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The scientific section of this report presents results of the anal-

ysis of the IMF-8 data, which was collected during the first six and

one-half years after launch of the !MP-o' spacecraft. Essentially , all

of the plasma wave experiment data has been processed and is available

in an eas_iy 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 (S 3 -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 additional

research beyond that performed by the plasma wave group at the

University of Iowa.

The Pcientific results of research carried out by the University of

Iowa group are presented in this section. As in the past, the IMP -8

spacecraft continues to provide a strong base for independent and cor-

relative study of the Earth's magnetosphere and the solar wind. Under

the IMP-8 contract detailed studies have bF°n made of such phenomenon as

Type-III 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. Copies 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 Kilomc`ric Radiation"
J. Geophys. Res., 79, 422'(, 1974

Radio wave experiments on the IMP 6 and 8 satellites have shown
that the Earth emits very intense electromagnetic radiation in the fre-
quency range of about 50-500 kHz. At peak intensity the total power
emitted in this frequency range is about 10 9 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 RF ) 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 observing point. At large radial distances the radiation
is primarily observed on the poleward side of two cone-shaped surfaces
that are centered on the Earth and symmetrically locat?d 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 Kapp satell i te show that the terrestrial
kilometric radiation is closely correlated with the occurrence of dis-
cret^ auroral arcs, which occur in the local evening region 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
radiation 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 1.6--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 800 Hz with an average (5.12-s time constant)
spectral density at the peak of about 10- 9 V l m- Z Hz- 1 , and the other
component in reases mo otonically with decreasing frequency approxi-
mately as f z• " { "1 and has an average spectral density of about 3.0
X 10- `3 V Z m- Z 117. -1 at 36.0 Hz. The magnetic field spectrum in the shock
has only one component that increase monotonically p ith decrea s ing fre-
quency approximately a: f'(`'•u ± 0•y ^ and has an upper cutoff frequency
near the local electron gyro frequency. This magnetic field spectrum
appears to be associated with the monotonic component of the electric
field spectrum. The electric to magnetic energy density ratio L E/x; 13 of
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this IleJiSe is about 10' 3 tti^ 10' 4 , which is consistent with the energy
density ratio expected for electromagnetic whistler mode waves in the
bow shock. Tht broad peak in the electric field spectrum between 200
and 800 11z has a large electric to magnetic energy density , ratio, - 102
to 1.0 3 , indicating that this component consists of almost purely elec-
trostatic waves. Electrostatic noise with a spectrum similar to the
turbulence in 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 "parabolic' frequency-time variation on a time scale of a few
second:{. Spin modulation measurements of the electric field direction
stow that the electric: field vectors in both the shock transition region
and the magnetosheath region tire: preferentially oriented parallel to the
static magnetic field direction. The electric field of upstr am elec-
tron plasma oscillations also is oriented parallel to the static
magnetic field.

3. William c.. Kurth, Mark M. lkaamb,c:k, and Donald A. Gurnett
"Direction-"r'inding Measur-ments, of Auroral Kilometric Radiation"

J. Geo hJs. Res., 80, 2764, 1975

Direction-finding ne ,1 ;tMremr • t]t s with plrsinaa wave experiments on the
liawkeye 1 ,And IMP 8 satellites Biro used to locate the source region of
auroral kilometric. radiation. This radiation has peak intensities

between about 100 and 300 kiiz and is, emitted in intense sporadic bursts
lasting for from 1,alf an hour to several hours. At peak intensity the
total power emitted in this frequency range exceeds 10 9 W. 'Phe occur-
rence o[' this radiation is known to be closely asa:ociated with bright
auroral arcs which occur in the local evening auroral regions. Hawkeye
1 provides direction-finding measurements of kilometri0 radiation from
observations at high latitudes: (5-?URp,) over the northern p:: 4.	 regions,
and IMP H provides similar observ^O ions at large radial distances (23-46
Rp,) near the equatorial Plano. Rt,ul.t.s from both satellites place the
source of the intense auroral kilometric radiation in the late local
evening at about. 2'.0 hours L`1' and at a distance of about, 0.75 Rp, from
the polar axis of the Earth. These direction-finding measurements,
together with earlier reoults from the IMP 6 satellite, strongly indi-
cate that the intense auroral kilometric radiation generated by ener-
getic auroral electront 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.

4. Donald A. (Gurnett.
"The Earth as a Radio :source: '['tie Nonthermal Continuum"
J. Geophys. Res., 80, 2751, 19'T5

In addition to the intenst, rind highly variRble auroral kilometric.
radiation the t''arth also ra,.iiatr:, „ weak nonthermttl continuum f rom ener-
getic eloctron:. in the outer radiation none. llie intensity of thi:, con-
tine.nsm radiation decreases with increasing frequency and is usually

below the cosmic noise level sit frequencies above 100 kliz. In this,



5

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 Earth 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 components are used to
determine the region in which the continuum radiation is generated.
These measurements L11 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 boundary. In contrast to the :auroral kilometric radiation,
which is generated in the MOM-latitude auroral zone regions, the con-
tinuum radiation appears to be generated over a broad range of lati-
tudes, including the magnetic. equator. In some cases the continuum
radiation appears to be closely ti;;sociated with intense bands of elec-
trostatic noise which tire observed tour the electron plasma frequency tit
the plasro3pause. Possible mechanis;ms by which this radiation could be
generated, including gyrosynchrotrorn radiation from energetic electrons
in the outer radiation zone, are discussed.

5.	 D. A. Gurnet.t and i- A. Frank
"Continuum Radiation Associated With Low-Energy Electrons in the
Outer Ra'di.ation ?one"
J. Ge l phys. lies., 81, 387ti, IVT6

A weak nonthe rmal co±:t.inuum radiation .:; generated by the Mrth's
magnetosphere in the fre .luency range from about 500. Ilz to greater than
100 kll _ During nutgueticai ly disturbed period:: the int.ens;ity of this
continuum radiation incrt. ases signifioantly, by as much as 20 dl l during
large disturbant— s- In this papc-r we present it series; of observations
obtained by the llawKeye 1 and IMf't Z spacecraft during it period of
greatly enhanced continuum radieit.ion intensity which occurred from
October 14-2.1, 1974. The enhanced continuum radiation intensities;
observed during t.hi y 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 obse:'ved during this event show that the radiation
is primarily coming from the (lawn side- of the magnetosphere, in agree-
ment with the observed dawn-dus;k Dissymmetry in the 1-to 30-ke.V el octros,
distribution. These results sugges;t that the continuum radiation may be
generated by a coherent plasma ► instability involving relatively low-
energy, 1 to 30 keV, electrons rt.ther than by gyro yynchrotron radia-
tion from very energetic, 200 keV to 1 MeV, electrons its has been pre-
viousl,y suggested.
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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 HAWKEYF 1 and IMP 8 satellites are used to find the source locations
of type III solar radio bursts in heliocentric latitude and :.ongitude in

a frequency range from 31.1 kHz to 500 kHz. IMP 8 has its spin axis
perpendicular to the ecliptic plane; hence, by analyzing 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 field in the solar wind. The source locations projected into the
ecliptic plane follow an Archi.medean 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 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 IIT event on June 8, 1974, the half
angle source size was measured to be - 60° and 500 kHz and - 40° at 56.2
kHz as viewed from the Sun.

7. Donald A. Gurnett
"Tile Earth as a Radio Source"
Magnetospheric Particles_ and Yields, B. M. McCormac, Ed.,

Reidel Publishing Co., Dordrecht, Holland, 1976.

Satellite low frequency 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 Fla rth's magnetosphere, consider the

origin of these emissions, and discuss the similarities to other astron-
omical radio sources.

8. D. A. Gurnett, L. A. Frank, and R. P. Lepping
"Plasma Waves in the Distant. Magnetotail"

7. Geophys. Res., 81, 6059, 1976

In this stuay 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 RE . 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 noise 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 large plasma flow speeds,
10 3 km s- 1 , 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
noise, although muc;: 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
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.

g.	 D. A. Gurnett and L. 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 tit altitudes re-.ging from a few
thousand kilometers in the ionosphere to many earth radii in the distant
magnetosphere. `11iis 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 mVm 1 anti peak intensities in the frequency range
10-50 }iz. Magnetic field perturbations indicative of field-aligned cur-
rents and weak bursts of whistler mode magnetic noise are also observed
in the same region a:, the electric field turbulence. In the local
afternoon and evening the electric. field turbulence is closely asso-
ciated .p ith V-shaped auroral hiss emissions. In some cases the electric
field turbulence appears as a lowering and intensification of the low-
frequency portion of the auroral hiss spectrum. Comparisons with plasma
measurement:, rind with similar met — urements from other satellites
strongly suggest that this plasma wave turbulence occurs on magnetic
field lines which connect, with regions of intense inverted V electron
precipitation tit tow altitude.-; and with regions of intense earthward
plasma flow in the di s tant magnetotail. The plasma instabilities which
could produce this turbulence e ►nki the possible role which this turbu-
lence may platy in the heating and acceleration of the auroral particles
tire considered.
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10. Donald A. Gurnett
"Electrostatic 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 :MP 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 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.

11. 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 kLlometric
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, and the
IMP 8 experiment provides measurements at 500 kHz. From a frequency of
occurrence survey, at radial distances greater than 7 R E (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.

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 propaga-

tion cutoff on the nighttide of the Earth. No 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
approximate altitude of the :source can be determined for each of the two
modes of propagation by adjusting the source altitude to give the best
fit to the observed angular distribution. The R-X mode is found to give
the best agreement with the observed angular distributions.
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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 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 weasurements from the IMP 6
spacecraft. This study indicates that the mean power flux of the 178-
kHz radiation tends to be proportional to (AE) 1 . 2 for AE > 100 1. The
correlation coefficient between log AF 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.

13• D. A. Gurnett, M. M. Baumback, and H. Rosenbauer
"Stereoscopic Direction Finding Analysis of a Type III Solar Radio
Burst: Fvidence for Emission at 2f 

P-11
J. Geophys. Res., 83 4 616, 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 III 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., 2fp-, 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.

14. D. A. Gurnett and L. A. Frank
"Ion 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 ro w l te, with measurements from the Farth-
orbiting IMP 6 and 8 sjpacecaaft 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 mind from the Earth's bow shock. In a

few cases, enhanced ion acoustic wave intensities have been observed in
direct association 4ith abrupt increases in the anisotropy of the soar
wind electron distribution. This relationship strongly suggests that
the ion acoustic: waves detected by Helios 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 genera-

tion of ion acoustic waves by protons streaming into the solar wind from

the Earth's bow shock are also considered.

15. Donald P.. Gurnett:
"Electromagnetic Plasma Wave Emissions From the Auroral Field
Lines"
J. Geomag. Geoelect.., 30, 457, 1978

.several types of electromagnetic waves are known to be emitted by
charged particles on the auroral field lines. In this paper we review
the most important types of auroral radio emissions, both from it 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) auroral kilometric radiation. Fay tracing and radio direction find-

ing measurements indicate that both the auroral hiss and auroral kilo-
metric radiation are generated along the auroral field Ties relatively
close to the Earth, at radial distances from about 2.5 to 5 By, probably
in direct association with the acceleration of auroral particle;: by
parallel electric fields. The exact. mechanism by which these :•adio
emissions are generated has not been firmly established. For t,le auro-
ral hiss the favored mechanism appears to be simplified Cerenkov radia-
tion. For the auroral kilometric radiation several mechanisms have been
proposed, usually involving the intermediate: generation of electrostatic

waves by the precipitating electrons.

16. 1`. A. (lurnett, R. R. Anderson, F. L. Scarf, and W.	 Kurth
'1'lic Heliocentric Radial Variation, of Plasma Oscillations A;;sociated
With Type III Radio bursts

J. of Geophys. Res., 83, 4147, 1978

A survey is presented of rill. the electron plasma osc.illat.ion events
foun,+ to date in association with low-frequency type lII solar radio
1,urst:; using approximately 9 yer.rs of observations from the IMP 6 and ti,

Helios 1 and :', and V. ,yager 1 and ;'_ spacecraft. Plasma oscillation
events associated with type III radio bursts show a pronounced increase
in both tl,e intensity and the frequency of occurrence with decreasing
heliocentric radial distance. 'Phis radial dependence explain:: why
intense electron plasma oscillations are seldom observed in a:::;ociation

with type i1I radio bursts at the orbit of the Fart.h. Po_:_:ible inter-
pretat.ions of the observed radial variation in the plasma o::cillatiou
intensity are considered.
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17. L>.; a 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 is 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 5 years of data from the University
of Iowa plasma wave experiments on satellites Hawkeye 1 and IMP 6 pro-
vide the basis for determining the average electric field strengths.
liawkeye 1 was in a highly elliptical, polar orbit with an apogee near 21
RE over the northern polar region, and ?MP 6 was in a highly elliptical,
near-equatorial orbit with an apogee of 33 R E . Together these satel-

lites provide extensive coverage from 3 to 21 R E in the northern hemi-

sphere and inside of 3 R E in the southern hemisphere. Intense sources
of auroral kilometric radiation are found in the northern and southern
hemispheres. Their locations are near 65' invariant latitude in their
respective hemispheres, between 22 and 24 hours magnetic local time, and
near 2.5 RE . The total time-averaged power generation is found to be

about 10 7 W, assuming a spectral bandwidth of 200 kHz. Propagation

effects limit the emission cone of auroral kilometric radiation in a
given hemisphere to roughly 4.1 sr at 178 kHz, 2., sr at 100 kHz, and
1.5 sr at 56.2 kHz. Fvidence that the polar cusp region is illuminated
at distances as close as 4 RE suggests the possibility 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 theories have been proposed that. differently identify the fre-
quencies of the low frequency cutoffs of nonthermal contin,.-m 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 loefil L = 0 cutoff frequency and plasma frequency, with the contin-
uum radiation beirg generated by Cerenkov emission in the Z-mole 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. In this paper, several examples of con-
tinuum radiation observed in the outer magnetosphere by I1141 1 6 and 	 1
aro a ,ialyzed in detail, arid it is shown that these cutoff frequencies
occur at the local plasma frequency rind R = 0 cutoff frequency. In
addition, no uh,trintive evidence is found in the ou'.er mri*gneto:;phere
for it 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 Fmissivity of Type III Radio Bursts"
Radio Physics of the Sun, ed. by M. Kundu, Reidel Publishing Co.,
Dordrecht, Netherlands, 1979

Plasma wave electric Meld measurements with the solar orbiting
Helios spacecraft have shown that intense electron plasma oscillations
occur in association with type III solar radio bursts, thereby confirm-
ing a well known mechanism for generating solar radio emissions first
proposed by Ginzburg and 7heleznyakov in 191)8. In this paper we review
the principal characteristics of these plasma oscillations and compr.re
the observed plasma oscillation intensities with recent measurements of
the emissivity of type III radio bursts. The observed emissivities are
shown to be in good agreement with two current models for tie conversion
of electrostatic plasma oscillations to electromagnetic radiation.

20. L. Burlaga, R. Lepping, R. Weber, T. Armstrong, C. Goodrich,
J. Sullivan, D. Gurnett, P. Kellogg, F. Keppler, F. Mariani,
F. Neubauer, H. Rosenbauer, R. Schwenn
"Interplanetary Particles and Fields, November 22 - December 6,
19"("(: 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-
planetary flows are observed--a corotating stream, a flare-associated
shock wave, and a shock wave lriven by ejecta. Helios 2, IMP 7, 8, and
Voyager 1, 2 were nearly radially aligned at k; 0.6 All, 1 AU and 1.6 AU,
(respectively., while lielios 1 was at x 0.6 AU and 35' of Helios 2. T'he
instruments on these spacecraft provided an exceptionally complete des-

cription of the particles and fields associated with the three flows and
corresponding solar events. Analysis of these data revealed the follow-

ing results. 1) A coronal hole associated corotating stream, observed
at 0.6 All and 1 AL',, which was not seen at 1.6 AU. The stream interface
corotR'.ed and persisted with little change in structure 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 All;
although the shock wus ahead of a corotating stream and interface, the
shock was not corotating, because it was not seen at Helios 1, probubly
because the corotating stream was not stationary. 2) An exceptionally
intense type 11i burst was observed in association with a 'li flare of
November 22. The exciter of this burst--(a beam of energetic
electrons) --and plasma oscillation-, (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 v.

singl? shock that wLs identified at I AU arid at 1.6 Ail. 4) A shock
driven by ejects, was studied. In the e;ecta the density and tem;^er:eture
were unusually- low and the magnetic Yield inte„sity was relatively high.
This region was preceded by a directional, discontinuity at whik^h the

magnetic field dropped =appreciably. The :ihock appeared to move r.,lobally
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at a uniform speed, but lo2ally there were fluctuations in speed and
direction of up to 100 km/s and 40', respectively. 5) Three types of
electrostatic waves were observea at the shocks, in different combina-
tions. The detailed wa:P 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
were _celerated by the shocks. The intensities and durations of the
fluxes varied by a factor of 12 over longitudinal 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 effect. T) Energetic (v 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 dropped
abruptly when the interface moved past Helios 2, indicating that the
"extra" particles seen by Helios 2 did not penetrate the interface.

21. R. L. Tokar and D. A. Gurnett
"The Volume Emissivity of Type III Radio Bursts"
J. Geophys. Res., (accepted for publication), 1980

'Hie 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 po-4er law for the emis-
sivity using the average power law index for all events analyzed, is J
= JOR-^ •0 , with JO = 1,5 x 10- 2`` watts m- 3 ster- 1 . This best fit emis-
sivity is used to estimate the expected radial variation of the plasma
oscillations responsible for the type III radio emission.



}	 Papers and Reports Keoulting from the
Univeruit:y of Iowa Plasma Wave Experiment

1	 on the IMP-8 'Upacecraft

f

r



ell 79, NO ;;t	 1C)i1RNA1 t)I- (it t11'1l) Slt Al. KI SI \Kt II	 CX	 10ItI K I, 1474
I

{
I	 The Earth as a Raclin S 0LIrt:C: Terrestrial Klimuetric Ra(liati011

DONAII) A. GVRNtIT

Pe1wrimem of Ph .Ymcc and ,4%tr.,nomy, ('miermv- aJ Itma, io+ca Coq', /o+tu 3::I:

Radio \,,oe e\pclunents on the [till, t, and N saii-Ilitcs ha\e sht +wn that the earth Cnnls \cl\ ulicmr
cleCLromaguctic radimitin u1 the flcyuc• n,\ Iange of Aimil sU-5011kit; \t i+c.ik nncn,n\ the total po\\cr
cmiltrd to thl, licyurnc\ I.Int'c Is about 10* \\ the c• ,ulh I, thc• rclon:.I \cf% ruin\e pl.mctar\ i.Idlo
soutcC. with .1 I, t.il p„\\Ct  output compalablc to the dc• camcul\ iodw cnu„u+n front Jupiter N e relic to
Ihl% radio emission Iwm the rmth .0 Ierrr.ln,tl AdonlcUlk: radt,luon Icne,triui Adoincirlc radiauon
appe ors to ongln,tc• Ilonh lo\\ .IlIIItI j cs (Ic,% 01.111 1 0 Rr I [it the ,rinolal region 1 he nnc• nst\ tit the noise
ha it prollotlnced depenJenre on hoth fhC local time and the nlagnc• rIC Lunudc of Ihr oh,er\Ing point Al
I.nµe rad1.11 dl,t.ulrc\ the 1.101111on 1, p1 tm.n II\ ob,rr\cd on the poln, it  ,life of t\\ o ctme  shajlcd ,ut1aie\
that arc iemcted on the cloth and s\mmculcall\ Io,.Itcd ,still rc • ,pccl to the notthcrii and .otithcm
auroral lone, 1 he m.ignettc latitude of the :mic %tupctl hound.rlc, \.Irtr, 11t+m grcmci lh.In NO” III the
local mottling Il l near the nhagncilr cyualol in the ha,11 c\cnrtlg I'olc\\ rd  of these houndaltcs the no1,c
deco r, In sporadlc'sionns I.wmft Irom ': hour to sc\c1.Il hour, t ol11p'll %on\ Huh aulot.11 photograph,
ohlamcd from the Io\c altitude polar-orhitmi! I h app %atcllitc .ho\% that the leiiestrma! Allomcmc radimlon
Is closet\ Colrel.IlcJ \c Ith the ocCUnenCc of Lil":Ctc aulolal ,tres s W11.11 occur Ill the Iot:.11 nenulg I gloll of
the at I i t   :or. i it I, ,1 , ,, , , lat 1, , 11 Ind lial C, that Ihr kIIomeI r 1( tad ItI $,.n I\ pl ithal l I% ecoeI,I cd h\ Intell,e•
'Incited \'• C I .troll pre.11+tt,IUon hands. %0101 iau,C the ' l l"tcle ,mra1.11 it,, f + o"Ibic nlcch,ulmlls that
can C\pLun Inc geacr-rlon Jnd ptopagauon of the Icrtc,tnal kilometric radlani'lil ,re &S,:US,Cd.

Intense electromagnetic radl.mon is commonly obscr\cd
propagatnlg oul \\ard from the earth In the Ireyurnc l, tango of

A bout 54-50o kilt \\till the 1!n1\eisn\ of lo\\,i plasnut \\,i\r
e\periments on the Imp h and S>iatclhlcs Sm-,c Ihc• \\.t\elength
of ti p s r,1dLILlo11 t\ u,u,llh in file hilonictrit r,mgc. \\c shall
refcr to this r.idtJlton as Icrresiri,ll hrlonlrtiw r,idlatron
Tcric,niJl htloinctric radiation was first disco%ercd h\
(lur,t(il et of 119701 from \c• t\ loss frcyucnc\ ( \ I I i radio
nlra,mcnlcnts \\iih the 0 g I .alcihlc lhmAcl ct JI rcic•t Ili
this radiation .I%'hlgh - psis.' notsr because the upper Irryuc•nc\
of the Ogo \'LI reccl\ er (10t1 kit:) was too low it, reach the
peal, in file enli,sion spectrum :\, tic shall \6o\\. the spectrum
of file terre,trial hllomefnc rad • ,tion c\tcnds \\till ,n.nlfiCJnt
intril.I;Ies up to about soO hit: and t\ptcall\ rc• JCnes nl.r\-
nnunl rlltcnslt\ It shout _'fkl hill Hr, "tn [ I`1' ;111.1, ,Ilso Conl-
nlrnled on oh,c1\.sums of earth-iclatr\i radio eml,slenls at
I50-3110 hilt with file Goddard SpJCC t light C - Cntrr 1651 (')
radio astronomy e\perinlrnt on Imp h and tellers to this noi%c
as 'midlrcyucncy' radi, foil

At peak Intensity \\r will sho\\ thm the tot.11 power of file
tcrreslrml htlonlc;ric r,t•ft,ltion t, about 10' W 1 hr Bath is
thrlcforc J \cr\ mtcruc phnctJn radw source, \\th  a it , it
power oulpur comparable to the dreanicim: (311-30!)\111t)
radio emission (ruin Jupiter For comparison, the total power
of the Jo\lan decamelric radiation Is estimated h\ 1;ar\\rck
Il ltc+ij it , he about ' \ 1' I \\ As \\C shall also \ho\\. the
terrestrial kJonictnc radiation ippc.ir % to origm,llc irons
relati\el_\ to\\ altltndc\ tics. than I R,) in the aurora l rcrlons
and Is dose!\ correlated \\ith 111\ f lee urrrnCe \,I tfl,irCIC
auroral arc. detected opticall , b\ the low ,dttudC polar
orbiting D ipp reconn,nssancr \,urlinc. Since the m,lvnnun
cnrrg\ tissipmcd h\ the aun+r,ll charged p.uticic prcClpu.tlon
Is shout loi l N, the n1rC mmn for crnet,IUng this i.idl.ilion
not\t he \en ctliocrtt ( - I''i ) IIC-IINe Ihr ictfc\frlal lidonlctrlc
radiation ha% man\ features In ,r , nmon \\Ilh )it% ,. —I

All'!	 ol"cr	 I	 1 ,,,	 I.1^,,
this I nation IS of con%tdcrahic gc'ICt.il Interest, paiticulailil
since tit this case direct in silo mc• .inurcmcnls can i• e malt- it

(up\n'ht SD 1 4 '4 hN the \n,Cncan licol+h\,IC.11 1'mon.

the source region the pmpo,c of this paper is to plc.cnl a
conlprchrnsr\C sfud5 of iCrrestriai I\Ilonictrlc radiation a.
ohscnnf b5 the 11111) b and S satellites.

