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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
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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

2 oo £ ap e i ol




[ i1

S d

RopriGUEZ AND GURNETT: BOw SHOCK TURBULENCE n

DUWNSTREAM

TRANSITION

REGION SNAPSHOT

NUMBE R

UPSTREAM

w? !
w0t
’
0o ]
'
w?
o'
L
0"

S12 SEC

SPECTRAL DENSITY [ VOLTS: /M2 W)
3

0" i
lo..g “
0" :
" L
‘ol! |
' ©* 10* et et
FREQUENCY (M)
ORBIT 10 RE 18 LY a7 SELAY Mo re
UT 125148 DAY 110 APRIL 20, 1971

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

'9‘ ‘ s anuest PP S Py . ....7 .0‘ 1,_-“..-4 ittt ittt e i S
" | | 10’ 2
‘ X ELECTRIC FIELD | 1 \ ELECTRIC FIELD
.9 ¢ \ SHOCK SPECTRA | Wl SHOCK SPECTRA |
10 S~ AVERAGES) 0
NG | !
o= .9 ' A ~ )
~ 10 - x 10
.X ‘= \ ! ~’ 1 !
2 .0 \ S ©
e 0 ‘ " 0 1
v 2
g '°"'] l S w" 1
: 'ou “ ! ; ‘0.,' i
g 2
8 0% ! 0" ‘
o) J
<
a " & 0" '
£ 0"y £ |
a" 19 ! .y '&' " -2 ;
W © ] 4.0 %10 volts/m | w10 ‘ 2 3x10% voirs/m |
o' 2E g2 i 6" 4 1Emy2 :
! 19 %10 * yoirs/m ! ‘ 21x 10" vata rm |
. ! v ’
°) I !
. } .
e —— . — . ———— e —— ———— O e ve—— O S e
® o' o o' 0 ot 0 R 2 . s .
0 ! 10 0 N ) &) 0 Q

FREQUENCY (M)

FRE D ENCY (M)

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

HAWKEYE |
ORBIT 42
0600 TO 0700 uUT
AUGUST 31, 1974 3
R : 189 R,
A * 78.3°

HAWKEYE ANTERNA

=1 T 17T T"ITTI'
e
-
ot
o
"
1
s
0
I
-

T 'Illlll
-
——

NORMALIZED ELECTRIC FIELD
AMPL I TUDE

T
H
8 1 lllllll‘mL Illlllll

I P | PR
-90 -60 -30 s} 30 60
ly. EARTH-ANTENNA ANGLE (DEG!
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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-
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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

IMP 8 ]

ORBIT 11 \

2200 10 1220 Ut \
MARCH 11, MARCM 120, 1974 IMP B N
R+ 320 R, < ‘

/8 |
Am * 0.2° R LW
LT + 276 MR t
[ SUN

8 3 -

.
ANTENNA |

(Ke] Ve, '

AME | TUDE

NORMALIZED ELECTRIC FIELD

0|L¢—‘-,Lu_ I..* 4._“ BT ,
€0 o0 0 0 0 60 90

ﬂ'. EARTH - ANTENNA ANGLE (DESG)

Fig. 6 The average normahzed electnie tield strenpth as a tunction
of the antenna ortentation for a pentod durning which intense aurora!
Kilemetne radiation at 178 Kz was bemg detectea by Imip N o lecal
tme of shou. 276 hours  The averagmy period i this cose s made
very long, 14 hours, to reduce the statistical error i the null deter
mination to only 04 The null position in this Case s shiphthy o the
left of the earth's polar avis and on the might side ot the carth s viewed
from the spacecraft




Eawad 0 med®.  _conme

e et ame i e —to. — -

T T ———

ovsalies . 7™
’ :
KURTH ET AL.: AURORAL KitomeTric RaDIATION 2769
T T B T e ] 6 MR LT
.
IMP 8 SUN EARTH
ORBIT 8 O - {
130 10 2100 UY
JANUARY 26, 1974 i 1
R« 273K m e (1766
. fi®
Ay 181 "
PT v 1685 MR .
INP B
10}
ANTENNA —-— .
] - — - « J4 M
o - BRy,  6R, AKg IR,
) b A -—
w
- I .
Y s .
& w LT NuLL R
:.;,’s-“ "‘. B¢ 11 At .a" Y i
. . '
- | 10 ' .
w - I. . - P
8 g - . "t . % \
'53 : ] '
. \ » =
g S 4 f
P, ORI (TN (SR (S (I e 18 HR
0 60 30 0 30 60 20
ARTH-ANTENNA ANGLE (DEG) 5 .
) Iyt X gt Fig. 9. A view from above the northern polar region of the nul!
t. - Another null determination using Imp 8 similar to the case  directions given in Figure 8 The arrows indicate the direction trom

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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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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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
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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.
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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



TYPE 11l BURST DIRECTIONS n

o Y ik S
’}' ‘l}'(

MAGNETIC ’
FHLD LINE
00

FREQUENCY (xM2)

i
MAGNETIC
FIELD LK
ORONATING 48 83W)
FLARE LOCATION MP -8
Kpiesw JUNE 8, 1974
MO0 TO 600UT
MAWKEYE -1
MP-8 HAWKEYE -1
———— — ———
T Ml GO
[) \one
e ¥ o A @
w2 . ,,-f
00 v 00 - 100 i1 M
s T S CSU YNOIEE S T i ) sy -
a2 A sn SAU 10AU 12 1aAU 1BV w QAU SAU BAU I0AU 12AU 'AAU I8V
RADAL DISTANCE FROM SUN RADIAL DiSTANCE FROW SUN

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 solar ecliptic coordinates)

Frequency Latitude Longitude

June 8, 1974
S00 kHz - ~T*%1°
178 kHz — -16°z21° .
100 kHz -24°26° -20°x1°
56.2 kHz -11°x7° 9°z1°
42.2kHz -10°x9°* —
31.1kHz -32°232°* - -
July 5, 1974
178 kHz =21°27° -2°z1°
100 kHz -20°¢2° 15°+6°
56.2 kHz -30°+ 16°* -—
42.2kHz —32°425° —
July 6, 1974
500 kHz —_— -5°%1
178 kHz — -8°x1°
100 kHz - 421
56.2 kHz -31°t8°* - -
42.2kHz -25°1 15°* — 3

31.1kHz ~11° 15°* —

* Involves model fitting, not a direct measurement.
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Fig. 9. The source size of a type 111 burst as a function of frequency as seen from the Earth using a
thin, flat Jisk as the modeled source. As the source region aporoaches the carth wne source siz”
increases, as would be expected.
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Sun. Note that the source size remains essentially constant in the range from 500 to 100 kHz. The
source sizes are, however, larger than those previously determined from particle measurements.

Figure 9 shows the source sizes of the June 8 event as viewed from the Earth.
As would be expected, the source size increases as the emission region nears the
Earth. Figure 10 shows the source sizes for the same event, but, as viewed
from the Sun. The source sizes at 500kHz, 178 kHz and 100 kHz remain
relatively constant with increasing radial distance; however, they are approxi-
mately twice as large as the 60° full-width-half-maximum values that Lin (1974)
and Alvarez et al. (1975) report for particle fluxes associated with type III events.
Scattering of the radio emissions may be responsible for the large apparent source
sizes.

7. Discussion

Two of the three type III events presented in this paper are in agreement with the
constant latitude model of the solar magnetic field. One event (June 8) is more
consistent with the convergent fivld line model. However, the convergent field line
model contradicts some measurcments of the skewing of the magnetic field away
from the equatorial plane which have been made at 1.0 AU (Coleman and
Rosenberg, 1971; Rosenberg and Winge, 1974). None of the events presented
indicates that the magnetic field lines cross the ecliptic plane or that the divergent
field line model is valid. Additional evidence supporting the constant latitude
model is that the predicted flare locations are in good agre.ment with the
observed flare locations.
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Three features of type 111 bursts presented in this study are of special interest.
The source sizes measured are a factor of two larger than the angular sizes of the
solar electron emissions from a flare reported by Lin (1974) and Alvarez er al.
(1975). The modulation factor tends to be largest near the beginning of an event,
and the direction of arrival of the radiation varies systematically during the event,
usually starting near the Sun and deviating away from the Sun later in the event.

One possible explanation of all three features is a combination of emission at
both the fundamental and the second harmonic of the plasma frequency. If a
stream of particles generating a type Il burst moves outward from the Sun and
generates emission at both the fundamental and second harmonic of the plasma
frequency the fundamental emission would be seen first in a particular frequency
channel, followed by the second harmonic emission. The shift in the direction of
arrival of the radiation could be explained by emission containing both fundamen-
tal and second harmonic radiation. The fundamental emission region would be
closer to the Sun than the second harmonic emission region; therefore, for most
Archimedean spiral positions the direction of the source would start near the Sun
and drift away from the Sun in a systematic way, as is observed in many cases. A
larger angle shift would be seen in the lower frequency channels because the
source locations are closer to the earth. The source size would be smaller for
fundamental emission because the size of the source region grows larger with
increasing radial distance from the Sun, and the source region for fundamental
emission is vsually farther from the Earth than the second harmonic source
region; explaining the higher observed modulation factor near the start of the
event. With simultaneous emission of both fundamental and second harmonic
radiation the apparent source sizes would be much larger than the individual
courc. sizes for fundamental and second harmonic emission.

There are other possible explanations for the systematic drifts in source location
and variations in the modulation factor which should also be considered. Ir-
regularities in the solar wind density could cause different regions to radiate at the
same frequency at different times thus causing the observed changes in the
angular position of the source. If the radiation is not circularly or randomly
polarized, changes in the polarization could affect the direction-finding measure-
ments and produce effects of this type. However, polarization effects are least
important in the direction-finding analysis when the source location is near the
spin plane of the antenna. For the IMP 8 measurements the source is usually very
near the spin plane, which minimizes errors of this type.

Although irregularities in the solar wind density or polarization effects may
cause the systematic drift in the direction of arrival of radiation from a type I1I
event at one frequency, there is currently no completely adequate explanation of
the drift in source position. Although the changes in the direction of arrivai could
be caused by a combination of fundamental and second harmonic emission there
is still no direct evidence that emission occurs at both frequencies. The effects of
changes in the source position are thought to be reduced in this study since the
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source locations are averaged over the duration of the event. However, the
explanation of the drift may provide important insight into the type 111 emission
processes in the solar wind and should be studied in detail.

The results of the analysis presented in this paper are model dependent. It is
necessary to use a density scale to determine the heliocentric radial distance at
which the radiation is generated. The requirement to assume a density model can
be eliminated if the source position is determined by triangulation. For example,
simultaneous direction-finding measurements from three spacecraft, two located
near the Earth to establish the Earth-source line and one located far from the
Earth to determine the source position along the line, can provide measurements
of this type. We hope that simultancous radio direction-finding measurements
from the HELIOS 1 and 2 spacecraft, which are now in orbit around the Sun, and
from the IMP 8 and HAWKEYE 1 satellites near the earth will be able to
provide such measurements. If successful, these multi-spacecraft direction-finding
measurements will make it possible to study the three-dimensional structure of
the magnetic field in the solar wind completely independent of any modeling
assumptions.
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THE EARTH AS A RADIO SOURCE

DONALD A. GURNETT*

Max-Planck-Institut fur Physik und Astrophysik, Institut fur extraterrestrische Physik,
8046 Garching b. Miunchen, Germany

Abstract. Satellite low frequency radio measurements have revealed that the Earth is a very intense
and interesting radio source with characteristics similar to other astronomical radio sources such as
Jupiter, Saturn and the Sun. In this paper we summarize the primary characteristics of radio emissions
from the Earth’s magnetosphere, consider the origin of these emissions, and discuss the similarities to
other astronomical radio sources.

1. Introduction

The Earth is usually not thought of as an intense radio source. However, in the past few
years low frequency radio measurements by satellites have revealed that the Earth’s
magnetosphere is a very intense radio emitter, with characteristics similar to other
astronomical radio sources such as Jupiter, Saturn and the Sun. In this paper we consider
only radio emissions which can propagate freely away from the Earth at frequencies
above the local electron plasma frequency. We do not discuss the many other types of
whistler-mode waves and plasma instabilities which are present at frequencies below the
electron plasma frequency.

The first clear evidence of intense radio emissions from the Earth's magnetosphere was
obtained from satellite measurements by Benediktov et al. (1965, 1968) in which radio
emissions at 725kHz and 2.3 MHz were detected in association with geomagnetic storms.
Later Dunckel et al. (1970) reported similar observations of intense radio emissions, also
associated with magnetic disturbances, at frequencies below 100 kHz. Only recently,
however, with radio and plasma wave instruments on the IMP-6 and IMP-8 satellites, have
measurements been made over a sufficiently broad frequency range and with adequate
sensitivity, dynamic range and directional resolution to provide a comprehensive picture
of radio emissions from the terrestrial magnetosphere (Stone, 1973; Brown, 1973;
Frankel, 1973; Gumnett, 1974, 1975).

As currently understood two principal types of radio emissions can be identified
coming from the terrestrial magnetosphere. We refer to these radio emissions as auroral
kilometric radiation and continuum radiation. The characteristic spectrums of these two
types of radio emissions are illustrated in Fig. 1. In addition to these two principal types
of radiation several other types of radio emissions of lower intensity and/or infrequent
occurrence are known to occur which have not yet been studied in much detail. The
purpose o " this paper is to summarize the present state of knowJedge conceming these
radio emissions and discuss their origin and relationship to other astronomical radio
sources.

® Permanent address: The Department of Physics and Astronomy, The University of lowa, lowa
City, lowa 52242, US.A.

B. M. McCormac (ed.) Magnetospheric Particles and Fields, 197—208. 41l Rights Reserved.
Copyright © 1976 by D. Reidel Publishing Company, Dordrecht-Holland.
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Fig. 1. The spectrums of the galactic background, the auroral kilometric radiation and the non-
thermal continuum radiation as would be observed by a satellite 30 Rg from the Earth.

2. Auroral Kilometric Radiation

As shown in Figure 1 auroral kilometric radiation is characterized by a very intense peak
in the frequency spectrum at about 100 to 300kHz. The intensity of this radiation is
highly variable. Sometimes the radiation intensity is below the galactic background and
completely undetectable, while at other times the intensity is six to seven orders of
magnitude above the galactic background at 30 Rg from the Earth. At peak intensity the
total power radiated by the Earth exceeds 10° W (Gurnett, 1974). The Earth is therefore
a very intense planetary radio source with a total power output comparable to the
decametric radio emission from Jupiter. For comparison the total power of the decametric
radiation from Jupiter has been estimated by Warwick (1963) to be about 2 x 107 W.
More recent measurements indicate, however, that the power radiated by Jupiter ray be
somewhat larger than given by Warwick.

Auroral kilometric radiation has been previously called ‘high-pass’ noise by Dunckel
et al. (1970) and ‘midfrequency’ noise by Brown (1973). Because of the close association
of this radiation with the occurrence of auroral arcs (Gumett, 1974) and the kilometer
wavelength of the radiation we chose to refer to the radiation as auroral kilometric
radiation. The close association of this radiation with the occurrence of auroral arcs is
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Fig. 2. The intensity of auroral kilometric radiation at 178 kH7 ~d a sequence of photographs of
the aurora over the northern polar region taken by the DAPP satu..te. The intense bursts of auroral
kilometric radiatin are seen to be closely correlated with the occurrence of auroral arcs.

illustrated in Figure 2. The top panel of this illustration shows the radio noise intensity at
178 kHz for a 24 h period while the spacecraft (IMP-6) is about 30 Rz from the Earth.
The bottom panels snow a < -2s of auroral photographs obtained during the same 24 h
period by the low altitude polar-orbiting DAPP spacecraft as it passes over the northem
polar region. Three intense bursts of auroral kilometric radiation occurred dunng this
day, centred on approximately 1120, 1450, and 2100 UT. Each intense burst of auroral
kilometric radiation is seen to be closely associated with the occurrence of bright discrete
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auroral arcs in the DAPP photographs (one photograph for each orbit). Direction-finding
measurements by Kurth and Gurnett (1975) show that the apparent center of the source
of the auroral kilometric radiation is in the nighttime auroral region at a distance of about
* 0.75 Kg from the polar axis of the Earth. The association of this radiation with auroral
arcs and the location of the source in the high latitude auroral regions strongly suggest r""’
that this radiation is produced by the same low energy electrons which produce the
suroral Lght emissions. The association of the radio emissions with discrete auroral arcs l
rather than the diffuse aurora specifically implies that the noise is associated with intense l
‘inverted V' electron precipitation bands of the type discussed by Frank and Ackerson t
(1971) and Ackerson and Frank (1972).

Further information on the generation and propagation of the auroral kilometric
radiation can be providec by measurements of the angular distribution of the radiation
escaping from the Earth. Figure 3 shows the angular distribution of auroral kilometric
radiation at a frequency of 178 kHz as obtained from the IMP-6 and Hawkeye-1 satellites.
IMP-6 provides measurements at magnetic latitudes below 55° and Hawkeye-1 provides
measurements over the northern polar region. The contours in Figure 3 give the
frequency of occurrence of events with a power flux exceeding a preset threshold which
varies as R™? to correct for the expected radial variation in the power flux. These
meastrements show that most of the radiation is observed poleward of a cone-shaped
boundary which exiends from latitudes near the magnetic equator in the local evening to “
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Fig. 4. A qualitative sketch of the ray paths and source region of aurcral kilometric radiation. Note
the distinct equatorial shadow zone caused by the plasmasphere.

latitudes of approximately S0° on the dayside of the Earth. Further studies (Green
et al., 1976) show that this cone-shaped boundary is frequency-dependent anc rapidly
shrinks poieward with decreasing frequency. This ‘beaming’ of the radiation is thought
to be caused by the refraction of the radiation away from the icnosphere as illustrated
in Figure 4. Since the index of refraction goes to zero at the propagation cutoff surface,
which for these frequencies must occur at an altitude of about 1 to 1.5 Rg at 178 kHz,
the ray path tends to be refracted upward away from the ionosphere. The frequency
dependence of the cone-shaped boundary is qualitatively consistent with an essentially
fixed source altitude at all frequencics, with the cone angle determined by the (frequency
dependent) altitude of the propagation cutoff surface. A cone-shaped boundary, similar
to that found for the auroral kilometric radiation, is observed for the lo related radio
bursts from Jupiter and a similar beaming effect is a well known feature of radio emissions
from pulsa.s.

Probably the most difficult feature of the auroral kilometric radiation which must be
explained by any satisfactory theory is the very high efficiency with which this radiation
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is produced. The maximum power dissipated by the aurora during an auroral substorm is
about 10" W (Akasofu, 1968). If the corresponding maximum power of the auroral
kilometric radiation is 10° W, then the efficiency for generating this radiation must be
at least 1%. From all present knowlcdge of magnetospheric radio emissions tiv¢ generation
of auroral kilomeiric radiation represents a very efficient conversion of charged-particle
energy into radio waves. Interestingly, this efficiency is comparable to the efficiency by
which a pulsar converts its rotational energy into radio emissions. Such high efficiencies
cannot be obtained from an incoherent process, but must result from a coherent plasma
instability. The location of the source, at an altitude of aboui 1 to 1.5Rg along an
auroral field line, coincides with the region where the auroral electron acceleration,
anomalous resistivity and parallel electric fields are thought to occur (Mozer, 1976).
Another type of intense whistler-mode radio emission called VLF auroral hiss is also
thought to be generated in this same region (Gurnett and Frank, 1972).

Several theories have been developed which attempt to explain the principal features
of the auroral kilometric radiation (Benson, 1975; Palmadesso er al., 1976); Melrose,
1976). Most of these theories rely on the intermediats generation of electrostatic waves
and the subsequent coupling of these waves to electromagnetic radiation to explain the
observed intensities. At the present time no electric field measurements have been made
in the source region which can confirm the existence of these electrostatic waves. Also,
the polarization, which is a basic parameter that could help discriminate between the
various theories, nas not yet been determined.

5. Continuum Radiation

Brown (1973), nsing radio measurements from the IMP-6 sateilite, has identified a weak
continuum radiation coming from the Earth's magnetosphere in the frequency range from
about 30 to 110kHz. The intensity of this continuum decreases rapidly with increasing
frequency, varying approximately as f2® (f is frequency). At about the same time
Curnett and Shaw (1973) identified another somewhat more intense continuum at even
lower frequencies. from about 5 to 20 kHz. This radiation oczurs at frequencies below the
solar wind plasma frequency and is permanently trapped within the low deasity regions
of the magnetospheric cavity. It now appears that these two types of radiation are simply
different portions of a single non-thermal continuum spectrum which extends from
frequencies as low as 500 Hz to greater than 100 kHz (Gumett, 1975). This radiation, as
implied by the term continuum, has 2 smooth monotonic frequency spectrum and a
nearly constant intensity, seldom varying by more than 10 to 20dB.

To illustzate the general features of the continuum radiation spectrum, Figure § shov s
five specirums obtained from IMP-8 at various local times around the Earth and at 2
nearly constant radial distance of from 28.2 to 40.4 Rg. Four of these spectrums were
obtained in the solar wind and one (the center panel) was obtained in the low density
region of the disiant magnetotail. The spectrums in the solar wind all show the same basic
characteristics, consisting of a monotonically decreasing intensity with increasing
frequency and a sharp cutoff near the solar wind plasma frequency at about 20 to 30 kHz.
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Fig. 5. Selected spectrum of continuum radiation observed by IMP-8 at various local times. The
sharp cutoff in the solar wind spectrums occur near the solar wind plasma frequency.

The low frequency cutoff is almost certainly caused by the propagation cutoff at the

. solar wind plasma frequency. The spectrum in the magnetotail, however, extends down to
frequencies well below the solar wind plasma frequency. The continuity of the magneto-

tail spectrum with the spectrums in the solar wind indicate that the radiation observed in

' I both regions comes from the same source and that the spectrum observed in the solar
I wind represents that portion of the radiation which can escape into the solar wind above

{ either the magnetotheath or solar wind plasma frequency, whichsver is greater. The
continuum radiation spectrum can therefore be divided into a trapped ~omponent and

a freely escaping component as shown in Figurs 1. At frequencies above the magneto-

sheath plasma frequency radiation from near the Earth can propagate directly to a distant
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Fig. 6. A qualitative sketch of the ray paths from a source near the Earth at frequencies above and
below the plasma frequency in the magnetosheath.

observer, whereas at frequencies below the maguetosheath plasma frequency the radiation
is reflected into, and trapped in. the distant magnetotail as shown in Figure 6. Direction
finding measurements (Gurnett, 1975) clearly show the transition from the free escape to
the trapped regions and detailed ray path calculations exhibiting these effects have been
performed by Jones and Grard (1975). Because the magnetosheath plasma frequency is
largest near the nose of the magnetospheric cavity and decreases to approximately the
solar wind value in the downstream region, the transition from the free escape to the
trapped regions is not abrupt. Evidence showing the scattering of the escaping continuum
radiation as it passes through the magnetosheath has been presented by Vesecky and
Frankel (1975). Since only a slight, factor of 2, increase in the intensity occurs as the
frequency varies from the free escape to the trapped region it can be concluded that the
Q of the magnetospheric cavity is very low for this trapped radiation. Evidently a
substantial portion of the radiation is reabsorbed in the distant downstream tail region.

Because of the complicated reflections which take place at frequencies below the
magnetosheath plasma frequency it is nearly impossible to make a reliable determination
of the source region from measurements of the trapped component. At frequencies well
above the magnetosheath plasma frequency the source position can be determined
directly from direction finding measurements. Gumett (1975) using direction-finding
measurements from the IMP-8 spacecraft has shown that the apparent center of the
continuum radiation source is located on the moming side of the Earth at a radial
distance, projected into the ecliptic plane, of about 2 to 3 Rg from the center of the
Earth. From studies of individual passes it is also evident that the radiation extends all
the way to the propagation cutoff at the plasmapause, even near the equatorial plane,
with no evidence of an equatorial shadow zone as observed for the auroral kilometric
radiation (see Figure 4). It is therefore concluded that at least some of the continuum
radiation is generated near the equatorial plane and that this radiation is not a high
latitude auroral zone emission. On the basis of these data a qualitative model of the
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Fig. 7. A qualitative sketch of the source region of the continuum radiation as indicated by the
direction-finding measurements in Figure 7.

source region of the continuum radiation is shown in Figure 7. This model is for a
frequency of 56.2 kHz. At lower frequencies the propagation cutoff surface must extend
to progressively larger radial distances into the outer magnetosphere.

At the present time the only comprehensive theory which attempts to explain the
origin of the continuum radiation is by Frankel (1973), who proposed that the radiation
is caused by gyrosynchrotron radiation from mildly relativistic, £ =100 to 500keV,
electrons injected into the outer radiation zone during magnetic storms. In many respects
the observed characteristics are in reasonably good agreement with Frankel's calculations.
The frequency spectrum of the escaping continuum radiation, the radial location of the
source, and the local time asymmetry are all in tolerable agreeinent with the gyro-
synchrotron model. However, the gyro-synchiotron model also has several difficulties
which remain to be explained. First, the power flux calculated from the gyro-synchrotron
model is about a factor of § to 15 too small. Second, although the gyro-synchrotron
model does account for the Yigh frequency, ~ 100 kHz, portion of the spectrum which is
generated deep within the magnetosphere at L ~ 3, it is difficult to see how this
mechanism can account for the much more intense low frequency, ~ 10 kHz, portion ot
the spectrum which must be generated far out in the magnetosphere at L > 6, where the
energetic electron intensities are much lower. Third, as shown by an event recently
analyzed by Gurnett and Frank (1976), the continuum radiation is closely correlated
with the injection of electrons with energies of 1 keV to 10 keV into the magnetosphere.
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These energies are much too small to produce significant levels of gyro-synchrotron
radiation. Also, in a related observation by Gumett and Frank the intensity of the
continuum radiation is observed to increase within an hour following the onset of a
magnetic storm, much too quick to be accounted for by varations of the energetic,
~500keV, electron intensities, which usually do not increase until several days after the
onset of a magnetic storm (Owens and Frank, 1968).

3. Other Magnetospheric Radio Emissions

Several other types of magnetospheric radio emissions are known to occur at frequencies
above the local plasma frequency, but which have not yet been studied in as much detail
as the aurozal Kilometric radiation and continuum radiation. The characteristics of these
radio emissions are summarized below.

3.1. DAYSIDE KILOMETRIC RADIATION

Kaiser and Stone (1975) have reported a weak quasi-continuous radiation with a sharply
defined peak in the spectrum at about 200kHz which is thought to be generated at high
latitudes on the dayside of the Earth. The distinct peak at 178kHz in the selected
continuum radiation spectrums of Figure § is probably from this source. Because of the
similarity in the shape of the spectrum to the nightside auroral kilometric radiation it is
thought that this dayside radiation may be basically of the same origin as the nightsid
auroral kilometric radiation except that it is produced by the much less energet.c,
~100eV, polar cusp electrons.

3.2, RADIATION FROM UPSTREAM OF THE BOW SHOCK

Frem direction finding measurements with IMP-8 it is wvirtually certain that some
radiation is detected from the region ncar the bow shock (Gumett, 1975). At least one
component of this radiation appears 10 be a narrow band emission, first detected by
Dunkel (1973), at the harmonic, 2f;, of the solar wind plasma frequency. Radiation is
also sometimes observed at the fundamental, f,.

The radiation at 2f, is thought to be generated by non-linear interactions of the
electron plasma oscillations upstream of the bov. shock (Scarf er al., 1971) which are
generated by electrons from the bow shock. Although this radiation is very weak it is of
considerable interest because of the possible similarity to the generation of type Il and
type III solar radio bursts by electron plasma oscillations (Ginzburg and Zheleznyakov,
1958).

3.3. DISCRETF BURSTS

Very narrow bandwidth radio bursts, with bandwidths of less than 100 Hz and durations
from a few tenth of a second to several seconds, are sometimes observed at frequencies
above the local plasma frequency (Gurnett and Shaw, 1973). The center frequency of a
given burst tends to decrease rapidly after the onset of the burst, similar to the so-called
‘S bursts’ from Jupiter at frequencies in the 10MHz range (Warwick, 1967). The
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occurrence of narrowband emissions of this type is clear evidence of a resonant plasma
instability operative at frequencies above the local plasma frequency, possibly comparable
to the resonant whistler-mode instability which produces chorus and other discrete VLF
emissions.

4. Discussion

It is evident that the Earth's magnetosphere produces a variety of complex and very
interesting radio emissions at frequencies above the local plasma frequency. Since these
waves can escape from the Earth's magnetosphere these radio emissions can be expected
to have close similarities to radio emissions produced by other astronomical radio sources.
Already certain close similarities 2re evident. The auroral kilometric radiation has features
very similar to the lo-related decametric radiation from Jupiter and the recently
discovered decametric radiation from Satum (Brown, 1975). The radiation at f;, and 2f;
upstream of the bow, shock appears to be generated by the same mechanism as type Il
and type Il solar radio bursts. The beaming of the auroral kilometric radiation into a
cone-shaped region over the polar cap has some similarity to the angular distribution of
radiation from lo and to the beaming of radio emissions from pulsars.

At the present time the mechanisms by which most of these 1adio emissions are
generated are rather poorly understood and the proper explanation of these radio
emissions represents a significant challenge to the theorists. It should however be possible
to arrive at a reasonably clear understanding of how these radio emissions are generated
since a geat deal is known about the charged particle distributions and processes which
occur in the Earth's magnetosphere. Because a compai .ble detailed hnowledge of the
charge particle distribution will probably never be known for most othe: radio sources in
the universe the study of these terrestrial radio emissions provides a vnique opportunity
to extend our understanding of radio emissions from other planets and astronomical
objects.
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Plasma Waves in the Distant Magnetotail

D. A. GurNEeTT
Max-Planck-Institut fiir Physik und Astrophysik, Institut fiir extraterrestrische Physik
’ Garching, West Germany
.
L. A. FrRaNK
| ' Department of Physics and Astronomy, Unicersity of lowa, lowa City, lowa 52242
R. P. LEPPING
' Laboratory for Extraterrestrial Physics, NASA Goddard Space Flight Center, Greenbelt. Maryland 20771
In this study we identify the principal types of plasma waves which occur in the distant magnetotail, and
'] we investigate the relationship of these waves to simultaneous 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 R,. Three principal
types of plasma waves 1re detected by Imp 8 in the distant magnetotail: broad band electrostatic noise,
whistler mode magnetic noise bursts, and electrostatic electron cyclotron waves. The electrostatic noise is
a broad band einission 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 fargc gradients in the magnetic field near the outer boundaries of the plasma sheet
and in regions with large placr» flow speeds, 10° km s ', directed either toward or away from the carth
The whistler mode magnetic bursis observed by Imp 8 consist 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 noise, although much less frequently, and are thought to be associated with regions carrying
substantial field-alizned currents. Electrostatic electron cvclotron waves are seldom detected by Imp 8 in
the cistant magnetotail. Although these waves occur very infrequently, they may be of considerable
importance, since they have been observed in regions near the neutral sheet when the plasma is extremely
hot.

1. INTRODUCTION merging region or along the aurora!l field lines, has been sug-
gested as the tniggering mechamism for magnetospheric sub-
storms [Piddingron, 1967). On the other hand, turbulence free
processes have also been suggested to explain the merging
process and the triggering of auroral substorms [Schindler,
1974]. Because of the possible role of plasma waves in these
processes it is of considerable general interest to tnvestigate the
plasma wave phenomena which occur in the distant magneto.
tail.

It is widely recognized that processes occurring in the dis-
tant magnetotail are of fundamental importance to the under-
standing of the interaction of the earth’'s magnetosphere with
the solar wind. The intense plasma heating which takes place
in the plasma sheet region of the magnetotail is usually attrib-
uted to the merging of oppositely directed magnetic fields at
one or more x type neutral lines, with the subsequent con-
version of magnetic field energy into Kinetic energy [Dungey, ‘
1961; Axford et al., 1965; Speiser, 1965]. Although the overall At the present time, few plasma wave observations have
wonfiguration of the magnetic fir Ids and plasmas in the magne- been reported in the pltssma sheet and neutral sheet regions of
totai! is reasonably well understood, the detailed microscopic  'he distant magnetotaii. Using data from the Ogo 1. 3. and §
processes w hich occur in this region and their relationship to s.llgllllcs. which provide measurements only in the near-earth
auroras and substorms are not. Classical magneto- re#IONs of the plasma sheet (at radial distances R < 17 Ry).
hydrodynamics requires a finite conductivity in the merging Brody et al. [1968] have reported observations of brief bursts

- region. Since the plasma is essentially collisionless, an impor-  ©f whistler mode magneiic noise near the neutral sheet. Early
tant question arises as to how this finite conductivity can  ¢lectric field measurements on Ogo S by F. L. Scarf revealed .
occur. Piddington (1967], Dungey [1972), Syrovatskii [1972), "° VLF electric field oscillations in the tail with the exception

" and others have suggested that plasma wave turbulence pro- ofsubslqrm-assoculcd waves in the near-carth plasma sheet at
duces an anomalous resistivity in the merging region and radial dumn_ces of less than 12 Rg [Russell, 1972]. More re-
thereby provides the mechanism for dissipating the magnetic cently, Scar/ et al. [_1974]. using measurements from the Imp 7
field energy. Similar plasma wave turbulence processes are spacecraft at a radial distance of about 30 R,. have reported
thought to occur in regions of field-aligned currents associated observations of moderately intense electric field oscillations in
with auroral precipitation [Kindel and Kennel, 1971]. The sud- 'he region immediately outside the plasma sheet and very

den onset of enhanced plasma wave turbulence, either in the 'Nense (160 my) low-frequency magnetic noise in the high-
density region of the plasma sheet

The purpose of this paper 1s 1o present the results of an
extensive study of plasma waves in the distant magnetotail
using measurements from the Imp 8 spacecraft. These plasma
Copyright © 1976 by the Amenican Geophysical Union wave measurements are compared with plasma and magnetic 4
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Fig. 1. Solar magnetospheric coordinates Y.y and Zgy for the

magnetotal pass on days 107, 108, and 109, 1974, During this pass,
Xy varies from about =234 10 - 1356 R;.

field measurements presented in a companion paper by Frank
et al. [1976] to study the relationship of the plasma waves to
the various plasma regimes found in the distant magnetotail.

2. SPACECRAFT ORBIT AND INSTRUMENTATION

All of the measurements employed in this study were ob-
tained with instrumentation on the Imp 8 (Explorer 50) space-
craft. This spacecraft 1s in a low-eccentricity orbit with initial
perigee and apogee geocentric radial distances of 25.1 and 46.3
Ry, respectively, and an orbit inchination of 41.5° with respect
1o the ecliptic plane. Because of the large orbitinclination, Imp
8 provides essentially complete coverage in | year of a cross
section of the magnetotail at distances of about 25-35 Ry
from the carth. Approximaicly 20 passes occur through the
magnetotail cach year. However, of these, only about 6 or 7
passes provide crossings of the neutral sheet. For this study we
have examined all of the plasma wave data, and selected
portions of the plasma and magnetic field data, for a 15-month
period from December 22, 1973, to March 22, 1974, These
data include a total of 26 passes through the magnetotail of
which 8 have clearly defined neutral sheet crossings.

Measurements are shown from three instruments on Imp 8,
the University of lowa plasma wave experiment, the Univer-
sity of lowa low-energy proton and electron differential energy
analyzer (Lepedea), and the Goddard Space Flight Center
(GSFC) magnetometer, The plasma wave experiment on Imp
8 provides clectric field measurements from 4C Hz to 2.0 M Hz
and magnetic field measurements from 40 Hz to 1.78 kHz.
Electric field measurements are obtained by using a ‘long’
(121.5 m from up to tipj electric dipole antenna which is
extended outward perpendicular to the spacecraft spin anis.
The spin avis is oriented perpendiculir to the ecliptic plane,
Magnetic field measurements are obtained by using a triaxial
search coil magnetometer. Further details of the Imp 8 plasma
wave experiment are given by Gurnetr [1974].

The Lepedea on Imp 8 provides measurements of the differ-
ential energy spectrums and angular distributions of protons
and clectrons over the energy runge S0 eV 1o 45 keV. Electron
and proton energy spectrums are obtamed in 16 energy pass-
bands and in 16 direcions (sun-sectored) for each passband

GURNETT ET AL PLASMA WAVES IN THE DISTANT MAGNE TOTAN

The Lepedea also includes a Geiger-Mucller tube which s
sensitive Lo electrons with energies £ 2 45 keV and protons
with energies £ 2 650 keV. The fields of view of both the
Lepedea and the Geiger-Mueller tube are oriented per-
pendicular to the spacecraft spin axis. Further details of the
Lepedea instrumentation are given by Frank et al. [1976)

The magnetometer on Imp 8 is a triaxial flux gate magne-
tometer with a range of about 136 y and a resolution of 0.3 5.
Further details of this instrument are given by Scearce et al
[1976).

3. A Typicar Imp 8 Pass THROUGH THE
NEUTRAL SHEET

To illustrate the general features of the Imp 8 plasma wave
measurements, we first discuss a representative pass through
the neutral sheet. The solar magnetospheric coordinates Yy
and Z,y, for this pass, which occurred on days 107, 108, and
109, 1974, are shown in Figure |. Both the plasma and the
magnetic field data, which are discussed later, show that the
spacecraft enters the plasma sheet at about 0330 UT on day
107 and leaves the plasma sheet at about 1050 UT on day 109.
This pass was selected for discussion because the magnetic
field data show a very clear transition from the southern to the
northern lobes of the magnetotail with an extended period (on
day 108) in the vicinity of the neutral sheet.

The magnetic field and plasma wave measurements obtained
Juring this pass are shown in Figures 2, 3, and 4. The corre-
sponding plasma data for this pass are shown in Plates 1, 2,
and 3. The top panels of Figures 2, 3, and 4 show the magnetic
ficld measurements from the GSFC magnetometer, and the
middle and bottom panels show the plasma wave magnetic
and electric field intensities. The angles 0," and ¢«\" of the
magnetic field direction are given in solar magnetospheric
coordinates, and the magnetic field magaitude is in gammas,
The plasma wave magnetic field intensities are shown in seven
frequency channels from 40 Hz to 1.78 kHz, and the electric
field intensities are shown in 15 frequericy channels from 40 Hz
to 178 kHz. The ordinate for each channel is proportional to
the logarithm of the field strength, with a range of 100 dB from
the base line of one channel to the base line of the next higher
channel. The vertical bars plotted for each chunnel give the
average field strengths, averaged over intervals of 163.8 s, and
the dots give the peak field strengths.

The magnetic field data show that after the spacecraft enters
the plasma sheet at about 0330 UT on day 107 (Figure 2) it s
located in the southern lobe of the magnetotal, with the
magnetic tield directed away from the sun (¢«u® > 180°). The
spacecraflt remains in the southern lobe of the magnetotail
with a relatively steady magnetic field of about 15-20 y unul
about 0200 UT on day 108 (Figure 3). Starting at this time and
continuing for the next 24 hours until about 0230 UT on day
109 (Figure 4), the magnetic field magnitude undergoes a series
of depressions and directional changes w hich indicate multiple
encounters and crossings of the neutral sheet. After about 0230
UT on day 109 and unul the spacecraft leaves the plasma sheet
at about 1050 UT the magnetic field is directed toward the sun
(¢an™ > 0%) with a relatively steady magnitude of about 20 4,
indicating that the spacecraft is in the northern lobe of the
magnetotail.

Several types of plasma waves are evident in the magnetotar!
during this pass. In the clectnic field channels above about S0
kHz. many sporadic bursts of auroral Kilometnic raduation are
evident throughout the pass (see Frgure 2) Since this type of
rediation s penerated close to carth [Gurnerr, 1974] and does
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not interact with the plasma in the distant magnetotail, it will
not be considered further in this paper. This radiation does,
however, provide a useful index of auroral and magneto-
sphenc substorm activity,

AL lower frequencies, from about § to S0 kHz, a nearly
steady level of continuum radiation is present for the entire
duration of the pass through the magnetotail. As has been
shown by Gurnett and Shaw [1973], this radiation is per-
manently trapped in the low-density regions of the magneto-
spheric cavity at frequencies below the solar wind plasma
frequency. The abrupt cutofl of the trapped continuum radi-
ation at the magnetopause crossings on days 107 and 109 is
clearly evident in the 10.0- and 16.5-kHz channels. In the inner
regions of the magnetosphere the low-frequency cutoff of the
trapped continuum radiation 1s at the local electron plasma
frequency, f,. and can be used to make very accuraie determi-
nations of the local electron density (Gurnett and Frank, 1974).
It was imitially thought that this cutofl could be used to deter-
mine the clectron density in the very low density high-latitude
regions of the magnetotail, where itis very difficult to measure
the plasma density with other techmques. However, as was
shown by this pass and by detailed analysis of mauy other
passes, the low-frequency cutofl of the continuum radiation 1s
essentially censtant, independent of the spatial position within
the magnetotail. The cutofl must therefore be determined by
the plasma frequency in the source (or somewhere else in the
magnetosphere) and not by the local plasma frequency. Since
this radiation is also thought to be generated relatively close to
the earth [Gurnetr, 1975], this noise will not be discussed
further in this paper.

In the region near the neutral sheet on ¢y 108 (Figure 3),
many intense bursts of low-frequency (40 Hz to 1.78 kH2)
electric field noise are observed. This type of noise is detected
on all passes which come close to the neutral sheet region and
is the most intense type of plasma wave detected by Imp 8 in
the distant magnetotail. Because the spectrum of this noise
extends over a very broad frequency range and because no
comparable noise is detected by the magnetic field sensor, we
refer to this noise as broad band electrostatic noise. The de-
tailed characteristics of this noise are discussed in section 4.

Another type of plasma wave is also evident in the low-
frequency (40-562 Hz) magnetic field channels in Figure 3.
This noise occurs much less frequently than the broad band
clectrostatic noise and is most clearly evident in the peak
measurements, indicating that the noise consists of many short
bursts. Since this noise is detected by a magnetic antenna and
occurs at frequencies below the electron gyrofrequency, which
is typically a few hundred hertz in these regions, the noise must
consist of whistler mode waves. We refer to this noise as
whistler mode magnetic noise bursts. The detailed character-
istics of these magnetic noise bursts are discussed in section §.

The one remaining type of plasma wave observed by Imp 8
in the distant magnetotail consists of electrostatic waves near
harmonics of the electron gyrofrequency. Waves of this type
are frequently observed in inner regions of the magnetosphere
[Kennei et ¢l 1970] and are called electron cyclotron waves
Electron cyclotron waves of this type are seldom observed in
the distunt magnetotwl and did not occur during the pass
tlustrated in Figures 2,3, and 4. The detnled charactenistics of
this noise are discussed 1n section 6

4. Broap Banp Errcirostanic Noist

The pass illustration i bBigures 2, 3, and 4 provides an
excellent example of the typical charactenstics of the broad

bund clectrostatic noise detected by Imp 8. The noise usually
occurs over a broad range of frequencies extending from about
10 Hz to | kHz and with intensities ranging from about 50 uV
m 'to S mV m ' A typical spectrum of this noise, selected
during an interval of relatively high intensity, from 1056 to
1059 UT on day 108, is shown in Figure 5. These electric field
spectral densities are computed from the average field strength
measurements and assume that the effective length of the
clectric antenna is one half of the tip-to-tip length. The rms
ciectric field amplitude, integrated from 40 Hz 10 10 kHz, is
about 1.23 mV m ' in this case. The peak clectric field
strengths for this sume interval are about a factor of 3-5 times
larger thun the average field strengths. Usually, the intensity of
the broad band electrostatic noise is less than that shown in
Figure 5. However, on cvery pass close to the neutral sheet,
several intervals of half an hour or more are usually encoun-
tered with intensities comparable to those in Figure §.

To illustrate the fine structure of the broad band elec-
trostatic noise, a high-resolution frequency-time spectrogram
of this noise is shown in Figure 6. Two different frequency
scales are shown to provide good resolution over the entire
frequency range. The spectrum of the broad band electrostatic
noise 1s seen 1o consist of many discrete bursts lasting from a
few seconds to several minutes. These bursts often have a
charactenistic V shaped frequency-time variation, first decreas-
ing and then increasing in frequency with increasing time. The
spectrum also shows a marked decrease in intensity at frequen-
cies above about 400 Hz. This upper cutofl frequency agrees
well with the local electron gyrofrequency f, -, which varies
from about 400 to S00 Hz during the interval shown in Figure
6. Some weak bursts do, however, extend up to frequencies of
several kilohertz, well above the electron gyrofrequency. This
same quasi-cutofl effect near the electron gyrofrequency s
evident in the spectrum of Figure S, where the electron gyro-
frequency was about 300 Hz. The wide band spectrograms in
Figure 6 also show a well-defined lower cutofl frequency at
about 10 Hz. This low-frequency cutoll is believed to corre-
spond 10 the local lower hybnd resonance frequency fiyx. If
[, >> [, . which is usually the case in the regions where this
noise is observed, the lower hybrid resonance frequency s
given by foun = (fg fe' ) ? [Suix, 1962]. For the spectrum in
Figure 6, (f; [,*) # vanies from about 10.5 to 11.6 Hz (assum-
ing that the 10ns are protons).

To help establish the mode of propagation of the broad
band electrostatic notse, it is useful to determine the onienta-
tion of the electric field relative to the static magnetg field. The
direction of the electric field in the plane of rotation of the
electric antenna can be obtained from the spin modulation of
the noise intensity. To provide a meaningful interpretation in
terms of the local magnetic field direction, measurements of
this type must be made when the magnetic field lies ¢lose to the
plane of rotation of the antenna. Fortunately, for the case
shown in Figure 6 the magnetic field is in a satisfactory direc-
uon (vo™ > 165° and 0" > 5°%) for this type of analysis
Because the intensity of the noise fluctuates considerably, the
intensity must be sector averaged over many rotations to de-
termine the modulation pattern. The spin modulation ob-
served for the event in Figure 6, averaged from 1037 to 1106
UT. s illustrated in Figure 7. These data show that a very
distinet null occurs when the electric antenna axis is parallel to
the local magnetc tield The depth and angular position of the
null indicate that the electnie field must be oriented within
about 1 20° from perpendiculur to the magnetie ield

To clearly establish the region of the magnetotal im which
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Fig. 5. A typical spectrum of the broad band electrostatic noise
during a period of relatively high intensity, from 1056 10 1059 UT on
day 108. The electron gyrofrequency during this period is about 300
Hz.

the broad band electrostatic noise is most frequently observed,
we have analyzed all of the available Imp 8 magnetotail passes
to determine the frequency of occurrence of this noise as a
function of Ysy and Z¢y. To compute the frequency of occur-
rence, events are counted only when the electric field spectral
density simultancously exceeds the thresholds indicated by the
dashed lines in Figure S. The resulis of this analysis are shown
in Figure 8. [t is evident that the broad band electrostatic noise
is observed over a very broad region of the magnetotail. The
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largest frequency of occurrence is clearly in the region near the
neutral sheet; however, the noise is often detected at distances
of as much as 10-15 Ry from the neutral sheet. Comparisons
of individual events with switches in the mugnetic field oirec-
tion between ¢y ® > 0° and ¢ " > 180° clearly show that
although the broad band clectrcstatic noise occurs in the gen-
eral region near the neutral sheet, it is not uniquely associated
with crossings of the neutral sheet,

To identify the plasma region associated with the broad
band electrostatic noise¢, the Lepedes data have been in-
vestigated on several selected passes through the neutral sheet.
To illustrate the relationships typically observed, the Lepedea
data for the pass discussed earlier, on days 107, 108, and 109 of
1974, are shown in Plates |, 2, and 3. The details of these
spectrogram displays of the Lepedea data are given in the
companion paper by Frank et al. [1976]. In summary, the top
four panels of each plate give (from top to bottom) the energy
spectrums of protons in four viewing directions, toward the
sun, toward local evening. away from the sun, and toward
local morning, and the bottom panel gives the energy spectrum
of electrons averaged over all sectors. The panels labeled *s=c-
tor' give the angular distributions of protons and electrons
averaged over all energies.

In comparing the plasma measurements with the broad
band electrostatic noise intensities. several relationships are
apparent. First, the noise is usually observed near the bouno-
aries of the plasma sheet. For example, many crossings of the
plasma ¢\icet boundary are evident from about 1900 UT on
day 107 ‘o0 about 1600 UT on day 108, and the broad band
electrosiatic noise intensity is correspondingly very large dur-
ing this period. The noise intensity variations often show a
very clear relationship to brief encounters with the plasma
sheet, as from 1900 to 2000 UT and from 2215 to 2345 UT on
day 107. Normally, the noise is completely absent in the very
low density (~0.01 protons cm " ?) regions characteristic of the
high-latitude magnetotail anc in the high-density regions deep
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tenna orientation angle for the broad band electrostatic noise shown in
Figure 6. The null in the electric fizld amplitude occurs when the
antenns axis 1s approximately parallel to the local magnetic field.

within the plasma sheet. For example, when an extended pe-
riod of several hours occurs where little or no plasma can be
detected, as from about 1100 to 1909 UT on day 197, the noise
intensities are very low. Similarly, when the spacecraft is
within the high-density region of the plusma sheet for an
extended period, as from about 1630 to 1900 on day 108, the
intensities are very low.

Further evidence of the association of the broad band elec-
trostatic noise with the boundaries of the plasma sheet is
provided by the magnetic ficld data, Usually, the largest broad
band noise intensities are observed in regions where large
gradients occur in the magnetic field magnitude, particularly
as the magnetic field changes from the relatively steady field
characteristic of the high-latitude magnetotail to the depressed
and more variable field in the plasma sheet. Because of the
obvious difficulty in separating temporal variations from spa-
tial variations it is not certain just how far these waves may
extend inside or outside the plasma sheet boundaries. Mea-
surements by two spacecraflt are needed to eliminate some of
these uncertainties,

Second. in most cases the broad band clectrostatic noise
occurs in regions which have highly anisotropic fluxes of pro-
tons streaming either toward or away [rom the sun, of the type
discussed by Frank et al. [1976). A good example of this
association occurs from about 1900 to 2000 UT on day 107 in
Figure 2. During this interval, which corresponds to a period
of enhanced broad band noise intensity, both the proton en-
ergy spectrogram viewing away from the sun and the proton
sector spectrogram (see Plate 1) show an intense flux of pro-
tons with energies of several keV streaming toward the sun,
Another example of this relationship occurs during the period
of intense broad band noise from about 1900 to 2000 UT on
day 108 in Figure 3. As shown by Frank 21 al (1976, Figure 1)
this interval is characterized by substantial plasma lows di
rected away from the sun with velocities as lurge us 600 km's ',
In comparison, the preceding interval from about 1630 to 1900
UT has very low electric field intensities and correspondingly
small low selocities, less than 200 km s ' The most intense

GURNETT £ AL Prassa Waves v 11 Distant Maosieroran

6065

broad band clectrostatic noise encountered duri. 2 this pass,
from about 1045 10 1140 UT on day 108, occurs in a region ol
very large flow velocities, greater than 10" km s ', which Frank
et al. [1976] identily as the ‘fireball.’ the region of primary
charged particle acccleration in the magnetotail. The max-
imum electric ficld intensities in this region, at about 1056 UT,
occur essentially coincident with the change in the 8, com-
ponent of the magnetic field (solar magnetospheric coordi-
nates) from northward to southward and a corresponding
switch in the plasma flow velocity from earthward to tailward
[see Frank et al., 1976, Figure 4). A detailed analysis by Frank
et al. [1976] of the charged particle angular distributions pro-
vides substantial evidence that this region of intense electric
field turbulence and large rapidly fuctuating plasma flow
velocities represents an encounter with the merging region in
the distant magnetotail,

Because of temporal variations assocated with auroral sub-
storms it is very difficult to separate temporal variations, such
as could occur from the sudden onset of a plasma instability,
from variations produced by movements of the plasma sheet
boundaries. Simple inspection of the intensity variations of the
broad band electrostatic noise strongly suggests that the in-
tensity variations of this noise are uften closely associated with
temporal variations in auroral activity taking place near the
carth. Abrupt increases or changes in the broad band elec-
trostatic v».nic¢ irtensity are often associated with abrupt in-
creases in the intensity of the auroral kilometric radiation
penerated in the auroral regions near the earth. An example of
this type of association is shown in Figure 9 for another Imp 8
pass through the plasma sheet near local midnight. Several
distinct periods of enhanced auroral kilometric radiation are
evident in the 56.2-, 100-, and 178-kHz channels auring this
period, the most prominent starting at about 1205, 1830, and
2200 UT. The onset of each of these periods of intense auroral
kilometric radiation occurs coincident with an abrupt increase
in the intensity of the broad band electrostatic noise. Although
this relationship does not always occur on a one-to-one hasis,
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Fig 8 Frequency of occurrence of the broad band electrostatic
noise as o function of Y.y and Z,y The thresholds used for this
analysis are shown in Figure §
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NEUTRAL SHEET both types of noise have many characteristics in common

18 . v First, although the frequency ranges are quite different, both

..’3 . . ' the auroral hiss and the broad band electrostatic noise occur in

e the same frequency range, [iun < [ < f, . relative to the local

o d X characteristic frequencies of the plasma. The fact that some

'3,,3' R e o LT R weak bursts of broad band clectrostatic noise extend above the

-9 electron gyrofrequency can be attributed to Doppler shifts

s04 caused by the large strcaming velocities (up to 10" km s ')

Q i [ observed in the region where the noise i1s detected. Second,

¥ g [ both types of noise are nearly electrostatic, with the electric

v o i " field oriented approximately perpendicular to the magnetic

" field. As discussed by Taylor and Shawhan [1974], auroral hiss
§
>

178 | L, WHISTLER WOCE
g 1D | i » NOISE BURSTS
> 32| 100 T 77\
2 0] \ - Il AR
g 78 o8, © l - 7—] e
100 | © A0, it
Loy RS . T 4 = p . 2 L 13 1
AURORAL KILOME TRIC
RADIATION

(J ) Y SR f—— - =

100 A el . et il
%2 V-
30 _BRCLD BaNS —
o » 20 = abtE TROSTAY 2 e,
e T e e
“ » 100 fan P
g ¥ s e o
Ea '™ B e TSN R S
3 y 100 RNV PRSP - S —
w o oeg2 . 800004 a . sadbe E—_—
BT . Anadie ARG A b M e 2
1”8 . FUSURUY U VDUV SR
100 ‘ W e
040 _Joun meemncsmsssmsani0h A Sesssindbesssntuny
UT(HMR) Q0 04 08 12 16 20 24
R (Ry) 284 290 297 308 M3 20 28
ITHR) 219 223 227 231 238 239 02
8, [0EQ 123 54 -00 -14 -8 -8 -66

W 8, DAY 28/, OCT 8, 1974

Fig. 9. Example of the assocration between abrupt increases in the
intensity of auroral kilometric radiation generated near the earth (at
about 1208, 1830, and 2200 UT in the $6.2-, 100-, and 178-kHz
channels) and increases in the intensity of the broad band ciectrostatic
noise in the distant magnetotal. Comparisons of these data with the
corresponding plasma measurements of Frank et al [1976. Figure 6]
provide further examples of the association of the broad band elec-
trostatic noise with the boundaries of the piasma sheet and with re-
gions of large plasma flow velocities,

it occurs sufficiently often to suggest that the broad band
electrostatic noise observed in the distant magnetotail by Imp
8 is closely associated with auroral activity taking place close
to the earth.

