning with snapshot | in Figure 3, strong ¢lectric ficld
noise is present in the 16.5-kHz channel. which steadily
decreases in magnitude os the shock is approached. This noise
is the previously mentioned electrostatic electron plasma

oscillations associated with electrons streaming into the solar
wind from the bow shock. Low-frequency noise associated
with the shock begins in snapshot 3 and steadily increases in
intensity to a maximum in snapshot 7, by which time the elec-
tron plasma oscillations have disappeared. For the crossing at
1252 UT. the maximum rms electric field £, integrated
across the entire frequency range, from 20 Hz 1o 200 kHz. oc-
curs in snapshot 7 and has a value of 8.73 X 107V m~". Up 1o
98% of the contribution to E,,, comes from below | kHz. und
the spectrum has a broad maximum in the [requency range
from about 200 Hz to 800 Hz. After the seventh snapshot the
low-frequency noise decreases in magnitude. but the
characteristic shape of the spectrum at the shock is maintained
through the last snapshot in the figure. Examination of spectra
taken when the spacecraft is well into the downstream
magnetosheath region on this and other crossings reveals that
the shape of the magnetosheath spectrum is the same as that ol
the shock except for variations in the low-frequency part of the
spectrum. Thus the electric field spectrum in the shock appears
to be carried into the downstream region. The downstream
spectra also have a roughly periodic modulation of low-
frequency intensities with a period of about four snapshots. or
about 20 s. This modulation appears to be & gencral teature of
the downstreum electric field spectra near the bow shock
Periods range up to 60-70 s,

The magnetic field spectrain Figure 4 reveal the shock tran-
sition as merely an enhancement ol low-Irequency noise
Above about 3 kH7 the spectral densities are close 1o or at the
receiver noise level. The maximum rms magnetie Bield nitensie
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A double crossing of the earth’'s bow shock as detected by the Imp 6 plasma wave expeniment

The bow shock was very nearly a perpendicular shock during these crossigs

integrated across the entire frequency range, 20 Hz 1o 200 kHe,
occurs in snapshot 6 and has a value of 349 X 1074y, Mostol
the contribution to 8,,,, comes from below 100 Hz.

Electric and magnetic field specira in the bow shock.  For
purposes of surveving the electric and magnetie field spectra
for a large number of shock crossings, one spectrum that s
representative of cach shock crossing must be selected. The
snapshot that gives the maximum rms field amplitude, found
by using the average spectral density measurements integrated
from 20 Hz to 200 kHz, 1s selected as the shoek spectrum. The
electric and magnetic field spectra thus selected are denoted by
E¥w)s and B3(w),s and are referred to as the shock spectra.

typical shock transition as resolved by the spectral
measurements takes place over four or five snapshots,
sometimes as many as 10 In the series of values of £,
calculated for a given shock crossing there 1s usually only one
maximum in E,y,, and thus @), s clearly  defined
However, the series of values of 8,,,. calculated through the
same shock crossing may have several maximums, none ol
which occur at the same time as the maximum in £, For
these cases we choose as the shack magnetic field spectrum
the one that gives the largest value of By, within three snap-
shots of the shock electric field spectrum,

From the discussion above, it zan be seen that our deter-
mination of the characteristic electric and magnetic field shock
spectia is based on the snapshot in which the most intense low-
frequency electric field noise occurs, We consider this to be ap-
propriate, since the shock transiton would be characternized by
the spectrum £%(w),y that represents the greatest dissipation,

¢., the one with the greatest turbulent electric field energy
density

Figure § shows the shock electric field spectrum selected for
the shock crossing at 1282 UT This spectrum corresponds to
snapshot 7 in Figure 1. Both the peak and the average electric
field strengths obtamed during this snapshot are shown. The
noise level indicated in Figure 2 1s the ambient nowse level (both
interference and natural nowse) that existed in the solar wind
just ahead of the shock The shape of both the average and the

peak electric field spectrum is characterisuc of all the shock
spectra examined in this study. However, as will be shown, the
intensities af a given frequency vary over 2 orders ol
magnitude. The inflection in the spectrum, at about 200 Hz in
Figure S, sometimes becomes very pronounced. so that a
broad peak develops in the spectrum between 200 and 800 He
The existence of a distinet peak in the spectrum suggests that
this component of the electric field noise (indicated by the
dashed curve in Figure §) may result from a discrete noise
source in the wave spectrum that s broadened by Doppler
shifts and nonhinear interactions. The tendency for the electric
field spectral density to continue to increase with decreasing
frequency below about 100 Hz suggests that a second compo-
nent also exists in the electric field spectrum varying ap-
proxvimately as £ (straight dashed line in Figure §)

The electric field spectrum from the peak measurements in
Figure S 1s from the same 5.12-s averaging period as the
average measurements, The peak spectrum has approximately
the same shape as the average spectrum but is shifted upward
in intensity by about an order of magnitude. The lurge rano
between the peak and the average measurements indicates that
the field strength has farge (order of magnitude) fuctuations
on a time scale less than the averaging time (512 5). The peak
measurements give the upper bound on these fluctuations. For
many shocks the peak spectrum does not have a smooth shape
like that of the average spectrum but has a more irregular
appearance with several sharp maximums. Most of these sharp
maximums are grouped around two frequencies: one near the
local electron plasma frequency in the upstream solar wind
and the other near the broad peak in the average shoek electnie
field spectrum

Figure 6 shows the shock magnetic field spectrum selected
for the shock crossing at 12582 UT an Figure 20 This spectrum
corresponds to snapshot 6 10 Figure 4 however, in accordance
with our selection eriterion, this shock spectrum does not cor
respond in time with the shock electric ficld spectrum. singe i
this case the mavimum rms magnetic held intensity ogvurred
slightly bofore (upstream of) the mavimum s electne tehd
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Fig ¥ The electrie field spectra, based on average measurements,
for the crossing at 1252 UT an Figure 2 The time indicated is for the
first spectrum. and the averagimg tme of $.12 s occuns between
succeeding spectra thereafter. Snapshot 7 s the shock electre field

spectrum

intensity. Both average and peak magnetic field spectra exhibit
a generally smooth monctonic decrease with increasing fre-
quency, varying approximately as £ *in the range from 20 Hz
1o 200 Hz, with no evidence of a peak in the spectrum com-
parable to the peak in the electric field spectrum. A distinct
steepening of the spectruin is also evident at a frequency of
about 200 Hz. This steepening of the spectrum occurs at a
frequency shightly below the local electron gyrofrequency,
which in this case 1s about 350 Hz. The peak magnetic field
spectral density is about an order of magnitude greater than
the average magnetic field spectral density, indicating the
presence of large fluctuations on a time scale less than S.12 5.

In Figure 7 we have overlind the peak and average electric
field spectra £%(w),s for 36 shock crossings selected at random
from the Imp 6 data to llustrate the range and varability ol
the electric field spectrum in the shock In the majority of cases
these spectra exhibit the spectral shape illustrated in Figure §
Two distinct components are evident in the average electric
field spectra and to a lesser extent in the peak spectra: at low
frequencies one component decreases monotomcally with in-
creasing frequency approximately as /7" and the other
component has a broad peak centered between 200 Hz and 800
Hz The greatest vanation in the spatral shape appears to oc
cur in the spectra with the lowest intensities, ranging from
spectra that decrease monotonically with no evidence ol a
peak to spectra that have a disunct peak that s displaced
toward higher frequencies (~3 KH2) The largest intensity
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Fig. 4 The magnetic field  spectra, based  on average
measurements, for the crossing at 1232 U an Bigure 2 and corre
sponding to (he electric field spectra in Figure 3 Snapshot 6 i the
shock magnetic field spectrum

variation, which occurs in the range from about 200 Hz o }
kHz, is associated with the broad peak in the spectrum. As the
electric field intensity increases, starting from the lowest level,
the peak imtially becomes more pronounced unul at an in-
termediate leve! the intensity of the monotonic component
starts to increase and gradually merges with the broad peak
Except for the lowest intensities the mamn contribution 1o the
rms electne field strength comes from the peak. As will be
shown, the broad peak in the spectrum s caused by elec
trostatic waves, and the monotonic component is caused by
clectromagnetic whistler mode turbulence. In this study the
largest rms electnic field strength encountered from the peak
measurements 1s 23 X 10°F V. m ' The largest rms electric
field strength from the average measurements 1s 6.6 X 107\
m "

Figure 8 shows the overliid peak and average nagnetic ficld
spectra for the 36 shoek crossings used in Figure 7 These spec
tra tend o show a monotonic decrease with increasing fre
quency, varving approximately as /4% i the ranee from
about 30 Hz to 100 Hz with clear evidence of a steepening in
the spectrum at about 100-200 Hzo This steepening i the
magnetic lield spectrum usually occurs shightly betow the focad
clectron pyrofrequency

Electric to magnetic energy density ratio
tfving the plasma wave modes involved m the bow shook i
bulence, we have mvestipated the electie o magnete Bl
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Fig. & The shoek electrie field spectrum 4wl selected on the
basis of the rms electric field amphitude. The peak spectrum obtamed
during the averaging time of the average measurements is alsa shown
The two disunct components in the shock electric held spectrum are
shown by dashed lines

energy density ratio as the spacecraft passes through a shock
Figure 9 shows the ratio of simultancously measured energy
densities ¢; ey (where the energy densities are ¢ = E* 87 and
ey = B 8x) at a sequence of snapshots for the shock crossing
at 1252 UT in Figure 2. The snapshot numbers refer to the

Fig. 6. The shock magnetic field spectrum B¥w),y tor the shock
crossing of 1282 UT. The characternstie frequency dependence £00 s
present in both the peak and the average spectrum. The spectrum
steepens at about 200 Hz, helow the local electron gyrotrequency i

about 350 Hy

spectra of Figures 3 and 4. Because the magnetic field inten-
sities at high frequencies (>3 kHz) are often comparabie to or
less than the receiver noise level, the magnetic energy densities
must be corrected for the receiver noise level Only magnetic
field measurements that exceed the receiver noise level by at
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g 7 A representative distnibution of clectrie held shock spectea mdduding averaee and peak

measurements  The average spectra show that the broad peak i the electoe iield spectra becomes maig
distingt as the overall mtensity of the spectra increases up to some mtermodune tange and then bocomes
less distingt as the vers low trequencs electie ield spectral densits saturates The peak spoctra e gon
crally sumibar 1o the averase spectra i shape but ranee up o an order of magninede o m micnsi
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B 8 Representatnve distribution of magnetic hield shock spectra imcluding averape and peak
measurements corresponding to the electne held spectra of Fagure 7 Some of the peak spectia imdicate the

presence of distinet wave modes

least two quantizing steps (0.8 dB) are used. At frequencies
greater than about 10 KHz the magnetic field intensity 18 usu-
ally oo small 1o be measured accurately, and so the energy
density ratio cannot be determined at these high tfrequencies
As the spacecralt passes through thie shock, a promenent peak
develops in the energy density rano at about | kH: AL
snapshot 7, which is the time at which the most intense rms
clectric field occurs (Figure 1), the manvimum energy density
ratio s e; ex > S X 10% This Large ratio comaides in frequency
with the broad peak in the electric fiel 1 spectrum and indicates
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P 9 The rato of clectne enerey density to magnetic energy den
sty for the shock crossimg ot 1232 U1 i bagure 2 The jow - trequency
portien o soapshots S0 and T as consntent with whistler wases AL
higher treguonaies. electrostatic none s the domimant wave mode 1he
repton of cloctrostane nose s obsenved to broaden tosand lower e

gquaenuies taether ator the transiion reenn

that this component of the spectrum consists of almost purely
electrostatic waves

I we consider the lower-frequency limit ot the electrostatie
turbulence to be given by the frequency for which e, ¢4 = |
(ndicated by the horizontal broken line in Fagure 9), 10 1s seen
that the electrostatic noise broadens toward lower frequencies
as the electnic field ntensity increases. There is thus anaindica
ton that as the shock s traversed from the upstream side to
the downstream side, the electrostatic turbulence first begins at
high frequencies and is then transferred toward lower trequen-
cies further into the transiion region, where the maim shock
dissipatien occurs. Only the inerease 1o maximum miensy is
shown in Figure 9, the decrease to the downstream state hay
ing appronvimately the same curves At frequencies below
about 120 Hz the energy density ratio remains approvimately
constant through the transtion regron, as it does m snapshots
S, 6, and 7, indicating that at these frequencies the shoek tur
bulence involves a distinet electromagnetic mode

To indicate the range and distnibution ot elecine and
magnetic energy density ratios in the bow shock, bFigure 10
shows an overlay of the energy density ratto tor 10 shock
crossings selected at random. The simultaneous electne end
magnetic ficld energy spectra used to calculate these ratios
were seler ted on the basis of the maximum rms electric hield in-
tensity obtained from the average measurements. The encrpy
density ratios for the shocks selected i Figure 10 show the
same basic features evident for the single shock crossing in
Figure 9. In the frequency range above about 200 Hz the cleg
tric field energy density exceeds the magnetic held enerey den
sity, sometimes 0y a factor of as much as 104 this feature con
firming that the broad peak n the electnic tield spectrum
consists of almost purely electrostatic waves AU Treguenaies
below about 200 Hz the spectra with the fowest encrey densiiy
ratio, in the range from 101 o 104 show a distinct chone
in the slope, smilay to that i snapshots S ecand 7 bvoe
These energy density ratios correspond to the Tow ficguea
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Fig. 10, A representative distribution of energy density ratios lor
10 shock crossings selected at random from the shock ¢l ctric and
mugnetic field spectra.

monotonic components of the electric and magnetic field spec-
tra. In this frequency range the only electromagnetic wave that
can propagate is in the whistler mode. The observed energy
density ratios. 1072 to 10-*, are consistent with the electric to
magnetic field ratio expected for whistler mode waves. The
tendency for the energy density ratio to increase with in-
creasing frequency, approximately proportional to f**="* is
also consistent with the expected variation of the whistler
mode refractive index, hence the electric to the magnetic field
ratio, in this frequency range. The steepening of the magnetic
field spectrum at / > 200 Hz, evident in Figures 6 and 8. can be
attributed to the whistler mode propagation cutofT at the local
clectron gyrofrequency. On the basis of this evidence we con-
clude that the low-frequency monotonic components of the
electric and magnetic field spectra are caused by whistler mode
turbulence generated in the bow shock.

High-resolution spectra. Wide band analog spectra of the
shock crossings at 1251 and 1252 UT in Figure 2 are shown in
Figure 11 for the range 0-500 Hz. The quiet upstream and tur-

bulent downstream regions are clearly evident in the electric
field spectrum. The shock transition region is most evident in
the magnetic spectrum. Both the electric field spectrum und the
magnetic field spectrum show a relatively unstructured noise
enhancement in the shock transition. In the downstream
region the electric field spectrum shows many 2- to 3-s bursts
that have a distinct ‘parabolic’ frequency-time structure,
sweeping rapidly downward in frequency from about 800 Hz,
reaching a minimum of about 50 Hz, and then sapidly sweep-
ing back upward in frequency. These parabola-shaped bursts
are almost purely electrostatic, since no associated magnetic
field is detected. They occur randomly in time and are
characteristic of the downstream magnetosheath eleciric field
spectrum. The distinctive frequency-time structure of these
noise bursts has never previously been reported, and this elec-
trostatic noise appears to represent a basic new turbulence dis-
sipation mechanism operative in the magnetosheath. The time
scale of these bursts is not resolved by the 5.12-s average
measurements in the digital data of Figure 2: however, the
peak measurements are indicative of the peak amplitude ol the
bursts.

An expanded time scale spectrogram of the shock crossing
at 1252 UT is shown in Figure 12 for frequencies up to 1 kHz.
The low-frequency electric field turbulence in the shock can be
seen between 1252:10 and 1252:15 UT. corresponding to the
time interval of snapshot 7 in Figure §. The intense broad band
electric field noise in the shock is clearly distinguished from the
downstream region (after 1252:15 UT). in which a few
parabola-shaped bursts are intermingled with the background
noise. The most intense portion of the low-frequency magnetic
noise occurs between 1252:00 and 1252:10 UT (corresponding
to snapshot 6 of Figure 4) slightly upstream of the point where
the most intense clectric field noise occurs.

ELecTrIC FIELD POLARIZATION

Since plasma waves are usually strongly influenced by the
static magnetic field, it is important to establish the orientation
of the wave electric ficld re'ative to the static magnetic field.
The wave electric field dircction, projected onto the plane of
rotation of the electric antenna, can be determined from the
modulation of the measured electric field amplitude due to the
antenna rotation. A null in the measured electric field
amplitude occurs when ' he antenna axis is perpendicular to the
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shaped bursts in the electnic field

clectric field direction, and a maximum occurs when the an-
tenna avis is parallel to the electric field direction. Since high
time resolution measurements are required, rapid-sample data
must be used for this type of analysis.

This method of determining the electric field direction
assumes that the noise intensity will remain nearly constant
during at least one rotaton (~11.1 s). For the upstream and
downstream waves, which often have an appronimately con-
stant amplitude for many rotations, the electric field direction
can be determined reliably by using this techmque. Because the
time required to traverse a shock is often comparable to the
rotation period. it is more difficult to apply this techmque to
the noise that occurs in the shock. Only shock crossings that
have an approximately constant amplitude for at least 10 s or
more can be analvzed. The number of cases that can be ana-
lyzed is further restricted by the requirement that rapid-sam-
ple measurements must be avatlable in the correct frequency
channel for the event of interest.