INS ritumum sI LUG

hr Imp h sp,lccclaft \\as Lnnlcl, d till March 13, 1971, Into
,1 hlglil^ ecccntrlC earth orhtl \\till InrtIA pcllgre and apoger
groccntrlc radial dist,ulccs of re13 and .'-I.,tJO hill, rCspcc-
loci+, orhlt 111L till t,1 It 7 . AIM l I CI10cl kit la 0.1\s i tic
Imp 'S spaCrCr.111 was launched on October :h, I Q '3. Ito ,I
dig( tl\ Cccrntric earth orht \\tlh rntial pertgcc Jnd apogee
geocentric r,ldt.d dislancrs of 14'.J14 ,Ind 20,054 kill, respcc-
tr\cl\, orbtl InC11IM11on of 'S b°, .Ind period of I I yS da\s
Both spacrciAt .Ire .pit-aahll,:ed, thud ,pill a\c, being
oriented \rr\ ncail\ prrpendictihr to ihr ecliptic p1mic

1110 l nl\crslt\ of It , \\J l,Lls111.1 \\a\c r\pc nntcnl on Intl , b is
deslgncd it, stud\ plasma wJ\c phcnomcna In Ihr Irctlucnc5
tang y al Hr to '00 hilt. 1 hr anic imas for this c • \perinlcnt Con-
sist of thicc• nwtL1.1% or!hogon.11 'long' thpolc ,henna, Ill[
electric field rnc.mirenlCnls .Ind lhrrc nnnuali\ orthocon.il
loop antennas till m.lgnctic field nleJsuicnicnls 1\\o of the
c1coric dipole antennas arc perpendmilat to the ,paCccralt
spin a\ts 1 hc• sc• ,hennas. 1 , and I 	 h Ile Ilp . to lip Icr,fiths of
'l ., and u_ 5 n,, lespcctnrl\ i he third ricctrlC antenna, t
Ices along the spin a ys and has a tip-lo-til l Icnglh of %.7 m i lie
slgnal\ from tllrsc antrnn.ts arr anal , trd h\ two 16 ChJnnccl
spectrum anahtcrs \\till center Ire\luemic% from 36 lit to I - S
A Ht The filler for each c hannr! has a banoi\\ idth of ap-
prr\u11,liCl\ 1 5 ri of ihr Crn'Cr Iretluenc\, .Ind there • .ire four
hlicl% per decade of frequency 1 ii.h freclttcnc\ channel II-Is
two detectors :1 IC,lh detector and .ul I%lLTJf;C dCICitor I he
peak detector has J rrsporlSC little \on%laill ti t 0.1 s and

measures Ihi largest slgnJl occurmig In .1 gi % en sample mler\,11
is I I s), and the average detector mca%tires Ili,: ,I\rr.if'.• iwi, c

t;\ a{u	 u1;r .Jl:n !; 1111r1\.1i 	 I lie oW1*,„
ill t,p,,r 11011,:1 It , llle lol;.l r llllm \ 1 1 Ills. ,II; 11,11

.Iml • hlmlc the clynanuc range of cm:h spectrum anal%,cl
channel 1s 100 till i u1111rt dct.ltls of the Intp r, 111,1,ma \\,I\c
c• \pc• rinlCnl me pr%vil h\ r;urnrrr ,;r:,/ SIron 119731.
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Fig. 2.	 Simultaneous electric and magnetic field intensities from an
inbound	 Imp 6 pass in the local evening, which show that the of the ti
terrestrial kilometric radiation consists of electromagnetic waves. The

na impdashed line E = cB gives the electric to magnetic field ratio of an elec-
tromagnctic wave in free space. electric

the but

siderably (by as much as 20 dB) on a time scale of a few that IN

minutes or less. The kilometric radiation occurs in distinct trorn"g

'storms' lasting for periods from 	 1/2 hour to several hours tric fiel

(Figure 1). Between the storms the noise may be completely waves 1

undetectable, sometimes for periods lasting as long as 24 the inp

hours. On a time scale of a minute or less the peak and average solute -

field strengiits tend to vary together, the typical difference be- mined'

ing about 3 dB. As will be shown later, this difference between antenn

the peak and the average field strengths is primarily caused by field m

the antenna rotation and indicates that the source has a small The

angular size as viewed by Imp 6 at large radial distances from shown

the earth. a radi.

It is easily shown that the kilometric noise detected by the power

electric antenna on Imp 6 is electromagnetic radiation, since tric	 f1

the same noise is also detected with the magnetic loop antenna propai

on Imp 6. Figure 2 illustrates the electric and magnetic field polari,

amplitudes for an intense kilometric noise storm observed dur- show
ing an inbound Imp 6 pass from about 6.0- to 3 . 7-R E radial kiloml

distance. The close correspondence between the electric and reach,.

the magnetic field amplitudes is clearly evident in the top panel the	 •t

of Figure 2. The bottom panel of Figure 2 shows the cor- bclo%k

responding electric and magnetic field specs--fl densities com- and 1

puted at several points from about 1345 to 1500 UT during gocn,.

this pass. The electric field strength is determined by dividing co%11`
the measured ac voltage at the antenna terminals by one half Et I

TERRESTRIAL KILOMETRIC RADIATION

4228	 GURNETT: TERRESTRIAL KILOMETRIC RADIO Emissions
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The University of Iowa plasma wave experiment on Imp 8 is
>intil tr to the Imp 6 c%perimcm. The antennas for the Imp 8
c\peritncnt con,ist of too orthogonal line-%sire (0.0'0 inch in
diameter) dipole antennas for electric field measurements and
three mutuall y orthogonal search coil magnetometers for
magnetic field measurements. The electric dipole antennas are
extended outward, perpendicular to the spacecraft spin axis,
by centrifugal force. The nominal tip-to-tip length of the elec-
tric dipole antennas is 121.8 m. Because of a mechanical failure
in one of the antenna extension mechanisms, only the E,, antenna
is extended to the full length. All data presented in this
report are obtained with the E,, antenna. The spectrum
analyzer used in the Imp 8 experiment is very similar to the
Imp 6 spectrum analyzer. Fifteen channels are used for electric
field measurements covering the frequency range 40 Hz to 178
kHz, there being approximately four channels per decade of
frequency. Each charnel is sampled once every 10.24 s. In ad-
dition to the 15 channel spectrum analyzers the Imp 8 experi-
ment also has a wide -band receiver that can provide wave form
measurements over the frequency range 10 Hz to I kHz from
any selected antenna. The wide -band receiver can also be
tuned to frequencies of 2.0 MHz, 500 kHz, 125 kHz, and 31.25
k Hz, so that wave form measurements can be obtained at these
frequencies. An amplitude output is also available from the
wide-band receiver, so that frequency spectrum measurements
can be obtained at frequencies up to 2 .0 MHz by stepping the
center frequency of the wide-band receiver.

OBSERVATIONS

Survey of basic characteristics. An example of terrestrial
kilometric radiation observed by Imp 6 is illustrated in Figure
1, which show s the electric field strength in the 178-, 100-,
56.2-, and 31.1-kHz channels for a 24-hour period while the
spacecraft is near apogee in the geomagnetic tail region. The
or6nate 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 I, 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-

178.

IDo

. ^6z

31.1

0000	 We	 1200	 lew	 2400 UT
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Fig. I. A 24-hour period of Imp 6 electric field data near apogee in
the gennmenetic tail re wn. µhlch shows sc%eral periods of intense
terrestrial Uornetric radiation in the 100- and 178-kHz channels.
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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 E = cB 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 R ` 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 earth 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 kl!r and is se l dom de l ect.:"le at 31.1 kllr,

and (3) the spectrum dccreasec ra[)1dl;. %k!ih tncreasirw Ire-
quency above about 300 kHz and is usually down to near the

cosmic noise level at 2.0 MHz.
Evidence ojnear-earth origin. Several characteristics of the

terrestrial kilometric radiation indicate that the noise is
generated very close to the earth, probably at a radial distance
of less than 3 R E . 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

IMP-41
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tataun. the deep null when the antenna a pointed at the earth shows
that the kilometric radiation appears to bc coming from the earth and
that the source has a small angular size i<0' half angle) as viewed
front Imp 8 at 32.1 Rs.
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of spin modulation from the imp 8 spacecraft. As is indicated
in Figurz 4, the spacecraft is at a radial distance of about 32.1
R E in the local evening, and the sun-earth -vehicle ( SEV) angle,
project:-' c ::o the ecliptic plane, is about 128.2°. The geocen-
tric solar ecliptic latitude, \ (,-st = —1.7°, is such that the earth
is located very close to the plane of rotation of the antenna,
thereby assuring a sharp null for radiation coming directly
from the earth.

The antenna orientation angle 0,. 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 pattern, angles in the range 180 0 < 0,, !s 3600
are shifted by 180° into the range 0° < 0,. 5 1800.

A null is clearly evident in Figure 4 at an antenna oricnta-
tion angle of about 130°. This null position corresponds
almost exactly to the angular position of the earth (SEV angle
Of 128.2°), The null is also very deep, the null amplitude being
almost a factor of 10 below the peak amplitude. 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 Ri.
This angular size shows that the source does not extend more
than about 3.0 Re 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; lux 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 I year of in-flight operation
totaling 22,802 measurements. To reduce :he 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 I, 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 (11R)' dependence of the
power flux is a straight line in this diagram. The peak power
flux is seen to follow closely the ( I/R)' dependence indicated
by the dashed lines in Figure 5, thcreb% pro%iding further

evidence of the near-earth origin of the kilometric radiation.
The data in Figure 5 also provide quantitative information on
the intensity of the kilometric radiation at any given radial dis-
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( I R1' radial \.ulauon the kdomu • Irlc radiation also has a
pronounced dt-pendencc till the local little and the LlUlmic of
the oh\rn uIg 11ti1n1 I tic It,cal I1111c dcl\cndcn:e Is Illusllmcd Ill
I Igurc h, \\ htch slim%\ the Ioc,11 tntic .Ind radl.d d1\t,tllic itior
dntatc\ tat Ir,tl, I, for limes %% l i ci t the pm%cr Ilu\ tit the 178-1,1L
ch;uul::l c\cced\ . 1 thre\hold puller flue tit

thr •.sholu =- (R ` r)X (7 ?5 X 10 1 ") V 111 ' Ill

1 he (I 'R)' factor ul talc that\hold for counting .111 c \cnt 1s to
correct for the c\pccicd I I RV % itmlion of file puller Ifu\ \\ 1lh
radial di\t,ulcc 1111\ Ihlc\hold cotrc\ponds to a po\\cl flu\ of
S III \ Ill " \\ tit : II; I m R 10 R,, \\loch is much Ic\\
than tilt• .i%crage po\\ci flu\ tat the kiloniclnc t.idiauon, sti that
cssenu,Ill\ ,all c\cnt\ 111,11 occur \ilould tic detecicd I he d..1,I Ill
I Igure t, repre\cm I complete \car tit tit 	 opciallon,
lhereb\ assume co\cra gc o1 all local (Imes tit it,
pro\idc .tit unt , l.i\c• d rrl , rc\cnl.11lt \n the lints' into\.II hcl:\cen
ponits tit I ]cure h Is Idnt \Icd to gt\c .1 corl\tanl numb:r of
sample\ per 111111 Ieneth ,dung the: liafecton

1-lgurc t, sho\\s that the Atloinetiic t,adl.tut,n IS much Mille
frcyucillk oh\c• r\cd 111 the Iocal c\cnutg (110111 about Io 0 to
J 0 hour\ loc.11 tittle) 111.111 In the local ntur nrllf; I he not\c u

seldom ob\ci \ cd bunt ,Thou( h 0 to I: 0 hours local f unc
I lgurc h .tl,o shim% .I \harp cwofl ill kilometric rmliallon
at a r,Idi.d dl\tancc of al-oul ? I) R, , I t .ill loi..d tnnc's I he Ioc.I-

6 HR

lion of tht\ culolT (n:Jr the e\pccicd Iok:aII:11 0l the
plasnlapauw boundan) suggc\t\ lh the pla\ntasphcic 1\

affecting the ptop,lg,aUOn tit the- kilometric r.ldtition tit this
region.

I'll tht\ plllsmarau\e clTcct further, the flcyilcm:\
of occurrence h.is been dciclnuned a\ a Iunctit'll of the
m;lgnc l lc I.uuudc and radial distance 111 the local lime 1.111gc
IS ( 1 - :4 0 hour\. \\here the not\c 1s must Irc• yucnll\ oh\cI\cd
Magnel]c Latitude .\„ 1\ used as !I 1\,11,Imetcl hccause the
pla\nla\pilot Is kno\\n to he controlled suongl) hN the
geom.!E tittle field To correct for the c\pccled ( I R) ` \anation
of the po\\cr flu\. the thrc\hold for comilmg an c\cnl is apill
vaned as

threshold s (R It 	 X (7.35 X 10 ") W m - ' Hz

Data front , \car\ tat In-flight operation are timed to dctcrnitnc
the Ircyuenc\ t a t occurrence• llc,ause tit the hinit.utons till
po\cd 1, the Imp h orhal It IN nece\san to ctirlhntc the
northern hcmisphrtc and soutticrn hcnu\phcrc data, the sign
0f the nl.lgncttc LIMIIdC hcrrtg ignored. M order to obtain- ,111
adc• yuate nunlhct tit \,Implc\ Ill etch 1..,, R hlock 1 he I'mcn
l,igc occulrcn%c\ computed front thc\c data .arc \hkl\%n to
Figure 7 :\II I,ltilude\ bclo\\ the  upper border 111.5riscd'II11111 of
I.Itltudloal cti\cragc' lyre at Ic,t\t :1 1 \,utlplc, tit ca,h \_ R
block \ \\cll - defined lo\\ latitude cutoll tin the occur,cnce of
klltinlctnc radultion Is c'\ idcnl tit Figure 7 • van mg from .about
40" mapicltc Imitudc at 3 0 R, to ahoul Ill° nt,lgnctr, 1.1t11udc
at 10 0 R,	 \t i.idi.11 dist,ulcc\ of Ic• \s than about J 0 R, th1\
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Fig. 7. Percentage occurrence of terrestrial kilometric radiation as
a function of magnetic iatitude and radial distance. Again the
threshold is varied as (1/R) s to correct for the expected radial varia-
tion in the power flux. Note the shadow zone extending from about
40° magnetic latitude at M RE to about 10° magnetic latitude at 10.0
Rs.

cutoff coincides closely with the rapid increase in the plasma
density that occurs at the plasmapause. Figure is shows a low-
altitude Imp (> 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 (see the

discussion by Gurnert 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 jD 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 Ps,

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 (X. > 50°) measurements at radial dis-
tances of less than about 3.0 Rjr:

At higher altitudes (greater than about 4,0 R E) 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
magnetic equator extending out to radial distances of about
10-15 R E , 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 Iowa plasma wave experi-
ment on the S'-A satellite, which has an orbit near the

magnetic equator even though the spacecraft often crosses into
the rcLion beyond the plasmapause to radial distances of 5.24
tip.

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 (M LT) 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 5 RE . The threshold
for counting events is again varied according to the relation

threshold = Ra/ X (7.35 X 10- ' e) Wit 	 Hz-1

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 latitudinal 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 --Sion with a distinct cone -shaped equatorward
boundary. A si nilar region with a cone -shaped equatorward
boundary is also evident in the southern hemisphere. Near
local midnigtit 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: X. > 45° in the
northern hemisphere and A. < —45° in the southern

IMP-6, ORBIT 82
FEB, 16, 1972
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Fig. 8. Low-latitude Imp 6 pass illustrating the propagation cutoff of
kilometric radiation near the plasmapause.
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hemisphere. In the local midnight region the frequency of oc-
currence does not show any tendency to decrease at high

latitudes. From about 12 to 20 hours IVI LT, however, a distinct
latitudinal maximum exists in the frequency of occurrence,
varying in location from about X. a 30° at 20 hours MLT to
about X. - 45° at 12 hours MLT. This 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 to be
coming from low altitudes in the auroral tone, we have in-
vestigated the relationship of this radio noise to the occurrence
of aurora by using auroral photographs from the U.S, Air
Force Dapp satellite. The Dapp spacecraft is in a sun-
synchronous dawn-dusk polar orbit at an altitude of 830 km.
An optical scanner on the spacecraft provides a s%noptic view
of almost the entire nighttime auroral oval on each polar pass.
It is found that the occurrence of intense kilometric 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 difficulty in providing t quan-
titative auroral index from the Dapp photographs the results
of this study arc qualitative, Whenever a bright extcnsi%c
auroral display occurs in the Dapp photographs, intense
kilomctric radiation is always detected by Imp 6 if the
spacecraft is located in a favorable region for receiving this
radiation. When no auroral light is evident, the kilumet tic
radiation is usually weak or undetectable.

To illustrate the obser ved relationship between the aurora
and the kilomctric radiation, a particular day, January 25,
1973, has been ;elected for discussion. This day w:ts ;elected
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 er al. 119741 and are available for comparison. Figure
10 shows the envelope of the ground magnctogram records (H
component) for this day and the power flux in the 1784H.,
channel of Imp 6. The difference between the upper and the
lower magnetugram envelopes in Figure 10 is the auroral clec-
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threshold is sarl y d as (I N)' it, correct for the e;pe:tcd radial %aria-
thin in the power fluff \,qr the cone %hired eLyu,uot%.lrd bourt"m i,
of the emission rcgiuns in the northern and southern hemnplieres.

trojct 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 (sec
the paper by Snyder of al. 119741 for the Dapp photograph
from this orbit). The aurora observed during orbit 1089 is
associated with the weak magnetic activity from about 0200 to
0400 UT, and a corresponding 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 pule in each of these photographs is located near the
top center of the photograph, dusk being on the left and daw it
on the right (see the paper by Sn yder et a/. 119741 for further
details). The photograph for orbit 1091, which was taken at
about 0940 UT (be(ore 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 :d ah,Tut

1125 UT (near the time of maximum magnetic disturbance),
shows an extensive region of bright auroral light emission c\-
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 from local
early evening, in the upper left-hand corner, around to local
midnight in an almost continuous band. In the local midnight
region, equa r orward 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 kilomctric radiation (- 5 x 10 - '' W m -' Hr ')
is observed by Imp 6 simultaneous with the auroral light
emissions obser v ed by Dapp on orbit 109 .1. On the following
Dapp photograph, taken on orbit 1095, the discrete arcs ha%c
completely disappeared, and the 178-kHz kilomctric radiation
has correspondingly disappeared. A small band of dill'use
aurora, however, is still seen near the lower edge of the
photograph.

The second major substorm activity on January 25, I1473.
starts at about 1330 UT. The next Dapp photograph• that for
orbit 1096, which was taken at about 1440 UT, again occurs
near the time of maximum magnetic activity, and an cxtcnsi%c
region of bright auroral light emission is evident. Figure 10
shows that again, in association with the aurora, vcr intense
kilometric radiation ( - 3 x 10 1 ' W m -' Hz I ) Is Llbscr%cd bs
Imp 6. On the next Dapp orbit, 1097, the kilumctric radiation
has decreased to near the receiver noise Ieacl, and the auroral
photograph for this orbit shows that the aurora has corm
spondingly disappcared.

The third major aurorai substorm activity on Januar 25,
1973, starts at about 1950 UT. The D :pp photographs ob-
tained during this substorm are shown in Figure 12. 1 he
photograph for Dapp orbit 1099, which was taken at about
1805 UT (before the onset of the substorm), shows no signtli-
cant auroral activit y , and no kiiometric radiation is detectable
by Imp 6 at this time. The next pnotograpll, that far Dupp or-
bit 1099, which was taken at about I k)>5 LA (during the period
of increasing magnetic actisit )	passociated with the c^.m%tte

of the .uboorml, .boas ! .nt;! t l I— -ht di,,:rt , w :t!c ill Ole
t. t ,, i 1 i • •	 I it:.	 !Il l,	I f,•,.	 o eltnt • - ,,I	 '11" IOC .,11 , o:t ti: ,

at the onset of a period of intense kiiomctrle radimtoti Oil the
following Dapp photograph. that I'Ot orhtt Ilift), Llhtch a,I%
taken at about 2135 UT. a moderatch bright discrete are is

:ros i into
tees, '5.24

kilr'-tries;
Irc-

a fdnction
Magnetic

.;ter cun-
•op.- ttion
tsurements
threshold

IL Ill ttion

-f Hz"t

t1w., with
ag 2 years
Ill gurc
Im ^ are
ics of the

shu that
s co. fined
t;ltorward
1.1to ",-ard

1, c.	 ltar

a; ^^wr to
:atitudes
nev oc-

dc , the
Ji.ition is
$s o in the
sofa ern



DAPP ORBIT NUMBER
1088	 1090	 1092	 1094 1096 1096 1106,

—
10

10 ^	 l	 !

i Ip'^ Z FREQUENCY 178 kHz
1016 PEAK

w N 10 AVERAGES

S F
10 e

i0

ry

0 3	 6	 9 12 15 18 21	 24 UT

28.1 27.1	 25.8	 243 22.5 20.5 18.2 15.6	 12.4	 R (Re)
17.2 17,3	 17.4	 17.6 17.7 17.9 Id.2 18.5	 19.1	 LT (HR)

Fig. 10. The 178-kilz power flux observed by Imp 6 and the corresponding ground magnctogram envelopes for January
25, 1971. Three main periods of magnetic substorm activityoccurred during this da) (I(W-I230 UT, 1330-1530 UT, and
1950-2300 UT), and each of these substonms is associated with  period of intense kilomctric radiation.
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seen, and a broad region of diffuse aurora is evident in the
local midnight region. Moderately intense kilometric radiation
(-10_ 11 W m- 1 Hz-') is also detected by Imp 6 at this time.
Both the magnetic activity and the 178-kHz power flux arc
decreasing, probably indicating that this photograph was ob-
tained during the recovery phase of the substorm. On the next
Dapp orbit, 1101, both the discrete aurora and the kilometric
radiation have disappeared. The band of diffuse aurora is still
evident, though with reduced intensity, near the bottom of the
photograph for this orbit.

These data show that the kilometric radiminn detected by
Imp 6 is closely associated with the occurrence of aurora in the
Dapp photographs. The association with aurora is in fact to be
expected, since Dunckel et al. [1970) showed that the occur-
rence of kilomctric 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 th It the kilometric
radiation is mainl y associated with the discrete arcs found at
high latitudes in the local evening. The kilometric radiation
does not appear to he 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 afttr the kilometric radiation has disappeared (as is
true in orbits 1095 and 1101).

DiscussloN

Suhstantial evidence has been presented showing that the
terrestrial kilomctric radiation detected b y Imp 6 and 8 is
generated at low ;altitudes (R -^ 3.0 R E ) near the earth in
association with discrete auroral arcs. Since this radio cmis-
sion occurs at frequencies much greater than either the plasma
frequency or the electron gyrofrcquency in the outer
magnetosphere, it is not surprising that the radiation is
generated at relatively low altitudes, because only to 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 j,, (proportional to the
square root of the electron &,isity) and the electron g^rofre-
quency J, 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 Batiks
and Hol:er 11969). Tht electron density is given b% Banks and
Holier jnly for R < 2.0 R E . The electron density used for R >
2.0 Rr is a qualitative extrapolation of Banks and Holier's
model to an asymptotic density of about I el cm- 1 at large
radial distances.

Two p,opagation cutoffs occur for the free-space elec-
tromagnetic modes propagating in Li plasma [Stix, 1962). The
Icft-hand-polarized ordinary (L, O) mode has a cutoff at the
plasma frequency j,,, and the right-hand-polarized extraor-
dinary (R, A) mode has a cutoff at a frequcncy JR ... given by

1R.0 = (f,/2)2 ) + [(fI/2)i { (171111

These propagation cutoffs are indicated by the crosshatched
lines labeled (R, .1) cutoff and (L. O) cutoff in Figure 13. These
cutoffs represent the low-frequency limit of the elec-
tromignctic modes that can propagate freely away from the
earth and therefore are the altitude limits above which the
kilomctric radiation must be generated. Figure 13 shows, for
crampl •:, that at a frcquenc% of 178 k1li the minimum radial
distances at which the right , and left-hand-polarizcd modes
can pr o pagate arc about 2.5 and I.ri R,, respccti y cl%. At pres-
ent, the polariratlon of the terrestriat kilomctric radiation has
not hcco determined, although such ntcawrcntcnls are possi-
ble wish the University of Nlinnesuta plasma wave experiment

t,
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on Imp 6 (P. Kellogg; personal communication. 19' 1 3), and so
the mode of propagation is not known. Since the radiation is
almost certainh emitted bs electrons, which rotate . g round the
magnetic field 1n the right-hand sense, it is considered highlN
likel% that the kilometric radiation is emitted In the right-hand-
polarized (R..1') mode.

Regardless of the mode of propagation the obser.cd spatial
distribution of the kilometric radiation can be understood
front ra} paths of the emitted radiation. Figure 14 il-
lustrates the expected ras paths for electromagnetic vases
generated at relatixel .s low altitudes on an auroral field line
The surface labeled 'propagation cutoff surface' in this illustra-
tion is the three-dimensional surface defined bs 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_tio:,, and so only one cutoff surface is shown
in Figure 14. At magnetic latitudes of less than about 45 0 the

cutoff surface tends to follow the contour of the plasmasphere

boundary because of the rapid Increase in the plasma densil^
(hence an Increase in Jr, and JR..) at the plasniapause. At
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 (Srrt, 1962, there is a strong tendency for the raN paths
to be refracted away front the cutoff surface (Figure 14). 1 his
tendency is strongest for waves generated close to the cutoff
and decreases as the generation region mows to higher
altitudes above the cutoff point. The general effect of this
refraction, when a distribution of emitted wane normal direc-
tions is considered, is to direct the radiation Into the Interior
of a conical regior whose axis is aligned rough]% normal to
the propagation cutoff surface. The half angle of this cone
depends strongly on the altitude of generation above the
cutoff surface (Figure 14).