In comparing the frequenc,-time «~ectra of the broad band
clectrostatic noise (Figure 6) with other types of plasma waves
observed in the carth’s magnetosphere one is immediately
impressed with the close similanity to a type of broad band
whistler mode noise called auroral hiss Unul now, auroral
hiss has only been observed at low altitudes, up to a few
thousand kilometers, over the auroral zone [Gurrernr, 1966;
Laaspere et al |, 1971, Gurnett and Frank. 1972] Although the
frequency range of the auroral hiss observed by low-altitude
satedlites, about 1-100 kHz, s much different from the fre-
quency range of the broad bend electrostatic noise observed in
the dintant magnetotal by Imp K 10 Hz 1o g few kilohertz,

close to the resonance cone This wave normal direc.ion results
in a quasi-electrostatic type of propag.tion with a very small
wave magnetic field. Because of the quasi-electrostatic mode of
propagation, with the wav~ vector along the resonance cene,
the clectric field direction of auroral hiss is nearly per-
penrdicular to the iocal maenetic field over most of the fre-
yueiey range, similar to the clectric field direction of the broad
band electrostatic noise. Third, the detailed spectral character-
istics of both the auroral hiss and*the broad band electrostatic
noise have a very similar appeamance when the frequency scales
are adjusted to account for the different frequency ranges in
which these waves are observed. In particular, auroral hiss
often has distingt V shaped spectial features, called *V shaped
hiss" and ‘saucers’ [see Gurnett and Frank, 1972], which bear 4
close similanty to the V shaped bursts evident in the broad
band electrostatic noise. The frequency spectrum of the broad
band electrostatic noise detected by Imp 8 in the distant mag-
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Fig. 11. Frequency-time spectrogram of the whistler mode magnetic noise burst. These bursts consist of many narrow
bandwidth tones with rapidly varying frequencies lasting from a few seconds 1o a few tens of seconds.

neto.ail also shows a remarkable similarity to the moderately
intense electrostatic noise detected throughout the magneto-
sheath, downstream of the earth's bow shock [Rodrigue: and
Gurneut, 1975). The frequency range for the magnetosheath
noise, a few hertz to about | kHz, is very similar to the
frequency range of the broad band electrostatic noise, and the
wide band spectrums of the magnetosheath noise have distinct
V shaped spectral features which are remarkably similar to the
broad band electrostatic noise (compare Figure 12 of Rodri-
guez and Gurnett [1975] with Figure 6 of this paper).

5. MAGNETIC NOISE BURSTS

During the pass illustrated in Figures 2, 3, and 4, several
bursts of ncise are evident in the low-frequency (40-311 Hz)
magnetic field channels as the spacecraft passes through the
region near the neutral sheet on day 108. These bursts are most
clearlv detected in the peak measurements and are particularly
intense at about 0600, 1058, and 2000 UT (see Figure 3).
Spectrums of the peak and average magnetic field spectral
densities during one of the more intense bursts, from 1056 to
1059 UT, are shown in Figure 10. The peak field strengths are
seen to be much larger than the average strengths. For ex-
ample, the peak magnetic field strength in the 40-Hz channel
during this interval is 126 my, whereas the rms magnetic field
strength determined from the average field strength measure-
ments is only 4.6 my. The large ratio of peak to average field
strength indicates that the noise consists of many intense but
brief bursts. To illustrate the detailed finz structure of this
noise, a wide band frequency-time spectrogram from this same
interval is shown in Figure 11. The bursts are seen to consist of
nearly monochromatic tones, with rapidly changing frequen-
cies. which lust from a few seconds to a few tens of seconds.
The frequency range of these bursts is always below the local
electron gyrofrequency. vhich varies between about 300 and
S00 Hz for the event shown in Figure 11, Since the only
electromagnetic mode of propagation which occurs in this

frequency range is the whistler mode, these bursts ar: almost
certainly propagating in the whistler mode.

Magnetic noise bursts of the type illustrated in Figures 10
and 11 occur much less frequently than the broad band elec-
trostatic noise discussed in the previous section. A few such
bursts are, however, observed on essentially every pass which
comes close to the neutral sheet. To determine the region of
the magnetotail in which these noise bursts are most frequentiy
observed, the frequency of occurrence of this noise has been
analyzed in the same way as was done for the broad band
electrostatic noise. To compute the frequency of occurrence.
any burst exceeding the noise level of any one of the magnetic
field channels by more than 2 dB is counted as an event (sce
Figure 10 for the noise levels of the magnetic field sensor). The
results of this frequency of occurrence analysis are shown in
Figure 12. It is evident that the magnetic noise bursts occur in
a region close to the neutral sheet (| Zey| < 5 Rg).

Comparison with the magnetic field and plasma data shows
that although the magnetic noise bursts occur in the region
near the neutral sheet, the bursts do not necessarily occur in
the region where the spacecraft actually crosses the neutral
sheet. As we have seen for the broad band electrostatic noise.
the magnetic noise bursts tend to occur in regions with large
gradients in the magnetic field near the boundaries of the
plasma sheet. The bursts are often completely absent in re-
gions of very small magnetic field, such as at about 1200 UT
on day 108, and in the high-density inner region of the plusma
sheet, as from 1600 to 1900 UT and from 2230 to 2400 UT on
day 108. Frequently, the magnetic noise bursts are observed in
the same region where the broad hand electrostatic noise is
unusually intense and where magnetic merging is thought to he
tuking place. for example. at about 1058 UT on day 10X
Although it is possible that the weak average field intensities in
these regions may be directly associated with the broad bund
electrostatic noise, the spectrums of these two types of noise
are quite difTerent (compare Figures 6 and 11, Thus although
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the magnetic noise bursts sometimes occur in the same region
as the broad band electrostatic noise, these bursts apparently
constitute a completely different type of plasma instatility.
The clectric field of the whistler mode magnetic noise bursts
has not been detected, probably because the much more in-
tense broad band electrostatic noise 1s usually present in the
same region,

Although the magnetic noise bursts are observed in the same
region and under similar conditions as the broad band elec-
trostatic noise, the charactenstics of these two different types
of noise are quite different. It seems likely that these two types
of noise are produced by distinctly different instatnlity mecha-
nisms, both of which occur for the same type of particle
distnibution function. The broad band electrostatic noise
evidently has a lower instability thresheld, since this noise is
observed much more frequently and over a broader region
than the magnetic noise bursts. Since both types of noise
display charactensucs of the whistler mode, the main differ-
ence is probably the wave normal angle at which the instability
occurs. The large magnetic field amphitudes of the magnetic
noise bursts are characteristic of whistler mode propagation at
wave normal angles parallel to the magnetic field, whereas the
large electric field amphitudes of the broad band electrostatic
noise are characteristic of propagation at wave normal angles
near the resonan.* cone.

In comparing these observations with previous studies it is
almost certain that the magnetic notse bursts detected by Imp
8 are of the same type reported by Brody et al [1968], using
measurements from Ogo | in the near-earth region of the
plasma sheet at radial distances of 15-20 R, from the earth
The magnetic nose bursts detected by Imp 8 also have spectral
characteristics similar 1o the whistler mode noise bursts called
on's roar,” which occur throughout the magnetosheath
[Smith et al, 1969]. Although the frequency range and Jdura-
tion of the magnetic noise bursts detected in the magnetotal
are similar to hon's roar, the intens:ty s usually about a factor
of S smaller
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Scarf et al [1974] have reported observations ol continuous
high-intensity (160 my) low-frequency magnetic hield noise in
the high-density regions of the distant plasma sheet. The brief
intense magnetic field bursts discussed in this paper cannot
correspond to this nearly continuous noise. Magnetic noise
comparable to that discussed by Scarl et al. has not been
detected in the distant magnetotail by the Umiversity of lowa
plasmua wave instruments on cither Imp 6 or Imp 8.

6. ELECTROSTATIC ELECTRON CYCLOTRON WAVES

The one remaining type of plasma wave detected in the s
distant magnetotail by Imp 8 consists of narrow band elec-
trostutic emissions near harmonics of the electron gyro-
frequency. This type of plasma wave did not occur duning the
pass illustrated in Figure | and has been observed only a few
times in all of the available Imp 8 magnetotail data. A case in
which this type of noise s observed is shown in Figure 13,
During this pass a well-defined crossing from the southern to
the northern lobe of the magnetotail takes place from about
0430 10 0440 UT, with ¢sp™ switching from 180° 10 0°. During
this entire period the magnetic field is directed northward.
indicating that the spacecraft is on closed field lines within the
plasma sheet. Starting at about 0345 UT, shightly before the
neutral sheet crossing, and continuing to about 0345 UT, well
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Fig. 14, Frequency-time spectrogram of the electron cyclotron waves shown in Figure 13. The fundamental emission
frequency occurs at about 1.21 times the electron gyrofrequency

after the neutral sheet crossing, a distinct enhancement is
evident in the electric field channels from 311 Hz to 1.78 kHz.
No comparable enhancement 1s evident in the corresponding
magnetic field channels, indicating that the noise is elec-
trostatic. The broad band electric field strength at the time of
peak intensity, at about 0530 UT, is about 330 uV m ',

A frequency-time spectrogram of the wide band data od-
tained during this event is shown in Figure 14, This spectro-
gram shows that the clectrostatic noise consists of a strong
narrow band emission at a frequency of about 280 Hz and
weaker emissions at the second and third harmonics. Although
the frequency spectrum of the fundamental is considered re-
liable, it 1s possible that the second and third harmonics may
be due to nonlincanities in the wide band telemetry system.
The existence of emissions above 280 Hz is, however, definitely
confirmed by the enhanced electric field intensities in the 562-
Hz, 1.0-kHz, and 1.78-kHz electric field channels (see Figure
13). During ihe interval from 0500 to 0600 UT the electron
gyrofrequency varies from about 200 to 250 Hz. Detailed
comparisons show that the fundamental frequency of the elec-
trostatic emission occurs at about 1.21 times the electron gyro-
frequency. The highest frequency detected. 1.78 KHz, corre-
sponds to the seventh harmonic of the electron gyrofrequency
Because of unfavorable orientations and variatons of the
magnetic field it has not been possible, in this case or any of
the other cases studied, to determine the onentation of the
electric field relative to the local magnetic field

Although electrostaiic emussions near the electron gyro-
frequency and its harmonics occur very infrequently and are
not as intense as the broad band electrostatic noise, these
emissions may be of considerable importance because they
occur in the same region in which Frank er al. [1976] have
reported the presence of an extremely hot plesma. For the
event shown in Figure 13 the interval from about 0400 to 0630
UT is characterized by a very large increase in both the clec-
tron and the proton energies, with average energies greater
than 10 keV and electron fMluves J(E > 45 keV) > § x 10*
el(cm® s sr) ' For further detals and an analysis of this event,
see Frank et al. [1976)

Electrostatic waves of this type, near harmonics of the elec-
tron gyrofrequency, have been previously observed in the -
ner regions of the earth’s magnetosphere [Aennel et al. 1970,
Fredricks and Scarf, 1973 Shaw and Gurnerr, 1978] Usually,
these waves occur near half-integral harmomes of the electron
gyrofrequency, (n + D, Scarf et al [1974] have also inter-
preted observations of electrostatic waves detected by Imp 71n

the distant magnetotail as being due to clectrostatic waves at
if, and ¥f, .

7. SUMMARY AND CONCLUSION

These observations have shown that three distinctly differ-
ent types of plasma wave turbulence are detected by Imp 8 in
the distant magnetotail. The first and most frequently occur-
ring type of turbulence, called broad band electrostatic noise,
consists of a broad band of electrostatic noise in the frequency
range from about !0 Hz to a few kHz. This electric field noise
1s Quite intense, with typical broad band electric tield strengths
of about | mV m ' and occasional maximum intensitizs as
large as S mV m ', The frequency range of this noise is
bounded by the local lower hybrid resonance frequency f; wa
and (except for a few weak bursts) the electron gyrofrequency
fe - The electric field of this noise is onented perpendicular
(within £20%) to the local magnetic field, and the vave mag-
netic field is too smal! to be detected. Compansons with the
magnetic field and plasma data show that the noise occurs in
regions with large magnetc field gradients near the outer
boundary of the plasma sheet and 1s closely associated with
large plasma flow velocities. both earthward and twlward,
which occur in these regions. In a few cases this noise has also
been observed with particularly large intensities directly in the
region where the magnetic mergine and charged particle accel-
cration are t:King place. Intensity variations of this noise often
appear to be closely associated with intense bursts of auroral
kilometric radiation generated in the auroral regions near the
carth. The second and less frequently occurring type of plasma
wave turbulence detected in the distant magnetotail consists ol
intense (100 my) bursts of low frequency (10-300 Hz) muag-
netic noise. These magnetic noise bursts, which must be propa
gating in the whistler mode, occur in regions with large mage-
netic field gradients near the outer boundaries of the plisma
sheet and in the same general region in which the most imtense
broad band electrostatic noise 1s observed. The third and lfeast
frequently occurring type of plasma wave turbulence detected
in the magnetotail consists of electrostatic waves near harmon-
ics of the electron gyroirequency. Electron cyelotron harmon-
ic waves of this type have only been detected a few tmes mall
of the avanlable Imp 8 data. These waves are relatively weak,
seldom exceeding intensities of about 300wV m ' \ithoueh
these waves occur relatinvely infrequently and e ey woak,
they may be of considerable importance. since they have boen
abserved in regions where the plasma s e heated fesen
high temperatures. In contrast to the broad band cledinastatg
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noise and the whistler mede magnetic noise bursts, the cy-
clotron harmcnic emissions are observed very close to the
neutral sheet, 1.c., within the high-Jdensity region of the plasma
sheet.

In considering the plasma wave modes which could be re-
sponsible for these different types of noise it is reasonably
certain that the magnetic noise bursts consist of w histler mode
waves, and the electron cyclotron harmonic emissions consist
of (n + })f, electrostatic waves of the type studied by Fred-
ricke [1971), Young et al. [1973), Ashour-Abdalla and Kennel
[1€76]), and others. The exact identification of the plasma wave
mode associated with the broad band electrostatic noise is
more uncertain. As discussed earlier, this noise has certain
spectral characteristics similar to auroral hiss and to the elec-
trostatic noise detected throughout the magnetosheath. The
similarity to auroral hiss suggests that this noise consists of
short-wavelength quasi-electrostati= whistler mode waves
propagating with wave normal directions near the resonance
cone. Since hot plasma effects must almost certainly be in-
volved in the generation of this noise, it seems more likely that
this electrostatic turbulence consists of ion sound waves or
clectrostatic ion cyclotron waves of .he type discussed by
Kindel and Kennel [1971] and Syrovatskii [1972), which couple
with, or are closely associated with, the whistler mede. Cou-
pling effects of this type have been considered by Sizonenko
and Stepanov [1967] and Maggs [1976]. The observed electric
field direction of the broad band electrostatic noise, per-
pendicular to the magnetic field, would appear to favor the
identification of this noise with the electrostatic ion cyclotron
(Bernstein) modes.

Because substantial field-aligned currents are thought to
vecur near the outer boundary of the plasma sheet [4ubry e
al.. 1972; Fairfield, 1973) where the broad band electrostatic
noise and the whistler mode magnetic noise bursts are ob-
served, it seems most likely that these waves are produced by a
current-driven plasma instability. Other instability mecha-
nisms must also be considered, since the exact feature of the
charged particle distribution function responsible for the in-
stability remains unknown. The fact that the broad band elec-
trostatic noise is usually detected in regions with large proton
streaming velocities suggests that the instability may be driven
by some characteristic feature of the proton stream rather than
by a current produced by the differential motion with respect
to the electrons. If, for example, the streaming protons interact
with another more slowly moving ion distribution, such as
from the ionosphere, or if multiple peaks occurred in the
proton distribution function, then strong two-siream in-
stabilities would be expected. Inspection of the proton velocity
distribution function, such as appears in Figure 7 of Frank et
al. [1976], does not show any evidence of double-peaked distri-
butions. However, these distribution functions require a rela-
tively long time, seconds, to accumulate compared to the short
time scales of <1 s evident in the plasma wave spectrums, and
it is possiblc that two-stream inter- uons of this type could
occur within the proton stream, particularly in the highly
turbulent region near the fireball. Firther detailed studies are
needed to clearly identify the instability mechanism involved
in the generation of this noise.

When the possible role of this plasma wave turbulence is
considered. many questions remain io be investigated. The
issue of particular importance is whether the electric field
turbulence is sufficiently intense to account for the anomalous
resistivity often invoked to expluin the existence ol merging tn
an essentially collisionless plasma. We do not attempt to an-

swer this question of theoretical interpretation. However, the
measurements in this paper together with the associated
plasma and magnetic field measurements of Frank et al. [1976)
provide the essential experimental parameters :clectric and
magnetic field frequency spectrums, flow velocities, and par-
ticle distribution functions) needed tc proceed with a theo-
retical investigation of the role of anomalous resistivity in the
merging region. These measurements also provide evidence
that plasma wave turbulence in the distant magnetotail ‘s often
closely associated with enhanced auroral activity near the
carth (in particular, the auroral kilometric radiation). Whether
wnis relationship can be interpreted as evidence of a plasma
wave instability acting to trigger the merging process by in-
creasing the anomalous resistivity, as has been suggested by
Piddington [1967), Syrovatskit [1972], and others, cannot be
decided on the basis of these data. The essential inter-
pretational difficulty is that with measurements from a single
satellite it is not possible to distinguish spatial variations from
temporal variations. Hopefully, measurements from dual
spacecraft such as ISEE-A and {SEE-B will help resolve this
question.
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A Region of Intense Plasma Wave Turbulence on Auroral Field Lines

D. A. GUrNETT!

Max-Planck-Institut fiir extraterrestrische Physik, 8046 Garching/ Munich, West Germany

L. A. FRANK

: Department of Fhysics and Astronomy, Unicersity of lowa, lowa City, lowa 52242

Plasma wave measurements from the Hawkeye | and Imp 6 satellites show that a broad region of
intense plasma wave turbulence occurs on the high-latitude auroral tield hines at altitudes ranging from a
few thousand kilometers in the 1wonosphere to many earth radi in the distant magnetosphere. This
turbulence occurs in an essentially cortinuous band on the auroral L shells at all local umes around the
carth and is most intense during periocs of auroral activity . The electric tield intensity of this turbulence s
often quite large, with manvimum field strengths of about 10 mV m ' and peak intensities in the frequency
range 10-50 Hz, Magneue field perturbations indicatine of tield-aligned currents and weak bursts of
whistler mode magnetic noise are also observed 1n the same region as the electric tield turbulence In the
local afternoon and eveming the electnic field tubuience 1s closely associated with Vashaped auroral hiss
emissions. In some cases the electric field turbulence appears as a lowenng and intensification of the low-
frequency portion of the auroral hiss spectrum. Comparnisons with plasma measurements and with similar
measurements from other satellites strongly suggest that this plasma wave turbulence occurs on magaetic
field lines w hich connect with regions of intense inverted V electron precipitation at low altitudes and with
regions of intense carthward plasma flow in the distant magnetotail. The plasma instabilities w hich could
produce this turbulence and the possible role which this turbulence may play in the heating and
acceleration of the auroral particles are considered

INTRODUCTION ered the possible current-driven instabilities which could occur
in the auroral zone and have concluded that the electrostatic
ton eyelotron and 1on acoustic modes should be unstable in the
regions of field-aligned currents associated with the auroral
clectron precipitation. I the electric field turbulence produced
by these instabilities grows to sufficiently large amplitudes, the
assoctated anomalous resisuvity can produce large potential
differences of several Kilovolts along the magneue field in these
regrons, Several investigators, including Coromiti and Aennel
[1972.1973), Sato and Holzer [1973), Holzer and Sato [1973],
Papadopoulos and Cofiev [1974], Mozer [1977), and others,
have considered the possibility that the resulting parallel elec-
tric field could accelerate runaway electrons to energies of
several keV, thereby acounting for the intense electron pre-
apitation commonly observed 10 the auroral regions. Since :
other turbulence free acceleration mechanisms have also been
proposed [Carlgeist, 1972], 1018 of considerable importance to
establish whether intense electric field turbulence occurs in the
regions of field-ahgned current associated with the auroral
clectron precipitation.

Scarf et al. [1973, 1975] have previously reported observa-
tons of electrostatic plasma wave turbulence assoctated with
field-uligned currents for a few cases in which the Ogo §
spacecraft reached sufliciently high magnetic latitudes to ob-
tn measurements on auroral field hnes, at L > 7-8, 1 the
region close to the earth. During magnetically disturbed peri-
ods in the local atternoon and evening the electrostatic turbu-
lence detected by Ogo S usually consisted of a few abrupt
transient bursts with frequencies extending from about | kH/
to about 10 kHz and with durations of a few seconds. The
individual bursts tended to correlate with gradients in the
magnetic field coused by field-ahgned currents. Scarf er al
(1972) and Fredricky eral [1973] discussed similar obsery -
—_— tons of enhanced electrostatic wave turbulence detected by

' k mi-
Permanent address chp.mmcnl of Physics and Astronomy, Um Ogo S at the boundurnies of the dayside polar cusp
versity of Towa, Towa City, lowa 2242

Recent studies of plasma wave measurements obtained from
the Hawkeye | and Imp 6 satelhtes have revealed the existence
of a broad region of plasma wave turbulence on auroral field
lines at altitudes ranging from a few thousand kilometers in
the auroral 1onosphere to many earth radu in the distant
magnetosphere. The electric field itensity of this turbulence 1s
often quite large, with maximum field strengths of about 10
mV m ' The frequency range of the electric field noise typi-
cally extends from about 10 Hz to several kilohertz, the max-
imum ' nsity occurring at about 10-50 Hz. The electric tield
tuibulence sometimes appears to be closely associated with
whistler mode auroral hiss emissions which are frequently
observed on the high-latitude auroral field lines. Weak bursis
of magnetic noise are also detected in the same region as the
electric field turbulence. although these magnetic noise bursts
do not appear to be directly assocrated with the electric field
noise, In this paper we present a detailed study of the plasma
wave turbulence observed by Hawkeye | and Imp 6 on high-
latitude auroral field hines, and we investigate the relationship
of this turbulence to magnetic field and plasma measurements
obtained in the same region.

The importance of studying plasma wave turbulence on
auroral field lines anises from the posstble role that this turbu-
lence may play in producing regions of “anomalous’ resistivity
in the field-aligned currents which flow between the auroral
oval and the distant magnetosphere. For many years it has
been suggested [Sagdece and Galeer, 1966] that intense electric
fields produced by current-driven instabilities can interact with
the current-carrying particles to produce an effective resistivity
many orders of magmtude larger than the resistivity prodaced
by Coulomb collisions. Awdel and Kenned [1971) kave consid-

In comparison with the Ogo S results, both the Hawkeve |
Copyright @ 1977 by the Amenican Geophysical Union and the Imp 6 spacecraflt provide measurements at highet
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magnetic latitudes than were possible with Ogo 5. In this study
it is therefore possible 1o obtain a much more comprehensive
survey of phenomena occurring on auroral field lines at all
local times and for both quiet and magnetically disturbed
conditions. The plasma wave instrumentation on Hawkeye |
and Imp 6 also provides measurements over a broader fre-
quency range, particularly at lower frequencies, and with
greater electric field sensitivity. As will be shown, the electric
field turbulence detected by Hawkeye | and Imp 6 differs
considerably from the Ogo § results. The electric field turbu-
lence occurs with a relatively steady intensity over a broad
region for a substantial fraction of the time (20-50%), rather
than a few intense bursts, and the most intense component
of the noise occurs at frequencies well below the lower fre-
quency limit of the Ogo § electric field experiment.

SPACECRAFT ORBITS AND EXPERIMENT DESCRIPTIONS

To aid in interpreting the measurements presented in this
paper, we briefly describe the orbits of Hawkeye | and Imp 6
and the regions of the magnetosphere sampled by these two
satellites. Hawkeye 1 is in a highly eccentric polar orbit with
initial perigee and apogee geocentric radial distances of 6,847
km and 130.856 km, respectively. The apogee is located almost
directly over the north pole, so Hawkeye | provides extensive
coverage of the high-latitude region of the magnetosphere.
Since the region of primary interest for this study is relatively
close to the earth (R < 10 R,), the coordinates used through-
out this paper are the magnetic latitude ... the magnec local
time MLT, und the geccentric radial distance R. A typical
magnetic meridional plane (R, A,) trajectory of Hawkeye 1 is
shown in Figure 1. Because of the 11° ult of the carth’s
magnetic dipole axis and the long-term secular changes in the
orbit, measurements van be obtained over a broad range of
magnetic 'atitudes if a sufficiently large quantity of data is used.
For this study we have used Hawkeye | data from a period of
approximately 14 months starting at launch on June 3, 1974,
and continuing until August 29, 1975. The shaded area labeled

A-GTS. 8%

MAGNE TIC (R A\m)
MERIDIAN PLANE

REGION SAMPLED
BY HAWKEYE |

TYPICAL
HAWKEYE |
TRAJECTORY

“\ REGION SAMPLED
BY IWw §

Fig | Typical tragectories and the boundaries of the region sam-
pled by Hawkese 1 and Imp 6 in the mugnetic mendional plane
(geocentri radial distance and magnetic latitude coordinaies). Secular
changes 1n the orbit provide coverage over 4 wide range of magnetic
latitudes  The measurements anals zed include 14 months of dats from
Hawhkeve |and ¥ S years of data from Imp 6

‘Region sampled by Hawkeye 1' in Figure | indicates the
region of the magnetic meridian plane sampled by Hawkeye |
for a representative range of magnetic local times (2300-0100)
near local midnight. In the northern hemisphere, Hawkeye |
provides measurements on a typical auroral field line (L = 8)
at radial distances ranging from about 4 10 6 Ry. In the
southern hemisphere, measurements are obtained at radial
distances ranging from about 1.1 to 1.8 R;. Because of the
increasing perigee altitude, data obtained during later periods
of operation will extend the measurements on auroral field
lines in the southern hemisphere to altitudes of about 2.6 R,
so that eventually, observations will be provided over a very
wide range of altitudes. The data set currently available for
this study, however, has a distinct gap in the altitude coverage
(at L = 8) from abrut 1.8 10 4.0 R,.

The Imp 6 spacecraft is in a highly eccentric orbit with initial
perigee and apogee geocentric radial distances of 6,613 and
212,630 km, respectively. In contrast to the Hawkeve | orbit
the apogee of Imp 6 is located at a low latitude, close to the
equatorial plane of the earth. However, the inclination of the
orbit plane is sufficiently large to provide measurements at
relatively high magnetic latitudes, up to about 55° in the
region near the carth. A typical magnetic meridian plane tra-
jectory for mp 6 is shown in Figure 1. As with Hawkeye 1, the
ult of the ea'th’s magnetic dipole axis and orbital per-
turbations greitly extend the range of magnetic latitudes at
low altitudes which are sampled during the lifetime of the
spacecraft. For this study we have analyzed all of the available
telemetry during the 3.5-year lifetime of Imp 6, from March
13, 1971, to October 1, 1974. The region of the magnetic
meridional plane sampled by Imp 6 during this period is
shown in Figure | for a representative range of magnetic local
times (2300-0100) near local midnight. It is evident from Fig-
ure | that the Hawkeye | and Imp 6 spacecralt together
provide coverage over a very broad region. The detailed cov-
erage tends to vary somewhat with local time, but in general,
along the auroral field lines, all altitudes above about 4 R, are
sampled by these two spacecraft. In some local time ranges a
small hole in the coverage occurs near the magnetic equator at
radial distances of about 4-5 R,. This small hole in the cov-
erage is not particularly relevant for the region of interest in
this study.

Since the details of both the Hawkeye 1 and the Imp 6
plasma wave experiment have been described in previous re-
ports [Kurth et al., 1975; Gurnett and Shaw, 1973), only a few
briel comments are made concerning the plasma wave instru-
mentation. Both experiments use long electric antennas, 42 45
m from tip to tip for Hawkeye 1 and 92.5 m from tip to tip for
Imp 6. Magnetic field measurements are obtained from a
search coil antenna on Hawkeye | and from a single turn loop
antenna on Imp 6. The frequency range of the Hawkeyve |
instrumentation, 1.78 Hz to 178 kHz, 1s somewhat larger than
the frequency range of the Imp 6 instrumentation, 36 Hz to
178 kHz. Both experiments provide clectric field intensities in
16 frequency channels, extending with an approximately con-
stant fractional frequency spacing over the entire frequency
range, and wide-band wave form measurements for high-
resolution frequency-time spectrograms

Plasma measurements were acquired with an electrostatic
analyzer, a low-energy proton and clectron differential encryy
analvzer (Lepedea) [ef Frank, 1967 on board Hawkeve !
Directional differential intensities of positive 1ons and elee-
trons over the encrgy range S0 eV < £ < 40 keV are tele-
metered for directions perpendicular 1o the spacecralt spim
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axis. A collimated thin-windowed Geiger-Mueller (GM) tube
was emploved for determining directional intensities of elec-
trons with £ > 45 keV

The Hawkeve | magnetometer is a three-orthogonal-axis
flux gate instrument constructed by the Schonstedt Instrument
Company. The sensor package is mounted at the end of a
boom 1.22 m from the closest face of the spacecraft and 1.57 m
from its rotational axis. The magnetometer has four sensitivity
ranges on each avis, selectable by ground command: =150,
4450, £1.,500, and +25,000 5. Instrumental accuracy is
+0.5% of full range on each axis in each range. The frequency
response is flat from 0 1o | Hz and down 3 dB at 10 He, rolling
off at higher frequencies at 6 dB/octave, The analog outputs of

the three axes are sampled simultaneously, at approximately
equal intervals of 1.92 s, with 8-bit resolution.

SOME REPRESENJATIVE PLASMA WAVE OBSERVATIONS
AT HiGu LaTiTunes

To illustrate the main characteristics of the plasma wave
observations obtained by Hawkeye | and Imp 6 on the auroral
L shells, we first discuss four typical passes througn the high-
latitude region of the magnetosphere. These passes, which are
shown in Figures 2-5, were selected to illustrate the variety of
plasma wave phenomena detected in this region at various
local times. The data in Figures 2, 3, and 4 are from Hawkeye
| passes in the local dawn, local morning, and local afternoon,
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Fig. 3. A representative Hawkeye | pass at local morning. A broad region of intense broad-band electrostatic noise and
magnetic noise bursts 1s evident from about 1825 to 1940 UT, which accompanies a distinet skewing in the magnetc ficld
direction and magnetic Auctuations. The distinct cutoll in the continuum r.|d|.mun u about 1825 UT indicates an abrupt

increase in the plasma density at this time.

respectively, and the data in Figure § are from an Imp 6 pass
near local midnight. The top panel of each illustration shows
the magnetic field magnitude and direction. and the center und
bottom panels show the plasma wave magnetic and electric
field intensities. The angle #” in Figures 2. 3. and 4 is the angle
between the magnetic field and spececraft spin axis, and the
angle ¢.y" in Figure 5 is the azimuthal direction of the mag-
netic field in solar magnetospheric coordinates. Because of a
failure in the Hawkeye | attitude determination system after 3
months in light, #" is the only magretic field orientation angle
that is as witable at present for the periods shown in Figures 2.
3. and 4. (This shortcoming is being remedied in subsequent
work using data from the scientific instruments themselves to

reconstruct the spacecraft attitude.) The wave magnetic field
intensities are shown in 8 frequency channels, from 1.78 Hz to
5.62 kHz for Hawkeye | and from 36.0 Hz to 1.78 kHz for Imp
6. und the clectric field intensities are shown in 16 frequency
channels, from 1.78 Hz 1o 178 kHz for Hawkeye | and from
36.0 Hz 10 178 kHz for Imp 6. The intensity scale for each
channel is proportional to the logarithm of the field strength,
with a range of 100 dB from the base line of one channel to the
base line of the next higher channel. For the Hawkeve |
measurements, every sample is plotted. For the Imp 6 data the
dots give the peak field strengths, and the vertical bars give the
average field strengths over intervals of 81.92 §

The first representative pass (in Figure 2) 1s an inbound
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Fig. 4. A representative Hawkeye | pass at local afternoon. The broad-band electrostatic noise in this case occurs

centered on a region of auroral hiss emission, similar to Figure 14. No magnetic noise bursts are detected during this pass

Hawkeye | pass near local dawn at about 0600 magnetic local
time. The spacecraft trajectory in the magnetic meridian plane
(R. A coordinates) for this pass is shown by the small sketch
in the center pane! of Figure 2. Several types of plasma wave
emissions are present during this pass. In the high-frequency
(13.3-178 kH2) clectric field channels, two types of electro-
magnetic emissions called auroral Kilometric radiatior and
continuum radiation  [Gurnetr, 1974, 1975] are detected
throughout most of this pass. These electromagnetic emissions
occur at frequencies above the local plasma frequency and are
generated in regions of higher plasma density near the carth
Deep within the magnetosphere, at L values less than 4, plas-
maspheric hiss [Russell et a0 1969] 15 evident in both the
wlac vl ke menete field channels at freauencies from

about 562 Hz to 5.62 kHz, increasing in frequency toward
lower L values. At lower frequencies, from about 562 Hz to
1.78 kHz, a region of very intense clectric field noise can be
seen from about 1145 10 1245 UT. The intensity of this noise
increases gradually with decreasing radial distance and reaches
peak intensity in the 17 8- and 56.2-Hz channels 5t about 1240
UT (L > & 1), followed by a very abrupt decrease in the
intensity at about 1244 UT. At the time of imasmuin intensity
this noise 1s very intense, with a broad-band rms electric tield
strength of 108 mV m " and a peak intensity of about 3§ mV
m ' Since this nose oceurs over a broad range of frequencies
and s most evident in the electric field data, we refer to this
noise as broad-band electrostatic noise. This namie 1s the same
as was used for a similar type of noise detected by the Imp 8
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A representative Imp 6 pass, again at local evening. The dots and vertical bars 2ive the peak and average field

intensities, respectively. The broad-band electrostatic noise 1s very intense in the low-frequency electric field chunnels, = 120
Hz, and extends with detectable intensities to frequencies above 10 kHz.

spacecraft in the distant magnetotail [Gurnett et al . 1976]. As
will be discussed later, these two types of noise are believed to
be essentially identical, which justifies the use ef the same
terminology, although this associition remains a matter of
later interpretation. The term electrostatic s used because, as
will Lo shown, the electnic to magnetic field ratio is much larger
than would be expected for any of the usual eleciromagnetic
modes which occur in a plasma Broad-band electrostatic

noise of the type shown in Figure 2 s frequently detected by

Hawkeve | and Imp 6 on the high-latitude auroral field lines
and 1s the main topic of this paper

In the same region as the broad-band electrostatic noise,
numerous bursts of low-frequency (1 78-562 Hz) magneuc
field noise are also evident in Figure 2. As will be shown, the
spectrum of these magnetic noise bursts is distinctly ditferent
from the spectrum of the broad-band electrostatic noise The
temporal vanations are also quite different. The magnetic
notse usually consists of many short transient bursts, whereas
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the broad-band electrostatic noise has a more nearly constant
amplitude. Thus even though both types of noise occur in the
same region and in the same general frequency range, these
emissions apparently consist of two distinctly difTerent plasma
instabilities. In this paper the low-frequency magnetic noise of
the type shown in Figure 2 will be called magnetic noise bursts,
The second representative pass (Figure 3) 1s an outbound
Hawkeye | pass in the local morning at about 0900 MLT. No
auroral kilometric radiation 1s detectable in the high-frequency
electric field channels during this pass. A very weak level of
continuum radiation is evident in the 13.3- to 23.7-kH¢ chan-
nels at radial distances bevond about 6.0 R,. In the region
beyond the plasmapause, after about 1555 UT, several distinct
noise bands are evident, sweeping downward in frequency
from about 56.2 to 13.3 kHz. These noise bands are (n + §)f,
clectrostatic ¢yclotron harmonic emissions of the type dis-
cussed by Shaw and Gurnett [1975). As indicated by the dashed
line in Figure 3. the local electron plasma frequency [, can be
estimated from the frequency at which these emissions occur.
Inside the plasmapause, before about 1555 UT, plasmaspheric
hiss is evident in both the electric and the magnetic field
channels from about 178 Hz 1o 5.62 kHz. Starting at about
1825 UT and extending to about 1940 UT, a region of intense
broad-band electrostatic noise 1s evident, with characteristics
very similar to the example in Figure 2. In this same region,
many distinct magnetic noise bursts are also clearly evident in
the low-frequency (1.78-178 Hz) magnetic field channels.
The third representative pass (Figure 4) is an outbound
Hawkeye | pass in the local afternoon at about 1600 magnetic
local time. The plasma wave activity during this pass is more
complicated than that for the two preceding examples. In the
high-frequency electric field channels, above about 10 kHz,
very high intensities of auroral kilometric radiation are present
throughicut most of this pass. At the plasmapause, which 1s
located at about 0330 UT. an abrupt cutofT is evident in the
auroral kilometric radiation. This cutofl occurs when the local
clectron plasma frequency f,~ exceeds the wave frequency. In
this same region. some rather poorly cefined (n + §)f, elec-
tron cycletron harmonics, similar to those in Figure 3, can be
secn sweeping downward in frequency near the electron
plasma frequency. indicated by the dashed lines in Figure 4
Beyond the plasmapause, continuum radiation can be seen
extending down to frequencies of about § kHz. Although not
evident in Figure 4, the wide-band wave form data show a
distinct low-frequency cutoff at a frequency which varies from
about § kHz at 0430 UT to about 2 kHz at 0600 UT. This
cutofl has been used to estimate the clectron plasma frequency
in this region. as indicated in Figure 4. At shghtly lower
frequencies, in the 178-Hz to 1.78-kHz channels, a relatively
steady band of noise is evident, extending over a broad region
beyond about 0345 UT. On the basis of detailed examinations
of high-resolution spectrograms of the wide-band wave form
data, as will be discussed in a later section, this noise is
wdentified as auroral hiss, a type of whistler mode emission
which is commonly observed in the auroral zone b low-
altitude satellites [Gurnett, 1966; Laaspere et al , 1971; Gurnett
and Frank, 1972a]. The magnetic field of the auroral hiss is also
evident in the corresponding magnetic field channels. At even
lower frequencies. in the 17 8- and $6.2-Hz electric tield chan-
nels, a distinet enhancement can be seen in the electric field
mtensity from about 04137 10 0508 UT. This noise is identitied
as broad-band electrostatic noise of the same type as that
shown in Figures 2 and 3. No magnetic noise bursts com-

parable to those shown in Figures 2 and 3 are observed during
this puss

The fourth representative pass (Figure 5) is an outbound
Imp 6 pass near local midnight at about 2330 magnetic local
time (at R = 4.9 R,). The plasma wave phenomena occurring
during this pass are even more complicated und ditficult to
analyze than the preceding example. Although essentially the
sume plasma wave phenomena (auroral kilometric radiation,
continuum radiation, plasmaspheric hiss, auroral hiss, and
broad-bund electrostatic noise) occur during this pass, in some
cases it is very difficult to distinguish the different types of
emissions. However, several distinct regions with intense
broad-band electrostatic noise can be casily identified, the first
at about 0527 UT, followed by ieveral broad regions from
about 0558 to 0625 UT, and the last at about 0650 UT. The
enhanced clectric field intensities associated with these regions
are very clear and distinct, particularly in the peak field
strength measurements. Again the maximum electric field in-
tensities occur at lcw frequencies, from about 36 to 120 Hz,
a‘though some bursts of noise can be dutected at frequencies as
high as 10 kHz. At high frequencies, paruci!arly in the 5.62-
kHz channel, the ratio of peak to average ficld strengths is
quite large (~50 dB), indicating that at these frequencies the
broad-band electrostatic noise is very impulsive. consisting of
many briel but intense bursts. Magnetic noise bursts are also
clearly evident in the same region in which the broad-band
electrostatic noise occurs.

The four passes which have just been discussed are intended
1o illustrate the types of plasma waves observed by Hawkeye |
and Imp 6 in the high-latitude region of the magnetosphere. It
is evident in these pass s and many other similar passes which
have been examined (hat a distinet, easily identified region of
low-frequency elect’ic field turbulence is present on the high-
latitude auroral field lines at essentially all local times. The
main observational characteristics of this turbulence. which
has been called broaa-band electrostatic nose, are that (1) 1tas
very intense, with electric field strengths up to 10 mV m 'and
occasionally larger, (2) it i1s most intense in the frequency range
of about 10-50 Hz, and (3) it occurs over a relatively wide
region. usually several degrees in magnetic latitude, at L values
of typically 8-12. The detailed characteristics of this noise are
described in the following sections.

FREQUENCY SPECTRUMS

A typical frequency spectrum of the broad-band elec-
trostatic noise is shown in Figure 6. This spectrum was selected
from the Hawkeye | pass in Figure 2 at about the ime of peak
intensity, from 1240 10 1243 UT. The two spectrums shown in
Figure 6 give the peak and average electric field spectral den-
siies from euch frequency channel during o interval. The
rms electric held strength obtained by intey-ut g the averuge
clectric field spectral density over all frequencies 1s 108 mV m *,
and the corresponding peak electric field strength 1s about
35.€ mV m '. The main contrikution 1o the rms electric field
strength comes from the frequency range of about 10-50 Hz.
At high frequencies, above about 100 He, the electric field
intensity decreases very rapidly with increasing frequency, and
a moderately sharp cutotl 1s evident at about 10 AHz This
upper cutoll occurs near the local electron gyrofrequency /,
At low frequencies, below about 10 Hz. the electric field in-
tensity decreases with decreasing frequency, and o distingt
mavimum occurs in the frequency spectrum at about 20 He
As indicated in Figure 6, this manvimum s in the frequency
range between the local proton gyvrotrequency 10 and the
hybrid frequency (7,7 f, )% The exact shape of the spectrum
at frequencies below about 10 Hyz s somewhat uncertain be-
couse of the high levels of spacecralt-gencrated interference
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Fig. 6. An electric ficld spectrum of the broad-band electrostatic
noise at about the time of maximum intensity for the pass shown in
Figure 2. This event is typical of the most intense events of this type
detected by either Hawkeye | or Imp 6.

(from the solar panels) at these low frequencies. Usually, the
broad-band electrostatic noise is not detectable in the 1.78-Hz
electric field channel, and the largest field strengths are de-
tected in cither the 17.8- or the 56.2-Hz channel.

To compare the electric field and magnetic fieid spectrums,
the magnetic field spectrum for the same interval is shown in
Figure 7. Again both peak and average spectrums are shown.
The magnetic noise intensities are seen to be significantly
above the instrument noise levels for all frequencies below
about 1.0 kHz. Both the peak and the average magnetic field
intensities show a distinct maximum in the spectrum at about
50 Hz. This maximum is associated with the magnetic neise
bursts indicated in Figure 2. The rms and peak magnetic ficld
strengths of this noise, integrated from 5.6 Hz 10 1.78 kHz, are
about 5.8 and 36.8 my, respectively. The large difference be-
tween the peak and average field sirengths is caused Ly the
large fluctuations in the field strengtl:s which are clearly evi-
dent in Figure 2. The ratio of the average electric field energy
density to the average magnetic field energy density in this case
is E'/C?B" > 39, which confirms the electrostatic (or at least
quasi-electrostatic) character of the broad-band electrostatic
noise detected in this region. Below about 10 Hz, a weak low-
frequency component is evident slightly above the receiver
noise level, increasing in intensity toward lower frequencies.
This monotonic low-frequency component is probably asso-
ciated with the magnetic field perturbations evident in the 6°
angle at about this time (see Figure 2). Whether this low-
frequency component represents an ambient wave spectrum,
as is almost certainiy the case for the magnetic noise bursts
detected at higher frequencies, or simply the spacecraft motion
through spatial gradients in the magnetic field cannot be deter-
mined.

Further details regarding the frequency-time structure of
these emissions can be obtained from the wide-band wave
form dats. High-resolution frequency-time spectrograms of
the broad-bund electrostatic notse and magnetic noise bursts
observed during the Imp 6 pass in Figure S are shown in
Figure 8 Two different frequencs scales, 0-1 kHz and 0-200
Hz. are used to provide good frequency resolution over the
entire frequency runge For the mode of operation being used

103

during this pass the wave form receiver alternately switenc
between the electric und magnetic antennas once every 20 4+
The electric field specirums of the broad-band electrost.:: .
noise in Figure 8 show remarkably little temporal structy-:
The rapid decrease in the intensity with increasing lrequen. .
clearly evident. A few impulsive bursts can be seen extenc.
to frequencies above | kHz. At low frequencies a distinct |
frequency cutoff is evident at & frequency which varies fr. -
about 20 1o 50 Hz. Although this cutofl is near the I
frequency limit of the wave form receiver, the temporal vur .
tions show that this cutofl is not caused by instrument.i ¢
fects. At certain times, for example, at about 0619:2¢ .-
0620:10 UT, the noisc becomes very intznse near this cui
and develops into a strong emission at about 50 Hz. Co-
parisons between successive electric and magnetic spe.:”
grams show that the magnetic field spectrum is quite differe:
from the electric field spectrum. Generally. the magnetic ¢ 2
intensities are very low, and it is very difficult 1o clearly ice -
tify the magnetic noise bursts evident in the magnetic tc .
channels of Figure 5. The magnetic noise bursts usually cor -
prise poorly defined emissions lasting only a few seconas .
about 5¢ 100 Hz, as evident, for example. at about 06!Y ?
and 0620:34 UT in Figure 8. Occasionally, as at about 0627 *
UT, adiffuse burst with a rapidly varying center frequencs ¢
be seen extending to frequencies above | kHz. In some cases
appears that the strong electric field enhancements near ¢
lower cutoff frequency of the broad-band electrostatic no -
may be directly associated with the quasi-monochrom.
magnetic noise bursts. nfortunately, we do not have suit..- -
simultaneous electric and magnetc field spectrograms to de- -
nitely establish this relationship.

KEGION OF OCCURRENCE

The examples of broad-band elcctrostatic noise which hu.:
been shown have zll been at L values typical of the auro:.
field lines. We would now like to definitely establish the reg
of occurrence of this noise. using the extensive measureme-
obtained by Hawkeye | and Imp 6. Since an extremely .z
number of measurements are 10 be surveyed (14 mon:.:-
data from Hawkeye | anu 3.5 years of data from Imp &,
simple criterion must be used to provide automatic compui:-
identification of the broad-band eclectrostatic noise. As ..
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Fig. 8. Wide-band frequency-time spectrums of the electric (E,) and magnetic (M,) fields detected by Imp 6 during a
period of enhanced broad-bund electrostatic intensity during the pass shown in Figure 5. The spectrum of the broad-band
elzctrosiatic noise shows little structure at low frequencies except for a distinct low-frequency cutoff at about 20-50 Hz. The
magnetic noise bursts are also very diffuse and difficult to identify.

been previously discussed, the broad-band electrostatic noise
is usually most intense in the frequency range of about 10-50
tlz. Fortunately, except for the earth’s bow shock, no other
type of magnetospheric plasma wave emission has electric field
intensities comparable to the broad-band electrostatic noise in
this frequency range. The broad-band electrostatic noise can
therefore be identified with good reliability on the basis of the
low-frequency electric field intensities. For this study we have
chosen 1o use the peak electric field intensities in the 56.2-Hz
channel of Hawkeye | and in the 63.0-Hz channel of Imp 6 for
identifying these events. Several electric field thresholds have
been tried, and a threshold electric field spectral density of 1.4
X 10 7 V2 m-? Hz"' has been selected. This threshold repre-
sents a reasonable compromise between obtaining too few
events if the threshold is set too high and obtaining too many
Talse identitications from other plasma wave phenomena if the
threshold is set too tow.,

Figures 9 and 10 show the magnetic meridian plane (R, A)
woordinates of a1l of the events in the 14 months of Hawkeye |
datw and XS years of Imp 6 data which exceed the selected

threshold. Figure 9 shows the events which occurred in mag-
netic local time quadrants centered on local noon (0900-1500
MLT) and local midnight (2100-0300 MLT), and Figure 10
shows the corresponding data for local dawn (0300-0900
MLT) and local dusk (1500-2100 MLT). Each point repre-
sents a specific interval, 184.3 s for Hawkeye | and 327.6 s for
Imp 6, during which the electric field intensity exceeded the
selected threshold. The approximate outline of the combined
region sampled by the two spacecraft is indicated by the
dashed lines in each quadrant. Although these plots do not
provide a precise indication of the frequency of occurrence
because of the difTerence in the number of data from each
satellite and the complexity of the orbital coverage, they do
provide a good qualitative picture of where the broad-band
electrostatic noise is observed. Almost without exception the
noise is observed on magnetic field lines which connect with
the high-latitude auroral regions. The noise is observed over a
large runge of radial distances, from about 1.5 R, to greater
than 13 R,. Although r.ost of the events are observed at radial
distances greater than about 4 Ry, this boundary is seen to be

R UHISRA——e-
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all the Hawheve | and Imp 6 clectric hield intensities which exceed a preset threshold The threshold intensity and
frequencies are chosen to provide reasonably relisble idenutication of intense broad-band electrostatic noise events. A few
of the events bevond about 10 R, in the local noon sector are caused by clectrostatic noise associated wiith the bow shock
and magnetosheath. Most of the events oecur at high magnetic latitudes at L values typical of the auroral field lines

primarily a limitation imposed by the orbital coverage, since
essentially no measurements are obtarned on auroral field lines
ut rudial distances between about | 8 and 4.0 Ry A very dense
concentration of points can be seen over the southern auroral
region at radial distances from about 1.5 to 1.8 Ry These data
also show that the broad-band electrostatic noise 1s observed
at all local times, although relatively few events are evident in
the local noon quadrant. The widely scatiered events evident
beyond about 10 Ry in the local noon quadrant are caused by
eiectrostatic noise associated with tne bow shock and magne-
tosheath and not by broad-band electrostaiic noise.

To take into account the etfects of the orbital coverage, we
have performed a detailed analysis of the frequency of occur-
rence of the events shown in Figures 9 and 10. For this analysis
the R, A and MLT coordinate system has been divided into
bones, and the number of events counted orce per orbit and
the number of orbits passing through each box are determined
The frequency of occurrence is given by the ratio of the num-
ber of events to the number of orbits counied in each box. The
essential features of the frequency of occurrence distribution
determined from this analysis are summanzed in Figures 11
and 12 Figure 11 shows the frequeney of occurrence as a
function of radul distance and magnetic latutude for magnetic
local times in the local midmeht quadrant, from about 2100 to
0300 MLT  These data cleatiy show that the hroad-band clec:
rostatic nosse occurs in two disinet Littudmally svmmetrie

regions, starting at high latitudes, ~70°, near the earth anc
extending to progressively lower latitudes with increasing
radial distance. The two regions appear to merge in the magne-
totail at a radial distance of about 10 Ry, The lattudinal widt:
of the region of occurrence, approximately 20° at R = 4 0
and 6 31 R, is several times larger than the latitudinal width
typically observed on an individual pass. This increase i the
apparent latitudinal width of the region of occurrence 1s ul
most certainly caused by the orbit-io-orbit variations of the !/
shell on which the noise occurs. The regions of occurrence
shown in these illustrations must not be viewed as an n
stuntancous picture of the region in which the noise occurs. \
large distances from the carth, R T 10 Ry, the ability of the
magnetic field model (for A, and MLT) to represent the re.
field 1s also subject to large errors. The tendency of the lauitu
dinal width of the region of occurrence to increase with
creasing rudiul distance is probably due in part to errors of this
type. For the threshold used in this analysis the mavimun
{frequency of occurrence 1s about 209 Because of tempor.
vanations of the L shell on which the noise is detected 4 mos
meamnplul parameter 18 probably the percentage occurre: .
of the broad-band clectrostatic noise duning a given pae
across the auroral Loshells: For the threshold used i Figoros
I and 12 this percentage oceurrence is about S0-607 i 1
repin near tocal midmght The absolute frequency ol o
renve should not be connidered of tundamental impore
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Fig. 10, Magnetuc meridian plane plots comparable to Figure 9 for magnetic local times near local dawn ang dusk

since it depends somew hat on the choice of the threshold tield
strength. However, the region of occurrence on auroral field
lines extending back into the distant magnetotail is relatively
insensitive to this threshold.

To iilustrate the variations in the region of occurrence with
magnetic local ume, Figure 12 shows the frequency of occur-
rence as a function of magnetic latitude and magneuc local
ume at a constant radial distance, S.01 Ry S R < 6.31 Re. This
runge of rudial distances was chosen because 1t is sufficiently
fur from the earth 1o provids measurements over a wide range
of magnetic latitudes and sull close enough for the magnetic
hield model 10 be reasonably accurate. For reference. the L
value of the magneuc field passing through R = 562 R 1s
shown on the nght side of Figure 12. The broad-band elec-
trostatic noise 1s seen to occur in an essentially continuous
band ut all local times around the earth. The noise occurs at
the lowest magnetic latitudes near local midnight and at sys-
tematically higher magnetic latitudes on the dayside of the
earth. Near local midnight the maximum occurrence is at L
values from about 8 10 12.

RELATIONSHIP TO ALRORAL HIss
Ohservation

Auroral hiss 1s g broad-band whistler mode emission com-
monly obsersed in the auroral regions by low-altitude polar-
arbeng satelhites As ivandicated in Figures 4 and §, auroral
s hus alvo been observed at high altitudes in the maeneto-
sphere by Hawhese T oand Imp 6 \though the broad-band

electrostatic noise sometimes occurs in regions where no au-
roral hiss can be identified, as in Figures 2 and 3, in some cases
these two types of noise occur in the same region of the
magnetosphere and appear to be closely related. This relation-
ship i illustrated by the two Hawkeye | passes in Figures (3
and 14. Both of these passes occur near local midnight, and the
plasma wave phenomena observed are qualitatively similar to
Figures 4 and S. In both cases the auroral hiss emissions are
casily identified in the wide-band spectrograms by the charac-
tenistic broad-band noise spectrum, with hittle temporal struc-
ture, extending from a few hundred hertz to several kilohertz.
A disunct upper cutoff frequency is evident at a frequency
shghtly below the local electron gyrofrequency (indicated by
the dashed hines marked [, ). This cutofl occurs because the
whistler mode cannot propagate at frequencies above the elec-
tron gyrofrequency. The spectrogram in Figure 13 also clearly
shows the distinct gap between the auroral hiss and continuum
emissions which is usually not appacent in the coarse fre-
quency resolution measurements (as in Figure 4). The auroral
hiss spectrum from about 1100 to 1230 UT in Figure 14, and to
some extent in Figure 13, has a distinct V-shaped lower-fre-
quency cutofl which bears an unnistakable sim:larity to the V-
shaped low-frequency cutoll of the auroral hiss observed by
low-alutude satelhites |sce Gurnerr, 1966; Gurnett and Frank,
19724]

in the top panel of Figure 13, several pertods of enhanced
clectric tield aintensity. charactenstic of the broad-band elec-
trostatic noise, can be seero rom about 1207 1o 1300 UT,
between the two regons where the auroral hiss s observed In
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the wide-band spectrograms the broad-band electrostatic noise
appears as a distinct increase in the inteasity near the low-
frequency limit of the spectrogram. Note that the wide-band
spectrograms (which are obtained by using an automatic gain
control recever) show only the relative intensity st different
frequencies. whereas the fined frequency charnels give the
ubsolute intensity. Thus even though the wide-band spectro-
grams indicate that the auroral hiss has completely dis-
appeared in the region where the broad-band electrostatic
noise 1s observed. the fined frequency channels (1.78 kHz. in
particular) show that the auroral hiss intensity actually in-
creases slightl: in this region. The nroad-band electrostatic
noise therefore can be interpreted as a lowering and in-
tensification of the low-frequency portion of the auroral hiss
spectrum. This transition from the auroral hiss to the broad-

The normalized frequency of occurrence of the broad-band electrostatic noise as a function of magnetic

ime sector near local midmight. The electric field threshold 1s

band electrostatic noise is shown even more clearly by the
example in Figure 14, In this case the enhanced electric field
intensities in the 56.2-Hz electric field channel place the region
of broad-band electrostatic noise from about 1135to 1200U'T.
Inspection of the wide-band spectrograms shows that this
noise 1s essentially indistinguishable from the auroral hiss.