Upstream eleciron plasma oscillations.  Figure 13 shows an
example of upstream electron plasma oscillations for which
suitable rapid-sample measurements are available 1o deter-
mine the electric field direction. The electron plasma frequency
in this case 1s estimated to be about 20 KkHz. The spectrum ol
the plasma oscillations is sufficiently broad that moderate elec-
tric field intensities are evident in the 31.1-kHz channel
throughout the entire region prior to the shock crossing ut
1548:30 UT. The electrostatic noise labeled precursor at 311
kHz appears to be a component of the electron plasma osailla-
tion spectrum that has broadened to frequencies well below
the local electron plasma frequency about 3 mun belore the
shock 1s encountered. Precursor effects of this type are lre-
quently observed in association with the bow shock, usually
starting a few minutes before the shock 1s encountered

Two periods. labeled A and B, during which rapid-sample
measurements were obtained are shown in Figure 13 The spin
modulation of the electron plasma oscillavions i the 31K
channel, starting at 134129 UT, i shown an the polar plot
Labeled A Fagure 13 The points shownan this polar plot are
the electric hield strengths obtained during the rapid-sample in-

terval and plotted radially outsward trom the ongin according
to the lopanthmie seale shown below the piot The polar angle

iy the anele between the electnie antenna ans and the sateihie

MNSS) 51 4% | 5200 9218 2 ¥
iD& TRANGITION ) X
UPSTREAW - REGION '1 DOWNSTHLAN
UT 1 MRS LY+ & ' HRS R IR u' SLLAT M 7"

Fin 120 Expanded time scale wide band spectra tor the second shock crossing of Figures 2and 11 The
shock turbulence retins & homogeneous appearance, and the downstream none shows o lew parabola-

sun hne, measured counterclockwise as 1t is viewed from the
north echiptic pole (the spacecralt spin axis is perpendicular o
the ecliptic plane). The static magnetic field direction, pro-
jected onto the echiptic plane, is at an angle @y = 947 as 1y -
divated by the dached line in the polur plot. The magnetic e
vector hies at an angle of 16° above the ecliptic plane

The points shown in the polar plot include four compiee
rotations of the spacecraft. The electric field intensities have o
pronounced maximum when the antenna axis s parallel to the
projected magnetic field direction and a mimmum when the
antenna axis s perpendicular te the magn-tc tield Since the
magnetie field direction in this case is very close to the plane o
rotation of the electric antenna (the echiptic plane), it s ey iden:
that the electric field direction of the upstream electron plusi:,
oscillations s parallel to the static magneue field, as would be
expected if these waves are excited by electrons streaminy
along the static magnetic field. Polar plot Ban Figure 13 shows
that the clectric field direction of the precursor waves is aiso
aligned parallel o the state magnene field. Similar obser-
vations for other shock crossings with widely varyimg magnetic
field direcuions show that the electric field direction ol these
upstream electron plasma oscillations is always parallel 1o the
static magnetic field

Llectrostatic waves in the bow sitoch. In bigure 14 we show
an example of the spin modulation observed for the ¢lectro-
static noise in the bow shock. The shock crossing in this case
occurred near the echptic plane at 10.3 hours ©.T with vens guie
upstream conditions. The GSFC magnetometer shows that the
upstream magnetic field direction is very nearly perpendicular
1o the shock normal. Y(B. /1) > 879, so that the bow shock i~
perpendicutar shock. The electrostatic noise wsocnated witk
the shock s near maximum intensity for one complete rota-
ton, so that a defimte spin modulation pattern can be ob-
tained

The detwled electnic field amplitude obtamed Trom the
raprd-sample data o the Y 1AMz electne tield channct s
shown s function of time an the upper panel ot Leore 4
and the polar plot corresponding to the iterval
ponts @ and Ao shown an the fower panel The cleatresioog

AT LHEN

turbulence assocated with the shock transition occurs botw,
about 1440 37 and 144049 UT I thas same tme intain
GSEC magnetometer data show the maenene ield o
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Upstream electror plasima osaillations and precarsor encountered o few mimutes betore the

shock crossing at about 1348 30 U T The rapid-sample measurements A and B gove the spin-modulbated
clectric field amphitudes shown an the two polar plots The electrie hield soctor of these waves s

predonminantly aligned

monotomcally from about 12y to about 50 5. The solar echip-
tic longitude and lattude of the magnetic field direction remain
constant at approximately @, = 255° and 8, = 43°, respec-
tively, through the transition. The magnetic field direction,
projected onto the plane of rotation of the electrnic antenna, 1s
indicated by the dashed line in the polar plot of Figure 14
The angular distribution of electrie field strengths s seen o
be ssmmetnically distributed with respect to the magnetie field
direction with two distinet maximums when the antenna avis is
parallel w0 the projected magnetie tield direction and o
mimmum when the antenna avis'is perpendicular to the static
magnetic field. Since only one rotation occurs in the regon
where the intense electrostatic noise occurs, 1t s possible that
this apparent spin modulation may be due to a comadental
vanation of the noise intensity rather than a spin modulation
effect. However, the magnetic tield gradient, which s expected
o be correlated with the electrostatic noise intensity, appears
to increase smoothly up 1o a sigle mavimum and does not in-
dicate a varation assoctated with the two maximums (at about
144040 UT and 1440 46 UT), which occur when the antenna
anis iy parallel to the magnene ticld Thus s telt that the
angular distribution an the polar plot ot Frgure 14 s represen-
taitne of the actual distrtbution of electne neld directuons i the
shock Since the magnetic tield in this case has an apprecuble
component perpendicular 1o the plane of retation of the cled
e antenna (%, 437 we cannot delinstely estabhish that the

Jdoctrie neld s abigned parallel 1o the mavnene beld et

“allel to the static magnetie lield

although this is certanly the simplest and most obvious inter-
pretation of the observed modulation. Other similar cases that
have been examined usually show detinite evidence of spi
modulation: however, it is never as pronounced as s lor the
upstream plasma oscillanions. The modulation factor s usualiy
less than 2 to | for mavimum and minmmum amphtudes, this
ratio indicating that wave vector directions of the electrostatic
waves in the bow shocek are distributed over o refatinely brood
range of angles. When a delimite spin modulation s evident, s
s i Figure 14, the mavimum electrie lield amphitude i the
shock usually tends to occurin a direction parallel to the stati
magnetie hield

Llectrostate  turbulence in the magnetosheath. A\~ wa
previoushy discussed. o moderate level of electrosiatie tor-
bulence is always present in the magnetosheath downstream ol
the shock. Since the intensity of the magnetosheath electri
field noise 1s usually relitively steady for several rotations ol
the spacecralt, the electric Lield direction can be determined
with a high degree of contidence i this region breure 18
shows the polar plot of a senes of rapid-sample measurements
obtained in the magnetosheath about | omin atter the shoos
crossing at 1612 20 U'T These rupid-sample measurements atg
from the ¥ LE-AHz electie hield channel and include tour
plete rotations of the spacecratt. The manmum clectne to
amphtude agam occurs when the clectne antenna s
onented paraliel o the stane magnetic held direction

jected onto the echiptic plana The mugnetic held sector
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Fig. 14 Rapid-sample measurement of electric field at 211 kHy
for the bow shock transiton and downstream regions. The electnie
field Muctuations are correlated with magnetic ticld gradients in both
the transition and the downstream region. The polar plot shows the
spin modulation of electric field amplitude for the transiion region for
interval @ to A &y 1s the solur ecliptic longitude of the magneti held
upstream of the shock

case lies at an angle of 8 = 35° above the ecliptic plane. Other
similar cases that have been analyzed show that the electric
fisld direction of the magnetosheath turbulence is always
oriented nearly parallel to the magnetic field direction. Usually
the electric field amplhitude perpendicular to the mugnetic field
is a factor of 3-5 below the amplitude parallel to the magnetic
field, indicating that the distribution of electric field directions
is rather closely aligned along the static magnetic field direc-
tion (within 20° or less).

SusmMary cF RESULTS AND DiscussioN

Upstream of the bow shock, intense narrow band elec-
trostatic plasma oscillations are frequently observed by the
Imp 6 plusma wave experiment at frequencies ol 10-30 kHz
The spectrum and intensity of these electron plasma os-
cillations agree with the previous observatons ol Fredricks ei
al. [196X] and confirm the mun features already known about
these wases. The Imp 6 spin modulation measurements show
that the electric tield sector of these plasmia oscillatons s
oniented parailel to the local static magnetic tield direction
This electric tield direction s consistent with the direction ex-
pected if the plasma osaillations are produced by a two-stream

instabiliny from electrons that are streanung into the solar

wind along magnetic field lines that intersect the shock trans-
tion. Broad band clectrostatic noise, referred to as o precursor,
is also frequently observed by Tmp 6 immediately upstream ol
the shock. This broad band clectrostatic noise typically ex-
tends from the local electron plasma frequency (which s usu-
ally at about 2030 kHz) down to frequencies of about |
kHz. The electric field dircction of these precursor waves is
also oriented parillel to the static magnetic field. Since these
precursor waves appear to be closely associated with the long-
wavelength narroy band electron plasma oscillations (they
have the same electric field polanization, and the upper-
frequency limit of the precursor spectrum is the local plasma
frequency), it scems most likely that these waves are simpl
shorter-wavelength clectron plasma oscillations  that are
strongly Doppler shifted downward in frequency from the
local plusma frequency. A downward shilt in Irequency would
be expected for waves propagating upstream into the solar
wind.

In the shock trznsition region, two distinct components are
evident in the electric field spectrum: ene component has a
broad peak centered between 200 and 800 He, and the other
component increases monotonically with decreasing frequency
approximately as /- #2°* The magnetic field spectrum has
only a single component, which increases monotonically with
decreasing frequency approximately as [~ ***°*  The
magnetic field spectrum shows a distinet steepeming ol the
spectrum, indicative of an upper cutofl’ frequency, at about
100-200 Hz. Since ihe whistler mode s the only elec-
tromagnetic mode that can propagate in this frequency range
(above the proton gyrofrequency but below the electron gyro-
frequency). this magnetic field turbulence must be caused by
whistler mode waves. The steepening of the magnetic field
spectrum is thought to be associated with the whistler mode
propagation cutoff at the local electron gyrofrequency, which
is typically at about 350 Hz in the shock transition region. The
monotonic component of the electric field spectrum 1s thought
10 be the electric field spectrum of these whistler mode waves
The electric to magnetic field energy density ratio ¢ ¢y > 10
to 107* of the monotonic component is consistent with the
clectric to magnetic field ratio expected for whistler mode
waves. Also the steeper magnetic field spectrum compared
with the electric field spectrum is expected because of the in-
crease in the index of refraction. hence in the magnetic to the
electric field ratio, with decreasing frequency for the whistler
mode in this frequency range.

The broad peak in the electric field spectrum within the
shoek, centered between 200 and 800 Hz. consists of almost
purely electrostatic waves with e, ¢y > 10710 10*. These wanes
almost certainly correspond to the electrostatic waves din-
cussed by Fredricks et al. {1968, 1970a, b] and Scar! et al
[1971), using electric field measurements from Ogo 5. The elec
trostatic character of these waves, the general frequency ranee,
and their occurrence in assoctation with the magnetic ficld gra-
dient at the shock transition are in good aereement with the
Ogo S results. Detailed comparisons of the sii. e of the tre
quency spectrum are not possible, since the Ogo 5 dataonlhy
provide measurements at a single frequency on 4 ginven shock
crossing. The only area of disagreement concerns the electing
fie'd amplitude. Whereas Scarf et al [1970] quoie peob clecies
tield wtrengths for the bow shock of about 30 mV o tor
cquivalent SShHZz sine wave, the largest peab ciecie il
strength encountered by Imp oon this freguenay i s “
10 mV m ' This difference in measured shock cleving !
has not been resolved. Llectric tield spectral dos

s
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Fig. 15, A series of rapid-sample measurements of the magnetosheath electne held turbulence that
shows that the electric field vector of this noise 1s aligned parallel 10 the statie magnetie hield

kHz reported by Fredricks et al. [1970b]) in the discussion ol
their Figure 4. p. 3757, that resultin electric field strengths an
order of magnitude greater than Imp 6 measurements are a
tpographical error (F. L. Scarl, personal communication,
1974). One possible explanation for the diffcrent electric ields
measured is that the wavelength of the electrostatic waves nu
be much shorter than the length of the long electric antennas
on Imp 6. However, sufficiently short wavelengths (~ 10 m) 1o
account for such a large error would have a Doppler shift (~ 10
kH2) too large to account for the low frequercy (200-800 He)
at which the peak in the spectrum occurs. Also comparions
between the two long antennas on Imp 6. which have different
lengths, give consistent results, und cross calibrations with the
magnetic antennas, using electromagnetic waves with a known
clectric to magnetic tield ratio. give consistent results |Gurnett
and Shaw, 1973). Further studies are being conducted, using
the short electric antenna on Imp 6, which s similar to the
short electric antenna on Ogo §, 1o determine the reason lor
this upparent disagreement in the peak electrnic tield
amplitudes.

The Imp 6 spin modulation measurements show that the
electric field directions of the electrostatic waves in the bow
shock tend to be oriented parallel 1o the static magnene field.
Since only one rotation is normally available in the shock tran-
sttion region, this result is not as reliable for the upstream ele..-
tron plasma oscillations. where many rotations are usuaily
availuble. However, sutficient cases have been exanuned that
one ¢an be reasonably confident of the electnic tield onentation
in the transition region. This electric field onentation is consis-
tert with the electric hield directions expected tor on sound
waves propagating along the magnetic fic'd direcuon | Tidman
and Krall, 1971 and s inconsistent with the electric tield direc-
tons expected for the Bernstein mode turbulence suggested by
Garyv and Sanderson [1970). Wy and Fredricks [1972) and
others

In the magnetosheath downstream of the shock a moderae
level of eicctrostatic turbulence s alwass present. This elec-
trostatic turbulence has aspectrum that s simalar to that ol the
clectrostatic turbulence in the shock transiion region but has
an electnie tield strength about 122 orders of magnitude

smaller than that of the spectrum in the transition region. The
spin- modulation measurements show that the electric held
direction of this turbulence 1s also oriented parallel o the
static magnetie field. The similaritt of the spectrum and the
clectric field direction of electrostatic turbulence in the bow
shock and in the magnetosheath suggests that the same in-
stubility mechanism may be operative in both these regions.,
the intensity of the turbulence being roughly proportional to
the diamagnetic currents and magnetic ficld gradients that oc-
cur in these two regions.
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Direction-Finding Measurements of Auroral Kilometric Radiation

Wittiam S Kurin, Marg M. Baumbacs, asn Dosarnp A GUrNETT

Department of Physics and Astronomy . Umiversity of lowa. lowa City, lowa

2242

Direction-finding measurements with plasma wave expenments on ihe Thawhese Tand Imp X satelbines
are used 10 locate the source region o auroral Mlometie radiation This radiation has peab intensities
betacen about 100 and 300 K1 ¢ and iy emitted inintense sporadic bursts Listing tor from hall an hour o
several nours At peak intensis the 1otal power enitted in this fregquenay range exceeds 1EW The vecur
rence of thes radiation 1s known 1o be closely associated with brght auroral ares which occur i the local
cvening auroral regrons Hawheve | provides direction-inding measurements of hilometric radiation
from observations at high latitudes (520 Ry ) over the nerthern polar regrons, and Imp N provides similar
observations at large radial distances (2346 Ry ) near the equatonial plane Resulis Trom hoth satethites
place the source of the intense auroral kilometnic radiation in the Late focai eveinng atabout 22 0 hours L1
and at o distance of about 0 75 Ry from the polar avis of the earth. These direciion-inding measurements,
together with earhier results from the Imp 6 satellite, strongly indicate that the intense auroral hilomatng
radiacon s generated by energetic auroral electrons at low altitudes i the evening auroral zone The
observed source location s 1n good quantitative agreement with the source position expedted trom simple

propagation and ray path considerations

INTRODUCTION

Satellite measurements of low-frequency radio emissions
have shown that the ecarth 1s a very intense emitter ol
clectromagnetic radiation with peak intensities in the fre-
quency range from about 100 to 300 kHz [Dunckel etal , 1970,
Brown, 1973 Gurnetr, 1974). This radiation is generated at [re-
quencies above the local plasma frequency in the 1onosphere
and can propagate freely away from the carth. Since the
wavelength of this radiation at peak intensity 1s in the
kilometric range, it 1s called kilometric radiation. The carly
satellite measurements by Benedihtov et al [1965, 196X] ol
radio emissions at 072523 MHz correluted with
geomagnetic activity probably represent the first observations
of auroral kilometric radiation, since this radiation often has
measurable intensities extending to frequencies as high as 2.0
MH:z. Kilometnic radio emissions are observed to occur in
sporadic ‘storms’ lasting for periods from hall an hour to
several hours with power fluxes at 30 R, runging from about
10" 10 10 "W m-* Hz ', At peak intensity the total power
emitted by the carth in this frequency range isvery large, of the
order of 10° W. The occurrence of these sporadic bursts of
kilometric radiation is closely correlated with the occurrence
of discrete auroral arcs detected optically by the low-altitude
polar-orbiting DAPP reconnaissance satelivz. Figure | shows
an example of the close association observed between kilo-
metric radio emissions and auroral arcs. The photographs in
this illusiration are from the DAPP satellite and show the
distnbution and occurrence of aurora over the northern polar
region for two dawn-dusk (left te nght) passes through the
local midnight region. The norti, magnetic pole is located near
the top center of each photograph. The top punel shows the
mntensity of kifometric radiation at 178 kHz detected by the
Imp 6 satellite far from the earth duning this same penod
The occurrence of an intense hilometnic noise burst durning
orhit 831 s clearly related to the occurrence of the bright
auroral arcs in the corresponding DAPP photogruph More
examples of this correlation can be found in Gurnett [1974)
This correlation strongly impiies that the radiation s gen
erated by the electrons which produce these auroral ares
Mcasurements of the angular distnibution of the hdometri

Coprright © 1978 by the Amerncan Geophyaical Lnon

radiation (Gurnetr, 1974) also indicate that the noise s gen-
erated at low altitudes of 1.0-1.5 R, along auroral held
lines in the local evenming region To distinguish the intense
aurora-related kilometnic radio emissions from other weaker
radiation from the earth at kilometer wavelengths, such as the
continuum emission discussed by Brown [1973] Frankel
[1973), and Gurnert [1975]. we will refer 10 this noise as
avroral kilometnic radiation.

Although both the angular distribution of the intense
auroral kilometnic radiation and the correlation of this radus-
ton with auroral arcs indicate that the noise is generated in the
local evenming auroral region. no direct measurements have
been made confirming that the radiation comes from this
region In fact, some evidence 10 the contrary has been
presented using direction-finding measurements with the Imp
6 spacecraft. Srone {1973] comments that a sporadic compo-
nent at 250 kHz appears to be coming from the tul region ol
the magnetosphere and that this radiation may be caused by
particle precipitation into the auroral region Later Stone et al
[1974]. using measurements from the Imp 6 und RAL 2 saiel
lites, Wdent.ied a spatially compact source on the duy side ol
the carth with a sporadic time structure which seems to cor-
respond in all basic respects 1o the intense auroral kblometric
radiation The day side location of this source is not, howesver,
consistent with the local time and angular yvanation of inten
sity reported by Gurnert [1974] The purpose of this paper s
10 estublish the region of generation of the suroral kilometri
radiation

DIRFCTION-FINDING MEASURFMENTS WiTH Hawxeye |

Instrumentation description  The Hawkeve | spacecralt
was luunched on June 3, 1974, in10 a highly eccentric polar or-
bit with imtial perigee and apogee geocentnic radial distances
of 6847 and 13085 km, respectivels. orbit inchknation o
%9 79°, and peniod of 4994 hours The initial argument ol
perigee 15 274 6% so that the apogee s located almost directis
over the north pole as shownan Figure 2 The spacecratt s spin
stabilized and has o rotation perniod of about 11 0 s \san
dicated in bagure 2 the spin s s onented parabicl o the o
il plane and approvmatedy perpendicular to the spacecralt
carth hine when the spacecratt s at apogee

The plasma wave espermment on Hawhove T uses an electnig
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Fig. 1.