The observed angular distribution of the kilometric radia-

1093 1094 1095 1096 1097

T
X =

1610

1012 JANUARY	 25, 1973 FREQUENCY 178 kHz

u fV 101,
w N
3 H

l0 16
10 /^^Ii^iIl 	I 	 hir.^4i' 1^8 Q

10
20-  .^ ,ptl	 1 	 1i	 ry,	 11

3
l0 I

0
i
3	 6

^	 I	 ,

9	 12	 15	 18	 21	 24 UT

,flat(	 :d
3 T sc
to elec-

rum he
hich ^te
UNS , )r

'n radial

,.n a%

posst-
cnn lit

1091

►-•^.^-,.,.T..,. t .:	 ^	 UI,, I,f ,^JIKL FA r; n 1
•	 fl C^^.I IY

Frg I I	 The Darr auroral rholoerarhs ohimned dunnE th• • ir,I iwo period, i,t nt.ilor uh%loom acllut, in I iEure Ill
Noic that the kilometric radiiltion appear, to be more dc,clx r;l.itcd to di,Lrctc auroral arc, thin to t h e dillu,c aurora. a, i,
true in orbit 100. for which a ditlu.e aurora i, pre,cnt near lo,.il nudn rht but no kdumcin. r idiation i, c,id,:w



42111	 Cot %%IIt TlititI%IitIki IN, n,imt111it It%moE1t11%sio%%

lion (I Igute 4 ) Can i.trpch he c\pl,u !cd from the conl:.11
dt%trilvoi ni	 if r.I% I\ Ilh % Illtwrmod	 n I i sir\ • I I ,nod j1,
• ^.il1.l^  ,'^ 111. ., , i.r.. I 1. \\:il .,t,i I!;" \,
hrtghl t!IS%ia: ,wroral ata arc most pronotimcd m the lo,A
I'%enntc I I U„ , /u. I`>hS, ,1rnJCr ct al. 14741 II the kiIv mot it
1,1,11allwt I% gcner.u:d ht cic:rron l l rrcthtl.t It'll ,I%%o:Ialcd %k ith
IIls:rele arcs to the Io\.1I e%Cnutg rcg11011, II Is C%Idoll
Irom the r.r% pmh% in I igure la Ihat tile 	 I&L, 11 011 Can he
rhsenet t only at %cr\ high nta g ntu, I.ILiludc% In the Io:.r1
1110rntnE. In al , rccntcnl	 Ith the Imp h ohs:I%auon. tit
1 Igurc 4 . In 11:C local I.-ring the radiation should he ob-
smed al csscntiallI, all Iauludc%, pio%Idcd Out the oh.cl%
ills I ,rinl 1% he%ond the \harlot\ mine produced b% the
pl.1smaspherc houndar%. again tit egrcement %%IIII the Imp I,
oh%cr%ation%

At .1 tadl.Il dl%tanec tit 10 R, the ter rc%ll:al kdometric radla-
Ltrn I% bond Ito h.l%e a mavmum I%eragc po%%C• t Ilu\ IVi oc-
currence) of about Ili 1 '  \\ nt ' Hi ' m 17S It lr It\ mcans of
this po\%er tlu\ and t o n the .IS%unlprton that the cflc:Ii%c
band%%idth of the cinission I% UG() All. , and that the r.Idlarlon Is
mooed timlorrnl\ o\cr a solid .Ingle of ahow t 0 S sr (csllnimcd
from I Iv urc 4), the lotal potter rad!,tlCd I% .ibout 7 0 '% 10' \\
Since the sohd angle used to:al:ul.1tc the tot.1l radiated po%%er
rs hiscd on the atmige solid ,Ingle at a rclau\ck lot% potter
flu\, of is possible 111.11 the In%tanlanctous solid angle of the

10 10
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'I I, I I -  , I r: , aaeI\Cd Ili: %ol,d it 	 .,tn K d:lclmili'd .t.
%v	 I,\ , ,, wr.I r it; - Its: r, ,%% :r	 imulw!',AoU•I% at 11%o
or more 11011111%. the prchminar rC.ult of :ontpanng
\rIm111ancous Imp 6 mid R data I\ Ih,it comparahlc pcaA po%%cr
tlu\c\ .irc oh%o\ed at AOck dlllcicol lo:auons, pro%Idcd Ih.rl
hoth %patxcraft arc \\uhln the region %% here the radl,luon h.I\ it
high prob.Ihdn% of tic:urren:c 11 igurc 4 1 1 hC , e i11m1o.rnwnc
mdl:atc that the radimion I. milled o%cr a Iargc soled ankle
octal m hich uttCnsutc% and that the peak Intel po%\er radra-
lion i% of the order tit to' \% Further an.d\st% of snnultanrous
',III, is and s 0,11.1 \hould rro%idc .I firm dcicrnunallon tot the
Iol.d rmila t c0 po%► cr

to m.mmum po%%cr di%%iratcd h% char g ed r irucic% m the
,rtrrora during an 3n010r.11 soh\torno is about Ill" N I Illa.ru/u,
Nosh II the torre%pondntg ma ,i mum po\%er of the kllontclri:
radl.tuon I % II I ' \\ . then the etti:lcoc\ %% till %%hr:h Ihi% radiation
is genumcd mus , he about 1',-. From all present kno%%Icdgc tit
magnetosphcri: radio cnu%sion% the gcnerautm of totirstrial
kilometric radiation represents a \Cn clli:lrnt con%ctsion of
charged-paru:lc cncrgt into radio cmi%\Ion

\m:e elc.'tr, o magncu-' rmlwllon t occmt abo• • the pl.i%ma
IrCtlurn:\ Ill .t %\Idc %.Irks\ of ph\.i:al \rtuaLlor- loi r\.un !r.
tit t\pC i solar radio noise bursts III Ild, 1450H no ill Jo%I.ut
decam p : r,ltllallNn 1II'arwr:011, 14h 7 j, it 1% e•. :onsidrlahlc
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Fig 11 Polat lono%rherl: model 0-111g the esrctlrd r.rdr.11
%aroillon at the %ulolT l rcyuenite% l,, Jnd Ira.. tilt the Ich and right
hand-pol.lrlrcd Ircc-%ratc cleoronragnerl: m,,de% the upper and
I,+%.er-ftcyucni% limit% of the terrestnal kllomctri: tadlatron inn be cs
planned it the radl.mor, I% generated h% :,,herertt :%tlotron radiation
!ram cnclgct,c auroral cic:!ron+

general Interest to c %t.thh%h the origin of the terrcstnal
kilomctn: radiation in this :.l%c it should he pos%thlc to make
con%tdeiahlc progress tos%ard Id:nlrlsing the basic mc:hanum
in%ohcd, since .I great deal Is knki%%n about the cic:lron cncrg^
distribution and rotten%Itic% associated %%kith auroral it:% and
about the i,a+l: plasma parameters In the gcncialn,n region
Discrete auroral arc% h.nc hccn dlrcctl% a%,otriatcd %%uh in-
lcnse • in%cried %" cle:lron preclpttaIon hands oh%c,%cd h%
low-altitude polar-orbiting %.helloes 11 rarrL and .aa%rvc,r,r,
I971: AcAerson and frank%. I9721. Because of the ohser%cd
association h%t%%Ccn the terrestrial kllometrl: r.ldl.ttlkin and
di%crcte Juroral arc% it 1% almost certain that the cncrgc:l: c1c:-
irons in these inserted % c%cnt% arc threat% rc%pon%Ihlc Ior the
kilomctric radiation. The rn%crted V electron precipitation
c%cni% have flue% of up t„ 10' el t.,, r % ' sr ' and mavnrcnn
energies of ahou! Ill kc% fhtJllcd cncrg^ spectra for thc%c
events are gl%cn b% Frank and Ac•/tr-son [14711.

Two general rne:hanl%ms can he con%Idcred it, explain the
generation of the tcrrc%trial kilometric iadlauon ( I I the nouc
mad be generated b% mcohcrcnl radt..tion from encrge l lc Oct.
irons, or (2) the nurse m.0 hc ger: • .iicd h% a :chricnl pla%n , I
In %tabiht% Be:au%c of the %cr% high ethc:en:% with which the
kilometric rJdlation IS get erJted It Is con%idcrrd %en unhkcl%
that this noise is produced h% an lncohcrent mcch tnt%n, A
rough :akulition sh it%%s thm the po%%cr r.rdl.ltcd h% w:ohcrcnt
cNclotr, , n rAi ition from energetic auror.11 electron% is too
small b% a factor of about 10' Slmtlark. the rower radt.ucd Is%
Incohcrent Ccrcnko% radiation 171tlor and ShawSan, IV741
and bs incoherent g^ro%%nchrotron radiation jtranAel lu711
apr.4rs to fx much too small to account for the oh%cr%cd In-
lcns.tie% of the kdontetric radl.rltun

% hat I% needed to e%plJtn the trrrr%;nal kllkimetl.: radwtlon
I% a suitable rnc:hanlsrr for pto%idmg tohcrencor hctwcrn the
rJdwing clrctron% In order to Increase the radiated po%%cr thti
a fact. ,r A Vl , where % is the number of cleci • on% that are

l.Idljtlolt. .•„	 I I.rJ1 tat 1.1.1 Ce %VI% at1111I.JI 	 laic I.	 . • 1I I.i,
kilometric radiat ion. Star/ 119'11 has suggested that a purch
elcctro%laht: pla%mJ ln%tahlllt% that .%:cull at J Ircyucnc% „I
.-hoot if, : 111.1% rrg.i-mc the Oise of the energetic cicsltons

in the Jovian magneto%pherc, therch^ gicml\ Increa%ing the
power radiated M these rlci tton% This same mcch,uu%m had
also hccn propo%cd h% (Furnerr and Shah 119 7111 to c%p1au, the
gcncrat it, rot of cI cc; tr it it agIIct,: w,,%c% Irrppcd in the
magneto%phcre aho%e the Ir:al plasma frcyucncy. It Is not
known lihorthcr cic:tro%tatic emission+ at actualh occur
in the region whicc the kilometric radiation Is generated.
hccau%c Imp h does not go through tht% region (see the lr.tlec-
torp In I Igurc 8, for exarnple). Ilowc%er, lhc%c electrostatic
emiwon% do occur o%er large rcgrons of the magnetosphere
jk-rinrl kit al , I9701 and arc cxpccicd to region% of field aligned
current%.i%%o:wlcd sslth discrete auroral arcs. It the kilometric
radiation I% generated at 1j,'2 b% this mcch:un%ni, then a %tin
plc c\Vlanation Jnsc% for the ohscr%cd hand%%Idih of the radia-
tion Figure 13 shtms that th- riphl-hand-polarized face-space
erode cannot propagate it a Ircyucnc) Ie%s than the (R, A )

cutoff al fill, If the radiation is emitted as rlght-hand-
polanrcd electromagnetic wa\c% it 1fc 2, then this radiation
can onl% prof , agaic a%%a% front tic generation region In a
himicd freyuenci range. Irom about ;l t Nt to I.: %I III for
the model In I Igurc 13

To explain the intense dccamctnc radio emissions as%oclJlcd
with Jupttcr's moon lo. Goldrrlth and 1.1oldi-t-Br11 1I 1 h91 ha\c
proposed a coherent cNclotron mechanism for dlrectl\
;cncrating intense electromagnetic radiation from a beam of
%%cakh rcl.Iti%istic electrum. This mechanism ma\ al so be ahlc
to account for the main charactcri%hcs of the tcrrcstfial
kllornctnc radiation. %tit:c awns %1mllaritics c%1%t bct%%cen the
lerrrslrwl kllon,rtric radiati on and the Jo%tan dc:.unctnc
radiation Ihc%e %nntlJrltic, Include the lollowlng

I In hoth :asc% the radiation appears tt he associmcd w Ith
ntagnetit ficfd -aligned beams kif clr:tror,s %%ah energies of the
order of left' of key

In both ca%c% the Ircyucnc% of the radiation appears to
be clo%ch associated with the electron g%rofrcyucnC\ (hence
the magnetic held strength) in the cmlttmg region.
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3. In both cases the angular distribution of the cinlllcd
rmli.Il on is ,i%,ot I.Il:1l — ill 1 rli s linrl .t u lle 11 tpcd hiMtnrl,ir\

I i '. • s .11 .t I.ttjc x1 !c Iii Inc maEncitc held dite ' tion nt lh

emmir • g region.
4	 In hoth i:ascs the total cnimcd power (10 . 11 and 2 A 10'
t ,ind held-.iligned curtents (10' A in both cases) are yuan-

tilalncly similar.
It is interesting to note that the coherent cyclotron

mechamsnt could also account for the print,ir% lreyuctlr^
range of the kilometric radiation, since the resonance cnerg5 41
which the cnusion occurs decreases rapidl y as the nitro of the
electron plasma f^eyu:nc\ to electron g%ro1rcyucnc5, / t, 1,.
decreases (S Shasshan, personal communication, 1 4 74). Oil
the - .r-niption that the number of c ccirrns in the auroral elec-
tron heam tiler .; yes aith dccrc.i%mg encrp, the maximum
gro-th rate. and hence the tntcns t s , occurs xshcre the ralio

In 1. IS a rninirnum; this is at a Rc.(ucncy of shout 150 kilt for
the ionospheric in otici used in Figure 13.

4,4noisd•Jtnren7r I wish to extend ni specul thanks to S•1
\k s, , fu. who pro%idcd the !-taguclogram record, used rrt this %lud5
And to %% S Kurth and R K \ndc r son. who assisted in the dais
anaissrs The D.tpp photographs wcic proridcd b y the NOAH Noild
D.ita C.. it t' r This work was supported in part h^ NASA under son-
tra.ts %ASS-1111'4 and N\S s 11411 and grant %GL•Ib-(K l 1-1 41 1 and
hs the Oflicc of Nasal Rcscar; h under grant N(K1014-68-A-019t,-txv)9

The Fditor thanks R I is 0 Panutgion and N Dunckel for ;heir
assrctance in esaluaung this paper

RE FERENCES

A;Acr.on. K l , and I A I rank, CorrcLocd satclhic mcasurcmcm%
of Iasi cncrgs eles'tron prenpn.iii,on,ind ground-ba sed ohscnaUrons
of a sisihlc auroral arc. J or,-phis Res.	 IQN. 197;

Al,asolu. S -1 . Polar anJ NaAnrt • phnir Suhrtorrns p 223, D.
Kcidcl. Dordre<ht. NorihMirds. IYO8

Hauk%. P M , and T. F.. holier. NrFh-latitude plasma ts,inspori The
t • ol i t os m 1	 I Gr.,rh , . R..	 - j	 . I , , 10",1

Il.. ,r.; i	 \\	 1 t ir ,	 It" ,1111m hciiierii I t it Alli .ind
kilt. 4rmorhrs J pmt 1W , 1471

l)un.kcI. N, H FitAhn. L Ronlen. and R A 1101mell. 1 ow-
Ircyucnci violist ohserscd in the dwinl m,ignclosphcrc with Cigo 1,
J (,er,ph r r Res , 1! 1 N s4, 1970

1 rank. I A . and A I \ekcnon. Ob%cr%.itUOns of charged parlisic
precipitation into the auroral tone. J 6r,ophi t Res . 711, t?,l-', IY?I

I ranl,cl. M S . t F radii noise Irons the carlh s magnorw%phcrc. Radiv
A, 	 .4 . YY 1. 1973

Goldrech. 1 1 ..ind 1) Isnden Hell. lo. A )osian uripolar mduetor.
A,tr ,phi i J . 136. S9, 1909

(;urn-' D A.. and R R Shaw, Flectromagnctte r.idialior, ir.tppcd in
the ni.ignetosphere abase the plasm.o treyucne), J Gruphii Nei .
7S . 913ti, 1973

Kcnnel. C F., F 1 Scurf. R N I rednsks. J H M,Gchtc. And I V.
( oromut. Vt I cic;trir held obsersauons in the m.ignctosphere, J.
Grophs •s Rr%	 <. is 1 6. IY70.

Scarf, I t . A new model for the high-freyuencs decaniciric r,idtatsun
from Jupiter. Rrr :0-6-60)14I -W. Is pp . I K%% Group,
Redondo llca.h, Calif , 1971

Sny der. A I - S I \k.tsofu, and T N D,ois, Auroral suhstormt
ohsersed brim ahoic the north polar region h,. a satellite. J.
Groph i , Rri . 'V, 130.  1974.

Stilt. T It . the l heort n/ Plasma I( arcs. p :7, McGraw -Hill. Nc%
f or k . 19tQ

Ta y lor. %% N l . anti S D Shahan. A test of incohercnl (erenkos
radiation for \Ll- hiss and othe r magneto+phew; emissions. J
(,rophu Rri , 79, 105, 1074.

lharwi.A. 1 , Dsnamlc sprora o1 Jupiter's decanietrrc emission. Ntol,
.4worhu J. lJ'. 41. IWO

11'urwi;k.) W., Radioph%ws of Jupiter. Spurr Sri Rer .6. h41, 1967.
Add. 1 I' . llh.crsaUons of the >nhtsum of high intensrls solar radi i-

tion at meter wasrlrnglhs. 1 lsol,rtcd hurt.. 41w •1 C,i Rri ter
.4. J. 541, 19.110

(Recci%cd f chwars 14, 1974;
accepted )unc .'I, 1974 )



py-

%'Of- 80. NO. I	 JOURNAL Of GLOPH\ SICAL. KI SL:AR( II	 JANUAR\ 1. H-<

Electrostatic and Electromagnetic T'urbulcnct: Associatcd
With the Earth's Bow Shock

PAt.L RODRIGLEZ Ain D1)N.AID A. GL:R%ETT

Department of 1'I • t \ors and A.%movinit. L'nwer-uri of hmo. lo\,a Car%, lo\,a 5224'

The elc:tnc and magnetic field ,p"iral densulc, of pLt,ma %%a%c, in the cailh's ho\% ,ho:k h.oc been
nica%urcd 111 the f r c• quen„ r,tn_c -t) Ili to -'(9) klli h\ u,ine :\\o ih-channel pc%trunt anal\icn on the
i mp 6 ,r.tcecrrft 1 he c• Ie:tic held ,pectramt in the hu,% ,ho:k :un,1,a, of 1,,,, di,tin%t %ontroncnt, One
component has a broad peak 1\picall\ :entered bet\%ccn '1141 ,ind SIN! II/ \%ilh in ,t%vr L!v 1> I'-, line con
slant) spectrA den,ti% at the peak of about 10 ' \ in	 H/	 amid the other i; n poncni in:rc,rc,
monotonically with dc:re.t,lnk Ircqucnc^ appnr%amalcl\ .n i -	 and ha, an a%cr.wc ,peoral Jcn,ity
of about 10 x 10 " \' ni - Hz" at 1 6 0 If/ the ma g netic hc1J ,pc:trum in ahc ,ho%k has only one com-
ponent that increases monotomculh \%,Ih dc:rca,inr 1 -oct— .1prm\nrtatck is I '	 Arlo 11,1, .tit up-

r r S^` 
per cutoff Irequrnc% nc,:r the local c9r:Lron g\rulrcyu:n:\ 1 hi, rn.iencti, held ,pc,irunt appc,u, to be
associated H ilh Ihr monotc nic component of the cloth, I,:Id ,pc, 1 rum I he clean: to magnetic cncrt;
densit% ratio q e M of this noise k about ;I) ' to Ill ', w hich is consistent w nh the energ y densil\ at;o cs-

' 	 peeled for ciectromacneuc %hatter mode wa%es in the how ,hock the broad peak in the cle%tn: 11cIJ
fj	 it f`1	 spe:trum betv.een ' qO and 5011 H/ ha, a large clean: to magnclic encrg\ dcn,tt\ ratio, - 10 to Ill', in.\

aicating that .his component consist, Of alm0,i purel\ :I:aro,t, t1: \%,%c, flc,lro,l•,u: 1101se \\nh  a spec-
trum similar to the turbulence in the ,hock but %\oh lower inicn,itic, n oh,cn:d throu g hout the
ma¢nctosheuth region do\\nstreani of the %hock Iht, ni.gncio,hcath ele:lrl: l icld turhulcncc ollen in-
elude, man\ huists with a distinct 'parabolic Irequen:\-time \X1,111011 on ,t time ,:ale of a fc%%
Spin modulation mrasucements of the elcanc field direction ,h0%% that the elccric field \e:tor, n- both the
shock transition region and the nia g ncto,he,uh region arc prclerennall\ oncntcd rarallel to the ,taut
magnetic field dlrecuon. T he elc:tn: held of ur,ircanl ctc,tron pla,nta o,,illa ;oii- oho is oncntcd parallel
to the stauc magnetic held

A basic problem of shocks in collisionles, plasmas is to iden-
tif.\ and understartJ the dissipation mcchanl>m that occurs in
the transition region connecting the upstream and do\%nstrcarn
state:.. In the al•scrtce of binar\ collisions, dissipation must uc-
cur through csllecti\e coulomb interactions of the charged
particles. This results In the self-consisicl;t generation of a tur-
bulent spectrum of electrostatic \%a%c% that stochastically
accelerates the charged particles. E\perimentall\. this is often
described in terms of an anomalous' or cllectnc resisti%it\ for
Ohm's law, E = n*J, through which turbulent electric fields
heat the plasma The earth's boos shock pro\Ides a \cis con-
%enient stead% state laborttor% for the stud\ of hi g h Hach
number collisionless shock- Electron and proton %clocit\ dis-
tributions rr,casured in the solar wind and magnetoshe,tth scar
the bow shock indicate that strong thermah/ation occurs in
relatively thin. regions within the shock structure (.tlontgonier(
et al.. 1970, Fortmsano and lifedgecock. 1973x, bl.

Magnctometer measurements of the ma g netic field in the how
shock up to 10 H/ show a broad tutbulent spectrum 2-3 orders
of magnitude abo%c the interplanetary spectrum [Olson er al ,
1969, NaL-er e( at . 1966, 197-2 1. L ectric field spectra in the
range 560 H/ to 70 is (Fredricks er al.. 1968. 1970x. hl show
electrostatic turbulence to the shock strorgl} coriclatrd %%ith
magnetic field gradients, indicatin g the presence of some form
Of currelt-dn%en irstabilit% [! ; u and Fredricks. 19721

In this report %%c present some simultaneous mc;lsurements
Of electric and magnetic field spectral densities in the how
shock as obtained \%ith the University of Iowa plasma %%,i%c c\-
periment in the Ina, 6 spacecraft. The frcquen.. range of the
plasma w,;vc detector. 20 II/ to 200 kll/, :mcrs most of the
characteristic plasma frequencies for electron, ,ind protons in
a ycrage solar wind conditions. Llectnc field, .arc nlc,lsured
with long dipole antennas ( - IM m tip to tip) \%ilh high sen-

Cop%nghl (D 197 5 h% the American Gcoph\,i,al I nion

Nit]\it\. of the order of I u \• in. Magnetic fields are measured
with sin g le-turn loop antennas.

The ct:,tric field rneo,urement% of Fredricks el al (1yt,sl
ware obtained with short dipole a. t:;.;..:. (etTccu.c Icn_;k , .
0 tit) tin the Ogo 5 ,pacecrah. which are less scn,lttsc than
tl , r lone Imp 6 intcnna ,, Ithe ratio of clf,cu\e Icngihs Is ,. I1)1)I
To pro\ide a basis for comparison bct%•ccrl the Itnp 6 and the
NO 5 atcasuremenl,. Imp h also has a shun dipole antenna
(effecti\e length of 0.35 m).

The Imp 6 spacecraft was launched oil March 13. 1971. with
ltotial orbit parameters as follows: period, 4.18 du\,: perigee.
6614 km: apogee. 212.269_'.26 9 km ( -34 R,.): inclination. :;(.7 The
satellite is spin stabih/cd \tith ,i, spin %ector perpendicular to
the ecliptic plane and pointing toward the south :cicsttal pole
and with a nomrrtai spin period of 1I.I s.

The measurements of the present stud_% \%erc obtained dur-
ing the first 30 orbits, co\cring the noon to dawn quadrant of
local unit Dunne this tin g e, front March 17. N -L to.Iul\ 1,;.
197i, the solar wind conditions were usuall\ rclati%el\ qurcl
with intermittent nois y periods a% indic,ited h\ dall\ a\cragc
values of Ap. The o\crall i%cra gc Ap was about 2.0 In 31) or-
hits the spacecraft \%ould ha\c to cross the shock at least w
times. but multiple cro,sings Iduc to the oscillator\ motion of
the how shock structure past the ,pdcccraftt hale incrca,cd
this nuinher to over 150.

E\PFRlMF`,T DFS(911-TION

f.lec-rtc anrerina.s. The spacecraft has three mutu,tll\
perpendicular long dipole antennas meri1 :cd in the spa:%:ratt
frame as ^ T. t Y. in(] : Z 1 he spacccr.ilt srin \ c0or is In the
-tZ direction, and the .L-1' pLinc 1s paral!cl to the e.11rti%
plane The intcrtna, are formed from prestrc,scd %inducting
rlhhon, that ,ISslltttl' ,I tuhul.u• ,hap% 1, I l ls\ ,tic c\tcndcd o01-
ward front the spacecraft \n msul,untg malcil,;l co\cr,rl r_,
the outer 16 `; tit t0 ;he . ntcnnas f \,:n,u,n, of the Jille!1n.1•

I')
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%%cre ntadc Ili sewn steps over the lime interval of the first nine
orbits, l lie linal lilt-tt-tip lengths are as follow. , !:'% - 54.11 tit,
!', 93.' tit, and Fr - 7.7 lit. I he cll'aicti%c lengths lur the long
anlennas are taken as one-half the tip-to-tip lengths. i he short
dipole antenna is attached to the ntagnctonicter hoom and
oriented in the 1. direction. Two spherical %%ire cages at ► hc
ends of insulating rods form the elements of the short dipole
antenna, its ell 'cctive length thus being 0.35 nt. 1 his antenna
was designed to serve as a backup to the long, antennas and to
provide the measurements at a different elfecti%c length.

Magnetic aruevrrras. A system of three ortho g onal loops at
the cod of, a boom forms the mimetic ,uatennas t.l/_% , .t!%,
,t ' ,) l hc% are oriented to confmor to the coordinate syslcm
delincd h% Ow lung electric antennas. I each loop is made tit' it
%lo g ic turn of aluminum tuhine and has an area of 0,81 m'.

Spek • trwrt analv.er.e. T%%o Ili-channel s pectrum anal%icrs
(A and H) arc us:d to provide spectrum me,r.urcntcnls. Filch
sPecirunt analyzer covers the frcqucnc% range from 20 Ill to
NM kNt with foul filters per d:cudc of frequency. The filler
biinti%%idths range from about 20"; of the renter frcqucnc\ at
lo%% frequenc ies to about 10'. at high frc:;ucncics. 1 ach filter is
connected to it logarithmic rcccivcr with 100-dil dynamic
r.utgc and Ill• " \' sensitivity, l he rei:6%cr output is propor-
tional to the logarithm of the input voltage. B .\ using the long
cicctric antenna, electric fields as Im% its 0,2 AlV nt can be
dctcctcd The magnetic lieht sensitivities depend on the %%a%c
f(equcnc and range front 2.0 min at 36 tit to about IO.0 U) at
16.5 Oil.