Discussion

Because of the close relationship between the auroral hiss
and the broad-band clectrostatic noise the question arises
whether there is any essential difference between these two
types of noise. The auroral hiss detected by Hawkeve | and
Imp 6 1s clearly a whistler mode electromagnetic emission
which propagates a considerable distance through the magne-
tosphere. The simultaneous detection of both the electric and

B-G73-846.1
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Fig. 13. Frequency-time spectrograms showing the relationship between auroral hiss and broad-band electrostatic noise

during an outbound Hawkeye | pass near local midnight. The broad-band electrostatic noise sometimes appears as a
lowering and intensification of the low-frequency cutoff of the auroral hiss spectrum. The distinct cutoff of the auroral hiss

at a frequency slightly below the local electron gyrofrequency /,

continuum radiation (f > [, ) are clearly evident.

he magnetic field of the auroral hiss, as in Figure 4, shows that
the emission is an electromagnetic wave, and the frequency
range [ < [, unmistakably identifies the mode of propagation
as the whistler mode. The V-shaped low-frequency cutoff of
the auroral hiss can be explained from simple ray path consid-
erations if the noise is generated along an auroral field line
below the spacecraft, as shown in Figure 15. Itis a well-known
characteristic of the whistler mode that the ray paths are
guided somewhat along the magnetic field line and that this
guiding effect is frequency dependent. If the emission is gener-
ated at wave normal directions near the resonance cone, as is
thought to be the case for auroral hiss observed at low alti-
tudes [Tayvlor and Shawhan, 1974], then the angle that the ray
path makes with respect to the magnetic field increases with
increasing frequency, varying from 0° at the lower hybrid
resonance frequency [y to 90° at the electron gyrofrequency.
i« This frequency dependence causes the ray paths to deviate

and the gap between the auroral hiss (/ < [, ) and

increasingly from the magnetic field line as the wave frequency
approaches the clectron gyrofrequency. The effect of this fre-
quency dependence is to allow the emission to be observed
over a larger spatial region at higher frequencies (compare [,
and [ in Figure 15), thus producing the V-shaped low-[re-
quency cutofT.

In contrast to the electromagnetic auroral hiss, which prop-
agates large distances from the L shell on which it was gener-
ated. the broad-band electrostatic noise is observed in a very
localized region and has no detectable magnetic field com-
ponent, as would be expected for a local electrostatic plasma
instability. Despite these marked differences the wide-band
spectrums, as in Figure 14, sometimes show a nearly continu-
ous transition between the auroral hiss and the broad-bund
clectrostatic nowise. These observations strongly suggest that
the electrostatic nose is closely related ta the generation of the
auroral kiss. Tavlor and Shawhan [1974] have shown that for
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Fig. 14, Another case, similar to Figure 13, showing auroral hiss and broad-band electrostatic noise during an inbound
Hawkeye | pass in the early morning. In this case, no clear distinction can be made between the auroral hiss and the broad-

band clectrostatic noise

wave normal directions very close to the resonance cone the
whistler mode takes on characteristics of a local electrostatic
wave, with short wavelengths, small magnetic field com-
ponents, and low phase velocities. If the broad-band elec-
trostatic noise is closely coupled to these short-wavelength
whistler mode waves or represents an extension of the same
plasma wave mode, it scems entirely possible that the auroral
hiss is generated directly from this electrostatic noise by
changes in the wave normal direction at plasma boundaries
and density irregulanities. Processes of this type have already
been supgested by Maggs [1976] for generation of auroral hiss

RELATIONSHIF TO MAGNETOSPHERIC PLASMAS AND
FIet 0-At168NeD CURRENTS

Observations

We now consider the relationship of the intense electric field
tirhibence doteetad b Hoawbeve T oand Tmn 6 1o the nlasmas

and field-aligned currents which are present in the high-lau- \
tude auroral regions of the magnetosphere. To illustrate the '
plasma relationships which are typically observed, Plate | H
shows the charged particle intensities for the inbound Huwk- N
eve | pass in Figure 2 during the period in which the intense {P
broad-band electrostatic noise is detected. The top two panels

of Plate 1 show the energy-time spectrograms of electron and

proton intensities detected by the Lepedea, and the bottom

panel gives the counting rate (log,e) of the thin-windowed GM H
tube. The Lepedea on board Hawkeye | provides measure-
ments of the differential energy spectrums of protons and elec-
trons within the encrgy range S0 eV < £ < 40 keV, and the
GM tube responds to electrons with energies £ > 45 keV and
protons with energies £ > 650 keV. In companing Figure 2 and
Plate 1 1t s evident that the region of intense broad-band
clectrostatic noise observed durimg this pass, with mavimum
intensities from about 123 10 1244 UT, occurs just betore the
rapid inerease i the GM tube counting rate and in o region
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Fig. 15 A qualtauve model showing the region of broad-band

electrostatic noise and the ray paths of the auroral hiss suggested by
events such as in Figure 14 The ray paths of the whistler mode auroral
hiss tend o deviate from the local magnetic tield direction as the wave
frequency approaches the electron gyvrofrequency . The frequency de-
pendence of the ray path can account for the V-shaped low-frequency
cutoff

with substanual Auxes of low-energy (~1 keV) protons. The
rapid increase in the GM tube counting rate at about 1242 UT,
which is shown in more detail in Figure 16, marks the entrance
into the stably trapped region of the outer radiation zone and
15 a charactenstic boundary called the electron £ > 45 keV
trapping boundary. Low-altitude measurements of convection
electric ficlds show that the £ > 45 KoV trapping boundary
usually corresponds closely with the boundary between open
and closed magnetic tield hines [Frank and Gurnett, 1971 Gur-
nett and Frank, 1973] The low-energy electron and proton
spectrums 1n the region in which the bread-band electrostatic
noise 15 observed are charactenstic of the high-density plasma
typically found in the maenetosheath and polar cusp. The
relationship of the electrostatic noise to the £ > 45 keV
trapping boundary and to the low-energy plasma in this case 1s
qualitatively similar to events of the type previously discussed
by Scarf erai (1971, 1975]) After crossing the trapping bound-
ary a region of very intense (1-10 keV) electron intensitics 1s
encountered from about 1245 to 1310 UT. These more ener-
getic and intense electron fluves are charactenistic of the outer
radiation zone during magnetically disturbed periods (a mag-
netic storm occurred 2 days earlier, on October 14, 1974).
Examination of charged particle measurements similar to
those in Plate | and Figure 16 for other local times shows that
the region of broad-band clectrostatic noise 1s consistently
observed near and always on the poleward side of the electron
E > 45 keV trapping boundary, outside the energetic (1-10
keV) electron intensities charoctenistic of the plasma sheet and
outer radiation zone. The region of intense electric field turbu-
lence 1s usually charactenized by a disuinct increase in the low-
energy (100 eV 10 | keV) electron and proton intensiies
Several types of measurements show that a distinctly different
higher-density plasma is encountered in this region In Figure
3 a sharp cutofl s evident in the continuum radiation (in the
13 3-kHz channel. in particular) at about the time, ~ RS UT,
that the broad-band clectrostatic noise 1s encountered  The
cutofl i almaose certanly caused by an abrupt ingrease 'n the

GURNETT AND FRANK AL RORAL Brroreosiaric TURRLEENG)

plasma frequency and hence plasma density in the region
where the broad-band electrostatic noise is observed. This
increase in the plasma density is directly confirmed by the
Lepedea data for this pass illustrated in Plate 2, whick shows
an abruptincrease in the low-energy (100 eV 1o | keV)electron
and proton intensities characteristic of magnetosheath and
polar cusp plasma at about 1825 UT. The static electric ftield
measurement on Hawkeye |, which is zry sensitive to changes
in the plasma density and temperature, also usually indicates
an abrupt discontinuity at the boundaries of the region where
the broad-band electrostatic noise is observed.

The Hawkeye | magnetic field data have been carefully
examined in search of magnetic field perturbations caused by
field-aligned currents in the region where the broad-band elec-
trostatic noise is observed. In most cases, no corresponding
magnetic field perturbations can be detected. However, in a
few cases, magnetic field perturbations occur which are almost
certainly associated with field-aligned currents. One of these
cases is illustrated in Figure 2. The magnetic field measure-
ments in Figure 2 clearly show numerous small perturbations
in the angle 8 as the spacecraft passes through the region in
which the most intense broad-band electrostatic noise s de-
tected. These magnetic field perturbations have not yet been
analyzed in detal because of the previously mentioned prob-
lem of reconstructing the spacecraft attitude during the pen-
ods in question. However, the magnetic field signature given
by the angle #%. when compared with similar measurements of
this type by Aubry et al. [1972) and Fairfield [1973]. provides
convincing evidence that field-aligned currents are present in
the region where the broad-band electrostatic noise occurs.
Similar magnetie field perturbations indicative of field-aligned
currents are also evident in Figure S and 1o a lesser extent in
Figure 4. The magnetic field measurements in Figure 3 show a
somewhat different magnetic field signature which has been
observed several times on the dayside of the earth. In this case
a marked change in the slope of #% versus ime 1s evident as the
spacecraft enters the region of broad-band electrostatic noise
at about 1825 UT. As the spacecraft passes through the region
of most intense electrostatic noise, from 1830 to 1930 UT, 6%
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changes by about 45°, and many small amplitude fluctuations
are evident in both the magnitude and the direction of the
neld. Both the skewing of the magnetic field direction and the
wmall-scale uctuations indicate that the spacecraft has entered
a region of higher 3 (ratio of the plasma to magnetic field
pressure) in which the plasma is producing significant local
changes in the magnetic field. The abrupt increase in the low-
energy (100 €V 1o | keV) proton intensities. shown in Plate 2,
provides further evidence of the higher 3 in this region. The
magnetic field in this region still remains sufficiently well or-
dered to rule out the possibility that the boundary at 1825 UT
vould be the magnetopause.

Discussion

It is evident that the broad-band electrostatic noise detected
by Hawkeye | und Imp 6 corresponds to a distinct plasma
region which extends along the magnetic field from low alti-
tudes in the auroral zone into the distant magnetosphere.
When these data are compared with low-altitude measure-
ments in the local afternoon and evening, all of the available
evidence indicates that the broad-band electrostatic noise oc-
curs on magnetic field lines which connect with the region of
intense inverted V electron precipitation observed by low-
altitude polar-orbitirg satellites [Frank and Ackerson, 1971].
This conclusion is supported by the following specific com-
parisons. (1) As was discussed in the previous section, the V-
shaped auroral hiss events detected by Hawkeye | and Imp 6
appear o originate from the region in which the broad-band
electrostatic noise is detected. At low altitudes, comparable V-
shaped auroral hiss events are directly associated with inverted
V events [Gurnett and Frank. 1972a] and can be reliably used
1o identify the inverted V electron precipitation region. (2) The
low-frequency mugnetic noise bursts detected by Hawkeve |
and Imp 6. which occur in the same region as the broad-band
electrostatic noise. appear to be the same as the whistler mode
ELF noise bands reported by Gurnett and Frank [1972b) at low
altitudes. These ELF noise bands also occur in the same region
as the inverted V events and can be used as a good indicator of
the inverted V electron precipitation region. (3) The broad-
bund electrostatic noise occurs in a region which is polewacd
of the electron £ > 45 keV trapping boundary. At low alti-
tudes the inverted V events have essentially the same relation-
ship to the electron £ > 45 keV trapping boundary (Frank and
Ackerson, 1971]. (4) The broad-band electrostatic noise occurs
in regions with substantial field-aligned currents. At low alti-
tudes the inverted V events are also known to occur in regions
with substantial field-aligned currents (4 ckerson and Frank,
1972).

In the local morning the association of the broad-band
clectrostatic noise with the fow-altitude inverted V electron
precipitation is not as clearly established as in the local after-
noon and evening. The location of the broad-band elec-
trostatic noise, always immediatelv poleward of the £ > 45
keV trapping boundary, suggests that the spatial relationship
with the inverted V events is essentially the same in the locu!
morning as in the local afternoon and evening. Unfortunately,
in the local morming. most of the remaining methods of com-
parison either are absent or have not yet been adequately
studied. For example. auroral hiss events with a distinct V-
shaped low-requency cutofl, which provide a meth .d ol iden-
ufying the imverted V region in the local afternoon and eve-
ning. are not observed in either the low-alutude or the high-
alutude plasma wave measurements in the locat morning. ELF
noise bands, which also provide a method of identifving the

inverted V region, have not been studied sufficiently in the
loca! morning region at low altitudes to provide a basis for
comparison.

When the Hawkeye | and Imp 6 measurements are com-
pared with other measurements in the distant magnetosphere.
a very clear relationship is found with plasma waves detected
in the distant magnetotail. Recently, Gurnett et al. [1976)].
usirg data from the Imp 8 spacecraft at geocentric radial
distances from about 23 1 10 46.3 R, reported observations of
broad-band electrostatic noise and magnetiz noise bursts with
characteristics essentially identical to the noise detected by
Hawkeye | and Imp 6 much closer to the earth. Actually, Imp
6 also detects this noise in the distant magnetotail (see Figure
11). however, only the near-earth results, R < 10 Ry, are
emphasized in this paper. In the distant magnetotail the broad-
band electrostatic noise and magnetic noise bursts are detected
by Imp 8 near the outer boundary of the plasma sheet in
regions which have very large plasma streaming velocities.
>10° km s ', directed either toward or away from the earth
The electrostatic noise intensities are often greatly enhanced
during periods of intense auroral activity. On the basis of these
and other comparisons, Gurnett et al. [1976] suggested that the
broad-band electrostatic noise and magnetic noise bursts oc-
cur in regions of field-aligned currents which develop at the
outer boundaries of the plasma sheet during periods of in-
creased auroral activity [dubry et al.. 1972 Fairfield, 1973].
The very close similarity between the broad-band electrostatic
noise and magnetic noise bursts detected by Hawkeve | and
Imp 6 near the earth and by Imp 8 in the distant magnetotail
provides strong evidence that this noise is associated with
feld-aligned currents which map into the inverted V electron
precipitation regions observed at low altitudes. The relation-
ships between the plasma waves, plasma regions. and field-
aligned currents suggested by these data on the nightside of the
carth are summarized in Figure 17.

At other local times the relationships between the broad-
bund electrostatic noise and the plusma regions of the distant
magnetosphere are not as well understood. On the dayside of
the earth the distinct skewing of the magnetic field direction in
the region where the broad-band electrostatic noise is detected.
as in Figure 3, strongly suggests that this region corresponds to
the “entry layer' discussed by Paschmann et al. [1976]. Since the
investigation of the polar cusp region with Hawkeye 1 is still in
a preliminary stage, further study is needed to establish the
relationship of the broad-band electrostatic noise to the
plasma regions observed on the dayside of the earth.

SUMMARY AND INTERPRETATION

In this study we have shown that a region of intense plasma
wave turbulence occurs on high-latitude auroral field lines at
altitudes ranging from a few thousand kilometers in the 1ono-
sphere to greater than 40 R, in the distant magnetotail. Two
distinctly different components are evident in the spectrum of
this turbulence, (1) an intense quasi-electrostatic component
called broad-band electrostatic noise and (2) a weak whistler
mode electromagnetic component called mugnetic noise
bursts. The broud-band electrostatic noise occurs over a very
broad frequency range, a few hertz to several hilohertz, with

maximum eleciric field intensities in the frequeney range of

apout 10-50 Hz and ty prcal maximum broad-band rms electrig
field strengths of 10 mV m ' The magnetic noise bursts occur
in the frequency range of about 10 Hz to a few hundred herty
(always with f < [, )and are usually most intense at frequen-

cres of about 100 Heo with typical broad-band muagnetic held
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Fig. 17.  The spatial relationships between the broad-band electrostatic noise, field-aligned currents, low-alutude inverted
V electron precipitation, and earthward streaming protons 1. the distant magnetotail suggested by this study

strengths of about 10 my. The magnetic noise bursts are
always observed in the same region as the broad-band elec-
trostatic noise. In the local afternoon and evening the broad-
band electrostatic noise appears to have a close relationship
with auroral hiss emissions which occur in this local time
region. Comparison with low-altitude measurements provides
substantial evidence that the intense plasma wave turbulence
detected by Hawkeve 1 and Imp 6 occurs on magnetic field
lines which co nect with regions of intense inverted V electron
precipitation observed at low alutudes. In the distant magne-
totail the same plasma wave turbulence is detected by the Imp
8 spacecraft in regions with intense fluxes of protons streaming
toward the earth at velocities sometimes in excess of 10 km
s '. At intermediate radial distances, magnetic field per-
turbations characteristic of field-ahigned currents have been
detected in the same region as the intense plasma wave turbu-
lence.

When these results are compared with other previous elce-
tric field measurements, 1t is apparent that the broad-band
electric ficld turbulence detected by Hawkeye | and Imp 6 has
many close similarities to the electric field turbulence detected
by the Ogo § spacecraft in the high.atitude regions of the
magnetosphere (Scarf eral . 1973, 1975]. In both cases. intense
electric field turbulence is observed near the energetic (£ 2 S0
keV) electron trapping boundary and in regions with large
field-aligned currents. However, substantial differences are
also evident. The most intense component of the broad-band
clectric field turbulence detected by Hawkeye ! and Imp 6
occurs at frequencies (10-50 Hz) which are well below the low-
frequency cutofl (~ S00 Hz) of the Ogo § plasma wave experi-
ment uand therefore not detectable. Within the frequency range
of the Ogo § experiment the electrostatic turbulence usually
consists of a few vers impulsive bursts with durations of only a
few seconds In contrast, the low-frequency component of the
clectrostatic noise detected by Hawheve | and Imp 6 occurs
over & broad region. usually several degrees in maenetie fatr-
tude. with a nearly constant intensity. Frequently . short dura-
tion bursts can be seen in the Hawkeve |and Imp 6 wide-band

spectrograms, as in Figure 8, extending upward in frequency
out of the intense low-frequency component. These briel
bursts probably correspond to the intense short duration
bursts detected by Ogo §.

Although most of the general features of this plasma wave
turbulence are now known, many questions remain concerning
the plasma wave modes involved in this turbulence and the
role which these waves play in the plasma processes which
occur along the auroral field hines. Although the mode of
propagation of the magnetic noise bursts can be clearly identi-
fied as the whistler mode, the plasma wave mode associated
with the broad-band electrostatic noise 1s poorly understood
The nearly continuous transition of the w histier mode auroral
hiss spectrum into the broad-band electrostatic noise (as in
Figures 13 and 14) suggests that the broad-band electrostatic
noise is closely assocuited with the whistler mode As was
discussed earlier, very short wavelength whistler mode waves,
with wave normal directions close to the resonance cone, have
many of the characteristics required to explain this noise (they
are quasi-electrostatic, have a low-frequency cutofl near fy .
and have small phase velocities charactenstic of a spatially
locahized plasma wave mode). Although the broad-band elec-
trostatic noise has certain characteristics of the cold plasma
whistler mode, hot plasma efTects must certainly be involved in
the generation of this noise. Most likely, this noise 1s asso-
ciated with a hot plasma mode, such as the 10n sound wave
mode ([ < [,") or the electrostatic 1on eyclotron modes (/ >
nf*). which couple strongly with the whistier mode at fre-
quencies near [y Electrostatic instabilities and whistler
mode coupling effects of this type have been discussed by
several investigators [e.g.. Stzonenko and Stepanor, 1967,
James. 1976, Maggs, 1976] Since both the broad-band elec-
trostatic noise and the whistler mode magnetic noise bursts
occur in regions with substanual field-ahgned currents, 1t
seems almost certain that both of these waves are produced by
a current-driven instabihity - Although several current-drven
instabilities are known which could possibly account tor these
waves (e ¢, Amdel and Aennel 197 1) turther detaled studies
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of the charged particle distribution functions are needed 10
identify the plasma instabilities involved in the generation of
these waves.

Since the broad-band electrostatic noise is believed to oceur
on the same magnetic field lines as the inverted V electron
events, it is of interest 1o consider how this plasma wave
turbulence may be associated with the inverted V electron
acceleration and heating. As was discussed by Frank and Ack-
erson (1971]. Evans [1974), and others, the inverted V electron
acceleration 1s believed to take place relatively close to the
earth, at radial distances of only a few earth radii. Numerous
other phenomena, such as auroral hiss [Gurnett and Frank,
1972a]) and auroral kilometric radiation [Gurnert, 1974],
clearly show that some distinctly nonthermal process is taking
place along the nighttime auroral field lines at alutudes from
about 5,000 to 20.000 km. On the same magnetic field lines as
the inverted V events, intense field-aligned currents are known
to flow between the distant magnetosphere and the iono-
sphere, and intense fluxes of protons are detected streaming
towaid the carth in the distant magnetotail [Frank et al., 1976).
In considering the possible role of the plasma wave turbulence
detected by Hawkeve | and !mp 6 on the acceleration and
heating of the auroral particles, two main questions can be
identified: (1) whether the waves act to thermalize the earth-
ward streaming protons and in the process heat the electrons
to the high temperatures charactenistic of the inverted V
events, and (2) whether the waves cause an anomalous resis-
tivity sufliciently large to account for field-aligned potential
differences thought to be involved in the primary acceleration
of the inverted V electrons.

Since only a small fraction of the protons streaming toward
the earth in the distant magnetotail are observed to retitrn
from the direction of the earth, Frank [1972] has suggested
that the energy carried by these protons is transferred to the
electrons at some point along the magnetic field line closer to
the carth, thereby accounting fe- the inverted V electron pre-
cipitation and the absence of con,, rable intense proton fluxes
at low altitudes. €.nce the plasma at these altitudes is nearly
collisionless, some mechanism is needed to transfer the energy
and momentum from the electrons to the protons. The occur-
rence of intense plasma wave turbulence along the field lines
where the inverted V events are observed strongly suggests that
this turbulence 1s involved in heating these electrons. In many
respects the process could be similar to the earth’s bow shock,
where plasma waves play the dominant role in the plasma
heating. For the observed electric field spectrum the primary
interactions with the protons would be expected at the harmon-
ics nf,* of the proton gyrofrequency. The electron heating
could occur by either Landau damping or cyclotron damping
of the waves generated by the earthward streaming protons.

In addition to the heating caused by the generation and
reabsorption of plasma waves, energy exchange can also occur
in regions of field-aligned currents because of the anomalous
resistivity caused by the plasma wave turbulence. Estimates of
the field-aligned potential differences caused by anomalous
resistivity in regions of field-aligned currents have been pre-
viously given by Fredricks er al [1973). Assuming an rms
broad-bund electric field strength of 90 mV m ', Fredricks et
al. estimate that field-aligned potential differences of the order
of 2 kV can be expected. In the region survesed by Hawbeve |
and Imp 6 the rms electric tield strength of the broad-band
electrostatic noise is seldom Larger than about 10-30 mV m ',
and in the distant magnetotal the electric field strength of this
noise s even smaller, seldom exceeding about 1-2mV m ' [see

Gurnett et al., 1976). Since the anomalous resistivity varies .
the square of the electric field strength [Sagdeer and Galeet,
1966), the ficld-aligned potenual differences in the regions
surveyed by Hawkeye | and Imp 6 are less than those esu-
mated by Fredricks et ul.. probably not more than about 200
V. assuming that the other parameters are similar. Potential
differences of this order are too small to account for the
clectron energies of ~10 keV observed in the inverted V elec-
tron preciphation at low altitudes. However, it should be
noted that the Hawkeve | and Imp 6 measurements do not
include the radial distance range of about | 8-4.0 R, (at L =
8), and the clectric field intensity may be significantly larger in
this altitude range. Comparisons between Imp 8 and Hawkeve
1 in fact suggest that the electric field intensity of the broad-
band electrostatic noise increases at lower altitudes (compare
Figure S from Gurneit et al. [1976] with Figure 6 of this paper)
The possibility that the electric field intensities may increase
with decreasing altitude is further supported by the Ogo 3
observations of Scarf er al. [1973). in which electric field
strengths as lurge as ~200 mV m ' were observed at a radial
distance of 2.5 R,. Broad-band electric field strengths this
large have nct vet been observed by Huwkeve | and Imp 6
The absence of such large field strengths in the Hawkeye | and
Imp 6 data is not considered to be in disagreement with the
Ogo § measurements be ause of the previously mentioned
limitations in the orbital coverage, which has not vet provided
measurements at radial distances near 2.5 R, on the auroral
field lines. Hopefully, data obtained later in the Hawkeve |
lifetime can provide the measurements necessary 10 extend the
results of the present study into the region from 1.8 to 4.0 R,
along the auroral field lines.

Since the wavelength of the electric field turbulence detected
by Hawkeve | and Imp 6 mav be very short, consideration
must also be given to the possibility that the wavelengths muay
be shorter than the antenna lengths (42.45 and 92.50 m for
Hawkeve | and Imp 6, respectively). If wavelengths X occur
which are shorter than the antenna length L, then the electr ¢
field strength will be underestimated. possibly by a large factor
il A << L. The shortest wavelength which can occur in a
plasma is approximately N, = 2xX, = 46.6(7 'n)' * m, where
As 18 the Debye length, 7 is the electron temperature in elec-
tron volts, and » is the electron density in units per cubic
centimeter. In the high-altitude region (R > 4.0 R, ) surveyed
by Hawkeye | and Imp 6 a reliable upper limit to the electron
density can be obtained from the low-frequency cutofl of the
continuum radiation, which must occur at frequencies greater
than the local electron plasma frequency [ > [, > 9n)' * kHz
In the region where the broad-band electrostatic noise is ob-
served the continuum radiation cutofl is typically about |5
kHz and almost never greater than 30 kHz, which imphes
densities of tynically 3 ¢cm ?* and aimost never more than 10
em~?. The electron temperature is more difficult to estimate
Becuuse substantial Auxes of electrons with energies of several
hundred electron volts are usually present tn these regions, it is
estimated that the electron temperature 1s almosi certainly of
the order of 100 ¢V or more. Whenn = [0em *and 7" = 100
eV, the mimimum wavelength is Ay, = 147 4 m, which s longer
than either the Hawkeye | or the Imp o antenna by a signiti-
cant factor. We conclude that errors due to short waseleneth
effects are not likely to be presentan the high-altitude (R - 40
R, ) measurements presented in this paper This conclusion hus
been verthed ina few cases by comparing measurements ob
taned with antennas of ditferent lengths on tmp 6, which show
the expected proportionality of the signal strength with n
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creasing antenna length which should be observed when A >>
L.

For the low-ultitude region (R < 1.8 R,) surveyed by Huwk-
eye | it is certain that the minimum wavelength can be me:oh
less than the antenna length because of the larger elviiiur
density and lower electron temperature in the ionc ' 2
Whether the broud-band electric field turbulence detecicd at
low altitudes actually has wavelengths sufficiently short to
cause serious errors in the electric field measurements is diffi-
cult to determine and has not been investigated in detail, since
the primary emphasis of this study has been on the high-
altitude observation. On the basis of earlier studies by Aelley
and Mozer [1972]. in which wavelengths of the low-altitude
electric field turbulence were directly measured, Kintner [1976)
has presented arguments showing that the wavelengths of the
broad-band electrostatic noise are sufficiently long to preclude
the possibility of serious errors in the electric field spectrum
even at low altitudes.
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ELECTROSTATIC TURBULENCE IN THE MAGNETOSPHERE

Donald A. Gurnett*
Department of Physics and Astronomy
The University of Iowa
Iowa City, Iowa 52242

Plasma wave measurements from the IMP-6, IMP-8 and Hawkeye-1
satellites show that a broad region of intense low-frequency elec-
tric 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
quslitatively similar, but less intense, type of electric field
turbulence is also observed at the plasmapause during magnetic
storms. In the auroral regions the turbulence occurs in an ess-
entially continuous band on the auroral L-shells at all local
times around the earth and is most intense during periods of
auroral activity. In 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.

I. INTRODUCTION

Recent studies of plasma wave measurements obtained from the IMP-6, IMP-
8 and Hawkeye-1 satellites have revealed the existence of a broad region of
low frequency electric field turbulence on auroral field lines at altitudes
ranging fram a few thousand kilometers in the auroral ionosphere to many
earth radii in the distant magnetosphere [Gurnett and Frank, 1976; Gurnett
et al., 1976]. A similar region of electric field turbulence with somewhat
lower intensities is also detected near the plasmapause during magnetic
storms [Anderson and Gurnett, 1973]. The electric field intensity of the
turbaulence on the auroral field lines ir often quite large, with maximum
field strengths of about 30 mV m-l, T.: frequency range of the electric
field noise typically extends from about 10 Hz to a few kHz, with the maximum
intensity at about 10 to 50 Hz. Weak bursts of magnetic noise are also de-
tected in the same region as the electric field turbulence.

For many years it has been suggested thrt intense electric fields pro-
duced by current-driven instabilities can interact with the current-carrying
particles in a plasma to produce an eft'ective resistivity many orders of

¥Research performed while on leave at the Max-Planck-Institut fur Extra-
terrestrische Phyaik, 8046 Garching, West Germany.
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magnitude larger than the Coulomb resistivity. (See for example the recent
rev.™w by Mozer, 1976). Kindel and Kennel [1971] have considered the possi-
ble current-driven instabilities which could occur in the auroral zone and
have concluded that the electrostatic ion cyclotron and ion acoustic modes
should be unstable in the regions of field-aligned currents associated with
the auroral electron precipitation. If the electric field turbulence pro-
duced by these instabilities grows to sufficiently large amplitudes the asso-
ciated anomalous resistivity can produce large electrostatic potential diff-
erences along the magnetic field line, with an associated acceleration of
some of the particles to high energies. In the distant magnetotail anomalous
resistivity produced by plasma wave turbulence has also been suggested as a
mechanism to control the merging rate of oppositely directed magnetic fields
at X-type neutral lines [Piddington, 1967; Dungey, 1972]. In this paper we
sumarize the observed characteristics of the electric field turbulence de-
tected by the IMP and Hawkeye satellites and consider the possible role of
this turbulence in the heating and acceleration of auroral particles.

II. ELECTROSTATIC TURBULENCE ON AURORAL FIELD LINES

To illustrate the principal characteristics of the intense low frequency
electric field turbulence which occurs on the high latitude auroral field
lines we first discuss the plasma wave measurements on three representative
passes of the Hawkeye-1, IMP-6 and IMP-8 spacecraft. The Hawkeye-1 and IMP-6
passes in Figures 1 and 2 cut across the auroral L-shells relatively close to
the earth (5 to 10 Re) in the local morning and evening, respectively, and
tre IMP-8 pass in Figure 3 crosses through the neutral sheet region of the
distant magnetotail about 30 R from the earth. The top panel of each of
these illustrations shows the magnetic field magnitude and direction and the
middle and bottom panels show the plasma wave magnetic and electric field in-
tensities. The intensity scale for each channel is proportional to the loga-
rithm of the field strength, with a range of 100 db from the baseline of one
channel to the baseline of the next higher channel. For the IMP data the
dots give the peak field strength and the vertical bars give the average
field strength. For further details of the plasma wave instrumentation on
these spacecraft see Gurnett [1974] and Kurth et al. [1975].

The first representative pass (in Figure 1) is an outbound Hawkeye-1
pass in the local morning at about 0900 magnetic local time. Several types
of plasma waves are present during this pass. Within the plasmasphere, be-
fore about 1525 UT, plasmaspheric hiss is evident in both the electric and

. magnetic field channels at frequencies fram 178 Hz to 5.62 kHz. At slightly
higher frequencies outside of the plasmapause a series of (n + 1/2)f; elec-
trostatic cyclotron harmonic emissions and a band of continuum radiation can
be seen extending over a large range of radial distances. Starting at about
1825 UT, and extending to about 1940 UT, a region of intense low-frequency
electric field noise is evident in the frequency range from about 10 Hz to
10 kHz. Since this roise occurs over a broad range of frequencies and is
most evident in the electric field data we refer to this noise as broad-band
electrostatic noise [Gurnett et al., 1976; Gurnett and Frank, 1976]. Some
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Figure 1. A Hawkeye-l pass near local dawn. Intense electrostatic
turbulence occurs near the plasmapause, from 1620 to 1625 UT and
along the auroral field lines, from about 1825 to 1940 UT.

weak bursts of magnetic noise are also observed in the same region as the
broad-band electrostatic noise. Simultaneous with the onset of the broad-
band electrostatic noise in Figure 1 (at 1825 UT) an abrupt cutoff occurs in
the continuum radiation in the 13.3 and 17.8 kHz channels. This cutoff
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Figure 2. An IMP-6 pass near local midnight showing the occurrence
of several regions of intense broad-band electrostatic noise.

indicates that the spacecraft has emntered a region of distinctly higher plas-
mas density (with £ ~ 17.8 kHz) in the region where the broad-band electro-
static noise occurs. At the same time a distinet skewing of the magnetic
field direction, 8P, and an increase in the magnetic field fluctuations are
evident. Both the skewing of the .agnetic field direction and the increase
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TR el ik AN



|

’
‘n
-

in the plasma density indicate that the spacecraft has entered a region of
higher P (ratio of plasma to magnetic pressure) characteristic of the polar
cusp or entry layer [Frank, 1971; Paschmann et al., 1976] on the day side of

the magnetosphere.

On the night side of the magnetosphere a qualitatively similar type of
plasma wave turbulence is also observed, both near the earth and in the dis-
tant magnetotail. Figure 2 shows a ty-pical IMP-6 pass through the high-lati-
tude region of the magnetosphere near the earth in the local evening, at
about 2300 magnetic local time. During this pass several distinct regions
with intense broad-band electrostatic noise can be identified, the first at
about 0900 UT, followed by a broad region from about 0920 to 0940 UT. The
enhanced electric field intensities within these regions, at L-values from
about 8 to 10, are very clear and distinct, particularly in the peak field
strength measurements. Magnetic noise bursts are also evident in the low
frequency, 36 Hz to 200 Hz, magnetic field channels. Several distinct per-
turbations in the magnetic field direction, ¢§M, indicative of field-aligned
currents, are also present in the region where the broad-band electrostatic
noise is observed. Figure 3 shows an IMP-8 pass through the plasma sheet in
the distant magnetotail for which the same type of broad-band electrostatic
noise is observed at a radial distance of over 30 Rg from the earth. During
this pass the transition fraom the northern to the southern lobes of the mag-
netotail is indicated by the change in the magnetic field direction from
~ 0° to ‘PBM ~ 180° and the high energy density P ~ 1 region of the plasma
sheet can be identified by the region of depressed magnetic field intensity
from about 1300 to 2200 UT. Comparing the electric field intensities with
the magnetic field magnitude B it is seen that the intense broad-band elec-
trostatic noise tends to occur near the boundaries of the plasma sheet in
the region where the magnetic field changes from the reletively steady field
characteristic of the high latitude mmgnetotail to the depressed and more
variable field in the plasma sheet. Detailed comparisons with the plasma
measurements of Frank et al. [1976] for this same period show that the in-
tense broad-band noise occurs in regions with large flow velocities, > 103
km sec 1, associated with the merging region (fireball) in the distant magne-
totail. Magnetic noise bursts, comparable to the events in Figures 1 and 2,
are also evident in the regions of intense broad-band electrostatic noise.
The onsc* of tne broad-band electrostatic noise bursts at 1205, 1830 and
2200 UT, also occurs coincident with the onset of intense bursts of auroral
kilometric radiation, a type of radio emission generated at low altitudes
near the earth. This association strongly suggests that the plasma wave
turbulence in the distant magnetosphere plays an important role in controll-
ing or influencing the auroral particle precipitation near the earth.

Typical peak and average spectrums of the electric and magnetic fields
in a region of intense broad-band electrostatic noise are shown in Figure k.
These spectrums show that the ratio of the average electric field energy den-
lity tozthe average magnetic fleld energy density is much greater than one,
E2/C¢ B° ~ 39, which illustrates the essentially electrostatic (or quasi-
electrostatic) character of the turbulence. The electric field spectrum in
Figure 4 also shows that the rre?uency range of this turbulence extends from
near the proton gyrofrequency, f;, to the electron gyrofrequency, f,. The
largest electric field 1ntensities occur at low frequencies, from agout 10 to
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50 Hz, in the range between £} and the hybrid frequency JE fg. The r.m.s.
broad-band electric field stréngth for this case is 10.8 my m-L and the peak
broad-band field strength is 35.6 mV m-1.

Using the extensive measurements available from the IMP-6 and Hawkeye-1l
spacecl \ft a detailed study has been made of the region of occurrence of the
broad-band electrostatic noise. The essential features of the frequency of
occurrence distribution are shown in Figures 5 and 6. For this frequency of
occurrence distribution events are identified on the basis of the low-fre-
quency electric field intensity (56.2 Hz for Hawkeye-1 and 63.0 Hz for IMP
-6). The threshold elecgr eid spectral density used for defining an
event is 1.4 x 10~7 wvolt é . Figure 5 shows the frequency of occur-
rence as a function of radial distance, R, and magnetic latitude, Ap, for
magnetic local time in the local midnight quadrant, from about 21 to 03 Hr.
MIT. These data show that the broad-band electrostatic noise occurs in two
distinct latitudinally symmetric regions, starting at high latitudes, ~ 7C°,
near the earth and extending to progressively lower latitudes with increasing
radial distance. The two regions appear to merge in the distant magnetotail
at a radial distance of about 10 Rg. The latitudinal width of the region of
occurrence, approximately 20° at R = 5.01 to 6.31 Re, is several times larger
than the latitudinal width typically observed on an individual pass. This
increase in the apparent latitudinal width of the region of occurrence is
almost certainly caused by the orbit-to-orbit variations of the L-shell on
which the noise occurs. On the basis of passes through the plasma sheet, as
in Figure 3, in which the noise is observed near the outer boundaries of the
plasma sheet, it seems likely that at any given time the northern and south-
ern regions of occurrence remain distinctly separated to much larger dis-
tances (R>> 10 R,) in the magnetotail than are indicated by the statistical

survey in Figure 5.
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To illustrate the variations in the region of occurrence with magnetic
local time Figure 6 shows the frequency of occurrence as a function of mag-
netic latitude and magnetic local time at a constant radial distance, 5.01 Rg
< R< 6.31 R,. This range of radial distance was chosen because it is suffi-
ciently far from the earth to provide measurements over a wide range of
magnetic latitudes and still close enough for the magnetic field model to be
reasonably accurate., For reference, the L-value of the magnetic field pass-
ing through the center of this region at R = 5.62 Re is shown on the right
side of Figure 6. The broad-band electrostatic noise is seen to occur in an
essentially continuous band at all local times around the earth. The noise
occurs at the lowest magnetic latitudes near local midnight and at systemati-
cally higher magnetic latitudes on the day side of the earth. The frequency
of occurrence (and also the average intensity, not shown) is significantly
higher on the night side of the earth. Near local midnight the maximum
occurrence is at L-values from about 8 to 12.

III. ELECTROSTATIC TURBULENCE NEAR THE PIASMARPAUSE

Electrostatic turbulence similar to the intense broad-band electrostatic
noise observed along the auroral field lines is also observed near the
plasmapause during magnetic storms. A good example of this electrostatic
turbulence is evident in the 17.8 and 56.2 Hz electric field channels of
Figure 1 as the spacecraft crosses the plasmapause, from about 1620 to 1625
UT. The broad-band field strength of this noise is relatively weak, only
about 250 uV m~1l. No magnetic field can be detected in the corresponding
magnetic field channels. As with the broad-band electrostatic noise in the
auroral zone the electric field energy density of the plasmapause noise
greatly exceeds the magnetic field energy density (for example, compare this
noise with the electramagnetic plasmaspheric hiss emissions in the 178 Hz
chamel at 1615 UT).

Electrostatic noise of the type illustrated in Figure 1 has been pre-
viously observed on the S3-A spacecraft [Anderson and Gurnett, 1973] near
the equatarial plane during a magnetic storm and similar electrostatic waves
have also been cbserved at low altitudes near the plasmapause in association
with a stable red arc [Nagy et al., 1972]. The Hawkeye-1 observations indi-
cate that this plasmapause electrostatic turbulence occurs all along the
magnetic field line, from the equator to low altitudes in the ionosphere.
At the present time relatively little is known in detail about the occurrence
of this electrostatic turbulence, or its relationship to the plasma inter-
actions occurring at the plasmapause during a magnetic storm. B

e

IV. SUMMARY AND DISCUSSION

Intense low-frequency electrostatic turbulence is observed in two dis-
tinct regions of the magnetosphere: along the auroral field lines and near
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the plasmapause. Along the auroral field lines this electric field turbu-
lence, which has been called broad-band electrostatic noise, is very intense
with maximum broad-band electric field strengths sometimes as large as 30
mV m~1., This turbulence occurs in an essentially continuous band on the
auroral L-shells at all local times around the earth and extends to large
distances ( > 40 R_) in the distant magnetotail near the outer boundary of
the plasma sheet. “Weak bursts of magnetic noise are also observed in the
same region as the broad-band electrostatic field and comparisons with mag-
netic field and plasma measurements show that this noise occurs on field
lines which carry significant field-aligned currents between the distant
magnetosphere and the ionosphere and in regions of the distant magnetotail
which have large plasma flow velocities, > 103 km sec™l [Gurnett et al.,
1976]. At low altitudes evidence has been presented [Gurnett and Frank,
1976] indicating that this low frequency electric field turbulence occurs on
the same magnetic field lines as the intense inverted-V electron precipita-
tion events responsible for a major fraction of the auroral energy dissipa-
tion in the local evening. These relationships are summarized in Figure 7.
Near the plasmapause a lower intensity type of electrostatic turbulerce is
observed which has many characteristics (broad-band, quasi-electrostatic,
peak intensity from 10 to 50 Hz) similar to the broad-band electrostatic
noise observed in the auroral regions. This noise occurs relatively infre-
quently and is apparently associated with the interaction of the hot ring
current plasma with the plasmasphere during magnetic storms.

C-GT6-43.1

WAVES
m‘t BROAD-BAND WHISTLER~MODE
ELF — ELECTROSTATIC MAGNETIC NOISE
NGISE ) e RO AN NOISE BURST
oy ) LSS \x‘\*\‘&%\\\ )
)

.....
.........

A

YaILWARD

\ < EARTHWARD
INVERTED-V N N STREAMING STREAMING
ELECTRON : \mﬁw
PRECIPITATION BOUNDARY LAYER FIREBALL
FIELD-ALIGNED PLASA
CURRENTS

PLASMAS

Figure 7. A qualitative model showing the region where the broad-band
electrostatic noise occurs in relation to the plasma
sheet near local midnight.
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Although most of the general features of the electric field turbulence |
which occurs in the auroral regions and distant magnetotail are now known ;
many questions remain concerning the plasma wave modes involved in this tur- ‘5
bulence and the role which these waves play in the plasma heating and accel-
eration which occur along the auroral field lines. Since this turbulence
occurs in regions with substantial field-aligned currents it seems most like-
ly that these waves are produced by a current driven instability, such as the
ion sound wave mode (f < f*) or the electrostatic ion cyclotron modes (f ~
n f§). Current driven insbabilities of this type have been studied by
several investigators (see for example, Kindel and Kennel, 1971). Further
detailed studies of the charged particle distribution functions are needed
to identify the plasma instabilities involved in the generation of these
waves. Rough estimates of the anamalous resistivity produced by the broad-
band electric field turbulence detected in regions of field-aligned currents
at high altitudes (R > 4R,), indicate that this turbulence could only account
for potential differences of about 100 volts between R ~ 4.0 R and the
distant magnetosphere [Gurnett and Frank, 1976]. Unless the turbulence be-
comes stronger at lower altitudes these potential differences are too small
to account for the acceleration of auroral electrons to energies of 10 keV.
Measurements are still needed in the altitude range from about 1.8 to 4.0 R
to provide a conclusive evaluation of the role of this turbulence on the
acceleration of auroral particles.
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The Angular Distribution of Auroral Kilometric Radiation

JAMES LAUER GREEN, DONALD A. GURNETT, AND STANLEY D. SHAWHAN

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

Measurements of the angular distribution of auroral kilometric radiation (AKR) are presented by using
observations from the Hawkese 1. Imp 6. and Imp B satellites. The University of lowa plasma wave
experiments on Huwkeye | and Imp 6 provide electric field measurements of AKR in narrow frequency
bands centered at 178, 100, and 56.2 kHz. and the Imp 8 experiment provides measurements at 500 kHz.
From a frequency of occurrence survey, at radial distances greater than 7 R, (carth radii) it 1s shown that
AKR is preferentially and instantaneously beamed into sohid angles of approximately 3 S srat 178 kHz.
|.8srat 100 kHz, and |.1 srat 56.2 kHz, directed upward from the nighttime auroral zones. Simultaneous
multiple satellite observations of AKR in the northern hemisphere show that the radiation occurs
simultaneously throughout these solid angles and that the plasmapause acts as an abrupt propagation
cutoff on the nightside of the carth. No comparable cutoff is observed at the plasmapause on the davside
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
AKR. These calculations assume that a small source emits radiation at various frequencies along a
magnetic field line at 70° invanant latitude near local midnight. The approximate altitude of the source
can be determined for each of the two modes of propagation by adjusting the source altitude 1o giv~ the
best fit to the observed angular distributions. The R-X mode is found to give the best agreement wit.) the

observed angular distributions.

INTRODUCTION

Recent satellite observations have revealed two distinctly
different nonthermal radio emissions associated with the
carth’s magnetosphere. Both types of emissions occur at kilo-
metric wavelengths in the radio spectrum. One of these types
of radiation has a relatively constant intensity and is very
weak. This radiation has been called the ‘nonthermal contin-
uum’ and is gencrated between the plasmapause anc the mag-
netopause, the greatest intensity being on the dayside of the
earth [Gurnett, 1975). The other type of radiation. which has
been called ‘terrestrial kilometric radiation’ by Gurnett [1974)
and by Aaiser and Alexander [1976). consists of intense spo-
radic bursts of electromagnetic radiation generated over a
wide range of distances (2-15 Rg) above the auroral zones
[+.aiser and Alexander. 1976]. Since the most intense and fre-
quently occurring kilometric radio emissions originate from
the nighttime auroral regions and are closely correlated with
the occurrence of aurora, Kurth et al. [1975] have called these
emissions ‘auroral kilometric radiation.' The present study
only considers satellite observations of auroral kilometric radi-
ation (AKR).

Dunckel et al. [1970] first showed that AKR was correlated
with the auroral electrojet index A£. Using photographs pro-
duced from the optical scanner aboard the Dapp satellite.
Gurnetr [1974) demonstrated a close association of AKR with
discrete auroral arcs. Since Ackerson and Frank [1972] had
previously showed that intense ‘inverted V' electron precipi-
tation events are correlated with discrete auroral arcs, Gurnet
[1974] concluded that AKR is closely associated with the
inverted V electron precipitation.

The power spectrum of AXR has a large degree of varia-
bility with time. Gurnetr [1974) presented a power spectrum of
a typical aurcra! k:lometric burst as observed by imp 8 that
had a peak power flux of about 10 W m-?Hz"'at 178 kHz.
On either side of the peak the spectrum decreased rapidly in
intensity, decreasing to the receiver noise level at about 30 kHz
and to near the cosmic background ut 2 MHz. Kaiser and

Copyright © 1977 by the American Geophysical Umon

Stone [1975] presented a similar power spectrum with peak
frequency near S00 kHz. and they also indicated that the peak
may sometimes be as low as 130 kHz. Gurnett [1974) estimated
that at peak intensity the total power of AKR is sometimes as
high as 10 W.

Preliminary evidence presented by Gurnetr [1974] at 178
kHz indicated that AKR is generated at radial distances as low
as 2.8 R, (earth radii) in the evening auroral zone from a
source that ‘subtends a smal! angular size " Direction finding
measurements from Imp 8 and Hawkeve | were used by Aurth
et al. [1975) 10 locate the average source region of AILR
projected onto the equatorial plane at the frequency of 178
kHz. From Imp s chservations the average source region was
found to be a1 a locst time of 21.25 hours and at a distance of
0.835 R, from the miar axis. These ineasurements would place
the source at a geocentric radial distance of about 2 R, along
an auroral field line (70° invariant latitude). The Hawkeye |
observations presented by Kurth er al. [1975] also gave similar
results.

Using RAE 2 in orbit about the moon. Kaiser and Alexander
[1976) produced two-dimensional source location measure-
ments of AKR from lunar occultations. They found that al-
though the average source location at 250 kHz 1s between 2
and 3 R above the polar regions, a number of events indicated
that the radiation may occasionally be generated at large
radial distance (>7 Rg). From single lunar occultations, 4/ex-
ander and Kaiser [1976] have observed several source regions
at the same frequency. The most intense component of the
multiple suurces is almost always closest to the earth, und the
weakest component is the most distant. A preliminary in-
vestigation by Alexander and Kaiser [1976] of the variation ol
source positions with observing frequency indicated that AKR
emission at frequencies above 300 kHz came from closer to the
carth than the emissions at frequencies less than 250 kHz In
addinion, the sources in the northern hemisphere, on the night-
side, appear (o trace out 3 70° invariant latitude magnetic field
line

The purpose of this paper 1s to determine the angular distri-
bution of auroral kilometric radiation at different frequencies

Paper number 7AD1YY 1825
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Fig. 1. Cross calibration of the receiver responses of the plasma wave experiments on Hawkeye | and Imp 6 using
simultancous observations of a type I11 radio burst.

by making use of observations from three satellites over a
period of several years. Variations in these observed angular
distributions as a func*ion of frequency are then explored by
using ray tracing calculations in order to obtain more informa-
tion on the spatial position and characteristics of the source
region of AKR. The ray tracing caiculations also indicate the
most probable polarization of this electromagnetic radiation.

METHOD OF ANALYSIS

Instrumentation

The University of lowa has nearly identical plasma wave
experiments on board Hawkeye I, Imp 6, and Imp 8. Imp 6
and Hawkeye | are in highly elliptical earth orbits. The apogee
of Hawkeye | is over the north polar region at a radial distance
of 130,856 km The apogee of Imp 6 1s n€ar the equatorial
plane (orbit inchination of 28.7°) at a radial distance of 212,630
km. Imp 85 in a low-eccentricity earth orbit near the equa-

torial plane with initial perigee and apogee radial distances of
147,434 and 295.054 km, respectively, and an orbit inclination
of 28.6°.

Each of the three satellites has a long dipole antenna for
electric field measurements. The Hawkeye | antenna is the
shortest, measuring 4245 m from tip to tip. The Imp 6 ard
imp 8 antennae are longer, 92.5 and 121.8 m from tip to tip,
respectively. To determine the electric field intensity at various
frequencies, the antenna signals are periodically analyzed with
spectrum analyzers, The Imp 6 spectrum analyzer has 16 fre-
quency bands with center frequencies frem 36 Hz to 178 kHz.
For this experiment the filter bandwidths range from about
4 10% of the center frequency at high frequencies to £20% at
low frequencies. The electric field spectrum analyzers on board
Hawkcye | and Imp B also have 16 narrow band frequency
channels with center frequencies from 1.78 Hz to 178 kHz
(2£10%) and 4C Hz 10 178 kHz ( £ 107 ), respectively. In addi-
tion, Imp 8 has a tunable wide band receiver which measures

®
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Fig. 2. The frequency of occurrence diagram of AKR as observed
from the Imp 6 and Hawkeye | spacecraft at 56.2 kHz as a function of
MLT and magnetic latitude.

the electric field intensity at 2 MHz, 500 kHz, 125 kHz. or 31.1
kHz with a bandwidth of =1 kHz. The dynamic range of each
of these instruments is about 100 dB. The raw data from the
spectrum analyzer channels are transmitted as voltages which
range from 0 to 5 V and are upproximately proportional to the
logarithm of the electric field intensity.

In 6 months, Hawkeye | covers 24 hours of magnetic local
time and provides observations over essentially the entire
northern polar regions. Complete coverage of magnetic lati-
tudes between —45° and +45° at all magnetic local times (out
to 33 R;) is accomplished by Imp 6 after | vear in orbit. The
magnetic latitudinal coverage of Imp 6 and Imp 8 is quite
similar, but a larger body of data is now available from Imp 6
Consequently, observations from Imp 6 and Hawkeye | will be
combined to determine the angular extent of AKR at 56.2,
100, and 178 kHz in the northern hemisphere. Additional
coverage by Imp 8 at 500 kHz is also presented to extend the
analysis to higher frequencies.

Cross Calibration of Hawkeye |
and Imp 6

Since data from two different satellites, Imp 6 ana Hawkeye
1, are to be combined in a single frequency of occurrence
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Fig 3. The frequency of occurrence diagram of AKR us observed
from the Imp 6 and Huwkeve | spacecralt at 100 kHz as a function of
MLT and magnetic latitude
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Fig. 4. The frequency of occurrence diagram of AKR as observed
from the Imp 6 und Hawkeye | spacecraft at 178 kHz as a function of
MLT and magnetic latitude.

analysis, it is necessary to perform a cross calibration of the
two instrument sensitivities to make certain that no systematic
differences are present in the calibrations. A convenient
method of performing such a cross calibration is to compare
simultaneous observations of a type Il solar radio burst. Type
i1l bursts are radio emissions from superthermal electrons
emitted by the sun during a flare [Lin, 1970). The use of the
type 11 bursts to provide a cross calibration of Hawkeye | and
Imp 6 is based on the assumption that the distance between the
satellites is small compared to the distance the radiation has to
travel from the source to the two satellites. Both satellites are
then subjected to the same power flux.

Figure | shows a series of simultaneous observations of type
111 solar radio bursts by Imp 6 and Hawkeye 1 at 56.2 and 100
kHz on September 18, 1974, and at 178 kHz on September 17,
1974. The signature of the type Il burst ut these frequencies
can be recognized easily by the smooth rapid increase in signal
strength to a maximum on a time scale of a few minutes
followed by a gradual decrease to the receiver noise level on a
time scale of several tens of minutes. Note the mulaple type 111
event on September 17, 1974, in the 178-kHz channels. The
large sporadic intensity fluctuations on either side of the mul-
tiple type I11 events in Figure | are bursts of AKR. Close
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Fig. 6. The normalized percentage of occurrence of AKR in mag-
netic meridian sections between 8 and 12 hours and 20 and 24 hours
MLT

examination shows that both satellites are receiving the same
AKR bursts. as is evident by the closely correlated variation of
the electric field strengths in the 178-kHz channels.

The cross calibration graphs on the left of Figure | are
obtained by plotting the raw voltage output of the Hawkeye
spectrum analyzer versus the raw voltage output of the Imp 6
analyzer for these type I11 bursts. Each point 1s a measurement
from both satellites taken at the same time and at the same
frequency during the slowly decreasing part of the type Il
radio burst. Only the peak intensities were used in these com-
parisons to take into account any spin modulation effects,
From the straight line fits in each graph the relationship be-
twzen the output voltage from the receivers on Hawkeye | and
Imp 6 can be found. In every case the slope of each straight
line fit is one. confirming that the sensitivities of the reccivers
are identical. The absolute magnitudes of the intensities deter-
mined from the preflight calibrations agree within 2 dB.

THE OBSERVED ANGULAR DISTRIBUTION

Informztion on the angular distribution of AKR can be
obtained by vxamining where the satellites have observed the
highest frequsncy of occurrence of radiation above a preset
threshold A two-dimensional frequency of occurrence dia-
gram of AKR can be constructed in magnetic latitude (A.)
and magnetic local time (MLT) by using a |/R* power flux
threshold criterion to correct for the expecjed |/ R? radial
variations of the power flux [see Gurnert, 1974]. Although the
source is not located at the center of the earth, this radial

variation corrects for the first-order radial dependence of the
power flux, provided the source is located relatively close to
the earth.