Simultaneous observations of auroral kilometric rudiation far from the earth by Imp 6 and low-altitude auroral

photographs obtained on two polar passes with the DAPP satellite. The intense burst of 178-kHz nois= during orbit 831 is
seen to be closely associated with discrete auroral arcs in the local evening and midnight regions of the auroral zone.

dipole antenna with a tip-to-tip length of 42.45 m for electric
field measurements. The electric antenna is extended perpen-
dicular to the spin axis as shown in Figure 2. Electric field
spectrum measurements are made in 16 frequency channels
extending from ! 78 i{z 10 178 kHz, ‘and magnetic licld
spectrum measurements are made in 8 frequency channels
extending from 1.78 Hz to 5.62 kHz. Wide bund meusurements
can also be obtained from either the electric or magnetic
anterras, The vide biad recever can have a bandwidth of
cither 10 or 48 kH -+, jepending on the moae of operation

Method of analysis. The intensity of the auroral kilometric
radiation detected by Hawkeye 1 shows a pronounced
modulation caused by the rotation of the electric antenni. The
angular position of the null in the spin modulation can be used
to determine the direction of propagation projected into the
plane of rotation of the antenna. Since the electric ticld of an
electromagnetic wave in free space is aiways perpendicular te
the direction of propagation, the null in the spin modulation
occurs when the antenna axis is parallel to the direction ol
propagation. The deepest nulls, ani the best accuracy for
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Fig. 2. The Hawkeye | orbit and spin axis orientation relative to
the orbit plane. The angle 4, is the angle butween the antenna axis and
the projection of the satellite-earth direction inte the spin plane of the
antenna. The angle 8, at which a null occurs determines a meridian
plane through the spin axis on which the source must be located.

direction finding, occur when the propagation vector lies ex-
actly in the spin plane of the antenna. When the propagation
vector lies out of the spin plane, the null depth decreases, and
the directional determination becomes increasingly subject to
errors caused by polarization effects as the angle between the
propagation vector and the spin plane increases. For the
Hawkeye | orbit the angular position of the earth is relatively
close to the spin plane of the antenna over the entire high-
altitude portions of the orbit, so that deep nulls and good ac-
curacy (~%1°) for direction-finding measurements of kilo-
metric radiation are possible over most of the orbit.

The antenna orientation angle used in the Hawkeve |
direction-finding analysis is the angle §, between the projec-
tion of the spacecraft-earth line into the spin plane and the
antenna (y) axis, measured in the right-hand sense with respect
to the spin vector as shown in Figure 2. This angle is deter-
mincd by measuring the angle ¢, between the projection of the
spacecraft-sun line in the spin plane and the y axis of the
spacecraft using the spacecraft optical aspect system and by
computing the angle ¢ between the spacecraft-sun and
spacecraft-earth vectors projected into the spin plane. In addi-
tion to the strictly geometric determination of the antenna
orientation, the angle 8, must also be corrected for the phase
shift caused by the nonzero time constant of the receiver. For
the Hawkeye | experiment the phase shift due to the receiver
time constant is quite small, about 1.3° £ 0.2° for the nominal
spin period.

Because the sampling rate for each frequency channel is
comparabple to the spin rate (one sample every 11.52 5), many
rotations zre required to determine the null direction. Since
the noise intensity often fluctuates considerably on a time scale
comparable to the spin period. the null direcion can be
strongly affected by these fluctuztions unless some signul
averaging technique is used. The signal averaging technigue
emploved is to sort the intensity measurements according to

the antenna oricntation angle and then average the intensities
within each angle interval. Since the modulation pattern re-
mains the same on successive spins, the error introduced by the
intensity fluctuations decreases as more and more measure-
ments are averaged. Usually averaging intervals of | hour or
more are required to reduce the error in the null direction in-
troduced by these fluctuations to ar acceptable level. During
the averaging process the ficld strengths are periodically nor-
malized by dividing by a short-term average over a time inter-
val corresponding 10 one complete cycle of the angle sampled
through 360°.

Figure 3 shows the normalized electric field strengths ob-
tained for a I-hour averaging interval during a period for
which intense auroral kilometric radiation was being detected
by Hawkeye 1 at a radial distance of about 18.9 Rg. The nor-
malized field strengths in this example are sorted into eighteen
10° intervals in the angle §,, from —90° to +90°. Because of
the symmetry of the dipole antenna pattern, angles in the
range 90° < 8, < 270° are shifted into the range —50° < §, <
90° by subtracting 180°. The 1.3° phase shift correction due
to the receiver time constant has already been taken into ac-
count in computing §,.

A clearly defined null is evident in the normalized field
strengths when the antenna axis is pointed toward the earth. A
precise determination of the null direction & is obtained by
finding the best fit of the measured normalized field strengths
E/E, 10 a theoretical expression for the modulation envelope
given by

EY ( m) m
(E)=(1-2)-Zespw-m o
The modulation factor m provides a quantitative measure of
the null depth: m is zero for no spin modulation, and m is one
for the maximum possible modulation. Standard techniques of
Fourier analysis are used to obtain the best fit values for m and
4. For the case shown in Figure 3 the best fit is obtained when
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by Hawkeyve | as a function of the antenna orientation. A distinet null
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the null angle v & = 34% 4 1.4% The statistical uncertainty
of +14° s evaluated from the mean square error in the best
fit.

Other sources of systematic error may be present which
could add to the uncertainty i the null angle. Four sources of
systematic ertor have been censidered: (1) errors n the
receiver phase shift correction, (2) errors in the opucal aspect
determination of @, (3) errors in the carth-sun angle ¢y due to
cither orbital errors and/or errors in the spin axis determina-

KURTH ET AL.. AURORAL KiioMrTric Rapiation 2767
6 MR LT
“
4
a0
O MR

ton, and (4) errors caused by musalignment ol the electne
antenna anis with respect to the v avs of the spacecraft. Of
these errors the uncertinty of the alignment of electnie anten-
na axis 1s considered to be the dommant error for the Hawkeye
direction-finding measurements. Investigations of the nmus-
alignment of the light spare electric antenna and calculations
by the antenna manufacturer indicate that the nusahgnment of
the electnic antenna anis relative to the ¥ axis of the spacecralt
should' not exceed 2°

Results.  To reduce the staustical uncertainty in the nuil-
earth angle to of the order of +1.0% or less, only auroral
kilometrnic radiation events lasting for 1 hour or more are used
in this analvsis Normally, several such events occur in cach
o:bit. Since auroral kilometnie radiation usually has the max-
imum intensity in the 178-kHz frequency channel of Hawkeye
i. this channei 1s used for all measurements presented in thas
paper. To insure that the low-fevel continuum radiation dis-
cussed by Frankel [1973] 1s not included in this study, only
events which have a power flux conunuously exceeding 10"
Wm *Hz "at 178 kHz are used. Since the direction-finding
technique only provides a one-dimensional determination ot
the source position, many orbits with spin anis orientations at
various local times must be used to obiain a two-dimensional
determination of the average source position. Figure 4 sum-
marizes a series of direcuon-finding measurements ol
Kilometric racdiation at 178 kHz obtamed trom two orbais
which have their orbit planes, hence spin ans directions, ap-
proumately ar nght angles (using sun-referenced coordinates).
The null directions measured tor the vanous events observed
on these two orbits are shown as strasght hines drawn outward
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B 4 Two representative orhits showing the null directions tor
auroral Milometne radiation at 178 KHz observed at vanous pomts
along the orbit Ot 42 shows g clear tendeney tor the radiation w
onginate from the might side of the earth

L

R,
RADIAL DISTANCE N
LOUA . ORIAL PLANE

18 R

Fig & An equatonal piane projection of the average null direc:
tnons of auroral Kilometrie radiation at 178 KHz for a senes ot
Hawkeve 1 orbats at vanouws local tmes. The shaded region tor cach
orbit gives the rms spread (plus or minus the standard deviation) in
the disttibution of null positions for ail events analy zed durnimg that or-
it he average source positton s located in the late local eveining ata
local tme (i 1) of 22 7 hours and at a distance of 068 R, trom the
polar aus.

from the spacecralt at the pomnt along the orbit where the
measurement was obtained. These hines are shown as viewed
from a direction parallel to the spin axis (edgewise to the or-
bital plane)

Considerable vanabiiity 18 evident in the null directions
determined durning these two orbits This vanability s due to
actual fluctuations in the posttion of the centroid of the source,
since the statisticad errors it determining the nult direction are
typrcally much less than the scatter in the observed null direc-
tons. Since the averaging interval for the direction finding s
typrcally 1 hour or more, the fluctuations actually obsernved are
necessanly at ume scales greater than | hour It seems quite
hikely that the fluctuations in the source position extend to
even smaller ume scales which cannot be resolved by
Hawkeye. For orbit § the average source position s very close
to the orbital plane, with a shght tendency for the average
posiiion to lie to the left of the orbital plane, toward local
evening, as viewed from point B, For orbit 42 the averape
source position is shifted very disunctiy to the nght of the of
bital plane, again toward local might, as viewed from pomt A
Projecting the average source positions obtained from these
two orbits into the equatonal plane, the average source posi-
tion would be located on the night side of the earth at about !
hours LT and about 1.2 R, from the polar axis

To provide a better determination of the average source
location, divection-hnding measurements of aurors! Milometne
radiation at 178 kHz have been made tor ihe senes of orbits
spaced at approumately even intervals i local ume The
resuits of this analyais are dlustrated in Figure S, which shows
the projection of the average null position into the geopraphic
equatorial plane for each orbit (or pair of orhis) analhvied
Pairs of orbits are used 11 some cases because oo lew evenis
sometimes occurred on a single orbit to provade ameamnetul
analysis. The average null position consists of astraeht hine
this diagram because the null determmation v one dimen
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stonal, and the source could in principle hie anywhere along
this line and sull be consistent with the null ungle observed at
the spacecraft. The width of the shaded region shown for each
orbit gives the rms spread (plus and minus the standard
deviation) in the distribution of the null positions observed
during that orbit.

The average location of the auroral kilometric radiation
source projected into the equatorial plane can be qualitatively
estimated from the intersections of the average null lines for
each orbit, taking into account the fact that lines which in-
tersect at nearly right angles provide a better porition deter-
mination than lines which intersect at a shallow angle. Almost
all of the intersections occur on the night side of the earth. The
average position of all intersections, without regard to the
angle at which the intersection occurs, 1s in the late local even-
ing at a local time of 22.7 hours and at a distance of 0.65 R,
from the polar axis. The approximate range of vanation in the
source position from this average position cain be seen from
the shaded regions in Figure 5. Ewvidently, considerable
variability, of the order of 1.0 Rg. exists in the source position
averaged over | hour relative to the source position averaged
over a complete orbit.

DIRECTION-FINDING MEASUREMENTS WITH Imp 8

Instrumentation description. The Imp 8 spacecraflt was
launched on October 26, 1973, into a low-eccentricity orbit
with initial perigee and apogee geocentric radial distances of
147,434 and 295,054 km, respectively, orbit inclinauon of
28.6°, and perioe of 1198 days. The spacecraft 1s spin
stabilized with a nominal rotation period of 2.59 s. The spin
axis is oricitted perpendicular to the echiptic plane.

The University of lowa plasma wave experiment on Imp 8
uses an electric dipole antenna with a tip-to-uip length of 121.8
m for clectric field measurements and a triaxial search coil
magnetometer for magnetic field measurements. The elecine
dipole is extended outward, perpendicular to the spacecralt
spin axis, by centrifugal force. Electric field spectirum measure-
ments are made in 15 frequency channels extending from 40
Hz to 178 kHz, and magnetic field spectrum measurements are
made in 7 frequency channels extending from 40 Hz to 1.78
kHz.

Method of analysis. The method of analyzing the Imp 8
data to provide direction-finding measurements is essentially
identical to the method used for Hawkeye 1. except that the
null angle measured is in the ecliptic plane. Long averaging
periods, of an hour or more, must also be used on the Imp 8
data to reduce statistical fluctuatiors to an acceptable level.
Since Imp 8 is at larger distances from the earth than
Hawkeye, greater accuracy is needed in the directional deter-
mination. However, much more data is currently avalable
from Imp 8, and since the orbital period of Imp 8 is much
longer than Hawkeye, it is possible to use very long averaging
periods {of the order of 12 hours or more) to provide smaller
statistical errors in the null direction.

The largest sources of systematic error in the Imp 8
direction-finding measurements are thought to be the uncer-
tainty in the phase shift correction caused by the receiver time
constant and the antenna misalignment. Because of the higher
spin rate of Imp 8 the phase shift due to the recerver ime con-
stant is relauvely large, approvimately 7.16°. The uncertainty
in this phase shift 1s estimated to be about £20% Since com-
parable errors may aiso ewusi in the antenna ahgnment and
overall accuracies of = 17 are needed, 1ty absolutely essential
that some method be used in Might to cahbrate the overall

KitOMETRIC RADIATION

systematic error in the direction determination. The method
used i1s to require that the average null-carth angle for
measurements obtained on opposite sides of the earth (cor-
recting for radial distance variations) be zero, This averaging
condition has been applied to a large number of direction-find-
ing measurements of auroral kilometric radiation, and the best
estimate of the phase shift correction is 11.96°. This phase shilt
correction includes the phase shift due to the receiver time con-
stant and is used for all Imp 8 direction-finding measurements
presented in this paper. As will be pointed out, however, the
position of the source can be determined independent of this
phase shift correction.

Results.  Figures 6 and 7 show two Imp 8 direction-finding
measurements of aurorai kilomet-ic radiation at i78 kHz ob-
tained from positions near the equatorial plane on approx-
imately opposite sides of the earth (local times of 2.76 and
16.85 hours, respectively). In both cases the measurements
were made during an exceptionally long and steady auroral
kilometric radiation event lasting for over 12 hours and at
times when the angular position of the carth was very close to
the spin plane of the antenna, thereby assuring a deep null in
the spin modulation and a very small statistical error in the
null direction. The null directions at 2.76 and 16.85 hours LT
ared = 1.0° £ 04° and 8 = —1.1° £ 0.4°, respectively. The
positive direction for measuring the earth-antenna angle 8, for
Imp 8 is shown in the sketches in Figures 6 and 7 as viewed
looking down from the north ecliptic pole. The measured null
directions are seen to be consistent with a source located in the
loczl evening region.

Other similar measurements, all using averaging intervals of
several hours and restricted to events with large modulation
factors (m > 0.766), to assure small statistical errors, and in-
tensities greater than 10 * W m~* Hz ', have been made at a
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in Figure 6, except at a local time of wbout 16 83 hours. The null posi-
tion in this case 1s slightly to the night of the earth’s polar axis, again
on the mght side of the carth, as viewed from the spacecraft

variecty of local times. Figure 8 shows the null directions ob-
tained from these events as a function of local time. A very
clear trend 1s evident in these data with the null-carth angles
negative in the local afternoon and positive in the local morn-
ing, consistent with a source located on the might side of the
carth. The local time position of the source and the approx-
imate ofTset from the polar axis can be determined completely
independent of the constant phase shift correction to 8. Since §
is always small for the Imp 8 orbit, the local time and distance
of the source from the polar axis are completely determined by
the phase and amplitude of the best sine wave fit to § as a func-
tion of local time, appropriately correcting & for radial dis-
tance effects. This sine wave analysis technique has been ap-
plied to the data in Figure 8 and gives an average source posi-
tion, projected into the equatorial plane, of 21.25 £ 0.41 hours
LT at a distance of 084 + 009 Ry lrom the polar axis.
The null directions shown in Figure 8 are plotted as seen
from above the northern polar region in Figure 9 to provide
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Fig 8 A series of null directions for auroral kilometnie radration
at 178 KHz obtuned by Imp 8 as a tunction of local tme. The null
angle in all cases is larger in the focal morming thann the loce! even-
g This dependenc: places the source on the night side of the carth
independent of any svstemane errors which may be present i ueter-
mining the null direction

the spacecraft to the source. These null direction measurements place
the average source position in the late local eveming at a local tine
of 21.25 hours and at a distance of 0.835 R, from the polar axis

a qualitative indication of the scatter and distribution of null
directions observed by Imp 8. The arrows on each line indicate
the direction from the spacecraft to the source. Considerable
variability from the average source position is also evident in
the Imp 8 direction-finding measurements. Both qualitatively
and quantitatively, the Imp 8 directien-finding measurements
of auroral kilometric radiation are seen 1o be in close agree-
ment with the Hawkeye | results

DiscussioN

Evidence has been presented showing that the intense bursts
of auroral kilometnic radiation (> 107" W m # Hz ') detected
by Hawkeve | and Imp 8 originate from the local evening side
of the earth. At a frequency of 178 kHz the average position ol
the source, projected into the equatorial plane, 1s at a jocal
time of about 22.0 hours and at a distance of about 0.7y R,
from the polar axis. These results strongly suppert the
previous evidence presented by Gurnetr [1974] indicating that
the auroral kilometric radiation 1s produced at relatively low
altitudes (1.0-1.5 Ry for 178 kHz) in the local evening auroral
z0ne.

Simple geometric considerations and reasonable estimates
of the altitude at which the auroral kilometnie radiation iy
generated appear 1o be in good agreement with the obseived
offset of the average source positton from the polar avin Ay
discussed by Gurnett [1974], the radiation must be penerated at
an altitude above the propagation cutofl surface for the mode
of propagation in which the radiation 1s generated  Singe
wave-particle interactions cannot occur at frequencies sub-
stantially above the local plasma frequency or pyrofreguency
and since these frequencies are relatively close toeether i the
region of the 1onosphere where this noise v venciated, the
radiation must be generated rather close to the propavation
cutofl surface For a frequency of 178 KHz the propavation
cutoll surface, and hence the generation region. s lecatad
an altitude of cbout 10 R, [Gurnert, 1974 10w tellow

- B SR, o
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representative auroral field line at 70% invarant latitude up to
an alutude of 10 Ry and assume that the source is located at
this point, the source position projected into the equatonal
plane would be 0.96 Ry from the polar anis. These estimates of
the source location are in good quantitative agreement with
the observed distance of the source from the polar axis and
with previous models of the source location [Gurnett, 1974,
Figure 14).

The observed time- and space-averaged local ume position
of the centroid of the emitting region in the late local eveming is
consistent with the location expected from the known assoct-
tion between auroral Kilometric radiation and auroral ares. It
is well known that the most intense auroral electron precipiia-
tion and the brightest auroral ares occur in the local evening
[Akasofu, 1968, Smyder eral . 1974] The observed source posi-
tion s also consistent with the angular distnibution of the
kilometnie radiation, which shows a broad maximum centered
on about 220 hours LT [Gurnetr, 197d]. More recent studies
by Aaiser and Store {1975] now indicate that the day side
source discussed by Store e al. [1974], although in the same
frequency range and qualitatively similar to the aureral
Milometne radiation, s actually at much lower intensities
(<10 W m # Hz ") and probably represents a distinctly
different source. Because of the close assoctation of the auroral
kilometric radiation with geomagnetic actinity the obsenved
temporal vanations in the source position are thought 1o be as-
sociated with the westward travehng surge and other spatial
evolutions which occur duning auroral substorims. Since the
time scale of substorm varations is usually much less than the
averaging periods used, the detatled temporal vanationsan the
source position probably cannot be resolved with either the
Hawkeve or Imp § experiments
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The Earth as a Radio Source: The Nonthermal Continuum

DoNALD A. GURNETT

Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242

In addition to the intense and highly varable auroral Kilometnic radiation the carth also radiates a weak
nonthermal continuum from energetic electrons in the outer radirtien zone The intensity of this con-
tinuum radiation decreases with increasing frequency and is usually below the cosmic nowse level at fre-
quencies above 100 kHz. In this paper we show that the frequency spectrum ol the continuum radiation
consists of two components, a trapped component, which is permanently trapped within the magnetosphere
at frequencies below the solar wind plasma frequency. and an escaping component, which propagates
freely away from the carth at frequencies above the solar wind plasma frequency . The low-frequency
cutofl of the contic um radiation spectrum s at the local electron plasma trequency, which can be as low
as 300 Hz in the low-density regions of the distant magnetotanl. Direction-tinding measurements and
measurements of the spatial distiibution ol intensity tor both the trapped and the freely escaping compo-
nents are used to determine the region in which the continuum radiation s generated. These measure-
ments all indicate that the continuum radiation s generated in a broad region which extends through the
morning and early afternoon from about 4.0 to 150 hours local tme immediat.'sy besond the
plasmapause boundary. In contrast to the aurorai hilometrie radiation which s generated in the high-
latitude auroral zone regions, the continuum radiation appears 1o be eenerated over a broad runge of
latitudes, ncluding the magnetic equator. In some cases the continuum radiation appears to be closely as-
sociated with intense bands of electrostatic noise which are observed near the electron plasma Irequency
at the plasmapause  Possible mechamisms by which this radiatton could be generated. including

JULY I, 1978

gryosynchrotron radiation from energetic electrons in the outer radiation 2one, are discussed.