In the usaa:ai mode of operation, atiahter A is connected to
the F, antenna, and analytcr H is connected to the .1/, % anten-
na. tlo%vcvcr, on command, each anal_ver can he s%%ilched to
ant of the seven available :antennas. In 'the hiel-rate data
siunplw;^ moaic the 32 an alvcr chmmcl!: xe smniled in rapid
sequence oticc c%cry 5.12 s for a%crage and peak outputs. 7lie
peak measurement gives the mavinwin rcccivcr output o%cr
the 5.12-s inte.vail bct%%ccn samples. The time constants arc
5.12 s for the a%eragc measurement and 0.10 s I'm the peak
measurement. A complete set of avera ge and peak spectrum
measurements is obtained liar all channels once e%er% 5.12 s
and is called it snapshol. A snapshot is the basic data unit for
the spectral densit% calculation : presented in this paper. In ad-
dition to the spectrum mcasureweivs, there i . :t rapid-sample
mode in which a given channel is sampled c%cry OX s. The
rapid-sannplr mrasurcmrnts c%ric through eight spectrum
analytcr channels in a ti%cd sequence, 128 consecutive samples
thus resulting from a given channel.

Shortly after launch it was determined that intense Io%%-
frcqucncy (below I kilt) electric field interference %%as being
produced b y the spacecraft solar arra%. The main compoltent
of this noise is strongly spin modulated and is due to %ullage
transients caused by the shadow of the magnetic antenna
boons and loops mo%ing across the solar cell panels. l he scar
2. 1 relationship between the spacecraft spin period (1 I.I s)
and the sampling interval (5.12 s) mcans that noise contamina-
tion in the peak measurements occurs in alternate snapshots
and is easil y identified.

Wide hand receivers, T%%o wide hand rccci%crs ltru%arc
broadband cmctage over the r:nlycs 10 H: to i kilt and a50
tit In 30 ktl:, l here analoi` si t!nals ;ire useel to reconstruct
autalog Ircqucncy-Bone spcctr;i for satacl%utg cutoffs, res-
on.utces, ;and other %%a%c characteristics that acquire goad
frequency-tune resolution.

Pt AS%tA WAYf SPECTRA IN Till : DoW SIIOCK

General charaeYrrivicr. Figure I illustrates the electric and
magnetic field intensities typically oh%cr%c%i in a hoc% shack
crossing c%tth the imp b plasma ware cspcnmcnl. A%erage and
peak electric and magnetic field amplitudes are sho%kn is as
function of universal little for seven channels ol' both spectrum
anal^rcrs. The average field amplitudes are indicated b% ter-
tical lines, and the peak field amplitudes, h% dots. The constant
level for the peak measurements in the ROL, and 120-ilt cicc-
tric field channels is c;tu%cd by the previousl y mentioned in-
terference from the solar array. The spacecralt crosses the hoc%
shuck. passing from the magnetoshcath into the solar %%md. al
about 1048 UT, as is indicated b) the sharp enhancement in
the electric field strength abo%c the average le%cl% of both the
magneloshcath and the solar %%ind at ull 1'requcncie% b00%%
about 10.0 kilt. The electric field noise in the how shock
t\pically cmends u%er a %cr) broad frcqucnc% range, usuull\
from 3b.0 lit, %%hi gh is the loucst freclucnc\ measured, to
greater than 10.0 kilt. In some cases, electric field noise
associated with the how shuck has been dctcctcd up w 5o.2

kill.
The regions upstream and dimnsircam of the how shock are

distinguished b\ their correspondingly low and hi g h levels of
electric field noise. In the ma g netoshcath the peak electric field
spectral densit} in the 1.00-kiit and 3.11-1,11t channels is
t\pic;ally about 3 orders of magnitude ahme the solar %%ind
Ievcls. In the solar wind the peak, and to a lesser cment the
average, field strengths ;arc strongly modulated al the lower
frequencies by the solar arra% noise.

Intmcdiatek upsircann of the hoc% shuck a distinct enh;ance-
111cm is evident in the 31.1-011 electric field strength from
about 1045 UT to 1055 i l l'. This noise is primaril y c1cc-
trostil6c, since nu comparable cnhanccrttcnt is c%adcnt in the
31.1- ►, Ht magnetic field data, and is caused be election pl;asm:a
oscillations at the local electron plasma frcquenc%. Sc%cral ac-
counts of electron plasma oscillations of this tope, gencraled
by electrons streaming into the solar wind from the how shock.
ha%c been reported previously jf'redrie •k.c et al., 1968; Jcar(er
al- 1971: Fredricks el al.. 1971, 19721. h:lectron plasma os-
cillations upslrcitm of the tit , " shack are observed %tit almost
all shock crossings %%ith Imp h,

Figure I shucks knob I a slight increase in the nmignetic field in-
tensities ;al the bow shuck. In the solar wind upstream of the
how shock the magnetic field intensities are below the sensitiv-
ity threshold of the receiver in all meet the lowest-fre-
qucncy channel, in the magnclusheath downstream of the hoc%
shock, magnetic field fluctuatiOnS are evident in all frequency
channels beloc% ;about 10) kilt. Thcsc fluctuations arc usuall%
most evident in the peak measurements, indicating that the
fluctuations occur on a time scal y much Icss than the 5.12-s
time constant for the a%crage field stn ngth measurements.
Often the magnetic field measurements i ; the magneloshcath
indicate turbulence at only two ur three intermediate Irequen-
cies (such as 120 lit and 200 11/1. The m.acnetosheath noose
starts abruptly at the ho%% shock, l he niarnelie field iluc-
luations at the shuck are usually only slightly larger than those
in the magnetoshcath.

Figure 2 shucks it double crossing of the ho%% shuck, the first
at thuut 1251 1'1 and the second .n ahoui I.'^2 l ; 1. crosrkl h%
file oscillator\ motion tit the shuck %lrncturc A clean sep,ar,a-
tion of the upstream and dimnsucam iel,ntns ht the shock
transition occurs in this ev;unplc, the upslicam solar wind
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Fig. I. A 1%pica: hut• shock cro,sine as dciccted hs the Imp is pl,wiw w.rtc csperimcni. A%ciaec
measurements l? I' - , time con,tant l are ploncd a, terucal line,. ticak mc.uurcmcni, 111.1 - , unic con,t,u11)
arc plotted as dots. The shock transition oc:un at about 1114N L1. i he electric Gc-Id mcasurcnicnt, (1081
show upstream plasma oscillations at 31.1 kHt alter INN UT.

1

region being between 1251 and 1252 UT. The magnetic field
measurements from the Goddard Space Flight Center I(;SF(-)
magnetometer on Imp 6 show a clear jump in the magnetic
ficid at each crossing from a stead) upstream value. B, = 5 y.
to a downstream value, B, , 20 y. The angle between the up-
stream field and the shock normal calculated from the model
of `airfield [1971) is y (B, n) nt 92° for both crossings
(D. Fairfield, personal communication. 197.3). 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 show n 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 b) dividing the measured ac
voltage at the antenna terminals by one half of the tip-to-tip
length, am antenna impedance corrections being ignored. The
computed ,!Icctric field spectral densities for the average ti.-;d
strength measurements arc 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 fieure is the universal time of the
first snapshot. For ease of reference, each spectrum is labeled
b) a snapshot number I igure d shows the corresponding
ma g netic field spcctra for the same time intcrsal.

Be g innin g with snapshot I in I i g urc 3, strong cicctnc field
noise is present in the I6.5-klli ch.innel, which steadily
decreases in magnitude is the shock is approached 1 his noise
is the previou-0% mentioned electrostatic electron plasma

oscillations associated with electrons streaming into the solar
wind from the bow shock. Low-frequent) noise associated
with the shock begins in snapshot 3 and stcadd% increascs in
intensity to a maximum in snapshot 7, b) which time the elec-
tron plasma oscillations have disappeared. For the crossint , at
1252 UT, the maximum rms electric field Er,,,. integrated
across the entire frequency ranee, from 20 liz to 200 kHi. oc-
curs in snapshot 7 and has a value of 8.73 x 10 ' V m '. Up to
98 17, of the contribution to Er ,,, e conies from below I kHz. and
the spectrum has a broad maximum in the frequency ranee
from about 200 Hz to 800 Hz. After the setenth snapshot the
low-frequenc y noise decreases in magnitude. but the
characteristic shape of the spectrum at the shock is maintamcd
through the last snapshot in the figure. Examination of spectra
taken when the spacecraft is well into the dottnstrcani
magnctosheath region on this and other crossin g s reseals that
the shape of the magnetosheath sp'cirum is the same as that of
the shock except for variations in the low -frequency part of the
spectrum. Thus the electric field spectrum in the shock :ippc.ir,
to he carried into the downstream region. The downstrc.im
spectra also have a roughh periodic modulation of loft-
frequenc) intensities with a period of about lour snapshot,. or
about 20 s. This modulation appears to he a general IC.IIUfe,11
the dostnstre"m electric field spectra near the how shuck
Periods range up to 60-70 s.

The magnetic field spectra in I 1eurc .4 resc.il the hock Ir,u;-

sition as nicrcls in enhancement of lots-frrtlucn.t n,'i,c
Ahose about 3 klli the spceiral dcn,ttics .irc do,t to or .It the

rccciscr noise Icscl. The ntavnrtim rms ni.itnctic fieltl nnen,o,'.

!.
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Intcgl.mrJ across i lice nure IIclluc[I:% rallge, .11111 to 2CO I,lt:,
occurs In %[lash , h and ha, .1 %.due of ; a y N, Ill c ). \lost ill
the wiltnhution It , H,,,,.:t,tuc. Irons hclow IiRI Ill.

Electric' and ma nett tie ld %fte,wa in fhe • belts Aoki I t,I
purpose% of sur%cNing the electric and nl.gf1clic held aprcira
too a I.Itgr nunlhcr tit %hock cros%Ings, tine speclium that I•.
fepFC ,; II:.III%t' of each %hU:k clown ► Illtlst he %elected. Ilse
sn.y%hot th,1i .r%c• s Ihc m.t\Imum rms held .implitudc. lound
b% using the I%c• I.Igr spc• :IlA densll\ tnr.I,ur:mrnt. IntcgI.uc•d
from 2011: to *'00th;. t% arir.tcd.I%Ihrshotk spcLittim Ihr
electric an m,lgnctic licld spectra thu% selected -tic denoted b%
t l(to). % .Ind Wte).s and are reterted to .I% the shtick spec trl

A t .%l :aI %htick ttansition as icwl%rd b\ the spr:mat
n e.miremrnt% talcs placc o%cr four or ti%c sn,lpshots,
sontrtune% as man\ as Ill. In the wiics of %,hues tit F.t,.,.
c.dcu1mcd for .I g 1%rn shock crossing Thar IS 100.01% onit tint•
nt.rtlnllltm In / - .p,.. .Ind thus F't,.'1„ I% :Icarl\ dchncd

tilt sCrIC% of \.dues of H,,,,. caliulalcd throuvil file
%.tine shock :w%sing nia% ha%c %c%cral nuNI111unls. [little of
which o,cur it the %.title tutu ors the nt.i%utlum in /,,,,, I of
these casts \%r :hotisc as the shock magnetic field slori[nun
the one th.rl gt\e% the largest \.title of H,..,. %%ithm three snap-
shot% of Ihr %ho:k clr:trc field spectrum

From the dtscu%%IOn ibo\e, is -an he %c• c• n Ili-it out dc• ler-
nimmi on of the characteristic never: and nt.tgnetlt held shock
%pcct..I Is based on the %nap%hot fit \%htch the mo%t Inten%c lo%% -
fictiticil \ clean, held none o:cur% \%e consider this it, he ar
proprtme. %mce the shock LI.111%1eon \%ould tic:haractcructl h\
the spectrum f ` t.1,% that reprc%rnt% the grr.ltrsl dt%%gmtltilt,
1 r , the one %%fill the grc.itc%t turhuicnt c • I::In: helot cncrg^
dcrimly,

Figure 5 %ho%%% the %hock elc,inc field spc:trtmt selected for
the %hock croswiv al 1:5: 1 1 1 hi% %pr:lrunt %ortr%pond% to
%nap%hot ' nl I Igure 1. Both the pc.tk mud Ihc a\cr.1 ► r cic:tnc
field strength% t o ht; incd during this an.lp%ht o t ,err rho%\ n I hr
nol%c Ic%ci mdi,-mcd fit I hole 5 t%'he .tml , ictit noise Ir%cl Thoth
mtrrfcrensr and nmtir.d rwiwl lh.tt r\isic•d fit the solar %%end
lust .I head al the silo: IN I hr %halve of both the I%crage ,end life
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Isar, electric field sl,c:irLIM i% ch,lr.tclrnatic of :ell Ihr shock
spectra c\.utflncti tit Ihl% stud\ II'me%er, as \%III hr.h,mil. Ihc
nttowtics .I' a vi\rn Ircyucn:\ \.If\ 0% CI ` order, of
nlagnuudr The nlllcciron In Ihr %pc• , t:um. at about 'tit, I I: tit

Igure 5, snntrtimes become% \cf\ plonoun:rd, w Ili-it .I
broad real tic\rlo,l,. fit the spectrum bcr%ccn _00 and SIN' Ile
fhc cv ,,irnce oat- a distnl:t peak In the .j ,c, Irvm %ugLrats th.m
this :omponrnt it the electric field noise (mdlcatckI h\ the
JiShrt1 iul\e 111 1 Igurc 5) ll"% moult from .I t iscicze roue•
soul,c In Ihr %%,I\r sileclrnm 111.11 1, bloadrnrti h\ 11ol,plrt
%lilts .Intl nonimear inleta%:twns. 1 he icmirnc\ for life ricciric
firid gwOr.11 drnstt\ it) :onlurtlr to 111:1r.1w \\Ilh  dct:rc.lsille
frrtlurnc% llcl o w .Ihout I00 Its sugl'C"ls 111.11 .I sc• :ti[ld :ontpo.
nrnt ASO C%ists ill the elrctnr held %prcftunt %ap ing ,Ip-
piommalcly a% I t t%lralghi da%lied lute fit I bite 51

I hr electric livid slimitim Irom life pr,lk mc.I%urcments III
Figure 5 Is from the s.unc 5J:-s a\ciagmg period as life
a\rragc nicaNulcimms. The peal spectrum has apprtommatel\
the samc shapc is the awr.Igr spccliunl but Is \holed up\%artf
III nmcnsll% ifs .thrill .elf tildcf of m.li fill udr life I.Ilec fall"
t, rtNrcn the pr•IA and the ,nrr.Igr ntr.lsuretlit'lli%ntdlc.Ilr%lh.1t
tile• fidd %Irrnglh h.I% Lltgr (oldrl tit 111•I 1 netudr) Ilu:lu.ulons
tilt ,1 lun g scale IV%% th.11l Ihc• .1 \ CILI&!Illl. tlmr (% I. \1 I he pe.lk
nn',isurcmcnt%gl%c life upper hound on Ihr%r Iluc:uation%. Fur
mien\ shock% the pr.lk specti um doe% not lyre .I smowh shapc
like th.0 of the a%ctal c spc:irtnm hill hat .1 mote mcl!uim
appcatancc %%Ith sc\cral sh,mp m.mmulns \Io%t tit Ilic • ,c %harp
m.mmums are grouped around t%,ko Ircyuencles tine nr.lr the
luc.ol rlccltoii plasma Ircyueno. In Ihr ul , %tlr.un sulat %,kind
kind life other ne.lr life hw.ld Beak fit Ihc .nrl.lt c %ho:k clr,tllc
livid %rccLrum

I lgurc f, ho%%% the %hock m.lgnrtic held srcclrum wIctic•d
I'm Ihr %ho,k craos%mr at I2 t 5. 1 1 tit I trine _ this spt-,mm,
corrt• %l %oltds to %Ilap%hol (, in I igurc d, htiwc\ct, lit .i,t,,ldamc
%%till out wIC01011011014 1 11. 1111% shock %pc%lrtllll dtic% not ttit-
Ir%pond fit tune %%Ith the shock ciccint field s pectrum. %Int'c to
this . .,c Ihr nl,IV[luu11 Iln% tll.lvncll: livid 1111e11%11\ o ► %urred
%110111% h,lore tursur.un till life ill-mnlum tin% Occult firid

LT • B l HNS	 4 1P 140 	5ELA1 • }A 7

I ig.:	 A douhlc :rossntg of life e.irlh's htm shark .1s detected h\ the Intl, h p1.nma 1%a%: c%pcI uncnl.
I hc • (tow shock a.l% ,cl% nr.rrl% .I l ,cll ocndlttel.n %ho,k dulmy Ihcsc ,IOS%ulr%
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I I. 1 1 he d"trl: tieltf \pcctra, 11.1%cd %, n .1%C'.Igc me.I\urcnp•nl%.

IoI Ill% two mg at 1'`' U1 ill I Icurc ' the IIntC Il Id .uc%I I, 1111 OW
lil \I %pv:Irum and Ow .i%ciagin g tune of \ I: % ocrut, hCl%\rCn
%u%cecdntg \pccit., Ihe1%• .IHrr Siiap%hot ' I, the %hc • %A electric L•cld
,peru lint

Ilimis % Both .t%cra .vc and peak nl,lgnetl: held %pcctr,l c0illit
a gcIlel.111% %nr%oih mmnrtoni: decrcasc %%Ith ulcrca%nlg Ire-
y tic HC%. %.Ir\ It % ,Ippll , v III m,I\ as 1 ' ill the I.u1Ce ItI\m to IIt
to :1111 Ili. %%1111 no e\Idencr of it reaA In the .prcuum conl-
pir,lhle to the pc.tk lit the clectnc field %pcorum :\ d1stmo.l
cicc{+cning of the %pc:trc:,n 1% iko c%Idcn1 .11 ,1 Ircyuc• nc\ tit

g houl 200 [it This %lecI%clung ill the %pc:innn occur, al it
fickluenc) sh ► htl% hell%\% the local elcclrl % 11 g\rt111cyucIi:%,
w filch Il i this ca%c 1% about 150 Ht. i hc peak ma inicuc held
spcclr.11 deli%11% 1% .thou\ .lot order of nt.lgnitut]e grc'.1icr 111,111
the a%cl.gl: m I.nctic field %rcetr.tl dense;%, utdlr.IUng the
pre,cnec of Loge flucw.l;tun% tilt 	 time %:.IIC Ics% than 5.12 a.

In I tgutc ' %%c h,1\r merl.ud the pc.tA mid .i%migc c•Ic:lnc
fidd %peclr.l / t (I:),% for to %h, ,, A crl l% lies \t'lected it IJHdom
flun g the Imp t, dat.1 t% 1 111u,umc the range .tilt] %armbllll% of
the CICetn: field %I1Ce1rull In the shod. In the m,11rt11\ of r.1%e%
the%c sprclra c01h1t the %pc,nal %h.Ipc Illu%u,llcd In I lgurc S

lwo dl%Uncl :onlponrnt.tic c\Idcni 111 thr .i\cr,Igc cl"Inc
field %pc%Ira .utd to a lesser c\Icnt In the pc,1A \pccua at lo%%
frcllucn.Ic% one %:omporcnt dc,-ica C% nllmolonl:,lll% %%till lit

crc.l%mg 11c%IHCII:% ,Ippr0v1t.Ilcl\ .1% / °' and the other
comlloncot h.l, .1 broad pc.lA ecnicled hrl%%ccn -'M II:and NO)
Ili I he L• rcalc\t %.1n.lUon 111 the \( • .%11.11 ,h.I{ ,C .11 1 1 1 0.11, to oC
cur m the %pectr,l wall the lout.4 nuclt,Lllc%. raliplig 11%ml
%pc,11.1 th.It dc:rea ,c 111onolorin'. 111\ \%till it, , c%Idell:e ,11 .1
peak to %pectra I11.11 h.l\C .1 distnt%1 pc• .IA 111.11 1% t]1,{11.1%C%I
to%%md hI}her Ire%plrncus I - I Alltl the I.rtgc,t ultcn%It%

10, 100 10 t0% to'
I RL JUt NC% I to: l

,,Roll ,o	 At IP 1	 1, 0 1	 Stl Al %4 7•
U1 1251 1D	 'At ,10	 A/'RII :J, 19;.

I IV	 4	 t he	 m.lgnellr	 rlcld	 %reCU 1.	 11.1%Cd on ,1%r1.I9C
ntc ' I 'Mcntenl\. for the erN.,lne at I. I. U1 I Iputc ' aunt CMIC
spanding I,, ,hc cicclnc held 'l ledr.l In I Kurt ). \n.y,h,n 1 , I% Ill:
sho%A 111.Ignctw held %recount

%arIA10111. %%hlch occur% to the tanl • c bunt .thou\ 'ltll II: to 1
AII:, I%,Iss" ' I.Ited \%till the bwad pe.lk In the'I • ccuum \, the
Clcetlt: field 111101.11% u1cic.Isrs. si,uhn !, Mont the lm%c,t 10CL

the peak initiull% hcconics mole pro11oulced until .0 .ill 1 11
-tenned1.11C Ic%c! 1110 Intrn,rl\ of the moHOtom% c%,nya,rtcnt

start\ tit 	 and rr.ldiwlh mcigc, \tlth the broad 11cnA
l \ec• pt Im the lo%%c• sl nnen,Ules the main conulhutlon to the
rm% cle%vii field ,trcnimh :cmic% from the pc.11%. A, %%d) he'
%ho\%n, the broad 11C,IA In the %pecttutn I% :.IU%cd b\ rice
Iro\I,It1: \\,1%e%, ,IHd the monotonit. :omI 1 011011 I, I, Aki,Cd h%
clrcuont.l{ Hell. %%h1%Ilrr 11lotic lulhulcilce. In Ihl% \tut]\ Ill:
Lugs\l fill, cicclnc field ,ticngth en%ounu'tcd ltrnt the p0,1A
1tc.miremc'nl% 1\ ' I %, Ill I \ ill I the Lure %1 im, cicclnc
Iicld %trcHl ill from the . I \clage mca\mcnrc• nts I% h h \ Itl 1 ^
m '.

Figure 8 %how% the it%ellaid peak and I%ei iyc n'.wncttc Iilld
%pcCtra lot the • Ia %ho:A .lo,%ntg% u%cd In 111• ur% 1 1 hC,I' \I%c%'.
Ira tc'lld Io %ho%% A monotonic dccrCiw %% till III:tca%ill g lie-

,% mnI! ,lpprovmaick ,t% I ' "''' Ili 	 ranee Iruttt
Allow i ll II: t%, IN II: %%Ith k1c.11 C%IdeHCe of .1 ,teCl , Cnmg lit
Ow ,prcllunl it .thou\ Illll-:1111 II: 1111% %IrrpCnlllv, lit the

111m,1101k held \peatunt a%u,tl!% Deco\%%h1• htl% h0im the 10%,11
CICclnm f•\roftetluetle\

FIrltml II I , „I,riI 1 •,NVyI Jre.ufr ratio	 II, and u, 1de11-
111%ulg the 111,1.11.1 we%r 110dc, In%ol%ctl In the b , %% %ho%A lilt-
11 0101oX. %% e h.I%C III%r\Ilp,lled the rlC%tll% I, , Il A IIe1 1 % I :td
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Fig 5	 the ,hock eleetnc IILh' ,licklium f1wl,, wIcOctl „n Itte 	 IIg 6	 the ,hn,A maenru, field %pe,lrinn N'1.•1,, I ,r the ,h.,,L
Kw, of the nn, cle:tne lick! implUUde 1 he pe.11..I,cclrunt ohl.uned 	 00111F1g of	 hr ih.u.l,icn.u0 114,0 1 04,11,, drl ,erliin,i /	 1,
during thL• .1 1 1'1 .1g 111e lime . , I the .I % crjre It1e.I,Urcilll• III , I, al,d,h1 ,,, 11	 I,re,CII1 111 1 1 1 1 111 [Ile 11 C.11, A ll d the .0cf-We ,I,i,ll tl111	 I he ,1 1 Calt illl
the 1 111 1 dI,11I1,1 ,.11111,1 1 r1 t'nl , 111 the 111OCk CIC:In, II,'III s 1 1CCIllul t l Ale	 ,leel4'll, .11 .Ih1,111 '1111 Ill. I,elo v the 104,.11 Cle,I1` 011 gMJIrh111C11,x .11
shown b% da,hed I111e%	 aboul 1'11 Ill

encip densitx ratio as the spacect.Lll passe, throu g h I shock	 spectra of Figures 1 mid a. HCC.M%C the nlAgIICtic held MIC11-

FlEurc 9 shoN%% the ratio of smwlt.uunusls nlea,ured Cnerp 	 shies at hi g h frequencies l>3 kilt) are 0 , !tell ;oml , .n.lhiC t,, or

densities it I„ ( ,, here the CnCFCx dcnslltCs :lie t t - L:' SIT and	 Ic,s than the rccel,cr nolsc IC,cl, the 111.1plO c cneri1 dCn,mc,
I„ - B' ,nl at .I sequcncC 0,1 sn.11 " hots Ior the shock cro—mv. 	 nu%t he corre.-tcd for the rccCl,Cr noise Ic%cl 0111% n1.11•n1.711i

at 1252 U1 Ill I1Fure 2. the snapshot numbers Wei- Ill 	 field measurements that exceed the recen Cr noiw Kiel hx .1t

to ELECTRIC	 FIELD	 1\	
SNO,K SPEC T RA	 E

q ' ^ \ ^'`	 1AxERAGES)

i 
I 10L1N
1011

oil

u.r	
17

0

1

1Q	 10 ~ 
1

^^

V	 1s

KT 4 0 -16 , cons/m	 I

pI. 1 t Erms'	
.