On the basis of a survey of 10 months oi Hawkeye | data at
178, 100, and 56.2 kHz and 1} years of Imp 8 data at 500 kHz a
power flux threshold was chcsen 25 dB below the maximum
power flux observed for each frequency. This threshold was a
compromise resulting from the conflicting requirements to
obtain enough data points above the threshold for good statis-
tical accuracy, and at the same time assure that the threshold is
well above the receiver noise for each spacecraft and for each
frequency analyzed. The thresholds selected are as follows:

(500 kHz) threshold = (R/RP X (217X 10°")Wm *Hz!
(178 kHz) threshold = (Rg/RY X (7.3 X 10°*)W m * Hz !
(100 kHz) threshold = (R,/R) X (7.32 X 10°"*) W m *Hz™!
(56.2 kHz) threshold = (Rg/RP X (2.59 X 10°*)W m~"Hz"

Since the distance from the spacecraft to the source of AKR is
not known during the initial reduction of data, the R value
used in calculating the power flux threshold is the geocentric
radial distance to the spacecraft. To reduce the error caused by
the uncertainty in the radial distance to the source and to
avoid complications due to near-earth propagation effects,
oniy measurements obtained at R > 7 Ry are used in the
analysis. If the source is near the earth (R < 3 R;). then the
margin of error in the radial distance correction of the thresh-
old is ! most +4 dB, which is small in comparison with the
amplitude range (~100 dB) over which the intensity of AKR
varies,

The frequency of occurrence diagram determined frem the
frequency of occurrence analysis for $6.2 kHz is shown in
Figure 2. The measurements used comprise 3.5 years of Imp o
data and 10 months of Hawkeye | data. Blocks of 5° in-
crements in A, and 2-hour increments of MLT are used. The
magnetic coordinates of the spacecraft determine the block
within which an observation is counted. In each block the total
number of 3-~..n observations of AKR above the threshold
are counted. This number is divided by the total number of 3-
min observations in that block 10 give the frequency of occur-
rence. The black shading in Figure 2 represents the highest
percentage of times that AKR was detected above the power
flux threshold. The distinct emission cone (black shading) of
AKR is clearly evident in Figure 2 in the northern hemisphere.
The emission cone appears to be completely filled and is sym-
metric, centering around 22 hours MLT, indicating that the
preferred direction of AKR is in the local evening, in agree-
ment with direction finding measurements of the average
source locations by Kurth et al. [1975) and Aaiser and Stone
[1975). Near local midnight the latitudinal boundary of the
emission cone extends to near the magnetic equator and is
rather poorly defined. as is indicated by the complicated varia-
tions of the frequency of occurrence in this region. At high
marnaetic latitudes on the dayside of the earth (0-10 hours
MLT) the frequency of occurrence of AKR changes by at least
a factor of 4 at A, = 65° + 10° This rapid change in the
frequency of occurrence indicates that a relatively stable
boundary to the AKR angular distribution occurs on the
dayside of the earth

The frequency of occurrence diagrams st 100 and 178 kHe,
shown in Figures 3 and 4, respectively, were produced in the
same manner as those of Figure 2 AKR 1s observed with
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Fig. 7. A north polar view of the latitudinal boundary of the AKR emission cones at 178, 100. und 56.2 kHz in magneuc
coorZinates. The decreasing angular size of the emission region with decreasing frequency 1s clearly evident

almost equal frequency throughout the emission cones (black
shading) at 100 kHz and 178 kHz. Similarities with Figure 2
include (1) a rapid change in the frequency of occurrence at
high A, on the dayside of the earth, (2) a complicated poorly
defined latitudinal boundary at low latitudes on the nightside
of the earth, and (3) symmetry about 22 hours MLT. At higher
frequencies (particularly 178 kHz) the emission cones extend
closer to the magnetic equator in the lozal eveniing.

Figure 5 shows the frequency of occurreiice of AKR at 500
kHz from 1§ years of Imp 8 data. Hawkeve | and Imp 6 do not
have a 500-kHz channel. and consequently we are limited in
latitudinal coverage 1o +45° A,,. Figures 2. 3. 4, and § are
consistent with the general picture that from $6.2 to 500 kH:
the solid angle of the emission cones increases as the frequency
increases. At 500 kHz the northern and southern emission
cones appear 0 overlap substantially in the region near local
midnight

To obtain a better impression of the latitudinal variation of
the frequency of occurrence. we cun normalize cach of these
frequency of occurrence diagrams. The normalization s ac-
complished by changing the scale of each frequency of occur-
rence diagram 10 4 scale thut runges from zero to one wh
the maximum percentage of occurrence equals one Figure 6
shows the normalized percentage of observed AKR for the
inree frequencies 178, 100, and 6.2 kM7 versus mugnetic

latitude. All observations on the dayside of the carth with
MLT between 8 und 12 hours are on the left side of each panel
The right side shows observations on the nightside of the earth
from 20 10 24 hours MLT. The observations are organized by
magnetic latitude. the north magnetic pole being located di-
rectly at the center of each plot. Starting at the pole. the
normalized occurrence decreases rapidly with decreasing lat-
tude on the dayside of the earth. with a sharp boundary at
about A, = 65° = 10° for all frequencies. On the nightside of
the carth the normalized occurrer ce decreases less rapidly with
decreasing latitude and has a nearly constant plateau from
about +45° 10 —45° in the 56.2- und 100-kHz channels. The
178-kHz distribution extends closer to the equator than the
100- and 56 2-kHz distribution. The day-night skewness in the
normalized occurrence of AKR evident in Figure 6 could oe
produced by an ungular distribution that would be variable in
time on the nightside of the earth and spatially fixed in time on
the dayside

A north polar view of the anguli- distnibution of AKR cun
be constructed by noting the magnetic latitude of the norma-
lized half-occurrence points at all MLT. The boundaries of the
shaded arzas in Figure 7 show the position of these normulized
hall-occurrence = =ints in magnetic coordinates This illustry-
tion shows that AKR is preferentially beamed into lurger solid
angles at higher frequencies. approximatels |1 srat S6 2 hHz

S>>
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Fig. 8. Simultancous observations from the Hawkeye | and Imp 6 spuacecraflt of AKR at widely separated magnetic

latitudes. In

« case the intensity vanations are closely correlated, indicating that the radiation occurs simultaneously over

a large solid _.agle. In addition. the absclvte power fluxes are approximately the saume at both spacecraft.

1.8 sr at 100 kHz. and 3.5 sr at 178 kHz. On the assumption
that the angular distribution at 500 kHz is completely filled in
over the polar regions, Figure S shows that the solid angle at
SO0 kHz is approximately 5.3 sr, in agreement with the general
trend toward larger solid angles at higher frequencies.

SIMULTANEOUS OBSERVATIONS AT WIDELY
SEPARATED LOCATIONS

Simultaneous observations from two satellites at widely sep-
arated locations reveal many important characteristics of
AKR that cannot be discerned with a single satellite. One of
the most important questions which can be investigated is
whether or not individual bursts of AKR simultaneously and
uniformly illuminate the large solid angles depicted in Figure 7
or whethcr these frequency of occurrence distributions could
be the result of a much narrower instantaneous beam or cone
which varies in time.

To iilustrate, Figure 8 presents simultancous electric field
data from Imp 6 and Hawkeye | for the same auroral kilo-
metric storms. On the left side of this figure the corresponding
frequencies from each satellite are individually compared in
plots of electric field intensity versus time. It is easy o see that
toth satellites are observing radiation originating from the
same source. On the right side the satellite trajectories are
shown in MLT and A, coordinates for the corresponding time
petiod. Figure 8 illustrates that individual AKR bursts radiate
into large solid angles and that the frequency of occurrence
diugrams are not representations of small solid angle beams of
AKR that have moved in time. In addition. the absolute power
fluxes of AKR observed by both satellites are nearly tdentical
(to within ubout 2 dB). This important observation indicates
that the source of AKR uniformly illuminates the entire region
within the emission cones

Simui.aneous chservations of electric field data from Imp 8
and Hawkeve | can be used to investigate propagation cutoff
charactenistics of AKR In Figure 9, for instance. Imp 8 s near

3 hours MLT at large radial distances and is observing intense
storms of AKR during the entire time period shown. Hawkeye
| also observes these intense storms of AKR but only in
certain regions of its orbit. This is evidently a spatial effect and
not a temporal effect, since Imp 8 still observes AKR when
Hawkeye | is not detecting the radiation.

The position of the plasmapause in Figure 9 has been identi-
fied by the change in the low-frequency (17.8 Hz) electric field
intensity and the plasmaspheric hiss cutofl, similar to the
observations of Shaw and Gurnerr [1975). The identification of
the upper hybrid resonance (UHR) noise in Figure 9 also
provides an indication of the location of the plasmapause
boundary. As is evident in Figure 9. the position of the
plasmapause at 1152 UT (universal time) closely corresponds
to the abrupt drop in intensity of AKR as observed from
Hawkeye | near local midnight. The times of the signal loss for
the different frequencies (178, 100. and 56.2 kHz) are not the
same. At higher frequencies the propagation cutofl tends to
occur closer to the earth. This propagation cutoll character-
istic of AKR ut low altitudes on the nightside has been pre-
viously reported by Gurnent [1974] from Imp 6 data and is
assumed to occur when the local electron plusma frequency
exceeds the wave frequency. Gurnent [1974) notes that the
propagation ¢**offs of AKR are consistent with the expected
rapid increase in the plasma density. and hence plasma fre-
quency. at the plasmapause. These observations imply that the
extent of the propagation of AKR on the nightside is limited
by the local plasma characteristics at the plasmapause.

AL 1403 UT in Figure 9. Hawkeye | again leaves the plasma-
pause, but it 1s now on the davside of the earth As the
spacecralt travels upward inats tragectory. the intensity of the
AKR gradually begins to increase over o distance of several
carth radin and does not exhibit a sharp propagation cutoff
such as was ohserved on the mghtade of the earth. Imp 8
meanwhile observes many Large amplitude bursts of AKR at
its position on the nightside. contirming that AKR 18 present
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Fig. 9. Simultaneous observations from Imp 8 und Hawkeve |. Imp 8 is at large radial distances on the nightside in the
northern hemisphere observing intense bursts of AKR. Meanwhile, Huwkeye | moves in and out of the emission cones of
AKR as it passes through the inner regions of the earth’s magnetosphere near the noon-midnight mendian. As observed
from Hawkese I. the plasmapause acts as an abrupt propagation cutofl to AKR only on the nightside. On the dayside,
AKR does not propagate down to the plasmapause. The 17.8-Hz channel is used to determine the position ol the

piasmapause.

during this period. The absence of an abrupt propagation
cutoff indicates that the latitudinal boundary of the illumina-
tion region on the dayside of the earth is not determined by the
plasma characteristics near the plasmapause. in direct contrast
with what is observed on the nightside. This asymmetry in the
angular distribution in the noon-midnight meridian provides
important information abow the propagation of AKR at low
altitudes (3-5 R;). Any meaningful model of AKR ray paths
must describe this effect.

CoMPARISON OF COMPUTED RAY PATHS WiTH
OBSERVED ANGULAR DISTRIBLTIONS

Introduction

From cold plasma theory it is known that the only modes
which cun escape into ‘free space’ (where the mugnetic field
and plasma density are small compured to the source region)
are the right-hand polarized extraordinary (R-1) mode and
the lefti-hund polarized ordinary (L-0) mode. Mechanisms
which lead to radiation primarnily in the left-hand mode have

R K

been proposed by Benson [1975]. Palmadesso et al. [1976], and
Jones [1976]. Right-hand polarized radiation will be produced
by the generation mechanisms proposed by Scarf [1974]. Gur-
nett [1974], and Melrose [1976]. In addition. Barbosa [1976]
suggests a process which produces both R-X and L-O com-
ponents. At the present time there is no direct experimental
evidence on the polarization of AKR or the exact height at
which the radiation is generated.

Ray tracing calculations can be used in comparisons with
the observed angular distributions to provide information on
the polarization of AKR and on the region in which the
radiation is generated. It will be shown from such comparisons
that the ray paths are very sensitive to the source location and
to the polarization.

The Electron Density and Magnetic
Field Models

In order for a valid comparison to be made the magneto-
spheric models which are used in the ray tracing must be
acceptable representations of the physical environment that
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ANGULAR DISTRIBUTION OF K1EOMETRIC RADIATION

influences the radiation, The polar magnetosphere und
plasmapause are known to be strongly dependent on geomug-
netic activity. AKR 15 observed most frequently duning times
of disturbed geomagnetic acuvity [Dunchel et al., 1970, Gur-
nett, 1974; Voors et al., 1976). Since the plasmapause posttiion
plays an important role in controlling the angular extent of the
AKR on the mghtside of the earth, it is important that a
suitable model of the plasmapause position be used. Duning
moderate magnetic activity the plasmapause s located at
about 4.5 R; geocentric radial distance in the equatorial plane
near local evening [Carpenter, 1963]. AL times of severe mag-
netic storms the plasmapause contracts inward to about 3.5 R,
[Carpenter, 1963]. The plasmapause 1s believed to be closely
aligned along the magneuc field

For these ray tracing studies. two models, shown in Figure
10, have been used for the electron density near the plasma-
pause. For model | the plasmapause is located et L = 4.6, and
for model I the plasmapause s at £ = 3.6, For both models
the electron density s 100 em * at the plasmapause. In all
cuses it 1s asst ned that the radio emission is generated along a
magnetic tiele line which itersects the earth at 70° invariant
latitude (¢ 8.55). Since the carth’s magneue field closely
resembles a dipole field at the relatively low altitudes where the
AKR 1s believed to be generated. an :deal dipole tield is used
with a surface magnetic field strength of 0.62 G at the poles
The electron density s assumed to decrease very rapidly with
increasing radial distance over the polar regions, reaching a
density of about 10 em * at 2.25 R, (essentially the moditied
polar wind model used by Guenere [1974))

Experimental justiication tor some of the main features of
the density contours in models and Hcan be found in Figure
9. The UHR noise band in Figure 9 has a frequency range that
extends between the local plasma frequency and the local
UHR frequency [Shaw and Gurnerr, 1975]0 From the plasma-
pause determined by the peak in the 17 8-Hz channel and the
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Additonal R-\ mode rav tracing examples in the model 11 magnetosphere at 300, 178, 100, and 56 2 AHz. The

source locations are the same as those used in Figure 11 Note the effect that a contracted plasmapause has on the anguisr
extent of this radiation when this igure is compared to Figure 11 The contracted plasmapause allows the R-\ radiation to
propagate 1o the equator at lower altitude while the dayside distnibution remains unchanged

«requency range of the UHR noise the plasma frequency asso-
ciated with the plasmapause is between 56.2 and 100 kHz. The
plasmapause density of 100 ¢cm * used in models | and 1 gives
an electron plasma frequency of about 90 kHz, which is con-
sistent with these observatiens. In Figure 9 the posttion of the
plasmapause on the dasside 1s approximately 33 R, at A\,

18.6°. The plasmapause (100-cm ? density contour) in model
I at A, = 18.6°1s also 3.3 Ry, In Figure 9 on the nightside the

10°

plasmapause is at approximately 3.87 Kk, atA,, = 17.8° which
is halfway between the model L and 11 plasmapausc positions,

Prograni Descripiion

The ray tracing computer program used in this study was
initially developed by Shawhan [1966. 1967a, b]. The program
is based on a closed set of first-order differential equations in
spherical polar coordinates derived by J. Haselgrove [1955]
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Fig. 14. Source regions in the midnight meridian (along a 70° invariant latitude field line) which produce rays of fre-
quencies 178-56.2 kHz in the L-O mode whose latitudinal cutoffs are consistent with the observed AKR angular distribu-
tion. The cross-hatching indicates the source region in model I or model 11 determined from only the dayside latitudinal
cutoff of AKR. The dot pattern indicates the source region in model Il determined from only the nightside latitudinal

cutoflf of AKR.

and C. G. Haselgrove and J. Haselgrove [1960). The equations
were specialized by Shawhan [1966] for ray tracing in a mag-
netic meridian for a model magnetosphere. The expressions
for the phase index of refraction and its derivatives are from
the cold plasma formulation by Stix [1962]. The behavior of a
ray path is determined by the frequency of the wave, the initial
wave normal zagle. the initial latitude, the initial altitude, the
propagation mode. and the magnetospheric model.

Ray Tracing Results

All ray tracing calculations and source locations presented
here are in the noon-midnight meridian. Since the source of
AKR at a particular frequency ‘subtends a small angular size’
[Gurnerr. 1974]. all rays at a particular frequency are assumed
to emanate from a point source along a 70° invariant latitude
field line. The 70° invanant latitude field line is used to be
consistent with observations of actual AKR source locations
made by Alexander and Kaiser [1976). Each source location is
assumed to emit clectromagnetic radiation at all wave normal
angles . For any given source location. two specific wave
normal directions will give the most extreme dayvside and
nightside latitudinal himits to the ray directions at large radial
distances. all of the other wave normal angles giving inter-
mediate ray directions. By varying the source lutitude along
the magnetic field line a unique altitude can be feund for each
frequency which will give a limiting ray direction in agreement
with the observed dayside (or nightside) latitudinal limit. By
performing this analysis as a function of frequency a unique
determination can be obtained for the source altitude as a
function of frequency which can be compared with the various
theories for AKR generation.

To demonstrate some of the basic ray path effects involved
in this analysis, Figure 11 shows R-1 mode rays calculated in
the model | magnetosphere (piasmapause L value of 4.6) for
various selected wave normal angles. The wave normal angles
shown include those which give the most extreme dayside and
nightside latitudinal limats to the rav paths, as well as other
ravs at intermediate wave normal angles. The dayside latitu-

dinal limits are in good agreement with what is qualitatively
observed: the higher the frequency, the lower the magnetic
latitude at which the radiation can be observed. Rays on the
nightside penetrate the topside plasmapause to depths qual-
iatively consistent with those in Figure 9. These ray paths
show that the plasmapause presents a refracting layer. The ray
behavior (R-X mode) in the model Il magnetosphere (plasma-
pause L value of 3.6) for the same source region is illustrated
in Figure 12. The latitudinal extent of the dayside rays is the
same as that for Figure 11, which shows that the daysice rays
are relatively unaffected by the plasmapause. The substantial
change in the angular distribution on the nightside demon-
strates that the position of the plasmapause for this assumed
source region strongly determines the latitudinal extent of the
ray paths on the nightside of the earth. The smaller plasma-
pause has allowed the rays to propagate down to the equa-
torial plane on the nightside.

The assumed radial variation of the frequency of the R-Y
cutoff (R = 0) along a 70° invariant latitude field line in the
model magnetospheres is illustrated in Figure 13. The R = 0
cutofT is the same for both plasma models because the size of
the plausmasphere is not thought to affect the electron densities
significantly at high latitudes. By adjusting the source altitude
so that the imiting ray angles agree with the observed latitu-
dinal limits of the angular distribution (within specified limits)
a range of source altitudes can be found which would produce
the observed angular distribution at each frequency. For in-
stance, the crosshaiched region in Figure 13 shows the rela-
tionsh:p found between source altitudes and frequencies which
would result in dayside R-X rays whose latitudinal limit at
large radial distance agreed (to within +5°) with the observed
angular distributions on the dayside of the earth. On the
dayside the source region 1s essentially identical for models |
and 11 because of the previously mentioned insensitivity to the
plasmapause location in this region. On the nightside of the
carth the corresponding source region required to obtain
agreement with the mghttime angular distribution is indicated
by the dot pattern in Figure 13, This source region was calcu-
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Fig. 1S. L-O mode ray paths in the model 11 magnetosphere at 178 kHz. The top panel has a source location that lies
within the cross-hatched region of Figure 14 and thus produces rays on the dayside whose latitudinal cutoffs are consistent
with the observed angular distribution of AKR. The bottom panel has a source location from the dotted region of Figure
14 and produces rays on the nightside whose latitudinal cutoffs are consistent ith the nightside extent of AKR at this fre-
quency. Note that the dayside rays from such a source extend almost down to the dayside plasmapause Angular distribu-
tions of this type are never observed on the dayside of the earth.

lated by using model 11 and is slightly different for model I (not
shown) because of the dependence on the size of the nightside
plasmapause.

The L-O mode radiation can propagate only in regions
where the wave frequency is greater than the electron plasma
frequency f,. Since the electron plasma frequency is less than
the R = 0 cutoff frequency in the frequency range where the
AKR is observed. L-O mode radiation must be generated
closer to the earth than the. R-X mode to produce the same
angular distribution. The ray tracing results for the L-O mode
are summarized in Figure 14, which shows the computed
source regions and their relationship to the electron plasma
frequency. The crosshatched region again shows the source
altitudes that produce L-O rays consistent with the observed
dayside latitudinal limits of the AKR angular distribution.
The dot pattern shows the corresponding source altitudes
which produce L-O rays consistent with the observed mightside
latitudinal limits. The source regions which account for the
dayside und nightside angular distributions in Figure 14 are
seen to be much further apart than the corgesponding regions
for the R-A rayvs in Figure 13. The vrigin of the inconsistency
in the angular distnibution of the dayside and mightside L-0
rays is tlustrated in the top panel of Figure 15, Source posi-

tions which give good agreement with the observed dayside
latitudinal limits are shielded by the topside of the plasma-
pause on the nightside and never reach the equator at the low
latitudes observeu on the nightside of the earth. If the altitude
of the source is moved up, as in the bottom panel of Figure 15,
to account for the nightside observations, the rays penetrate to
much lower latitudes than they do on the dayside of the earth,

SUMMARY AND DiscussIiON

This study has shown that the intense kilometric radio emis-
sions generated over the nightside auroral regions are beamed
into a cone-shaped region whose axis of symmetry is tilted
away from the magnetic axis of the earth, toward local eve-
ning. by about 20°. The solid angle of this emission cone
increases systematically with increasing frequency, varying
from approximately | | srat 56.2 kHz to approximately 3.5 sr
at 178 kHz. Simultaneous measurements from two satellites
show u good correlation between the radio emission intensities
observed over a wide range of angular separations within the
emission cone, indicating that the kilometric radiation source
simultancousiv iffumimates the entire region within the emis-
ston cone with comparable intensities. A clear day-night asym-
metry 15 ohserved in the propagation cutofs at the piasmu-
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L-0 mode ray paths in the model Il magnetosphere at 178 kHz. The top panel has a source location that lies

within the cross-hatched region of Figure 14 and thus produces rays on the dayside whose latitudinal cutofTs are consistent
with the observed angular distribution of AKR. The bottom panel has a source location from the dotted region of Figure
14 and produces rays on the nightside whose latitudinal cutoffs are consistent with the mightside extent of AKR at this fre-
quency. Note that the dayside rays from such a source extend almost down to the dayside plasmapause Angular distribu-
tions of this type are never observed on the dayside of the earth

lated by using model Il and is slightly different for model I (not
shown) because of the dependence on the size of the nightside
plasmapause.

The L-O mode radiation can propagate only in regions
where the wave frequency is greater than the electron plasma
frequency [,. Since the electron plasma frequency is less than
the R = 0 cutoff frequency in the frequency range where the
AKR is observed, L-O mode radiation must be generated
closer to the earth than the. R-X mode to produce the same
angular distribution. The ray tracing results for the L-O mode
are summarized in Figure 14, which shows the computed
source regions and their relationship to the electron plasma
frequency. The crosshatched region again shows the source
altitudes that produce L-O rays consistent with the observed
dayside latitudinal limits of the AKR angular distribution
The dot pattern shows the corresponding source altitudes
which produce L-0 rays consistent with the observed nightside
latitudinal limits. The source regrons which account for the
dayside and nmightside angular distrnibutions jn Figure 14 are
seen 1o be much further apart than the corpesponding regions
for the R % ravs in Figure 13 The origin of the inconsistency
In the angular distnibution of the dayside and nightside L-0
ravsasallustrated in the top panel of Figure 15 Source posi-

tions which give good agreement with the observed dayside
latitudinal limits are shielded by the topside of the plasma-
pause on the nightside and never reach the equator at the low
latitudes observed on the nightside of the earth. If the altitude
of the source 1s moved up. as in the bottom panel of Figure 15,
to account for the nightside observations, the rays penetrate to
much lower latitudes than they do on the dayside of the earth,

SUMMARY AND DiscussioN

This study has shown that the intense kilometric radio emis-
sions generated over the nightside auroral regions are beamed
into 4 cone-shaped region whose axis of symmetry is tilted
away from the magnretic axis of the earth, toward local eve-
ning. by about 20°. The solid angle of this emission cone
increases systematically with increasing [requency, varving
from approximately 1.1 sr at 56.2 kHz to approximately 3.5 sr
at 178 kHz. Simultancous measurements from two satellites
show a good correlation between the radio emission intensities
observed over a wide range of angular separations within the
emission cone, indicating that the kilometnic radiation source
simultaneoush llumimates the entire region within the emis-
ston cone with compuarable intensities. A clear day-night asym-
metry s ohserved in the propagation cutotls at the plasma-
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Fig. 16. Source locations (dashed lines) for three proposed R-X mode generation mechanisms as a furcuon of emis-
sion frequency, shown in comparison to the AKR source regions determined from ray tracing calculations. Electromagnetic
waves generated at 3,/ 2 [Scarf, 1974: Gurnert, 1974] would originate from a region which produced an angular distribu-
tion qualitatively consistent with that observed for AKR. Radiation at 1.2f, [Melrose, 1976] and 2fyun [Barbosa. 1976)

would not produce a consistent angular distribution.

pause. with sharp cutoffs on the nightside of the earth and no
corresponding cutofT on the dayside.

In an attempt to understand the essential features of the
angular distribution of the AKR a detailed study of ray paths
was performed for various source positions along a magnetic
field line at 70° invariant latitude. Two magnetospheric den-
sity models were used which reflected the range of plasma-
pause locations encountered during moderately disturbed and
disturbed magnetic conditions. By adjusting the altitude of the
source to agree with the observed latitudinal cutoffs of the
emission cone on the dayside and mightside of the earth a range
of source positions were obtained as a function of frequency.
These calculations were performed for both the R-X and the
L-O0 mode of propagation.

In interpreting these ray tracing results it is essential that the
uncertainties and limitations of the ray tracing analysis be
carefully examined. Three main areas of uncertainty can be
wentified: (1) the spatial distribution of the source, (2) the
distribution of initial wave normal angles. and (3) the plasma
density models. For the ray tracing results presented we have
assumed that the source is a point source at each frequency.
Although height variations of the source have been consid-
ered. no attempt has been made to consider a spatially ex-
tended source in MLT and latitude. The assumption of a point
source is primarily due to the lack cf adequate information on
the actual spatial extent of the source in local time and lati-
tude. Conceptually, one can visualize the angular distribution
from a spatially extended source by superposing the ray paths
from an equivalent distribution of point sources. Even though
very extreme source locations have been observed in some
situations (at radial distances greater than 7 R, and in the
polar cusp on the dayside of the earth), these extreme cases are
believed to occur so infrequently that they do not make a
significant contribution to the long-term average results pres-
ented in this study. From our previous directron finding stud-
ies [Aurth et al.. 1975] and from those of Kaiser and Stone
[1975] wt is clear that the dominant component of the high-
intensity (22 10 W m ? Hz 'at 30 Ry) kilometric radi-

n— S 2 —-‘_ g . )

ation comes from the nightside auroral regions. The fact that
the ray tracing calculations for the R-X mode fit the average
features of the angular distribution is considered further con-
firmation that the source is relatively small and that the aver-
age position is on the nightside relatively close (2.25-3.5 Rg) to
the earth.

The ray tracing results presented have assumed that the
radiation is generated over a wide range of wave normal
angles. This assumption is justified mainly by the fact that the
radiation appears to be almost uniformly distributed through-
out the emission cone. If the radiation were generated within a
narrow range of wave normal angles, then the angular distri-
bution should be sharply peaked at a well-defined angle with
respect Lo the local magnetic field, such as it is for the decamet-
ric radiation generated by Jupiter’'s moon lo. Even when the
possible smearing effect caused by a spatially extended source
is taken into consideration, it seems unlikely that the near-
uniformity of the illumination throughout the emission cone
can be explained if the wave normal direction is sharply lim-
ited to a narrow range of angles. This conclusion is confirmed
by the ray tracing calculations of Jones and Grard [1976], who
assumed that the wave normal directions are either parallel or
perpendicular (within 10°) to the magnetic field. Their calcu-
lations give quite different limiting ray paths from our results
and do not appear to be in good agreement with the observed
angular distributions. Since virtually all theories of the terres-
trial kilometric and Jovian decametric radiation lead to a
preferred wave normal direction for the emitted radiation,
these conclusions may appear to conflict with the theoretical
expectations. However, this difficulty could be explained if
there is a substantial amount of scattering in the source region
which could act to spread the angular distribution of the
emitted radiation. The presence of such scattering would be
entirely consistent with the large density fluctuations typically
observed in the auroral electron precipitation at high alttudes

Probably the primary uncertainty in the ray tracing com-
parisors with the observed angular distributions is the electron
density models used in these calculations. Although the den-
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sity models used are believed to be reasonably representative
on the basis of certain general considerations, such as match-
ing the observed ionospheric densities and scale heights at low
altitudes and the low densities (<1 cm ?) at large distances in
the magnetotail, there are essentially no adequate density mea-
surements at intermediate radial distances (from about 2to 10
Ry) over the polar regions to confirm these models. The effect
of errors in the density model on the ray tracing results is quite
different for the two modes of propagation. In the region of
primary interest from about 2.0 to 3.5 R, one can be reason-
ably confident that the plasma frequency is substantially less
than the electron gyrofrequency (f,~ << [,7). Under these
conditions the index of refraction for the R-X mode (and the R
= 0 cutoff, as in Figure 13) is mainly determined by the
magnetic field strength and is relatively independent of the
plasma density. The ray paths for the R-X mode are therefore
relatively insensitive to changes in the plasma density model.
For the L-O mode of propagation, however, the propagation
cutoff occurs at the local plasma frequency, and the ray paths
and source altitudes are very sensitive to changes in the plasma
density. Even small horizontal gradients, which change the
slope of the constant density contours, cause marked changes
in the angle of reflection and the angular distribution at large
radial distances. Indirectly, the sensitivity of the L-O mode to
horizontal gradients in the plasma density, which must almost
certainly occur near the auroral field lines, provides additional
evidence that the AKR is not propagating in the L-O mode. As
was mentioned earlier, the dayside latitudinal cutoff at A, =
65° + 10° is very sharp and consistent. Considering the prob-
able variability of the horizontal gradients in the plasma den-
sity near the reflection point, it is hard to see how this dayside
cutoff can be so stable and consistent if the radiation is emitted
in the L-O mode. In contrast, the magnetic control of the R-X
mode provides a reiatively stable reflecting surface (at the R =
0 cutof) which would result in a nearly constant limiting ray
path at a given frequency, independent of the electron density
variations near the reflecting region.

From these ray tracing considerations it is our conclusion
that the R-X mode provides the best and most consistent
agreement with the observed angular distribution of the AKR.
Because of the many uncertainties involved in the detailed ray
tracing models and the mechanism by which this radiation is
geneiated it is obvious that this conclusion cannot be consid-
ered firm. Direct measurements of the polarization or other
techniques are needed to provide the final determination of the
polarization. However, it is of interest to note that the Jovian
decametric radiation, which is generally thought to be equiva-
lent to the intense terrestrial kilometric radiation, has been
determined by HWarwick and Dulk [1963] to be emitted in the
R-X mode. in agreement with the conclusions of this study.

The limitations placed onthe source regions of AKR which
are illustrated in Figures 13 and 14 can be used o test the
validity of proposed emission mechanisms. Since the ray trac-
ing calculations favor the generution of AKR in the R-X
mode. we will consider only those mechanisms proposed by
Scarf [1974). Gurnent [1974). Melrose [1976). and Barbosa
[1976]). Scar/ [1974] and Gurnett [1974) proposed that plan-
etary emissions such as AKR may be produced from elec-
trostatic plasma instabilities (set up by precipitating electrons)
that couple into electromagnetic waves at 3, 2. Asis shownin
Figure 16, electromagnetic waves at 3, 2 would onginate
from a region which produced an angular distribution qual-
itatively consistent with that observed for AKR. Another
mechanmism which is gyro related was proposed by Melrose. In

his theory, R-X cyclotron radiation from precipitating elec-
trons is Doppler-shifted upward in frequency, above the R = 0
cutoff, so that the radiation can escape. For an energy of 10
keV, typical of the auroral electren precipitation, the Doppler
shift is about 20%, whicii would produce radiation at [ =
1.2[,". The source region for the Doppler-shifted cyclotron
radiation mechanism would then correspond to frequencies of
about 1.2f,~ along a 70° invariant latitude field line. As is
illustrated in Figure 16, radiation at f = 1.2f,~ would originate
from a region below the region determined by our ray tracing
analysis. Electron energies of at least S0 keV are needed to
produce Doppler shifts sufficiently large to be in agreement
with the observed angular distribution. Although electrons
with energies greater than 50 keV are occasionally observed in
the auroral electron precipitation, these electrons do not con-
stitute a very large fraction of available energy and would not
be expected to play a significant role in the generation of the
intense AKR. Barbosa's [1976] mechanism produces R-X radi-
ation near twice the UHR frequency (2fi-un). Radiation at
2f\ un oOriginates from a region at larger radial distances than
those indicated by the dot pattern of Figure 16. Much larger
emission cones than those observed for AKR would result
from R-X mode radiation of 2f,ux in the model magneto-
spheres presented in this study.

CONCLUSIONS

Analysis of spacecraft data from Hawkeye I, Imp 6, and
Imp 8 has led to the following conclusions concerning the
propagation characteristics of AKR:

I. AKR inthe northern hemisphere is beamed into a cone-
shaped region whose solid angle increases with increasing fre-
quency. varying from approximately 1.1 sr at 56.2 kHz to
approximately 3.5 sr at 178 kHz.

2. There is simultaneous illumination with nearly constant
intensities over the entire solid angle.

3. The symmeltry axis of the emission cone 1s tilted toward
local evening by about 20° with respect to the magnetic axis of
the carth.

4. There is a day-night asymmetry in the topside plasma-
pause cutoffs, with sharp cutoffs on the nightside of the earth
and no corresponding cutoff on the dayside

Ray tracing calculation for the escaping modes R-X and L-
0 using two magnetospheric density models leads to the fol-
lowing conclusions:

5. Variability in the size of the nightside plasmapause can
account for the nightside variability in the angular distribution
of AKR, as is suggested by Figures 2. 3, 4, and §.

6. Rays ineither of the R-X or L-O modes exhibit the day-
night asymm :try in the topside plasmapause cutoffs.

7. The angular distribution of AKR can best be repro-
duced from low-altitude source regions (from 2 t0 3.5 Ry) in
the nighttime auroral zone if the emission is in the R-X mode.
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Satellite low-frequency radio measurements have shown that an intense radio emission from the earth's
auroral regions 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 measurements from the
Imp 6 spacecraft. This study indicates that the mean power flux of the 178-kHz radiatiun tends to be
proportional to (AE)'* for AE > 100 v and, with less certainty, to (A£)* for AE < 100 y. The correiation
coefficient between log AE and 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 remote detection of kilometric radio emissions
from the earth can be used as a reasonably reliable indicator of auroral substorm activity.

INTRODUCTION

In the past several years, low-frequency radio measurements
have shown that the earth’s magnetosphere is a very intense
radio emitter, having characteristics very similar to those of
other astronomical radio sources, such as Jupiter and Saturn
{Kaiser and Stone, 1975). From the very earliest measurements
by Benedikiov et al. [1968) and Dunckel et al. [1970] it was
discovered that intense radio emissions in the several hundred
kHz frequency range were closely associated with magnetic
disturbances in the high-latitude auroral regions of the earth.
Later studies by Gurnert [1974) showed that these radio emis-
sions are closely associated with the occurrence of auroral arcs
on the nightside of the earth. Direction-finding measurements
and the angular distribution of the emitted radiation [Gurnett,
1974; Green et al., 1977] indicate that the intense (up to 10° W
of total radiated power) radiation is generated at relatively low
altitudes (~3-R; radial distance) over night and evening au-
roral regions. The radiation is presumably produced by the
same intense fluxes of several keV electrons which cause the
aurora and the currents responsible for the magnetic distur-
bances. Because of the close association with auroral phenom-
ena and the wavelengths in the kilometer range these radio
emissions have been called auroral kilometric radiation
(AKR) [Kurth et al., 1975].

Although auroral kilometric radiation is known to be asso-
ciated with high-latitude magnetic disturbances, little has been
done to study this relationship in detail. It is of interest to
determine just how good the correlation is and whether there
are any exceptions to the observed relationship. The relation-
ship of the radio emission intensity to the currents flowing
through the auroral zone may, for example, be helpful in
developing a better understanding of how the auroral kilo-
metric radiation is generated. Furthermore, since radio emis-
sions from the entire auroral zone can be easily monitored by a
single spacecraft. there is the question of whether the auroral
kilometric reduation intensity coald provigte, on g nelre reed
time buasis, @ parameter which 1s comparable o tne auroral

Copyright ® 1977 by the American Geophysical Union.

electrojet index AE without the need for a large array of
ground stations with the attendant problems of information
retrieval and processing. In this paper we present a detailed
study of the relationshi,: between the auroral kilometric radi-
ation intensities observed by the Imp 6 spacecraft and the 4 £
index computed from a series of high-latitude magnetometer
stations. A description of the Imp 6 plasma and radio wave
experiment is given by Gurnett [1974).

QUALITATIVE COMPARISON OF SOME TYFICAL EVENTS

Figure | shows the radio emission intensities detected by the
Imp 6 spacecraft at 178 kHz and the corresponding variations
in the auroral electrojet index AE for four 24-hour periods
selected to illustrate the relationships typically observed be-
tween these two parameters. Since Imp 6 is in a highly eccen-
tric orbit with an apogee radial distance of 33 R, this space-
craft provides observations for long periods far from the earth
where the auroral kilometric radiation intensities can be mon-
itored near!v continuously without interruption. All of the
enhanced radio emission intensities in Figure | are attributed
to auroral kilometric radiation. The magnetic latitude, local
time, and radial distance cosiuinates of Imp 6 are shown at the
bottom of each panel.

The data in Figure | show the general type of correlation
which is typically observed between the auroral kilometric
radiation and auroral magnetic disturbances. Essentially every
period of substantial magnetic activity, indicative of an au-
roral substorm, can be associated with a distinct period of
enhanced auroral kilometric radiation intensity. Even during
relatively quiet days, such as December 27, 1972, small mag-
netic disturbances are associated with an enhancement in the
radio emission at 178 kHz.

Although the magnetic disturbances associated with an indi-
vidual magnetic substorm usually have 2 close correspondence
10 a period of enhanced radio emission, the detailed short time
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the rudio emission at the start of a magnetic substorm is
sometimes significantly delayed with respect to the onset time

of the magnetic disturbance. For example, delays of this type
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Fig. 1. Simultancous measurements of the auroral kilometric radiation intensity at 178 kHz by the Imp 6 satellite and
the auroral electrojet index A£ for a selection of days in which a close correlation is observed. The coordinates of Imp 6 are

shown at the bottom of each panel.

can be seen at about 0200 and 0600 UT on December 16, 1972,
and at 1330 UT on January 25, 1973
Occasionally, events can be found in which a large magnetic
disturbance is clearly evident in the A £ index but for which no
corresponding radio emission is detectable and vice versa.
Events of each of these types are shown in Figure 2. The event
w ot . T

' LT

on Murch 3, 197 at the te iR
which a large magnetc disterbaras ol 2 00 1500 4 ) -
curs with only a neghgible enhancementin the radio emission,
This type of event, consisting of .« Lirge magnetic disturbance
characteristic of a substorm with only a small or undetectable

' saddse in
’

increase in the radio intensity, occurs most frequently when
the spacecraft is on the duyside of the earth. The absence of a
detectable radio emission in most of these cases is thought to
be caused by a propagation cutoff effect which prevents the
radiation generated in the nighttime auroral regions from
being detected at low latitudes on the dasside of the earth. This
A1 A% o PSRN Y TRE 4} .i"': § T L] 8 ] T @ Mmhien "."AI\‘!
Figure 3, trom Green o gic (1977 o whicli shows tae irequenss
of occurrence of auroral kilometric radistion at 178 kHz as a
function of magnetic latitude and magnetic local ume. This
frequency of occurrence distribution. which s analvzed in
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greater detail by Green et al. [1977], shows that a distinct
latitudinal cutofl occurs, below which the radiation is much
less frequently detected. The magnetic latitude of this cutoff
varies from about 6)° on the dayside of the earth to about 20°
on the nightside of the earth, The cutofT is not sharp but occurs
over a transition region about 20° wide in latitude. This cutoff
effect is almost certainly caused by refraction effects in the
ionosphere which cause the radiation to be beamed into a
conical-shaped region. with a hall angle of about 60°, directed
upward from the nighttime auroral region. Comparison of the
magnetic latitude and local time (14.7° and 12.4 hours LT) of
Imp 6 during the intense magnetic disturbance on March 31,
1973, in Figure 2 with the frequency of occurrence contours in
Figure 3 shows that no radio emission should be detected
during this event. The top panel of Figure 3 shows the approxi-
mate boundaries of the northern and southern illumination
regions within which the auroral kilometric radiation at 178
kHz can be detected essentially free of propagation effects. It
should be noted that the boundaries of the illumination region
are frequency dependent [Green et al., 1977), so that even

though the radiation cannot be detected at 178 kHz, it is still
possible that the radiation could be detected at higher frequen-
cies. Effects of this type may account for some of the local time
variations of the emission frequency reported by Kaiser and
Alexander [1976). I all of the data are examined when the
spacecraft is in the northern illumination region (about 40
days of data), no large AE index enhancements are evident
unless a corresponding enhancement in AKR also occurs at
some time during the event. There may be periods during an
event when the AE index is high and the AKR values are low,
but at some time during the event the AKR is also enhanced.
Events for which enhanced auroral kilometric radiation in-
tensities occur with no clear enhancement in the AE index are
not uncommon. In most cases some minor disturbances can be
identified in the A£ index for an enhanced radiation intensity,
although they are far from typical in indicating the occurrence
of substorms. Almost complete breakdown of the correlation
occurs, however, very infrequently. Of a total of 146 days
which have been examined, two substorm events of this type
have been clearly identified. We suggest that the lack of corre-
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lation in these cases results from the distribution of ground
magnetometer stations being insufficiently dense to Jetect all
the magnetic substorms which occur, in particular. small iso-
lated disturbances at very high magnetic latitudes. This ex-
planation is confirmed for the December ' 1, 1972, cvent at the
bottom of Figure 2 by the photograph shown in Figure 4,
which was taken by the Defense Meteorological Satellite Pro-
gram (DMSP) spacecraft over the north pole near the time
(1100 UT) of maximum radio emission intensity. Although no
magnetic disturbance is evident in the 4£ index, the DMSP
photograph clearly shows that un auroral substorm was occur-
ring during this event. The intense surge apparent in Figure 4
is traveling westward and lies off the eastern Siberian coast.

High-quality DMSP photographs were not available for the
other event, occurring at 1230-1330 UT on Murch 4, 1973 (not
shown). All-sky camera phatographs from the Alaska meri-
dian chain (College. Fort Yukon, Inuvik, Sachs Harbour)
indicate that auroral activity during that period was confined
mostly between Fort Yukon (dip latitude 67°) and Inuvik.
Auroras were quite active between 1130 and 1200 UT and then
shifted poleward; they were seen near Inuvik until about 1440
UT (through clouds).

STATISTICAL ANALYSIS

To provide a quantitative evaluation of the correlation be-
tween the auroral kilometric radiation and the AE index, a
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Fig. 5. Scatter plot of simultaneous measurements of the auroral kilometric radiation intensity (normalized to 30 Rg)
and the auroral electrojet index A £ using 40 days of data from the Imp 6 spacecraft. Each point represents a [0-min average
obtained while the spacecraft was in one of the two primary illumination regions shown in the top panel of Figure 3.

statistica! analysis has been perfornicd on simultaneous radio
intensity measurements from Imp 6 and 4E measurements
from a network of ground magnetometer stations. Simultane-
ous data were available for 146 days, occurring in the periods
from August 31, 1971, to December 3, 1971, and from Decem-
ber 1, 1972, to March 31, 1973. During these periods the local
time of apogee moved from ~0100 to ~2000 hours and from
~2000 to ~1200 hours, respectively. The data used in the
statistical analysis are selected from these periods. To obtain
the best correlation, as many as possible of the known factors
which could affect the auroral kilometric radiation intensity
have been taken into account. To account for the latitudinal
cutoff caused by propagation effects, comparisons have been
made only when the spacecraft is within the northern illumina-
tion region shown in the top panel of Figure 3 and only at
radial distances greater than 7 Rg. Since the radiation injensity
varies approximately as 1/R? where R is the geocentric radial
distance to the spacecraft, the intensities have been normalized
to a radial distance of 30 R; by multiplying the observed
power flux by (R/30).

To provide directly comparable measurements, the radio
emission intensity at 178 kHz and the AE index have L n
averaged over corresponding 10-min intervals. A total of 5702
ten-minute intervals are included in this analysis. A scatter
piot of all of these data points is shown in Figure 5. Although a
considerable amount of scatter is evident, a very clear correla-
tion can be scen, the mean of the power flux P increasing as the
AE index increases. For the data points used in this plot the
median value of the normalized power flux (at 30 Rg)is 6.31 X
10-* W m-?Hz', and the median value of the AE index is 158
v. If AE is greater than 158 5. then 69.2% of the power flux
values are greater than 6.31 X 10 '* W m~? Hz""; whereas if

P08 Tess than 188 9, then 68,77 of the poveor Tuy values are
o than 6,31 = 10 "W m ? Hz ', The pegreentage distribu-
tions above and below the median values are summarized in
Table |. (For computational reasons the values used as the
medians are not exactly the true medians, but this has no effect

on the significance of a chi-square analysis.) A chi-square test
performed on these data shows that a hypothesis of no correla-
tion is rejected at a level of 0.001. The linear correlation
coefficient. computed for log (P) versus log (4E), is 0.514.

The correlation between the normalized power flux and AE
is illustrated even more clearly in Figure 6, which shows the
average power flux and the standard deviation of the average
as a function of the AE index. The siope of the best-fit straight
line through these points indicates that the power flux P in-
creases approximately as the 1.5 power of the AL index. A
slight change in the slope of the log (P) versus log (4E) curve
takes place at about 100 +, the power fiux increasing more
rapidly with increasing AE at low AE values. A computer fit to
these averages that weights each point according to its uncer-
tainty indicates that the power flux is proportional to (4 £)* for
the points under 100 vy and is proportional to (A £)'? for the
points above 100 v. The fit for the higher points is much better
than the fit for the lower points, possibly because of the
uncertainty in the A£ index determination for AE values less
than 100 v.

One factor that might affect the values of these slopes should
also be discussed. It has been observed that the frequency at
which the peak of the emission spectrum occurs tends to
decrease with increasing AE [Kaiser and Alexander, 1976).
Since the 178-kHz channel is usually below the peak in the
spectrum, there could be an increase in the power flux at 178
kHz due to this downward frequency shift. It appears that this
effect would generally be less than | order of magnitude and

TABLE |I. Distribution of Power Flux Values as o Function of the
Corresponding AE Index Value (%)

P=61 v 10" Below Ahowe Fntire Ranve
W oty ¢ I35 s ] 5 s ol 1
Above P n3 €9.2 84
Below P 68.7 Jo.B S1.6
Toual 100 100 100
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would make the slopes of the fitted lines in Figure 6 somewhat
steeper than they might be if the data were taken at the peak of
the spectrum,

DiscussioN

This study has shown that satellite measurements of auroral
kilemetric radiation can be used as a sensitive and reliable
indicator of auroral magnetic disturbances. Detailed com-
parisons of the auroral kilometric radiation intensity and AE
indoy variations show that periods of enhanced radio emission
intensities at 178 kHz are very closely associated with magnetic
disturbances indicative of auroral substorms. Occasionally,
events are detected in which no typical substorm features in
the AE index can be detected even though greatly enhanced
radio emission intensities are being observed. Investigation of
cases of this type shows that the lack of correlation is usually
due to a failure of the ground station magnetometer network
to detect an auroral substoria because of the limited spatial
coverage of the magnetometer network. Cases also occasion-
ally occur in which a large magnetic disturbance is detected
with no corresponding enhancement in the radio emission.
Cascs of this type usually occur because the spacecraft is
located at a latitude too low to be within the primary illumina-
tion region of the auroral kilometric radiation. The number of
such cases can be greatly reduced by using only measurements
obtained when the spacecraft is within the illumination regions
given at the top of Figure 3. A statistical analysis shows thatif
the auroral electrojet index 4 E exceeds the median value of
158 5. then the auroral kilometric radiation intensity (norma-
lized 1o 30 R¢) has a 69% probability of exceeding the median
value of 6.31 X 10" W m~? Hz '. The correlation coefficient

2265

between log P at 178 kHz and log AE is 0.514. This relatively
low correlation coefficient, despite the qualitatively good asso-
ciation of individual radio emission events with magnetic sub-
storms, is apparently duc to the poor short time scale (<1
hour) correlation und to the variable proportionality factor
between the radio emission intensity and the A£ index from
event to event. Long-term averages of the power flux show a
very consistent correlation with AE, the power flux increasing
approximately as the 1.5 power of the AE index overall. It
appears that for lower values of A £ the power flux increases as
the 2.0 power of AE and for higher values of AE it increases as
the 1.2 power of AE. Since AE is directly proportional to the
auroral electrojet current, on the assumption that spatial ef-
fects average out, the change in the slope of log AE versus log
P may suggest that some type of nonlinear saturation effect
may occur in the AKR-generating mechanism in high elec-
trojet currents.

The results of this study show that auroral kilometric radi-
ation can be used with good reliability to identify magnetic
substorms, provided the radio measurements are taken within
the regions of primary illumination for the auroral kilometric
radiation and at distances sufficien’!v remote (R > 7 R¢) from
the earth to avoid local propagation cutofT effects. In certain
situations, auroral kilometric radiation intensity measure-
ments may provide a more useful index of auroral activity than
some of the more conventional parameters, such as the A€
index. This is particularly true when a near real time mon-
itoring of global auroral activity is needed. Measurements of
this type can be obtained on a limited basis from the presently
operating Hawkeye |, Rae 2. and Imp 8 satellites and should
be possible on the forthcoming Isee-A, Isee-B, and Dynamic
Explorer satellites.
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Fig 6

The average power flux and the standard deviation of the average for the data points shown 1n bigure S The

monotonic increase in the average auroral kilometric radiation intensity with increasing A£ s clearly evident
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GURNETT ET AL STEREOSCOFIC DIRECTION FINDING

sion frequency model have the correct qualitative character-
istics, large errors can occur in individual events because of
deviations of the solar wind density from the average model.
Furthermore, comparisons of the emission frequency with the
local electron plasma frequency cannot be performed with
high accuracy because of the implicit requirement to assume a
model for the emission frequency as a function of radial dis-
tance from the sun. As will be shown, the stereoscopic direc-
tion finding analyses used in this study completely eliminate
the need for any a priori assumption regarding the emission
frequency as a function of radial distance from the sun,
thereby providing a more direct method for determining the
relationship of the emission frequency to the local electron
plas.aa frequency.

INSTRUMENTATION AND METHOD OF ANALYSIS

Radio wave and plasma density measurements from five
spacecraft, Heltos | and 2, Imp 7 and 8, and Hawkeye |, are
used in this study. Helios | and 2 are in eccentric solar orbits
near the ecliptic plane with perihelion radial distances of 0.309
and 0.290 AU and aphelion radial distances of 0.985 and 0.983
AU, respectively. Imp 7 and 8 are in low-eccentricity earth
orbits near the cquatorial plane at geocentric radial distances
ranging from about 23.1 to 46.3 R.. Hawkeye 1 is in a highly
eccentric earth orbit with the apogee located at a radial dis-
tance of 20.5 R, over the north pole. The radio wave measure-
ments presented are from very similar University of lowa
plasma wave instruments on the Helios 2. Imp 8. and Hawkeye
I spacecraft. Details of these experiments are given by Kurth et
al. [1975] and Gurnetr and Anderson [1977).

The plasma density measurements used in this study are
from the Max-Planck-Institut plasma experiments ¢ n Helios |
and 2 and from the Los Alamos plasma experiments on Imp 7
and 8. Details of these instruments and the procedures used in
the data analysis are given by Schwenn et al. [1975] and As-
bridge et al. {1976).

In order to interpret the three-dimensional radio direction
finding measurements presented in this study it is important to
review briefly the method of analysis and the geometry used
for determining the source position. The direction of arrival of
a radio wave is determined by a least squares fit of the mea-
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Fig 1. The geometry used for the three-dimensional stereoscopic
direction finding with Imp 8, Hawkeve |, and Helios. The spin modu-
labon gives the directton of arnival projected onto a plane per-
pendicular 1o the spacecralt spin avs. Iimp 8 and Helios have their spin
aves perpendicular to the eciptic plane, which gives the angles a, und
e thereby determining the souree position projected onto the ecliptic
plane Hawheve | has s spin avis nearly parallel to the eclipte plane,
which gnes the angic J,, therehy determining the source posiion out
of the echiptic plane
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sured electric field intensities to a theoretical equation for a
spin modulation envelope given by

(£)- (-5)-Fompin-o

where £ is the measured field strength and ¢, is the corre-
sponding orientation angle of the electric antenna in the plane
of rotation. The parameters determined by the fitting proce-
dure, which is usually applied to a sequence of about 10 min of
data, are the direction of arrival a, the modulation factor m,
and the electric field strength £,. As was mentioned earlier, it is
only possible to determine the direction of arrival projected
onto a plane perpendicular to the spacecraft spin axis. The
spin axis directions of both Helios and Imp 8 are oriented
perpendicular to the ecliptic plane as shown in Figure 1. Si-
multaneous direction finding measurements from Helios and
Imp 8 therefore give the angles a, and a, shown in Figure |,
which uniquely determines the position of the source projected
onto the ecliptic plane. The spin axis direction of Hawkeye I,
on the other hand, is oriented nearly parallel te the ecliptic
plane, which gives the angle of arrival 3, above the ecliptic
plane. As shown in Figure 1, these three angles. a,, az.
and 3,, completely specify the position of the source. By per-
forming this analysis as a function of frequency the three-
dimensional trajectory of the type 11 burst can be determined.

ANALYSIS OF THE TyPE 111 Rapio Burst
ON MarcH 23, 1976

Because of the low occurrence of solar flare activity during
solar minimum and various geometrical constraints the num-
ber of type 11 radio bursts which are currently available for a
detailed analysis is very small. One event for which all of the
spacecraft involved were in particularly favorable positions for
analysis occurred on March 23, 1976. The onset of time of this
event is at about 0843 UT as determined by ground high-
frequency radio measurements [VOAA. 1976]). No Ha solar
flure was detected at this time: however, a large X ray flare and
a solar electron event consistent with this onset time were
detected by both Helios 1 and Helios 2 (J. Trainor and A.
Richter, personal communication, 1976). The type Il radio
emission associated with this event was first detected by Helios
2 at about 0850 UT. The corresponding radio intensities de-
tected by Helios 2, Hawkeye |. and Imp 8 are shown in Figure
2. At the time of this event, Helios 2 was east of the earth-sun
line, at an earth-sun-probe angle of 1.38° and a helocentric
radial distance of 0.56 AU. and Helos | was west of the earth-
sun line, at an earth-sun-probe angle of 28.8° and a hehocen-
tric radial distance of 0.34 AU The positions of Helios | and 2
projected onto the ecliptic plane are shown in Figure 3. The
type I11 burst was not detected by Helios |.

The direction of arrival measurements obtained for this
event arc summarized in Table |. The time intervals used to
obtain the parameters given in Table | were selected on the
basis of a sliding average analysis, and only those intervals
which give a consistent direction of arrival for several con-
tiguous intervals were used in computing the average direc-
tons of arrival. Reliable fits were obtained for three frequen-
cres, S00, 178, and 100 kHz. from Imp 8, tor two frequencies,
17% and 100 hHz, from Hehos 2, and for one frequency, 178
kHz. from Hawkeve | Aithough Table | shows results from
Hawkese 1 for 100 kHz. the stundard deviation and fluctua-
tons in the directon of arnval for this frequency are so laree
that this measurement was not used in the subsequent analyais
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Fig. 2. The electric field intensities detecied by Imp 8. H

awkese |, and Helios 2 for the ty pe 111 radio burst on day 83.

March 23, 1976. The lurger intensities detected by Imp 8 ure due to the longer untenna length. 121.8 m from tip to tip for the
Imp 8 plusma wave experiment, compared 10 42.45 m for Hawkeye | and 32.0 m for Helios 2

For all frequencies below 100 kHz the intensities and modula-
tion factors were too small to give a reliable fit.