INTRODUCTION

Brown [1971], using radio measurements from the Imp 6
satellite, has identified a weak continuum component to the
radiation coming from the earth's magnetosphere in the tre-
quency range from about 30 to 110 kHz. The intensity of this
continuum radiation decreases rapidly with increasing fre-
quency, varving approvimately as £ * (fis frequency), and is
vsually below the cosmic noise level at frequencies above
ibout 100 kHz. The low-frequency hmit at about 3¢ kHz s ap-
parently catsed by the propagation cutofl at the local plasma
frequenc: in the solar vand. Frankel [1973) has also studied
this radiation and concludes that the noise is produced by
gyrosynchrotron radiation from energetic electrons in the out-
er radiation zone

Gurnetr and Shaw [1973] have identified another somewhat
more intense continuum component at even lower frequencies,
from about 5 to 20 kHz. This continuum radiation oceurs at
frequencies below the solar wind piasma frequency and is per-
manently trapped within the low-density regions of the
magnetospheric cavity. The purpose of this paper is to in-
vestigate the basic features of the nonthermal continuum
radiation from the earth’s magnetosphere by using radio and
plasma wave measurements from the Imp 6 and Imp 8 satel-
lites. We show that the continuum radiation reported by
Brown [1973] and the trapped radiation reported by Gumert
and Shaw [1973] are simply different portions of a single non-
thermal continuum spectrum which extends from frequencies
as low 2s 500 Hz to greater than 100 kHz Direction-finding
measurements and spatial survevs of the intensity of this radia-
tion are used to determine the region of the magnetosphere in
which the noise is generated.

The data analyzed i this study are obtained from the Uni-
versity of fowa plasma wave experiments on the Imp 6 and
Imp 8 satellites. The Imp 6 spacecraft s in a highly eceentric
orbit with rmual perigee and apogee geocentric radial dis-

Copyright @ 1973 by the American Geophysical Union

tances of 1.04 and 33.0 R, respectively, an orbit inchnation of
28.7°, and a period of 4.18 days. The Imp 8 spacecrait is in a
low eccentric orbit with imtial perigee and apogee geocentric
radial distances of 23.1 and 46.3 Ry, respectively, an orbit in-
clination of 28.6°, and a period of 11.98 days. The Imp 6
measurements are particularly useful for studying the radiai
dependence of terrestrial radio emissions over a very wide
range of radial distances, whereas the Iimp 8 measurements are
particularly useful for obtaining a rapid survey of all local
times at a roughly constant radial distance.

The plasma wave experiments on both spacecraft are
designed to make measurements over a very broad frequency
range, 20 Hz to 200 kHz for Imp 6 and 40 Hz 1o 2.0 MHz for
Imp 8. Both experiments use ‘long’ electric dipole antennas,
925 m tip to tip for Imp 6 and 121.5 m tip to tip for Imp &,
which are extended outward perpendicular to the spacecralt
spin axis. The spin axes of both spacecraft are onented very
nearly perpendicular to the echiptic plane. Further technmeal
details of these experiments are given by Gurnett and Shaw
[1973) and Gurnerr [1974).

CHARACTERISTICS OF THE NONTHERMAL CONTINULM

The term continuum, as used in this paper, refers to radia-
tion which has a smooth monotonic frequency spectrum
extending over a frequency range of several octaves with an es-
sentially constant intensity on a time scale of a few hours or
more. Nonthermal continuum radiation from the earth’s
magnewosphere is difficult to detect because the radiation 1s
very weak, only slightly above the noise levei of the Imp 6 and
Imp 8 plasma wave experiments, and is often masked by other
intense radio and plasma wave emissions which occur in the
same frequeney ranee Auroral kilometnic radiation [Guenerr,
1974]), which occurs in the trequency range from about M0 {0
S00 K Hz, otten has intensities of 60-80 dB above the level of
the quescent continuum. Electrostatic plasma wase tur-
bulence in the magnetosheath and bow shoek, electron plasma
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Fig. 1. The electric field intensities observed at 16 frequencies for & 24-hour period of Imp 8 duta in the solar wind. The
amplitude range for each frequency represents a dynamic range of 100 dB. During this day only one interval, from about
1005 to 1115 UT, occurs in which the intensity of the auroral kilom:tric radiation drops to a level sufficiently low to deter-
mine the complete spectrum of the nonthermal continuum,
oscillations in the solar wind, and type 3 radio noise bursts requiring that the noise level in a given frequency range be
also frequently interfere » ‘ith measurements of the continuum  constant within about 3 dB for a period of at least | hour and
radiation. Measurements of the nonthermal continuum radia-  that the noise not correspond to any other known type of radio
tion from the earth’s magnetosphere must therefore be careful-  emission.
ly selected to avoid contamination from other sources. The A typical Imp 8 measurement of the continuum radiation is
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A selected continuum spectrum 1n the distant magnetotal Note that the spectrum of the continuum radiation ex-

tends to considerably lower frequencies in the magnetotal than in the solar wind
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electric ficld spectrum analyzer are shown for a 24-hour period
for which the spacecraft is located in the solar wind at a
geocentric radial distance of about 42.0 Ry and a local ume of
about 17.5 hours. The ordinate for each frequency channel is
proportional to the logarithm of the electric field amplitude in
that frequency channel. The interval from the base line of one
channel to the base line of the next higher channel represents a
dynamic range of 100 dB. The verticul bars, which make up the
black portion of each plot, indicate the amplitude averaged
over a time interval of 163.48 s, and the dots indicate the max-
imum amplitude over the same time interval. Throughout this
24-hour period. many intense bursts of auroral kilometric
radiation are evident in the higher-frequency channels. Only
one brief period, from about 1005 to 1115 UT, occurs during
which the intensity of the auroral kilometric radiation is sufli-
ciently low to permit an accurate measurement of the spectrum
of the quiescent continuum radiation. During this period the

average noise level in all channels is essentially constant. The
noise levels in the 22.0- to 178.0-kHz channels are, however,
slightly above the receiver noise level. Spin modulation
measurements during this period show that the radiation
detected in these channels is coming from the vicinity of the
arth. The frequency spectrum ol this radiation has a distinct
peak in the 22.0-kHz channel and decreases in intensity at
higher frequencies. No radiation is detected from the direction
of the earth above 178.0 kHz or below 22.0 kHz. The relatively
high constant noise level evident in the 2.0-MHz channel is the
gulactic background.

Another example in which the spectrum of the nonthermal
continuum is clearly evident in the Imp 8 data is illustrated in
Figure 2. In this case the spacecraft is in the distant
magnetotail at a gec~entric radial distance of about 41.0 R,
and a local time of avout 23.5 hours. At high frequencies the
spectrum of the continuum radiation is qualitatively similar to
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Fig. 3 Selected spectrums of the nonthermal continuum at vanous local times: The abrupt cutotl in the solur wind
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the spectrum observed in the solar wind; however, in this case
the radiation extends down 1o a frequency of about 5.60 kHy,
which is considerably below the cutoll frequency observed in
the solur wind. At the lower frequencies, where no auroral
kilometric radiation is present, it is evident that the continuum
radiation evists  with an essentially  constant  amplitude
throughout the magnetotail. In some cases, such as the case at
about 1400 UT, the spectrum of the continuum radiation ex-
tends down to frequencies as low as 562 Hz. It 1s sometimes
difficult 1o 1denufy the low-frequency limit of the continuum
radiation clearly because of the occurrence of intense electr -
static plasma wave turbulence at frequencies below about |
kHz. The ratio of the peak to average field strength, which s
always close to one for the continuum radiation, often
provides a useful identifying characteristic to distinguish the
continuum radiation from the low-frequency plasmawave tur-
bulence.

To illustrate the general character of the continuum
spectrum at different points around the earth, Figure 3 shows
five spectrums selected at various representative local times.
Four of these spectrums were obtained in the solar wind, and
one (the center panel) was obtained in the distant magnetotail.
The spectrums in the solar wind all show the same basic char-
acteristics, consisting of a monotonic decrease in intensity with
increasing frequency and a sharp cutofl’ near the solar wind
plasma frequency at about 20-30 kHz. These spectrums are in
good qualitative and quantitative agreement with the con-
tinuum radiation spectrums reported by Brown [1973] and
Frankel (1973]. The spectrum in the magnetotail shows the
same basic characteristics as the wrapped electromagnetic ra-
diation described by Gurnett and Shaw [1973]: a flat peak ex-
tending from about 5 10 20 kHz, a sharp low-frequency cutofl
at the local electron plasma frequency, and a rapidly decreas-
ing intensity above 20 kHz. When the continuum radiation
spectrums obtained in the solar wind and in the magnetotail
are compared, it is evident that the spectrums are nearly idenu-
cal at all frequencies above the propagation cutofl at the
solar wind plasma frequency. This similarity strongly suggests
that the noise in both regions comes from the same source and
that the spectrum observed in the solar wind represents that
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Fig 4 The spectrums of the galactic background. the auroral
kilometnie radiation, and the nonthermal continuum radiation as
would be observed by a satellite about 30 Ry from the carth The
trapped  contimupum  radiation can only be detccted within the
magnutosphorne cavily

portion of the continuum radiation which can escape into the
solar wind above the solar wind plasma [requency.

The relationship between these various spectrums is sum-
marized in Figure 4, which shows representative spectrums for
the galactic continuum, the very intense and highly variable
auroral kilometnic radiation, and the relatively steady nonther-
mal continuum radiation. As will be discussed, direction-
finding measurements clearly show that the continuum radia-
tion and the auroral kilometric radiation come from difTerent
regions of the magnetosphere and therefore constitute two dis-
tinctly different sources. The spectrum of the continuum radia-
tion can be divided into two components, a trapped compo-
nent, which is permanently trapped within the magnetospheric
cavity at frequencies below the solar wind plusma frequency,
and an escaping component, which can propagate freely away
from the carth at frequencies above the solar wind plasma fre-
quency. This categorization of the various radio emission
spectrums of the earth should not be regarded as being final,
since it is virtually certain that other weak but possibly signifi-
cant components may also exist. For example, a small but dis-
unct peak i1s evident at about 178 kHz in all the spectrums
shown in Figure 3. It is not known whether this peak is as-
sociated with a distinctly different source, as suggested by
Kaiser and Stone [1974), or simply represents a quiescent level
of the auroral kilometric radiation.

TRAPPED COMPONENT
Direction-Finding Measurements

The distinction between the trapped and free escape compo-
nents of the nonthermal continuum is particularly evident in
the direction-finding measurements of this radiation. Since the
spin axes of both Imp 6 and Imp 8 are perpendicular to the
ecliptic plane and the electric dipoie antenna axis is perpen-
dicular to the spin axis, the position of a radio source in the
ecliptic plane can be determined from the spin modulation of
the observed signal strength. The null direction 8 and modula-
tion factor m are devermined by fitting the equation

(f) - (. i '3") ~ Mo (28~ 8) ()

to the normalized field strength, £/ E,. The angle 8, is the
azimuthal orientation of the antenna with respect to the
satellite-earth line. The detailed procedures used to compute
the best fit values for 8 and m are discussed by Kurth et al
[1975).

Typical sets of direction-finding measureraents obtained by
Imp 8 in the distant magnetotail are shown in Figures S and 6.
In each case the trapped continuum radiation 1s evident at low
frequencies, less than about 50 kHz, and auroral kilometrie
radiation is evident at high frequencies, greater than S0 kHz
The null direction 8 measured positive eastward with respect to
the spacecraft-earth hine is shown as a function of frequency 1in
the bottom panel of each figure. At high frequencies, above
about 30 kHz, the null directions of both the continuum radia-
tion and the auroral kilometric radiation are within 4 few de-
grees of the direction to the earth. At frequencies below about
30 kHe a disunct shift in the null direcion away from the carth
15 evident. In both cases, one in the late eveming (LT = 228
hours) and the other in the early morming (11 I N hours),
the null direction shifts toward the sun at frequencies below
about 30 kHz A corresponding decrease in the modulaon
factor also occurs at this frequency, from m =~ 08 ab treguen
cres above 30KHz tom ~ 0 2 at frequencies below 3hHZ The
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Fig. 5. Direction-finding measurements showing the shift in the null direction 4 and the modulation factor m of the
continuum radiation at the solar wind plasma frequency These measurements were made 1n the magnetotn! at a local

time of 22.5 hours

frequency at which this transition occurs corresponds closely
with the solar wind plasma frequency as indicated by the ver-
tical dashed line labeled *f,, solar wind' in Figures Sand 6. The
solar wind plasma (requency measurements were obtained
from the Los Alamos solar wind plasma experiment on the
Imp 7 spacecraft (M. Montgomery, personal communication,
i974). Imp 7 was located in the solar wind upstream from the
carth at the time that the measurements in Figures S and ©
were made. The shifts in the null direction and modulation fac-
tor at approximately the solar wind plasma [frequency
evidently correspond to the transiton from the free escape to
the trapped regimes illustrated in Figure 4. The tendency tor
the null direction 1o lie along the carth-sun line 1s a general
characteristic of all the Imp & direction-tinding measurements
of the trapped conunuum radiation in the distant mug-
netotail. This dependence s llustrated in Figure 7, which
shows a senies of null direction measurements made at 163
kHz during three Imp X passes through the distant
magnetotail. The null direction 1s seen to follow the sun direc-
tion closely, except for a shight devuition toward the earth near

the magnetopause boundaries, which occur at sbout @«
140° and 220° during these passes

The shiftin the null direction near the solar wind plasma fre-
quency and the tendency for the null direction of the trapped
continuum radiation to be aligned along the earth-sun hne can
be explained from simple propagaton considerations. Since
radiation at frequencies below the magnetosheath plasma fre
quency is reflected at the magnetopause, the surtace of the
magnetopause apparently acts as a large parabohe reflector
direcuing radiation from near the carth into the magnetobal as
lustrated in Figure 8 Because the direction-hinding measuig:
ment responds to the average source position, the null dire
tion tends to be aligned along the earth-sun hine in the distant
magnetotail. 1t is of interest to consider o what vvivit
the magnetospheric cavity acts as a perfectly fossiess w1
the cavity has an extremels high *Q." then ther !
be expected o be sotropic, since multiple retle
rapidiy randomize the radiation, and no spin
would beevident. Singe a sienificant and casily Jduoie Ca
of spin modulation (s > 0.2) does eninto il vt ¥
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Fig 6. Direction-finding measurements in the magnetota similar to those in 1 :pure S except at a 'ocul tme of 1.8
hours. 1n both cases the null direction of the trapped continuum radiation shifts tosurd the sun at frequencies below the

solar wind plasma frequency.

sizable flux of radiation is lost into the downstream tail region,
resulting in a relatively low Q for the cavity. Further evidence
that the Q of the cavity is quite small is given by the fact that
the intensity of the continuum radiation increases only shightly
(by a facior of about 2-5) as the frequency changes from the
free escape to the trapped regime. Thus there is relativ=iy hule
buila up of the radiation intensity within the cavity due to mul-
tiple reflections. Note that the transition from the trapped to
free escape regime 1s actually not an abrupt transiton, since
the magnetosheath plasma frequency varies from app.ox-
imaiely the solar wind value in the downstream region to ap-
proximately twice this value at the stagnation peint. Also some
reflection or scattering of the incident radiation may occur in
the magnetosheath, even at frequencies above the local plasma
frequency.

Spatial Distribution of Intensity

To understand the origin of continuum radiation, we must
first establish the region in which the noise 1s generated Un.
fortunately. for the trapped component, direction-tinding
measurements do not provide much useful information on the
source location because of the comphicated reflections which
oceur at the magnetopause We have theretore investigated the
sMatial distrihation of the intensity of the trapped continuum

1o try to determine the sourc= region. Becausc the intensity of
the trapped continuuni radiation undergoes long-term tem-
poral flucthations of the order of 10 B [Gurnett and Shaw,
1973], a large number of measurcments must be used 1o obtain
a reliable spatial distribution. Three years of Imp 6 data, total-
ing about 600,000 intensity measurements (163 48-s averages).
are ased in this study. Since 1t1s impossible to manually 1den-
tify the continuum radiation for such a lurge number of mea-
surements, a criterion was devised to provide computer identi-
fication of the trapped continuum radiation. The criterion
requires that the ratio of the peak to average field strength in
cach 163 48-s penod not exceed 1.2 and that the average
difference between adjacent peak field strengths not exceed |
dB. This ¢niterion eliminates impulsive noise bursts such as
whistlers, chorus. and magnetosheath electrostatc turbulence
The critenion was tested manually on several orbits and has
been verified to provide correct identification of the trapped
continuum radiation with a very high degree of conudence
The 16 S-kHz channel was cnosen as bermg representatine ol
the trapped continuum radiation. This trequency was chosen
because 1t s almost alwass below the solar wind plasma tie
queney and vet above the local plasma freguency inside the
magnetospheric cavity. The measured intensities i this chan

nel were averaged in blocks detined by 16 radial distance it
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vals from 1.0to 39.8 R, and 12 local time intervals from 0.0 to
24.0 hours. The results of this averaging procedure are shown
in Figure 9.

The intensity of the continuum radiation at 16.5 kHz is seen
1o be remarkably constant at a level of about 0.5-1.0 x 10° ™
W m~? Hz"'. Asis expected, a sharp cutoff is evident at radial
distances corresponding to the magnetopause and plas-
mapause boundaries. Although the intensity is constant over
a large region of the magnetosphere, a distinct maximum,
considerably above the statistical uncertainty in the average
computation and approximately a factor of 2 above the overall
average occurs in the local time range from 4.0 (0 14.0 hours
and in the radial distance range from 5.01 10 7.94 R;. The ex-
istence of this maximum can also be verified by direct com-
parison of individual passes through this region with passes
throngh other regions of the magnetosphere. Although the in-
terpretation of this intensity distribution is greatly complicated
by the many reflections and complicated ray paths which can
occur within the magnetospheric cavity (thereby accounting
for the acarly uniform intensity distribution), the existence of a
distinct region of maximum intensity strongly suggests that a
major fractios of the trapped continuum radi:ation is
genercted within this region.