11
l

1 9 R 10 ",MV.
p1t

10 y -- -	 —
'IO' 1Ot	 to $ 	10''	 105 	1C

10a

10  ELECTRIC	 FIELD
SMOCK SPECTRA

'p IeEAKS,
s `

i to v

_

H IQ't

I

y
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IV 7 A rerrewtil.lule dl,mhuhon 111 cl4,.tr1, held ,h,a1 11,4,,11.1 111,100111} aOCraEC and 1,,.1{1
111c.1 1 01011cm , I Ili ,1 , ir.tvc 11 1 :,LrA .11011 Ihdl the hr1 , .1111e.1L Ill lhr 4.1„11., held • 1,C, Ir,I h, oom , 111.1Ie
dl,llm,t .I, the 1 1 1er.11l IIIt,':1 , 111 . , I the ,pc,ira III,Ii.I , , , ill , 11 1 • „111, 111mm,tfim, Imip; and 111 4, 11 11„0111L,
Ic„ d"Illi ' t a, III: le gs I,,w Ircyu,n,: c1e,t:IC held ,pc, I r.iI ocr , It, ,.11ur.11i, 1 hL peak ,pt,u.i it, e,u•
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I IF	 1\ei11e\l'11 1.11 111 d1,111 1"tition of 11mg , ielle livid ,ho,A ,I1e,11 ,1 imitl.lnil7 .Neldii mid I1,.IA
nI C.1, u I C 11 I:0 I, :or IV, 11 1 1 nd 11. to Itic (Ic:U I, he l,! \I 1 cc I1.1 r1 1	 1C ? Sonic , 1 1 the I , : .I It \I ,c, 11.1 nl d'.nc Itit'

^I
	 I1 1t• ,Cll,C NI 111,1111:1 11 ,1c nl'-df,

Iea.1 I ,•.o yu.lul:mi ,tel ls it , S kill) .1t. used \I Ilcyucicle%
gr0.1cf th.111 about 10 I,fi/ the magnetic ficld InlCn,11 Is usu-
.ill1 100 .:11.111 to 110 11c'.I,urcd .t:cui,Itc11, .111.1 ., 1 lhC clicip
(101,111 I.t11 1 :.11MOI he 11OCHI1111C11 .11 thCsC 111.11 111.11ucn:IC•,
•\\ the ,1 1 .1:0:rali 1 1 .1..Cs thr,l u.h C,v .ht 1 :t\. .1 11rta1welli I'Cal.
do%clol l , Ill the e11erC\ 001,111 r.mo at .Ii 1 1 1 11 I IN. 11. At
s1.11 1 shol '. 11111:1 1. the 1111e It \1h1:h the m, 1 .1 uLlc• 1,c 111,
electric field occurs II Inure i t, 11c niammum r1crv.\ d011,111
r.lUO IS e l 1^	 t	 111'. 1111, I.Irge rmit1 :out:ides 11 llctluenc%
111th the broad pc.ik ut the clectn: ficl 1 specti tim and indl:,lle,

a' SNAc^,n1r
^ 1 ^ t	 N.1MPkR

`	 ,••	 I IRAN>II ION
1	 `•	 Rk uION 1

w
ro.

10	 y:	 . J1	 oa	 0S	 ^` •
1 RFOur v. 1 1.111

pRPlt ,,	 ^t t11	 t' N	 St,AY 11

1 1' v	 1 he r,110 1 • l .Ic,tra enerp de1,1t\ hl m.l}1011, inrr.\ ,Irn
,III f or the %hoLA tio%mog of I `,' I. 1 1I I 1 .erue	 I he 41\4 hCqucm%
I,,, T11,111 NI ,IL111,ht11, 1. t , .1111! 1,,.111,I,Iclll Nlih 1111,11,1 \1 .1t • \I
higher lleyu, ne1C, Cleviltl,tall, nt 1 1,e I\ the J011111.1n1 11.11: ma ple I he
ic'un+ 111 ele,rroomi, nmw 1, ot`,med L 1 htl , edrn t„1, ,u,) Lo p e! I”
tlleltl. , 111111tr 111to the 11.111.11„1 t,C - ll

that lilt% ompotictit tit 111c \I ,c:irunl :1 1 1.14%111 almost 1lutcll
Clc:!11%1:111: \\.1\c].

It 1\C crn,llirt the lo\\c• r llcyucic\ 1111111 111 11r elrartla.un
ulhulcicc 11 1 he p%c1 1 1 1 the fle 'luc1,1 Ills \1 h1:h e, em I
(111%!1:.itcd bN lhr lonlolt.11 11111\(1 I111C 11 I I ► u1C `) I. it IS sct.n
that lhC cicctt,l,t.11c note ht11.u1CllS to\\.1d I0%% Cl Ilcyuc•1rlt.,
.1\ the ('Lean: field u11C1s11 1110C.Iscs 111010 IN Ihu, .Ill 111101, .1
Lion that is the ,hock Is tr,t •.c1,ed from thc• up,ticam aide to
the do%%IIN11r.u1 ,111e, the elcdf% 1a.rlt: Ili[hulel:c lint hr.ln. at
hp• h Ircyurl.lc,.111d I\ UtC1 itanNICnCd Io%% Irtl lmket Ircyucl
iIC1 fill lhel Into the t1 .11,111, 1 1 IC1;1t 1 n. \thc[C 1110 111.1111 \ho,l
d1..11 1 .111, • Il Occur. t l nit the in:rc.r.c to iii-mmum '111Cil.11\ is
Sh11 1•t1 11 11gurc `), the dc:rc.1,c• 1% , the do-n,tt0.u1 \I,Itc h.n
ing .lpI N r0\111.ucI\ the \.unc :unc\ \I Ilr,iurnclr. 1101,,\\
.Iboill I'l l Ill IhC clicip ,1(• 1,11 r.Illo Ic•m.11..1I11110%lin.ucl\
con\tunt through the tr.ln\it1, 1 n rCaon, u, it ,1. 10\ in ael••hols

t,, and	 I1th..ttu1 1, thm .1 thc\c IINUCnt 1r\ the ,h11:A tut
bulcllcc 11., 1 1.( • d dl\lila cic,110111	 11CII: Illodc•

To indicate Ihi ratige and dtstrihulon tv cic,ln: and
nuglictic (lira\ de1.11\ 1.111, 1 , 111 the 1 1 01. \ho:A. I butt. It,

an , 1 \(11.1 t11 Ihc• encip Icn.1\ 1,111"f,v I1 ,tlt,cA
crownp \cic:tckl at random The .11uIt.mCou. cicclrrc ,:1d
m.11•nc• uc tic• Id cnerp %(+drat u•c• d to c.11:ul.Ite 1110C 0,110,
" C I C SCIC. led on lire h,I.IS of thcm.mmililt 111\ 0c"Ir1: held 11

tenslt\ obtained front thc• .nrtage mc.i,mc• nu• 11, 1 he cletl-\
denslt\ rurtos for the silo:),) \c• Ic: cki lit 1 Wille It , ,hom the
Sahli( halal fe.ittlic% r.ldent L11 lhc• .1110C ,hO:k 00"ItIg Ill
111;ure 1) I1 the IIC,Iuc1:1 r.Il.r .Iho%c .lbout .'t4 1 II: the cicc•
tic held enc• r ► S dcl.ltS C\ceed\ lilt. n1,IimU: held c1CtC1 den
sit%. sollictill1c\ m .1 I.I:tOr of .0 11111, It IN I1 1 '. lilt\ I:.IIIUe,t11
filming that Ili,- hlo.ul I 1c.Il, 1l tilc cic•,tr1: held \i1„Iluul

1 1 t .1111t 1 •t I 1 l[I1. 1\ iIc', iI O,IJII: 1\.11 i, \1 IK 11 ,n n,I,,

1 1('1,1%, .1boul .111) I1: the \1N:11.1 ..1111 Ihi It 1 \.t.\1 ill:l^'\ d:li,ll\
1.111, 1 , 111 the r.ntt• c 111111 Il l ' It , it ) '• \ho\t .I tfl,Inl,t .1101!'1
III 11e \1t rc, .11111.1 tO 111.11 III \1.11 1 ,11, 1 1\ `. h. and • 111 I II•Illi 1t

I hc• ,e cIc-p dcn%it\ I,I1 1t 1 1, :trlri, 1 1c 1nd I4 1 111: It- (1:,111,''1
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Went downstream regions are clearli, c%idcnt in the electric

fit-ld %pectrum The %hock tran
s
ition region I,, most c%ident in

the magnetic spectrum. Both the electric field spectrum and the

magnetic field spectrum sho%% a relalovl\ unstructured noise

crihariccment 
in 

the shock transition, 
In 

the do\xn%trcani

region the electric field 
s
pectrum %ho\\% inan\ 2 . lo 3-s bursts

that have a di
s
tinct 'parabolic' lrequenc^-Ijmc structure,

smeeping rapidIN do\kn\%ard in 1'requcnc\ from about W) Ili.

reaching a minimum of about 50 Hi, and then ripidl\ s%%ccp-

ing back up\kard Ili frcquenc^. These pirabola-sh tped bursts

arc almost purelN electrostatic, since no associated .;.agnelic

field is detected. The\ occur randoml\ in little and are

characteristic of the dmi,ristrearn macricto%heaIll cicc^ric held

spectrum. The distincti\c frequenc\-time structure of' thc,c

noise bursts has nc%cr previousl\ been reported. and this elec-

trostatic noise apricars to represent a hj,i^ ne" turbulence dis-

sipation mechanism operati%c in the migncioslicath. The time

scale of these bursts is not rcsol%cd b\ the 5.121-s a%crjgc

measurement% in t^ie digital data of Figure 2: hoveier. the

peak measurements arc indicati%c of the peak amplitude ill 
the

bursts.

An expanded time scale spectrogram of the shock crossing

at 1252 UT is sho"n in F-igurc 12 for frequencies up to I k1l;

The Io\kr_ frcqucnc^ electric field turbulence Ili the %hock can tic

seen belv%cen 1252:10 and 1252:15 UT. corresponding to the

time interval of snapshot 7 in Figure 5. The inten
s
e broad b.ind

electric field noise in the shock is cicarl\ distineuished Irom the

do%%tristi-cam region (after 1252:15 UTI. in %%hich a lc\%

parabola shaped bursts are intermin g led \%ith the background

noise. The rilost intense portion ofthU IL)\%-Ircqucnc\ magnetic

noise occurs bct\4ccn 1252:00 and 12^2: 10 L"T (correspondilli!

to snapshot 6 of Figure 4) slightl\ upstrearts of the point \\ here

.he moi,t intense electric field noise occurs.

ELECTRIC FIHD P0L-kRIZkTI0%

Since plasma \%a%cs are usuall\ slrorlol \ influenced h\ the

static magnetic field. it is Important to c,tahliNh the orientation

(if the " a%t: electric field re'ali\c to the static magnetic field

The %4a%,e electric field dirt.ction. projected onto the plane ol

rotation of the electric .^Pacnna. 
call 

be determined from the

modulation of the measured electric field amplitude due 
to 

the

antenna rotation. A null in the measured cleciric field

arnplitudic occurs " bell he antenna ams is perpcndI1,AJjr it) the

t

10.5 L

0	

'0	 Cl

r REQ,)EN.'. 1r (HzI

lFiv, 10 A rcprc,cnIaij%c distrillution of enerp dcn,ilk ralicis for

to %iiock cro-ine, eleoed at randorn from the %hock el ctric and

mjgncli^: field spc,:Irj

monotonic components of the electric and magnetic field spec-

tra. In this frequencN range the onl^ elect romagnelic %kal,e that

can propagate is in the %%hjstl-,r mode. The ohser%cd cncrg^

densm ratios. 10' to 10 - '. are consistent " ith the clectric to

magnetic field ratio e\pected for %%hisLlcr mode %\a%-cs I lie

tendenc% for the ener p den,m ratio to Increase %ith in.

creasing frequenc\, apprommatello proportional to is

also consistent \%ith the eyected variation of the "histler

modL rcfract:-.e indcv hence the electric It) :he magtictic 1^cld

ratio, 
in 

this frequenc% ran ge. Tile -,teepcning of the magnetic

field Nfick:trum all ^t 200 Hi. e%ident in I igures6 and b. can he

ditributed I,) the " histler mode propagation cutoff Lit [he local

electron g^rolrcquenc%. On the basis of this c%idence eke con.

clude that the Io\%-frequcnc\ monotonic components of' the

electric and ma g netic field spectra are caused b\ %khisiler mode

turbulence generated in the bo%% shock.

Hqh-resoluno pi spec.ra \% idc band analog spectra of' the

shock crossings at 1251 and 1252 UT in Figure 2 are sho%% 
it 

in

Figure I I for the range 0-500 liz. The quiet up
s
tream and tur-
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I t. I:. I spandcd Lime ,calc a I& l..Ind ,pall e l,,I Itic • ."wid ,ht,rk "o%,mg oI I Igule, ' mid l ! I h,
shock turhulcn:c rcimri% e homoecncou, .ippemotwc..md Ihc d0%nsucam iim,t .ho%%% I Ica 11.11.1hol.l.
sh .y,Cd hut,ts lit 111c cic.tnc held

electric field direction. and .I nt.mmum occurs \,hen the sill
temm ,IVs 1. par,tllrl lit electric field direction. Simx high
tI,11C rc.olu(i011 111r.lsurenleni. are required, rapid-%ampl y dat.l
nu,.l he used for this ripe of.111al.sls.

This method of (Icterniming the electric field direction
assumes that the noise mcn,m VIII remain ncarls con,t.Int
during at lc.ut one rotation I.I s) Fur the up,l ream and
downstream %ascs. „hl:h o p en hasc an appro\lmaick con•
stmit amplitude for mam rotations. the elcori: vc1d thre,tlon
can be determined rch.lhl

*
 bs using this icchntquc liceau.c• Ihc

time required to traccrsc a .hack Is often comparable tit
rotation period. It is more difficult to appl'\ this technique lu
the noise that occurs in the .hock this .hock ir.,,%me% that
hale an approvnlatcl\ constant amplitude for at Ie,hl I0 s Or
more can he an.dtzed The number of cases that can he arla-
1\tcd I. further reslrn red ht the Tcqulrenicnl that rapid•,.inl-
Ple nic.a.urcntcnis must be a\xlahlc in the correct Irequenc)
channel for the ctcnl of interest.

I pwtvm t'ie"Irorl l l ldtrrta ottrllarrun.c I Igure 11 .how, .111

c ,tanlpic t t f upstream electron plasma oscillation. for %hlch
suilabic rapid-..imple mcasurc;'tcnls arr asalLlble to drici-
rnme the cicetrlc held direction 1 he electron 11 11,ma Ircqucncs
In Ihls ,ase Is c.l!m.ited Il l he .111 0u1 _(t kill I he IfI C11!unl 01
the pki,mt i 1 1 10Hatt0n, Is .ullicienllt hro.ld 111.11 rn0der.11r elec-
Ilic held micn,ltic, arc ctldent lit the 1 L1-Alit channel
throughout the Crime region prior to the ,hock ,ro\,ing it
154S 10 l' 1 1 he c4ectro.l,I1Ic 11111,c Iabelet' prccur.or al 1 1 1
it If appears to he a component aI the electron pl.!,ma usc111.1-
tlon spc,lrmn th.o h.is brt,.IdeI1Cd to hequcneles %cll hc'l0%
file Io:al electron pla%ma Ircqucnc. shout N nun before the
shuck I. encountered. Prccur,0r cflccts 0I this :tpc are Ire-
qucntlo uhsertct' Ira ass00.11ion c,tih the ho% shock. usu.11I%
slar(1ne a few minutes before the ,hock I. encountered

%o pmod,. labeled \ .mcl H. during %hiefi ral , Id %,mylc
mc.i%mcnicnts %err ohiamed .tic ,ho%n In I !pure 11 1 he ,pin
rnod • il.ltioti of the cicctn , n plasma 0,t111.u1on, n. Ihc 1 1 1-kilt
chamicl..laiting m 1541 N 1 1. 1, .ho%n In Ihc polat plot
I.ihc!cd \ lit I Ivurc 11 the polill, .ho%n Ill till, pol.lr plot .tic
the c1c,tric Ileld .ircngih, oht.Imcd durm i: the r.1pld ,.implc nt-
Icrt.d and 1• 101tcd 1.1dI.111e ouftt.l y d Isom Ihc oii t , n .i,koidmi;
III lo1• .1whnitc .:s l oe ,114%11 hrlo% Ihc pion I he p01.ir ,111ric
1, the .JIQIC b:l%crn thi elec'rlc ,mlcima viii, .Ind the .mcilitc

mull 1111e, measured counterniockttlse as it is cletcrd twill I •.
north ecliptic l i ttle (the s pacc'Crait .hilt m% !s pcipcndl:uial .0
the ecllpitc 1)1.111C) 1 he ,lade magnrtl: held dlrc:ln , n. pr0-
Iecled onto file ecliptic pLulr, is a1 .In .utglc 0,	 ` ra . is IN I.1-
dwmcd ht file d.l , hrd Isle Ili 	 poll 1 , 411. 1 hc' nl.Ipnctic hclC
te:tur his .if .111 .111gle of 1W aho,c the ecliptic 1,L111c

the Pohl, shown In the polar plot Include tout eonlplc-x
roimit 1s ill the sp.icccralt I he clecinc held micn%ox, ha%I:.:
pronounced m.mmum „hen the m1cnna asis I, pm.idd 11 :t'c
ProjCcIed 111.1grIC11c IIClt' direction and a minimum „ p in t! is
anlenim axis Is perpendicular ,c the ma;- -tic held Sm.e :!:c
maenclic field dire0ion In this cast is tcrs :lose 10 the plane o,
rtuation of the electric anlenma (the 0,111 , 11, planel. it I, et
that the cicetrlc held direction of the up,Ue.lm elcciton
oscillations 1, I'mallel to file s1.111c 111.1enetic field. ,l% %ould he
c\pccled if Ihese ,,.I,e• , .Ire csctied 111 electron, ,Iicamr ,:
along the static m.ipicti: field Polar plot N In I 1purc 13 1110%,
that file C1C:111e field dilection 01 the precursor tt,lttl 11 M-0
.lhgned p.n.11lcl to Ihc static nlapnc(I: field Sunll.11 ob,er-
\mions for olhcr shock :10„Ings "till %olds camne m.Igr;U.
field directions ,how Ihat the electric held threitl111 01 lhc,e
upslrcam electron plasm.) oscillations 1. %hats pitallcl to the
sr.i(le magnetic held

f /rtvr,,tnur, I'd' el ur rill . how .tiro, h	 lit I I p irc 1 .4 ac• shot•
An es.intple of the spin 111odu1.ltion obscncd for the cic:tro-
st.m: noise Ili 	 111% sh0:k 1 he shock cio„Ing oil this c.i,c
occurred near the ccl-ptic plane at III i hour. I c,llh tern qu!ct
upsirc.im conditions I he (ISV( mminictonlcfc'r sho%, 111.11 tl•c
upslrcam imignctic field direction is ser\ ncails pelpcndl:t lay
t1 the ,!lock norm.d. ,l (B. ill 1 II”, so I11.11 itic bow %fl,,:k :% a
perpentlicular shock Ili.' ele:ttostati, noise t%ocialckl %,IF
the ,hock IN near m.ls!mwll 1111Cn,Ils for tine c0rltplelc rota-
twit. ,0 that a definite spin n10du1.1hon pattern ,.tit he ot-
tamed

the del.Ilied elrclrIS held .1111plilildt . of'(.nncd Ifolit the
raltl,l ,,unple d.11a In Ilse 1 I I-klit cic,rll, li,ltf ,h.m a.i I,
sho,trt " .1 (1111:1„11 of little Ill the 0110 11 a11e1 Of I --'Wc S
.lilt' the p01.1r pool toll-t4litiulg to Ihc 111littal 1•.1%,.
p0utl, a and h I, shown uI the lower panel Ihc c1:.in,,;-1-
turhulcnc; as.ti,l.uid %till 111c shock 11.111.111011 Ot,ul , b,I%,.
.Ibouf 1440 17 and IJ 11 ! 4 1 ) l i In till, .,1111: lime 1111.1 t.I
(M ( nlagnc1011100 d.11.1 oho% Ihc In.!rnci!, held 11'.,..
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I Ig 11,	 l i p,lre.im cleciro- pl,1,m.1 o,i111.uum\ and pre:ur\or encounlilctl .i Ie\t nnnule, hetore Illy
,hock . o—ini A ah,wl 1 -J\ I ll l 1 I h: r,lpid ,ample mr.l.tntmcrn. \ .Intl N 1-1,%: lilt yon-1111 \h1i.n,tl
elc:lrlt livid .11111 1 111i'de, ,hr\til it) the I%%0 1101M 1+IUI,	 the elc,lrl, I.ihl N,lol JI III, \%' N,nc\ 1,

	pledonunalith ,IhEned	 ' 111:1 lo the , 1.111t 111.1oneu, held

M I 11oIt I n1,,111\ It 11111 .Iht+ul I_' ) 11 1 .1 tit' it su )	 I he \t+lu C,IIp.
tic 1141011LAIe Alld I,ItlllILIC of Illc ma p ncllc tield direction icm,urt
con stant at ,ipproli m ick m K — _'CC° and N K 43 °. tc,pet-
h%clt, through the tra p \loon. the magnetic licki dltccht*tt.
prolcctcd Onto the pLlnc of rotations tit the electric milcmia, is
Indicated ht the da,hed lute lit the polar plot of Ilgurc 14

l he angullr dl\tnhulion of clecir:c held ,ticncth\ is ,cen Its
he \\11tlnciric.0h dl\trihuied \tuh rc11 10,1 111 the nla.'ncti, held
diicclioll %%uh I\to dt,hncl ma\1 Ili wn\ %%hen the .11110111.1 J\t\ 1,
parallel io the prolcoed magnehC Ilclil &icoton mid :I
11unmum "hen the milcima ,nls't\ pctpciWIiular Ito 111e 11.111r
111.Ignettc 1101d SIMC \utl\ unc ro1,I Uo i; occur% In Ih0 rec It+n
%% here the Intense elccIro\tatli itol.c occurs. II 1\ pt+,sl Ill e IItaI
1111% a11p.Irent \put nlodul.It11+11 111.1\ he due to a toulclde11l.11
tammion tit the nuke mIcnal\ rather th.In a \pin modul.Iutm
rthcci 1Io\tc%cr. the n1Jgnctic licid gradieltl. %\hl,h 1, i\11r,lcd
it, tic cotr0 mcd %%1lh the electrostatic noise rittcii,m. ippc.irs
It, mere.\c \moollik up it , ,1 ,melc ma\mlilm stud doe, nt'i In-
di-ile ,f %anation as •.octaled %%Iih the It%o mammuni, im .Ihoul
IJJII JII l'T .lilt) 14.10 Jh UTI. %%hlch odor %%hen the .n IJt1111.1
.IV. Is par.illcl to the magnetic IwId Ihu, it is fell that the
.111vul.I1 JI\nlhlunon in the pool plot ill I I.'utc IJ I, Ic111011.11-
1.111\r ol Ihc.Lw.11 Jnurhuutm 111 eli,tnt hied direction, lit Iht
shock \Into the maglich. Iicld lit Ihls c.l.c 11.1, ,111 .Ipplcsl.ihii.
,o ill poncnl 1tt'rpendlcuLlr to Ihi pl•vlc ill r • '!.IJnvl to iht t1—
Irk .mll:1111.1 ( M . 4 1 '). lie taltil,n dt• Iimlel\ c,Lthh,11 11 1 .11 lilt
Jt,ctri, held I, aligtletl par.111c1 to the ni.ICncut lo ,:h1 \etit•t.

,Ilihough this is ccrl,unl\ the simplest ,Intl most Amou, uucr•
prt moon ill the oh\cr\ed modulation lllher .imil.ir ca\i, Ih.0
ha\e hcc11 c\,unulcd u,u,Illt Sho%% dclinnc e\Idcntc i l l .pill
modul.11ion. h,+\\c%cr, it Is n0\cir Js prtmounccd as It Is Iol the
upstr0.111) pl.l\mJ o'clll,nle+n% I he ntotlul.lhon factor I, u,tiali\

less ih.ln to I I t 1 r m.lvnnutt ,Ind nnnnnu11t .1111pinudcs, 1111,
ratio ntdicahne Ili,II \\.1\c \cclor thicctnnl\ of the cle.lit l ,l,lt .
tt,i%cs In the h,m shock are dl\1111 1 111ed t +%cr a rei,Ilncl% hr,+.:1
range of antics \1 hen ,i deinntc'I'm ntodul,:hon I , 0\ IdOnl..1,
It Is in I Igtnc IJ. the nt.1\ununt clectrtc IieIJ Jnlplltud0 111 the
\hock a\u.ill\ tends to occur In ,I duccllon 11.11.1101 it, the .tall.
magnetic ticltl

Vktuo%lalrt unl•ulerrty III the nttt ,cIlt-lo h0,u lr	 \, tt.I•
prc%ItluA% dim:w t•d. it moderme lt'\cl oil c1coro%imic tltr-
hulcncc is al\\a\t prewfil ill 1110 ma1!nrto\hrath dottnslic.un td
(tic .hock Since the mun.Ilt I I I the nt.Ienctt+.hc.uh cic,ttl,
lield noise I\ u\ua11\ rcl ,ti\cl% Stead\ fur sc\eral roiauon, t•I
the 1pJccclaft. the cle,mc Lcl,l Jrrethrn can he det0nnulcJ
will a high dcgtcc of conhdcmi: u1 this rcgton I ICllrc I •
\ho%%s the po1Jr plot ora ,cries of r.Iptd \.unplr ntc,l,urcmc
ohi,unctl In tft: mJgneto,hcath ,Ihr l ul I nun ,filer tht
cr o\.nt .II 11+1' ,Il	 I	 I hrsc t.1p1\t • ..I 11t1 1 10 mca,:Itoncnl , .+I,
tiortl Oil: I II klli elcctlit held thAlIfICI ntd In,lu,lc hour 	 '
plea: rt o t,l111 +• ts tit Iht' %r-w ct-ol I 11r 111.1\111111111 l )milt. !1-1
.unp11lu\lt .1 1 .I n uccurt %% hell the cle,111. ,nllcnn,I av , '•
oficricil par,llicl 11+ the ,1.111c 1 11.11 • ncti,, held dlre,llt l n Ilì
idled or'to the c.l111u. plant I 1 he nt.lgnctic htld tctlol 1' '

I, I
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M1



RoopEiI Fl ALMn G(It\ETT: BON $lint- K Tt It BI 111M l
	

19i

I

a 1 CHANNEL B 1 311Omit
lop
	 I .

\	 Il Iy

^-Iti^llti

I 

^^	 •

1'

_

^	 ff I	 f
I^^

 j( 1^

.