The directions of arrival projected onto the ecliptic plane are
shown in Figure 3 for each frequency analyzed. The source
positions at 100 and 178 KHz are indicated by the correspond-
ing intersections of the directions of arrival from Imp 8 and
Helios 2 for these frequencies. The crosshatched regions give
the uncertainty in the source positions as determined from the
estimated errors in a, and a; (see Table 1). Both the imp 8 and
the Helios direction finding measurements clearly show a sys-
tematic eastward shift in the directions of arrival with decreas-
ing frequency and increasing radial distance fvom the sun,
characteristic of the typical Archimedean spiral trajectory of a
type Iil burst. The best fit Archimedean spiral through the
source positions is shown in Figure 3. The equation used for
the Archimedean spiral is

¢ =vo— (V)

where ¢ and r are the heliographic longitude and radial dis-
tance, V.. is the solar wind velocity, and  is the rotational
velocity of the sun. The solar wind velocity is assumed to be
600 km s '. As will be discussed in the next section. this solar
wind velocity is an approximate average value based on direct
measurements by Helios 2 and Imp 8, with an appropriate
delay to provide measurements in the source region. The tra-
jectory of the type 11 burst in Figure 3 shows that the particles
which produced the radio emission were emitted slightly east
of the centrai meridian.

The trajectory of the type Il burst out of the ecliptic
plane, as determined by Hawkeye 1. is shown in the meridian
plane projection of Figure 4. Unfortunately, accurate source
positions in the meridiun plane cun only Ke obtained at one
frequency. 178 kHz, for this event. Nevertheless, this measure-
ment is important because it shows that the type 11 burst
trajectory is very close to the ecliptic plane.

From the modulation factors given in Table | it is also
possible to estimate the apparent size of the source. As can be
casily shown, the modulation factor is sensitive to the angular
width of the source projected in the plane of rotation of the
antenna. The modulation factor is the largest for a point
source and decreases monotonically with increasing source
size. The modulation factor is also affected by the angular
position of the source with respect to the spin plane of the

SUN
200 o
8EST FIT TYPE m
RADIO BURST TRAJECTORY .
(Vg * 800 «M/SEC) \
178 W2
170 Mz ®
MELIOS
MELIOS 2

ECLPTIC PLANE
PROJCTION L

IMP B, HAWKEYE |
CANTH

Fig. Y. The ccliptic plane projection of th source positions deter-
mined by triangulation from Imp ¥ and Helios 2. The uncertainty in
the centroid of the source posiion iy indicated by the crosshatched
regions t the intersections of the directions of arrival. The hest iy
tragectory s oan Archimedean spiral through the obsersed saurce posi-
tons, The parameters of the Archimedean spiral have been selected to
represent the expeaed conliguration ol the solar wind magnetie field
tor a solar wind velocits of 600 km
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TABLE 1. Direction of Arrival Measurements Obtained for the March 23, 1976, Type 11l Rudio Burst
Helios 2 Imp 8 Hawkeye |
Frequency,
kHz ay, deg m a,. deg m 8., deg m
$00 39zt 0.98$
178 42004 0.444 174£1.2 0.809 41 206 0.448
100 78041 0.047 354+06 0.521 4.7+ 94 0.130

antenna. Since the detailed shape of the source cannot be
determined from this type of analysis, some assumption must
be made concerning the form of the source intensity distribu-
tion. For this analysis we have assumed that the source con-
sists of a uniformly illuminated circular disk normal to the
direction to the sun and centered on the source position deter-
mined from the triangulation measurements. Because of the
geometric complexities the best fit source size must be deter-
mined by a computer fitting procedure which gives the best
agreement with the measured modulation factors. For 178 and
500 kHz. which are the only frequencies analyzed, the half
angles of the source regions as viewed from the earth are 36.5°
and 10.5°. It is evident that the source regicn of the type 111
radio emission at these frequencies is quite large. These source
sizes are probably larger than the true size of the radiating
region because of scattering in the interplanetary medium.

CoMPARISON WITH THE SOLAR WIND DENSITY

Since the trajectory of the radio burst has been determined

. without reference to any specific model for the emission fre-
quency, these results can now be compared with the in situ
plasma density measurements to determine the relationship of
the emission frequency to the local electron plasma frequency.
Fortunately, the trajectory of the type Il burst passed very
close to the ecliptic plane, since this is the only region in whhich
plasma density measurements are available. For this event,
plasma densities can be obtained over a wide range of helio-
centric radial distances. Densities are available from Imp 7 and
8 at 1.0 AU, from Helios 2 at about 0.55 AU. and from Helios
| at about 0.32 AU. As is shown in Figure 3, the trajectory of

NORTH
ECLIPTIC POLE

+

the type [Il burst passed eastward of all of these spacecraft.
Therefore it is not possible to determine the plasma densities in
the source region at the time of the burst. Instead the com-
parisons must be made a few days later, after the appropriate
time delays for the solar rotation to bring the magnetic field
line through the source region into coincidence with the space-
craft positions. The geometric considerations required to de-
termine these time delays are illustrated in Figure 5. which
shows the trajectories of Imp 7 and 8, Helios 2, and Helios | in
a coordinate system fixed to the sun. The appropriate time
delays are approximately 3.9 days for Imp 7 and 8. 2.6 days for
Helios 2. and 8 days for Helios 1. Since the large-scale rota-
tional structure of the solar wind is usually quite consistent
and repeatable for several solar rotations during solar mini-
mum conditions, it is believed that any temporal changes
which may have occurred in the plasma den::ty during this
few-day period should be small. Fortunately. the shortest de-
lay is for Helios 2, which passes the closest to the observed
source locations (compare Figures 3 and 5).

The solar wind plasma densities obtained from Imp 7 and 8,
Helios 2, and Helios 1 are shown in Figure 6. Although the
plasma instruments actually measure ion densitics, the mea-
surements shown are equivalent electron densities computed
assuming the plasma to be electrically neutral. 1 he time scales
in Figure 6 are adjusted so that measurements obtained at the
same heliographic longitude are aligned vertically. The points
A, B, and C correspond to times when the spacecraft cross the
best fit trajectory of the type I1I burst. Although large varia-
tions in the electron density are evident, particularly in the Imp
7 and 8 data, the density is relatively smooth and constant in
the region near the type lIl burst trajectory. The density en-
hancement evident at all three radial distances (day 87 at
Helios |, days 83 and 84 at Helios, and days 85 and 86 at Imp 7
and 8) is evidently a corotating structure which has an Archi-
medean spiral structure similar to the type Il burst but dis-
placed approximately 20° westward in longitude. Com-
parisons with solar wind velocity measurements show that this
density compression precedes the onset of a high-speed stream,
following the well-known pattern discussed by Hundhausen
[1973).

When the electron plasma frequencies obtained from these
plasma densities are compared wilh the observed emission
frequencies, consideration must be given to the uncertainties in
the position of the source and the apparent size of the source.
Although points A. B. and C in Figure 6 represent the best

estimate of the type |11 traje story, based on the Archimedean
spiral fit, these intersections are somewhat uncertain because
of our lack of knowledge of the exact structure of the solar
wind magnetic field. Point C probably has the largest error
because it represents an extrapolation by several tenths of an
astronomical unit into a region where the Archimedean spiral
angle is quite sensitive to the solar wind velocity. The solar
wind veloenty, by = 600 km s ', used in the Archimedean
spiral fit is in close agreement with the velocities measured by

o

ol

Fig 4. The ohserved source position of the type i1 burst in the
meridian plane. Unfortunately, rehiable directiofi tinding measure-
ments van only be obtained for une frequency, 178 kHez, from Hawk-
eye | durniag this event. This one measurement does. howeser, show
that the trarectory of the type HEwas vers close to the echiptic plane,
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Fig. 5. The trajectories of Imp 7 and B. Helios 2. and Helios | in a coordinate system fixed to the sun. The spacecraft
intersect the best fit trajectory of the type 11 burst at the points marked A. B. und C. Point B represents the best position for
comparisons with the local plasma frequency. since this intcrsection is the closest 1o the observed source positions (compure
with Figure 3) and occurs at the shortest time (2.6 days) after the event.
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Fig. 7. A compa-ison of the observed emission frequencies of the
type Il burst and the measured electron plasma frequencies as a
function of radial distance from the sun. Since the angular size of the
source is rather large, as viewed from the earth, the electron plasma
frequencies have been averaged over a longitude range of =10° cen-
tered on the points A, B. and C in Figure 6. The error bars give the
standard deviation of the eleciron plasma frequency over this interval.

Helios 2 and Imp 7 and 8. Point B, on the other hand. is
probably very accurate, since it is determined by an inter-
polation between measured source positions less than 0.2 AU
apart. Point A is also considered to be reasonably accurate,
since the Archimedean spiral model for the magnetic field is
less subject to errors close to the sun. Also, in the region close
to the sun the direction finding measurements (500 kHz in
Figure 3) show good qualitative agreement with the best fit
Archimedean spiral, even though exact source positions can-
not be determined by triangulation.

Because of the large apparent source size a choice must be
made concerning the size of the region over which the electron
densities are to be compared. Although the Imp 8 and Hawk-
eye | spin modulation measurements indicate that the source
subtends a half angle of about 40°. as viewed from the sun, this
source size is almost certainly determined by scattering and is
too large. This viewpoint is supported by the Helios 2 mea-
surements at 178 kHz which still have a sizable spin modula-
tion ‘m = 0.44, which corresponds to a half angle of about 46°
for a uniformly illuminated disk), even though the spacecraft
is only 18° in heliographic longitude from the center of the
source. These results suggest that the angular size of the source
is of the order of 10°-15° half angle, as viewed from the sun,
or possibly even smaller. On the basis of these estimates of the
source size we have averaged the electron density measure-
ments over a region of +10° heliographic longitude on either
side of the centroid of the source as determined by the points
A, B. and C in Figure 6.

The average clectron plasma frequencies within the +£10°
regions centered on points A, B, und C are shown in Figure 7,
plotted as a function of heliocentric radial distance. The stan-
dard deviation of the plasma frequency in each region is also
shown by the error bars in Figure 7, to indicate the range of

variability of the plasma frequency in the assumed source
region. The electron plusma frequency is also considered to be
uncertain by about +15% becuuse of instrumental limitations
in the absolute density determination. Also shown in Figure 7
are the observed type Il emission frequencies and their cor-
responding heliocentric radial distances, as determined from
the triangulation measurements in Figure 3. The error limits
on the emission frequencies and radial distances, indicated by
the cross-hatched regions, are determined by the filter band-
widths (£7.5%) and the uncertainties in the triangulation
measurements.

The systematic decrease in the solar wind plasma frequency
and the type 111 emission frequency with increasing heliocen-
tric radial distance is clearly evident in Figure 7. The electron
plasma frequencies are seen to be in good agreement with the
expected |/R variation with radial distance, as indicated by
the solid line. The emission frequencies are in all cases sub-
stantially above the local electron plasma frequency, too far
removed to be consistent with generation of the radiation at
fo~. For comparison the second harmonic ¢ the electron
plasma frequency, 2f,", is shown by the dashed line in Figure
7, based on the 1/R curve through the average plasma frequen-
cies. The observed emission frequencies are seen to be in
reasonably good agreement with the second harmonic, 2f,-,
much better than for the fundamental, f,".

SUMMARY AND DiscussioN

By using long base line stereoscopic direction finding mea-
surements from the Imp 8, Hawkeye I, and Helios 2 spacecraft
the three-dimensional trajectory of a type 111 solar radio burst
has been determined and analyzed. In contrast to previous
direction finding analyses of type i1l radio bursts the trajectory
in this case was obtained completely independent of any mod-
eling assumptions regarding the radial dependence of the emis-
sion frequency. Comparisons of the observed emission fre-
quencies with the plasma densities measured along the
trajectory were used to determine whether the radiation is
generated at the fundamental, f,-, or second harmonic, 2f," .
of the local electron plasma frequency. For the event analyzed
the results show that the radio emission is generated near the
second harmonic, 2f,", and not at the fundamental.

In considering possible uncertainties in our result, several
factors must be considered. The primary uncertainties in the
analysis are concerned with (1) the constancy of the solar wind
density distribution from the time the event occurred until the
time that the density measurements were obtained. (2) the size
of the source, and (3) the plasma densities out of the ecliptic
plane. The temporal stability of the rotating solar wind struc-
ture during the period of interest is supported by the close
agreement between the solar wind velocity and density varia-
tions observed by Imp 7 and 8 near the earth and by Helios |
and 2 closer to the sun and by the fact that the solar wind
sector structure is relatively steady and repeatable for several
solar rotations during solar minimum. The uncertainty regard-
ing the source size arises because of the necessity for com-
paring a large-scale average property, the emission frequency,
with a series of local measurements. Because of the presently
unknown role of scattering in the interplanetary medium the
actual source size is not easily related to the apparent source
size given by the modulation factor measurements. Since the
actual source size is not well known, except for an upper limit,
the size of the region over which the electron density must be
averaged to compute the “average’ electron plasma frequency
is not accurately known. Fortunately, the spatial var:ations in
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the plasma frequency are not so large that the basic conclusion
is uffected by the assumed size of the source region. Even if the
source siz¢ is increased by a factor of 2 or more, the electron
plasma frequencics detected by Helios | and 2 are not changed
sufficiently to be consistent with generation of the radiation at
the fundumental. Another limitation is that in situ plasma
density measurements are only available near the ecliptic
plane. It is of course pessible that the plasma density is unex-
pectedly large in the region away from the ecliptic plane, in
which case the rudiation could be generated at the fundumen-
tal and still be concistent with our measurements. Since the
centroid of \he souice is located very close to the ecliptic plane
(see Figure 4). this hypothesis is not considered very likely,
since it would require that the average plasma density increase
symmetrically, by at least a factor of 4. within a few degrees on
either side of the ecliptic plane. Considering the abserved
range of longitudinal variations. such large latitudinal varia-
tions of the plusma density away from the ecliptic plane seem
quite unlikely.

The conclusion of this investigation, that the low-frequency
type 111 radio emission is generated at 2f,". is consistent with
and confirms the earlier results of Fainberg et al. [1972), Had-
dock and Alvare: [1973). Fainberg and Stone [1974]). dlvare: et
al. (1975]. and Aaiser [1975]. The main advantage of this study
is that the relationship is determined directly by comparisons
with in situ measurements rather than relying on an assumed
model for the radial dependence of the emission frequency
and/or average statistical properties of the solar wind.
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Ion Acoustic Waves in the Solar Wind

D. A. GURNETT AND L. A. FraNK

Depariment of Physics and Astronomy. University of lowa, lowa City, lowa 52242

Plasma wave measurements on the Helios | and 2 spacecralt have revealed the occurrence of electric
field turbulence in the solas wind at frequencies between the electron and ion plasma frequencies. Wave-
length measurements with the Imp 6 spacecraft now provide strong evicence 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 results with measurements from the earth-orbiting Imp 6 and 8 spacecrsht
shows that the ion acoustic wave turbulence detected in interplanetary space has characteristics essentially
identical to those of bursts of electrostatic turbulence generated by protons streaming into the solar v:ind
from the earth's bow shock. In a few cases, enhanced ion acoustic wave intensities have been observed in
direct association with abrupt increases in the anisotropy of the solar wind electron distribution. This
relationship strongly suggests that the ion acoustic waves detected by Helios far from the earth are
produced by an electron heat flux instability, as was suggested by Forslund. Possible related mechanisms
which could explain the generation of ion »~3ustic waves by protons streaming into the solar wind from

the earth's bow shock are also considered.

INTRODUCTION

Plasma wave measurements on the solar-orbiting Helios |
and 2 spacecrafl [Gurnett and Anderson, 1977) have recently
revealed the occurrence of significant levels of electric field
turbulence in the solar wind at frequencies from about | to 10
kHz, between the clectron and ion plasma frequencies. In this
paper we expand the initial investigation of this turbulence and
present evidence that this turbulence consists of short-wave-
length ion acoustic waves“below the ion plasma frejuency
which are Doppler-shifted upwaid in frequency by the motion
of the solar wind. Measurcments are presented both in inter-
planetary space, from Helioc | and 2, and in the solar wind
upstream of the earth’s bew shock, from Imp 6 and 8. These
data provide a comprehensive description of the spectrum, po-
larization, wavelength, and other essential characteristics of
the turbulence. Comparisons are also made with the ambient
plasma parameters under a variety of conditions to identify the
origin of these waves. In intérplanetary space, far away from
the earth, the primary mechanism for producing the ion acous-
tic waves is believed to be the electron heat flux instability
suggested by Forslund [1970). Near the earth, however, the
same types of waves are often observed to be associated with
low-energy (1-10 keV) protons streaming toward the sun from
the carth’'s bow shock. Thus more than one mechanism is
apparently operative in the solar wind to destabilize the ion
acoustic mode. As will be discussed, similar mechanisms,
based on an induced drift between the solar wind electrons and
protons, are believed to account for both the heat flux and the
proton streaming instabilities.

In the initial description of the ion acoustic wave turbulence
by Gurnett and Anderson [1977) this turbulence was called f,*
< [ < [, noise. This terminology was chosen on a strictly
observational basis, since the largest intensities usually occur
in the frequency range between the electron and ion plasma
frequencics f,- and f,°. As detected by Helios | and 2. the
maximum single-channel (+ 10% bandwidth) electric field am-
plitudes of the [,~ < [ < f, noise are typically a few hundred
microvolts per meter. The electric field strength of this noise is
very impulsive. consisting of muaas brief bursts lasitng for only
a few seconds When s viewed on a Lmg scale of several
hours or more, the [,* < [ < [, noise is present a large
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fraction (30-50%) of the time. The noise is observed over the
entire range of the Helios orbits from about 0.3 to 1.0 AU. The
frequency spectrum of the f,* < f < f,~ noise shows a system-
atic variation with radial distance from the sun, shifting to-
ward higher frequencies closer to the sun. Spin modulation
measurements show that the electric field of the noise tends to
be aligned along the direction of the magnetic field in the solar
wind. Gurnett and Anderson discussed the possible plasma
wave inndes which could account for the f,* < f < f," noise
and concluded that the noise could be produced by either the
Buneman (1958] mode or the ion acoustic mode, the ion acous-
tic mode being the most likely.

HELIOS OBSERVATIONS IN INTERPLANETARY SPACE

Since more data have now been analyzed from the Helios
plasma wave experiments, a much more detailed analysis of
the f,* <[ < [, noise detected by Helios in the interplanetary
medium can be provided than was given in the initial survey by
Gurnett and Anderson [1977). For details of the Helios | and 2
plasma wave instrumentation, see the paper by Gurnert and
Anderson [1977). A typical example of the f,* < f < f," noise
detected by Helios 2 is shown in Figure 1. Helios 2 at this time
is near the earth-sun line at a heliocentric radial distance of
about 0.45 AU. The solid lines for each frequency channel in
Figure |1 show the peak electric ficld intensities over 40.0-s
intervals, and the vertical bars (solid black areas) indicate the
corresponding average electric field intensities. The intensity
scales are logarithmic with a total range of 100 dB from the
bottom of one channel 1o the bottom of the next adjacent
channel. The f,* < [ < f," noise is evident as a broad band of
noise extending from about 1.0 to 17.8 kHz, roughly between
the electron and ion plasma frequencies f,~ and f,*. as in-
dicated on the right-hand side of Figure 1. A typical spectrum,
sclected from Figure | at a time of nearly maximum intensity,
is shown in Figure 2. The broad peak in the spectrum between
the electron and ion plasma frequencies is clearly evident. The
relationship to the local electron and ion plasma [requencies
fo* < I< [, is believed to be mainly fortuitous. since as will
he shown later. the tre eeney snectrum s stronghy Doppler-
siilted by the movun ol i wlar wind. Both Figure | and
Figure 2 show thut the peak field strengths of the f,° < [ < (-
noise are much larger thun the average field strengths, in-
dicating that the nose is very impulsive. The detailed temporal

g




GURNETT AND FRANK:

1oN ACOUSTIC WAVES IN THE SOLAR WIND

TYPE I RADIO ELECTRON PLASMA
BURST N\ OSCILLATIONS
'no T T I T 7 '\\ L 7
1000 { I etely
%62 100 a® jio'sfx. o
sl T 7/ \\ .
1”8 i

100

\ \
a o nﬂ/ b an

U.T.(MR MN) 0000
R(AUW) 0450

Z 562 PO AP A essind o, . P SPpe O .

g M1 _brvapiyer ooy AT = s A e DN
.78 R e [

! =

0400
0448
MELIOS 2, DAY 92, APRIL 1, 1976

Fig. 1. Typical example of the [,* < f < f," noise detected by the Helios 2 spacecraft at about 0.45 AU. The solid lines

and the vertical bars (solid black areas) indicate

the peak and average electric field strengths. The intense noise at low

frequencies, <311 Haz, is caused by interference from the spacecraft solar array.

-8
'° 2 L LA R v L} Ty Bl LB AAL v MRS
| | [ T
Wetet
72 IO.’ 15 NOISE —
. N DAY 92, APRIL |, 1976
'e g0l 248 v m! 0227-0228 UT
“b . R =048 AL. =
; PEAK HELIOS 2
é 16'2 - =)
q e :
163 l J
U 1o,
g ol - 2 5
n Sl A
o’ P I
.o_'s L Al s .,; ."r'
INSTRUMENT ‘
i NOISE LEVEL
'YJE IO". - =
7 aiais] " |
.d‘ A . A Ad A Al A A A A LLAL A A A Al
10° 10 ic* 10° B
, FREQUENCY, M2
Fig. 2. Typical spectrum of the [,* < [ < [, noise at a selected intersal from Figure | Note the distinct peth 1n the
spectrum at about (2-10)f," and the lurge ratio of the peak to the average electoic tield strength, indicative of very impulsine
temporal varigtions
- A e . 4 5 it




60 GURNETT AND FRANK: 1ON ACOUSTIC WAVES IN THE SOLAR WIND

s tn oo b 0. cdidiie Sadihs et cten bt b

et et cadunditin st

FREQUENCY (wia)
83"

+
P i
362
3 “
78 '
JO0 'R
0% L
D3
«0 *50 +100 150 *200 ozin

TIME (SEC)
HELIOS 2, DAY 92, APRIL |, 1978
START TIME 0257:28.70 UT.,, R+ 045 AL

Fig. 3. Very high time resolution measurements from Figure 1.
showing the impulsive burstlike temporal structure of the f,* < [ <
/s~ noise.

variations are illustrated in Figure 3. which shows a very high
time resolution snapshot of the electric field intensities stored
in the spacecraft memory from the event in Figure 1, at about
0257 UT. These high time resolution measurements show that
the f,* < f < f," noise consists of many short bursts lasting
only a few tenths of a second. The individual bursts have a
very broad bandwidth and tend to occur simultaneously across
a broad range of frequencies. Occasionally, high time resolu-
tion measurementis, such as those in Figure 3, show distinct
evidence of spin modulation caused by the rotation of the
electric antenna. A brief period in which such spin modulation
is apparent occurs from about +12to +15 s in the 1.78-kHz
channel in Figure 3. The spin modulation consists of two
maxima and two minima in each 1-s rotation of the spacecraft.
In most cases the extremely rapid temporal variations make it
very difficult to determine the phase of the spin modulation
accurately. However, by averaging a long series of measurz-
ments the detailed spin modulation pattern can usualiy be
identified. An example of one such series of measureznents is
illustrated in Figure 4, which shows the electric field intensity
distribution above a fixed percentage occurrence level (10 and
20%) as a function of the antenna orientation angle pg*. A
long (1 hour) analysis interval is used to reduce statistical
fAuctuations. These data show that the maximum eleciric field
intensity occurs when the antenna is oriented approximately
parallel to the solar wind magnetic field. Individual high time
resolution measurements of the spin modulation. such as those
in Figure 3, also show the same r:lationship. From these
measurements it is concluded that the electric field of the /,* <
/ < [, noise is oriented approximately paraliel to the static
magnetic field in the solar wind.

To illustraic the approximate fraction of the time thai the
[,* <[ </, noiseis presentin the solur wind, Figure § shows
the peak and average field strengths for onc complete solar
rotation The four frequencies Jhown o Fiparee € e colected
o cover the range ot fregquenaes in which the ' - 0 9
noise is normally observed Here. asin Figure 1, the peak and
average ficld strengths are shown by lines and vertical bars A
time interval of 36.0 min 1s used for both the peak and the

average field strength calculations. It is evident from Figure §
that peak electric field amplitudes of a few hundred miciovolts
per meter are present in the frequency range from 1.78 to 5.62
kHz a substantial fraction of the time. Occasionally, bursts of
f»* <[ < [," noise are seen 10 extend into the $62-Hz and
17.8-kHz channels. Because of the long interval for the peak
determination the compressed time scale presentation in Fip-
ure $ tends Lo enhance the apparent occurrence of the f,* < [
< [, noise, since even one short burst during any given 36-
min interval will register in the peak measurements. Never-
theless, these data show that bursts of f,* < /< f,~ noiscarea
common feature of the solar wind, since during any given 36-
min interval a few bursts are normally detected. Occasionally,
quiet periods occur, However, some turbulence is usually de-
tected in any given 36-min interval. Sometimes, distinct en-
hancements are evident for periods of several days, for ex-
ample, from November 21 to November 23 and from
November 27 to November 29.

To investigate the variation in the spectrum of the f,* < f <
f,- with radial distance from the sun, a detailed statistical
analysis has been performed on all of the available Helios |
data, consisting of approximately two complete orbits around
the sun. The results of this analysis are summarized in Figure
6, which sho.s the distribution of electric field strengths de-
tected in each frequency channel as a function of radial dis-
tance. The electric field strengths used in this analysis are 36-
min peak values, comparable to those in Figure S. The electric
field strength contours shown in Figure 6 correspond to in-
tensities which are exceeded a fixed fraction (S and 10%) of the

" time. The poition of the overall spectrum attributed to the f,°

< [ < [, noise is indicated by the shaded areas. The steeply
rising spectrum at low frequencies (<500 Hz) is caused by
interference from the spacecraft solar array (also evident in
Figure I). The isolated peaks in the spectrum at high frequen-
cies (230 kHz) are caused by narrow-band electron plasma
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Fig. 5. Compressed time scale plot showing the electric field intensities for one solar rotation. Each peak and each
average point represent 8 36-min interval. These data show that s low level of [,* < f < f,~ noise, at amplitudes of 10-100
#V m"', is present in the solar wind a substantial fraction of the time.

mci]pliom comparable to the event in Figure | at about 0700
UT. These plasma oscillations are directly associated with
energelic electrons streaming outward from the sun [Gurnert
and Frank, 1975] and are often directly asscciated with type 111
solar radio bursts [Gurnett and Andersun, 1976). Although
narrow-band electron plasma oscillations are easily distin-
guished from the f,* < [ < f," noise. no attempt was made to
separate the two types of waves for the statistical anaiysis in
Figure 6, since the plasma oscillations occur very infrequenuly.
Figure 6 clearly shows tha: both the upper cutofl- frequency
and the intensity of the f,* <. f < f," coise increase with
decreusing radial distance from the sun. A rough anafysis
indicates that the upper cutnff frequencies of the f,* < /< f,~
noise and the frequency-of the electron plasma escillations
vary approximately as | /R, where R is the helioceatric radiz!
distance. The radial variation of the f,* < [ < f,~ noise
intensity is shown in more detail m Figure 7, ~hich gives the
distribution of broadband electric field strer.z*hs as 4 function
of the radial distance from the sun. The broadband electric
field sirengths used in this znalysis are calculated by in-
tegrating the individual 36-min peak ciectric field spectrums
from 562 Hz 10 31.) kHz. As can be seen from Figure 5, the
main contribution to the f,° < [ < j," noise spectrum usually
occurs in this frequency range. The frequency of occurrence
contours in Figure 7 clearly show the increase in the f,* < j <
[,” noise intensity with decreasing radial distance from the
sun. A best fit analysis of the broadband field strength as a
function of the radial distance, a power iaw radial distance
dependence being assumed, irdicates that the electric field
strength also varies approximaicly as | /R.

Ivp 6 anD 8 OnskryaTiON LsI&E AN Ot
THE EAaRIH'S Buw SHOCK
Waves esscntivily 1dentical to the /.- < [ < [, noise de-
tected by Helios are also commonly obscrved by (he Imp 6 and

8 spacecraft in the soler wind upstream of the earth’s bow
shock. See the description by Gurnets {1974) of the plasma
wave instrumentation on imp 6 and 8. As will be shown, some
of the f,* < f < f," noise bursts detected by Imp 6 and 8 are
clearly of terrestrial origin, whereas others appear to be of
interplanetary origin, as is true in the Helios observations.
Figures 8, 9, and 10 iliustrate some typical examples of the f,
< [ < j," noise detected by Imp 8 upstream of the bow shock.
Figure 8 shows an exaniple of an earth-related event in which a
burst of f,* < [ < f," noise, from about 0920 to 1115 UT, is
closely associated with the arrival of a stream of low-energy
protois from the earth’s bow shock. The corresponding
charged particle measurements from the University of lowa
low-energy proton-electron differendial energy analyzer (Le-
pedea) on Imp 8 are shown in Plate 1. Details of this spectro-
gram display of the charged particle intensities and the Le-
pedea instrumentaticn are given by Frank et al. [1976). The
sunward streaming i- to 10-keV protons associated with the
f»° <[ < [, noiseareclearly evident in the second, third, and
fourth spectrograms [rom the top in Plate |, between about
0920 and 1115 UT, ixt aimost exact coincidence with the burst
of /,° < [ < [, noise. These spectrograms represent viewing
directions looking toward local evening, local midnight, and
locul morning. respectively. The direction of motion of the
protons can also be scen from the sector specirogram in Plate
|, which shows that the protons are streaming 1oward the sun
with directions of arrival in the range 120° < ¢yt & 300°
(solar ecliptic coordinates). Imp 8 at this ime is located up-
stream of the carth at a local time of about 14.8 hours and 3
geocentric radial distance of about 41 R, The observed direc-
tions of arenval correamond Closel with the aanccted direct e
of moton tor parucles crinctag trom the vicanty o the
earth. The velocity distnbution tunction for these protons,
measured along directions anproumatels parallel to the earth-
sun line, is shown in Figure 11, along with the ambien: solar
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wind distribution determined from the Los Alamos plasma
instrament on Imp 8 (W. Feldman, personal communication,
1977). As can be seen in Fieure 11, the protons strea.a.ag into
the soiar wind produce a very pronounced double peak in the
proton dirtriuntic « function. Possihle  chanisms by which
these sunward streaming protoas can venerate f,* < f < f,-
noise a.¢ crnsiderc iater.

The upstream f,* < [ < f,” noise associated with protons
arriving rom the earth’s bow shock. such as thatin Feure 5,
alm.sst certainly corresponds to the clectrostatic nise first
re, xted by Scarfetal. [1970) upstream of he bow shock from
Ogo 5. In comparison 1o the [,° < [ < f," not z detected by
Hclios the unstream waves detectec by imp 8 have cssentially

identical characteristics. In both cases the noise is electrostatic
and extends with comparable intensities from about 562 Hz to
10 kHz, between the electron and ica plasma frequencies. The
peak electric field strengths are much greater than the average
clectric field strengths, as is «rue in the Helios measurements,
and angular distributions, such as those in Figure 12, show
that the wave electric feld is aligned aupproximately parallel 1o
the solar wind mugnetic field, also in ugrcement with the
Hebos obsenvations, Froan all availo bl dence the elec-
trostatic waves geaer  upstream of U earth by protons
arriving from the bow : ock are essentially identical te the [,
< [ < [, necise detected by Helios far from the eartl Tnese
compuarisons indicate that the . ame basic plisma wave mede is
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involved in both types of noise. The detailed mechanisms by
which the noise is gencrated must, however, be quite different
in the two cases, since protons from the earth's bow shock
cannot possibly produce the waves detected by Helios far from
the earth.

Not all of the f,* < f < f,~ noise bursts detected by Imp 8
are associated with protons arriving from the bow shock.
Figure 9, for example, shows a sequence of f,* < f < f,~ noise
events extending over an entire day which are not related to
upstreaming protons. The corresponding Lepedea cpectro-
grams in Plate 2 for the same day demonstrate that no sun-
ward streaming protons are detectable during these events,
except possibly for the event around 1300-1400 UT. The mag-
netic field during this day is often close to the eclip-ic plane. so
there is no possibility that the Lepedea, which scans viewing
directions in the ecliptic plare, would not be able to detect
protons streaming along the magnetic field from the bow
shock. The corresponding electron spectrograms in Plate 2
also show no abrupt changes in the electron distribution func-
tion which can be clearly related to variations in the f,* < f <
fo~ noise intensity. Events of this type, for which no earth-
related source can be identified, constitute about 3G-50% of all
of the f,* < [ < f,~ noise events detected by Imp 8 upstream
of the bow shock. These events evidently correspond to the
interplanetary f,* < ) < f, noise commonly detected by
Helios far from the carth, since no earth-related source can be
identified.

To try to identify the feature of the solar wind charged
particle distribution which produces the interplanetary (non
carth related) f,* < [ < f,™ noise, the Imp 8 Lepedea and
plasma wave data have been examined for correlated events
which would indicate the origin of the instability. Several
events have been identified which strongly indicate that the
anisotropy associated with the electron heat Huv i the solar
wind plays an important role in producing the [, </ < [,
noise. One such event, which occurred during a disturbed
period on July 5, 1974, is illustrated in Figure 10 and Plate 3.
In this case a pronounced burst of [, < f < f, " noise occurs

from about 1645 to 1930 UT, preceded by a shorter burst from
about 1540 to 1600 UT. The Lepedea spectrograms in Plate 3
clearly show that no protons are arriving from the earth’s bow
shock during this time, so these waves m:st correspond to the
interplanetary f,* < f < f,~ noise. The enhiiced background.
evident in the proton spectrogram throighout the period
shown in Plate 3, is caused by an energetic solar cosmic ray
event. Close examination of the electron sector spectrogram in
the second panel from the bottom in Plate 3 shows that the f,*
< f < f, noise occurs during a period when a substantial
anisotropy is present in the solar wind electron distribution.
The maximum intensities occur for Lepedea viewing directions
in the range 0° < pgt < 90°, which are approximately sym-
metrical with respect to the magnetic field direction, ¢ =
45°, during this period. This anisotropy is representative of a
subsiantial streaming of clectrons along the magnetic field
away from the sun. The electron velocity distribution indicates
that these electrons correspond to the high-temperature *halo’
electrons which provide the main contribution to the heat flux
in the solar wind [Feldman et al., 1974]. The anisotropy evident
in Plate 3 corresponds to an unusually large electron heat flux
away from the sun, directed along the solar wind magnetic
field. The detailed variations of the electron velocity distribu-
tion function at a tixed energy and the corresponding 1.78-kHz
electric field intensity variations are shown in Figure 13 near
the beginning of the event. The elec:ron distribution function
is shown in two directions, ¢sgt = 34° and 12°°, which are
appr. .imately parallel and perpendicular, respectively, to the
average magnetic field dircctions projected onto the ecliptic
plane during this period. The interpretation of these data is
somewhat complicated by variations in the magnetic field di-
rection. Before about 1610 UT the magnetic field 1s tov far out
of the ecliptic plane, . Y 60°, for accurate measurements of
the ansotrepy pasalle iperpenaicuiar to the mpenetg
tield. However, atier about 1010 UL the magnetic feld 1
sufficiently close to the ecliptic plane, #" < 30°. for good
anisotropy measurements, As can be seen from Figure 13,
after about 1650 the intensities at ¢yt = 34°, looking along
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the magnetic ficld toward the sun, ncreasc substantially above
the intensities at ¢ee = 124°, perpendicular to the magnetic
field. Comparisons with the i.78-kHz electric field intensities
show that the onset of the f,* < f < [,  noise is closely
correlated with the increase in the anisotropy of the electron
distribution. The burst of noise at about 1550 UT is also seen
to be correlated closely with the increase of electron intensities
in the direction ¢4t > 34° at about 1552 UT. Even though
0.c® is large at this time, this burst must be associated with an
anisotropic component streaming along the magnetic field,
since the intensity perpendicular to the magnetic field, ¢gct =
124°, shows no comparable increase. The evidence that the f,*
< f < f,™ noise is associated with the magnetic-field-aligned
anisotropy in the clectron flux is further supported by the
velocity distributions shown in Figure 14, which are selected
for times when 6;* > 0° and for viewing direction parallel
(eset = 304° and 34°) and antiparallel (¢sst = 124° and 214°)
to the magnetic field. The electron intensity measurements at
1252 UT (triangles), before the onset of the f,* < f < f, ~noise,
show that the anisotropy is typically small, £20%, at all veloci-
ties. However, the measurements at 1720 UT (circles), after the
onset of the f,° < f < f, noise, show that the anisotropy is
very large, typically a factor of 3-S5, over a broad range of
velocities. These velocity distributions also show that other
than the change in the anisotropy the electron distribution
functions are nearly identical in ihe two regions, before and
after onset of the noise. Comparison of these velocity distribu-
tions with the measurements of Feldman et al. [1975] clearly
identifies this anisotropy with a greatly enhanced heat flux of
the halo electrons, directed along the magnetic field line away
from the sun. These and other similar observations provide
strong evidence that the anisotropy associated with the elec-
tron heat flux in the solar wind plays an essential role in the
generation of these waves. Close inspection of the electron
angular distributions in Plate 2 also shows, for example, that a
similar eiectron anisotropy is present during the period when
the ion acoustic waves in Figure 9 are being observed. The
variations in the f,° < f < f,~ noise intensity are not, how-
ever, as easily associated with changes in the electron distribu-
tion function in this case, possibly because the plasma is close
to marginal stability, so that only very minor changes in the
clectron distribution or other parameters can trigger the
growth or decay of the waves.

IDENTIFICATION OF THE f,* < f < f,~ NOISE AS
SHORT-WAVELENGTH ION AcousTiC WAVES

Some of the factors involved in the identification of the
plasma wave mode associated with the [,* < f < f,~ noise
detected by Helios have already been discussud by Gurnett and
Anderson [1977). From the electrostatic character of the noise,
all of the well-known electromagnetic modes of propagation,
such as the whistler and magnetosonic modes, can be elimi-
nated from consideration. The electric field orientation, paral-
lel to the static magnetic field, further restricts the possibilities,
eliminating, for example, the various types of ion cyclotron
and Bernstein modes which propagate nearly perpendicular to
the static magnetic field. Essentially only two plasma wave
modes are known which could account for all of the observed
characteristics. These modes are the ion acoustic mode at [ <
fo* and the Buneman [1958) mode at fp = (m - /m~) ¥,-. We
also note that Scarf et al. [1970) identified the same modes as
the best candidates for explaining the upstream electrostatic
none, which is now heliesed to he the same basie phasma vane
mode detected by Hehos tar Irom the earth. Afthough Gurnert
and Anderson [1977] argue that it ¢ unlikely that the proper
conditions exist in the solar wind for generating the Buneman
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Fig. I1.

Distribution function for the intense burst of protons observed streaming into the solar wind from the earth's

bow shock from 0930 to 1030 UT in Plate 1. The + ¥, velocity axis is directed toward the sun. The dushed line gives the
solar wind proton distribution function as determined from the Los Alamos plasma analy zer on Imp 8.

instability, no method was available to distinguish clearly be-
tween these two modes of propagation.

One way of distinguishing the Buneman mode from the ion
acoustic mode is to measure the wavelength. The two modes
differ fundamentally in the wavelengths required to account
for the observed frequency spectrums. Since ion acoustic
waves only occur at frequencies less than f,* in the rest frame
of the plasma, large Doppler shifts and correspondingly short
wavelengths of tens to hundreds of melers are required to
account for the frequency range, (2-10)f,*. «:* which the noise
is usually observed. The Buneman mode. or the other hand,
oceurs ata frequenes i ~ 3497 which ieguires no Doppler
shift to account for the obsersed [requeney spectrum, implying
wavelengths of several hundred meters or more.

Since only a single clectric dipole antenna is used on Helios,

the wavelength cannot be determined. However, the Imp 6
spacecraft, which also detects the same waves upstream of the
bow shock, has two antennas of ditTerent lengths which can be
used to estimate wavelengths. The technique used consists of
comparing the meuasured antenna voltages ¥ with the tip-to-tip
lengths L of the antennas. For wavelengths longer than the
antenna the antenna voltage is directly proportional to the
antenna length, so that the computed clectric tield strength £
= 2¥/L is the same for both antennas. However, for wave-
lengths A compatable to or shorter than the antenna this
proportionality no longer holds. In general, we expect that
when \ o 70 the measared ddectrie Bichd strepeth well be under-
estimated

On Imp 6 the electric ficd antennas consist of two orthog-
onal dipoles with up-to-tip lengths of L, = 925 muand L, =

S0
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Fig. 12. Angular distribution of the electric field intensity for a
burst of f,* < f < [, noise produced by upstreaming magnetosheath
protons. These data show that the clectric field of the proton-driven
fo* € [ < f,” noise is paraliel to the solar wind magnetic field.
essentially identical to the f,* < [ < f," noise detected by Helios far
from the carth (compare with Figure 4).

$3.5 m (Gurnett. 1974]. The two antennas are mounted or-
thogonally to each other and to the spacecraft spin axis. The
spin axis is directed normal to the ecliptic plane. Simultaneous
measurements of the voltage spectrums from the two antennas
arc made with two identical spectrum analyzers. Because of
their orientation the two antennas do not detect the same
component of the electric field. However, for a steady staie
wave spectrum, comparisons can be made by averaging over
many rotations of the spacecraft.

A case for which the wavelength of the interplanetary f,* <
| < f,~ noise has been estimated by using this technique is
shown in Figure |5. During this period, Imp 6 is upstream of
the bow shock at geocentric radial distances from about 19 to
26 R, and local times from about 9.8 to 10.2 hours. A sub-
stantial level of f,* < [ < f,” noise is present during this
period. Some of these events can be associated with low-energy
protons arriving from the bow shock, whereas other events,
such as the intense bursts from about 0520 to 0610 UT, are of
interplanctary origin. This period of enhanced activity occurs
shortly after an abrupt increase in the solar wind density at
about 0500 UT (see the top panel of Figure 15), which pre-
ceded the onset of a high-speed solar wind stream a few hours
later (W. Feldman, personal communication, 1977).

The electric field specirums obtained from the £, and £,
antennas during the interval from about 0530 to 0602 UT are
shown in the botiom panel of Figure 16. These spectrums give
the median values of all of the peak intensitics obtained during
this interval, computed by uang £ - 20 L Lach poi
sents the median of approvimately 700 individual peah mea-
surements. Because of the impulsive temporal fluctuations a
large number of measurements are needed to reduce the statis-

rapie
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tical fluctuations to an acceptable level. The ratio [ the £, to
the E, field strengths, computed from these spectrums, is
shown in the top panel of Figure 16, with estimates of the
corresponding error limits (one standard deviation). As can be
seen, the E,/E, ratio is approximately | at low frequencies. [
< 3 kHgz, but deviates substantially below | at high frequen-
cies, f 2 10 kHz. The decrease in the E,/E, ratio at high
frequencies indicates that the longer, £, antenna is signifi-
cantly underestimating the field strengths in comparison to the
shorter, £, antenna. This deviation of the E,/E, ratio in-
dicates that wavelengths shorter than L, = 92.5 m are being
detected at frequencies above about 3 kHaz.

To demonstrate the overall accuracy and reliability of this
technique, a corresponding analysis was performed on a band
of whistler mode plasmaspheric hiss detected in the earth’s
magnetosphere a few hours later. It is easily shown that the
wavelengths of these whistler mode waves are very large, much
larger than the dimensions of the Imp 6 electric antennas. The
results of this analysis are shown in Figure 17. As can be seen,
the E,/E, ratio stays very close to | at all frequencies, thereby
confirming that the wavelengths are longer than the antenna
length. These and many other similar comparisons for a wide
variety of plasma wave phenomena demonstrate that signifi-
cant deviations of the E,/E, ratio below 1, such as the devia-
tion in Figure 16, are not instrumental effects and can only be
attributed to wavelengths shorter than the antenna length.

Since the accuracy of the method has been confirmed. it is
now of interest to compare the measurements in Figure 16
with the wavelengths to be expected if the waves are ion
acoustic waves. For typical solar wind parameters 7~ = 1.5 X
10* °K it is readily shown that the ion acoustic speed C, =
(KT-/m*)"* ~ 352 km s~* is much less than the solar wind
velocity. For these conditions the frequency detected in the
spacecraft frame of reference is, to a good approximation,
given entirely by the Doppler shift (valid for f >> f,*),

f = (Vau/A) cos bay (n

where 8,y is the angle between the propagation vector k and
the solar wind velocity V,,. Even though the ion acoustic
mode can propagate at a substantial angle to the magnetic
field [Stix, 1962], the f,* < f < f,™ noise is evidently generated
with k vectors nearly parallel to the static magnetic field, since
the electric field is always observed to be nearly parallel to the
static magnetic ficld. Thus 6, can be determined from the
measured magnetic field direction; i.e., fay > 65,. By solving
(1) for A by means of the appropriate solar wind speed V,, >
360 km s~' from Figure 15 and by means of 8 = 22° from the
Imp 6 magnetometer data (D. Fairfield, personal communica-
tion, 1977) the wavelengths corresponding to each frequency
can be calculated. These wavelengths are shown by the wave-
length scale at the top of Figure 16 along with the lengths L,
and L, of the two electric antennas. As can be seen, the £,/E,
ratio starts to deviate below | as soon as the computed wave-
length becomes significantly shorter than the antenna. These
comparisons show that the wavelength computed from the
Doppler shiflt formula is in excellent quantitative agreement
with the wavelength estimated from the £,/E, ratio (A =~ 92.5
m at [ ~ 3 kHa).

Further evidence of short waveleneths is provided by the
upper cutai o the eosersed trequenes spectrum and the v
ton ot this cutoll with radial distance from the sun. s well
known that the shortest wavelength which can oceur in a
plasma is determined by the onset of strong Landau damping
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Fig. 13. Low-energy electron intensity variations associated with the burst of f,* < [ < [, noise shown in Figure 10.
The dashed curve at ¢.* = 124° gives the electron intensities perpendicular to the magnetic field. and t: : solid curve at ¢ %
= 34° gives the intensities looking generally toward the sun and along the ecliptic plane projection of the magnetic tield.
The f,* < f < [, noise occurs during periods of substantial anisotropy in the low-energy electron intensities associated

with the electron heat flux in the solar wind.

at a wavelength of about 2x),. where Ap? = ek T/ne’ is the
Debye length. The minimum wavelength Amin = 2%\, com-
puted from the measured plasma density n > 35 cm-? and the
temperature 7- = 1.4 X 10* °K. is approximately 27.5 m, as is
shown at the tcp of Figure 16. As can be seen, this minimum
wavelength is in excellent agreement with the observed upper
cutoff frequency of the electric field spectrum. The dependence
of the minimum wavelength on the plasma density, A... = Ay
« | ' furthermore evphans the iendeney for the upper
cutofl frequency Jmee = (Fou/Amin) © n*? 1O Increase witn
decreasing radial distance from the sun (see Figure 6), since
the plasma density increases closer to the sun. When the

plasma density scaling law n = | *™* appropriate for the solar
wind far from the sun, is usec, tne upper cutoff frequency
should vary approximately as fm., = 1/R, which is seen to be
in good agreement with the observed radial variation of the
upper cutofi frequency illustrated in Figure 6. All these com-
parisons provide strong evidence that the low-frequency elec-
trostatic waves detected in the solar wind by Imp 6, Imp 8, and
Helios have short waveleneths and Doppler shifts consistent
with the dentunication o fese waves ds 1e: deoustic waves
Although short wavelengths are clearly evident tor the event
in Figure 16, in most cases the /,° < [ < f, noise detected
by Imp 6 does not show these etfects. The event in Figure 16 is
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Fig. 14. Further details of the anisotropic electron distribution associated with the burstof [,° < f < [, noise shown in
Figure 10, selected for times w hen the magnetic field is aligned parallel to the viewing direction of the Lepedea. At 1252 UT
the anisotropy is very small, and no [,* < { < f, noise is present. At 1720 UT the anisotropy is large. particularly at the
lower velocities, and the [,° < [ < [, noise intensities are correspondingly large.

unusual in that the plasma density is very large. n = 35 cm-?,
and results in @ minimum wavelength substantially less than
the antenna length. For typical solar wind plasma densities at
I AU n > $cm-? the minimum wavelength is approximately
Am = 72 m, which is evidently sufficiently large to make short-
wavelength effects undetectable even though wavelengths
shorter than the Imp 6 antenna length, L, = 92.5 m, could
occur. Note from Figure !6 that most of the wave energy
occurs at wavelengths substantially larger than Amyn = 277,
and that the intensity is strongly attenuated for wavelengths
approaching A,,,... It should also be noted that because of the
shorter leneth of the Helios antennas o/ = 16 m for Helos |
and /. - 32 m tor Helos 20 errors due to shortwvelereth
effects are not normally expected to be ‘signiticant for the
Helivs measurements, cxeept for + qusually high densities.

ORIGIN OF THE SOLAR WIND JON ACOUSTIC WAVES

Having established that the f,* < [ < f,- noise consists of
short-wavelength ion acoustic waves, we now consider the
mechanisms for generating these waves, both in the inter-
planetary medium and in the region upstream of the bow
shock. The observed triggering of the 10n acoustic waves by an
increase in the electron heat flux provides strong evidence that
the ion acoustic mode is being driven unstable by the electron
heat Alux in the solar wind, as was first suggested by Forslund
(1970).

The hosic mechanism oaroposed by For nd D070 s
tated soneevancatlv o eure IV wh b shows te el
form of the reduced one-dimensional clectron and proton
distnibution functions i the solar wind  The reduced one-
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Fig. I5. Series of f,* < f < f,~ noise bursts detected by Imp 6 in association with a density compression preceding a high-

speed solar wind stream.

dimensional distribution function F(V) is defined by F(V) = |
dv.f(V), where f(V) is the three-dimensional distribution
function and dV, represents an integration over velocities
perpendicular to the magnetic field. As is-indicated, a sub-
stantial anisotropy is produced in the high-energy, or ‘halo,’
clectrons by the electron heat flux flowing outward away from
the sun [Feldman et al., 1974, 1975). Since the net current in the
solar wind is essentially zero, except at discontinuities, the
electron current associated with the antisunward drift of the
energetic *halo’ electrons must be compensated by a sunward
drift of the low-energy ‘core’ electrons. This drift velocity V is
indicated in Figure 18. If the double peak in the combined
velocity distribution function F(V) = F-(V) + (m~/m* )F*(V)
produced by this drift is sufficiently large, then the ion acoustic
mode is unstable. Since the drift is parallel to the static mag-
netic field, the waves produced by this instability are expected
to have their wave vectors and electric fields oriented approxi-
mately parallel to the static magnetic field. The condition for
instability is given by the Penrose criterion

v - RS

epadV >0 ()

where 1 iy the veloaity of the mimmuot in F(}) [Penrose.
1960]. For equal clectron and ion temperatures 7° =~ T* the
threshold drift velocity is very large. approximately ¥, = (kT/

m-~)""*, which is too large to be exceeded in the solar wind.
However, if 7- >> T*, which is sometimes satisfied in the
solar wind, then the threshold drift velocity for irstability is
greatly reduced, to approximately

Ve > (kT*/m*)"* 3)

[Krall and Trivelpiece. 1973). For a solar wind ion temperature
of T* = 4.0 X 10* °K the threshold drift velocity is, for
example, only V, = I8 kms~' (T~ >> T* being assumed). For
electron temperatures only moderately larger than the ion
temperature the threshold drift velocity is larger than (3) by a
factor which depends on T /T* [see Krall and Trivelpiece.
1973). On the basis of his analysis, Forslund [1970] concluded
that the ion acoustic mode should be driven unstable by the
electron heat flux whenever the clectron 1o ion temperature
ratio is sufficiently large.

Both the observed clectric field orientation and the associa-
tion of enhanced ion acoustic wave activity with increases in
the electron anisotropy provide substantial evidence for the
mechanism proposed by Forslund [1970). The detailed argu-
ments in support of this mechanism arc. however. more in-

solved, sioce P otier cones o Goubie-pe s disiebuton fune-
LONs WHIKH Lo POSSIDE; ZEIRTILE 101 dCOUSTIC WA e Tiust
be climinated from consideration Charged particle measure-

ments, such as those in Plates 2 and 3. clearly show that ion
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Fig. 16. Comparison of '*¢ electri : +\d amplitudes for the burst of [,* < [ < f,~ noise from 0530 10 0602 UT in Figure
15 using antennas of two different ler._*._. The deviation of the E,/E, ratio below | indicates that the waveiengths of the
waves are shorter than the longest antenna, L, = 92.5 m, at frequencies above about 3 kHz. The scale at the top of the
illustration indicates the wavelength which would occur if the observed frequencies were entirely due to Doppler shifts.
Note the close correspondence of the upper frequency cutoff to the minimum wavelength 2xA, caused by Landau damping. »

acoustic waves occur during times when no secondary peak is
detectable in either the electron or the proton distribution
functions. within the energy range (S0 eV £ £ < 45 keV) and
resolution of the Lepedea. Although electron energies less than
100 eV were not investigated, it is almost completely certain,
on the basis of the results of Feldman et al. [1975]. that double
peaks do not occur in the electron distribution function at
energies less than 100 eV, It is possible that closely spaced
double peaks could occur i the on dsination, such as the
double proton streams reporied by #eldmdn et al. [1973a). and
still be unresolved in the Lepedea data. Compansons with
published examples of double proton streams [Feldman et al..

1973a] do not show a close correspondence with the occur-
rence of ion acoustic waves; however, further detailed studies
are needed to investigate whether double proton streams can
under some circumstances generate ion acoustic waves. On the
assumption that the ion distribution functions do not generally
have the double-peaked form required to produce an instabil-
ity. essentially the only possibility left is the double peak
produced by o veloaits shift hetween the peaksoin the electron
and o distributions, s diustrated i berere 08 The preseee
ol such a velocity shift in the solar wind has now been amply
demonstrated by Feldman et + (1974, 1975]. It only remains
to be demonstrated that ths .t is sufficiently large to exeeed
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the threshold for generating ion acoustic waves. The magni-
tude o! the velocity shift, which is difficult to measure directly,
can be estimated from the anisotropy in the halo electron
distribution. For the event in Figure 14 at 1720 UT the flux of
electrons along the magnetic field (first moment) is estimated
to be 1.50 X 10* el (cm®s)-'. When the mcasured local plasma
density of n = 10.1 el cm~? is used, this flux must be com-
pensated by a sunward drift of the core electrons at a velocity
of about 150 km s-*'. Tke ratio of this drift velocity to the
electron thermal speed (T~ = 1.5 X 10* °K being used) is
about 0.1. Whether this drift velocity exceeds the threshold
drift velocity for the ion acoustic wave instability is critically
dependent on the electron to ion temperature ratio. For the
period of interest the ion temperature measured by the Los
Alamos plasma probe on ImpBis T* = 7.1 X 10* °K. When a
typical temperature of T = 1.5 x 10* °K is used for the core
electrons, the temperature ratio is 7 /T* = 2.14. For this
relative!s Jow electron to on temperature ragne the won oous.
tic mode should be stable according o the curses given by
Stringer [1964]. On the other hand. il a typical halo temper-
atureof 7° = 7.0 X 10* °K is used, whichgnes T . 7" = 10,

gy -

the threshold drift velocity given by equation (3), ¥, = 23 km
s~ '(valid when T~ >> T*), is exceeded by a substantial factor.
Since no computer calculations of the threshold drift velocity
are available for a realistic combination of core and halo
electron distributions, the stability of the ion acoustic mode
cannot be accurately determined. However, since the correct
effective electron to ion temperature ratio is probably some-
where in between the two extremes given by the core and halo
temperatures, it scems likely that the ion acoustic mode is
unstable in this :ase. Further detailed analyses of the exact
instability conditions are needed for realistic inodels of the
solar wind electron distribution to answer this question
clearly.