EscAPING COMPONENT
Direction-Fin ling Measuremen!s

Direction-finding measurements of the escapiiy continuum
radiation provide a much better method of determinu. 2 the
source region of the contiruum radiation, since this radiation
propagates directly 1o the spacecraft wichiout retlection at the
magnetopause. The 56.2-kHz frequency channel has been
chosen to perform direction-finding measurements of the escap-
ing continuum radiation. This frequency s chosen becau et s
usuaily beloa the frequency range ol the intense auroral

“F \4\
. . |
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vy I BV T U T R R R S A A
120 140 16! 00 220 24
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Fig. 7. A series of measurements in the riagnetotail showing that tie nu!l direction of the trapped continuum radiation is
consistently aligned along the sateiine sun line

180 - 0

kilometric radiation, which often masks the weak continuum
radiation, and yet well above the plasma frequency normally
encountered in the magnetosheath and solar wind.

A total of 184 intervals, each from | to 4 hours in duration,
have been selected from the first 18 orbits of Imp 8 to study the
direction of propagation of the escaping continuum radiation
at 56.2 kHz. These intervals are all selected such that no radia-
tion other tho * _he continuum is detectable. For each interval
the best fit nuli direction 8 and modulation factor m are com-
puted, and the rms error in the fit of (1) to the measured ficld
strengths is determined. From these quantities the distance of
closest approach of the ray path to the earth, p,, projected into
the ecliptic plane and the rms uncertainty, a,,, in p, are com-
puted. Because the power flux is some'imes too small o
provide rehable direction-finding measurements, only those
cases for which the uncertainty in p, is less than 2 Ry (o, =
R¢) are used in this study Of the 184 cases selected, 82 sutisticd
this error criterion. The threshold power flux for providing

<« 1 (MAGNE TOSHEATH) !> 1p (MAGNE TOSHE atw

//\’“\t\aw 10RAUSE /,’/\—m ‘4\\
\ @ .\ /
» p I‘
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Fig & A qualitative indication of the ras paths 1
the carth at frequencies above and below the plaina
magnetosheath. When /<, (magnetoshoatin
magnetopause tend o ahign the average ray b
tant eragnetotal glorg the carthsun lin
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Fig. 9. The intensity distribution of the trapped continuum

radiation at 16.SkHz. A distinct maximum in the radiation in-

tensity occurs in the local ime range from 4.0 to 14.0 hours at radial distances from about 5.01 1o 7.94 R,

reliable direction-finding measurements (a,, < 2 R,) at 56.2
kHzisabout 5§ X 107" W m~? Hz"'. The median power flux of
the 82 cases selected for this study is about 1.0 X 10°* W m-?
Hz', and the maximum power flux observed is 2 x 107" W
m-* Hz"".
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Fig 10, The distribution of transverse source positions obtained
for R directionfinding measarements of the escaping continuum
radiation at saniogs local nmes sround the carth

The distribution of transverse source positions determined
for these 82 cases is shown in Figure 10. Most of the direction-
finding measurements show an apparent source position well
inside the magnetosphere, with transverse source positions
typically less than 8 R,. However, a few cuses are observed
with source positions as much as 20 R, from the earth. For the
present we consider only those cases for whizh the source up-
pears to be definitely within the magnetosphere. specifically,
those with |p,| < 8 Rg. The anomalous cases witi. [p,| > 8 R,
are discussed later.

The ray paths for the cases with [p,| < 8 Ry are shown in
Figure 11, projected into the ecliptic plane. The spacecraft
position for each ray path is shown as a dot, and the arrow in-
dicates the direction of the null. The apparent center of the
source region can be estimated from the intersection of ru
paths observed at various local times. It 1s evident that most of
the ray paths tend to intersect on the local morning side of the
carth at a radial distance, projected into the ecliptic plane, of
about 2 to } R, from the center of th~ earth. It s also evidznt
that a great deal of scatter exists in the *pparent source posi-
tion, indicative of a broad and somewhat vanable source
“egion.

A quantitative estimate of the angular size of the source can
be obtuined from the modulaton tactor m If the source i
located in the pline of rotation of the antenna, 4 very smull
(point) source produces a very deep null (m > 1), whereas o
very broad source produces very hittle modulation (m > U) In
practice, quantitative estimates of the source size are com-
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kilometric radiation, which typically has a modulation facto
of 0.95-0.98.

Spatial Distribution of Intensity

Further information on the source region of the escaping
continuum radiation can be obtained from the spatial
distribution of intensity. Since the escaping continuum radia-
tion is not reflected by the magnetopause, the region of maa-
imum intensity should provide a good indication of the source
region. Data from the Imp 6 spacecraft, which has a higuly
eccentric orbit, must be used to provide measurements in
the source region. Unfoitunately, the Imp 6 experiment is
about a factor of 5 less sensitive than the Imp 8 experiment,
so the continuum radiation generally cannot be detected by
Imp 6 at large radial distances or when the radiation is very
weak. The noise level of the Imp 6 experiment is about 2.5 X
10-® W m-? Hz ' at 56.2 kHz. Since the intensity of contin-
uum radiation does vary considerably, many periods do, how-
ever, exist when the continuum radiation is sufficiently
intense to provide good measurements of the spatial distribu-
tion with the Imp 6 experiment.

Three cases in which the continuum radiation at 56.2 kHz is
sufficiently intense to clearly show the radial variation oi the
intensity are shov - +n Figure 13. In each case the spacecraft is
moving outward (¢ larger radial distances, from about 3.0 to
8.0 R, in the local morning region of the magnetosphere. The
plasmapause location is identified on each plot as the point
where the local plasma frequency f, is approximately equal to
56.2 kHz. The plasma frequency is obtained from the upper

PLASMAPAUSE

f=fp /

hybrid resonance noise band, which occurs immediately
following the arrow marked /' = f, in each plot (see Shaw and
Gurnett [1975] for a discussion of the upper hybrid resonance
noise). No continuum radiation whatever is detectable inside
the plasmapause. Outside the plasmapause, where f > /.
moderately intense continuum radiation is evident in each
case. In the top two examples the maximum intensity of the
¢ ntinuum radiation occurs at the point where the intense up-
per hybrid noise band occurs. In the bottom example, the max-
imum intensity occurs well beyond the plasmapause, at a
radial distance of about 5.0 Rg.

To provide a quantitative determination of the region of
maximum intensity for the escaping continuum radiation, the
average power flux has also been computed as a function of
local time and radial distance at 56.2 kHz by using 3 years of
Imp 6 data. To assure that only continuum radiation is in-
cluded in this average, only measurements which fluctuate by
less than 1 dB in any 163.48-s interval and which have a ratio
of peak to average field strength less than 1.4 are used. The
average field strengths obtained with this sclection criterion for
the 56.2-kHz charnel are shown in Figure 14. Although con-
siderable scatter is evident in the radial distribution at low in-
tensities, a very distinct maximum is evident in the average
power flux at radial distances from about 3.98 to 7.94 Rg and
in the local time range from about 4.0 to 14.0 hours local time.
The average power flux in this region, >5.0 X 10°* W m~?
Hz"', is well above the receiver noise level.

The region of maximum intensity for the escaping con-
tinuum radiation shown in Figure 14 agrees well with the
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Fig. 13. The radial vanation of intensity for three cases in which the intensity of the continuum radiation is well
above the noise level of the Imp 6 experiment. In some cases the continuum radiation appears to be closely associated
with the electrostatic noise bands at / = f, locuted near the plasmapsuse
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Fig. 14. The distribution of intensity of the escaping continuum radiation at 56.2 k Hz. Again, a distinct maximum is evi-
dent in the local time range from 4.0 to 14.0 hours just beyond the plasmapause.

source region indicated by the direction-finding measurements
in Figure 11 and is also consistent with the region of maximum
intensity found for the trapped continuum radiation. On the
basis of these results it is concluded that the source region of
the continuum radiation is located in a broad region beyond
the plasmapause boundary (where f > f;) in the morning and
carly afternoon at local times from about 4.0 to 14.0 hours.
Since the continuum radiation is often observed immediately
beyond the plasmapause near the magnetic equator, as in the
top two examples of i-igure 13, it is also concluded that the
continuum radiation is generated near the magnetic equator
and is not primarily a high-latitude auroral zone emission. A
qualitative illustration of the generation region suggested by
these results is shown in Figure 15. The propagation cutofl sur-
face at f > f, tends to follow the shape of the plasmapause
because of the rapid change in the electron density near this
boundary. The distinct outward bulge in the plasmasphere in
the local evening is a well-known feature of the plasmapause
[Carpenter, 1970).

RADIATION ASSOCIATED WITH THE Bow
SHOCK AND/OR MAGNETOSHEATH

As is shown in Figure 10 and discussed eariier, a small but
sigrificant fraction of the direction-finding measurements at
56.2 kHz indicate source locations well outside of the
magnctosphere with transverse source positions greater than 8

roeape

o o

R and sometimes as large as 20 R;. These apparently
anomalous cases have been carefully examined to make certain
that the direction-finding measurements are not being in-
fluenced by some spurious effect such as telemetry errors or in-
terference from solar radio noise bursts. No such effect could
be found. In many of these cases the computed uncertainty in
the null direction is veiy small, less than 1°, indicating that a
very reliable fit was obtained to the observed spin modulation

Figure 16 shows the ray path directions, projected into the
ecliptic piane, for the anomalous direction-finding measurc-
ments at 56.2 kHz. The most striking feature of this plotis that
most of the ray paths appear to come from the general regton
of the bow shock and/or magnetosheath, particularly from the
morning side of the magnetosphere. Similar direction-tinding
measurements of continuum radiation at 31.1 kHz show an
even larger fraction of anomalous cases with the radistion
also appearing to come from the general region of the bow
shock and/or magnetosheath.

In studying possible origins for this anomalous radistien,
two possible explanations have been considered. birst. the

radiation may be generated in the bow shock . or
magnetosheath and therefore not related o the oo
netospheric continuum radiation.  Second. 1t iv e bie

rosults

that the anomalous direction-finding results may betbe
of scattering, reflection, or partial obscuration
magnetospheric continuum by the magnetoshestn

1t
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_ — ~ SOURCE continuum. Since 56.2 kHz is approximately twice the solar
- e ) wind plasma frequency, the most likely possibility is that this
EQUATORIAL PLANE \ »(/ radiation is produced at twice the solar wind plasma frequency
CROSS SECTION 7\ by nonlinear interactions with electrostatic electron plasma os-
/" / \ cillations, as suggested by Ginzburg and Zheleznyakov |1958)
; - / r\/\"‘ for type 3 radio noise bursts. The source location of the
/ K \ anomalous 56.2-kHz radiation, near the bow shock on the
/ ) \ morning side of the magnetosphere, i1s consistent with the
,’ PROPAGAT ION ,/ \ \ \\ fnvorcq region for eleclrc_m p}nsma o.wllluuops excited by
CUTOFF SURFACE energetic clectrons streaming into the solar wind from the
(PLASMAPAUSE ) /" \ ! bow shock ([Scarf et al., 1971, Fredricks et al, 1971).
TYPICAL Electromagnetic emissions of this type, at the second harmonic

RAY PATHS

MERIDIAN PLANE
CROSS SECTION

CONTINUUM RADIATION
(56.2 KH2)

Fig. 15. A qualutative sketch of the source region of the continuum
radiation indicated by the direction-finding measurements in bigure 11
and the intensity distributions in Figures 9 and 14.

when the solar wind and magnetosheath plasma frequencies
are unusually high, near 56.2 kHz. The present indications are
that the anomalous radiation is actually generated near the
bow shock and is not associated with the nonthermal con-
tinuum from the magnetosphere. Although it is usually very
weak, the frequency spectrum of the anomalous radiation
sometimes exhibits a distinct enhancement in a single fre-
quency channel. suggestive of a line emission rather than a

ANOMAL OUS
56.2 KMr RADIATION

[LARL LA
ap‘s 2Ry

Fig 16 The rav path directions for the anomalous direction-
finding measurements at 6 2 kHz Note that many of the ray paths
appear to intersect near the bow shock on the morning side ol the
¢arth

of the plasma frequency, have been previously observed near
the bow shock region by Dunckel [1973).

Discussion

We have shown that a weak nonthermal continuum is
produced by the earth’s magnetosphere extending over a very
broad range of frequencies, from as low as 50G Hz in the low-
density regions of the magnetotail to greater than 100 kHz.
The intensity of this continuum decreases rapidly with increas-
ing frequency and is usually not detectable above the galactic
noise background at [requencies greater than about 100 kHz.
At frequencies below the solar wind plasma frequency, which
is typically about 20 kHz, the continuum radiation is trapped
within the magnetospheric cavity and cannot escape. The @ of
the cavity is evidently quite low becavse only a smail, factor of
2-5, increase in intensity is observed as the frequency changes
from the frec escape to the trapped regimes. Direction-finding
measurements indicate a distiz.ct directionality to the trapped
continuum radiation in the distant magnetotail, the ray paths
being aligned roughiy along the earth-sun line; this finding
suggests that the day side magnetopause boundary acts as a
giant parabolic reflector directing radiation from near the
carth into the downstream tail region.

The spatial distribution of intensity for both the trapped and
the freely escaping continuum radiation and the direction-
finding measurements for the escaping component all indicate
that the radiation is generated in a broad region located out-
side of the pla- mapause at radial distances from 4.0 to 8.0 R,
and extending through the local morning and early afternoon
from about 4.0 to 14.0 hours local time. In contrast to auroral
kilometric radiation, which is generated in the high-latitude
auroral zone regions, the continuum radiation appears to be
generated at low to moderate latitudes, including the magnetic
equator. The continuum radiation is often observed 1m-
mediately beyond the propagation cutofl at /> f, near the
magnetic equator with no evidence of an equatorial shadow
zone such as is observed for auroral kilometric radiation
[Gurnetr, 1974].

Frankel [1973] has proposed that the nonthermal continuum
radiation from the earth’s magnetosphere is produced by gyro-
synchrotron radiation from energetic ¢electrons in the outer
radiation zone. In many respects the results of this study are in
reasonubly good agreement with Frankel's calculations. The
frequency spectrum of tne escaping continuum radiation, the
radial location of the source, and the power flux (within a fac-
tor of 5-15, depending on the model) are all in tolerable agree-
ment with the gvrosynchrotron radiation model. No caleula-
tions are available for comparison with the trapped continuum
radiation. However, some problems are presented by these
new data. As 1s shown by the intensity measurements 1
Figures 9 and 14, a pronounced local time assmmetry s evi-
“ent in the source intensity with a distinet maximum in the
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range from 4.0 to 14.0 hours local time. Since most of the
energy radiated by the gyrosynchrotron mechanism comes
from electrons with energies from 100 to S00 keV, it s hard to
see how this local tme assmmetry can occur tor these very
high energies. The dawn to dusk electne field within the
magnetosphere does tend to increase the electron energies in
the local morming region by ~ 10 keV; however, this energy
change 1s essentially trivial for the electrons contributing to
the gyrosynchrotron radiation. It is possible that the evening
bulge in the plasmasphere may be able to account for part
of this asymmetry, although 1t seems unhikely that the bulge
can account for the large asymmetry actually observed.

The radial intensity protiles of the contnuum radiation,
such as the protfile in Figure 13, also do not agree with what
would be expected for the gyrosvachrotron mechanmism. For
the synchrotron mechanism one would expect the intensity to
increase gradually with increasing radial distance ~evond the
plasmapause with the maximum intensity occurnng near the
center of the emitting region. Instead, the maximum intensity
sometimes oceurs  almost immediately  after crossing the
plasmapause (as in the top two panels of Figure 13), directly in
the region where the electrostatic noise bands at f > f, are
observed. Cases of this type strongly suggest that the
clectrostatic noise bands at £ > f, are in some way closely as-
sociated with the generation of the continuum radtion

Recently. Shaw and Gurnett [1975] completed a study of the
electrostatic nowse bands of the type illustrated in Figure 13
These nosse bands are shown to consist of high-order (n +
1)/, harmonics of the electron gyrofrequency which become
strongly enhanced at frequencies near the local plusma fre-
quency. These noise bands are essentially a permanent feature
of the magnetosphere and, interestingly, have maximum inten-
sity in the same local ime range in which the continuum radia-
tion appears Lo be generated. Since the power radiated by the
incoherent gyrosynchrotron mechanism 1s about a factor of
5-15 too small [Frankel, 1974), it may be that electrostatic
waves of this type play an important role in the generation of
electromagnetic radiation at frequencies above the local
plasma frequency
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Continuum Radiation Associated With Low-Energy Electrons in
| the Outer Radiation Zone

D. A. GURNETT AND L. A. FRANK

Department of Physics and Astronomy, University of lowa, 'owa City, lowa 52242

A weak nonthermal continuum radiation s generated by the eaith’s magnetosphere in the frequency
range from about S00 Hz to greater thun 100 kH 2 Duning magnetically disturbed peniods the intensity of
this continuum radiation increases significantly. by as much as 20 dB dunng large disturbances. In this
paper we present a series of observations obtained by the Hawkeye | and Imp 8 spacecralt during a period
of greatly enhuanced continuum radiation intensity which occurred from October 14-21, 1974 The
enhanced continuum radiation intensities observed during this event are found to be closely correlated
with the injection of very intense fuxes of energenie, ~ 1-30 keV, electrons into the outer raduation zone
Direction-finding measurements of the continuum radiation observed durning this event show that the
radiation is primarily coming from the dawn side of the magnetosphere. in agreement with the observed
dawn-dusk asymmetry in the 1- 1o 30-keV electron distribution. These results suggest that the continuum
radiation may be generated by a coherent plasma mstability involving relatively low-energy, ~1 to 30
keV, electrons rather than by gy rosynchrotron rad awon from very energetic, 200 keV 1o | MeV. electrons
as has been previously suggested.

INTRODUCTION radiation is generated in a broad region on the dawn side and
carlv afternoon side of the magnetosphere. as is shown in
Figure |. Whercas the intensity of auroral kilometric radiation
somelimes varies by as much as 60-80 dB in only a few
minutes, the intensity ¢f the continuum radiation varies over a
much smaller runge, usually not more than 20 dB, and on a
longer time scale, usually several hours or more. Frankel
[1973] has shown that enhancements in the cortinuum radi-
ation intensity, by as much as 20 dB above the quiescent
intensity, occur during periods of geomagnetic disturbance
These periods of enhanced continuum radiation intensity
sometimes last for several days.

Frankel [1973] proposed that the continuum radiation s
genevated by gyrosynchrotron radiation from energetic elec-
troas, 200 keV to | MeV,injected into the outer radiation zone
durning the magnetic storm. Spectrums of the gyrosynchrotron
radiation intensity computed by Frankel for a typical distnibu-
ton of high-energy electrons injected into the outer radiation
zone duning a magnetic storm are 10 reasonably good qual-
iative agreement with the observed spectrum, but the absolute
intensity 1s about a factor of $-15 too small

The purpose of this paper is to present a series of obscrva-
tons from the Hawkeyve | satelhite during a period of enhanced
continuum radiation intensity which occurred from October
14-21, 1974 This event commenced during a geomagnetically
disturbed peniod following a magnetic storm on October 14,

Two principal types of radio emissions can be distinguished
coming from the earth’s magnetosphere at frequencies above
the local plasma frequency: auroral kilometric radiation and
continuum radiation. Auroral kilometric radiation consists of
very intense and highly variable emissions with peak intensities
in the frequency range from about 100 to 300 kHz (Gurnert,
1974). This radiation s closely associated with the occurrence
of aurora and 1s generated at altitudes of 1-2 Ry in the might-
time auroral zones [Aurth et al., 1975). Continuum radiation is
a much weaker and slowly varying emission which extends
over a broad range of frequencies, from as low as 500 Hz o
greater than 100 kHz. Continuum radiation 1s thought to be
generated at much higher altitudes in the outer radiation zone
[Gurnetr, 1975]. Figure | shows typical spectrums of these two
types of radio emissions, as observed by a spacecraft about 30
Rg from the carth.