, l
0

10 + •	 I
r

I
1

^t^^ ^ I 1	 `	 , f. 
I ^:L	

I
} 111 I•Ir	 ^	 pr	 ,

V
CL

1
It) L Y

Wy ^	 rv^
r 1Y:"s 40 SJ	 40 4C 4050 41 00	 4110U7 • P.1	 14 LT.iC3^R R.14•A, SEE AT• -OP

ORBIT 15 MAY	 14. 1971 DAY 134

SUN

to 43•

L

^z-D.

it

^N
Iqo^

k+— .4- I ^—,
IQ' Id , ]c 1 p0° 10'

T.Oi•+/TlIN

Fig U Rapid-samplc nlcasuremcnl of clectrlc field .0 I I I llir
for the how sl]o:A Irun%mon and do%nstre.Un rgwns The clr.ln.
field flu:tuauons Ire corrcl.11ed with in.ltinctic held gradients in hoth
the translllon .Ind the do+.nstrc.nn repon The poLtr plot show- the
spin modulation ,d clectrlc !field .unphLude for the trxwllon region for
In IC1+.1I a to h: ox Is the sol.lr c0irstic longitude o1 file inagnciic held
upslrcaiii of the sho:k

case lies at an angle of N„ _ 35° above the ecliptic plane. Other
similar cases that have been anal y red sh % that the clean:
F._Id dirc_lion of the magncloshcath turbulence is always
oriented ncarl% parallel to the nlJgnetic field d]rc:uun Usuaik
the electric IieW amplitude perpendicular to the magnetic field
Is a factor of-5 below the ,unplltude parallel to the magnetic
field, indicating that the distribution of clean: field directions
Is rathrr cltl%cl% aligned along the stalk magnetic field dircc-
tion (within 20° or less).

St %i%i %xN Ot RF IWLTS AND DlsccsslON

Upstream of the bu% shock• intense narrow hand cIC:-
troslatic ITI.ISmJ uscillatians are Ircyucnil% ohscrccd h+ the

Imp 6 pl—m i wa%c cspcnnicnt JI frcyucncnes of 10-10 kilt
The srcctrum and intensif y of these electron plasnia us-
ullations .igrce with the preciousoh%cr%.ition% of frrdrrtki ri
a/ 1 146 1111 and :onlirin the nimn Icalure, alread y known about
these w.n:s The Imp I, spin modulitlon mcasurennents .fill++
that the cle.tn: held +cctor of these pl.1sniar osc111ations Is
oncntcd p.Irailcl to the lu:al %fill, n]agnctic field dlrc:lwn
fill, c• Ie.ln: held diic:0on Is .on%i,tcn1 % p ill the difc,iwn es
pcctcd it flit:pLnnl.I o.cilLnlons .Ire produced he .I I+so•slri.nn
I list .Ihlltl% Iroln ci::iron. thm .ire slrc,iming Into Ihc• w1.11

"Ind along nl.lcnClli held Imes thal Inicnco the shock ttan%i
tion. Ilroad hind ciccirostau: noise, rcicrrcd leas a prc•:utsor.
Is also frcciucnllc ohscrs cd ht Imp 6 unnlctli.i1 is ul,slrran] of
the shock. Ihis broad hand cic:irost.itic noise tsplc,111+ cs
lends from the liwal electron pLnma frcyuenc\ (Nhl:h Is usu-
alb at about 20 10 klf/) down to Ircyuencics of ,thout
kiii The cicctric field direction tit these precursor ssascs is
also oriented par, Ilcl to the static magnetic field Since these
rrccursur %aves atificar to he closel y a%So:I,IICd ++Ill] the long-
NaVclength narro c hand cle:Iton plasma us:Ill.Ill,n]s Jill,-+
have the +sine clectn: field polaw.won, and the tippet.
frcyuen:s limit oh the precursor spectrum is the local pl.lsnla
frequent)). it stems most liken that these Nave arc +triply
shorici-Navelcngth electron plasma oscillations that are
strongl y I)opflcr shifted down%ard In frcciucncs from flit-
local plasma Ircyuen:5. A dcrwn+c,md shill In Irccluen:) ++uuld
he cspected for scants propitiating upstream Into the solar
Nlnd

[it the shock it;^nsltion region, two distinct :on]poncill, .1rc
evident fit the cicctrlc field spectrum: one coniponcnl his .I
broad peak centered bcl%cen 200 and 800 Ili, and file olhcr
ccmtponcnt Increases numotonlcall+ +c rth dccre.i%ing Ircyuenc%
,Ippromm,mcls as  j11pj '. The magnetic held spectrum h,Is
only a single component, Nhich increases monotonicall y %%f111
decreasing freyuen:s appro.Intatel\ a s / ' "'°' . 1 he
magnetic field spectrum] %titmN a dwin:t steepening of the
spectrum. mdicausc of an upper cutoll' frequen: y . J1 Jhuu1
100-_00 W. Since the whistler mode n the onl+ cicc-
Iromagnenc mode that can pnyT.nc.tle nn 1111. l :eclucn:\ range
(above the proton y but held\% the electrum g^ru-
freyucn:r). this ntagneu: field turhulen:c midst he caused h+
%hlstler node Navcs. The steepening of the magnetic held
spectrum Is thought to he assocwted Nnh rhr +shisile r n]odc
propagation cutotTat the local electron g)rolrcyuen: y . %%hl:h
Is t\ plcall y at ahoul 350 Hr in the shock transition legion 1 he
monotonic component of the cfecln: field spc:trum Is thought
to he the electric field spectrum of these whistler mock N I\ C,
The electric to magnrti: field cncrg^ densit% ratio t, r„ 	 10
to 10' of the monotonic component Is consulent with the
cicctric to magnetic field ratio c\pc:tcd for %h]sticr modc
wJVCS. Also the steeper magnetic field Spcctrunn :omparcd
Ntth the electric field spe:trum IS cXpc:ted hC:JU%C of the In-
crcase in the ]ndet of refraction, hence fit the magnc• ti: to the
elc:lnc held ratio. with decreasing Irc• yucn:N for the ++lusher
nnodC In this Ireyucn:.\ range.

the broad peak In the clC:lrt: field spcctrun] s+llhtn the
sho:A.:cntcrcd hctNccn :IN) and SW Ill.:onslsts of almost
purel y Clcctn,sl,It]: +%a y es %%ith r, e„ • 10' to 10' I hcsc ++J+cs
almost ccrtatnl^ correspond to the electrostatic ++a+rs dns•
cussed h) Fredricks et- al 11468. NiOa, hi and Stun rr al

11971). using cicctric field measurements from Ogo 5 1 he cic: -
tromatic character of these eases, the general Ireyucnct r,InVc.
and their occurrence In association %Ith the ni.ignctic field tira-
dient it the shock transition sire In good .,, • rccmcnt %lilt the

Ogo 5 results Detailed comparnuns of the %I.. c of the Ile-
qucncy spectrum are not possible, sln:c the (lgo ` dat.r Only
proslde mc.isurcmcnls at a single Ircyucnc% on .I riwi shock

crossing 1 he onl y area of di%.iprccn]cnt :on:Cn] s the cl:.tln

fie ld wirL • udc \\ hcreas Starl el al 114701 yuoic r: ► cic,l".

held • .lrcngths for the hoc+ shock of about 10 nI\ In 	 r

cyul+.11:111 ' it lr sine +s .n c. flit: Iarc:sl p: .IA c!: "'- Lcl,l

.u:ntifh cn:ounto cd by Intl , It n] fl i t, II :,I u: n.+ IXlI % of

Ill mV m I l his &ITcrcn:e In mcasur:d sh. ,.A :I:.t1I. I std-

has nol been Icsol y cd I Icori, held srv.I1.11 dc"ll .	 I .
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Fig. 15.	 ,\ scric% of rapid-%ample mee,urenicnl% al the m.rgnet,t,hcath eleklrm field turhul,n.. Ili.0
shows Thai the clean. held %c:tor of this noi%e I, ahgncd par.illcl to Ih. ,Iali. m.l trneii: Ircld

kit/ reported h^ fredric'A% rt al 119 710hj In the dls:us%I0n Of
their I Igurc J, p, 1757, that result Ili clixtric field %ircngth, an
order of ni.lgmludc gre.ter than Imp h nnca.urcnicnt, ,Ire .I
l%pographic.Il error 11 1 S..lrl, persorml +.,mmunl..uwn.
1974) One po,slhlc c\pl.otahon fur the dll i..rcm electric oclds
mc,lsured i\ that the %ko%clen_'Ih:ii the cicoro,lmic %%a%c%nt,r%
he much shorter Ih.ot the Ic • neth tit the long cic.trl:.uttenn:I,
Oil Imp h 11u%%c%c'. %ulhocnllt short %%a%clenglh, 1 - IU nil to
account for such a large error %%ould ha%e a Dorpler hill( - 10
kll/) loo large to account for the lot% Ireyuerc% (_00-.(K) Ilrl
at %%hlt:h (he pc.lk Ili the spectrum oc:ur% Also -comparison%
hct%%ccn the t%%o long antoinas on Imp h. %%hi:h h,l%e dillcienl
length%. grke consistent rc,ult\..Ind g ross calibrations %%rth the
ni,Ignetic antennas. usine cle:lrom.tgncUC %%akc. %kith .r knu%\n
cle:tnc to ntagnctl: field ratio. gi%c:on%islcnt resulls j(,urnr'r
and Shau. 1 4 7 1 . 1 urlher .ludic% are heing condu:lc,l, using
the short electric antenna on Imp h, Ahikh is .Irnll.ir to the
short electric antenna tun Ogo :, to determine the reason for
this apparent dl%agreemcm In the • pealk electric field
,nmpluudcs

The Imp 6 %pin modulation mcasurcmcnt% sho%% that the
electric field doe:tion% of the electrostatic %ka%e% In life bo%%
,hock lend to he onemed parallel lu the static ma ► ncli: held
Smt c onl% one rotalwn Is nornn.nll% a%.ulahlc In the shokk Irmi-
%ihon region. lhi, result I% not us rcllahle for the up%lreani cl. -
lron pla,ma o%,illalions, %%here ntan% rotations are u11.1,01%
a%allahlc Ito%ke%cr. sufficient :arse% hake been c\anuncJ 111,11
one :sun he re•I%onahl% :onhdcnl of the elcwi: held oncnlahon
In the iran,mon re g ion This elcaric held ormiloUOn n:onsls-
ler t. \%Ilh the cicornk held dirc"ions espc:lckl for ion ,ound
%%.r%es rn%pagatln ► ,ding the m.1gmU%: hc''.I dlrc:uon Ilitl'nan

urid Arall. 1971 j and I, on:onst,tcnt .%Ith Ilse cickln: field direc-
tions e\pc%:ted for the Nerfiocm anode lurhulcrtkc suvgc.leu h\
(ion anal Saliderum 114"01. 11 it Lvid frr'Jrit4% jl y7?j .Ind
others

In III: rttagnrlosh:ath thmn,lrc',un of the,h, , ,k .n nnoJrl.ltc
:ocl of cic:lro,lanl. lorholenkc Is .il\%.I%s present Itit, Oct-
Ifosl.ih k Iurhul:n,c ha, .I sncortim lhel Is %mulm ta t th.. ,, it the

e1e:Iro,lali, lu(hulen,e lit the ,hokk iran,lhon tenon but has
an cle,irlk held .rcri j,!th A,4-ut 1-: oftlo, of ni.ignitudc

smaller than that , if the %pectrum In the trmistion rc1'ttin. The
spill modul,ltion measurements %how that the electric held
dlrcciton oI this turhulcn:e I% al%o oriented p.nrallcl to the
static magnch: held 1 he %mid.irw of the ,rccirum and the
clean, held ducouon oI cic.lroslalti lurhulen.c In the htm
she):k ' Ind In the m,lgnclo%heath suggest% 1111.11 the .ante Ili-
slabnht\ mc:h,Inl'm nla\ he operatl%e Ili holh these R•gion%.
the mien\It% of the turbulence being roughl% proportional to
the diamagnetic currents and magnetic held gradicnts thut o:•
cur in these t%%o regions.

/t (((u u /ty lgnp•n(% \%c w i.h Io cticnd our Wink, to \ \c„ ,rind
1) I alnccld Im nr•,:uhng the In,11 h r1 . f:ncli: I cld data u,cd tut Ihi,
,lud% and l0 V. ' . .,aw. (i noun, R \\csl. and %% Kurth 1„r Ihc,r
.r,momicc nn the d.ila an,d%%1% 1 hr\ work %%.i..url,.•ncd nt 1 1 .111 h% Ih.
\ahon,ll \C ui,nun, and Sl,.rcc VItnim,ir.1twil under .onlra,l,
\ \SS•I1074 and \ \5 s -114 1 1 and gr.inl \(,I Ito I)(11.04 1 .old h% the
011%v of Va\A Re,c.,nh under ermit \tmmll4 ifs \.ill Vh Mpi

I he I ditor thank, It N	 I redritk% and R L M Imr I,,r Ihcir
e%,i%leri:e In c%,Iluaung this paper
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	 1)irct it, n•frndmp mca,urLincofI% with plasm.) wa\e r\rrnntrms un ill, Il.ittktst I allot Intr M sawlhl. ,
are used to lo:alc the ,, , ur,r rgwn of .unreel kil.rm.tlit t.Idr.rtron Ill, (.101.111011 11.1, rc.rl. nucn,rltc,
het . cc n g houl Ilk) ar),1 it 0 klt, atnl I, rmit7Cd Ill .III,Ih, ,r, t 1.H11 ♦ hlar , t, 1.1,InIF lot 11,411 hill all hNtlr 10
,c,cral fit-w% At re ilk Irilcnst;, the total poNcr cmmcd if Ihi, trc.;ucir,i rmy,: e\,::, I . to \t I h%: O"llf

' rcn,r of th•, tadialwn 1, known I,1 be cla„• li a„o,Iwocd Nlth h)Ight ."rural .u„ Nhah ti-tif u1 the 10,.11
ctcritre auroral rcrion, 16 kcsc I rn„-dc, dircku-iii hndntr nici,uremcm. ,J kik , viii, radl.ol,m
L'ttm oh•crtrlwn, at high I.luwde ,. ft :I) R. 1,1%ct the m:rth011 I•411.1t tcgton, .Ind Imr % rr,l,Idc. ,"n11.1r
oh,ersallons at large radial d ,lances 1: l ah R, 1 near the cquaumal rlanc Kc,ull, Aunt h,,lh ,alclhic,
pla,eithc,ttorcc of Ihc inlcn,e autar.d kllomctrt, radiaoan u1 th, 1.11, lot,li c,ctung .0 .Ihout _.' o hour, I 1
and it a d.Miner of .Iln,w ll ', R, Iron) the rolar .IU, of illc carth I h„c ditctwn witting mc.l,urcnienls.
togclhcr •Ai1h either re,ull, Irom the Imp h,.nclluc..tr„ngl, ltd , it: th.Il ills rincmc auwt.d k.l„mtlfv,
radta..un. t, generated h, rncrgclt^ auror.11 electr„n, .i1 10- .11Utudc, nt the ctcnotF akowr,ll ion: Ili,
oh.erted wur,c I,,:alwn I, u) good quanutall ,e agreement N Ith the source po,luon c\IwOcd Iron) ,nnrlc
propar.mon and rat path ciimldcralnins

f

INTIIODUCTION

Satellite measurements of low-frequency radio cmis\wns
ha\e shown that the earth is a \crt intense emitter of
elcclronlafnctic radiation with peak intensities In the Ire-
quens^ range from about 100 to 100 kilt lhunclel et al , 1470,

Broiin. 1473 . Ge,rnett, 14'41 This radiation I s generated at Ire-
quensies abose 'he local plasm., Ircquenc\ in the ionosphere
and can propagate frcels assns from the earth Since the
wavelength of this radiation at peak Intensi1% is in the
kilomctri: range. it is called kilometric radiation the earl)
satellite mca%urernents h\ BeneJllwt et a/ 11465. 14(h1 of
radio emission+ at 07;5-23 MII: correlated s,ith
I;eomagrcti: a:tisil\ pr obabl .% represent the first ohscrsations
of auroral kilomctrl: radiation, chicle this iadianon oltcn has
Inca\urahlc nicri%itic% c%icnJmg to frequcrioc, .1, high as 2 0
Mlle FC1lometric radio erm%%ions arc ohscr\ed ill occur in
sp,)radic 'storms' lasting for rcriod\ Irons hall an haul It'
sc\cral hours s.rth power flutes at 30 No ranging Irom about
10 ” to 10 ” %k m ' lit '. At peak intense% the total power
emitted hs the earth in this frequcnc\ range I\ s cis large, q l the
order of 10' \1 The occurrcn:c of these sporadic bursts of
kilometric radiation Is closelt corrcl.ucd with the occuncncc
of dls.rcte auroral arcs detested opu:Jlls h

'
 the loN-Jlll1UJe

polarwh,ting DAP? reconna)ssan,e satelii r Figure I \h „w\

an etan)ple of the close association obscncd hcttsccn kilo.
metric radio emnswns and auroral arcs The photograph, In
this Illustration arc from the DAPP satellite and show the
distribution and occurren:e of aurora oscr the northern polar
region for two dawn-dusk Och to right) rase, through the
local midnight region i he norti, magnctit: pole I, los.ucd near
the top tenter of each photograph 1 tic for panel shows the
trltensit) of kdonletrl: radiation at 1 78 kilt dieted bt the
Imp 6 satellite (.it from thr earth during this simile resod
I he occurren,c of an intense kilonletri .. noise hunt during
orbit 811 is cicarlt related to the occurrcmc of the bright
auroral iris in the corresronding U \ PP rhotograph More
etarriplcs of this t.orrelation can he bound ill (iurneti 114'.41

1 his .orrclitton strongl% Iniphcs that the radiation I, gin
crated bs the vwron, which prudu.c this auroral ,Liss
r►leawrcmcnls al the .Ingular dlstrihu;min of the k.lonictin

( ori • irht 1, l,l” h. the tmc , -,an l,eul,h,,,,al 1 slot,

radiation (Gurowit. 14 041 also indicate that the noi\c I\ rcn
cralcd at IoN altitude\ of 1 0 1 5 No along auroral hcltt
line% In the local c\cning region To di%tinfunh the lnten,c
aurora-related kllomttri: r.id)o ctmwons twill oilier Nc.Ikci
rJdlalwn from the earth at kilometer Natcicngths. Nosh .1, the
continuum ,niiwon d1\:u\sod h) Br,—, 114731, l rapike•l
114731, and (,wriett 114'^j. N, will mitt to this 11011e as
aurora) kilon)ctt), radiation

Mthuugh both the angulir dntr)hution of the uttcnsc
auroral kilometric radiation and the cor!clitlon i t! this I.Idl.i.
Lion Nrth auroral Jr:\ Indicate :hat the nuts, I, g,ncrattd In :hc
local e%cnmr auroral reelon. no direct n)ca%wenicni, hate
been made conlirming that the radiation %;om,s lr,mi this
region In fact. some c%iocncc to the contran na, ncen
presented u\rnt dirc,tion-hndirg mca,url:mcnt, Niih the Imp
6 sp.tcecraft S l ,,ne 11973) ;onnncnls that e sporadic :ompo-
ncni at .sit kHo, .tplicars to he c• , nune Irons the tall region of
the mugnetosphcrt and that this radiation n1a\ he caused ht
particle prc:Iptlalion into the auroral region I aicr Stung et all
11 4 '4j, using mtawrcrlents from the Imp h and K III : ,itcl
hues. Idcnt.hed a spatlalls compact source on the o!as ,,dc of
the earth with a \poradl, time strutlurc whi:h seems ill

 In all hi,ik: re.rc,t, 1„ the Intense auror.Il kllomi ltl,
radl.i!ion l he d.ii side locat ion t i t this %our,c 1, ni s i, ho%%i:,t't.
oxn,IStenl Nish the local umc and anruLlr %dilation of mttn.
sit) rep,iricd hs Gurnett 114741 The purpose of this p.Iper u

to esla 1 11s1) the region of generation of the auror.il kilometric
radiation

l)IRICT10 s.-f t.nl%G MtAU Ill .11 %1s \", 1111 Its `11,11 	 i I

Inifru,ilentatturr Jet,rtplrun	 Thle II.o%kcse I ,pascctali
was laun,hcd tin Junc 1 . 1974, into a hifhls cc,cntrl, p,tlat tit.
bit w , lh Initial rcrig;c and aporcc gcti,entric radial distallces
of hA47 Jnd 1 10.06 km, re,pc,tisel}. orhlt Inohriation of
M9 "9*.and period of 44 44 hours 1 he Initial .lrgumtnl of
perigee I, _"J h" so that the aporct I, lo,.rltd dlnnisl dltc,tls
user the north pole is show n ill 1 Igure ' 11-; ,p.nt,rali ,s spin
,tandltcd and h.1, .I rotation Fvr wJ of about I I INI , \, it-
do,med in I lgute : the spill ails is oriented p.Iralkl to the or-
hital plan, and arrr,1slr 1 1-ov1i ra'rpcuJt,ulat tot III, sp.,,c,1a11•
earth lure when the sPJkC,fJl1 r, .It abort,

1 hr plasm., wd,t tsrctnnt rlt on If.INk,sc I use, All cic•slra

I 
1

71,.1
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Fig I Simultaneous obscr%auons of auroral kilometric radtatn,n ler Irom the earth b% Imp h and lokt-altitude auroral

photographs obtained on two polar passes with the DAPP satellite The Intcnse burst of 178-ML nuts- during orhlt 831 Is
seen to he closely associated with discrete auroral arcs in the local esening and midnight regions of the auroral tone.

dipole antenni with a tip-to-Up length of 42.45 m for electric
field measurements The electric antenna is extended perpcn-
dlcular to the spin axis as shown in Figure 2. Electric field
speculum measurements arc made In 16 frequency channels
extending from ! '4 H. io 174 kHi, -and m,renctic field
spectrum mc.Lsurcments are made In 8 lrcyucnc} channels
extending fr)m 1 78 Hi to 5.62 Mi %% Ide nand measurements
can also he uhtaincd front either the electric or magnetic
amet:rls. The v,uc L,- 1d recelser r.rn hale a handssldth of
either ill or 4% Of	 epending on the m,-,]c of operallon

Aferhod of arral)•sis. The intensit} of the auroral kilometric
radiation detected by Hawkeye I shows it
modulation caused by the rotation of the electric antenna;. T he
angular position of the null in the spin modulation can he used
to determine the direction of propagation prolectcd Into the
plane of rotation of the antenna Since the electric held of an
elect rom.lc net lc wave in free space is aiwass perpendicular to
the dlrcct • un of prupagillOn, the null in the spin m0du1.1hOn
occurs when the antenna axis Is parallel it) the direction of
propagation. T he deepest nulls, in 1 the hest akcuracy Ior
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Fig. 2. The Haxskese I orbit and spin axis orientation relative to
the orbit plsnc The angle b , is the angle bo%kcen the antenna axis and
the projection of the satcllito-earth direction Into the spin plane of the
antenna. The angle b, 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 Ices ex-
actly in the spin plane of the antenna. When the propagation
vector lies out of the spin plane. the null depth dec-eases, 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 I 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 ( — i I °) for direction-finding measurements of kilo-
metric radiation are possible over most of the orbit.

The antenna orientation angle used in the Hawkeve I
direction-finding analysis is the angle b, between the projec-
tion of the spacecraft-earth line into the spin plane and the
antenna Cv) 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 p axis of the
spacecraft using the spacecraft optical aspect system and by
computing the angle m£ between the spacecraft-sun and
spacecraft-earth vectors projected into the spin plane. In addi-
tion to the strictly geomet • ic determination of the antenna
orientation, the angle b, mist also be corrected for the phase
shift caused by the nonzero time constant of the receiver. For
the Havxkeye I experiment the phase shift due to the receiver
time constant is quite small, about 1.3 0 t 0.2° for the nominal
spin period.

Because the sampling rate for each frequency channel Is
comparaole to the spin rate (one sample every 11.52 sl, many
rotations :tre required to determine the null direction. Since
the noise in:en>itx often fluctuates co • isldcrahl y on a time scale
compur ihlc to the spin period. the null direction can be
strongly affected by these Iluctuctions unless sonic signal
averaging technique is used The signal averaging technique
employed i. to sort the Intensity nicasurements according to

the antenna orientation 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 I hour or
more are required to reduce the error in the null direction in-
troduced by these fluctuations to ae acceptable level. During
the averaging process the field strengths are periodically nor-
malized by dividing by a short-term average over a time inter-
val corresponding to one complete cycle of the angle sampled
through 360°.

Figure 3 shows the normalized electric field strengths ob-
tained for a 1-hour averaging interval during a period for
which intense auroral kilometric radiation was being detected
by Hawkeye I at a radial distance of about 18.9 R E . The nor-
malized field strengths in this example are sorted into eighteen
10° intervals in the angle b,, from —90 0 to +90 0 . Because of
the symmetry of the dipole antenna pattern, angles in the
range 90° < b, < 270° are shifted into the range — 1-'0` < b„ S
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 b,.

A clearl y 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 b is obtained by
finding :he best fit of the measured normalized field strengths
E/E, to a theoretical expression for the modulation envelope
given by

CE / 2 	
2/ — 2 cos (2(b, — b)]	 (1)

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 anal ysis are used to obtain the best fit values form and
b. For the case shown in Figure 3 the best fit is obtained when
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Fig 1 The average normalved electric field amplitude parallel to
the antenna axis of aurora! kilometric radiinon at 17S Atli detected
ht llawkevc I as a function of the unicnna orientation A di,t net null
Is evident w hen the antenna Is pointed near the earth t he prey:,c

angle it which the null occurs is detennineJ by I ouner inal%,i,
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the null anrlc i. h t J" t I d • ' I he atati.UOal unicrt,unty
of t 1 4'' m c\,dualcd Inun the incan squ.uc Ctiki t nl till: hest
fit.