For the ion acoustic wavas generated by protons streaming
into the solur wind from the bow shock there is no question
about which particles are responsible for the instability, How-
ever. considerable uncertainty <till remarns concernine the de-
tarled prectian s by whieh the proton strea produces the
instabtliny. In considening the ongin o1 the instabiliay, two
distinctly different mechanisms can be idenuitied: (1) the insta-
bility may be caused directly by the double peak 1n the proton

Y
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Fig. 18. lllustration showing the velocity shift ¥, between the low-energy electrons and the solar wind protons, required
10 maintain zero net current when a substuntial electron heat flux is present. If the velocity shift is sufficiently large, the
resulting double peak in the combined electron and proton distribution function F{V) can cause the ion acoustic mode to

become unstable.

distribution (see Figure 11), or (2) the instability may be
caused indirectly by the shift in the velccity of the core elec-
trons required 10 maintain zero net current, similar to the heat
flux mechanism. Of these two possibilities the second mecha-
nism is belicved to be dominant. For the first mechanism,
rough estimates show that the peak in the proton distribution
function due to the upstreaming protons is simply too small to
be unstable according to the Penrose criterion. Note that the
contribution of the proton stream to F( V) is greatly reduced by
the factor (m-/m* ) in the combined one-dimensional distribu-
“tion function, in addition to the fact that the distnibution
function for this stream is nearly 6 orders of magnitude below
the peak due to the solar wind beam (see Figure 11). On the
other hand. the proton flux associated with the upstreaming
protons can be quite substantial, ~5 X 10® protons (cm* s)"'.
The upstreaming protons must therefore cause a shift in the
velocity of the core electrons with respect to the solar wind
protons in order to maintain zero net current. If this shift is
large enough to produce instability, this mechanism will ex-
plain why the ion acoustic waves driven by the upstreaming
protons are so similar to the interplanetary ion acoustic waves,
since the mechanisms are essentially identical. Note that halo
electrons streaming away from the sun and sunward streaming
protons both contribute in the same sense to the current imbal-
ance. Detailed comparisons, however, often show that the
intensitics of the upstreaming protons are too small, by factors
of 10-100. to produce velocity shifts exceeding the threshold
for the ion acoustic wave instability using a simple Maxwellian
distribu’.on for the core electrons. The detailed explanation of
this discrepancy is not known; however, one possibility is that
the clectron heat flux maintains the plasma near marginal
stability for ion acoustic waves, so that only a small current
imbalance is necded to trigger the instability. Also, Feldman et
al. [1973b) have shown that protons streaming into the solar
wind from the carth's bow shock produce substantial per-
turbations in the ambient solar wiud electron distribution,
These perturbations and their effect on the instability condi-
tion given by the Penrose criterion must be studied in greater
detail before the generation mechanism of the upstream ion
acoustic wanes can he completelh resolved

Namerous investigaton e supvested possihle roles winch
100 acoustic turbulence may play in determining the farge-
scile properties of the solar wind. 1t has been sugpesied that
plasma waves can heat the solar wind 1ons [Fredacks, 1969),

regulate the electron heat flux in the solar wind [Forsiund,
1970; Schul: and Eciatar, 1972). and thermally couple the
electron and ion distributions [Perkins, 1973). The extent to
which the ion acoustic waves detected by Helios und Imp 6 and
8 play any significant role in these processes remains to be
determined. Al | AU the maximum intensities of the ion
acoustic turbulence are relatively small. energy density ratios
being approximately ¢,£%/2nAT = 10-*. The turbulence is,
however, present a large fraction of the time and increases
rapidly in intensity with decreasing radial distance from the
sun. These factors all suggest that the presence of these waves
must be given serious consideration in the overall under-
standing of the solar wind, particularly in relation to the
regulation of the solar wind heat flua.

SuMMARY AND CONCLLUSION

Plasma wave measurements on the solar-crbiting Helios
spacecraft have previously shown that sporadic bursts of elec-
trostatic turbulence are commonly observed in the solar wind
at frequencies between the electron and ion plasma [requencies
[Gurnett and Anderson, 1977). In thiu paper we have expanded
the earlier investigation of these waves using the Helios data
and have compared the Helios results with similar measure-
ments from the earth-orbiting Imp 6 and 8 spacecraft. Wave-
length measurements with the Imp 6 spacecraft now provide
strong evidence that these waves are short-wavelength ion
acoustic waves at [ < f,* which are Doppler-shifted upward in
frequency by the motion of the solar wind. The upper cutoff
frequency and the variation of this cutoff frequency with radial
distance from the sun, [ma.. = 1/R, are in close agreement with
the short-wavelength cutofT expected for ion acoustic waves,

Comparison with the Imp 6 and 8 data reveals that a sub-
stantial fraction, 50-70%, of the ion acoustic wave turbulence
detected in the solar wind near the carth is caused by supra-
thermal protons streaming into the solar wind from the
carth’'s bow shock. These waves, which correspond (o the
upstream electrostatic v .a-es first reported by Scar/ er al.
[1970]. are observatiora!ly indistinguishable from the 1on
acoustic waves detectec by Helios Although both the up-
stream protonadriven woanves and the w nes detected by Hehos
are evidentivosor e
source 18 required to oxplian the Hehios obsersauions, since
protons from the earth’s bow shkock cannot posably account
for the waves detected by Helios fur from the earth | vaming-
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tion of the Imp 6 and 8 data reveals many examples of ion
acoustic turbulence during periods when no protons can be
detected coming from the earth's bow shock. These events
evidently correspond to the waves detected by Helios far from
the earth. Usually in these cases there is no evidence of signifi-
cant suprathermal electron or proton fluxes other thun the
quiescent solar wind distribution. In a few events, variations in
the ion acoustic wave intensity were found w hich are closely
correlated with changes in the anisotropy of the solar wind
electron distribution. These events suggest that the ion acous-
tic turbulence is driven by the anisotropy associated with the
electron heat flux in the solar wind, as was suggested by
Forslund [1970). Although it seems reasonably certain that the
electron heat flux is in some cases involved in the generation of
the interplanetary ion acoustic waves, the association of ion
acoustic waves with suprathermal protons from the bow shock
suggests that the solar wind ion distributions should be investi-
gated in greater detail 10 see if double ion streams and other
nonthermal solar wind ion distributions could also be involved
in the generation of these waves.
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Several types of electromagnetic waves are known to be emitted by charged
particies on the auroral field lines. In this paper we review the most important
types of auroral radio emissions ouh from a historical perspective as well as con-
sidering the latest resvits. Particular emphasis is placed on four typc of electro-
magnetic emissions which are directly ussociated with the plasma on the auroral
field lines. These emissions are (1) auroral hiss, (2) saucers, (3) ELF noise bands,
and (4) auroral kilometric radiation. Ray tracing and radio direction finding meas-
urements indicate that both the auroral hiss and auroral kilometric radiation are
generated along the auroral field lines relatively close to the earth, at radial distances
from about 2.5 t0 § Ry, probably in direct association with the acceleration of auroral
particles by parallel electric fields. The exact mechanism by which these radio emis-
sions are generated has not been firmly established. For the auroral hiss the “avored
mechanism appears to be amplified Cerenkov radiation. For the auroral kilometric
radiation several mechanisms have been proposed, usually involving the interme-
diate generation of electrostatic waves by the precipitating electrons.

1. Introduction

For many years it has been known that certain types of electromagnetic emis-
sions from the earth's magnetosphere are closely associated with the occurrence of
auroras. As early as 1933, BURTON and BoARDMAN (1933) reported observations of
bursts of very-low-frequency (VLF) ‘static’ which were closely correlated with flashes
of auroral light. Later investigations using ground based VLF radio receivers firmly
established that auroral disturbances at high latitudes are often accompanied by in-
tense bursts of broad-tand radio noise at frequencies from a few hundred Hz to over
100kHz (Eruis, 1957; DuncaN and ErLuis, 1959; DowpeN, 1959; MARTIN er al.,
1960; JorGeNSEN and UNGsTRUP, 1962; MoRrozuMI, 1963; HARANG and LARSEN,
1964), Because of the close association of these radio emissions with aurora and
their broad bandwidth these emissions came to be known as auroral hiss, foliowing
the classification scheme of HELL!wELL (1965). The first satellite observations of
auroral hiss were reported by GURNETT (1966) who showed that auroral hiss is closely
correlated with i wtense fluxes of precipitating electrons with energies less than 10keV.
Subsequent studies have firmly established that auroral hiss is generated along the
auroral ficld lines by intense fluxes of electrons precipitating into the ionosphere with
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258 D.A. GURNETT
< energies in the range from a few hundred eV to several keV (HArTZ, 1970; GURNETT review th.
and FRANK, 1972a; HorFFMAN and LAASPERE, 1972). Since the auroral hiss emissions and to di

occur at frequencies below the local electron gyrofrequency these waves must be
propagating in the whistler mode. Simple ray tracing considerations show that the
auroral hiss appears to be propagating downward from a source at an altitude of
about 5,000 to 10,000km. Poynting flux measurements by Mosier and GURNETT
(1969) showed that another type of emission, called a saucer, also occurs on the
auroral field lines, propagating upward from a source at altitudes of approximately
1,400km. These VLF saucer emissions have been studied in greater detail by JAMES
(1976). Other electromagnetic emissions have been observed along the auroral field
lines at even lower frequencies, from 100 to 300 Hz, by GURNETT and FRANK (1972b).
These emissions, which are called ELF noise bands, have a very narrow bandwidth
and are also closely associated with the auroral electron precipitation.

Since the auroral hiss, saucers, and ELF noise bands consist of internally trapped
plasma wave modes these emissions cannot escape from the earth’s magnetosphere.
At higher frequencies, above the local characteristic frequencies of the plasma, radio
emissions of auroral origin have been observed escaping from the earth. 3Siuce the
ionosphere effectively blocks all radiation at frequencies below the lccal electron
plasma frequency from reaching the earth’s surface, escaping electromagnetic emis-
sicns of this type can only be observed by a satellite above the ionosphere  The first
evidence of intense auroral-related radio emissions escaping from the earth’s magneto-
sphere was obtained from the Elektron 2 and 4 satellites by BENEDIKTOV ez al. (1965,
1968). These observations showed that bursts of radio noise at 725 kHz and 2.3 MHz
were originating from the earth in close association with geomagnetic storms. Later
DUNCKEL ef al. (1970) reported similar bursts of radio noise, also associated with
high-latitude magnetic disturbances, at frequencies below 100kHz. The first complete
determination of the spectrum of these radio emissio: s was provided by the IMP-6
spacecraft which showed that the maximum intensities are in the frequency range
from about 100 to 500 kHz (SToNE, 1973; BrRowN, 1973) and that the total power
radiated from the earth is sometimes as large as 10* watts (GURNETT, 1974), com-
parable to the decametric (3.0 to 30 MHz) radio emission from Jupiter. It was also
determined that the intense radio bursts from the earth are directly associated with
the occurrence of discrete auroral arcs and that the angular distribution of the escaping
radiation is consistent with generation along the auroral field lines on the night side
of the earth. Because of the close association of these radio emissions with auroral
processes and the kilometer wavelength of the radiation, KURTH et al. (1975) have
referred to this radiation as auroral kilometric radiation, which is the terminology
that will be used in this paper. Other names for this radiation include ‘high pass
noise’ (DUNCKEL et al., 1970), ‘mid-frequency noise’ (BRowN, 1973), and ‘terrestrial
kilometric radiation’ (GURNETT, 1974; ALEXANDER and KAISER, 1976).

These four types of electromagnetic emissions (aurorai hiss, saucers, ELF noise
bands, and auroral kilometric radiation) constitute all of the known electromagnetic
plasma wave emissions from the auroral field lines. The purpose of this paper is to
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review the present state of knowledge of these electromagnetic plasma wave emissions
and to discuss the mechanisms by which these waves are thought to be generated.
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260 D.A. GURNETT

2. Auroral Hiss, Saucers and ELF Noise Bands

A typical example of an auroral hiss event detected by a low-altitude polar-
orbiting satellite is shown in Fig. 1. This event illustrates the primary identifying
characteristics of auroral hiss, consisting of (1) the very broad frequency range of
the emission, usually from a few kHz to several tens of kHz, (2) the large electric
field intensities, often exceeding 1 mV m-! broad band electric field strength, (3) the
occurrence in a narrow latitudinal band centered on the auroral zone, typically only
5 to 10° wide, and (4) the close association with intense fluxes of low energy, 100eV
to 1keV, electrons. The spatial distribution of the auroral hiss over the polar region
is illustrated in Fig. 2 (from HUGHES er al., 1971), which shows the frequency of
occurrence of VLF magnetic ficld intensities greater than 10-* gamma®Hz"' at 9.6
kHz. The maximum occurrence of auroral hiss closely follows the auroral oval,
varying from about 80° invariant latitude on the day side of the earth to about 72°
invariant latitude on the night side of the earth. A pronounced dawn-dusk asymmetry
is clearly evident, with a distinct minimum in the auroral hiss occurrence in the local
morning from about 2 to 8 hr magnetic local time. This dawn-dusk asymmetry is
probably related to the dawn-dusk asymmetry in the spectrum and intensity of the
precipitating auroral electrons, in particular to the low intensity and diffuse char-
acter of inverted-V electron precipitation events in the local morning (FRANK and
ACKERSON, 1972). The relationship of the auroral hiss emission to the specirum of
the auroral electron precipitation is illustrated in further detail by the event in Fig. 3
(from GURNETT and FRANK, 1972a), which shows that the auroral hiss emission

Re372.01

Fig. 2. The frequency of occurrence distribution of auroral hiss at 9.6 kHz
as a function of invariant latitude and magnetic local time. Only events
with magnetic field intensities greater than 10-'2 gamma® Hz-! are counted
(from HuGHEs et al., 1971).
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Fig. 3. High resolution frequency-time spectrograms of electric and magnetic fields detected
by the Injun § spacecraft at an altitude of about 2,500km showing the occurrence of
auroral hiss, saucer emissions and an ELF noise band in close association with an
inverted-V electron precipitation event (from GURNETT and FRANK, 1972a).

occurs in direct association with'an intense inverted-V electron precipitation event

‘Hz of the type first discussed by FRANK and ACKERSON (1971). A VLF saucer emission
"l'; is also evident near the low-latitude boundary of the electron precipitation region.
Both the auroral hiss and the saucer emissions are characterized by a V-shaped
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frequency-time structure. This characteristic frequency-time variation is a spatial
effect caused by the (requency-dependent limiting ray direction of the whistler mode
at large wave normal angles (Mosttr and GURNETT, 1969). Essentially the source
illuminates a region along the magnetic field with a beam-width which increases
with increasing frequency. As the spacecraflt approaches the auroral field lines the
highest frequencies are encountered first, since these rays can propagate at the largest
angle to the magnetic field. The essential distinciion between the auroral hiss and
the saucetr emissions is the direction of propagation, which is downward for the
auroral hiss and upward for the saucers. Although the particles responsible for the
downward propagating aurcral hiss have been identified as inverted-V electrons, the
particles responsible for the saucer emissions have not yet been established. It scems
most likely that the upward propagating saucer emissions are produced by upward
streamiing ionospherle electrons of very low encrgy, ~few eV, which constitute the
return current for the necarby inverted-V electron precipitation. This relationship
is illustrated schematically in Fig. 4. For observing altitudes in the range from abeut

1,500 to 3,000km the latitudinal width of the saucer cmissions, 1P «© [00km, s

usually somewhat smaller than the width of the auroral hiss, 100 to 500km. The
saucers also have very sharp spectral structure. indicating a very small source region,
whereas the auroral hiss is much more diffuse, indicating a broader more extended
source.

The event in Fig. 3 also illustrates the occurrence of ELF noise bands in the
same region as the inverted-V clectron precipitation and the auroral hiss. The elec-
tromagnetic character of these narrow band emissions is clearty indicated by their
detection with both the electric and magnetic antennas,  Poynting flux measurements
indicate the presence of both upgoing and downgoing components.  These emissions
occur near but below the local proton gyrofrequency. Since the polarization of
these waves has never been measured it is not known whether these emissions are
propagating in the whistler mode or the ion cyclotron mode.
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3. Auroral Kilometric Radiation

The intense radio emissions escaping outward from the earth’'s auroral regions
at frequencies above the local electron plasma frequency are characterized by a very
intense peak in the frequency spectrum from about 100 to 500kHz. Figure 5 shows
the median power flux spectrums of this radiation at various local times around the
earth, as measured from the IMP-6 spacecraft at radial distances greater than 25R,
(KAIser and ALEXANDER, 1977). The intensity of this noise is highly variable and
is closely correlated with the auroral electrojet index, AE. During geomagnetically
quiet times the radiation intensity at 25 R, is often completely below the galactic
background, whereas a. other times the intensity can be us much as six to eight
orders of magnitude above the galactic background. Power fluxes as large as 10~
watts m-? Hz-! have been obse:ved at 30 R, with even larger intensities closer to
the earth (GURNETT, 1974). The occurrence of intense bursts of kilometric radiation
is closely associated with the occurrence of auroralarcs. Thisassociation isillustrated
in Fig. 6, which shows the occurrence of intense bursts of kilometric radiation at
178 kHz during periods (passes 1094 and 1096) when discrete auroral arcs are present
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Fig. 5. Median spectrums of auroral kilometric radiation observed at various local times
around the earth by the IMP-6 spacecraft at radial distances R>25Ry. The three
spectrums in each plot are for various ranges of the auroral electrojet, AE, index. The
kilometric radio emissions from the earth are closely correlated with auroral zone cur-
rents as indicated by the AE index (from KAiser and ALEXANDER, 1977).
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Fig. 6. The intensity of auroral kilometric radiation at 178 kHz observed about 30 R.. from
the earth and a sequence of photographs of the aurora taken by a low-aliitude satcllite
over the northern polar region. The intense bursts of auroral hilometric radiation are
seen to be closcly correlated with the occurrence of discrete auroral arcs.

and no radiation during periods (passes 1093, 1095 and 1097) when no discrete arcs
are present. The association with discrete arcs provides substantial evidence that
the generation of auroral kilometric radiation is closely associated with inverted-V
events, since the inverted-V clectron precipitation is associated with discrete arcs.
Both direction finding measurements (KURTH e al., 1975; Kaiserand Stont. 1973)
and lunar occultation measurements (ALEXANDER and KAISER, 1976) show that the
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most intense bursts of kilometric radiation come from the auroral field lines on the
night side of the earth at radial distances ranging from 2 to SR;. These results are
illustrated in Fig. 7, which shows a series of source positions obtained by occultation
measurements from the RAE-2 spacecraft in orbit around the moon. The moon in
this case was in the dusk meridian plane (magnetic local time ~17.5 hr) so that the
day-night position of the source can be resolved. The occultation measurements at
1255, 1633 and 2020 UT indicate the occurrence of multiple sources located at various
points along a magnetic field linc at about 70 to 75° invariant latitude. Occasionally
day-side sources arc also observed (ALEXANDER and KAISER, 1976, 1977), apparently
associated with the day-side polar cusp region. The day-side sources occur less
frequently and are less intense than the night.side sources. Angular distribution
measurements by GREEN et al. (1977) are also consistent with a night-side, high-
latitude source for the intense auroral kilometric radiation. A typical angular dis-
tribution is illustrated in Fig. 8, which shows the frequency of occurrence of auroral
kilometric radiation intensities above a preset threshold at 178 kHz as a function of
the magnetic latitude and magnetic local time of the observing point. A sharp low-
latitude boundary is evident, varying from about 45° on the day side of the earth
to near the equator on the night side of the earth. At large distances from the earth
this cutoff forms a cone-shaped boundary, with the axis of the cone tipped toward
local evening ( ~ 22 hr, magnetic local time) by about 20°. The radiation is confined

A=§77-33%0

"

0*
wORTH
Fig. 7. Source positions for auroral kilometric radiation as determined
by lunar occultation measurements with the RAE 2 spacecraft in
orbit around the moon (from ALExaNDER and Kaiser, 1976).
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Fig. 8. The angular distribution of auroral kilometric radiation with intcnsities above &
given threshold as a funztion of magnstic latituds and magnetic local time.

almost entirely to the poleward side of this boundary. Symmetrical cone-shaped
boundaries are present in the northern and southern hemispheres, evidently cor-
responding to sources in the northern and southern auroral regions, respectively.
Detailed studies have shown that these cone-shaped boundaries are strongly frequency
dependeant, with the solid angie of the emission region increasing with increasing
frequency. Multiple satellite studies have also shown that the entire region poleward
of tue cone-shaped boundary is illuminated with comparable radiation intensities.
Ray tracing studies show that the general features of the angular distribution
of the auroral kilometric radiation can be cxplained by relatively simple propagation
considerations if the radiation 1s generated by a small localized source at about 2 to
3R, along an auroral field line on the night side uf the earth. Some typical ray
tracing results are illustrated in Fig. 9, wnich shows the distribution of ray paths at
various frequencies for a representative model of the polar ionosphe.e. Because the
index of refraction decreases with decreasing altitude the general effect is for the ray
paths to be refracted upward away from the ionosphere, thus producing a low-latitude
cutoff in the region accessible to the radiation. Detailed calculations of the distribu-
tion of intensity within the accessible region cannot be performed without a more
detailed understanding of the generation mechanism. However, the overall features
of the angular distribution can be understood from propagation considerations of
this type. At the present time the polarization of the auroral kilometric radiation
has not been directly measured. Several indirect methods indicate that the polariza-
tion is right hand with respect 10 the magnetic field in the generation region. For
example, comparison of ray paths for the right and left hand modes of propagation,
asin Fig. 9, with observed angular distributions, as in Fig. 10, give the best fit and
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Fig. 10. Both the auroral hiss and auroral kilometric radiation appear to
originate from a common region at about 2.0 to 5.0 R along the auroral
field line. This region is believed to correspond to the region of parallel
electric ficlds responsible for the auroral electron acceleration.

1.0

P

consistency if the radiation is right-hand polarized. Furthermore, recent observations
by GURNETT and GREEN (1978) of a cutoff in the spectrum of the auroral kilometric
radiation at the local electron gyrofrequency are consistent with the expected prop-
agation cutoff of the right-hand polarized extraordinary (R-X) mode. Right-hand
polarization is also consistent with the polarization of the decametric radiation from
Jupiter (Warwick, 1967), which is thought to be fundamentally similar to the ter-
restrial kilometric radiation.

4. Generation Mechanisms

When comparing these various auroral electromagnetic emissions one cannot
help but be impressed by the close similarity of the spatial regions within which the
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2 auroral hiss and the auroral kilometric radiation are generated. In both cases the
. radiation is believed to be generated in a relatively small region along the auroral
l field lines at about 3.0 R, radial distunce. Evidencethat the source region i¢ relatively
small and localized is provided by the distinct V-shaped spectral features ofien ob-

|

served in the auroral hiss and by the small angular size of the auroral kilometric
i ' radiation source obtaincd from the direction finding and lunar occultation measure-
‘ ments. Although no evidence exists showing that these two types of radiation origi-
nate from exactly the same region the evidence does strongly suggest that the two
source regions overlap to a substantial extent. Since both the auroral hiss and the
‘ | auroral kilometric radiation are closely associated with the inverted-V clectron pre-
' cipilation it seems most likely that the generation of these radio emissions is closely
related to the acceleration of these electrons. Substantial evidence now exists
(HAERENDEL et al., 1976; MozeRr er al., 1977) showing that precipitating auroral
electrons are accelerated by parallel electric fields at altitudes ranging from 5,000 to
15,000km, in the same general region where these radio eimissions are produced.
i - Although both the auroral hiss and the auroral kilometric radiation apj.:ar to
: originate from a common spatial region, distinctly different mechanisms are required
to exrlain these two types of radiation since they are propagating in different plasma
wave niodes. As shown in Fig. 10, the whistler-mode auroral hiss must be generated
at frequencies below the local electron gyrofrequency, whereas the auroral kilometric
1 radiation must be generated at frequenciesabove the local electron plasma frequency.
| For many years it has been suggested that auroral hiss is produced by incoherent
Cerenkov radiation from the precipitating auroral electrons (ELLIS, 1957; JORGENSEN,
1968; List and LaAspere, 1972; Tavior and SHAWHAN, 1974). Although the
Cerenkov mechanism has many desirable features, it is generally concluded that
this mechanism produces power fluxes which are several orders of magnitude too
low to explain the observed auroral hiss intensities. At the present time the best
possibility for explaining the observed auroral hiss intensities appears to be the mech-
anism proposed by Macas (1976), in which incoherent Cerenkov radiation generated
by the precinitating electron beam is amplified to higher intensities by a whistler-
mode instability. Similar mechanisms also appear to be responsible for the generation

iser. tions

_ . of saucer emissions (JAMES, 1976), although the details have not been investigated
knlo‘n_'lﬂnc as thoroughly as for the auroral hiss. Cerenkov radiation has also been considered
e i as a mechanism for generating the auroral kilometric radiation and again the com-
{'FL hand puted power fluxes are much too small. Row:zh estimates indicate that an overall
?:‘:"_f';:':‘ efficiency of 0.1 to 19; is required for the generation of this radiatior. Such high

conversion efficiencies can only be produced by a coherent plasma instability. Insta-
. : bility mechanisms which have been proposed include the generation of escaping
‘ electromagnetic radiation by interactions between clectrostatic waves at the upper

hybrid resonance (BensoN, 1975; BArsosa, 1976), by interactions of the precipitating
electron beam with ion turbulence (P:: 1ADESSO er al.. 1976), by electrostatic waves
Sl e produced by energetic ions streaming outward from the auroral regions (BoswELL,
T 1977), and by direct conversion via coherent electi >n cyclotron emission from the

-

-
one cannot
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precipitating electrons (MELROSE, 1976). At the present time, no concensus exists
about which, if any, of these mechanisms can account for the intense kilometric

radiation from the earth's auroral regions.

S. Conclusions

It is evident that the auroral particle distributions produce a variety of complex
and very interesting clectromagnetic emissions. At the present time the mechanisms
by which these electromagnetic emissions are generated are rather poorly understood
and the full explanation cf these radio emission processes represents a significant
challenge to both the theorists and the experimentalists. It should, however, be
possible 1o arrive at a reasonably clear understanding of how these radio emissions
are generated since a great deal is already known about the charged particle distribu-
tions and processes which occur along the auroral field lines and our understanding
of these processes is advancing rapidly. Because a comparable detailed knowledge
of the charged particle distribution will probably never be known for most other
radio sources in the universe, the study of these terrestrial radio emissions provides
a unique opportunity to extend our understanding of similar eiectromagnetic plasma
wave emissions from other plancts and astronomical objects.

This research was supported in part by the National Acronautics and Space Administration under
Contracts NASI-11257, NASI-13129 and NASS-11431 and Grants NGL-16-001-002 and NGL-16-001-
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The Heliocentric Radial Variation of Plasma Oscillations Associated
With Type III Radio Bursts

D. A. GURNETT, R. R. ANDERSON, F. L. SCARF,! AND W. S. KURTH

Department of Physics and Astronomy, Unicersity of lowa, lowa Ciiy, lowa 32242

A survey is presented of all of the clectron plasma oscillation events found to date in association with
low-frequency type 111 solar radio bursts using upproximately 9 years of observations from the Imp 6 and
8, Helios | and 2. and Voyager | and 2 spacecraft. Plasma oscillation events associated with type 111 rudio
bursts show a pronounced increase in both the intensity and the frequency of occurrence with decreasing
heliocentric radial distance. This radial dependence explains why intense electron plasma oscillations are
seldom observed in association with type 111 radio bursts at the orbit of the earth. Possible interpretations
of the observed rudial variation in the plasma oscillation intensity are considered.

1. INTRODUCTION

The currently accepted model for the generation of type I11
solar radio bursts is that these radio emissions are produced by
nonlinear processes involving electron plasma oscillations ex-
cited by solar flare electrons streaming outward through the
solar corona. The electron plasma oscillation mechanism, first
proposed by Ginzburg and Zheleznyakou [1958], has become
the basic element of essentially all theories of tvpe Ill radio
bursts, with suitable refinements to account for various types
of nonlinear interactions [Sturrock, 1961: Tidman et al.. 1966:
Papadopoulos et al., 1974: Smith, 1974]. Although the plasma
oscillation mechanism has been widely accepted for many
years, only in the past two years have measurements been
obtained which definitely establisk the existence of these elec-
tron plasma oscillations. Initially, studies by earth-orbiting
satellites failed to detect electron plasma oscillations in associ-
ation with type !l radio bursts [Kellogg and Lin, 1976). After
searching through nearly 4 years of data from the earth-orbit-
ing Imp 6 and 8 satellites, only one type Il event was identi-
fied with clearly associated electron plasma oscillations [Gur-
nett and Frank, 1975). However, the intensity of this event,
~100uV m-', was much too small to account for the observed
radio emission intensities. The first observations of electron
plasma oscillations with intensities sufficiently large to explain
type I11 radio emissions were obtained from the Helios 1 and 2
solar probes, in orbit around the sun at radial distances rang-
ing from 0.29 to 1.00 AU [Gurnett and Anderson. 1976, 1977).
In the initial survey of the Helios | and 2 plasma wave data,
three events were found with electron plasma oscillation in-
tensities exceeding | mV m-'. All of these events occurred
relatively close to the sun, at heliocentric radial distances of
less than 0.45 AU.

Since the initial survey of the Helios | and 2 data the
quantity of data available for analysis has increased consid-
erably, and several more intense electron plasma oscillation
events have been identified in association with type Il1 radio
bursts, Approximately 12 months of plasma wave data are also
available from the Voyager | and 2 spacecraft at radial dis-
tances of from 1.0t0 2.2 AU. A description of the plasma wave
instrumentation on the Voyager | and 2 spacecraft is given by
Scarf and Gurnett (1977). From these data it is found that the
most intense electron plasma oscillations, ~1-10 mV m-!, are

' Now at TRW Defense and Space Systems Group, Redondo Beach,
California 90778,
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usually detected relatively close to the sun, at heliocentric
radial distances of less than 0.5 AU, and that only weak
events, ~100 uV m-', are detected near and beyond 1.0 AU.
These observations indicate the presence of a strong radial
variation in the electron plasma oscillation intensities associ-
ated with type 111 radio bursts, decreasing rapidly with increas-
ing radial distance from the sun. The purpose of this paper is
to survey the characteristics of all of the electron plasma
osciilation events observed to date in association with type Iil
bursts and to investigate the variation in intensity of these
events with radial distance from the sun.

2. SURVEY OF EVENTS ANALYZED

Up to the present time a total of 18 type Ill solar radio
bursts have been detected with clearly associated electron
plasma oscillations. The total quantity of data surveyed to
identify these events consists of approximately 4 vears of ob-
servations from Imp 6 and 8 [Gurnett and Frank, 1975). 4 years
of observations from Helios | and 2. and 12 months of obser-
vations from Voyager | and 2. These data include 153 type [11
radio bursts which were detectable at frequencies below 178
kHz. Since only I8 of these events occur in association with
plasma oscillations. it is evident that the chance of detecting
the plasma oscillations responsible for a type Il radio burst is
quite small, approximately 12%.

The typical characteristics of the events detected are illus-
trated in Figures | and 2. which show the electric field strength
in four adjacent frequency channels for each of the 18 events.
The solid line in each plot gives the maximum electric field
strength, and the solid black area (or vertical lines in the case
of days 208 and 209) gives the average electric field strength.
The spectrum analyzers on Imp 6. Imp 8. Helios |, and Helios
2 all have continuously active channels with peak detection so
that any signal within the time resolution of the instrument
(~50 ms) is always detected by the peak field strength mea-
surement. The maximum ficld strengtn shown in each channel
is the largest peak field strength in the interval since the pre-
vious point plotted. For Voyager |, which does not have peak
detection, the maximum field strength is computed from all of
the average field strengths availuble in each interval plotted.
The type 11 radio bursts in Figures | and 2 are in most cases
easily identificd by the smooth increase in the field strength
over a period of several tens of minutes and by the character-
istic decrease in the emission frequency with increasing time.
The electron plasma oscillations associated with these events
usually consist of a series of bricl but very intense narrow band
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Fig. I.

All of the type [l radio noise bursts and associated electron plasma oscillation events observed to date at

heliocentric radial distances beyond 0.5 AU. The solid line gives the maximum electric field intensity, and the solid black
areas (or vertical bars for days 208 and 209) give the average electric field intensity. The plasma oscillations beyond 0.5 AU
are generally very weak, typically ~100 4V m-", and occur very infrequently in comparison with the total number of type

111 bursts,

bursts at the local electron plasma frequency. These bursts
usually occur shortly after the onset of the type 111 radio
emission in the next higher frequency channel. The maximum
electric field intensity is always much larger than the average
electric field intensity, indicating that the plasma oscillations
consist of many short impulsive bursts. The impulsive intensity
variations of the plasma oscillations are illustrated in greater
detail in Figure 3, which shows a high-time resolution snap-
shot of the plasma oscillation intensities associated with the
day 92. 1976, event. The most intense burst detected during
this interval lasted only a few tenths of a second. Large tem-
poral variations are evident on time scales comparable to the
time resulution (50 ms) of the instrument.

To illustrate the variation in plasma oscillation intensity
with heliocentric radial distance. the events in Figures | and 2
have been arranged with all of the events at radial distances
greater than 0.5 AU in Figure | and all of the events at radial
distances less than 0.5 AU in Figure 2. Comparison of these
illustrations shows that the plasma oscillations are more in-
tense in the region closer to the sun. Although more events
have been detected beyond 0.5 AU than inside of 0.5 AU,
considerations of the relative observing times in the two re-
gions show that the (requency of occurrence of plasma osailla-
tions 1s significantly higher in the region closer to the sun.
Because of the eccentric orbits of the Helios spacecraft, with
aphelion near 1.0 AU and perihelion near 0.3 AU, the frac-
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tional observing time inside of 0.5 AU is only about 25%. It is
estimated that only about | year of total observing time is
available inside of 0.5 AU, compared with 8 years of combined
observing time outside of 0.5 AU. Since eight events have been
detected in only | year at R s 0.5 AU, compared with ten
events in 8 years at R > 0.5 AU, we estimate that the chance of
detecting plasma oscillations in association with 8 type 111
radio burst is almost 10 times larger in the region inside of 0.3
AU than in the region beyond 0.5 AU.

As can be seen from Figure 1, most of the plasma oscillation
events beyond 0.5 AU are quite weak, typically only a few
hundred microvolts per meter. In many of these cases it is
probably questionable whether these weak plasma oscillations
could be responsible for the observed radio emission in-
tensities, even though the close time coincidence indicates that
they are produced by the same particles which are responsible
for the type 111 radio emission. Probably the only events in
Figure 1 which are strong enough to account for the observed
type Il radio emission intensities, according to current theo-
ries, are on days 316 and 341, 1977. As is evident in Figure 2,
the plasma oscillations inside of 0.5 AU are generally much
more intense, typically 1-10 mV m~'. According to the esti-
mates of Gurnett and Frank [1975), plasma oscillations in this
intensity range are required to explain the observed type Il
radio emission intensities. For the intense events the onset of
the plasma oscillations is usually very abrupt, as it is on days
92, 108, 112, 278, and 279, and consistently occurs about 10-30
min aler the onset of the radio burst in the next higher
frequency channel. Detailed comparisons show, however, that
the onset time is usually a little 100 late to be consistent with
generation of the type 11l rudio emission at the second har-
moni¢ of the electron plasma frequency [Fainberg and Stone,
1974; Kaiser. 1975; Gurnett et al., 1978). If the radiation is

generated at the second harmonic. as is widely believed. then
the plasma oscillations should start when the frequency of the

type 111 radio emission reaches the second harmonic, 2f, ", of

the local electron plasma frequency. As can be seen for the
events on days 91, 92, 108, 112, and M|, the plasma oscilla-
tions start well after the frequency of the type Il emission
drops below 2f,~. The disagreement in these cases may in-
dicate that the radiation was being generated at the tuidamen
tal rather than the second harmonic, that plusma oscillations
were present but on time scales too small (<50 ms) to be
detected. or that the plasma oscillations were occurring in
small regions or filaments which by chance were not encoun-
tered until well after the Icading edge of the emission region
had swept past the spacecraft. The events on day 341 in Figure
| and day 108 in Figure 2 also show another interesting eflect,
which is a nearly constant peak electric field amplitude for
time intervals of almost half an hour. These nearly constant
electric field amplitudes are almost certainly the result of some
nonlinear saturation mechanism which limits the maximum
attainable electric field amplitude.

The radial variation ol the maximum elecitic field amplitude
with radial distance from the sun is shown in Figure 4. This
illustration shows the maximum electric field amphitude for
cuch of the 18 plasma oscillation events shown in Figures |
and 2. A best fit power law through all of the points indicates
that the electric field amplitude varies approximately as ¢l
R)*. Although the limited number of events strongly restinds
the accuracy with which the detailed radial dependence van e
determined. the general trend toward decreasing lichl streneih
with increasing rudial distance from the sun is unsta. i,
especiully when consideration is given to the mus steater
obsersing time near 1.0 AU compared with regiens dloset e
the sun.
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Fig. 3. A high-time resolution snapshot of the electron plasma oscillations associated with the event on day 92, 1976. in
Figure 2. The plasma oscillations are seen to occur in short intense bursts lasting only a few tenths of a second. In some
cases the temporal variations occur on time scales which approach the time resolution (50 ms) of the instrument.

3. Discussion

These measurements show that the electric field strength of
electron plasma oscillations associated with type Il radio
bursts decreases rapidly with increasing radial distance from
the sun. This radial variation provides a partial answer to the
question of why electron plasma oscillations are so seldom
observed in association with type Il radio bursts at the orbit
of the earth. Evidently, by the time the beam of electrons
which produces the type 11l radio emission reaches the earth,
the velocity distribution function has evolved to the point that
the plasma oscillations are only weakly unstable or not un-
stable at all. Closer to the sun the distribution function is
evidently more unstable, leading to more intense plasma oscil-
lations. The observed radial variation of plasma oscillation
intensities is also consistent with the frequency spectrums of
type 111 radio bursts, which usually decrease in intensity with
decreasing frequency, indicating a decreasing emissivity (hence
plasma oscillation intensity) with increasing radial distance
from the sun.

Qualitatively, the decreasing plasma oscillation intensity
with increasing distance from the sun fits in reasonably well
with what one would expect, since the temporal dispersion of
the emitted electron beam tends to intensify the unstable part
of the electron velocity distribution function in the region
closer to the sun, causing larger electric field amplitudes. A
quantitative understanding of the observed radial variation,
however, will require a detailed understanding of the nonlinear
effects which saturate or limit the growth of the plasma oscilla-
tions and of the wave-particle interactions which influence the
evolution of the electron beam as it propagates outward from
the sun. Saturation effects are usually characterized by the
dimensionless ratio of the electric field to plasma energy den-
sity, E/8xnk T, which for a given distribution function reaches
an approximately constant asymptotic value after the instabil-

ity has grown into the nonlinear regime. Numerical simula-
tions (A »mstrong and Montgomery, 1967 for strongly unstable
distributions typically show that after several hundred plasma
periods the energy density ratio £*/8xnk T approaches a con-
stant asymptotic value characteristic of the initial beam in-
tensity. Since the plasma density increases with decreasing
distance from the sun approximately as n = (1/R)" and the
temperature T remains nearly constant. the electric field
strength would be expected to vary as £ = (1/R) if the asymp-
totic energy density ratio remains constant, independent of the
radial distance. On the basis of the results in Figure d it is seen
that the electric field strength varies much more rapidly than
(1/R), which means that changes in the electron beam charac-
teristics are significantly modifying the asymptotic value of the
saturation energy density ratio between 0.3 and 1.0 AU. Typi-
cal values for the energy density ratio vary from about £/
8xnkT = 10-* at 0.3 AU to about § X 10-*at 1.0 AU.
Because of the complex evolution and interaction of the
clectron beam with the background plasma. numerical simula-
tions are clearly needed to understand these radial depen-
dences. Calculations of the propagation of solar electron
streams have been performed by Magelssen and Smith [1977].
assuming that the plasma oscillation intensities are controlled
by quasi-linear interactions (Smith and Fung, 1971). Overall,
the results of Magelssen and Smith predict the correct general
behavior. with approximately the right plasma oscillation am-
plitudes. However, detailed comparisons show signitiviant dis-
agreements with observations. The observed radial vanation
in the electric field energy density (in Figure 4) decreises more
rapidly than predicted by the computer simulation. und the
observed rapid spikelike variations in the plasma osallation
intensities have no resemblunce (o the smooth intersity vari.
tions predicted by the quasi-linear model. Further sumulations
using more complex models for the nonlinear beam plamg
interactions, such us those discussed by Papadopoin ot at




R

1.
|
]
|
|
|
* !
f |
A
-l
! i
) i -
’
I
h
I
Bl
‘ P

4182
100 ~ T T T T rrry
-
-
- ELECTRON PLASMA O5CIL. ATIONS
W ASS0CIATED WiTH TYAL I AAD:0 BURSTS
-
- \ -
' -
\
-
\
\ .
\
- \ -

10 - \ -

- 3
\ -
x [ . . -
[ ] - L -
‘. M L] \\ ° -
3 5 \ -
-
; \
¥ ! ¥
- \
-] ® [ ] ¥
\ .
w of-— \ Eegead
g - \\ -
5 0 \\o j
E ™ \ . -
\
B : 1
\
L =
i N
\
e\

ol = 4 L
= \ -
= \ -
- \ ]
b \ —
o \ —

\
\ -
\
- v o
L]
(V4] 1 I L 9 1 | L L'_l
(-1} 0

R, MELIOCENTRIC RADIAL DISTANCE, AL

Fig. 4. A scatter plot of the maximum electric field st:engths ot the
plasma oscillations in Figures | and 2 as a function of heliocentric
radial distance. The clectric field strength of the plasma oscillations
decreases rapidly with increasing radial distance from the sun. varying
approximately as R-**,

(1974), Bardwell and Goldman [1976), and Rowland and Papado-
poulos [1977), need to be performed to see if more complex
models of the beam stabilization mechanism provide better
agreement with the observations.
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Aurorai Kilometric Radiation: Time-Averaged Source Location

DENNIS L. GALLAGHER AND DONALD A. GURNETT

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

The location of the average genrration region of auroral kilometric radiation is found by studying av-
erage electric field strengths as a function of spacecrall position in narrow frequency bands centered at
178, 100, and $6.2 kHz. A combined § vears of data from the University of lowa plasma wave expeni.
ments on satellites Hawkzaye | and imp 6 provide the basis for determining the average electric field
strengths. Hawkeye | was in a highly elliptical. polar orbit with an apogee near 21 R, over the northern
polar region. and Imp 6 was in a highly ellipucal, near-equatonal orbit with an apogee of 33 R,. To-
gether these satellites provide extensive coverage from 3 to 21 R, in the northern hemisphere and inside
of 3 R, in the southern hemisphere. Intense sources of auroral kilometne radiation are found n the
northern and southein hemispheres Their locations are near 65° invariant latitude in their respective
hemispheres, between 22 and 24 hours magnetic local time. and near 2.5 R,. The total time-averaged
power generation is found to be about 10" W, assuming a spectral bandwidth of 200 kHz. Propagation
effects limit the emission cone of auroral kilometnc radiation in a given hemisphere to roughly 4.1 sr at
178 kHaz, 2.2 sr at 100 kHz, and 1.5 st a1 $6. 2 kHs. Evidence that the polar cusp region is illuminated at
distances as close as 4 R, suggests the possibilit: that previc .sly observed polar cusp sources are the re-

NOVEMBER |, 1979

sult of scattering from field-aligned density irregularities.

1. INTRODUCTION

This study of electric field intensities has been undertaken
to resolve uncertainties in the location of intense sources of
carth-related kilometnc radiation. From the earliest observa-
tions by Benediktov ¢t al. [1965, 1968), evidence submitted by
numerous investigators has pointed to widely varying loca-
tions for the origin of the very intense and sporadic kilometne
radiation which has a sharply peaked spectrum between 100
and 300 kHz. Benedikiov et al. [1965, 1968) correlated radio
emissions between 0.725 and 2.3 MHz with geomagnetic activ-
ity and concluded that the source is near the earth. Dunckel et
al. [1970] reported that this intense radiation is observed prni-
marily in the local nighttime and is strongly correlated with
the auroral electrojet (A£) index. A source location in the tail
region of the magnetosphere for sporadic noise at 250 kHz
was observed by Stone [1973). Gurnett [1974) presented a fre-
quency of occurrence study of kilometric radiation showing a
conical radiation pattern centered at the earth. at high lati-
tudes in the local evening, and referred to this intense radia-
tion as terrestrial kilometric radiation. Gurnett demonstrated
that the observed conical radiation pattern could be explained
if the source location of the radiation was on an auroral field
line at 53 R, (earth radii). Gurnett also showed that the kilo-
metric radiation was closely associated with discrete auroral
arcs. The two-component source model proposed by Aaiser
and Stone [1975] described a less intense, quasi-continuous
dayside source iz addition to the intense, :poradic nightside
source described by Gurnett. Using the direction-tinding tech-
nique of analyzing spin-modulated electric field intensities
from satellites Hawkeye | and Imp 8. Kurth et al. [1975] re-
ported the average source location of auroral kilometric radia-
tion between | and 2 R, and at about 20 hours magnetic local
time. In another expenment. lunar occultations of intense
kilometnic radiation observed with Rae 2 were used by Kaiser
and Alexander |1977) 10 locate apparent source ongins. The
most intense source observed was the auroral source described
by Kurth et al. [1975). Emissions were also observed in the re-
gion of the polar cusp and magnetosheath on the davade o
the earth.

Copynght 2 1979 by the Amencan Geophysical Union

Such diverse observations of the source locations of the in-
tense kilometric radiation have produced the very difficult
task of finding a single mechanism for the generation of the
radiation. which will operate under widely varying plasma
conditions. Toward resolving the dilemma, Alexander et al.
[1978) have recently given strong evidence that kilometnic ra-
diation generated ncar the earth at auroral latitudes may be
scattered at large distances in the magnetosheath and solar
wind, thereby appearing to come from distant sources. Fol-
lowing this explanation of the aobservation of distant kilomet-
ric radiation sources, two types of terrestrial kilometric radia-
tion observations remain to be examined. The strengest
component is auroral kilometric radiation. which s known to
onginate within § R, at auroral latitudes and in the local eve-
ning. Other less intense components discussed by Alexander et
al. [1978] are observed between S and 1S R, and appear o
come from sources aligned along a specific family of geomag-
netic field lines. An example is the polar cusp sources ob-
served by Kaiser and Alexander [1977]. In summary. these
studies have found source locations by lunar occuliation tech-
niques and by examining spin-muedulated electric field in-
tensities. The methods determine the instantaneous positions
of apparent sources of intense kilometric radiation. Such an
apparent source may represent a generation region of the ra-
diation or scattering from localized inhomogenecities in plasma
density.

The present study will determine which regions in the mag-
netosphere are strong sources of power at kilometnc wave-
lengths. Time-averaged spectral power flux will first be in-
tegrated over carth-centered sphenical shells. For shells of
varying radius the integrals will give the spectral power and
geocentric radial distance of regions of power generation. The
latitudinal and local time dependences of the averaged spec-
tral power flux will be examined along with a consequence of
the I/R’ radial dependence of spectral power flux observed by
Gurnett [1974] for terrestnial kilometric radiation. As was pos.
tulated by Alevander et al. [1978). previously observed polar
cusp sources may result from field-aligned scattering centers,
Since this study utihizes extensive measurements in and near
the source region, the resulting source locanons are not as sen-
sitive as remote direction-tinding measurements (o errors ans-
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COMBINED ORBITAL COVERAGE OF HAWKEYE <! AND IMP-8

Fig. 1. Combined orbital coverage of Hawkeye | and Imp 6. All points on the nightside

ORIGINAL roGE 02
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~

have been rotated in MLT to

form the right side of the figure, and all points on the dayside have been rotated in MLT to form the left side of the figure.

ing from scattering or reflections. The dimensions of observed
regions of power generation will also be a measure of the vari-
ation in the locations of instantaneous intense sources of kilo-

. metric radiation. To the extent that this study better defines

those regions which contribute to the eaergy produced at kilo-
metric wavelengths the generation mechanism for intense
kilometric radiation may be sought using a more limited
range of plasma parameters than has been possible in the past.

2. INSTRUMENTATION

The Hawkeye | and Imp 6 satellites have similar plasma
wave experiments (described by Kurth et al [1975] and Gur-
nett and Shaw [1973), respectively), which together provide
about S years of electric field measurements. The combined
orbital coverage of the satellites is shown in Figure |. Loca-
tions wherz measuremems are made on the nightside of the
earth havr: been rotated in magnetic local time to form the
right side of the figure; all points on the dayside have been ro-
tated to form the left side of the figure. As is shown, northern
bemisphere coverage is almost complete out to about 21 R,
There is no coverage, however, at small radial distances and at
high latitudes above the northern pole. Southern hemisphere
coverage is limited to latitudes greater than about —40° mag-
petic latitude except for Hawkeye | coverage within 2 R,.

The success of integrating spectral power flux over spherical
shells to find regions of power generation depends strongly
upon the completeness of the flux observations over each
spherical surface. Such observations cannot satisfactorily be
provided by the data from only one satellite. The orbital cov-
erage of satellites Hawkeye | and Imp 6 are only partially
overlapping. When taken together, the data from these satel-
lites provide an extensive survey of electric field strengths in
the vicinity of the earth. Although not shown in Figure |. the
combined orbital coverage extends uniformly throughout all
magnetic local times.

3. DATA ANALYSIS

Integrating average power flux over earth-centered spheri-
cal shells will give an estimate of the geocentric radial dis-

tances of the sources of the most intense kilometric radistion
and the value of the total average power generation. Using si-
multaneous observations of electric and magnetic fields by
Imp 6, Gurnet1 [1974) showed that electric-to-magnetic field
ratios of intense kilometric radiation correspond to that for
clectromagnetic waves in free space. On this basis an inverse
dependence of power flux on the square of radial distance
should be observed in the data obtained from satellites Hawk-
eye |1 and Imp 6. However, the 1/R? dependence of power flux
on distance should be seen only as a function of the distance
from the origin of the radiation. This origin may be inferred
by selecting a source region which yields the power flux de-
pendence of 1/R? that is expected for free space propagating
electromagnetic radiation.

Measurements of electric field strength by each satellite are
logarithmically compressed and available in the form of a
voltage between 0 and S V (V,,,). By using prelaunch calibra-
tion tables these measurements are converted to the actual
voliages applied to the satellite antennas (V,). From the
known effective antenna lengths and filter bandwidths the
electric field strength and spectral power flux, P, can be calcu-
lated for each measurement. In a study by Green et al. [1977)
the calibrations on these two satellite instruments’ were com-
pared through simultaneous observations of type III radio
bursts. On the assumption that the satellites were equidistant
from the source regions of type Il radio bursis the cbserva-
tions of electric field strengths were found to be in close agree-
ment; therefore no normalizat.on is required in averaging
measurements of spectral power flux by the two satellites.

For this study the electric field data from Hawkeye | and
Imp 6 have been averaged over 3-min 4-s and 5-min 28-s in-
tervals, respectively. and as a consequence. spin modulation
effects are removed from the data. All data are then averaged
into 72 5° increments of magnetic local time (MLT). 36 5° in-
crements of magnetic latitude A... and 15 equal logarithmic in-
crements in geocentric radial distarr ~ This produces a picture
of time-averaged spectral power f. .es as a function of posi-
tion in the vicinity of the carth. The resolution of the picture is
limited only by the amount of data available from Hawkeye |
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and Imp 6. For the chosen resolution, there are 10-50 mea-
surements of spectral power flux averaged into each volume
element where satellite coverage cxists. The objective is for
the average of spectral power lux measurements within each
volume element to be representative of the average kilometric
radiation intensities at each corresponding location. Bursts of
kilometric radiation last from tens of minutes to several hours.
As a result, some observations within a given volume element
will be made when kilometric radiation cannot be observed.
By requiring many uncorrelated measurements within a vol-
ume clement the error in the average intensity is reduced, ap-
proximately in proportion to 1/(n)'%, where n is the total
number of measurements.

As a result of using the electric field data from satellites
Hawkeye | and Imp 6, over 600,000 measurements of spectral
power flux are obtained. Because sources of radiation at kilo-
metric wavelengths such as continuum radiation and type Il
radio bursts have been observed by Gurnert [1974] to be a mi-
nor source of energy when compared with terrestrial kilomet-
ric radiation, no lower threshold on measuremeants of spectral
power flux will be used to exclude these other forms of kilo-
metric radiation from the present study. An upper threshold
can be estimated at respective receiver channel saturations
and results in the omission of only four measurements.

Also important is how well measurements of spectral power
flux represent the spectral components of the magnitude of
the poynting flux. How well an average across the spin-modu-
lated data corresponds to the magnitude of the poynting flux
depends ideally on the polarization of the radiation and the

"orientatior of the satellite’s axis of rotation. The average of

measurements of circularly polarized radiation will yield a re-
sult which varies approximately from a factor of 1-0.7 times
the magnitude of the electric field component of the radiation.
The larger result occurs when the poynting flux direction is
along the satellite's axis of rotation. Auroral kilometric radia-
tion is an R-X mode propagating radiation as predicted by
Green et al. [1977) and observed by Gurnett and Green [1978)
and by Kaiser et al. [1978). Each electric field average will be
in error by no more than a factor of about 1.4, and therefore
spectral power flux measurements will be in error by no more
than a factor of about 2.

The present study could also be influenced by seasonal and
long-term variations in kilometric radiation intensities. Sea-
sonal changes are sought by studying separate summer acd
winter averages of spectral power flux as a function of posi-
tion. When plots along earth-centered radial vectors of spec-
tral power flux versus distance are made separately for the
summer and win'er, no statistical differences are found. A
possible source of long-lerm variations is the 11-year solar
sunspot cycle. Data are taken from satellites Imp 6 and Hawk-
eye |, which provide 7 years of almost nonoverlapping tem-
poral coverage. A solar minimum occurred midway through
those 7 years; therefore measurements from these two satel-
lites were made during similar phases of the solar cycle. The
effect is expected to mask solar cycle related variaiions in kilo-
metric radiation intensities if such a variation exists. Con-
sequently, the data ex.umined in this study constitute, as well
as possible, an unbiased representation of spectral power flux
intensities in the vicinity of ihe earth.

Assume initially that the picture proposed by Gurnett [1974)
is generally accurate in descnibing the locations of the most in-
tense sources of kilometric radiation. The sources of intense
kilometric radiation are shown in Gurnett's Figure 14 to be
very close to the earth and at high latitudes on auroral tield
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Fig. 2. The integration of poynting Rux over concentric. earth-
centered, spherical shells for model auroral kilometric radiation
sources is shown. Poynting flux magnitudes must be approximated by
measurements of spectral power flux. P, cortesponds to the total
power generated by the sources, and R, approximately marks the
radial distance of the sources from the center of the earth.

lines. If these northern and southern sources of auroral kilo-
metric radiation, as termed by Kurth ef al. [1975), are well
confined. then an integration of the poynting flux over
spherical shells which completely enclose the source regions
should yield a constant power as shown in Figure 2. If both
sources could always be seen, this constant would be equal to
the total speciral power generated at the frequency for which
the data were chosen. As the radius of these concentric. spher-
ical, earth-centered shells become small, a radius will be
reached where they no longer completely enclose the genera-
tion regions. As this occurs, the integrated power will fall off
at a rate which reflects how well, on the average, the source is
confined within the shell of integration. The radii of shells
during which this drop off occurs define the location of the
source regions in eanh-centered radial distance. Poynting
flux, however, is not available from both satellites. Instead,
measurements of average spectral power flux are used to per-
form the integrations:

(12
/ s.azfra-(:—:) /E‘M(c../p.)"’s 131N
Wplere

where S is the spectral poynting vector and P is the spectral
power flux. The effect of introducing this zpproximation will
be discussed later.

To perform the integration. all volume elements must con-
tain a measurement of spectral power flux. Orbital coverage,
howeve: was not 100% complete. as shown in Figure |. To
compensate. those volume clements for which there are no
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Fig. 3. The integration of observed spectral power flux across con-
centric, earth-centered, spherical shells is shown in the upper graph.
The radial distances plotied horizontally correspond to radii of the
spherical shells of integration. The lower graph gives the extent of or-
bital coverage for each spherical surface of integration.

satellite data are filled with the average spectral power flux
calculated from all those volume elements which contain sat-
ellite data at the same radial distance. As was noted, in-
complete orbital coverage occurred primarily in the sourthern
bemisphere. The procedure for antificially filling volume ele-
inents with data thercfore depends mostly upon the symmetry
between the northern and the southern hemispheres. This fll-
ing procedure is used because symmetry is found between the
porthern and the sourthern hemisphere when existing spectral
power flux measurements are examined. Finally, volume ele-
ments within each radial distance increment are treated as
spherical shells with radii which are the average for all mea-
surements within each radial group.