Recently, Aaiser and Stone [1975] have identified a third
type of radio emissior. which appears to be generated in the
day side auroral region. This radiation 1s very weak, with
intensities only shightly above the galactic background, and
occurs in a narrow frequency band with peak niensity shightly
below 200 kHz It seems hkely that this weak narrow band
emission is simply the day side analogue of the much more
intense nighttime auroral kKilometric radiation. However, at

Bkl ek M B e 0 G Al Geles e

' this time the exact relationship of this weak narrow band
emission 0 auroral kilometric radiation has not been clearly 1974, The enhanced continuum radiation intensities occur in
g f
established ©assoctation with intense flunes of low-energy elections, ~ 1-30
. Continuum radiation from the earth’s magnetosphere was keV. injecied deep into the outer radiation zone during this

storm. The energy range of the electrons responsible for the
continuum radiation and possible mechanmisms for producing
the radiation are considered

The observations used in this study were gained primarily
from the Hawkeye | spacecralt, which was Lwunched on June
31974 Hawkheye | osan a haighly eceentrie polar orbit with
il perieee and apogee peocentne radial distances of 6847
kmoand 130836 hm, respectively, an orbital mehnation ol
89 77° and a penod of 4994 hours. The mital argument ol
perigee v 2746, s0 that the apogee s located afmost directhy
over the north pole. The plasma wave experiment on Hawheve

first identitied by Brown [1973] at frequencies from about 30 to
100 kHz using radio measurements from the Imp 6 satellite
Further studies by Gurnett [1975] have shown that the contin-
uum radiation comprises (wo components: one that is per-
manently trupped within the low-density regions of the magne-
tospheric cavity at frequencies below the solar wind plasma
frequency and one that can propagate freely away from the
carth at frequencies above the solar wind plasma frequency
Direction-tinding  measurements show that the continuum
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OCTOCZER 14

(ORBIT 62)

C-G75-310

0% |
1021- - . DU . ]
UT (HM) 0900 0910 0920 0930 0940 0950 1000
R (Re) 5.3 49 4.6 4.2 38 35 3.0
Am (DEG) 488 46.5 439 40.7 36.8 32,0 259
L 1.6 10.1 8.6 7.2 59 4.8 3.8
a OCTOBER 16 (ORBIT 63)
‘o > Rl 0 o u A atBalens o 4 -
i0 T ' % 4
¥ NESUNONIS N SUES LI S Wlo
UT (HM) 1220 1230 1240 1250 1300 1310
R(R,) 5.2 48 45 4. 3.7 3.3 10>
Am (DEG) 48.5 45.6 42.2 38.4 33.8 28.1
& 1.7 9.8 8.| 6.7 54 4.3 2
- 10
OCTOBER 18 (ORBIT 64)
l04 JP—WWZ b IOI
103 e, | 5
102 L..,MJLL A - - 1 L‘LIOO
UT (HM) 1520 1530 1540 1550 1600 1610
R(Re) 5.7 5.4 5.0 4.7 4.3 4.0
Am(DEG) 44.4 41.8 39.0 35.8 32.1 279
L 1.2 9.7 8.3 7.1 6.0 5.0
OCTOBER 20 (ORBIT 65)
10% -
10
10% " . . . :
UT (HM) 1820 1830 1840 1850 1900 1910 1920
R(Rg) 6.2 5.9 5.6 5.3 4.9 4.6 4,2
Am(DEG) 38.3 36.2 33.8 3.3 28.4 25.2 2l.4
L 10.3 9.2 8.2 7.3 6.4 5.6 4.9
Plate | A series of electron energy-time spectrograms gained with the Lepedea instrument on Hawkeve i duning the

October 14-21 event. These spectrograms are lor inbound passes through the outer radiation zone at focal moriing Note
the substantial increase in the electron intensities for 1< £ 5 30 keV over 4 < L < 8 commencing with orbit 63, atter the

onset of the enhanced continuum radiztion
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B-675-311
OCTOBER 18 (ORBIT 65)
IO4 - Y S—— S—
102 ', !
" . L ISEIRITS 2 B e d
UT(HM) 1830 1840 1850 1900 1910 1920 1930
R(Re) 36 40 4.4 a7 5.1 5.4 5.7
Am (DEG) 26.5 315 356 392 423 4s5.1 4a7.6 1o
L 44 5.4 6.4 7.6 89 10.4 2.1 W
i
10°
OCTOBER 20 (ORB!T 66) i
10} : e —r——
10% 7 | . 102
[oy — . e
UT (HM) 2140 2150 2200 2210 2220 2230 |
R(Re) 33 3.7 4. 45 48 5.2 i
Aqn (DEG) 28.8 34.2 386 423 453 480 JL
L 4.4 5.5 6.7 8.l 9.7 1.4 109
OCTOBER 23 (ORBIT 67)
10?
10° ]
102 . , , oas , .
UT (HM) 0100 0110 020 0130 0140 0150
R(Re) 35 39 4.2 4.6 49 5.3
A (DEG) 276 322 358 387 a1.2 432
L a4 5.4 6.4 7.5 8.7 9.9

Plate 2. The spectrograms corresponding to those in Plate | for the outbound passes at local evening. Note the
substuntiai decreases of both the electron energy and the intensities and lesser depth of penetration into the outer one

compared 10 those for the corresponding passes at local morning in Plate |
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Fig. 1. Representative spectrums of the galactic background., au-
roral kilometric radiation, and the trapped and escaping continuum
radiation as would be observed by a satellite about 30 R, from the
carth. The continuum radiation 1s generated in a broad region beyond
the plusmapause in the local morning and local noon sectors of the
magnetosphere

4245 m for electric field measurements and a search coil
magnetometer for magnetic field measurements. Electric field
spectrum measurements are made in 16 frequency channels
extending from 1.78 Hz to 178 kHz. and the magnetic field
spectrum measurements scan the frequency range 1.78-5.602
kHz in 8 frequency channels. Plasma measurements were uc-
quired with a low-energy preton-electron differential energy

analyzer (Lepedea) similar 10 previous instruments of this type
flown on the Imp and Injun satellites [Frank, 1967]. The Le-
pedea instrument on board Hawkeye | provides measurements
of the directional differential intensities of protons and elec-
trons within the energy range S0 eV < E < 40 keV. A colli-
mated, thin-windowed Geiger-Muciler tube which responds
primarily to clectrons with £ > 45 keV over most of the
Hawkeye | orbit is also included within the Lepedea instru-
mentation.

THE CONTINUUM RADIATION EVENT OF
OcToBER 14-21, 1974

Becuuse of the relatively short electric antenna used on
Hawkeye 1, continuum radiation can only be detected when
the intensity is well above the normal quiescend level During
the first 6 months of in-flight operation, only one event, from
October 14-21, 1974, has been found for which continuum
radiation could be Jetected by Hawkeye | during a prolonged
period. This event occurred following a magnetic storm which
commenced at about 1700 UT on October 14. The hourly
equatorial Dsr magnetic disturbance index for this event is
shown in Figure 2 [Sugiura and Poros, 1974]. Two abrupt
depressions are evident in the Dst index near the start of the
event: the first at about 0100 UT on October 13 and the second
at ubout 1700 UT on October 14 Although the largest mag-
netic disturbance is associated with the October 13 storm, both
the Hawkeye | and the Imp 8 observations show that the onset
of the enhanced continuum radiation intensities during this
event is associated with the October '4 magnetic disturbance.

The electric field intensities obtained from a series of Hawk-
eve | passes through the magnetosphere during the October
14-21 event are shown in Figures 3 and 4. The intensities are
given in eigh* [requency channels from 13.3 10 178 kHz. The
ordinate for each channel is proportional to the logarithin of
the electric field strength. The intesval from the base lhine of
one channel (o the base line of the next higher channel repre-
sents a dynamic range of 100 dB. The receiver noise level 1s
locates slightly above the base line of each channel. With the
exception of orbit 67 these passes are all for the inbound
portion of the orbit in the local morning, at about 0600 + 1.0
hours magnetic local time. Usually, the continuum radiation is
completely masked by intense auroral kilometric radiation on
the outbound passes in the local evening. The outbound pass
on orbii 67 1s shown because no observations are available for
the immediately preceding inbound pass. The start times are

HAWKE YE ORBIT NUMBER
| 62 l 63 l 64 | 65 | 66
+100 T T =n T T 1 I —4 1T T
F_ - CONT INUUM e .{
NOISE STORM )

-100

" 12 13 14 15

irssiman e ———————————————— ) SN ) IR i———|

16 17 18 9 20 rd| 22

OCTOBER 1974

Fig 2 The geomagnetc Dstoaindey duning the October 14-21, 197 cornmuum radiation event The times for the
3 e ¢
Hawheve | orbits analyzed in this paper are shown an the top of this plot
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Fig. 3.

The electric field intensities obtained during a series of three successive inbound Hawkeve | passes in the locul

morning. The intensity of the continuum radiation 1s only shghtly above the recever noise level but s easily recognized by
the ~2-min spin modulation caused by the electric antenna rotation. The dynamic range for each intensity plotis 100 dB.

adjusted so that the perigee is located at the right-hand edge of
each plot, except for orbit 67, where perigee is on the left. The
spacecraft ccordinates are therefore similar for each plot. The
universal time (UT) and geocentric radial distance to the
spacecraft, in earth radi (Ry), are given at the bottom of euach
plot. The radial distance in these graphs vanes from about 9.0
R at 60° magnetic latitude over the northern polar region to
about 1.4 R, at perigee over the southern polar cap.

The first pass shown in Figure 3, on October 14 (orbit 63),
occurs shortly before the onset of the October 14 magnetic
storm. The electric ficld noise levels are very low throughout
this entire pass, the only significant roise being the (n + )/,
noise bands of the type described by Shaw and Gurnert [1975)
near the plusmapause. A representative power spectrum is
shown in the top panel of Figure S at a radial distance of 5§92
Ry for this pass. Except for a very small enhancement at 311
kHz no continuum radiation is detectable. The second pass
shown in Figure 3, orbit 63, occurs approvimately 2 dass later,
on October 16. On this pass, several types of radio emissions
are present. At high frequencies, in the S6 2 to 178-kH2z chan-
nels, moderately imtense auroral hilometric raduation s evident

o QM v s i Wt - i
.

during the first part of the pass, before ubout 1200 UT. At
somew hat lower frequencies, from aboui 23.7 1o 100 kHz. an
almost constant amplitude broad band noise is present shghtly
above the receiver noise level. Even though this noise 1s very
weak. it s easily distinguished from the receiver noise level by
the spin modulation caused by the antenna rotation. The
period of this modulation is about 2 min, which is the beat
period between the spacecraft rotation rate and the telemetry
sampling rate

A representative spectrum of the broad band noise observed
on orbit 63 1s shown at a radwul distance of 563 Ry in the
center panel of Figure S This spectrum s qualitatively similar
to the continuum radiation spectrums observes by the Imp 6
and Imp 8 satellites at ~30 R, However, the intensities are
about 20 dB greater than the continuum radiation intensities
normally observed by Imp 6 and Imp 8 during quiet times,
even alter correcting for the expected | R? vartion with
radial distance. These high intensities are consistent with the
continuum radiation intensities reported by Frankel [1973] for
geomagnetically disturbed periods (Ap > 8) On the basis ot
these companisons we denuly the broad band noise observed
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Fig. 4. Continuation of the sequence of Hawkeye | passes from Figure 3. Orbit 67 is an outbound pass in the local
evening. This pass is shown because of the large data gap on the immediately preceding (orbit 60) inbound pass.

on this pass as continuum radiation of the type discussed by
Frankel (1973) and Gurnert [1975).

Continuum radiation of comparable intensity is observed
again 2 days later, on October 18 (orbit 64), and again 4 days
later, on October 20 (orbit 65). However, 6 days later, on
October 22 (orbit 66). the intensity has decreased 10 essentially
undetectable levels at all frequencies above about 30 hHz. A
power spectrum for the inbound pass of October 22 is shown
in the bottom panel of Figure § at a radial distance of 7.16 R,
No telemetry was received after about 2110 UT on this pass. so
measurements are not available at radial distances less than
about 7.0 R,. During the immediately following outbound
Pass of October 23 (orbit 67 in Figure 4). only a few hours
later, no continuum radiation is detectable at any radial dis-
tange

The enhanced continuum radiation during this event was
also detected by the University of lowa plasma wave exjeri-
ment on the Imp 8 spacecraft (for details of this experiment,
see Gurnent [1975]) During the first few days of the event. Imp
K was ata radial distance of about 28-46 R, on the day side ol
the carth and in an excellent position to monitor the contin-

0200 0230 0300 0330
56 65 7.4 8.2

uum radiation without excessive interference from the night
side auroral kilometric radiation. The radiation intensities de-
tected by Imp 8 at frequencies from 31.1 to 178 kHz are shown
in Figure 6 for this period. Since the continuum radiation
intensities are only shightly above the receiver noise level, 1t is
difficult 10 clearly identify the continuum radiation at all times
during the event. The onset of the enhanced continuum radi-
ation is, however, clearly evident at about 1700 UT on October
14, essentially coincident with the onset of the October 14
magnetic disturbance (see Figure 2). At 56.2 kHz the intensity
increases about 20 dB above the normul quiescent level present
before the onset of the event. The rise to maximum intensity
tukes place in approximately | hour, from 1700 to 1800 U]
The enhanced continuum radiation remains easily detectable
for at least 3 days, through October 17 During this peniod the
intensity varies by as much as 10 dB. typically on a time seale
ol a few hours. After October 17 the continuum raduition i
almost completely masked by intense auroral hlometric radi-
ation as the spacecraft progresses into the locaiesentig region
The spin modulation of the contnuum raduition observed
by Imp 8 during this event has been analyzed to determine the
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location of the source of this noise. Details of the analysis
procedure are given by Kurth et al. [1975). Figure 7 shows the
direction-finding measurements obtained from Imp 8 for the
continuum radiation observed at 56.2 kHz during the October
14-21 event. The spacecraft position for each measurement is
shown as a dot. and the line extended from each dot indicates
the direction of the source projected into the ecliptic (Xq«r.
Yaxe) plane. Since the rotation axis of the Imp 8 electric
antenna is directed perpendicular to the echptic plane, it is
only possible to determine the direction to the source projected
onto the ecliptic plane. Only certain selected periods are ana-

lyzed because of interference from other types of noise. Euch
direction-tinding measurement in Figure 7 represents a |- 10 6-
hour integration interval.

By ussuming that the source distribution remained constant
during the event the apparent center of the source region can
be estimated from the intersection of the ray paths observed at
various local times. It is evident from Figure 7 thut most of the
continuum radiation during this event appears to come from
the dawn side of the magnetosphere at a radial distance. pro-
Jected onto the ecliptic plane, of about 2-5 Ry from the center
of the earth. Modulation index measurements aiso show that
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Fig. 6. Electric field intensities observed by Imp 8 during the peniod lrom October 14 1o October 17, The onset of the

enhunced continuum radiation is clearly evident from about 1700 to 1800 UT on October 14, shortly after the October 14

magnetic disturbance (see Figure 2)

the source is very broad. several earth radi in diameter. These
results are similar 1o previous directing-finding measurements
of continuum radiation during less disturbed periods (Gurnert,
1973).

OuTER ZONE ELECTRON INTENSITIES DURING
THE EVENT OF OCTOBER 14-21, 1974,

To try to identify the charged particles responsible for the
enhanced continuum radiation during this event. we have ana-
lyzed observations of the electron and proton intensities for
cach pass of Hawkeve | through the outer radiation zone
during the October 14-21 event.

Plates | and 2 summuarize the electron energy spectrums
obtained with the Lepedea on Huwkeye | before, during. and
after the period of enhanced continuum radiation. These
measurements were gained with the ramp operational mode
(high temporal r=olution) of the Lepedea and cover the en-
eres range 70 eV oto 27 keV o Fach spectrogram shows the
responses ol the electron electrostatic analyzer as a function ol
energys and tme for a I-hour pertod as the spacecraft passes
through the outer radiation zone at L values rangimg from
about 4 10 10 The ordinate of each spectrogram gines the
clectron enerey on an approvimatels logarnthmig seale from 70

eV 10 27 keV. The analyzer responses are color coded accord-
ing to the logarithmic scale on the right-hund sides of these
figures, the high responses being red and the lowest responses
being blue. For these series of spectrograms the satellite spin
axis is aligned approximately parallel to the local magnetc
field direction. Since the axes of the fields of view of the
Lepedea are directed perpendicular to the spin axis, the pitch
angles sampled by the instrument are ~90°. The starting times
of the spectrogriams are chosen to provide a set of measure-
ments corresponding to approximately the same range ol L
values for each pass. The spectrogrums of Plate | are for
inbound passes in the local morning sector of the magneto-
sphere, and the spectrograms of Plate 2 are for outbound
passes during local evening. Because of telemetry coverage
limitations, observations are usually not avalable for con-
secutine inbound and outbound passes through the outer radi-
ation zone. To study temporal varations over a several-day
period, itis therefore necessary toantercompare measurements
on the inbound (local mornmg ) and outhound (local evening)
Passes

The inbound pass on October 14 (orbit 62) in Plate | occurs
approvmately 7 hours betore the onset of the enhanced con-
tnuum radiation as determined by lmp X The electron m
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tensthies durimg this pass are typical of auiet conditons in the
outer radiation zone in the local morming. Moderate intensities
of fow-energy, ~ 1 keV, electrons ar present at large L values,
1 2 5. but the intensities ol these electrons decrease rapidly
with decreasing L. These electrons are beheved to be injected
from the mght side plasma sheet and are convected through
the dawn and day side magnetosphere by the combined effect
of gradient dnft and the duwn-dusk electric lield. The quies-
cent electron intensities observed during this pass show that
the magnetic disturbance on October 13 did not produce a
durable injection of low-energy electrons into the outer radi-
aton zone.