Other \our:cs of st.teivaUc et10r ntam he piescnt mthidi

could add III un:cit,nnl\ In the null ,ulgle 1 out sourcc\ of
s\\trnlatl: crlor h.i,r been ct ,n%idcicd: (Il cnors tit the
rc0cl\Cr phase .hill :olrcctlon (_s l clrots In the optical a1 pctl
dric•nnut.Illon \tin .lido,?, due to
either orbital errors and of errors In the spit ams ticicimina.
tton. And (3) error cau%cd b% n iNalt • nnlent of the c1c,t is
antenna av ,; with rc.hc:l to the i ,i\i\ of the .pacccta!l Of
these cnor% the uncCliam tit the .11igninent t i t cictntc amc'n-
n.t arts 1. kit rtm tic Ied to I le the donut1.ult Cllkit lot the liar\%kc\c
dtrr:Uon lindilig lnCAstilCIuCIlt\ In\C%1I • AU0n. of the nu%-
atignment of the Con .(+.ter con " antenna .ltd 0.ti,ulawns
M the antc• niia nlanula0lurer Indicate that [tit: nimatignnlcnt of
the cicclll: antenna .t\i\ rrLlti\e to the ► ams 0t the sp.lcrctalt
ahoult t not cl,%cd 2"

Rt,rrlts to reduce the .latistieal uncert.unt\ in the null-
earth angle to of the order of 31 0° of less, onl y :u1101a1
kilometric radiation e%cws I-milling for I hour or more are Imed
111 this analmsls \ornlall\, setcral \uch rtcnt% occur tit etch
n:h1t SII1:C auToral hllonlctn: takhation usuall\ h:. the Ina\-
intunl uuenm it In the 1 1 1 . 1,11: frequent\ channel 01 Il.rttAc\c
i, this channel t\ u\ell for all mca\utcntctw. 1`rC.Cntc• d Ill till.
papct Tit that the low ic\rl cnnln uu"; tadlaUon dm-
cusscd b^ frankel 11 1 11 is not Included in this %tuck. onh
c\cots \thlch h.i%c e potter flu\ :onttnlwu%it c\cccdnig 10
\\' m , It: t at I'S Alt: ,tic u.c,1 lime the ti reolOn Itn.hng
te:hnitltic tinl\ ptotides ,1 tine• dinlc• nm0n.11 klC:CI In Mallon of
the soul:c• p0sut0n, maim orbits utth spin .1\1\ oticntatl011. at
\an0u\ 10:.11 times must t`e used to 01711.1111 .I fuo-drmrnmon.11
ilrtrint:n.ltitm of the ,I\Cr.rgc source po\ttion 1 i p urt .1 \utn-
inantcs a went\ of dar:Uon-finding nic.1.ulCIncni\ tit
l,llonlctn: ra0mlion .It I'S kit: ohlaincd Iro-n tuo olhu%
uhlch hake their othit plan, hence spin ails ducction., ap-
pro\fm,uCl\ of right anFlc. (u\u1g sun rcictcn:rd :0t`10111.ttcst.
Ihr 111111 difCC1 0ns 111C.Imired 1011 the \anou. r\rms oh\elted
on theme tuo tlrhits ale.ho%%il .1 • atr.ught titles dra\tn 0u1\\.utl
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i is J Iwo repre,cnt,lt-c orb t\ .honing the null dirctil-l- 101
-1.11 Ail,,nlilrt, radl-lo, -it 1 • s All' okertrtl .1: ,.Ilit`In pt•u1!\
.rl„rlg the orbll l l rhll 4: sh,tN\t licaf ti 11,1.'11\\ t,`1 the iad1.11101- to
originate from the night \ de tit Ihr ratth

6NHII

i^
l	 i

N^t`^al C^'• t ^N:f ^h
I ar.truc ^eu+r

I it W
tit: s \n equatorial plane ptolciuon of illr atciagr null d to

11011. of auroral 1,11on1cti;c ladiation at I'6 All: lot .1 acne\ of
ila\,Arc I othn\ it ,artou • local tvIIC\ The .11.1,1..: rrgion li l t ca,h
otbo gi,cs the im, \pic • .rd iplu\ of nllnu, Clr • !alId.vd oc,l.iurnl tit
Me , nn Aulnin of 111111 iti`.in,`n. 1,,1 ,dl ncm\ .tit: k M dunng AM 011-
hit he a.er.iFe source 1`omiton t\ IJ..IIrd n I!le Lite I,`t:,il ncntit..11 a
kwal runt mil 1 I of :: 7 hours and at a distan:c of 

it 
co, R, tioni the

poLu a.1i.

flout the spacr:r.11l it the pt`Int ail i ng the olhrt \t I1CIC the
ntc.l\ulCnlrul u.i\ oht,unctl lhc •,c Ilnrs .tic shoun .1\ \ir\trtl
Itoin .1 dlre:twn p,uallcl to the \put .1\1. (cdgc\%mc la the ot-
blial plane!

(0nsnlerahlr \anahiittt m c,lticnt it ., the null tiilrctltin%
dcicrin!IIcd dunng these• t\to othtl\ 1111% t.ni.lhilum 1s duc t0
acUlal Iluou. nym In the po,atlon of the xiinoid of the source.
.nl:c the .tatusticat cnols ill detrt fill nlng tile• null thtc:iltm air
11 NO= 11111:h less than the scatter In the 0b\Cl%Cd null ,Lrr.
lions Silwe the a\clagrng Inlet\al lot the dllrction tinkling 1%
1)pwallil 1 hour or mote, the fluctuation\ a,L-11im ohsct\rd ,it 
IICOr\.anti al tintr scale. greater than I hour It \rcnl\ quite
hitch that the Iluctwations tit the sitter posllion r\tcnd to
c\cn sinalicr tune scale\ \eh;:h :annot he resol1cd tit
113t\I,OC 1 or orhlt Ihr .krrage ulut:c po.Uu`n e. tct\ clu\e
W the oiNUI plane. \\tth a slight tendcn:\ 1,11 the ,kriagr
position to he to the tell of the alhital plaint, lou.u,l local
evening, As Mewed front poilit H. for orhtl a` the ,I\eragc
.ourcc position is shifted tri\ distinctlm t0 the tight 01 Ihr Or
hilal plane, again io\eard local night. as stencil Iron! point A
li toiCCting the i%cr.tgc source positions ot • I ' lincd 1170111 itiew
two orhtts Into the equatorial plant, the a\ciagc soui:r i
tlon \could be located on the night mile of the earth at about
hours I T and about I : R, from the polar tl\1s

To pro\ide .1 better drternlination mil the .r\elagC .outer
IticAtlorl, d1.c,ti011 hiding n1Ca\utt• ntrnt\ \il l aUro1.;! Ailt`m:lni
rath.Ition at 17J kil l hake horn made col the \t. tic\ t`I otbit\
spaicd it appro\im.uc• It r\cn nnci\aIll in l0: al lun g Ihr
re\uits of Ihl%.tnalii\i\ are illu\II,Urd lit i tgule \. uhi,h \h,`u\
the piolcttion of the a\cia l• c null pON1110n Into the Iropi.il i l lc
cqualotial plane for cads ,shit t0r pall of 011111.1 all.lit;cd
Pairs of otba , .tee used I;i %owt• ,.1\c\ he:auK lot , Ii i, :\etll\

N0InC1I;nos 0:1ulltd 011 .1 \1111 • IC % , it`It I, , !N fo\I,tC .1 Ill :.thin 0l 111

.111.11\.1. ]Ile .krlagc null p0\111011 sons \I. of a .11.11011 line ill
tills dill;rant because the null darn„ul,uion 1. tine ,1111101
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si g nal, and the source could tin principle Ile all%Ahere along
tills line soil ,till he consistent %, till the null angle ubscr%ed at
the spacecraft 1 he %%idth of the shaded region shown fur each
orbit gi%cs the runs spread iplus and minus the standard
dc%iatiun) In the distribution of , the null positrons obscr%cd
during that orbit.

The a%eragc location of the ,auroral kilometric radiation
source projected into the equatorial plane cairn be yualaali%cl%
estimated from the Intersecttms of the •i%cragc null Imes for
each orbit, taking. Into account the fact that Imes which in-
tersect at ncarl% right angles pru%ide a better po• ition deter-
mination than lines %%hash intersect at a shallo%% antic. Almost
all of the mierscctions occur oil night side of the earth I he
:i%eragc position of all intersections, without reg,rrd to the
angle at which the Intersection occurs, Is ur the late local c%cn-
ing at a local time of 22.7 hours and :I: a distance of 0.65 R,
from the polar asts The approsim:tic range of %ariation tit the
sourer position from this a%eragc position car. he seen from
the shaded regions in Figure 5. Evidentl%. considerable
%ariabilo, of the order of I It Re. exists In the sourcc position
a%eragcd user I hour rclatt%c to the source position a%craged
over a complete orbit.

OIRFUTION-FiNDMi ME.ASU RFWNTS WITH IMP 8

Instrunrentatiort description. The Imp g spacecraft: was
launched on October :6. 1973, into a lo%% — c:c'ttricit% orbit
with initial perigee and apogee ecoccntnc radial distances of
147,434 arid 295,054 km, respceti%cl\, orbit inclination of
28.6°, and periou of II.Q8 da y s. the spacecraft Is spin
stabllitcd %% till a nominal rotation period of 2.:^ U s I tic spin

axis i. oricotcd perpc• n%hcular :o the ecliptic pyrite.
The l l nlvcrsttN ill Iowa pLlsnta wa%e experiment tin I1111' 8

uses an electric dipole antenna wish a tip-to-tip length of 1 _ 1.8
M for clean: field measurements .rnd a lriasial search coil
magnetometer for magnetic field measurements l he electric
dipole is exttnded outward, perpcndlculat to the spacccrall
spilt axiS, b% centrilLIi!Jl force. Electric field spectrum nre,ISurc-
merits are made tin 15 trequcnc,. channels cstending Irom 40
Ill to 178 kilt, and nn,lgnetic field spectrum mccnurcnicnts are
made in 7 frequenc y channels extending from 40 Ili to 1.78
klit

Ale• thod ofanah'sis. Ihc method of analsting the Imp 8
data to preside direction-finding nnca%urcnicnts is C%sentiall%
identical to the method used for ll.i%%kc)e I, ex%cpl that the
null angle measured Is in the catptic plane Long ocraging
periods, of an hour or mere. must also be used tin the Imp 8
data to reduce statistical fiuctuatior: to an acceptable Ic%cl
Since Imp 8 is at larger distances front the earth than
Ha %skcyt, grca!er accuracy is needed in the dorc%tional dcter-
mination Howc%cr, much more data is currcntl% available'
from Imp S. aid since the orbital period of Imp 8 is much
longer than Na%%kc%c. it ,s possible to use eery lung ascragmg
periods (of' the order oI I: hours or more) i) provide smaller
statistical errors in the null direction.

l he Largest sources of ,%sicinitic error tin the Imp 8
direction -finding measurements are thought !o he the unccr-
taint) in the ph,rsc shift correction caused h% the reccncr time
constant and the antenna misalgnmcnl. Because of the higher
spin rate of Imp 8 the ph,!sc ,hilt title lu the recca%cr time con-
stant is rclati%cl% large. ,tpproxml,ltcl% 7.1(i°. 1 he unccrtanll%
In this ph,i,c ,hilt I%c%lun,rtcd to he about t2l) , Snn%c %ont-
parahlc error% nta% ,rise cv1%t n1 the .!nlcnn.r ahg! incnl .and
o%crall ACCUracics of r I° are needed. It I, ahsolulcl% essential
that ,little wethod he used In Illght ill 	 the o%crall

sy slematic error In the direction determination. 1 he method
used is to rcyutre thal the average moll-earth angle for
measurements obtained oil sides of the earth Icor-
recting for radial distance variations) be , cio. 1 his a%cra gmg
condition has been applied to a large number of direction-find
Ing measurements of auroral kdonnctric radiation, and the best
cstini.:te of the phase shift correction is I I.4u" This phase shift
correction Includes the phase shift due to the reccr%cr lime con-
stant and is used for all Imp 8 direct run- IindinE mcasurcnncnts
presented in this paper. As wool be pointed out, t±vwc%rr, the
position of the source can be determined independent of this
phase shtli correction.

Results figures 6 and 7 show two Imp 8 dnection-finding
measurements of aurorai kdontet'ic radiation at i78 kilt ob-
tained from positions near the equatorial plane on approx-
unatclf opposite sides of the earth (local times of 2.7t, and
16 S i hours, respecti%clq). lit cases the measurement%
were made durin g an exceptionally long and stead) auroral
kilonictric radiation event lasting for over 12 hours and at
tinies %%hen the angular position of the c:uth was %er% close to
the spin plane of the antenna, :hercb) assuring a deep null In
the spin modulation and a %cis small statistical error lit
null direction. The null directions at 2.76 and 16.85 hours I I
are b - 1.0' t 0.4° and 6 -- I. I ° 3 0.4°, respecti%cl\ . I he
po%iti%c direction for measuring the earth-antenna an g le 6, for
Imp 8 is sho%%n In the sketches in Figures 6 and 7 as %ic%%cd
looking down from the north ecliptic pole. Ihc measured gull
directions are seen to he consistcnt %%ith a source located In the
local c%crii ng region.

Other sumolar nicasurcnnents, all using .n craging uttcr%,ils of
se%cral hours and restricted to C%cnt% Anh Large mudulatien
(actors (rn ^ 0.76 (1), to assure small statistical errors, and tit
tensilies greater than Ill 1 " \1 in  ' Ilt I , ha%c been made ail a
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I it! h T he .t%cragc nonnalltcd electric field siroirth as a fun:tlon
of the ,ntcnn.l onent.ltion lot .1 ;.tod %tutu:! %%ht:h Interne aurur.11
kik-meta: r.n11,111„n at 17R W, ,, %%.I% hems elci%%t:d h% Imps it e local
11111e of .il %ou. , ' h (lours	 I Ill' .1%l'f,lglllr period III 1111% %,I,% i s Pladc
,cis long. 14 hauls, ill the ,ian,iital error III mull doer
w,mmion it, ,nth :04'  1 he null ro-loll Ill th , %.1,c ,% %ltehll% Ill t11%
tell of Ihc c.11111 , Polm .Ikl%.Illd oil llic flight %Ids o! the c.rtlh ..% uewc.l
tram Ihc % p.icwall
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i •^ Arwillct null detcimmatlon using Imp N similar to the ca,c
in I tgurc 6, cvccpt at .l I, •:.11 unit of .shout It, S , hours I he null po,l-
tion tit thl, :.i,c is ,hghik Io the right , • I the c.nth' • polo aim again
on the night ,Idc of the Garth. as sir„ed Iro(11 the ,pal:e:ralt.

vanctlo of local dints. I Igurc S short, the null dlrc:twi)% ob-
ta!nctj front esc• nts as a function of local tune. A ccn
clear trend is csldent In these Oita Ntth the null-earth anglcs
ncgatrse in the local afternoon .Ind posm%c tit the Io,al morn-
Ing, consistent c,lth a Sour:c Ik,:.lted kill the nlght ,life of the•
earth l he local time position of the source and the approv
imatc offset from the polar aims can deternimed completcly
indcllendent of the constant phase shift correction to d Since S
is alNa^s small (o- the Imp S orbit. the Io:.11 time .Ind dlslamx
of the source trom the polar axis .re:omplete• Is dclemmicd bs
the pha%o:.end amplitude of the hest \rile tc.rsc tit to S as a lun:-
lion of local itme, appr.tpn.ttcll cotrecting 6 for t.Idlal dis-
tance effects I hts stile N,nc anal\,is technique has been .ip-
plied to th, d.1ta In I Igure S and gist, in .ncrage sour:c posi-
tion, proj ected Into the equatorial plane. of ' 1 .5 3 0 -1 1 hours

L  at a distan:c of tlSd t 001) R, Ilona the polar axis
The null directions shol,n, in I iprr S arc- plotted as seen

from ahose the northern polar region in I Igure' a It, prosldc
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I alt 9 A Setae, of null dlrr:eon, I,a .1ur, • ral 1,11onicirl: radmiton
at I'8 I,IIj ,himne-d h, Intl+ S us a lwwiwi of local Untc 1 h: null
angle ill Al ..i,c% I, Lltger tit the loc.il morning than art the lo:-' cscn•
mg I h1, del •cnden, .place, the ,aurae on the nn ht side , • r 11 a ca • th
ntdeperidcnt of .w% ,,ocnt.ink cnat, Nhi:h m.is be pic,cm ill
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Fig u A vies front .shove the northcm polar region of the null
dlre:uons giscn in I Igure S the irro„s indt:.uc the due:tion front
tilt ,pa:e:tall to the source I h,• ,c null duection nu,i,uienlent, place
the a,cragc ,ourcc position Ill the late local r,enlng at .t local unit
of :1.25 hour% and at I ,imance of 0 835 R, tram the polar axis

a qualitative indication of the scatter and disnlbution of null
directions obscrsed hl Imp S 1 he arrocss on cash hie rndic.11c
the drrcctton from t:ae spacecraft to the source ( onsulrlahlc
e.mahihI\ Irom the •rscragc sourer po%mon 1. .risk , ccldcm tit
the Imp 8 direction-linding measurements. Both quaht.ltrse•Il
And quarintalrscll, the Imp S dircctik,n-hndmg mcasurc•mc•nt,
of auroral klloniclric radiation are seen r^ • be in clk,sc agice-
mcnt Nlth the ll.iAkc%c I results

DISCUSSIOV

Evidence has been pre,cmed rhosrag than the intense bursts
of auroral Isdomctrl: radi.ulon ( , 10 1 / N tit ' Ht - ') dcic•:Ic•d
b .s li.tlskesc I and Imp S ongmate from the local eccnlnc side
of the earth At .a frcqucn:l of I'S 011 the• .ncr,lgr position of
the source. projected Into the cyuaton.il picric, is at a to:al
time of about :2 It hours and at .I distance of about 0	 K,
from the polar axis Ihcse results strongls suppcII the
pi-mous evidence pre,cmcd by Gurnetr 11 14'4I rt7drcatint • th.0
the auroral kilometric radiation is produced at rcl.ilisclt It-
altitudes (1 0-1 5 R, for 178 kill) in the local c%ening auro-I
tone

Simple geometric consadcr.rtons and re.uonahlt• cstilnalcs
of the altitude at cthi:h the auroral kll,nnew%: ta,tl.unm 1,
generated appear to tic m good agreement Nuh the oh,crscd
offset of the average source position from the polar axis As
dlScir sod bl Gurrietr 11 9?4J. the radiation inti,t he g:llcl.ltctl .11

an altitude ah,1 1.c the propagation cutoff surlacc for '
t
i c mode

of propagation In N hich the radiation is gcncl.u:d `%uuc
Nat:-parilac mtcra:tions cannel occur it ticqu:ncic s sub•
stantialls ahose the local plasma frcqucn,s of :srk,llcqucn,s

and since Ihcsc ticqucncic's .tic Iclilrscls ,lo,: to g ether ul Ih:
region of Ihc lono,phctc \there thls n, • ,: is t'cr,,.11rJ. Ihc
imliation must he gent-imc • d rather clo,c to Ihc I'IOV-'^.iluln
.utotl surface I or a Irc'qucn :l 01 I'\ All; Ihc pi T-le--Ilon
culoll vuilacc..md hence the penct.ition rc•gnm. I, to—lik 11

an altitude of .-bout I I1 R, I01ir g t •tt, 1 4 ' .11 11 Nt I,•II, „ a
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Icl i tocnialJ\e aunt.[! ticld Ime m 'll' In%mi.mi lamludc kill to
,ul .11tiludc of 1 ll R l mid as%unit that the Nour:c 1\ lo:,ncd at
this point. the sour:c l l o+tlwn 1 1 1olc:ted Into the ccluatotial
pl.ule \\ould he U ire, Rr Irons the polar ams I hc,c c• slmmmcs o1
the sootce l,\:atnol are In good cluantitati\c .igrecoicot \\ith
the oh\rr\ed dl+tank of the \our:c from Ihr pol.0 I\is and
Nlth lme\lou% moklel\ of the \oml ,c lo:.l ton journert. 114'4,
11livic IJ)

1 tic oh\cr\cd Imic- and \pacc-a\er.lgcd local umc position
of the ccno old of Ihc• cmllUng region ill Ihc Litt lo:al c • \cnrtl ► 1%
('ollSl\te11 [ \\Ilh the lo:.111on c• \t ,ecicd Ilom the Atlo\\Il AsNo:1.1-
0011 hct\\ecn aur,,t,ll Allonitlrl: radiation and aulotal,R:s It
1\ \\c11 I,11o\11 01st the mo%I 1111cl1 c• auloial electron l`1r:Inlia-
tson and the hnghte\i amoval arcs 4xcur III 	 local e\cilml;

l oo\„\pilfe r et a. I`l'`II 1 he,,h\rt\t'd \otlt:c p,t , sl-
tlon 1% also :onv\icnt \\Ilh the angular dlstilhum, , n of the
All\omelrlc radiation, \%hl:h Nho\\N a ht,,ad m--mum :entered
\ , n	 _\.1bout .' U hour% I 1 -It  1 1l '41 \lore ic,cn[ .[lithe,
M Aaiver and Stone (IV'%] n,,\\ Indl:ate that the da\ \Idc
sour:e discussed M Stone el ai IIQ'41, .although tit the Name
frcqucncy range anti ,lualltall\c• !\ snnll.0 to the amot.11
Allonlctrr: r,Idl,ition, Is aouall\ at much 11 , \\cr micoNiticN

(, Ill ” \\ ill -, li; ') and pr,`hahl\ rcprc,ct`r, a dl,(Inclk
diffo • nl soulce Ilec.1tiNcol tile :lo\cassoctaml , n of thcmliolal
Allotllclrl: tad1.111011 \\Ith gcolimpicll: .I:tl\li\ [tic oh\er\t•d
Icilip sal \.Itlatlotl\ ill the +\ , 111:e lh`\Illoli me thought to hc as-
socl.mcd \\llh the \sr.l\\anl ii.ocling %ut g c and •`thct spatial
Q\ollllloils "111:h o::llt dtill11\ .IUro;.11 \llh+brill, sm:c tilt
link \:.tic of \llh+1, , ;111 \.I 1 1.11i0lis I\ timiall\ mu:11 less 01.111 tilt•
.r\cla lt11lg p:nl ,tt\ u,c• d, the dtt.kilcd [cml , ,`tal \,111,111 tl\ ill tilt
Nour:c 1 1 1 1 \Ition ptohahl\ :.Imlol tic rc• \ol\cd \\Irh tithe[ Ihr
Il.mlioc of Imp S r\pctlnlcnts

IcAnv,clr,/A „rrat^	 Ihis NorA \,.1, +uproited iti I`.n1 h. the
National Arionautic, and	 \dnf1,11,1 lar, 0tt un,lcr c"1111.10%
NASI-I I:i7. N,\SI . 1 1 12 141 . . , d N-\S5 11411 and giant \ail -[( lAll-

0-1I ,lnd I,\ the tltli:c of Na\al Koc.ir,h under giant Nllh11 14 ON \.
Ill slb Ili XW

the I dnoi IhanA\ T R Haiti and R U Sionc lot their os\r\l.nl.:
in oaltiatme this t,.lper.

RFFFUNCFS
\A.1\olu. S I. Polaf and 11.r ,v •nh,\rhrrrc Suhtfornn. p

Krldrl. Dordlcsht, \clhcrl.uid\ M's
H:nclhAlm. L. .A . G G t,rrmantsr,, Via, A Sa., 000 \ , and .A. 1

I.&ia m. p tel Ili man re\uII% of mica\urenlenI of Ihr uucn\u\ of d1,
InhtiICd r\I1.nrllc+nkill 1.1,110 Irh!urn:\ CmI-lolt .0 ':\ .11 Id I,'^
All: IIrqucnrlcs h\ Ihc Naicltile electron :, A -on 1\N/r',(, ?. t•1•t.
IQC, ,

H1'ncdlAlo\. I It . G, (i (1om.mt,c\. \ •\ \11t% Ao\, it O
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The Earth as a Radio Source: Tilt: Noilthermal C011tllltll1111

DONA[ I) A. CiI RNETT

Derarrnerrt of PhrreC.11 and .4%1rol"I'mI. t nrreroll . of JON a. III%a Cur. I,I++a

In addition to the intense and hlghl% ,arl.rhlc 0uiotal Ail,+mclnc radialn,n the c.lrth ako radiates a wcaA
nonlherm.il continuum lwni c • icrlcuc Clecuons 111 the outer tadl,rllrn rant 1 he mlcn,tl, of till, :mi-
ttnuuni tadlation decreaNc, \\uh Incre.ls ng Ircquenc\ mid 1, u,u,lll\ below the , o,nu, nuts IC%CI At tic-
qucnClC, oho\c I(XI kilt lit Iht, p.lper \\C shot\\ th.it the Irequcnc\ spCctrunl at the conLlnuunl r.idwtion
con,i%l, of n,o omitiaictit,, .I ir.ippcd comp,mCnt. \\ h,ch 1, pcnn.lnentl\ tr,II+I c•d w ahm IhC 111,11 ncto.l,hcrc
at lfe,lucncics helot„ the ,olar wind pla,ma tre.yucne%. and 1111 cscaprng comp,mcnt, which prty.ig,Ilcs
(reek aw.o trom the cmth at Ircqucncic%ail,+\r the %tlar wind pl.r,n1.1 licyucnc^ the low lrequcnc.,
cu , oll' of the contir. 11111 radtatiott ,pcClrtnn I., ,u the I,,,al electron r , la,tlta In• yucnc\, which :.lit bC ,t, law
Js ;LXI If: 111 the low dcn,u\ rcewn, of the dl,lant nla	 ongnelol.ul DIrC:ti-hndi ng n.+1Csurcn,Cr1I, and
Mea%urenrrnt, of the .pa p al dl,mbution of mlcn,it\ for both the rt.lppcd •1nd the Irech c,capmg con+po-
nents arc used to determine the region 111 wh :h the , Oil Unu11nI I. lit 1311orl 11 iCnrt.kICII 11100 nlcas11rc-
men:. all indicate that the continuum radt.ite, • n i, gcner.acd In ,t broad tq!wn which C\tend, through the
nturnine and car p alternaan Irom ahoul 40 Io I 0 (tours loc.11 tints ,nuncdlal 1 % hc\ond the
pla,nl,Ip.nl,e h,,undan In contrast 10 the aurorai kilometric radi.awn which I, gencratc,l 111 the high
latitildc auror.il tone regions. the conUnuunn radrau, , n appCar, ',, he imicratcd mcr a hr,,ad ridge of
latitude.. Including the ItlagnCtic C,Iuatar In some c,t,r, the continuum r,1dl0uon .1I,LC.u1 to he Clo>Ch a,.
stioxcd „nth m(cn,c hand, . , I c1c• ctro'lal1: n,,nc which arc obsc• r\Cd 11C.tr the ClCctran pl.t,nie IrC,lucnC,
at the pl.rsnl,y , .,u,C Po„IbIC 111CChanl,ms b\ %011,11 tilt, r.tdlatlon could he goiclated. Including
gr)os%nchr\riron radiation Iron1 energetic cle:lran% 111 the outer radiation tone, are discussed.