The integration was then performed for 178, 100, and $6.2
kHz, and the result is shown in Figure 3. Each of the radial
distances plotied represents an average of the radial distances
of the measurements in each corresponding radial distance
group. The lower panel in Figure 3 shows the extent of satel-
lite orbital coverage as a percentage of 4« sr. The error bars in
the figure represent one standard deviation of the integration
for each of IS spherical shells at each frequency. An inter-
pretation of Figure 3 will be made later in the discussion sec-
tion of this paper.

Another approach is to examine the data for a 1/R’ radial
dependence. Except for the plasmapause propagation effects
discussed by Green et al. [1977), auroral kilometric radiation
propagates away from the earth in free space. The radiation
should therefore propagate away from the source region with
a I/R? radial dependence. A plot of average power versus
carth-centered radial distances along a radial vector that
passes through the source region in a given hemisphere can
casily be examined for the |/R’ radial dependence. Prior to

selecting a radial vector direction for making this plot, the
southern and northern hemispheres are examined for symme-
try. As was discussed, they are found to be roughly equivaleat
in structure; therefore the southern hemisphere data can be re-
flected about the equatorial plane and averaged together with
northern hemisphere data to produce a single hemisphere of
data with increased orbital coverags.

Bevause these data are organized in earth-centered coordi-
nates, average spectral power flux can not easily be examined
for 1/R? radial dependence until a solid angle is chosen which
passes as near as possible 1o the source region. After the selec-
tion of such a solid angle the dependence of spectral power
flux on distance may be examined in a single dimension along
the corresponding radial vector. The solid angle direction is
chosen by examining the MLT and A, dependence of the ia-
tensity of the radiation. Figure 4 shows intensity-modulated,
polar plots of power flux for four radial distance groups. The
logarithm of spectral power flux is used to determine the dark-
ness of the plot. The more intense fluxes correspond o the
darker regions in each plot. The plots appear to show a cone
of emission originating from premidnight magnetic local
times and at intermediate magnetic latitudes. The magnetic
latitudes of the solid angle which must be determined are se-
lected to range from 30° and 55°. This selection of magnetic
latitudes is large enough 1o include the location of the source
region an’ small enough to avoid the areas of poor orbital
coverage at high latitudes.

The selection of a MLT direction is performed by plotting
average power versus earth-centered radial distances in vari-
ous MLT directions. The MLT which best corresponds 10 that
of the source region wi.l show the most intense and most
sharply peaked plot because measurements along a radial vec-
tor in that MLT will pass closer to the source region than in
any other MLT. Plots made in four MLT groups for sp-:.tral
power fluxes averaged between 3J0° and $5° A, are shown in
Figure 5. On the basis of the above discussion the plot be-
tween 22 and 24 hours MLT clearly represents the MLT di-
rection of the source region. The peaks for plots in other mag-
netic local times are less intense and flattened because those
points on a flattened peak represent locations which are sepa-
rated and approximately equidistant from the source region.
The solid angle has now been chosen to range from 22 to 24
hours MLT and from 30° 10 55° A.. This selection best repre-
seats the direction of the source region from the center of the
earth and avoids the influence of poor orbital coverage at high
magnetic latitudes.

The plot of Figure S betwecn 22 and 24 hours MLT can
now be examined for 1/R? radial dependence. A straight line
fit 1o the trailing edge of the plotted curve for 178 kHz on this
log-log graph has a slope of —3.47. Radial distances plotied on
the graph are geocentric rather than distances from the source
region, thereby increasing the slope of the straight line fit. The
distance of the actual source region from the center of the
earth can indirectly be found by replotting spectral power flux
where the radial distances used are with respect to various
possibie source locations. An assumed source location which
produces the expected slope of —2.0 when spectral power flux
is plotted as a funcrion of the distance from this location
would then correspond to the actual disiance of the source
from the center of the earth. An example of the effect of
choosing source locations at 2, 3. and 4 R, for the frequencies
examined is shown in Figure 6. The dashed line in each plot
represents a |/R’ slope. As possible source locations ate cho-
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POLAR PLOTS OF AVERAGE FOWER AT I78K Hz
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Fig. 4. These are intensity-modulated polar plots of the average spectral power flux observed in four consecutive, con-
centric, hemispherical shells at 178 kHz. Dark borders interior and exterior 1o each plot mark the limits of orbital coverage.
Plotied intensilies are derived from the logarithm of spectral power flux.

sen at consecutively larger distances from the center of the
earth, the slope reduces on these log-log plots. A uniform plot
of slope as a function of source locat.on is shown in Figure 7.
The horizontal dashed line representing a 1/R’ slope shows an
inferred actual source location which ranges from 2 10 3 R,

4. DiscussioN

The calculation of speciral power emitted at kiomtric
wavelengths by means of integrating over earth-centered,
spherical shells was performed so that the radial distance of
the most intense sources of kilometric radiation could be
found. The result of the integration in Figure J agrees remark-
a*ly well with the idealized skeich shown in Figure 2. In
many respects, however, the result showa in Figure 3 is not
the product of ideal conditions. First. 8 - dA was approxi-
mated with (3> measured speciral power flux PdA or (¢o/a)'"?
E%dA. As » measurement of the spectral poynting flux magni-
tude [S|. the spectral power flux has been shown to be oo
more than about a factor o 2 100 small. As a result of the ap-
proximation, the magnitv.de of the component of the poynting
flux normal to the surface of integration is not known. This
means that the total observed spectral power flux magnitude
will be used in the integration at each surface element. When

the surface of integration has a large radius and completely
encloses the source regions. the error associated with the ap-
proximation S « dA = |S|d4 should be very small, and the re-
sult of the integration should be a constant function of radius.
As the surfaces of integration no longer completely enclose
the source regions, the integral will become roughly propor-
tional (o the area of the surface of integration. The important
point is that the value of the integral will not be a constant
when the radius of the surface of integration becomes less
than the distance of the source positions from the center of the
earth, independent of any other effects which may be present.
The drop-off occurs in Figure 3 at approximately 4 R,. An ad-
ditional reduction in the value of the integral occurs due o
measurements made inside the propagation cutoff surface, de-
scribed by Gurnetr [1974). which is located at about 2 R, for
high latitudes :‘or the radiation 10 be propagsting in free
space the sourc: of intense kilometnc radiation must be out-
side of the propagation cutoff surface. while the integration of
spectral power flux places the source region inside of 4 R,.
The primary result of the integrations therefore locate well-
confined intcnse sources of kilometric radiation at a distance
of 2-4 R, from the center of the earth. Effects, in addition to
those described above. can cause the value of the integration
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's; P O L1 B R L B ) 1o reduce. The drop-off at 4 R, is therefore an outer limit to
ot 6..r: e “1 L ,..' the generation of intense kilcmetric radiation. No significant
g ‘a' e ! ¥ o 1 AN } source of power at kilometric wavelengths is seen between S

1] A ; o x Aa% | and ISR,
: d‘J ) '\“Q‘ TR v 3\ 1 A measurement of the total power emitted as auroral kilo-
l <’y s . 4 ! ¢'~r y. \‘\ ' metric radiation can also be determined. The significance of
& ! ] ) M :  wvanious features of the curves in Figure 3 must be examined
i » X 1 §° g 1 before the emitied power can be obtained. Where orbital cov-
§ O ey, R ey 'c.n.e be.n:omu po.?t. |I\.; Cl"t:f in the iz“qr;l.ion’becomﬂk d‘m\rery
s oy SLCENR S S D, DTN rge. The error for radial distances less than 3 R, not
(s R significantly effect the determination of source position be-
o &) 2279 M = Ep At ~ 3 PR ] RO cause the reduction in the value of the iﬂ“‘fll remains Cklf;_v
K r—---"' » °A‘!"“"_"“"“” indicated near 4 R,. Owing 10 the large errors at distances
rey h 1 1 beyond 21 R,. the sharp rise in the value of the integral can-
£y ’ ' \ ) e c'"i 3 | M be reliably interpreted. It is likely that the sharp rise in the
! o 4400 ! P o1 omS integrated power at distances beyond 21 R, is caused by the
: ' .‘1 \\ 3 i _,,f i < ! sharply reduced orbital coverage (particularly from Hawkeye)
! l‘ by i 1‘; wa 1  and the simultancous observation of both northern and south-
i <':[ ' i N '5'[ ! ‘ ern hemispherical souices on the nightside of the earth. At
i oot §€"e .= this distance the solid angle where both sources are observable
dc‘:xwﬁ b < "_,x“ L " % becomes a significant fraction of all solid angles where orbita.
(ggatw Rz T edan coverage exists. An observation of spectral power flux is twice

Fig. 5. Average spectral power flux is plotied against geocentnc
radial distance in four magnetic local time groups. Spectral power has
been averaged betaeen 307 and 55° A, in each magnetic local time
group. The graph from 22 1o 24 hours MLT best corresponds to the
MLT of the source region of auroral kilometric radiation.

not exist (primaril: over the

as large as that for the obserns - of only one source. Be-
cause the average of spectral § - . flux from those volume
elements where coverage exists (f.' -.anly near the equator) is
used 10 fill those volume elements wherc orbital coverage does
st ihe value of the in-
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Fig. 8. The time-averaged extent of the conelike emission of auroral kilometric radiation is shown along with the
Hawkeye magnetic field model of CAen and Van Allen [1978). On the average, both sources are observable in the equa-
torial plane on the nightside of the earth at a distance of 12 R; and beyond. The polar cusp is illuminated by auroral kilo-

metric radiation at radial distances as close i 4 R,

study. A more detailed study of the characteristics of the in-
tegration of spectral power flux is needed before the nature of
kilometric radiation sources between S and 1S R, can be de-
termined. However, the observed illumination of the polar
cusp at distances as small as 4 R, allows observations of polar
cusp sources, such as those by Alexander and Kaiser [1976), to
be explained by scattering from f¢ld-aligned density irregu-
larities.

S. CONCLUSIONS

intense sources of power radiating at kilometric wave-
lengths are found near 65° invariant latitude in the northern
and souihern hemispheres, from 22 to 24 hours MLT, and be-
tween 2 and 4 R,. These dominant sources of power produce
the electromagnetic radiation that has been described by
Kurth et al. [1973) as auroral kilometric radiation. Each north-
em and southern hemisphere auroral kilometric radiation
source is well confined and emits radiation into solid angles of
about 4.1 sr at 178 kHz, 2.2 sr at 100 kHz. and 1.5 sr at 56.2
kHz. A lower limit for the spectral power generated by each
source is fourd to be 37 W/Hz at 178 kHz, 16 W/Hz at 100
kHz, and 2 W/Hz at $6.2 kHz. For a bandwidth of 200 kHz2
the total tume-averaged power emitted by the northern and
southern sources of auroral kilometric radiation is found to be
about 10’ W,
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Two theories have been proposed that differently identify the fre-
quencies of the low frequency cutoffs of nonthermal continuum 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 con-
tinuum radiation being 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
continuum radiation in the ordirary mode which freely propagates to
remote regions of the magnetosphere. In this paper, several examples of
continuum radiation observed in the outer magnetosphere by IMP 6 and
ISEE 1 are analyzed in detail, and it is shown that these cutoff fre-
quencies occur at the local plasma frequency and R = 0 cutoff frequency.
In addition, no substantive evidence is found in the outer magnetosphere

for a component of continuum radiation propagating in the Z-mode.
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INTRODUCTION

Numerous observations of weak electromagnetic radiation emitted
from the Earth's magnetosphere and from the Jovian magnetosphere have
been made by several satellites, among them IMP 6, IMP 8, Hawkeye 1,
ISEE 1 and 2, and Voyager 1 [Brown, 1973; Gurnett and Shaw, 1973;
Gurnett, 1975; Scarf et al., 1979]. This radio emission, called the
nonthermal continuum, consists of waves propagating in each of two high
frequency modes possible in a magnetized plasma, which are commonly
called the ordinary mode (0O-mode) and the extraordinary mode (X-mode)
[Allis, 1963].

Continuum radiation is observed in the Earth's magnetosphere at
frequencies greater than the local plasma frequency. Because both the
O-mode and the X-mode do not have access to regions where the wave fre-
quency is less than the local plasma frequency, these waves are trapped
within the Earth's magnetosphere at frequencies less than the solar wind
plasma frequency, possibly escaping the magnetosphere through the geo-
magnetic tail [Gurnet:, 1975; Melrose, 1980].

Direction-finding-measurements have shown that continuum radiation
from the Earth is emitted from a broad region several Earth radii thick
outside the plasmapause cn the dawn side of the magnetosphere. This
region begins near local noon and extends through the local morning

regions of the outer magnetosphere [Gurnett, 1975]. Frankel [1973] has
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suggested that these waves could be generated by gyrosynchrontron radi-
ation emitted by electrons in the 200 keV to 1 MeV energy range. Gurnett
and Frank [1976], however, have observed the occurrence of a continuum
radiation "storm” simultaneously with the injection of low-energy elec-
trons, ~ 1-30 keV, into the outer radiation zone, concluding that con-
tinuum radiation may be generated by some plasma instability involving
electrons in this lower energy range. It has been suggested, for example,
that continium radiation may be generated by conversion of intense elec-
trostatic waves into electromagnetic radiation [Gurnett, 1975; Gurnett and
Frank, 1976; Kurth et al., 1979; Gurnett et al., 1979, and Melrose, 1980].
Continuum radiation in the Earth's magnetosphere is frequently
observed to have two distinct lower frequency cutoffs that are sharp and
well defined in high resolution frequency-time spectrograms obtained with
the wideband receivers of the type flown on IMP 6, ISEE 1 and 2, and
Voyager 1 and 2. Gurnett and Shaw [1973] previously identified the fre-
quencies at which these two cutoffs occur using data from the IMP 6 plasma
wave instrument. The lowest cutoff was determined to be at the local
plasma frequency, fp, and the upper cutoff at the local R = 0 cutoff fre-

quency, freg, where

£
= B
£ 2

2 2
w e 24 (202 : (1)

+
and fg is the local electron gyrofrequency [see Stix, 1962]). The plasma
frequency and the R = 0 cutoff frequency are bounding frequencies below

which no wave energy can exist in the O-mode and the X-m)de, respectively.
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The observation of the two lower frequency cutoffs is, therady, readily
explained by the propagation characteristics of O-mode and X-mode waves.
Recently, Jones [1976a; 1976b] proposed an alternative explanation
for these lower frequency cutoffs. Jones suggested that energy is
generated by Cerenkov emission from low-energy electrons at frequencies

between the local upper-hybrid resonance frequency, fypgrs

f = /f + f (2)

and the greater of the plasma frequency or the electron gyrofrequency.
Similar radiation characterized by enhanced wave amplitudes in this
frequency range has been observed by numerous inveatigators at lower
altitudes in the ionosphere and plasmasphere [Walsh et al., 1964; Bauer
and Stone, 1968; Gregory, 1969; Muldrew, 1970; Hartz, 1970; and Mosier
et al., 1973]. These waves, called upper hybrid resonance noise, propa-
gate in a third plasma wave mode at high frequencies in a cold, mag-
netized plasma. Waves in this mode, called the Z-mode, do not have
access to regions where the wave frequency is greater than “he local
upper hybrid resonance frequency or less than the local L = 0 cutoff

frequency, fp.o»

-f
£ o = =& + /22 . (rg/2)2

L=0 (3)

As a consequence, these waves are trapped in a limited region of space

in the Earth's magnetosphere defined by bounding surfaces where the
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L = 0 cutoff frequency and upper hybrid resonance frequency equal the
wvave frequency.

In contrast to upper hybrid resonance noise, continuum radiation is
observed to extend over a much larger frequency range, consisting of
wvaves at frequencies well above the local upper hybrid resonance fre-
quency. Jones [1976a; 1976b] suggests that coupling between Z-mode
vaves and waves in the O-mode at frequencies near the local plasaa fre-
quency generates the nonthermal continuum, which subsequently propagates
to remote regions in the magnetosphere at frequencies well above the
local upper hybrid resonance frequency.

Based on this mechanisa Jones has suggested that the identification
of the lower frequency cutoffs of continuum radiation by Gurnett and
Shaw [1973] was incorrect. Jones suggests that the lower cutoff
actually occurs at the local L = 0 cutoff frequency instead of for and
that the upper cutoff occurs at fp rather than at the R = 0 cutoff fre-
quency.

Data are presented in this paper to demonstrate that these cutoffs
are not at fy.q and fp as suggested by Jones, hereafter called the f; 0/
fp theory, furthermore, that the original identification by Gurnett and
Shaw, hereafter called the fp/fk-o theory, is correct. Cutoff frequen-
cies of the nonthermal continuum have been used to accurately measure
the local plasma density in the low density regions of the Earth's mag-
netosphere [Gurnett and Frank, 1974) and Jupiter's magnetosphere [Scarf
et al., 1979; Gurnett et al., 1979]; hence, the proper identification of
these frequencies is important for confirming the accuracy of such mea-

surements.
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EXPERIMENTAL COMPARISONS OF THE fpaq/f, THEORY
AND THE f,/f; .o THEORY

Figure 1 is a frequency-time spectrogram of nonthermal continuwm
radiation observed by the plasma wave experiment on IMP 6 well beyond
the plasmapsuse (~ 9 Rg) near local morning. This spectrogram shows the
wave electric field detected by one of the long electric dipole antennas
on IMP 6. IMP 6 is spinning with a period of about eleven seconds, and
the spin axis of the spacecraft is oriented normal to the ecliptic
plane. The spectrogram in Figure 1 shows that the continuum radiation
has two distinct low frequency cutoffs, labeled f; and f, in this fix-
ure. Waves at frequencies between fj and f, are observed to be highly
spin modulated, while the waves at frequencies above f; have little, if
any, spin modulation.
If the spacecraft spin axis is oriented perpendicular to the geo-
magnetic field, a single dipole antenna can be used to differenziate
between wave electric fields aligned parallel and perpendicular to the
magnetic field direction. This differentiation can be made because the
antenna has a gain factor that is a maximum when the electric field vec-
tor is aligned parallel to the antenna elements and a minimum when the ’.'
electric field vector is aligned perpendicular to the antenna elements.
Accordingly, waves with electric fields parallel to the geomagnetic

field will be spin modulated with nulls in the modulation occurring when
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the antenna is perpendicular to the magnetic field direction. Simi-
larly, wvaves with electric fielde perpendicular to the magnetic field
will have nulls in the spin modulation that occur when the antenna is
parallel to the magnetic field direction.

For the data shown in Figure 1, the angle between the spin axis of
IMP 6 and the geomagnetic field direction is 87 degrees. The coavonents
of the geomagnetic field were measured by the NASA/GSFC magnetometer
experiment on IMP 6 and were provided by N. Ness and D. Fairfield of the
Goddard Space Flight Center. Since the spacecraft spin axis is essen-
tially perpendicular to the magnetic field direction, the orientation of
the wave electric field vector can be determined for the data shown in
Figure 1. The wave electric field between the two cutoff frequencies is
oriented parallel to the geomagnetic field in each of these examples and
also in all other cases that have been previously analyzed.

The cutoff frequencies shown in Figure 1 have been measured with an
accuracy of £ 50 Hz, which is twice the bandwidth resolvable in the spec-
tral analysis of these data. To test the fp/fk.o Lheory it is assumed
that f; = fpao and that f, = fp. Using (1) the electron gyrofrequency

can be calculated from these two measurements by

) (4)
f = l-'——
8

To test the fl.-o’fp theory it is assumed that f, = fp and that f, =

fLe0» and the electron gyrofrequency is calculated from (3) to be

T — 2 : B e R T i
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These two equations, (4) and (5), yield different values for the elec-

tron gyrofrequency, vhich can be compared to the electron gyrofrequency
derived from the value of the local magnetic field, By, measured by the
IMP 6 magnetometer (f. = 28 B, vhere B, is in gamma). A comparison of

the predictions of (4) and (5) with the measured gyrofrequency provides
a definitive test for the validity of these two respective identifica-

tions of the cutoff frequencies.

The difference, A f, between values of fg obtained from (4) and (5)
is often small, 10 to 20 percent of the measured gyrofrequency for most
cutoff frequencies observed in the magnetosphere; therefore, high fre-
quency resolution measurements are essential to unambiguously determine
these cutoff frequencies. The value of 4 f can be calculated by sub-

tracting (4) from (5), and is given by (6)

2
(£, = £,)° (£, + £.)
1 2 1 2
Af = (6)
nto

Using (4) and (5) to calculate the value of f,; ~t about 2200:30 UT
from the data shown in Figure 1 we have, including the measurement

uncertainty,

1.62 kig ¢ fg € 196 kie (fgag/fp theory)
1.92 kAig € fg < 241 kHz (fp,f!‘.o th‘OfY)
g = 1.73 kHz (NASA/GSFC Magnetometer)




It is apparent that the value of fg calculated from the ’p”l.-o theory
does not agree with the value of fg measured by the IMP 6 magnutometer,
even considering ¢ conservative entimate of £ 30 Hz for the accuracy of

the frequency measurement obtained by use of the high resolution IMP 6

wideband data. Furthermore, the value of f; calculated from the fyo/f,
; theory is in agreement with the value of t. measured by the IMP 6 magnet-
ometer.

In order to demonstrate that this agreement is representative of
more than one isolated example, a #ntal of ten examples of continuum
radiation exhibiting sharp low frequency cutoffs with spin modulation
vere selected for analysis. These examples were selected from wideband
data collected from the IMP 6 spacecraft and the ISEE 1 spacecraft. The
result of this analysis ic¢ shown in Figure 2.

Figure 2 contains tvo graphs that compare the measured electron

[ gyrofrequency with the electron gyrofrequency calculated from the fL-O"p
theory and the fp’fx-o theory. It {s evident that the values of the
electron gyrofrequency calculated from the fi.o/ f, theory are not in
general agreement with the magnetometer measurements made simultaneously
with the plasma wave measurements. In particular, the only data for
vhich any agreement is achieved are at low values of A f, for which dif-
ferentiation between the two theories would be expected to be difficult

¥
: due to the experimental uncertainties in the measurement. In contrast

B Y

vith this result, the values of the electron gyrofrequency calculated
from the fp”l-o theory agree with the magnetometer measurements for all
& ten examples selected. The results of the analysis shown in Figure 2
l- demonstrate that these cutoffs are at the local plasma frequency and

R = 0 cutoff frequency as originally proposed by Curnett and Shaw [1973]
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l_ and not at the L = O cutoff frequency and plasma frequency as suggested

i by Jones [1976a; 1976b].

' In addition to the conclusive evidence already provided, several

other observations also indicate that the theory proposed by Jones is not
applicadble to continuum radiation in the outer magnetosphere. Figures 3
and 4 show the smplitudes of two examples of continuum radiation plotted
as a function of frequency. These plots contain a superposition of spec-
trum analyzer sweeps (0.05 seconds/sweep) obtairied over the two second
interval defined by the arrows pointing to the spectrogram in the top
panel of Figures 3 and 4. Neither example chows any evidence of an
increase in the wave amplitudes between f, and fyug, vhera waves gener-
. ated locally by Cerenkov radiation would be expected to be found.
Enhancements greater than 20 db between f, and fyup are characteristic of
Z-mode waves produced by Cerenkov emission in the plasmasphere and iono-
sphere (see Figure 1 of Hartz [1970) and Figure & of Moeier et al. [1973])
for examples).

The absence of an enhancement in smplitude between f, and funr
strongly suggests that continuum radiation observed in the outer magneto-
sphere does not contain any substantive component local.: generated in
the Z-mode. Instead, it is apparent that these waves are predominantly
O-mode and X-mode waves that appear to have propagated to the spacecr..ft
from more distant sources. Occasionally cases are observed that contain
more complicated frequency structures, which may be related to the gener-
ation of these waves. These structures usually resemble harmonic bands

or discrete emissions, however, and sppear to be considerably different
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from structures expected for waves generated by Cerenkov emissisn in the
Z-mode (see Gurnett and Shaw [1973] for representative examples).

In addition to the arguments already presented, an examination of
the polarization of the wave electric field of the nonthermal continuum
near these cutoff frequencies provides strong evidence that these waves
are predominately C-mode and X-mode waves. It can be shown (see Stix
[1962]) that ti- wave electric field vector for the X-mode is perpendicu-
lar to the magnetlc field and circularly polarized, rotating around the
magnetic field in the right-hand sense at the R = 0 cutoff frequency.
The wave electric field vector for the O-mode is linearly polarized in
the directfion parallel to the magnetic field direction at the plasma fre-
quency.

For waves in the Z-mode generated by Cerenkov emission, the wave
electric field would be expected to be most intense in the direction of
the resonance cone, which varies from an angle of 90 degrees with respect
to the magnetic field at fygp to O degrees at the greater of fp or fg.

At the L = 0 cutoff frequency the electric field is perpendicular to the
magnetic field and circularly polarized rotating around the magnetic
field in the left-hand sense. At fyyp the wave electric field is
linearly polarized perpendicular to the geomagnetic field.

The polarization of the continuum radiation near the two lower cut-
offs is readily explained by the characteristics of the ordinary and
extraordinary modes. Of the X-mode, the O-mode, and the Z-mode, only the
O-mode is oriented parallel to the geomagnetic field direction at any

bounding frequency. The X-mode is strongly polari:zed perpendicular to
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the geomagnetic field at fpage Consequently, if O-mode radiation is pre-
sent between the two cutoffs and a mixture of O-mode and X-mode radiation
is present above the upper frequency cutoff, the observed polarization
can be explained in a straight forward manner by the characteristics of
O-mode and X-mode radiation. If the lower cutoff occurred at the fi.g
cutoff frequency, however, the observed polarization would be completely
inconsistent with the characteristics of Z-mode radiation at the L = 0
cutoff frequency. In summary, the observed polarization is contrary to
that predicted by the fL-olfp theory [Jones, 1976a; 1976b] and com—
pletely consistent with that predicted by the fp/fn.o theory [Gurnett

and Shaw, 1973].
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DISCUSSION

We have shown, in some detail, that the characteristics of non-

R ————

| thermal continuum radiation observed in the outer magnetosphere are con-
sistent with the expected characteristics of ordinary and extraordinary
mode waves described by cold plasma theory. The alternate theory, pro-
posed by Jones [1976a; 1976b], does not maintain consisteacy between
theory and observation in several ways. First, this theory is nct ron-
sistent with measurements of the local magnetic field made by the IMP 6
magnetometer. Second, there is no definite indication of a substantive
component of continuum radiation observed in the Z-mode in the outer mag-
netosphere. If, as according to Jones, the continuum is produced in this
region by Cerenkov radiation in the Z-mode, subsequently coupling into
O-mode radiation at the local plasma frequency, significant wave elcctric
fields would be expected to be observed in the Z-mode. Finally, the
observed polarization of the wave electric field at the cutoff frequen-
cies 18 inconsistent with that predicted using Jones' interpretation.

We wish to emphasize that, whilas we disagree completely with Jones'
identification of these cutoff frequencies, which are commonly observed

in the outer magnetosphere, we do not necessarily disagree with his hypo-

thesis that mode coupling between the O-mode and the Z-mode may occur in
some regions of the magnetosphere. In other regions, for example within
F s the plasmasphere, energy generated by Cerenkov radiation in the Z-mode

‘W coupling into O-mode radiation might generate free'v propagating radio
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. emissions at higher frequencies. In the outer magnetosphere, however,
; _ there is little evidence to indicate that substantial wave energy is 1.
generated by Cerenkov radiation at frequencies below about 30 kHz or that ]

b this mechanisa contributes significantly to the generation of continuum 3

radiation. Most of the local generation of waves near fp and f8 in the

outer magnetosphere appears to require generation mechanisms character-
istic of other types of plasaa instabilities, such as those proposed to
explain (n + 1/2)f8 harmonics [Fredricks, 1971; Young et al., 1973;

Ashour-Abdalla and Kennel, 1978; Hubbard and Birmingham, 1978; Ronomark

et al., 1978].
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FIGURE CAFTIONS

An example of continuum radiation containing two lower
frequency cutoffs and spacecraft spin modulation. The
lower frequency cutoffs, f; and f,, were measured at
about 2200:30 UT as indicated by the dashed iine. For
this example:

1,62 kHe ¢ fg < L96 kHz 1f f; = fpg and £y = £,

1.92 kHz ¢ t.‘ 241 kHz 1f £, = f and £y = £}

P
f8 = 1,73 kHz (NASA/GSFC magnetometer)

The identification f; = f, and £y = £ o 18

inconsistent with the IMP 6 magnetometer measurements;

however, the identification f) = fpap and £ = £, is

in agreement with the magnetometer measurements.

An analysis of ten examples of continuum radiation
observed by IMP 6 and ISEE 1. Within the experimental
accuracies of measurement, the electron gyrofrequency
calculated from the fp/fl-o theory, fgCALc' agrees with
the simultaneous magnetometer measurements, ng!AS'

The electron gyrofrequency calculated from the fL-O’ fp
theory is not in agreement with f;H!As except for small

values of A f, the difference between the two calculated




Figure 3

Figure 4

gyrofrequencies. For small values of A £, it is
expected that it would be difficult to distinguish
between the two theories because of the experimental

uncertainties in the measureament.

The lower panel shows the amplitude of an example of

continum radiation as a function of frequency. These

data were collected over the time interval shown on the

frequency-time spectrogram in the upper panel. The
abrupt lower frequency cutoff is apparent at 7.1 kHz;
however, no enhanced wave amplitudes are observed
between fp and fyup, strongly suggesting that no
substantive wave components are generated by Cerenkov

radiation in this frequency interval.

The amplitude of the continuum radiation shown in
Figure 2 as a function of frequency. Again, no

enhanced amplitudes are observed for waves between !p

and fyur, as is typical of upper hybrid resonance noise

observed at lower amplitudes within the plasmasphere

and ionosphere.
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. proposed by Ginzburg and Zheleznyakev in 1958. In this } per we revieu

PLASMA OSCILLATIONS AND THE EMISSIVITY OF TYPE III RADIG BURSTS

D. A. Gurnett, R. R. Anderson and R. L. Tokar
Department of Phycics and Astronomy

The University of Iowa

Iowa City, Iowa 52242

ABSTRACT ‘

Plasma wave electric field measurements with the solar orbditing
Helios spacecraft have shown that intense electron plasra oscillations
occur in association with type IIIl solar radic tursts, thereby confirnm-
ing a well known uiechanism for generatins solar radio enissions first

the principal characteristics of these plasma oscillations and compare
the observed plasma oscillation intensivies wiith recent meesurcments of
the emissivity of type III radio bursis., The observed emliszsivities ere
shown to be in good agreement with two current mciels for the conversion
of electrostatic plasma oscillations to electromagnetic radiation.

INTRODUCTION

o 1 o glial

As known from early studies of Wild [1950] type III radio tursts
are produced by particles ejected from a solar flare and are cheracter- :
ized by an emission frequency which decreases with increasing time. The ]
decreasing emission frequency with incrcasing time is attributed to the 4
decreasing electron plasma frequency, f;. encountered ty <he solar flere
particles as they move outward through ‘he solar corona. Emission can
occur at either the fundamental, f,, or harmonic, 275, of the local elec-
tron plasma frequency, although at low fregquencies, ¢ 1 MHz, the harmonic
emission appears to be the dominant component [Fainberg, 19ThL; Kaicer,

1975; Gurnett et al., 1978]. The perticles recpcnsidble for tue type IIT
radio emissions are electrons with energies ranging from a few Kev to
several tens of Kev., According to current ideas, the genesation of the
type III radiation is a tvo-step process in which (1) electrorn plasma
oscillations are first produced at f, by a two-strean instability ex-
cited by the solar flare electrons and {ii) the plasma osci{llations aure
converted to clectromagnetic radiation by nonlinear wave-particle intes-
sctions., This mechanism, first proposed vy Ginzburg and Zheleznakov
[1958) and refined by rumerous investirators [Tidman et al., 1586;
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XKaplan and Tystovich, 1968; Papadopoulos et al., 197h; Smith, 1977], is
illustrated in Figure 1, which shows the expected conversion of the
electron stream energy to electron plasma oscillations, and the subse-
quent conversiocn to elestronasnetic radiation at either the fundamental,
fps or the harmonic, 2fp. The radiation at the fundamental is caused b
interactions of the plasma oscillations with ion sound waves, and the
radiation at the harmonic is caused by interactions between oppositely
propagating electron plasma oscillaticns.

S8ince electron plasma oscillations are local plasma wave phenon-
ena vhich cannot be detected remotely, in situ measurements must be
used to confirm the presence of these oscillations. The first observa-
tions of electron plasma oscillations associated with a type III solar
redio burst were obtained by Gurnett and Anderson [1976, 1977) using
m7-urements from the Helios 1 and 2 spacecraft which are in orbvit
around the sun between about 0.3 to 1.0 A.U., The Helics observations
cre important not only because they confirm a basic radic emission
mechanism proposed over twenty years ago, but also because they provide
irportent new information on nonlinear plasma processes of considerable
current interest. In this paper we review the principal resulcs of the
Helios plasme oscillation observations, including many new events which
have been recently detected. The plasma oscillation intensities are
also compared with the recent typre III radio emissivity measurenments
given by Tokar and Gurnett [1979], to provide a quantitative evaluation

of proposed emission mechanisms.
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Figure 1. A representative radial profile of the eivctron plarsma fre~
quency in the solar wind illustrating the gencration of electiron nlasma

oscillations_ana the subscquent conversicn to clectromagnetic radiution
at tp and pr.
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SURVEY OF PLASMA OSCILLATION CHARACTERISTICS

Only a small fraction, approximately 15%, of all the type III
radio bursts detected by Helios can te associated with electron plasma
oscillations. The relatively small occurrence of plasma oscillation
-events is almost certainly due to the fact that the radic emissions can
be det2cted at large distances from the scurce, whereas the plesma
oscillations can only be detected within the source region. Up to thre
present time a total of ninety electron plasma oscillation events have
been identified in all the data available, which includes Helios 1 and
2, Voyager 1 and 2, and IMP 8. All but four of these events were
detected by Helios 1 and 2.

A plasma oscillation event illustrating most of the features cou-
monly observed is shown in Figure 2, The type III radio emission can
be clearly identified in the 178 and 100 KHz channels by the rapid
smooth rise to pesk intensity followed by a somewhat longer smooth decey.
The characteristic shift toward decreasing frequency with increesing time
is also clearly evident. The intense narrcw-band emissions in the 56.2
KHz channel, starting at about 1023 UT and ending about 1055 UT, are the
associated electron plasma oscillations. The so0lid line is the peak
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Figure 2. Intense electron plasma oscilletions at fy = 56 kHz detected
by Helios 2 in association with a type 1IT radic burst.
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! from about 0.3 to 1.0 A.U. vhere in situ measurements of plasma observe-
P tions are available. In principle, a comparison of the radial variatic-
of the plasma oscillation intensities and the type III emissivity pro-
vides a powerful test, since any given mechanism implies & specific
relationship between these two parameters. Recently Tokar and Gurneti
[1979] have completed an analysis of the radial variation of the emis-
sivity of low frequency type III radio bursts. The technique used ccn-
sists of computing tie power AP emitted in volume AV with the emissivisi;
defined as J(2f,) = AP/UnAV, where it is assumed, for simplicity, that
the radiation is emitted isotrogically over a solid angle of &r., The
pover is computed from AP = Uxr2IAf, where r is the distance from the
source to the sracecraft, Af is the bandwidth and I is the power flux,
in vatts m 2Hz ', at the spacecraft. The volure is computed from AV =
R2ARN, where Q is the solid angle of the emitting region as viewed frem
the sun. Since it is usually not possible to directly determine Q, we
have assumed that the source subtends a half-angle of 45.0° as viewed
from the sun, which is consistent with the results of Baumback et al.
[1976]. The center of the source volume is assumed to follow the meg-
netic field line through the criginating flare location using the mag-
netic field model of Parker [1958] with a solar wind velocity of 40O

km s~), The emission frequency is essumed to be at the harmonic of
plasma frequency, following the radisl variastion given by Feinberg and
Stone {1974]. The results of this analysis, as applied to thirty-six
type III radic bursts, are shown in Figure 4. Because of the uncertainz:
in the solid angle ¢ the absolute value of J prcbably has a substantisl
uncertainty, perhaps es much as a factor of 2 or 3. This uncertainty
is, however, small compared to the variations from event to event. Ex-
¢cept for certain special cases, for example when the scurce passes clcse
to the spacecraft, the radial dependence tends to be rather independen:
of the assumptions used. In all cases the emissivity decreases monotoni-
cally with increasing radial distance from the sun and a power law pro-
vides a gcod fit to the radial variaticn. The average power law index
for all of the events analyzed is -6.0 t 0.3. The best it power law
:hroush all of the cdata points 1is shown by the dashed curve in Figure

Having established the radial dependencs and absolute intensity or
both the plasma oscillations and the radioc emissivity, ccmparisons can
now be made with specific models for the generation of type III radio
bursts. Two models will be evaluated, the coherent parametric (oscil-
lating two-streaxu) mc-chanism of Papadopoulos et al. [19Tk], and the
incoherent induced scattering mechanism of Smith [1977). The emissivity
given by Papedopoulos et al. [1974], converted to MKS units and evalu-
ating constants (using a = 0.1), is

e

3/2 .4
J(2r7) = 5.83 x 103 %}J E , watts m
%y o va

3sr-l, (1)

where E_is the electric field strength of the plasma oscillations in
Volts m™!, n is the electron density in cm 3, T is the electron
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temp=rature in OK, and To is the electron temperature at 1 A.U., ~1.2 X
105%°K. The corresponding emissivity given by Smith [1977)] is

13 , watts m-3sr_1, (2)

7%

J(Zf;) =1,12 X 10”
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L vhere E is again in Volts m !, and n is in cm 3, Both the coherent
and incoherent mechanisms have essentially the same dependence on the
electric field strength and electron density, and differ only slightly
in the temperature dependence. As can be seen the dominant depen-
dence, by far, is on the electric field strength of the plasma oscil- j
lations. Since the electron density and temperature in the solar wind §
vary as n &~ (1/R)2 and T ~ (1/R)2/7, and since J varies as (1/R)6.0 % 0.3
the expected radial variation of E from Equation 1 for the model of
Papadopoulos et al. [197h4) should be (1/R)1+6% * 0.l For the model of
Smith [3977] the corresponding radial variation of E from Equation 2

' should be (1/R)1+75 £ 0.1 Both of these predictions compare ver

t favorably with the observed radial variation for E of (1/R)1.% % 0.5,

Do

G e
s s e L

v In addition to comparing the radial variations with the theoreticel ;?
. predictions the absolute values of the emissivity can also be compared. :

' From Figure 3 it is seen that the largest plasma oscillation field
strength at 1 A.U. is about E = § nVm 1, Using this maximum field
strength, the corresponding emissivities given by Papadopoulos et ai.
: {1974], using Equation 1, and Smith [1977], using Equation 2, are

| ; 1.63 X 1072 and 3.13 X 10 23 watts m 3sr !, respectively. Comparing
; o these emissivities with Figure 4 it is seen that the emissivity
:
|
|

computed from Smith's model would be able to account for about §5%
of all the events observed at 1.0 A.U.,, whereas Fapadopculos' model
would be able to account for only about 30% of the events observed.
Thus, it appears that for the largest plasma oscillation intensities
observed the incoherent model of Smith {1977) is able to account for the
emissivity of all but the most intense radio bursts, whereas the model
‘ of Fapadopoulos et al. {19T7U] is not able to account for a burst of aver-
! age intensity. It should elso be pointed out that Smith [1977] has :
already demonstrated in a specific case that the incoherent mechanism ?
can account for the simultaneously observed radio emissicn intensities
. vith a substantial margin. The case considered by Saith [1977] was,
however, a particularly intense plasma oscillation event, with an inten-
sity {14.8 mVm™!) rear the upper limits of the events shown in Fig 3.
If instead of taking the most intense plasma oscillation event, one
\ takes more typical intensities representative of, for example, the best
fit power law (dashed line) in Figure 3, then the emissivity is drasti- .
cally reduced becausce of the E* dependence in Equations 1 and 2. 3
- For these more typical plasma oscillation intensities, both the
- models of Papadopoulos et al. [197h] and Smith [1977] give emis-
sivities well below the best fit curve (dashed line) shown in Figure
b, These difficulties are further complicated by the fuct that the
actual volume of the source is probably substantially smaller than
! has been assumed in Equations 1 and 2 because of the impulsive vari-
ations in the amplitude of the plasnma oscillations. In summary it
P appears that the radial variation of the plasma oscillation intensities .
I and type III emissivity are in good agreement with the current theoret- -3
ical models but that in all except for the most intense plasma oscilla- %
tion events the emissivity given by the thecry ic somewhat smaller than %
the observed emissivity. GSeveral explenations can be advanced to
account for this discrepancy in the absolute emissivity. Frobably
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the most likely possibility is that the plasma oscillations have
substantial temporal fluctuations on a time scale short compared to
the 50 msec. averaging time of the Helios instrument. If the fluc-
tuations are very impulsive, as seems to be the case, then because
of the EY dependence of the emissivity the radiation intensity may
be substantially underestimated on the basis of the average electric
field intensity. Another possibility is that the intense plasma
oscillations are confined to very small spatial regions which are very
unlikely to be encountered by the spacecraft, thereby tending to
bias the electric field intensity measurements, as in Figure 3,
more heavily toward lower intensities.

CONCLUSION

These comparisons of plasma oscillation intensities and the
emissivity of type III radic bursts show good overall agreement
with current ‘.heories for the conversion of electron plasma oscil-
lations to electromagnetic radiation at 2f,. The primary questions
remaining involve the fine time scale stiucture of the plasma oscil-
lations and the relative importance of incoherent and coherent (sol-
iton collapse) processes. Although the absolute emissivities computed
in this study tend to favor the incoherent process, it is probably not
possible to determine which mechanism is most important because of
the uncertainty about the fine time scale variations in the plasma
oscillation intensity. Further progress in understanding the possible
role of soliton collapse prccesses in the generation of type III radio
emissions will require much higher time resolution measurements than
are currently available.
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* moved from lLielios-2 at 0.6 AU to Voyager-1, 2, at 1.6 AU; although the
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ARSTRACT

_ In the period November 22 -~ December 6, 1977, three types of
interplanetary flows were observed--a corotating stresm, a flare-~associated ?
shock wave, and a shook wave driven by ejecta. Helios-2, IMP-7, 8, and '
Voyager-1, 2 were nearly radially aligned at % 0.6 AU, 1 AU and 1.6 AU,
respectively), while Helios-1 was at ¥ 0.6 AU and 35° E of Helios-2. The
instruments on these spacecraft provided an exceptionally complete
description of the particles and‘fielda associated with the three flows and
corresponding solar events. Analysis of these data revealed the following
results. 1) A coronal hole associated corotating stream, observed at 0.6
AU and 1 AU, which was not seen at 1.6 AU. The stream interface ocorotated
and persisted with little change in structure even though the stream
disappeared. A forward shock was observed ahead of the interface, and

shock was ahead of a corotating stream and interface, the shock was not
corotating, because it was not seen at Helios-1, prodbably because the
corotating stream was not stationary. 2) An exceptionally intense type 111
burst was observed in association with a 2B flare of November 22. The
exciter of this burst--(a beam of energetic electrons)--and plasma
oscillations (presumably caused by the electron beam) were observed by
Helios-2. 3) A non-spherical shock was observed in association with the
November 22, flare. This shock interacted with another shock between 0.6
AU and 1 AU, and they coalesced to form a single shock that was identified
at 1 AU and at 1.6 AU. 1) A shock driven by ejecta was studied. In the
ejecta the density and temperature were unusually low and the magnetic
field intensity was relatively high. This region was preceded by a
directional discontinuity at which the magnetic field intensity dropped
appreciably. The shock appeaped to move globally at a uniform speed, but
locally there were fluctuations in speed and direction of up to 100 ku/s
and 40°, respectively. 5) Three types of electrostatic waves were observed
at the shocks, in different combinations. The detailed wave prdfilea
differed greatly among the shocks, even for spacecraft separations 5 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 were accelerated by the chocks. The intensities and
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durations of the fluxes varied by a factor of 12 over long‘ir.udinn
distances of ¥ 0.2 AU. The intensities were higher and the durations were
lower at 1.6 AU than at 0.6 AU, suggesting a cumulative effeot. 7)
Energetioc (3 50 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 were 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 1
dropped abruptly when the interface moved past Helios-2, indicating that

the "extra" particles seen by Helios-2 did not penetrate the interface.
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: 1. INIRODUCTION

It is customary to speak of three types of flows in the solar wind,
which Chapzan (1964) called streams, flare-shells, and solar wind. We
shall refer to these, respectively, as 1) corotating streama (also known as
ocorpuscular streams, stationary streams, and high-speed streaas); 2) ejecta
(also called nascent streans, flare ejecta, jets, active wind, drivers, and
pistons); and 3) slow flows (also called quiet wind ambient wind and
atructureless wind). The tern piston has been applied to both corotating
streans (e.g., Dryer and Steinolfson, 1976) and to ejeata (e.g., Dryer at
al., 1972). Corotating flows are separated from slow flows by a thin
boundary called a stream interface (Belcher and Davis, 1971, Burlaga,
19784), which in some cases is a tangential discontinuity (Burlaga, 1974;
Gosling et al., 1978). Ejecta are presumed to be separated from slow flows
by a thin boundary called a contact surface (Lee and Chen, 1968, Dryer,
1979); this too is called a piston by some authors, (e.g., see Dryer,
1979). Both corotating streazs and ejecta may be preceded by a shook.

There are numerous studies of the above phenomena based on observations
from just one spacecraft, but these cannot sspar=ts spatial variations from
temporal changes. Data froa two or more widely separated spacecraft are
needed to study non-stationary corotating streams, transient ejecta, and
interacting flows. There have been relatively few such observational
studies (e.g., Dryer et 2l., 1972; Gosling and Hundhausen, 1976;
Intriligator, 1976; Lazarus et al., 1970; Schwenn et al., 1978, 1979; Smith
and Wolfe, 1977, 1979; Vaisberg and Zastenker, 1976). Some attempts have
been made to model multipoint ‘obaervationa (Gosling et al., 1976; Dryer et
Al., 1978a, 1978b).

In the period November 22 to Decembder 6, 1977 Helios-1 and -2, IMP-7
and -8, and Voyager-1 and -2 were aligned very favorably for the
investigation of solar cutputs (Figure 1), and during this period, which
was part of STIP Interval 1V from October 15 to December 15, 1977, several
significant solar events occurred. Recognizing that this interval (and a
similar interval in Septeaber-October, 1977) offered a unique opportunity
for a ocomprehensive study of interplanetary shocks, flows, magnetic fields,
and energetic particle phenomena, a Workshop was organized to bring
together experimenters from the Helios, Voyager and IMP programs. The
meeting was organized by Dr. S. M. Krimigis, with the support of the
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Yoyager and Helios team leaders. This paper is based on some of the
results of that Workshop. The rurpose of this paper is to present a
desoription and an analysis of the prinoipu. interplanetary events that
were observed in the period November 22-Doconbor 6, 1977, by Helios-1, 2,
Voysger-1, 2, and IMP-T, 8.

Three flow systems were observed in the period under oonsideration: 1)
a corvtating stream and a strean interface associated with a coronal hole,
2) a shock wave and an energetic particle event associated with a 2-B
flare, and 3) an isolated shock wave whose origin is unocertain.

This paper is based on data from 28 experiments from 6 spacecraft. The
experiments and the corresponding principal investigators are listed in
Table 1. Nearly complete measurements of solar wind plasaa, magnetic
fields and plasua waves are available from all spacecraft. Radio waves,
plasma waves and energetic electrons associated with the November 22, event
are available from Helios-1,2 and Voyager-1, 2. Data desoribing low energy
protons associated with the November 22, event are available from Helios-1,
2 and Voyager-1, 2.

We begin in Section 2 by discussing the corotating stream and its
associated shock and interface; this flow system was relatively simple, and
the other two events interacted with it. Section 3 discusses the
particles, fields and flows associated with the flare of November 22.
Section 4 analyses a relatively simple, isolated shock wave that passed all
of the spacecraft in the early days of December, 1977. Plasma waves at the
shocks in the three events are discussed qualitatively in Section 5.
Energetic protons accelerated by the shocks and injected by the November 22
flare are desoribed in Section 6. Seotion 7 summarizes the results.

2. COROTATING STREAM. INTERFACE AND SHOCK

A stream that was observed successively by Helios-1, Helios-2, IMP-7,
8, Voyager-1 and Voyager-2 1s shown in Figure 2, which shows bulk speeds
from the experiment of Rosenbauer on Helios-1, 2 and from the experiments
of Bridge on IMP-7, 8 and Voyager-1, 2. Sixteen minute averages of V are
plotted versus time, and the phase is chosen such that the arrival time of
the strean interface at each spacecraft is coincident with the vertical
line marked "interface®. The stream interface is readily identified as an
adbrupt decrease in density and an abrupt increase in temperature at the
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i . front of a strean (Beloher and Davis, 1971; Burlaga, 1974, 1975). In this i

[ oase, the interface at each spacecraft can be seen in Pigure 3, where the
time profiles of 16-ain averages of the density (n) and temperature (T) are
plotted. Figure 2 shows that the interface and stream arrived at Helios-1\ o
on November 23, at Helios-2 on November 25, at earth on November 27, and at -;3
%y&nr-\ and -2 on November 29. The 2-day interval between successive

« enoounters of the interface is approximately that which is expected for a
“corotating spiral®™ oorresponding to a stroamline with a apeed of %00 km/s,
as illustrated at the bdottom of Figure 2.

The precise corotation times of the interface from ocne spaceoraft to
the next are shown in Table 2, together with the "predicted® corotation
times computed from the equation t, -t s (rz - r1)lv . (02 - 01)10‘. with
allowance for the spacecraft motions (here n' is the sidereal rotation
period of the sun; V is the solar wind speed; ¢ and ¢, are respectively
the longitudes of the spacecraft at time t‘ (when the interface pasied the
first spacecraft) and a later time t, (vhen the interface passed the second
spacecraft); and ry and r, are the radial distances from the sun of the two 1
spacecraft at t, and tz.) Table 2 shows that the predicted corotation :
times are close to the observed corotation times, the difference being 5
153 in the three largest time intervals. These small differences may be ;
dus to small irregularities in the shape of the surface of the interfacs. ;
Thus, we conclude that the interface was a oorotating feature, and we infer t
that the stream which followed it was likewise corotating. ]

The low densities in the stream (Figure 3) and the fact that it was 3
corotating suggest that its source was a coronal hole (Hundhausen, 1977;
Burlaga, 1979). A coronal hole, tentatively identified in the Kitt Peak He
10830A° maps, passed central meridian on November 28, 25. The observed
peak speed of the stream in queation was % 500 km/s; thus, if its source
was the coronal hole, and if it propagated at nearly constant speed, the
strean ahould have arrived at’ the earth on November 27, which in fact, it _
did. G !

The dynamical evolution of the ocorotating streaa in Figure 2 is E
surprising and significant. Helios~1 and -2 observed similar profiles of 4
¥(t), n(t), and T(t) following the interface, with a time delay of % 53 hrs :
consistent with corotation. At the earth, IMP-7 and IMP-8 also saw the
stream with approximately the expected corotation delay. The surprising
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result is that the strean appears to have been adbsent (or much slower) at
Voyagers~1, and -2 (Figure 2), even though both spacecraft observed the
strean interface (Figurs 3). This is probably not a latitude effect like
that reported by Schwenn gt al., (1978), since the latitudes of Yoyager-1
and Earth differed by only 1.5° (the latitude of Voyager-2 was = 5.2°
higher than that of Earth. The heliographic latitudes of Voyager-1 and
Earth were 3° and 1°, respectively; these are well within the latitudinal
range of the coronal hole (-2° to 10°) tentatively identified in Solar
Geophysical Data, 1978. '

A numerical zodel is needed to show quantitatively that a stream can
evolve near 1 AU as just descrided, and this will be disoussed in another
paper. One can understand the result qQualitatively as follows. Ahead of
the stream, the density and hence the momentum flux were high (Figure 3).
Inaide the stream the density was low and the speed of the stream itself
was relatively low; the momentum flux Of the stream did not greatly exceed
that of the flow ahead of it. As the stream evolved, stress was relieved
scaewhat by shear at the interface. Nevertheless, two compression waves
forned, moving toward and away from the sun with respect to the interface,
.respectively. The wave moving toward tha sun (i.e., into the stream)
decelerated the stream. The wave moving away from the sun (i.e., ahead of
the stream) evolved into a forward shock (see below). The importance of
womentum flux in corotating strsam dynanics has been discussed
quaatitatively by Pizzo (1979a,d) for scme conventinal stream profiles. A
decrease of V with increasing distance has been discussed by Dryer and
Steinolfson (1976).

The structure of the stream interface obssrved by Voyagers-1 and -2 is
shown in Figure 4. In doth cases, the density and temperature transi-
tions ocoured in « 30 min, consistent with the durations of some of the
interfaces observed at 1 AU by Burlaga (197%). The n, T profiles observed
at Helios-1, 2 are very similar to those in Figure i. The magnetic field
intensity reached & maximum at the interface (see Tigure i), as is usually
the case (Burlaga, 1974; Siscoe, 1972). In this case, there was a large
charge in magnetic field direction across the interface at both Voyager-1 %
and -2, It is significsn’ that all of the parameters just described (n, T,
V, and ) had nearly the saue profile at Voyager-2 as at Voyager-1, despite
the separation of £ 0.2 AU; this shows that the internal structure of a
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.same result.

stream ihterfaee cain be coherent over a relatively lurge distance. Plasma
wave observations at the interface at Voyager-2 (Figure 4) show no
significant wave emission in the frequency range 10 Hz to 562 Hz,
suggesting that the interface was relatively stable. Similar observations
of a different interface described by Gurnett et al. (1979a) showed the

A "corotating shock" (which we label shock B) was observed by
Voyagers-1 and -2; this is shown at high resolution in Figure 5. The
identification of the disturbance as a shock is based on the simul taneous,
abrupt increases in ¥, Np. Tp and F = |§l. «d on the simultaneous ohanée
in the characteristics of the plasma waves. The observation of a shock at
VYoyager-1 and -2 is not surprising, since models of corotating streams
(e.g., Hundhausen, 1973; Hundhausen and Burlaga, 1975; Gosling‘gh,gl.,
1976; Steinoifson et al., 1975; and Dryer et al., 1978) predict the
development of corotating shocks as streams evolve with distance from the
sun, and many such shocks have been observed beyond 1 AU (Smith and Wolfe,
1977). The shock normals computed from the Voyager plasma and Dagnetic
field data using the metuod of Lepping and Argentiero (1971) were directed

9° and 14° west of radial, respectively {see Table 3 and Figure 2),

consistent with corotation. At Voyager-2, the angle between the shock
normal and the upstream magnetic field was 1@.6'; the corresponding angle
at Voyager -1 was 15.8°. The local shock speed was 400, 3 15 km/s relative
to a fixed frame shock at both Voyager-1 and Voyagu. -2 (Table 3). This
speed and the computed shock normals imply a time delay between Voyager-1
and Voyager-2 of 4.5 + 1.3 hr. This coﬁpares favorably with the observed
time delay of S hr. 17 nin.