The next inbound pass occurs on October 16 (orbit 63),
appronimateiy 2 days after the onset of the enhanced conun-
uum radiation. The outer zone electron intensities encountered
during this pass have changed radically since the preceding
pass. A very substantial increase of electron intensities within
the energy range from ~1 to 30 keV is evident deep within the
magnetosphere 1t L values from about 4 1o 8. The energy
spectrums of these electron intensities are very broad and
exhibit peak differential intensities at energies from about 1 to
10 keV  Representative electron energy spectrums at L > S8
for the inbound passes of orbit 62 (prior to electron injection)
and ort 63 (first pass after injection) are compared in Figure
8 Prestuorm electron intensities are similar to those reported by
Lyons and Williams [1975) at these L values near the magnetic
equator. There 1s some evidence of satellite charging at these L
values when the spin modulation of electron intensities at £ €
400 eV 1s examined, a wpic which will be discussed more
thoroughly in a future paper (see. for example. the time period
1240-1300 UT of the spectrogram for orbit 63 of plate 1)
Specifically. the electron spectrums at these lower electron
energies exhibit peak intensities only once per satellite spin
period, these maxima being closely centered at the mimmum
solar aspect angle relative to the astrument ficlds of view. The

IMP 8

OCT 14, 2100 UT
0300 uT

562 KHz ’

Lepsdea 1v samphng pich angles at about 90° for the entire
spin period Hence only differential electron intensities at £ -
900 ¢V have been shown in Figure 8. The electron spectrunis at
E > 900 ¢V ace not significartly affected by these Charging
zvent,. The electron intensities on orbit 63 are among the
highest encountered 10 this date for this region of the outer
zone

Subscquent passes on October I8 (inbound orbit 64 und
outbound orbit 65) and on October 20 (inbound orbit 65 and
outbound orbit 66) continue to reveal the presence of this
energetic electron distnbution deep witkan the outer zone
During the 4-day period from October 16 1o October 20 the
intensity of these electrons gradually decreases. and the spatii!
distrivution slow Iy spreads over a broader range of L values A
stniking dawn-dusl. assmmetrs in electron intensities s also
evident upon examination of plate | (local morning) and Plate
2 (local exeming). By comparning the intound and outbound
passes on October 18 and October 20 one can see that both tne
intensities and the average energies are greater in the oyl
morning than in the local evernng. Electron intensities are also
found on significantly iower L shells duning local morning By
October 23 (orbit 67) the electron intensities for § < L < &
have decreased 1o about the prestorm values

These observations show that extremely high electron in-
tensities were injected deep into the outer radiation zone some-
tume between appronimately 0930 UT on October 14 and 1245
UT on October 16, Most hikely this injection took place during
the magnetic storm on October 14 After this injection the
ciectron intensities slowly decreased over a several-day period.
through October 20, and subsided to prestorm intensities b
October 23

Discussion

We have shown that unusualiy intense fluxes of low-energy.
1 1o 30 keV, electrons were observed deep in the outer rudi

OCT 15, 0900 UT
OCT 16, 0545 UT
1330 UT
x“ N————
OCT 17,0130 UT , —o—
0600 UT
\
1800 uT \\ T 10R,
1830 UT \ Sy
\ "Is
) T~ _MAGNE TOPAUSE
Y S~
e 120“|
SHOCK 'G“

\

Fig 7 A senes of direction-finding measurements obtained from the Imp & spacecraft ot vanous times durning the
October 14-21 event The continuum radiation appears 1o be coming from o broad regron centered in the daw n sector ol the

mugnctosphere about 2-5 R, from the center of the earth

b ahmiiie o




"

RESE) GURNETT ASND Frask Ourer Zost Connistusm Ranation

1T T TTI

-

CLECTRON Rawe =
|02 e I LY ) I B o) || S S

102 l(‘3 IO‘ IO5

ELECTRON ENERGY, v

= ! ORBIT 63
it i
@ L]
v o4
- - :
S e 3
o] - ‘@ -
g ' L % »j
3 ORBIT 62 ' §
5 N L858 o B
e b Am ¢ 36° -
. b mawxere % >
e LEPEDEA : 3

Fig. 8. Electron energy spectrums at L > 5 8.n the local morning
before (orbit 62) and after (orbit 63) the onset of the enhanced
continuum radiation. The electron intensities on orbit 63 are among
the highest reported to date for this region deep inside the outer
radiation zone. The corresponding continuum radiation spectrum for
this pass is shown in the center panel of Figure 5.

ation zone during a period of greatly enhanced continuum
radiation intensities which occurred from October 14-21,
1972. The injection of these low-energy electrons into the outer
radiation zone took place some time in the 2-day period be-
tween about 0950 UT on October 14 and 1245 UT on October
16. The occurrence of a large magnetic disturbance at 1700 UT
on October 14 strongly suggests that these clectrons were
injected into the magnetosphere during this storm. The onset
of the enhanced continuum radiation intensities occurred
coincident with this magnetic disturbance on October 14 Af-

ter this magnetic disturbance, both the enhanced continuum
radiation and the intense low-¢nergy clectron Nuses were ob-
served through October 20, with a qualitatively similar rate of
decay of the respective intensities. Direction-inding measure-
ments showed that the continuum radiation onginated primar-
ily from the morming side of the magnetosphere. The low:
energy electron intensities also showed a strong dawn-dusk
asymmetry, the largest intensities occurring on the morning
side of the magnetosphere. These observations all suggest that
the enhanced continuum radiation is associated with the in-
tense Munes of low-energy electrons injected into the magneto-
sphere during this event.

Although the enhanced continuum radiation occurs during
the same interval i which the intense fluxes of low-energy
electrons were detected, it 1s sull not immediately certain just
what range of electron energies is primanly responsible for the
continuum radiation or just what mechanism is involved in the
generation of the noise. If the radiation is produced by the
incoherent pyvrosynchrotron process. as was proposed by
Frankel [1973), then most of the radiation must come from
high-energy, 200 keV to | MeV, electrons, since the mecha-
nism requires relativistic energies to produce significant power
fluxes. However, if the radiation is associated with lower eclec-
tron energies, 10 keV or less, then a coherent plasma instability
18 reauired to explain the observed intensities. Because Hawk-
eye | does not provide measurements of the electron energies
involved in the gyrosynchrotron process and since we know of
no other spacecraflt which can provide suitable measurements
duning this event, the gyrosynchrotron mechanism cannot be
tested directly.

Although Huawkeye | does not have adequate measurements
of the high-energy clectron intensities to test the gyro-
synchrotron mechanism directly, several factors suggest that a
coherent plasma instability, involving interactions with low
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A magnetospheric model showing the qualitative radial variation and region of occurrence of the electrostatic (n

+ 4)/g nose bands and the continuum radiation The continuum radiation often appears Lo be generated in the region near
the clecirostatic noise bands
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energies, ~10 keV or less, should be senously considered to
explain continuum radiation events of this type. First, the
temporal variation of the continuum radiation intensity during
the storm corresponds closely with the observed temporal
variation of the low-energy, ~10 keV, electron intensities but
not with the expected temporal variation of the high-energy.
~500 keV, electron intensities. After the onset of the October
14 magnetic storm the intensity of the continuum radiaiion
increased almost immed: ately, within a few hours or less. This
time scale is comparable with the ume scale in v hich electrons
with energies of ~10 keV are injected deeply into the outer
zone during a magnetic storm. The intensities of electrons with
higher energies, ~500 keV, nowever, usually decrease dramati-
cally during the imtial phase of a magnetic disturbance on
these L shells and then g adually increase to maximum in-
tensity several days after the onset of the storm [Owens and
Frank, 1968}. Since the primary electron injection into the
outer radiation zone during this event probably took place in
association with the October 14 magnetic storm. enhanced
~500 keV intensities are not expected until several days after
the onset of the continuum radiation. Second, from exam-
ination of the radial variation of the electric field intensities,
such as is seen in Figures 3 and 4, it often appears that the
continuum radiation is closely associated with intense bands of
electrostatic noise which occur just outside the plasmapause.
Two excellent examples of relationships ol (his tvpe are shown
in Figure 13 of Gurnett [1975]. Our Figure 4 shows a similar
case in which intense bands of electrostatic noise are evident
near the low-aluitude cutoff of the continuum radiation at f ~
[ (from about 1945-2000 UT in the 42.2-. 56.2-, and 100.0-
kHz channels). These electrostatic noise bands occur at high-
order (n + )/, harmonics of the electron gyrofrequency f, and
are particularly intense at frequencies near the electron plasma
frequency [, [Shaw and Gu:nert, 1975). The relationship be-
tween the continuum radiation and the (7 + })f, noise bands
suggested by these observations is illustrated in Figure 9,
which shows an idealized radial profile of the frequency spec-
trums for both types of noise. Usually, the electrostatic noise
bands at (n + 4)f, > [, are most intense near and immediately
outside of the plasmapause, although in some cases these
buands extend almost to the magnetopause. Third. as was dis-
cussed by Frankel [1973), the power radiated by the incoherent
gyrosyi.chrotron mechanism is about a factor of 5-15 too
small to explain the observed continuum radiation intensity
for a typical distribution of high-energy electrons injected into
the outer radiation zone during a magnetic storm. A coherent
radiation process could easily account for the power flux of the
continuum radiation.

Several processes occui by which coherent plasma waves
could produce electromagnetic emissions such as the contin-
uum radiation. If the electric tield amplitude of the plasma
waves is sufficiently large. nonlinear interactions can cause the
generation of electromagnetic radiation. Nonlinear inter-
actions of this type are thought to be the mechanism by which
type 3 rudio noise bursts are produced from electrostatic
plasma oscillations (Ginzourg and Zheleznyakov, 1958). Gur-

nett and Shaw [1973] proposed that the trapped continuum
radiation (referred 10 as [ > [, electromagnetic noise) is pro-
duced by coherent cyclotron radiation from the high-order,
nf,. rotating charge distribudons associated with the elec-
trostatic (n + )/, electrostatic noise bands. Essentially, the
electrostatic wave acts Lo organize the phases of the electrons.
thereby greatly increasing the power radiated at the high har-
monics of the cyclotron frequency. Scarf [1974]), using a sim-
ilar mechanism, proposed that wave-wave coupling between
the (n + {)f, electrostatic noise bands is involved in the gener-
ation of decametric radio emissions from Jupiter. These vari-
ous mechanisms suggest that it is entirely possible, on theoret-
ical grounds, that the enhanced continuum radiation is
generated by low-energy, | to 30 keV, electrons via inter-
actions with electrostatic plasma waves. Further investigation
of similar events with instrumentation suitable for directly
testing the gyrosynchrotron mechanism is needed to detinitely
establish the mechanism by which this radiation is produced.
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500 kHz and ~40° at 56.2 kHz as viewed from the Sun.

1. Introduction

Broadband radio emissions of solar origin characterized by a rapid decrease in
frequency with increasing time were first reported by Wild and McCready (1950)
and designated type IIl radio bursts. These first observations of type III bursts
were made in the frequency range from 70 to 130 MHz. In addition to being
characterized by a rapid frequency drift, type III bursts have lifetimes which
increase with decreasing frequency and have shorter rise times than decay times.
' The amplitude of the bursts during the decay is proportional to e *' (Wild 1950),
5 \ . where k is the decay constant and t is time. For a general review of ground-based

type 111 radio burst observations see Kundu (1965).

Wild er al. (1954) speculated that the rapid freauency drift is caused by charged
particles moving outward through the solar c_rona emitting electromagnetic
radiation at a frequency characteristic of the solar wind. Solar flare electrons with
energies of ~40keV were first observed in the interplanetary medium and
identified to be of solar origin by Van Allen and Krimigis (1965). A high
corrclation between the onset of solar flare electrons in the energy range of 1 to

* Presented at Workshop on “*Mechani: ns for Solar Type 111 Radio Bursts”, Berkeley, California,

May 8-9, 1975; sce Solar Phys. 46, 433.

Solar Physics 48 (1976) 361-380. All Rights Reserved
Copyright © 1976 by D. Reidel Publishing Company, Dordrecht-Holland

{ Abstract. Direction-finding measurements with the plasma wave experiments on the HAWKEYE 1 and
IMP 8 satellites are used to find the source Incations of type IlI solar radio bursts in heliocentric
latitude and longitude in a frequency range from 31.1kHz to 500 kHz. IMP 8 has its spin axis
perpendicular to the ecliptic plane; hence, by analyzing the spin modulation of the received signals the
location of the type 111 burst projecied into the ecliptic plane can be found. HAWKEYE 1 has its spin
axis nearly parallel to the ecliptic plane; hence, the location of the source out of the ecliptic plane may
also be determined. Using an empirical model for the emission frequency as a function of radial

/ distance from the sun the three-dimensional trajectory of the type 11 radio source can be determined

from direction-finding measurements at different frequencies. Since the electrons which produce these

radio emissions follow the magnetic field lines from the Sun these measurements provide information
on the three-dimensional structure of the magnetic field in the solar wind. The source iocations
projected into the ecliptic plane follow an Archimedean spiral. Perpendicular to the ecliptic plane the
source locations usually follow a constant heliocentric latitude. When the best fit magnetic field line

through the source locations 1s extrapolated back to the Sun this field line usually originates within a

few degrees from the solar flare which produced the radio burst. With direction-finding measurements

of this type it is also possible to determine the source size from the modulation factor of the received
signals. For a type 111 event on June 8, 1974, the half angle source size was measured to be ~60° at

| orron T
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100keV and type IIl emission near 1.0 AU indicates that these electrons
generate the type 111 bursts (Lin, 1970; Alvarez et al., 1972; Frank and Gurnett,
1972; Lin et al., 1973; Alvarez et al., 1975; Gurnett and Frank, 1975).

Measurements of the frequancy drift rates of type Il bursts provide informa-
tion on the solar wind density, if the frequency of emission as a function of
heliocentric radial distance is assumed to be related to the local plasma frequency.
The velocity of the exciter electrons may also be determined from the frequency
drift rates. Exciter velocities ranging from 0.2 to 0.8 times the velocity of light
with an average velocity of 0.45¢ were calculaied for frequencies between 60 and
45 MHz (Wild et al., 1959). The average exciter velocity calculated from measure-
ments by the RAE 1 satellite for frequencies between 0.7 MHz and 2.8 MHz was
0.38¢ (Fainberg and Stone, 1970). Other drift rate measurements give similar
results (Hartz, 1964, 1969; Alexander et al., 1969; Haddock and Graedel, 1970;
Fainberg and Stone, 1971). These drift rate measurements give electron velocities
that are in agreement with the energy range of the solar electrons observed in the
interplanetary medium by the satellite experiments.

Ginzberg and Zhelezniakov (1958) suggested that type 111 bursts are generated
by a coherent Cerenkov process. The encigetic particles gencrate plasma waves at
a frequency near the local plasma frequency by a two-stream instability. Then the
plasma waves scatter off ion density inhomogeneities to produce electromagnetic
radiation near the plasma frequency and also scatter off other plasma waves to
produce radiation near the second harmonic. The theory has since been revised
but the process is basically the same (Smith, 1970, 1974).

Models of the density of the solar wind can be used to determine the radial
distances from the sun at which type IlI bursts radiate at different frequencies.
Kaiser's (1975) study of the solar elongation of type I1I bursts indicates that the
density of the solar wind from approximately 0.1 AU to 1.0 AU varies as R
where 2 < y < 3. Measurements of several thousand events were used to formulate
the RAE emission level scale (Fainberg er al, 1972; Fainberg and Stone, 1974).
The RAE emission level scale relates the frequency of emission of a type 111 burst
to the radial distance of the burst from the Sun. A solar wind density model can
be computed from the RAE emission level scale if it is assumed that the radiation
occurs at the fundamental or second harmonic of the plasma frequency. Initially
the radiation was assumed to be at the fundamental of the plasma frequency
(Fainberg et al, 1972). The solar wind density models formulated from the
analysis of type IIl bursts assuming emission at the fundamental of the plasma
frequency usually disagreed with the observed plasma densities at 1.0 AU
(Newkirk, 1967). Evidence now exists that radiation is predominantly at the second
harmonic for low frequencies (Fainberg er al.. 1972: Fainberg and Stone, 1974:
Lin et al., 1973; Haddock and Alvarez, 1973; Alvarez eral., 1975; Kaiser, 1975).
The assumption of second harmonic emission brings densities calculated from the
RAE emission level scale to better agreement with solar wind density measure-
ments at 1.0 AU. For a model of the solar wind plasma density this paper uses the
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RAE emission level scale with the assumption of second harmonic emission. For a
review of density measurements see New'irk (1967).
Since the electrons that generate type III bursts travel along the solar magnetic
{ field lines, information can be obtained about the structure of the interplanetary
l magnetic field by analyzing the direction of arrival of a type I1I burst as a function
of frequency. The source location of the type III burst can be determined from
the direction-finding measurements and the radial distance of the emission from
the Sun can be computed from a model of the solar density. The source location
of the burst as a function of frequency, and hence radial distance, traces the
»~ magnetic field out from the Sun.

The first direction-finding measurements of type III bursts were made by Slysh
l (1967) using spin modulation and lunar occultations of the Luna 11 and 12

satellites to determine the source locations. Direction-finding measurements on
the IMP 6 spacecraft confirmed that the type III emission regions as a function of
frequency, and hence the electrons generating the type III bursts, follow the
Archimedean spiral structure of the solar magnetic field (Lin et al., 1973;
Fainberg et al., 1972; Fainberg and Stone, 1974; Stone, 1974).

Up to the present time direction-finding measurements of type III radio bursts
have only provided one coordinate, in the plane of rotation of the antenna, of the
direction of arrival. These one-dimensional measurements therefore only give a
projection of the source location and do not provide a unique determination of
the trajectory of the radio burst. Measurements of the source size from the spin
modulation are similarly ambiguous for such one-dimensional measurements since
the modulation of the received signal is also a function of the unknown elevation
angle of the source above the plane of rotation of the antenna.

The purpose of this paper s to present a series of two-dimensional direction-
finding measurements of type IIlI radio bursts using spin modulation measure-
} ments from two satellites (IMP 8 and HAWKEYE 1) which have their spin axes

nearly perpendicular to each other. Simultaneous direction-finding measurements

from these satellit>s provide a unique determination of the direction of arrival

(along a line) and the angular size of the source. This two-dimensional direction-

*+*  finding technique is used, together with a model for the solar wind plasma density,

to provide determinations of type III source locations out of the ecliptic plane and

\ information on the three-dimensional structure of the solar magnetic field at
radial distances of 0.2 to 1.0 AU from the Sun.

2. Description of Instrumentation

Data from two satellites, IMP 8 and HAWKEYE 1, are used in the direction-
finding analysis. The three events analyzed occurred during June and July, 1974.
: All of the data presented in this paper were taken while the satellites were in the
solar wind. Therefore, it was possible to analyze events down to frequencies near
the solar wind plasma frequency, which is typically about 25 kHz at 1.0 AU.
The IMP 8 spacecraft was launched into earth orbit from the Eastern Test
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Range on 26 October, 1973. The orbit is slightly eccentric with initial perigee
and apogee geocentric radial distances of 147434 km and 295054 km, respec-
tively, inclination of 28.6°, aud period of 11.98 days. the spacecraft is spin
stabilized with its spin axis oricnted very nearly perpendicular to the ecliptic plane
with a spin period of about 2.59 sec.

The Univessity of lowa plasma wave experiment on IMP 8 measures the
average electric field intensity in a frequency range from 40 Hz to 2 MHz and the
average magnetic field intensity from 40 Hz to 1.78 kHz. The electric field
receiver is connected to a dipole antenna with a nominal tip-to-tip length of
121.8 m extended perpendicular to the spin axis, and the magnetic field receiver is
connected to a triaxial search coil magnetometer. Electric field spectral measure-
ments are made in | S fixed frequency channels extending from 40 Hz to 178 kHz
and in one channel with selectable frequency. The selectable frequency channel
may be tuned to measure the averzge electric field intensity at 31.1 kHz, 500 kHz,
or 2 MHz with a bandwidth of +1.0 kHz.

The HAWKEYE 1 spacecraft was launched into polar earth orbit on June 3,
1974 from the Western Test Range. The orbit is highly eccentric with initial
perigee and apogee geocentric radial distances of 6847 km and 130 856 km,
respectively, inclination of 89.79° and period of 49.94 hours. The initiai argu-
ment of perigee is 274.6°; thus, apogee is almost directly over the north pole. The
spacecraft is spin stabilized with a spin period of about 11.0 sec. The spin axis lies
in the plane of the orbit and is nearly parallel to the equatorial plane with a right
ascension of 300.7° and declination of 6.8°.

The HAWKEYE 1 plasma wave experiment is similar to the IMP 8 plasma
wave experiment. The electric field receiver is connected to a dipole antenna with
a nominal tip-to-tip length of 42.45 m extended perpendicular to the spin axis.
The magnetic field receiver is connected to a search coil magnetometer that is
oriented parallel .0 the spin axis. Electric field spectral measurements are made in
16 fixed frequency channels extending from 1.78 Hz to 178 kHz, and magnetic
field spectral measurements are made in 8 frequency channels extending from
1.78 Hz to 5.62 kHaz.

3. Direction-Finding Technique

A. CALCULATION OF THE DIRECTION OF ARRIVAL

The amplitude of the detected signals from each satellite has a modulation caused
by the rotation of electric dipole antenna. The angular position of the null in the
modulation pattern can be used to determine a component of the source direc-
tion. The null in the modulation pattern occurs when the antenna is most nearly
parallel to the wave propagation vector, and the maximum occurs when the
antenna axis is perpendicular to the propagation vector. The depth of the null is
determined by the size of the source and the elevation angle, a, between the plane
of rotation of the antenna and the source direction. As a increases or as the
source size increases the depth of the null decreases.
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For both HAWKEYE 1 and IMP 8 the data sampling intervals are comparable
to the spin period; thus, many rotations of the satellite are required to obtain a
uniform angular distribution of samples through 360°. The time period necessary
to collect a complete et of samples through 360° will be referred to as a sampling
cycle.

The direction-finding routines used for analysis normalize the data to reduce
the effects of amplitude changes that take place in a time interval that is long
compared to the spin period. This normalization is performed by subtracting the
average of all samples in the sampling cycle from each of the individual samples.
Since the samples are proportional to the logarithm of the electric field intensity
the normalization process is equivalent to dividing each sample by the geometric
average intensity during the sampling cycle.

To determine the null direction, §, data is accumulated over the duration of the
type III event at each frequency and is then fit by the method of least squares to
the theoretical modulation envelope given by

C\*_ m) m
(E) ‘("E -2 cos[2(6, - 8)) M

where E/E; is the normalized intensity and 8, is the orientation angle of the
electric antenna axis in the plane of rotation of the antenna. The nuli direction, §,
is the direction to the centroid of the source projected onto the spin plane of the
antenna. The modulation factor, m, provides a quantitative measure of the null
depth: m is zero for no spin modulation, and m is one for the maximum
modulation. The null direction computed represents the least squares fit 8 over
the duration of the event. Each sample receives an equal weighting in the analysis.
Since the dipole pattern is assumed to be symmetric, the data from 90°< §, <270°
is shifted into the range from -90°= 8, <90° by subtracting 180°.

Another direction-finding routine used for IMP 8 computes the null direction
averaged over 10 minute intervals, rather than the average null direction for the
entire event. For this routine samples from the current sampling cycle receive a

“weight of 1 while samples from previous sampling cycles are multiplied by a

weighting factor that decreases exponentially for earlier nmes. The exponential
weighting factors make it possible to compute & averaged over a shorter pre-
selected time interval in order to study changes in the direction of arrival during
an event.

B. GEOMETRY IN THE ANALYSIS

The null direction ccmputed from each satellite locates a plane in which the
source must lie. The source lies along the intersection of the source planes
determined by the two satellites. Figure 1 shows the geometry of the source
planes and the angles and vectors used for the computation of the source location.
The spin plane is the plane in which the antenna rotates. The spin axis, §, is
perpendicular to the spir plane. The source plane is the plane ‘n which both the

L
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Fig. 1. The position of the source plane relative to the satellite spin axis, null position (8), and the Sun

for HAWKEYE 1 and IMP 8. The vector #i is perpendicular to the source plane, and the spin axis (S)

is perpendicular to the spin plane. The source planes for IMP 8 and HAWKEYE 1 intersect, and the

source is located along this intersection. The source location is computed by taking the cross product

between i, a vector normal to the IMP 8 source plane, and #,, a vector normal to the HAWKEYE 1
> source plane. @ is the angle between the spin axis of the satellite and the Sun-satellite line.

5 spin axis of the satellite and the source lie. The angie between the satellite-Sun
line projected into the spin plane and the intersection between the spin plane and
the source plane is §. Normals to both souice planes are constructed. A, is normal

* to IMP 8's source plane and n, is normal to HAWKEYE 1's source plane. The

source location vector is given by i, X i,. There is, however, a 180° ambiguity in
the source !ocation. At high frequencies this ambiguity is decided by assuming
that the source is in the direction toward the Sun. At lower frequencies, where the
sourck could be located at radial distances beyond 1.0 AU if the emission is at the
second harmonic of the plasma frequency, the ambiguity is decided by requiring
the source position to be in agreement with an extrapolation of the measurements
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at higher frequencies. The source direction computed from #, X Ai,, after deciding
the ambiguity, is given in geocentric solar ecliptic coordinates, Agse and @ase.
The angle Agse: is the geocentric solar ecliptic latitude of the source, measured
positive northward from the ecliptic plane. The angle @gse is the solar ecliptic
longitude of the source, measured positive counter-clockwise from the Sun-
satellite line as viewed from the north ecliptic pole. Since the IMP 8 spin axis is
perpendicular to the ecliptic plane the null angle 8, which is referenced to the Sun
direction, is identical to the geocentric solar ecliptic longitude of the source.

4. Characteristics of Type III Bursts Observed by
IMP 8 and HAWKEYE 1

At frequencies below 1 MHz, type III bursts have several readily observed
features. Type III bursts are characterized by a rapid decrease in frequency with
increasing time. The modulation factor of the burst varies with frequency and
time. The direction of arrival is also observed to vary in time for any one
frequency. Figure 2 shows a type III event observed simultaneously by both IMP
8 and HAWKEYE 1. This figure is a plot of the logarithia of the electric field
intensity measured by the plasma wave experiments on board the two satellites.
The data from seven frequency channels of each experiment are displayed as a
function of time. Notice that in addition to a type IIl event, other naturally
occurring radio signals such as auroral kilometric radiation and magnetosheath
electrostatic noise are observed. The characteristic frequency drift is evident in
the type IIl event shown in Figure 2.

The modulation factor observed at a particular frequency is usually greater near
the start of the burst than near the end of the burst. The modulation factor also
decreases with decreasing frequency. At 500 kHz the modulation is usually
greater than 0.80 while at frequencies on the order of the local plasma frequency
at 1.0 AU the modulation disappears completely. Figure 3 shows data from the
100 kHz channel of the IMP 8 experiment. In the top panel the logarithm of the
electric field intensity is plotted as a function of time. The modulation of the
received electric field intensity caused by the rotation of the dipole antenna is
seen as a periodic amplitude fluctuation with a periodicity of about 100 sec. The
bottom panel of Figure 3 displays the modulation factor calculated from Equation
(1) as a function of time. The modulation factor at the start of the burst is about
0.65 while near the end of the burst the modulation factor is about 0.25.

At a particular frequency the direction of arrival changes systematically during
the duration of the burst, usually starting near the Sun and deviating away from
the Sun later n the event. The direction of arrival usually varies over a wider
range at the lower frequencies. At 500 kHz there is a shift in @gse of the source
of about 10°, while at 56.2 kHz the ¢gse shifts by as much as 60°. An example of
this angle drift at 100 kHz is shown in the center panel of Figure 3. ¢gse is
initially near 0° (in the direction of the Sun), but then chang : to approximately
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Fig. 2. A type III burst observed simultancously by HAWKEYE 1 and IMP 8. The type 111 burst is
characterized by a rapid decrease in frequency with increasing time, and at each frequency the
intensity has a rapid rise time followed by a slower exponential decay.

45° at the end of the event. To compute the source locations for the events
analyzed in this paper, the dircction of arrival is the least squares fit § computed
over the duration of the event.

S. Plasma Density and Solar Magnetic Field Modes

Models of the solar wind density and the solar magnetic field are necessary to
determine the source locations of the type III burst in three-dimensions. Since
data from only two satellites are used in the analysis, only two components of the
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Fig. 3. The amplitude, geocentric solar ecliptic longitude, and modulation factor for a type IlI burst
detected by IMP 8 on June 21 at 100 kHz. The spin modulation is evident as a small amplitude,
periodic change in the observed intensity. The longzitude drifts from near zero degrees near the
begining of the event to about 45° near the end. The modulation factor near the beginning of the event
averages about 0.65, dropping to about 0.25 at the end of the event. The apparent shift in source
location could be caused by polarization effects, density inhomogeneities, or by radiation trom
different source regions at both the fundamental and second harmonic of the plasma frequency.

source locations can be determined. A model of the solar wind plasma density
provides the information required to determine the third component of the source
locations.

A. RAE EMISSION LEVEL SCALE

The frequency of emission of type III bursts is a function of solar wind density;
therefore, if a density scale of the solar wind as a function of heliocentric radial
distance is assumed, it is possible to calculate the distance from the Sun to the
type IlI burst emission region. The RAE emission level scale (Fainberg and
Stone, 1970, 1974; Fainberg et al.,, 1972) gives the frequency of emission as a
function of heliocentric radial distance, independent of any assumption of the
solar wind density. A density scale for the solar wind can be computed by
assuming that the frequency of emission is at either the plasma frequency or at a
harmonic of the plasma frequency. The density scale shown in Figure 4 is based
on the RAE emission level scale and assumes emission at the second harmonic of
the plasma frequency.

Since the RAE emission level scale is an average of many thousands of bursts,
it is desirable on an individual basis to adjust the RAE emission level scale so that
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Fig. 4. The RAE emission level scale gives the average radial distance of a type 11l burst from the

Sun as a function of frequency of emission. The density scale assumes emission at the second harmonic

of the plasma frequency. For one of the events analyzed the RAE emission level scale was adjusted so
that the density at 1.0 AU agreed with in situ measurements at 1.0 AU.

the density scale agrees with the plasma density measured at 1.0 AU in the solar
wind. When the trajectory of the exciter electrons passes near the earth and in situ
measurements of the solar wind density are availabic, the RAE emission level
scale is adjusted to agree with the densit, measurements.

B. SOLAR MAGNETIC FIELD LINE CONFIGURATION IN THE ECLIPTIC PLANE

In the interplanetary medium the magnetic fields are constrained to move with the
solar wind plasma flow. For the simplest model, the solar wind plasma flows
radially out of the Sun at a constant velocity of approximately 400 km/sec™".
Since the Sun is rotating the resulting magnetic field projected into the ecliptic
plane corresponds to an Archimedean spiral (Parker, 1963, 1964, 1965). Meas-
urements in the ecliptic plane confirm the general spiral structure of the magnetic
field (Schatten er al., 1968; and review by Schatten, 1972); however, the magnetic
field is usually distorted from a perfect spiral configuration. For example, changes
in the velocity of the solar wind will produce kinks in the spirals. Other
distortions may be caused by variations in the magnetic field near the Sun and by
magnetic field loops in which the field lines near the Sun reconnect back to the

Sun (Schatten, 1972).

C. SOLAR MAGNETIC FIELD LINE STRUCTURE IN THE MERIDIAN PLANE

No direct measurements have been made of the solar magnetic field configuration
out of the ecliptic plane, in the interplanetary medium. The structure of the solar
magnetic field may be deduced by indirect measurements, such as the analysis of
type Il bursts, because the trajectory of the electrons that generate type IlI
bursts is along the solar magnetic field lines.
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Fig. 5. Three models of the solar magnetic field. Constant latitude: Archimedean spirals wound on

cones of constant heliocentric latitude. Convergent field line model: Archimedean spiral field lines

which extend to lower heliocentric latitude with increasing radial distance. Divergent field line model:

Archimedean spiral ficld lines which extend to higher heliocentric latitudes with increasing radial
distance.



|

n MARK M BAUMBACK ET AL

The simplest model of the solar magnetic field out of the ecliptic plane is the
constant latitude model showx in Figure 5, which corresponds to a uniform radial
flow of the solar wind plasma away from the Sun. Projected into the ecliptic plane
the field lines are Archimedean spirals, while in a meridian plane the magnetic
field lines are at a constant latitude. The constant latitude model corresponds to
Archimedean spirals wound on cones of constant heliocentric latitudes.

The structure of the solar corona photographed during solar eclipses indicates
that high latitude polar fields may extend to low latitudes at 1.0 AU (Schatten,
1972). The convergent field line model shown in Figure 5 is suggested by these
observations. For this model the solar magnetic field projected into the ecliptic
plane follows the Archimedean spiral but in the meridian plane the magnetic field
lines extend to lower heliocentric latitudes with increasing radial distances.

Magnetic field measurements near 1.0 AU show a consistent skewing of the
magnetic field away from the equatorial plane (Coleman and Rosenberg, 19771;
Rosenberg and Winge, 1974). Such skewing may be caused by magnetic field
diffusion in the interplanetary medium (Schatten, 1972). Stream interactions may
contribute to an azimuthal velocity component in the solar wind or to a net
divergence of mass and magnetic flux away from the equatorial plane (Suess et al.,
1975). The divergence of the magnetic field away from the equatar could also be
caused by magnetic pressure. The magnetic field spiral angle and, therefore, the
magnetic pressure changes with heliocentric latitude. The magnetic pressure is
greatest near the equator, causing mass and magnetic flux to be carried away from
the equatorial plane (Suess, 1974; Suess and Nerney, 1975). These observations
suggest the divergent field line model shown in F.zure 5. The magnetic field
projected into the ecliptic plane follows an Archimedean spiral, but in the
meridian plane the magnetic field lines extend to higher heliocentric latitudes
with increasing radial distances.

Coronal photographs and in situ measurements of the solar magnetic field each
suggest different models of the solar magnetic field. It is thz purpose of this paper
to test these various solar magnetic field models.

6. Analysis of Zvents

Twenty type 111 events were initially chosen from the first 43 orbits of HAWK-
EYE 1 and from the same time pericd for IMP 8 (June through August, 1974).
Of the initial 20 events only three events were analyzed in detail, while the others
were thrown out for various reasons. Some events were multiple events originat-
ing from different regions of the Sun. Other events did not have adequate
coverage with both satellites and for soiue events the modulation factor was too
low to determine the direction of arrival accurately.

A. DIRECTION OF ARRIVZL ANALYSIS

Figures 6, 7, and 8 show the source locations for the three events that were
analyzed as determined by simultaneous direction-finding measurements from
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Fig. 6. Source locations for 2 type 111 event (June 8). The source locations follow an Archimedcan
spiral configuration in the ecliptic plane. The source locations out of the echptic are shown as a
function of heliocentric latitude and radial distance. The bottom panels show the geocentric longitude
and latitude of the source predicted by a least squares fit of the constant lstitude field ine model to the
observed geocentric Tongitudes and latitudes. Note that this event deviates from the constant latitude
model at 56.2 kHz and 42.2 kHz implying that the magnetic field lines may extend to lower
heliographic latutudes with increasing radial distance. The predicted flare locaton 1s found by
extrapolating the least squares fit field line back to the Sun.

HAWKEYE 1 and IMP 8 data, the RAE emission level scale, and the assumption
of emission at the second harmonic of the plasma frequency. Since the trajectory
of the burst in the first event (shown in Figure 6) was near the Earth the RAE
emission level scale was adjusted so that the density scale agreed with in situ
measurements of the solar wind density at 1.0 AU (M. Montgomery. personal
communication, 1975). The RAE emission level scale was not adjusted for the
last two events (shown in Figures 7 and 8) because the trajectory of the bursts
were so far from the Earth that the densities measured by IMP 8 could not be
considered representative of the density at 1.0 AU along the trajectories of the
bursts.

For each event an Archimedean spiral is fit through the source locations projected
into the ecliptic plane. Since HAWKEYE 1's spin plane is not oriented exactly
perpendicular to the ecliptic plane it is necessary to know the ¢gse coordinate of
the source position before Aqqr can be determined. If ¢gsp could not be
determined from the IMP 8 data it was computed from the Archimedean spiral fit
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Fig. 7. Direction-finding measurements for another type 111 event (July 5). Projected in.. the ecliptic

plane the source locations follow an Archimedean spiral configuration. Out of the ecliptic plane the

source loc.aons are at nearly constant heliocentric latitudes. Exceps for the 100 kHz emission the data
is consistent with the constant latitude model.

through the available data points. Errors in Agse caused by computing ¢gse are
estimat. 1 (o be smaller than 3°. The GSE latitudes (Agsg) and GSE longitudes
(@acse) for the three events are summarized in Table I. Any Agsg in Table I that
required the Archimedean spiral fit to compute ¢gse is indicated by an asterisk.

The upper left-hand panel in Figures 6, 7, and 8 shows the source locations
projected into the ecliptic plane and the best fit Archimedean: spiral through the
source locations. A solar wind velocity of 400 kms™' wa used to construct the
Archimedean spiral. The lower left-hand panel shows the Geocentric Solar
Ecliptic longitude (¢gse) of the least squares fit Archimedean spiral as viewed
from Earth as a function of heliocentric radial distance. The experimental values
of @gse are also shown. The upper right-hand panel shows the heliocentric
latiiude of the source location as a function of frequency, and the least squares fit
magnetic field line using the constant latitude model. The lower right-hand panel
shows the geocentric solar ecliptic latitudes (Agsg) of the best fit field line as a
function of heliocentric radial distance and the observed Agsg of the source
locations.

The most probable flare location for each event is found by extrapolating the
magnetic field line obtained from the constant latitude model back to the Sun. For
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Fig. 8. Direction-finding measurements for the third type 111 event (July 6). Projected into the

ecliptic plane the source regions follow an Archimedean spiral configuration. Out of the ecliptic the

source locations are at very nearly constant latitude, which is in excellent agreement with the constant
latitude modc! for the solar magnetic field.

the three events analyzed the differences between the actual flare location
(NOAA, 1974, 1975) and the flare location computed from the least squares fit
magnetic field line are in all cases less than 9° in heliocentric latitude and less than
12° in the heliocentric longitude. The first event, shown in Figure 6, deviates
significantly from the constant latitude mode! of the magnetic field. The heliocen-
tric latitude ot the 100 kHz, 56.2 kHz, and 42.2 kHz source locations suggest that
the convergent field line model may best represent this event. The other two
events (Figures 7 and 8) are best represented by the constant latitude model.

. B. SOURCE SIZE OF TYPE 11l BURSTS

The modulation factor of the emissions can be used to estimate the source size
when the elevation angle, a, of the source is known. For this analysis the half
angle source size is defined as the angle between a line from the observer to the
centroid of the source and a line from the observer to the edge of the source. The
source is modeled as a thin, flat disk from which radiation is emitted with a
uniform intensity. For a given source size the solid angle of the disk remains
constant for all elevation angles, a. The calculated source sizes represent the
- longitudinal extent of the source.
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TABLE |
Latitude and longitude of type Ul radio bursts
(geocentric<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>