Shock B probably passed Helios-2 and IMP~-8 on November 25 and 26,
respectively (see Table 3). This is significant, because shocks are rarely
observed zhead of corotating streams at 5 1 AU (Ogilvie, 1974). The
identification of shock B at Helios-1 is based on the observations that 1)
the magnetic field intensity measured by Neubauer's instrument increased
from ¥ Ty to ; 15y within 2 minutes (it increased from 7.7y to 11.5v in
64s), and 2) the plasma speed density and temperature increased between
0122 and 0205 UT (see Figures 2 and 3). The shock normal computed from the
magnetic field data using the coplanarity theorem, is A = 60°, 0, = 1°,
which is close to that expected for corotation in a 300 km/s wind, viz. A
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s 50°, on = 0; here ln is the heliographic longitude which is taken to bde
gero for a vector pointing radially away from the sun, and °n is the
latitude with re:pect to the ecliptic plane. The shock speed computed from
the observed densities and bulk spseds using the coplanarity normal is

300 km/s, or 540 ¥m/s in the radial direction. This implies that the shock
shouid have arrived at earth 41 hrs after it passed Helios-2 (if it moved
at ocorstant speed), i.e., at hr 19 on November 26. A SSC was reported at
1704 UT on November 26, in good agreement with the prediction. IMP-8 was
in the solar wind on November 26, but there are data gaps at the time of
the SSC. Nevertheless, the magnetic field jintensity nearly doutled at soae
time in a 2-hr interval centered about the SSC {Figure 3), and the plasms
density, temperature and speed inoreased at some time in a S5-hr data gap
which included the time of the SSC (Figures 2 and 3). Thus, the IMP-8 data
are consistent with the presence of a shock at Earth at 1704 on November
26. Altogether, the data from Helios-2, IMP-8 and the SSC give fairly
convincing evidence for a shock driven by a corotating stream, which moved
nearly radially from 0.6 AU to 1 AU and on to Voyager-1, 2 at 1.6 AU.
Figure 3 shows that the shock moved away from the interface during the time

" that it moved from 0.6 AU to 1.6 AU.

It is customary tolrerer to a shock ahsad of a corotating stream as a
corotating shock. This is not appropriate for shock B, however. If shock
B were corotating, then it should have been detected at Helios-1 - 50-60 hr
before it was observed at Helios-2 (i.e., late on November 23), because
Helios-1 was at the same radial distance as Helios-2 and * 35° to the East.
Although the Helios-1 observations are nearly complete and continuous,
there is no evidence of a shock at Helios-1 (see Figures 2 and 3). A
possidble explanation is that the stream which produced the shoclk was
corotating but not stationary. For example, the stream m=y have been
produced by a coronal hole that rotated with the sun, but whose physical
characteristics changed on ; scale of 1 day, producing a time-varying
stream profile. Indeed, Figure 2 shows that the speed profile measured by
Helios-2 &iffers in some details from that measured by Helios-1, indicating
some time variations in this case. Evidence for non-stationary, corotating
streams was presented earlier by Burlaga et al. (1978). (A model of
non-stationary flows was presented by Wu et al. (1979), but this does not
include the dynamical effects of the sun's rotatinn,) Shock B was seen at
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Helios-2, IMP-8, and Voyager-1, 2 because those spacecraft were near a
radial line; once formed at < 0.6 AU the shock persisted and was convected
past the other spacecraft. But apparently conditions were different at the
time the stream was at Helios-1, 35° E of Helios-2, and were not favorable
for the production of a shock.

3. EYENTS ASSOCIATED WITH A FLARE
On November 22, 1977 at 2B flave at N23, WHO in McMath plage region
15031 was observed in H astarting at 0946 UT and reaching maximus intensity
at 1006 UT. Chambon gt ai. (1978) observad hard X-rays and y rays from the

- flare starting at 4 1000 UT. It produced a SID, a type IV burst (starting

at 1002), a type 1II burst (beginning at 0959 UT), an interplanctary shock
wave, and an energetic particle event. Thus, the event displayed a wide
range of phenomena that one associates with a great flare (Dryer, 1974).
Zype III Byrscs. The type III solar radio burst produced by the flare
is the most intense observed to date by Heiios-l and -2, Helios-Z radio
observations of the November 22 burst are shown in Figu~e 6. They are froa
the University of Minnesota (52, 77 and 203 kHz) and Goddard Space Flight

- Center experiments, Electron observations from the Max-Planck-Institute

fur Aeronomie experiment are alsco displayed in Figure 6, showing that
electrons in and near the 20-65 keV energy range were present, consistent
with the idea that low frequency type 1II solar radio emission is causc' dy
electrons with energies 10 keV to 100 keV (Lin e al., 1973). Despite the
data gap around 1010 UT, it is oclear that the radio burst was double-peaked
at the higher frequencies, possibly due to two separate bursts; however
there was only a single peak at lower frequencies. The first peak reached
maxioun intensity at 1001 UT for 3 MHz, and the merged peak is observed at
1032 UT for 77 kHz. Much of this delay corresponds to the transit time for
the energetic electrons rrom a heliocentric distance of 0.05 AU (3 MHz
level) out to 0.8 AU (77 kHz level), indicating an outward speed greater
than 0.2c for the exciter. A few minutes of the delay arise from the
difference 'in propagation time of the electromagnetic waves from the source
levels to Helios-2, located at 0.6 AU.

Flux densities observed for this burst by Helios-2 reached maximum
values exceeding 10" %wa~282"" for frequencies from 77 to 255 kHz; they

decreased to approximately 10"5wm‘2uz" at 3 MEz, the highest Hellos
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" observing frequency. The 52 kHz channel, which shows strong electrostatic
noise from 1025 to 1050 UT, is at the peak of the electroatatic noise
spectrun, and it is within 1-2 kHz of the local plasma frequendy deterained
from the measured density. Similar bursts were reported by Gurnett at al.
(1978) and Gurnett and Anderson (1977). The electrostatic bursts might be
short compared to the sampling time of the tuned receiver. The bandwidth
of the receiver is about 5 kHz and its rise time, therefore, is about
0.2 msec, which is instantaneous compared to the detector integration time
to 50 msec. As a consequence, for signals whose duration is more than
0.2 msec, the measurement gives the input voltage averaged over 50 msec.

The 77 kHz channel is the lowest frequency which did not show
electrostatic noise. Burst radio emission has been reported to be

generated at twice the local plasma frequency (Alvarez gt al., 1972).
Consequently the 77 kHz electromagnetic waves detected at 0.60 AU by
Helios-2 were propagating backward toward ghe sun from a source level near
0.8 AU, where the plasma frequency is half of 77 kHz.

This burst and the associated electron beam were also observed by the
Voyager-1 and -2 planetary radio astronomy experiment and low energy

" particle experiment, respectively. The burst arrival directions, found by
the spinning Helios-1 and -2 antennas, together with the Helios and Voyager

 eleotron data, show that the exciter extends over a wide (> 75°) range of

solar longitudes. Analysis of the relative intensities and positions
observed by Helios-1 and ~2 also indicates that the centroid of the burst

passed between these two spacecraft. Assuming a scurce longitude of uo® W

and a spiral field configuration, a best fit to the intensity versus
frequency data obtained by Helios-1 and -2 is obtained for a solar wind

speed of 300 km/sec. This is consistent with the speeds measured by the

Helios plasma instruments, which were near 300 km/sec for several days.

Interplanetary Shocks and Flows. The interplanetary shock wave
produced by the flare was obSérved directly by Helios-1 and -2, IMP-8, ahd

Voyager-1 and -2; it was also observed indirectly as a SSC at the earth
(see Table'4 and Figure 7). The shock might have been driven by ejecta, as

suggested by the sketch in Figure 8, but the ejecta were net actually

observed, because no spacecraft was suitably positioned.
If one tries to determine the motion of the shock using a radial
distance vs. time plot (Figure 9) and the customary assumption of spherical
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symetry, he encounters difficulties that would have been overlooked if
there were fewer spacecraft. One difficulty is that the speed determined
from the time delay between IMP-8 and Voyager-1 is Hlé km, whereas the
speed determined from the time delay between IMP-8 and Voyager-2 is 568 2
20 km/s (the uncertainty is due to a data gap at Voyager-2 between 06:00
and 09:00 UT). This discrepancy is large, considering that Voysger-1 and
Voyager -2 were separated by only 0.005 AU in the radial direction and by
0.2 AU in the transverse direction.

A second and more extreme example of the inadequacy of the assumption
of spherical symmetry for computing shock zpeeds i1s the speed determined
from the time delay between Voyager-1 and Voyager-2: 1 ¢+ 2 km/s! This is
obviously wrong, and it is far from the speed determined from the analysis
of the shock data at Voyager-1 (Figure 10), viz. 302 km/s. The shock
normal and speed computed from the Voyager-1 data using the method of
Lepping and Argentiero (1971), were (A = -34°, o, = =10°) and v, s
302 km/s, respectively (see Table 4). Using these numbers, assuminy that
the shock was plane between Voyager-1 and Voyager-2, and considering the
inertial solar ecliptic positions of Voyager-1 (r, = (2.280, -0.274, 0.115)
x 10 km) and Voyager=-2 (ra = 2,285, -0.533, 0. 267) x 108km). one finds that
the predicted time delay between Voyager-1 and Voyager-2 is 11 hrs, 13 min,
which is reasonably close to the observed delay, (15 & 1.5) hrs. (The &
1.5 hr uncertainty is due to a data gap.) The small discrepancy may be
attributed to uncertainties in the shock nermal and to curvature of the
shock surface. By contrast, the time delay predicted using the assumption
of spherical symmetry is only 36 min. We conclude that the use of time
delays and assumption of spherical symmetry does not always give accurate
shock speeds, whereas the use of local jump conditions and observations did
give reasonably accurate estimates of the shock speed and direction in this
case, The observed orientation of the shock is consistent with that
expected for a shock with a radius of curvature less than 1.6 AU,
originating at the flare site.

Helios-2 observed two shocks (A1 and AZ' at 1610 UT on November 23 and
at 0611 UT on November 24, respectively; see Figures 7 and 11). However
IMP-8, which was at nearly the same latitude and longitude and which was
only 0.36 AU away from Helios-2, observed only one shock (A“ at 1213 UT on
November 25; see Figures 7 and 10). We cannot unambiguously determine why
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2 shocks passed Helios-2 (several origins can be imagined), but we can
suggest why only one shock was subsequently observed at IMP-8 and at
Voyagers-1 and -2. The radial speed of shock A1, determined from the local
plasma and magnetic field observations of the shock by Method MD1 of
Abraham-Shrauner and Yun (1976), was 353 km/s. The corresponding speed of
A, was 467 km/s. ‘Thus, although A, followed A, (i.e., it was closer to the
sun, see Figuie 7), it was moving faster than A,. Consequently, A, should
have overtaken A‘ at some point; assuming constant speeds, this point was
at 1.08 AU on the Helios-2-sun line. If the computed shock normals (Table
R and Figure 7) are even approximately correct, the shocks should have
interacted along the earth-sun line before they reached IMP-8 near the
earth. The observation of only one shock at IMP-8 suggests that when the
shocks interacted, they coalesced. This is in agreement with gas dynamic
theory where the overtaking of one shock (A1) by a following one (Az) leads
to a coalesced shock moving forward and a reverse rarefaction fan which,
because of its spreading, is difficult to observe. (In MHD the interaction
leads to seven distinct MHD-structures the most prominent ones of which are
a forward fast shock and a reverse fast rarefaction wave.) The resultant
shock propagated to Voyager-1, which was close to the earth-sun line. 1ts
radial speed at Vi, determined from the shock observations using the method
of Lepping and Argentiero (1971), was 369 km/s, which is in reasonable
agreement (considering typical normal errors) with the speed determined

from the time delay between 1MP-8 and Voyager-1, viz 427 km/s. Evidence

for shock-coalescence in Pioneer data has been reported by Smitl. et al.
(1977). A second alternative would be a sufficient weakening of one shock
before it interacted with the other one. (Note that the very weak shock
would still have to interact with the second shock.) This possibility is
ruled out by the following two arguments: A2 cannot be the weakened shock
since it fits very nicely into the propagation diagram (Figure 9) in
contrast to shock Ay We rule out a large weakenirg of shock A, since it
is followed by a long-lasting region of increased momentum and energy flux
as shown in Figure 7.

A remaining aspect which requires clarification is the observation of
one shock only at Helios-1. A possiole explanation for this observation
may be the presence of the stream interface and an interaction region
between Helios-1 and Helios-2 (Burlaga and 3cudder, 1975). 1f we
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approximate the interface as a tangential discontinuity, its interaction
with A, may lead to the latter's disappearance (see e.g., Neubauer, 1976).

N. IHE DECEMBER SHOCK

During the Helios-Voyager-IMP Workshop, it was noted that a shock was
observed by Helios-1 and -2 on December 1 and by Voyagers-1 and =2 on
December 2, and it was decided to inaclude this event in the Joint study.
The interplanetary data are nearly complete for Helios-1, as shown in
Figure 12. However, the solar data do not show any large flare which might
have produced the shock. One candidate is an SN flare at S24, E85 which
began in H at 0338 UT on November 30 and reached a maximum at 0350 UT.
This small flare was associated with an X-ray burst (starting at 0330 UT,
with a maximum at 0348 UT) and a SID (starting at 0334 UT, with a maximum
at 0349 UT). This implies deceleration of the shock within 0.6 AU (see
Gosling et al., 1968). In view of the uncertainty concerning the source of
the shock, our discussion emphasizes the interplanetary observations.

Post-shock conditions. The density and temperature profiles in Figure
12 suggest that the shock observed by Helios-1 was followed by ejecta in

which the density and temperature were low. There is alsc evidence for
enhanced magnetic field intensities in the ejecta. Helios-2 may also have
observed the ejecta (Figure 13), but this is less certain because of a data
gap. The shock was also detected by Voyager-1 and -2 (See Figures 13 and
14), but they did not encounter ejecta like that seen by Helios-2.
(Voyager-1 observed a small depression in density on Decexber % and a small
increase in B on December 4, 5; this was probably a local phenomenon, since
it was not seen by Voyager-2 which was nearby. This signature is clearly

- different from that seen by Helios-1 so we do not identify it as ejec:a.)

Thu=, the evidence is that the shock had a wide longitudinal extent (3 40°;
se¢ Figure 15), and was driven ejecta less broad, originating east of the
Voyager-Sun line. _

Note that Voyager-2 observed a nearly monotonic decrease in speed,

-1

density, temperature, and magnetic ficld strength bekind the shock

(Figure 13). Many authors have interpreted such a signature as evidence
for a blast wave, generally on the basis of observations from just one
satellite (see Hundhausen, 1972). However, the observation of ejecta at
Belios-1 indicates t:at this was probably not a blast wave; it was a driven




ahock. Voyager-2 saw the shock, but it did not encounter the ejecta due to
its more limited longitudinal extent. This shows that the signature of the
post-shock flow is not sufficient to identify the type of a shock wave.
This point was made previously by Ogilvie and Burlaga (1974) and by Rosenau
and Frankenthal (1978); it has recently been demonstrated very clearly by
Acuna et al. (1979). The concept of a broad shock driven by narrow ejecta
is not new, although it is often forgotten or ignored. It dates back at
least to Gold (1959).

Shock motion. Figure 16 gives a plot of radial distance versus time,
ahowing the shock positions and times determined from the observations of
Helios-1, -2, Voyager-1, -2 and from a sudden commencement at Earth. The
points lie very close to a straight line with a slope corresponding to a
speed of 555 km/s. Considering that Helios~1 was 19° east of the
Voyager-2-sun line and that Earth was 17° west of that line, the straight
line in Figure 16 suggests a nearly spherical shock front moving at a
constant speed between 0.6 AU and 1.6 AU. Similar results for the August,
1972, events were reported by Smith et al. (1977) and Dryer et al. (1976).
However, examination of the local shock speeds and normals reveals a more
complicated picture. Since Voyager-2 and Helios-2 were nearly radially
aligned, and since Figure 16 suggests a spherical shock, one expects that
Voyager-2 and Helios-2 should have observed essentially the same shock
speed and direction, the radial component of velocity being close to 555
km/s. The local jump conditions give rather different results (Table 5):
1) The local speeds were substantially less than the speed determined from
the average speed determined from the time delay; and 2) the shock normal
at Helios-2 (An s -3°, o, = 17°) was very different from that at Voyager-2
(x, = 38°, o, * =6°). These differences are too large to be attributed to
uncertainties in the computation of the local shock speed and direction.
The field and plasma parameters were relatively steady before and after the
shock, the field direction change was relatively large (18° at Helios-2),
and we used both magnetic field and plasma observations, so we expect the
uncertainty in speed to be § 20 km/s and the uncertainty in direction to be
$ 10° (Abraham-Shrauner and Yun, 1976; Lepping and Argentiero, 1971). Thus
the observations suggest that locally the shock surface may have been
distorted such that the normal was not radial, although the normal may have
been radial on average. Likewise, locally the shock may have been
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accelerated or'decelerated giving local speeds higher than average in one
piace, lower than average in a second place, and near-average in a third
place (Heineman and Siscoe, 1974; Burlaga and Scudder, 1975). For example,
the radial component of the local velocity at Voyager-2 (530 km/s) is
consistent with the average speed determined from time delay (555 km/s)
within the experimental uncertainties, but the radial component of the
local velocity at Helios-2 (460 km/s) is sudbstantially less than the
average value. Since Helios-2 and Voyager-2 were nearly radially aligned,
this suggests that the radial component of the shock velocity may have
fluctuated as much as * + 100 km/s, and its direction may have fluctuated
as much as & 40° as it moved between 0.6 AU and 1.6 AU. The alternative is
to postulate very large azimuthal variations.

5. PLASMA WAVES AT SHOCKS

Helios-1, =2 and Voyager-1, -2 carried plasma wave instruments (see
Gurnett and Anderson,l1977; and Scarf and Gurnett, 1977, respectively for a
discussion of the instruments), which provided an extensive set of
observations of wavea near the interplanetary shocks discussed above.

These observations were used as a means of searching for and confirming the
identity of the shocks. More important, however, they provide an excep-
tionally large and complete record which form a basis for a comparative
study of waves at interplanetary shocks. Only a few papers discussing
plasma wave electric fields at interplanetary shocks havs been published
(Scarf, 1978; Scarf et al., 1979, and CGurnett et al., 1979a,b). Here we
shall present only a qualitative discussion stressing the remarkable
variety of signatures. A more comprehensive physical discussion 1is
deferred to another paper.

The wave data are given together with the plasmz and magnetic field
observations of the shocks in Figures 5, 10, 11, 12, and 14. The electric
field intensity is plotted versus time for each of several frequency
channels on a logarithmic scale with a range of 100 db for each channel.
The electric field strength ranges from about 1u V m'1 at the bottom of the
scale to 100 mV m" at the top of the scale. The solid “lines represent
peak electric field amplitudes and solid black areas (or vertical solid
lines in some cases) represent the average electric field amplitude.

16

RN

AT ¥ °d




Laet us consider the individual shock observations in the order in which

shocks were introduced above, beginning with shook B. This shock had not
developed at the position of Helios-1, but it was observed at both
Voyager-1 and Voyager-2 (Figure 5), which were at essentially the same
radial distance (1.6 AU) and separated by ¥ 0.2 AU. The Voyager-1 plasama

. wave observations show at least three different types of emissions:

1. turbulence extengins downatream of the shock at
frequencies < rp , identified as whistler mode turbulence

2. waves extendfng upstream at frequencies from about 1.0 to
2632 kHz, tentatively identified as ion acoustic waves,

3. a short, well-defined broadband burst at the shock at
frequencies from 10 Hz to 5.62 kHz.

These types of emissions have been discussed by Scarf st al. (1970),
Gurnett and Frank (1978), and Gurnett et al. (1979b). Voyager-2 also
observed the whistler mode turbulence extending downstream from the shock,
and it observed a peak corresponding to the broadband emissions at the
shock. There are no Voyager-2 data above 1 kHz, probably due to a failure
in the spacecraft data system which reduced the sensitivity of these
channels. _

Plasma waves at shock A were observed by Helios-2 (Figure 11), and by
IMP-8 and Voyager-1 (Figure 10). Whistler waves were not observed
downstream of the shock at Helios-2 and IMP-8, but they were observed
downstrean of the shock at Voyager-1. The shock at Helios-2 is almost
totally obscured by a broad region of ion acoustic wave turbulence from
about 562 Hz to 10 kHz; these waves are not necessarily all associated with
the shock (Gurnett and Frank, 1978). IMP-£ and Voyager-1 (Figure 10)
observed ion acoustic waves upstream of the shock between fp* and fp'.
Helios-2 (Figure 11) observed a sharp burst of noise in the 311 and 562 Hz
channels coincident with the passage of shock; IMP-8 found some evidence of
& corresponding noise burst below t';. and Voyager-1 observed a noise burst
at the shock in the range 31 Hz to ¥ 1.78 kHz.

Shock C was observed by Helios-1 and -2 and by Voyager-2 (Figures 12,
13, and 14). None of the spacecraft observed intense whisztler mode
turbulence behind the shock. Helios-1 and Helios-2 observed an enhancement
in electric field intensity in the range 562 Hz to 10 kHz with a large peak
to average ratio, probubly dus tw Loppler-shifted ion-zeccustic waves

17




B R e Ry s vt g it e it e

(Gurnett and Frank, 1978). The waves extended both upstream and downstrean
at Helios-1, but only downstream at Helios-2. Voyager saw only weak
enission of such waves, downstream of the shock. A sharp, intense (1 to 5
oV o~ ') broadband burst of electric field turbulence was observed at
Helios-2, but it was absent at Voyager-2 and missing or obscured by the ion
acoustic waves at Helios-1.

We conclude that at least three types of emissions (in various
combinations) may be observed at an interplanetary shock, viz., downstream
*whistler-mode turbulence", upstream "ion-acoustic" waves, and a brief
broadband noise burst coincident with the shock. In some cascs, only one
or two of these is observed. 1In addition, the shock may be emdbedded in a
broad region of "ion-acoustic" waves not necessarily caused dy the shock.
The combination of wave-types and the characteristics of each wave mode
seen at one spacecraft may be very different from those observed by another
spacecraft nearby. Apparently, the plasma waves at a shock depend strongly
on the local characteristics of the medium. This is not surprising, since
it has been observed in the case of the earth's bow shock (Greenstadt, et
al., 1975). However, the basic types of emissions are the same at 0.6 AU
- a8 they are at 1.6 AU.

6. ENERGETIC PROTONS

1n the interval November 22 to December 6, 1977, Helios and Voyager
instruments observed energetic protons (4 50 to 200 keV) produced by at
least two mechanisms: 1local shock acceleration and acceleration in a
flare. It is convenient to begin by discussing the former, since shock
accelerated particles are less complicated by propagation effects.

Shock Acceleration. Protons accelerated by a shock are seen most
oclearly in the case of shock C which was relatively isolated and
uncomplicated, as discussed in Section 4. Recall that Voyager-1 and -2
observed a shock behind which the flow parameters and magnetic field
intensity dropped gradually to the preshock values; there was no evidence
of ejecta 1like those observed by Helios-1. Figure 17 shows enhancements in
the counting rate of protons at Voyager-1 and -2 in the energy range % 50
keV¥ to . 138 keV; the maximum intensity occured at or just behind the
shock. At Voyager-2 the peak counting rate was 2 100 times the ambient
value, and st Voyager-1 the enhancement was somewhat smaller. The
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enhancement began « 15 hr ahead of the shock at both Voyager-1 and -2. It
persisted for & 32 hr behind the shock at Voyager-1 and ¢ 28 hr behind the
shock at Voyager-2. There were small differences in the shapes of the
profiles which might be due to differences in the local magnetic field
configurations. Basically, however, the proton enhancement at Voyager-1
was similar to that at Voyager-2. This may be due to the simple geometry
of the shock near Voyagers:1 and -2 and to their relatively small
separation (0.2 AU).

The situation at Helios-1 and -2 was quite different. Both spacecraft
observed an enhancement in counting rate of protons (Figure 17). f%he
maximum enhancement at Helios-2 was only ¥ 20 times the background counting
rate and it occurred at the shock. Two maxima were observed by Helios-1,
and the shock occurred betweei: them. A compression wave was obsarved at
the time of the second maximum (Figure 12), dbut the time resolution was not
adequate to determine whether or not it was a shock. The counting rate
dropped abruptly approximately 6 hr after the shock at both Helios-1 and
=2, in contrast to the more gradual, longer lasting decline at Voyagers-1
and =2. This might be due, at least in part, to the presence of ejccta at
Helios-1 and at Helios-2, which were not observed by Voyagers-1 and -2.
(There is no accepted signature for the boundary of ejecta, and we cannot
be certain that we have identified one, The vertical line labeled boundary
in Figure 17 corresponds to an abrupt decrease in density obaserved behind
the shocks in Figure 12 and 13). The enhancement began ¥ 6 hr ahead of the
shock at Helios-2 and a few hours ahead of the shock at Helios-1; the
slight difference could be due to different acceleration efficiencies of
the two shocks and/or to different upstream magnetic field conditions which
gave connection to the shocks at slightly different times. There is a
curious enhancement at Helios-1, occurring several hours ahead of the
shock-associated enhancement but closely resembling it. One can imagine
that this was due to a magnetic field geometry which provided a good
connection between the observer and the shock for several hours before the
shock arrived.

Ths differences between the enhancements at Helios-1 and Helios-2 and
the differences between the enhancements at Voyager-1 and Voyager-2
indicate that local conditions do influence the intensity profile somewhat.
Note, however, that the Voyager-1, -2 profiles have a greater maximum
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enhancement and a greater upstrean extent than the Hellos-1, -2 profileas.
One possible reason for this (but not the only one) is that Voyager-1, =2
were farther from the sun than Helios-1, =2, 80 that the shock at
Voyager-1, =2 had been accelerating particles for a longer time and perhaps
accelerated and accumulated more particles than it had when it was at the
positions of Helios=1 and -2.

Elare-accelarated Particles. Now let us discuss the low energy (4 25 -
200 keV) protons ejected by the flare of November 22, 1977 (see Section 3
for a discussion of the flare characteristios and the corresponding
interplanetary flows). Helios-1 and -2 observed very different
intenaity-time profiles during the decay in intensity (Figure 18), even
though they were at nearly the same radial distance and were scparated in
longitude by only 32° (see Figures 1 and 8). At Helios-1, the intensity
decreased smoothly and monotonically for at least 3 days (Figure 18). The
corotating, strean discussed in Section 2 was east of Helios-1 at the
beginning of the event and the interface passed the spacecraft A 16 hr
later with only a small perturbation on the intensity-time profile.
Apparently the flare injected particles over a broad range of longitudes
near the sun, s0 that the intensity versus longitude was nearly uniform
aoross the corotating interface. The -particles in the slow flow ahead of
the interface decayed freely (e.g., by diffusing to infinity, Kurt =t al.,
1978) for at least 16 hrs after the flare, and the particles in the
corotating stream decayed similarly for at least three days after the
flare. In particular, particles in the corovtating stream were unaffected
by the flare associated shock wave (shock A) and the post shock flow (see
Suction 3 and Figure 8).

The intensity-time profile at Helios-2 was quite different from that
al Helios-1, probably because it was influenced by the flare-associated
shock and post-shock flow. The early part of the decay seen by Helios-2
was very similar to that observed by Helios-1 (Figure 18), the flux
decreasing monotonically for at least 12 hrs. As shock A1 (produced by the
flare) approached Helios-2, the counting rate of energetic protons began to
increase, reaching a maximum at the time shock ‘2 reached Helios-2. The
maxioum flux was 4 x 106 1cnalcwzaoo ster MeV. 1Ine maximum counting rate
vas < 25 times that measured by Helios-1 at the sume time, i.e., compsradble
to the increase which Helios-2 observed at shock C, as described above.
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This increass may t4 due to: 1) particles acccierated by the shock, 2)
flare particles trapped behind the shock, and/or 3) energetic storam
particles. Following the shock, the counting rate again decreased until
the interaction region of the corotating stream arrived at Helios-2, at
which time there was slight increass in the counting rate, perhaps due to
compression in the interaction region. When the interface arrived, the
counting rate st Lelios-2 dropped rapidly (exponentially with a time scale
of 5 hr) to approximately the same level that Helios-1 recorded.
Apparently particles accelerated by shock A could not penstrate the atrean
interface and many were trapped in a region bounded by the interface on one
side and the shock on another aside. The ejecta from the flare might have
provided the third toundary. The scenario that has been descridbed is
represented schematically in Figure 8.

Voyager-1, and -2 observed intensity-time profiles of protons in the
energy range 4 50 keV - 1358 keV (Figure 19) which resemble the profile
recorded by Helios-2. During the early stage of the decay, both spacecraft
observed a monotonic decrease in counting rate lasting 4 16 hrs. (The
initial increase in counting rate and the first hour or two of the decay
includes an uncertain contribution to energetic, ocmni-directional
_ particles.) The counting rate then increased gradually during the next 8
days, reaching a maximum counting rate at the time that shock A arrived.
(Recall that there was a data gap st Voyager-2 between 06:00 and 09:00 UT,
80 the shock was not observed directly.) This gradual increase lasted too
long to be due to particles accelerated by the shock alone. Probably,
energetic storm particles wvere present. The rapid increase several hours
ahead of the shock at Voyager-1 and -2, however, is probably a contribution
due to shock acceleration. The enhancement is relatively szmall, no more
than about 16 times the ambient value. It did not extend above 0.5 MeV for
protons. No modulation of electrons in the range 0.03 - 1.5 MeV was
observed. At the time of the shock, Voyager-1 observed a strong anisotropy
(5.5:1), the particles flowing away from the sun. Shortly after the shock
passed, the anisotropy direction reversed and particles were observed to bde
streaming toward the sun, consistent with the hypothesis that most of the
particles observed near the shock were accelerated by the shock. Following
the shock, the counting rate decreased, rapidly at first and then more
slowly. Shock B (see Section 2) arrived at Voyagers-1 and -2 during the
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decline in 1npenaity, on November 29, and the corotating stream interface
arrived several hours later. A very small increase in the counting rate of
low energy protons was observed by Voyager-2 and an even smaller increase
by Voyager-1, but those were irsignificant compared to the other
shock-associated enhancements described above. A small increase in counting
rate was observed in the interaction region ahead of the interface (Figure
19), analagous to that observed on November 25 by Helilos-2 when it
encountered the interaction region (Figure 18).

7. SUMMARY

We have presented a wealth of data obtained at % 0.6 AU, 1 AU, and 1.6
AU, describing the evolution and interactions of particles, floua,°and
fields in the period November 22, to December 6, 1977. Some of the
principal results of our analysis of these data are the following:

1. A small, corotating stream, originating in a coronal hole, was
observed to disappear as it moved from 0.7 AU to 1.6 AU. A forward shock,
(shock B), was produced b the stream ani observed by Helios-2 (0.6 AU),
IMP-8 and Earth (1 AU) and Voyager-1, 2, which were nearly radially
aligned; however, the shock was not corotating because it was not seen at
Helios-1, 35° E of Helios 2. Apparently, the flow was corotating, but
non-stationary. The stream interface corotated from 0.7 AU to 1.6 AU and
persisted even though the stream had dissipated; it was stable and its
structure remained essentially the same at all positions.

2. An exceptionally intense type 111 burst, produced by the Novem~
ber 22, 1977 flare, was observed by Helios-1 and -2. The electron bean
which caused it, and plasma oscillations excited by the beam were observed
at 0.6 AU.

3. The shock produced by the flare of November 22 (shock A) was
non-spherical, pointing 34° to the E and 10° S of the radial direction at
1.6 AU. It interacted with another shock beyond 0.6 AU, and they coalesced
forming a single shock that was observed at 1 AU and at 1.6 AU.

4. A shock of uncertain origin (shock C) was observed by 5 spacecraft
ut radial distances from the sun ranging from 0.6 to 1.6 AU and with
longitucinal separations up to 36°. The radial distances versus time

diagram suggested a spherical shock moving at a constant speed, but
analysis of data at the shocks showed local fluctuations of up to 100 km/s
in speed and 40° in direction.
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by Voyager-1, but those were irnsignificant compared to the other
shock-associated enhancements describad above. A small increase in counting
rate was observed in the interaction region ahead of the interface (Figure
19), analagous to that observed on November 25 by Helios~2 when it

AT PO AT O W o

P R T L L

encountered the interaction region (Figure 18).

7. SUMMARY
We have presented a wealth of data obtained at M 0.6 AU, 1 AU, and 1.6
AU, describing the evolution and interactions of particles, rlous.'and
fields in the period November 22, to December 6, 1977. Some of the :
principal results of our analysis of these data are the following: E
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1. A small, corotating stream, originating in a coronal hole, was
observed to disappear as it moved from 0.7 AU to 1.6 AU. A forward shock,
(shock B), was produced by the stream and observed by Helios-2 (0.6 AU),
IMP-8 and Earth (1 AU) and Voyager-1, 2, which were nearly radially
aligned; however, the shock was not corotating because it was not seen at ,
Helios-1, 35° E of Helios 2. Apparently, the flow was corotating, but Q
non-stationary. The stream interface corotated from 0.7 AU to 1.6 AU and ‘
persisted even though the stream had dissipated; it was stable and its

structure remained essentially the same at all positions.

2. An exceptionally intense type 111 burst, produced by the Novem-
ber 22, 1977 flare, was observed by Helios-1 and -2, The electron beam
which caused it, and plasma oscillations excited by the beam were cbserved
at 0.6 AU.

3. The shock produced by the flare of November 22 (shock A) was
non-spherical, pointing 34° to the E and 10° S of the radial direction at
1.6 AU. It au.eracted with another shock beyond 0.6 *U, and they coalesced
forming a single shock that was observed at 1 AU ana . 1.6 AU.

4. A shock of uncertain origin (shock C) was observed by 5 spacecraft
at radial distances from the sun ranging from 0.6 to 1.6 AU and with
longitudinal se;araticns up to 36°. The raiial distances versus time
diagram suggested a spherical shock moving at a constant speed, but
analysis of data * the shocks showed local fluctuations of up to 100 km/s
in speed and 40° iua direction. 3
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5. One or more of three types of electrostatic waves were observed at
interplanetary shocks: upstream waves with fp° 4 < fp*, downstream waves
with f < rp', and broadbaznd noise at the shock. Thess three types of
emissions were observed at 1.6 AU as well as 0.6 AU. The specific pattern
varied greatly among the shocks observed, even for the same shock observed
at c¢losely separated (5 0.2 AU) spacecraft, indicating a strong dependence
on local shock and solar wind parameters.

6. Energetic protons (5 50 to 200 keV) were observed to be accelerated
at shocks. The maximua 2nd half widths of the flux profiles at a shock
differed by approximately a factor of 2 over distances of a few tenths of
an AU, indicating a dependence on local conditions. The data suggest a
tendency for the fluxes t0 beccme broader and more intense with increasing
distance from the sun.

7. tnergetic protons (5 50 keV) from the MNovember 22, 1977 flare were
observed. Helios-1 observed that their intensity decayed monotonically in
the corotating stream, with little change across the stream interface.
Helios-2, 30° to the west of the interface, observed a very different
profile, with a second Increase to a maximum at the time the shock produced
by the flare arrived. 7These "extra" particles apparently did not penetrate
the interface, for the intensity at Helios-2 dropped abruptly to the
intensity observed at Kelios-1 when the interface corotated past Helios-2.

y‘?\

This paper was made possible by the efforts of many people. The
Project Leaders--Dr. K. Porsche, J. Trainor, A. Kutzer (DFVLR/ERNO) and
Kochendorfer (NASA/HQ), representing Helios; Drs. E. Stone and M. Mitz
(NASA/HQ), representing Voyager--made special efforts to coordinate the
acquisition of Helios and Voyager data and to provide nearly complete data
sets for the unique interval that we studied. The Workshop was proposed
end organized by Dr. T. Krimigis. Four Principal Investigators, not listed
as authors, generously provided us their data, which were essential for
this study--Drs. H. Bricdze, T. Krimigis, N. Ness, and R. Stone. The shocks
were identified by the workshop participants in presentations and
round-table discussions. M. Deaskat and Mr. Volkmer provided the data on
the shock seen at Helics-2 on November 25.
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| TABLE 3
o SHOCK B
: Helios 2 ~  SSC Voy. 1 Voy. 2
Shock ID B, B, B, %
Date Nov. 25 Nov. 26 Nov. 29 Nov. 29
Hr: min. 01:47 17:04 02:04 07:21
£(10%ka) 0.944 1.476 2.373 2.390
Normal A_ 60° - 9.1° 14.9°
Normal & 14° - -0.7° 21.2°
v(kn/s) 300 - 409 395
540 - 409 423

Vt(hn/a)
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Ecliptic plane projection of the trajectories of Helios-1, =2
and Voyager-1, -2 shown in the {nertial solar ecliptic
ooordinate system for the interval November 22 - December 6,
1977.

Corotating interface. The top panel shows the associated
stream relative to the interface at each spacecraft. The
bottom panel shows the intersection of the interface with the
ecliptic plane at the time that it passed each of the
spacecraft. The dashed circular arc passing through Ehrtﬁ
represents Earth's orbit. The position of shock B is also
shown, and its orientation is illustrated in the bdottom panel.

The corotating atream interface (top) seen by each of the
spacecraft. The interface is defined by the abrupt decrease
in density and the corresponding increase in temperature.
Times have been shifted s0 that the interfaces are aligned
vertically, allowing a compariscn of the density, temperature,
and magnetic field intensity profiles (bottom).

Structurs of the interface, shown by a plot of high resolution
magnetic field and plasma data (top), and corresponding plasma
wave observations. The interface is relatively broad (30
®in), its structure does not change approciadbly over the

0.2 AU separation detween Voyager-1 and Voyager-2, and there
is o evidence of an instability that might produce waves $
ré‘ at Voyager-2.

Shock B, showing the high-resolution magnetic fiel¢ and plasma &
data (top panel) and plasma wave observations (beotiom panel)
near the shock. The flow and field parameter: are steady
before and after the shock front, allowlng accurate
determination of its normal and speed. Whistler wave
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turbulence is observed at f < tp¢ behind the shock; a short

burst of broadhand turbulence is observed at the shock; and

Pion-acoustic” waves are observed at t’*"< £« rp‘ ahead of

the shook. o

FIGURE 6 A type 1I1 burst (77 kHz to 3000 kHz), the beam of electrons
(2065 ke?) which produced the burst, and plasma waves (at the
local plasma frequency, 52 kHz) produced locally by the
electron beam. The profiles at 52, 77 and 20° kHz are from
the University of Minnesota experiment; the others are from
the Goddard Space Flight Center experiment on Helios-2.

FIGURE 7 Shocks A,y Ay A3 and the stream interface. At 0600 UT,
November 24, 1977, the interface had passed Helios-1, but had
not reached Helios-2. One shock (As) was approaching Helios-1
and arrived at Helios-1 late on November 24. Two shocks were
observed by Helios-2. One (Az) arrived at Helios-2 at 0611 UT
on November 2U, and another was a short distance ahead of it.
A1 and A2 coalesced into 1 shock (An) as they moved from
Helios-1 to earth, where l&,l was detected by IMP-8.

FIGURE 8 A sketch, approximately to scale, showing the position of
shock B, the stream interface, and shock A; at 0600 UT, when
Az was approaching Helios-2. The positions of the spacecraft
and the flare site at that time are also shown. The
hypothetical ejecta were not observed. The flare produced

energetic protons which escaped freely through the stream.
Shock Az accelerated particles locally and perhaps trapped
some of the flare particles, producing a local maximum in
counting rates at the shock observed by Helios-2. These
shock-accelerated particles did not penetrate the stream
interface and were not observed by Helios-1.
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Propagation of shock A. The radial position of the shook 1is
shown at the times that the shocks arrived at Helios-1 (H1),
Helios-2 (H2), IMP-8, Voyager-1 (V1) and Voyager-2 (V2). The
two shocks obssrved by H2 coalesced into the one shock
observed by IMP-8. Departures from spherical symmetry of
shock A are indicated by the scatter of the points about a
straight line.

High resolution magnetic field and plasma data show that Ay
(at IMP-8) and A6 (at Voyager-1) are shocks. A narrow,
broadband burst of electrostatic noise was observed at the
time of the shock by both spacecraft. "lon-acoustic" waves
between fb' and fb* were cbserved upstream by both apaoebr:ft.
Voyager-1 also observed whistler mode turbulence at £ < f

p
behind the shock.

High resoldtion magnetic flield and plasma data showing that A1
and Aa are shocks (or steep compressive waves). Electrostatio
plasma wave data from Helios-2 show that the shock was
imbedded in a broad region of doppler-shifted "ion-acoustic®
waves, A narrow Spike was observed at 562 and 311 Hz at the
time of the shock.

High resolution plasma and magnetic field data showing shock C
and a dboundary behind it, which might be the boundary of the
ejecta (contact surface). Note the depressionn in magnetic
field intensity at the boundary. Electrostatic plasma waves
are observed between fp' and £ * at the shock, but no

P
significant waves are observed at the contact surface.

Sixteen-min. averages of the speed, density, temperature, and
magnetic field intensity, showing shock C, the pre- and
post-shock conditions, and the post-shock conditions at
Helios-9, -2 and at Voyager-1, -2, Note the drop in density
and temperature and the high magnetic field intensities behind
the shock at Helios-1 and -2, suggesting entry into the
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ejeata, The parameters slouly decrease bdehind the shock at
Voyager-2, to the pre-shock levels, indicating that thia
spacecraft did not penetrate the ejecta.

High resolution magnetic field data showing shock C. The
plasma wave data show a short broaddband burst at Helios-2, but
not at Voyager-2. Electrostatic waves were observed behind
shook C at frequencies between 311 Hz - 17.8 kHz by Helios-2,
and over a more limited frequency range (178 Hz - 5.62 kiHz) by

Voyager-2.

A sketoh, drawn approximately ‘s scale, illustrating the
position of shock B, corresponding atream interface, the
position of shock C and the corresponding ejecta at hour O on
November 30, 1977. The positions of Helios-1, -2, Voyager-1,
=2, and Earth at this time are also shown.

Propagation of shock C. The radial distance at the times that

the shock passed each of the spacecraft are shown. The
straight line fit suggests a uniform speed of 555 km/s and
spherical symmetry. but local cobservations indicate
appreciadle scatter about those values.

Counting rates of energetic protons near shock C, observed by
Helios-1, -2 and Voysger-1, -2. The broad, intense fluxes of
particles at Voyagers-1 and -2 oclosely resemble cne another,
but they differ appreciably from the narrower, less intense
fluxes observed by Helios-1 and -2. The Helios-2 profile
differs appreciably from that of Helios-1. The abrupt
decrease in ooénting rates behind the shock observed by
Helios-1 and Helios-2 may be dus to a flow boundary (e.g., a

piston) behind the shook.
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Counting rates of energetic protona produced by the Novem-
ber 22 flare and by shock A, as observed by Helios-t and -2.
The speed profiles are shown as an aid in desoriding the
6orreaponding flows. Helics-1! and Helios-2 observed asimilar
intensity-time profiles during the initial astage of the decay.
Helios-1, which was in the corotating stream continued to
obaerve an uninterrupted, monotonic decay to the dbackground
level three days later. Helios.2 observed a second increase
of flux. The intensity dropped abruptly when the interface
arrived, because the accelerated particles did not penetrate
the interface.

Counting rates of energetic protons observed by Voyager-1 ;nd
-2. Speed profiles are shown to indicate the flow conditions.
Both Voyager-1 and -2 observed. flare particles on November 22.
The broad increase between November 27 - November 29 may be
due to energetic storm particles. Locally accelerated
particles are observed at the transient shock A, but there is
no significant increase at the stationary shock B.
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The volume emissivity has been calculated for thirty-six type III
solar radio bursts obtained from approximately 6.5 yesrs of INP 8
and ISEE 1 satellite data. Although the emissivities for these events
vary over a large range, all the emiasivities decrease rapidly with
increasing heliocentric radial distance., The best fit power law for the
emissivity, using the average power law irdex for all events analyzed,
-6.0 2L 3 1

is J = JR » with J, ster ~. This best fit

emissivity is used to estimate the expected radial variation of the

=1,5x 10 ° watts m

plasma oscillations responsidble for the type III radio emission.
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I. IRTRODUCTION

Type 1II solar radio bursts are characterized by an emission fre-
quency vhich decreases with increasing time. These bursts are produced
by solar flare electrons traveling away from the sun along the inter-
planetary magnetic field lines. The decreasing emission frequency with
increasing time is attributed to the decreasing electror  1asme frequeacy
encountered by the exciter electrons as they move outwara away from the
sun {Wild, 1950; Lin, 1970; Alvarez et al., 1972° The .. r:u%ion of
type III radio bursts is thought to be a two=step process 1. which
electrostatic electron plesma oscillations are first produced by the
energetic electron stream and are then converted to electromagnetic
radiation by nonlinear interactions [Ginzburg and Zheleznyakov, 1958:
Sturrock, 1961; Tidman et al., 1966; Papadopoulos et al., 1974; Suith,
1974]. Fer a reviev of lov frequency type III bursts see, for example,
Fainberg and Stone [1974). Plasma oscillations associasted with type III
bursts are described by Gurnett and Anderson [1976, 1977) and Gurnett
et al. [19764].

The volume emissivity, which is the pover emitted per unit volume
per unit solid angle, is a fundamental quantity which characterizes all
radio emission processes, including type III redio dursts. Because of
the recent observations of electron plasma oscillations in association
with type III bursts it is now possible to conduct quantitative evalu-

ations of various mechanisms for generating the radio emission. Since
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little is known concerning the emissivity of type III bursts, parti-
cularly in the low frequency range where direct comparisons with plasma
oscillations are possible, it is the purpose of this paper to investi-
gate the emissivity of some representative type III radic bursts.
Particular attention will be given to the variation of the»eniasivity
with heliocentric radial distance, since this variation can be directly
compared with various generation mechanisms.

The type III events analyzed in this study were obtained from the
Earth-orbiting IMP 8 and ISEE 1 satellites. The plasma wave instrumenta-

tion onboard IMP 8 and ISEE 1 are described by Gurnett [1974] and Gurnett

et al. [1978b], respectively.
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II. NMETHOD OF CALCULATING THE ENISSIVITY

The emissivity is calculated using the sun-centered coordinate

system ahown in Figure 1. -The emissivity is defined as

AP
AVaAw

3gtert . . Q)

J= vatts m
where AP is the power radiated in volume AV into a solid angle Aw. |
Since the angular distribution of the emitted radiation ia not known, we
will assume that the radiation is emitted isotropically (i.e., dw = bn).
T¢ determine J we measure the spectral power flux at the Earth and
compute AF using a 1/r2 law for the radial variation of the emitted
radiation. The isotropy assumption and the simple propagation model
used of course introduce an error, since any radiation propagating
toward the sun will be reflected, thereby producing an anisotropy in
the emitted radiation pattern. The error introduced is, howvever, at
most a factor of two, vhich is amall compared to the wide range of
intensities observed from event to event., Also, the isotropy assumption
does not affect the radial variation of the emissivity, since sources at
all radial distances are treated equivalently.

To compute the power AF the distance from the source to the Earth
must be determined. Since the source pesition cannot, in most cases, be

determined by direct measurement a simple model is used for the trajec-

tory of the type III source. The source is assumed to follow the msgnetie
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field in the scolar wind starting from the flere location at the sun.
The magnetic field model used is that of Parker [1958]: in the solar

equaturial plane the magnetic field lines are Archimedian spirals,

whereas in the meridian plane the field lines stay on a cone of constant

heliographic latitude. The heliographic longitude of the associated
flare, 00. gives the heliographiic longitude of the source region, ¢,
through the Archimedian spiral equation ‘

.,-00" VE—
8w

R . (2)

Here w is the rotational velocity of the sun, st is the solar wind
velocity, taken as 400 km/sec, and R is the heliocentric radial distance
to the source. R is related to the observed emission frequency using

the emission level scale given by Fainberg and Stone {1974],
£ =668 RT3 (3)

where f {s the cbserved frequency of the type III burst and R is the
helioceutric radial distance in solar radii} The position ¢f the Earth
above the solar equatorial plane is determined from a simple model for
the Earth's orbit around the sun. |

From the measured radiation intensity, I, at the time of maximum
intensity the power radiated from the source, AP, in frequency interval

Af is calculated from




x
L

op = (brrd)rar | (1)

where r is the radial distance from the source to the Earth {see Figure
1}. The volume of the source is determined by two factora, the angular
size of the source as viewed from the sun, {i, and the radial thickness
8R. Since the electrons which produce the radioc emission closely follow
the 1nterplanetary magnetic fieid lines, the angular size of the source
as viewed-irom the sun is essentially constant, independent of radial

distance from the sun. Since it is often not possible to determine the

- source size because of geometric considerations, wve have assumed a half-

angle‘for the source of U5° as viewed from the sun. The corresponding .

solid angle is @ = 1.84 ster. This source size is comparable to the

source sizes measured by Bawmback et al, [1976] and Gurnett et al.

[1978c],hand is considered a reasonable estimate since both radioc and
charged particle measurements indicate that the source ﬁust be quite
large. The relation of:the radial thickness, AR, to the frequency
intérval, Af, can be determined from EQuation 3, which gives AR/R =
1.315 (Af/f). Combining all of these factors, the volume of the source

becomes

AV = QR?4R = 1.3150R° (9-%) . ) (s)
and the emissivity is given by
2 -
J = __1'_!‘___3_ I . (&)
1.315QR
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Since the emissivity is determined using average values for the

solar wind parameters and since significant deviations from the average

o~ r

parameters may occur in specific cases, the approach taken is to analyze
a large number of events and compute an average best fit emissivity,
thereby hopefully averaging out the variations which may be present in

individual cases. Although the absolute emissivity is probably uncer-

i
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t
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tain by about a factor of two, mainly due to the difficulty in esti-
mating the angular size of the source, the radial dependence of the
emissivity is much more accurately determined since most of the para-

meters assumed are nearly independent of radial distance.

o tnarms g

. TR el e g s
' ‘ \




P [ ] e

III. RESULTS AND DISCUSSION

Approximately 5 years of IMP 8 data and 1.5 years of ISEE 1 data
were surveyed for type III bursts suitable for analyzing the emissivity.
While type I1I bursts were frequently observed, two main factors limited
the numdber of events used in this study: 1) clear burst maximums needed
to be observed in at least three channels in order to give a ressonably
accurate indication of the radial variation of the emissivity; and
2) for each event an associated solar flare had to be found in order to
determine the trajectory of the source. Of a total of 117 events which
showed clear burst maxima 54 had associated solar flares. Of these, 13
events were common to both satellites. Restricting the study to helio-
centric distances less than 1.0 AU eliminated 3 events while 2 events
were eliminated as being inconsistent. Consequently, 36 events were
suitable for analysis. Table 1 contains the date, onset time, and
flare coordinates for each event.

For each event the emissivity J was calculated as a function of the
heliocentric radial distance R and fit to a power law of the form J =
JORG. In most cases a pover law provided a good least square fit to the R
radial dependence, although in a few cares a substantial deviation zq&
from a power law was observed, In all cases the power law index a was
negative, indicating a decreasing emissivity with increasing radial
distance from the sun. Consult Table 1 for the derived Jo and o values,

The distribution of the power law indices obtained is showmn by the
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histogram of Figure 2. The highest frequency of cacurrence of a & falls
in the interval from =4.C to -6.0, and the average value of all the
indices measured is a = -6.0 t 1.9. The standard deviation of the mean
is 0.3. Figure 3 shows a composite summary of the emissivity for all
the events analyzed. Points common to the same event are connected by a
line. As can be seen, the emissivity varies over a large range from

event to event. The dashed line shows the best fit of log J to log JOR-S'O.

24 3 1

The best fit value for o is 1.5 x 10 ster .

vatts m
It is clear from these results that the emissivity of low {requency
type I1I radio dbursts decreases very rapidly with increasing radial dis-
tance from the sun, with an average power law index of about -6.0. This
decrease in the emissivity must be related to a correspending decrease
in the plasma oscillation intensity with increasing radial distance from
the sun. From the currently available evidence on type III radio bursts
the dominant emissiocn at low frequencies is thought to be at the harmonic,
Qf;, of the local electron plasma frequency [Fainberg et al., 1972;
Haddock and Alvarez, 1973; Kaiser, 1975; Gurnett et al., 1978c). 1In all
current theories for harmonic emission the essential dependence of the
emissivity on the electric field strength, E, of the plasma oscillations
isd = Eh. Neglecting for the moment other weaker radial dependences,

the R—G.O "105

dependence of J would imply a R variation of E with radial
distance from the sun. This radial variation of the plasma oscillation
intensities is not nearly as steep as the R'3'5 dependence reported
recently by Gurnett et al. [1978a]. However, the plasma oscillation
intensities given by Gurnett et al. [1978a] are based on sc few points
it is probably not possible to make a meaningful gquantitative comparison

until more plasma oscillatjon events are analyzed. Such & study is
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currently under way. Nevertheless, it is intereating to note that the

R'l’s variation implied by the above considerations agrees reasonably

well with what would be expected for the saturation amplitude of plasma

oscillations in the solar wind, Saturation effects are usually character=

ized by a dimensionless ratio of the electric field to plasma energy
density, E2/8unkT, vhich reaches an approximately constant asymptotic

value after the instability has grown into the nonlinear regime. Sinc

e

the electron density varies approximately as n « 1/R2, and the electron

temperature varies approximately as T « 3"0'28 {Hundhausen, 1972], the
saturation electric field strength should vary approximately as E « R~
if E2/8nnkT is constant, which is very close to the radial dependence

estimated from the emissivity.

1.14
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TABLE 1

DATE ONSET TIME FLARE COORDINATES
(ur) (Heliographic)
; - gter
Dec. 23, T3 0800 816 w35 6.84 5.8
Jan. 18, Th 0230 | ' 1 3.22 2.5
Apr. S. 7" 1800 811 "35 5073 -kok
May 8, Tk 0100 816 E3 2.57 4,5
May 9, Tk 2300 85 Wis 1.k =5.3
Sept. 18, Tk 0530 N9 W37 2.17 =S5,k
Sept. 18, Tk 1130 Mo wk2 2.16 5.2
Jan. 4, 17 1720 822 W72 1.47 6.2
Oct. 10, 77 2035 X6 E10 9.51 -£.8
Nov. 22, 77 1000 N23 Wkl 3.25 8.7
Dec. 9, TT 0650 s2k Wl 2,48 9.8
Dec. 23' 77 0630 N23 Es 8093 ‘1100
Dec. 24, 77 18L0 N22 w12 2,10 =T.6
Jan. 6, 78 0730 N35 Wk 3.52 =3.7
Jan. 8, 78 0710 812 w8s 2,92 5.6
Feb. 11, 78 1430 Nk p6 5.12 =8.5
Mar. 4, 78 1200 N18 E39 4.88 -9.3
Mar. 12, 78 0210 N20 W69 9.15 4.7
Apr. 11, 78 1410 N22 Ws6 5.06 -kl
Apr. 18, 718 0100 N1k wlis 6.10 5.6
May 6, T8 1635 N19 WS3 2.20 =5.1
May 13, 78 0750 528 w70 1.90 ~5.6
May 22, 78 0200 827 WLl 1.96 =2.8
May 31, 78 1620 N21 ws6 4,21 -8.4
Jun. 1, 78 1330 N21 W17 1.81 -3.8
Jul. 1, 18 11ks 121 PB6S 1.35 k.3
Jul. 11, 78 1050 820 w28 2.95 ~5.9
Sept. 8, 18 1815 N15 w6l 2.39 4.7
Sept. 23, T8 1010 N34 WSO 5.01 =b.6
Oct. 5, 78 1405 818 EA 1.31 =T.5
Oct. 13, 78 1235 818 w1 T.29 6.5
Oct. 31, 78 0915 N20 W36 2.70 =T.3
Dec. 18, 78 1630 N1 rn7 2,62 =S.h
Fedb. 18, T9 0650 N19 E16 7.57 -T.8
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Figure 1

Figure 2

Figure 3
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FIGURE CAPTIONS

A perspective drawing showing the geometry used to
calculate the emissivity of a type IIl burst source
region. The spectral power flux at the Earth gives the
pover radiated out of the source cegion and this together
with the volume of the source region gives the emis-

sivity.

A histogram of the power law indexes obtained from the
36 events analyzed., The highest frequency of occurrence
is in the interval =L.Q to -5.0, and the average index

is =6.0 :'1.9. The standard deviation of the mean is 0.2.

A composite plot of the emissivity for the 36 events
used in this study. Points common to one event are
connected by a line and the best fit power .aw is shown
by a dashed line. This plot shows that the emissivity
decreases rapidly with increasing radial distance from

the sun.
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