INTRODUCTION

1

1

i	 1

Br,rhn [1971), usin g• radio :nCasurenicnts Irom the Intp ti
satelhtc. has identttiCd a \trek Conturtrtun s,mlponCTIt to the
radiation Coming from the carth's niagnclo,pherc• lit the tic-
quenc\ range tram about 10 to 1 10 kHz. 7 he nrten,n\ tit till,
Continuum rad,,ttlon decrease% r,tpidhw!th increasing Ire-
qucnc\. %ar\ ing appro ,.im.itels ,ts f 	 Lf I... rr.I::enC., I. and is
nsuall, belo,\ the cosmic nurse Ic\cl at Irequencies ubu%c

thous 100 kill thelo\\-frequenC .\ hindal about1l! ki l l Is,Ip-
p; rcntl\ cw; std ht the propagation cutolh ,tt the local pLunl.t
frequcni.: in the , , ,I.1r \,nld. Frankel [19711 has also sludled
this radiation and Concludes that the note t, produced ht
g}ros%nchrotron radiation from energetic electrum ill the out-
er radiation zone

Gurneir and S pra t, [1971[ h.l,C identified another ,.onicwhat
more !ntcnsc continuum component at c,en lo\\cr  frCquenClC..
from about i to '0 kHz Thi, Continuum radiation occurs Lit
frequencies bclo\\ the solar „end pi.tsnt;t Irequcnc% and Is per-
mancntl\ trapl ,ed within the lo\\-dcn ,111 regions of the
m;ignetospheric ca\it,. The purpo,C of tills paper is to In-
vestigate the basic features of the nonihc • Imal continuum
radiation from the carth's magnetosphere t,\ using radio and
plasma wa\e measurements from the !nip h and Imp h s ;url-
lites. \1e show that the Continuum radiation reported h,
BroNn 119'11 and the trapped radiation reported b\ (iurrie•tt
andSha% 1197-11 arc snmpl\ dlNrrcnt portion!. o(a smizic• nort-
thermal CortUnuunl :pcCtrunl \\hlCh cttcnds front Ircyucncies
as low is 500 lit to greater than hill kit., Direction-finding
mCasurciltcnt% and spatial sur\r\s of the irrtenslt, of this r,iifia -
tion are used to detennme the region of tic maFticlo,pherc tit
which the noise is generated,

l he data .lnJl%icd !n th1, •.tu,l\ are obt.nned Irons the t nt-
vcrs111 of lo\ca plasma \\a\r c\penments on the Imp h and
Imp N \,Itellttc, I he Intp h y.icccratl is nl a hlghl, eccentric
orbit %%ith , wo.il perie:r :nd apogee geocentric radial kits

It. op\rlghi P 197> h\ IhC \n1crl:an (icophs,r.al l iron

tances of 1 04 and 11 0 Rr, re,pccu,Cl,, art orhil Iniltn.lUart of
'S 7°, and a period of 4 I 1% da '%% The Imp S sp,tcccia:t is 111 I
law eccentric orbil with iniu.il perigee and apogee geocentric
radial distances of 21.1 and 4b ? R,, re.pccti\cl\, all orbit in-
clination of 28.b°, and a period of II 98 da\s The Inlp to
ntea%Urcnlents are pat11CULillt useful for stud) m f; the iatilai
dependence of terrestrial radio emissions oter a \er, ,eide
r.inge of radial dolances. \\ hereas the Intp S mc.isuren,cnls arc
particularl\ usClUl fur obtaining a rapid .ur%c\ of all loc.tl
t.nics at a roughl, constant radi.il distance.

the pl,Isnia \e,i,c e\perimcm. on both ,pacccratt arc
designed to make nlcasurcnrc • nls o\cr a \er broad IrcqucnC.\
range, 20 Hz to 200 kHz for Imp t o and 40 Hz to' 0 Milt for
Imp 8. Both c\pcnnunls UsC 'long' CICCIrtC dipole antennas.
9' -5 nl tip to ttl , for Imp h and l'I ^, nl tip to tip for Imp 1%.
which are c\icndcd out\card perpendicular to the .pacccralt
spin axis. The spin a\es of hoth spacccrall .uc oriented cer\
ncarl\ perpendICnlar to the ecliptic planc I Miller technical
dct.nl% of these C\perinicnts arc gi\cn h\ Gurnett and Shalt
[ , 1;7 11 and Gurncn 119'4]

t`II AiRACTERISTICS OF THE NON1HkR\I 1.1 CONTINt t \I

The term continuum, as used in this paper, refers to radia-
u0n which has a smooth monotonic I rc • qurnc% spectrum
c\lending over a Ircqucncy rank of sc\ cial octa\es w uh ,ill cs-
scnualh constant lntcnsil\ on a erne scale of ,I te\\ hour or
more. Nonthcnnal continuum radiation Irom the earth's
nuviietospherc is ditlicult to detect because the radiation Is
\cr\ \teak, onl y shghtlio chute the noise Ic\ci of the Imp h and
Iml , S pl.l,nna "Me c\pcnnlcnls. and Is ottcn ma-.kcd h\ other
rnlcn,c radio and pla%nt.I % ,oa\e cntissiom \0101 k%,ur ul the
..title Ife,lu, nc\ range \ur„ral kilometric radiation [onrnrtt.
14'41. +01101 occur. In the Irequcnc!, range front g houl 't) io
51111 kilt, oilcn 11.1s mien\utcs , , I 00-80 kill .i! , o\c 111e IC\e1 of
the ,luu • sOCnl :onlul,rtnn. I IcClrostatt0 pl,ist,l.t %%.tic tUr
bUIClltl• In the nlagnetoshe.uh ,111d ho\\ .hock. CIL',tron l,la,n1.1

ar
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SELECtLD C0N711d1jUM 	 AURORAL	 KILOMETRIC
1_	 SPECTRUM RADIATION

2000.0 ^w

178.0
--- ` Cu1	 i.V. ':'x ! Li 3^.W^	 ^;y1^ o

100.0 w	 ^,^ n
56.2 -	 i 	 --- LAIN,
31.1

=	 22.0 -	 -	 ---	 -	 -	 1Y	
16.5 I 1

u	 10.0z
5.60 1

1.78
LL	 1.00

0.562
0.311
0.178
0.100
0.040

UT (HR) 00	 i	 n8	 12	 16	 20	 24

R (Re) 43.5	 43.1	 42.7	 42.3	 41.8	 41.2	 40.9
LT (HR) 17.1	 17.4	 17.6	 17.8	 18.1	 18.2	 18.4

Fig. I. The electric field intensities observed at 16 frequencies for a 24•hour period of Imp R date in the solar Hind. The
amplitude range for each frequent} represents a dsnamlc range of IiMI dB. During this day only one intenet from uhout
1005 to 1115 UT, occurs in which the intensity of the auroral kdom,tnc radiation drops to a Icsel %uIhci.n1I% low to deter-
mine the complete spectrum of the nonthermal continuum.

oscillations in the solar wind, and type 3 radio noise bursts
also frequently interfere ith measurements of the continuum
radiation. Measurements of the nonthermal continuum radia-
tion from the earth's magnetosphere must therefore be careful-
ly selected to avoid contamination from other sources. The
continuum radiation events used in this study "ere selected by

requiring that the noise level to a gisen frequent), range he
constant "ithin about 3 dB for a period of at least I hour and
that the nolte not correspond to any other kno"n type of radio
emission.

A typical Imp 8 measurement of the continuum radiation is
illustrated in Figure I. The outputs from 16 channels of the

SELECTED CONTINUUM	 AURORAL KILOMETRIC
SPECTRUM	 RADIATION

1 I I ^^_ ^ ! ! ^^	 1

2000.0
r,

178.0

	

100.0	 u.._ .!^►'`.. ^_ ^,^aW yt1F`,^ d
56.2

31.1

22.0
16.5
10.0

	

5.62	 I	 '
1.78
I. DO

0.562
0.3111
0.178

Fig 2

0.100
0.040

UT (HR)	 00 04 06	 z	 6 20 2.4

R	 (Re)	 42.2 47 41.0	 40.4	 397 38.9 382
LT (HR)	 23.1 23.3 236	 238	 0.1 03 0.6
A selected continuum spectrum in the di.tant nie' neloleil	 \ole that the .pwrum it the continuum radiation ex-

tends	 tai Lonslderahk	 L,wcr Irequen tics in the n1.ignctolml :hen m	 I is	 .,i!.ir	 wind

J
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electric field spectrum analticr are shossn for a 24 -hour period
for µhich the spacecraft Is located in (lie solar µand it a
geocentric radial dlst.tncc of ahout 42.0 R, and a loc,nl time of
about 17 5 hours The ordinate for each Irc+lucnc) i ianncl is
proportional to the logarithm of the electric field .impliludc in
that frcqucncy channel I he mtcr%.Il Irom the base line of one
channel to the hasc line of the nest higher chmincl rchrescmN ,I
dynamic range of 10U dN.1 he sertic:d bars, µhich make up the
black portion of each plot. Indicate the amplitude ascragcd
user a time inlenal of 103.48 and the dots mdicale the mav-
Imum antPhlude user the same time nuersal Throughout this
'_a-hour period, mans I111CII a hnrS(S of auroral kdontctrie
radiation are csidcnt In the higher-frequency channels. Only
one brief period. front about 10115 to 1115 UT. occurs during
which the intenslts of the auroral kilometric radiation Is sutli-
cientls fuµ to permit an accurate mcisurcnncnt of the spectrum
of the quiescent continuum radiation. During this period the

IMP 8

1 190
SOLAR WIND
LT = 14.7 HR
R 40.0 Re

,o720

average noise Icsel in all channels is essentialh constant. the
noise Ic%ck in the 22.0- to 178.0- Me channek arc. hoµcscr.
singl,Ily Mime the receiver noise icscl Spun modulation
measurcmcnis during this period shoµ that the radiation
detected In thtsc channels Is coming from the stcinity of the
'arch. The frequency spectrum of this radiation, has a distinct
peak In the 220-011 channel and decreases in Intenslts at
higher fr.qucimes. No radiation i det,ctcd from the direction
of the earth ah ose 178.0 klli or boloµ 22.0 kIf/ The icl.m%cls
high constant noise level csidcnt in the 2.0-Mil/ channel Is the
galactic background.

Another evaniple In µhich the spectrum of the nonthermal
contnILIUM is Llc,arly csidcnt In the Imp 8 data i s Illustrated In
Fi g ure 2 In this case the spacecraft is Ill the distant
magnetotail at age ^^nine radial distance of about 41.0 R,
and .I local time of about 23.5 hours. At high frequencies the
Spectrum of the continuum radiation IS quahtatrscly similar io

CONTINUUM	
GALACTIC

RADIATION	
SPECTRUM

RECEIVER	 --'^,^'"
NOISE LEVEL/	"^'-•^.^^,

1018

MAGNL TOTAIL
1 6 1 9 _	 LT = 23.5 HR

R = 41.1 R^

,620 -

10 19	-
SOLAA WIND

LT - 79 HR

1020	 R -- 29.9 Re

10 19	—
SOLAR WIND

LT , 9 7 HR

10 ?0	R ' 28.2 Re

10 21	 l	 a	 irl	 r	 1 11J1.^

103 	104	 105	 106

FREQUENCY (Hl)

1 iF 1 Selco,rd .pectnrni% of the nonthrrrn.il tontinuunt it carious tail Iunc. the .ibrupt sutoir in the Nolar Nand
%pcorumN u1 ahoul _h Alli o.cur. al  the Ir+.al Nrl.ir +.md pI.i,n%i fr04uen#) Nolc !hut the,ln.tnun m the nt.tfnt'tot.nl.t
Icnd, io Irc,4mntrc, , cll hch— Iltc .uloll obNcncd in the %ohr Nind

1019
SOLAR WIND

LT 16.8 HR
X 020	 R 40.4 Re
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the spectiunl ohscr\cd in the soli Hrnd, ho\\c\er, n1 this case
IItc radiation C\OWN do\\n itr.l frequent.\ of about : nl1 kIl /,
Nhlch Is consrtlet.Ibl\ heloN the culolf frcqucnc\ ohscr\cd In
the soLtr Nlnd \I the lo\\er Irequencies. Nhere lit, auroral
kd time lnc radi.iIion Is present. II is c\ rticnl Thal the continuum
radiation c\I.t% meth an es scnl lit II\ constant antphtude
throughout the maenctot.all lit cases, such as the c.ise at
about 1400 1 I, the •pcitrum of the continuum radiation e\-
Irnds do\\ n to ficquencics :as Ir\\ as 5n2 III It Is sonictinies
diliicult to Idcnul\ the loN-Ircquenc\ Innis of the continuum
radiation clearl\ because of the occurrence oI Intense cle,ir -
slatic plasilla \\a\c turbulence at Irrqucncies hclo\\ .Ihout 1
All/ 1 hr ratio of the peak io a\crlcc held strength. mhlch Is
JI\\a\s close to one for the continuant radi:rum, oaten
prn t \Ide..I useful identil\Ing characteristic It, di%linvulsh the
continuum radiation from the IoN-Irequenc) plasma Na\c iur-
bulenic

To Illustrate the general character of the continuum
spectrum at different points around the earth. I iguic 3 shoNs
h\c spectrums selected at various represcmati\L local tames.
Four tit' these spectrums \sere obtained In the solar \\ Ind. and
one (the renter panel) \\as obtained tit the distant 111J ► I1clotid.
1 he spectrums tit the solar Nn1d all shim the .acute basic char-
acteristics, consisting of .t monotonic decrease in inten\It) \\ith
increasing frcquenc

'
 and .a sharp C111011' near the solar Hind

plasmas frequeni\ at about 20-30 kH/ 1 hcsc .pcctrums are in
good qualitati\e and quantilatl\c agreement \\tth the con-
tinuum radiation spectrums reported h) Brtltvr [1 1 1 7 3) and

FrarAel [19'3) The spectrum in the magnctotail shims the
sane basic characteristics as the trapped elccuoniagnetic ra-
diation described M Gurnett and Shatz [ 1973) 1 flat peak c\-
lending from about 5 to 20 kill, a sharp loN-Irequenc) cutoff
at the local electron plasm.] Irequenc), and it rapidlj dccreas-
Ing antensit) abo\c 20 kilt \\ hcn the continuum radiation
spectrums obtained In the solar mind and in the magnetot.ul
are compared. It is e\ Idcnl that the spectrums are p earl\ Idcnu -
cal at all frequencies abo\c the propagation cut-Ill at the
solar mind plasnia frequenc '\ 1 his similant\ strtmgl\ suggests
that the noise In hoth regions comes from the same source and
that the spectrum obser\cd in the solar mind represents that
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1 r! a 1 he spectrums of the galactic background. the auroral
Milomictrlt rath.own, acid Utc mrnthcrm.al tonilnuum r.wr.iton at
Ntn,lJ he t , b,cr%cd h\ .a .mcilitc shout I ll Re Irani the earth The
ir.ipl •cd .orilitiiruni r.adlallon t .nt Lath tic dcit,tcd urthm Ihr
m-iv-1 own. trills

portion of the continuum radiation which can escape ni1rl the
solar mind abo\c the solar Nand pla%mu frcqucnc).

1 he relationship hcl\%een these carious spectrums as sunl-
nlanied In I Igurc 4, \\hich sho\ss rcpresentati\c spccirtnns for
the galactic continuant, the \cis intense and hlghl ) %aiiablc
auroral k	 nllonlcic radiation, and the rclati\cl\ stead\ nonthcr-
mal continuum radiation. As will be das:usscd, dircction-
findclg measurements cicarh shoN that the continuum radia-
tion and the auroral kdontetrie radiation ionic Irom different
rcgmnsof the magnciosphere and therefore constitute 1\\c dls-
tint.tlh different sources 1 he spcclrunl of the contlnuum radia-
tion can be (it%Ocd into tNo components, a trapped conipo-
nent, mhich I\ permanentl) trapped Nlthin the magneto\phenc
ca\it\ at frequencies hclu\\ the solar \\utd plasma Ircqucnc).
and in csc.tping component. \shieh can propapaic free]\ ,n\al
from the earth at (rctlucncies aho\c the solar \\ind pla%lii i fre-
yucn:). This catcgontauon of the \ariou% radio emission
spectrums of the earth should not he regarded as being final.
since It Is \artuallt certain that other Ncak but possahl .\ signifi-
cant components ma) also cost. For c\aniple, a small but dis-
tinct peak is cadent at about 178 kill tit the spectrums
shcmn lit Figure 3 It is not knimn \\hcther this peak is a >-
socialcd \\uh a dl.tinetl\ different source• as suggt• sted by
Raiser and Stolle [ 1 1 741, or simpl\ represent% a quicsccnt Icsel
of the auroral kilometric radiation.

TRAPPED CONPONIMT

Direction- Finding earure•nrenrs

I he distinction het%%ecn the trapped and free escape compo-
nents of the nonthrrmal conlinuum is particularl\ c\Idcnt n:
the dlicclion- finding measurements oI this radiation. Sin x the
spin a\cs of both Imp 6 and Imp 8 are perpendicular to the
ecliptic plane and the electric dipoic ,uucnrtJ J\ih Is peipen
(iculir ill span .Isis, the position of a radio source In the
ecliptic plane can be determined from the spin nludulttion of
the ohscr\cd signal strength The null direction b and modula-
tion factor ni are	 h\ fitting the equation

	

(

E

E
 )' = (

I - n
) 

— 2 co s [_(d^ — bll	 (1)

to the normalised field strength, E E.. 1 he angle b, is the
annuithal orientation of the antenna \\Ith respect to the
satellite-earth line. The detailed procedures a%ed to cornpute
the pct lit \alues for d and mare discussed h\ lkurrh ei al

(1975).

Typical sets of direction -finding mcasurcrnents obtained b\
In1p 8 in the distant magnctolall ,ire sham n tit I Igures 5 and h
In each ca%c the trapped continuum radiation I> c\ Idcnt JI lo\\
frequencies, less than about 50 kilt. and auroral kilometric
radiation is e\ident it high frequencic• \, greater than 50 kIL
The null dirceuon h measured posiuse eastNard Nith respect to
the spacecraft-earth line Is shoN n as a function of Ircqucnc '\ in
the bottom panel of each figure •\t high Irequencies, abo\e
about 30 kilt, the null dirceuon. of both the continuum radia
Lion and the auroral kllonictric radiation are Nilhin a IrN de-
grees of the direction to the earth At Irequrncics helo\\ about
30 kilt .a Jrstlllt.t shaft n1 the null dircown aNa\ Irtim the earth
I% e\adent In huth r.I S es, one in the late r\enlng II 1
hoursl ,Ind the other In the r.Irle iiwriimg (l I	 I h hoursl,
the null direction .hilt\ to\\.od the sun at Ircqucimc%
.Ibout 10 k I It \ concspomdmg Jiir:asr In the modal .10 ft
(actor also occurs at ihis trc\lucnc). from pot - 0.8 at tictfucii.
firs.rho\r inkill lo.rr -11 -'.Il lnoluentiestrl,n\ tllkll/ the

1	 -
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Fig S hirectlon-linding mcj%urcmcnt% %ho%%ing the %hill m the null dire,uon .I .+old the modulat,on la,tor ill the
continuum radiation m the solar Hind plasma trequcnc) Ihc%c mcawrcmcnt% Acrc made u+ the mapnctoim: at a h,,,it
time of 22.5 hours.

frequenc% at %%hich thi% tr,111%Illoll occur % corre%por e d % closcl%
with the solar %%md pla%nij Irequen.% a% urdt.a • cd h\ the %er-
Ural dashed line labeled '(1, solar wmd' in I igures 5 and h The
solar wind pla%ma frequency mea%urenlents %%ere ohtanled

from the I os Alamos solar wind pl.i%ma c\pcnmcni on the
Imp 7 sparccraft (NI Montgomm, personal .onrn tin l.aron,

i o 74). Imp 7 was lo, ited uI the solar Atnd up%trcani Iron: the
earth at the time that the mcawremen1% In I igurc% 5 and h
wcrc made I he shifts In the null duccron and modulation la-
tor at approttlmately the solar AInd plasma Ircqueno
esident1% rorre%pond Ili the trmwlion Irrm the Irce esc.ipc to
the trapped regimes illustrated tit I igurc 4 1 he Icndcn:% for
the null direction to Ise along the c.irth-van lint I% ,I general
charactcnstic of all the Imp ; direction -finding mr.mircmcnts
of the trapped continuum radiation In the distant mag-
nclwail Thn dcpcndcn.c % illustrMcd nl I igurc ', c\hnch
.how% .I series of null dre.Eion nicasurenlc • ni% made m Ito ^
1t11t during three Imp r pa%sc% through the distant
malznclotail The null dre%tion I% sccn to lollo%% the sun dire.-
non ao%cl%. cs.cpt for a %li ht do %i.own tow,ird the earth near

the magrictopawc houndane%. %%hich u„ur at about SI,...r
1411" ,r d _':()° dunng these panes

The .hilt In the null dtrc: ton nc.ir the %,,I.r %% Ind pl.+snta tic.
qucn.^ and the: iendc• n,% Ior the null duc,tion tit thi tt.ippcJ
WfIllnuum radiation to he aligncd ,along the earth-.tin lint: ..m
he c\pl,uned from simple propagat , on ,rnsidcr,itii , n% Sntsc
radiation at Irequencic% hclo%s ihc • magoctrshcath plawm.I 'rc-
qucnc% +% reflected at the magnctvl%.nlsc. the surli,c of the
nia ► nclopausc apparcntl% to% .t. ,a bugs par.ihol1, rcllcsl,,r.
directing radwiton from near life earth ulL0 the n+agnClola l l .1%

Illu%irmcd in I . ,cure IS lle,all % C the dirccLlon hndntg mc-4'111 •
mcnt rc % pond% to the iwapc .. , ur%c position, the null du-
ion Iced. Io he .ilignckl along the c.Irlh-sun l+tic • art ill, ,i.st.ull

magnctol,lil	 It Is of interest tit 	 to %%h.it

the ntagncto•phcnc r.i% t% .I,t%.1% a perlcstl% h,ssic••
the c t% t% h.ts .Ili c\trcm0\ htch 'O.' Ihcn the rani	 t

he c%pc,ted to he t%olropit, since multiple rota,'	 I

rapi,ll% randoriwe the radiation. .told no •11111 11 ,	 n

would be c%idcnt Stn.c .1 sicnitisant ind ;.i , 1I % .1, ,,

of %pill modulation Ill? - (1 :1 does c\ st it 1....11. .•.• •	 r

I 
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FIE 6. Dlrct,tion-finding nuasurenunts In the magnetot-1 %ini lar to Ih%,%c u1 I :gurc % es:CPI at a 4+ca1 Vine of 1 it
hours 1-1 bath cases the null direction al the Napped :ontinuunl rauiation %hilh ti-- .-rd the wit at 'rcqucn:IC% hel— the
velar w1'1d plasma Ircqucn:%
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sirahle flux of radiation is lost Into the downstream tail region.
resulting m I rclati%el% Io%% Q for the cavity. Further c%Idence
that the Q o%I the ca%it% 1% quite .mall 1% gr%cn h) the la.t th.It
the lntcnst% of the continuum radiation Increases onl% %llghlk
(b) a faGor of about 2-51 a% the irequenc% chan g es from the

free eicapr• Ir the trapped rcvime 1 hu•. there 1% rcl.lti% • h% little
huilu up of the radiation ullcns1l% %%uhul the ed it % due to mul-
tlplc reflections Note that the transition from thr trapped to
tree escape rcgurle I% actualls not in ahruPt tran%.tion. since
the magnetoshcath plasma frequenc% wmic% from
imaiel % the solar wind %clue In the downstream region to ap-
prorsimatek Its Ice this valdt at the stagnation point Aho some
reflection or scattering of the Incldcnl radiation ma% occur 111
the 1-.igneto%hirath. e%rn at frequencies abo%e the local plasma
frequency.

Spatial Distribution ill /nrerivfs'

Tit the origin of continuum radiation. we must
hr%1 establish the re g ion In %which the noise I% generated Uri.
lortun.tck. for the Yapped componcnl. direction-linding
nICa%UrCtIIcni% do not pro%Idc much u%clul Inform.tio+n on the
sourer loc.iiion hccause 4,f the compliw:mcd rsflc:lion% %%hlch
occur at the magnetopaki%e %1c h.i%c thcrcforc 1mc % 11gatcd the
. ali.1) dLtliho Lion of the Intcn%Ils of the tr.lppt'' w4,LI1nl1Unl

to ir% to determine the sours region Becau+t the ultensit) of
the trapped continuum radiation undergoes long-term t.nt-
poral fluct- , ation% of the order of Ito 'H 16urnelt and Shau.
197', ], a large numhcr of nica%uts.ncnt% niu%! he used to ohiam
a ic11.Ihic spatial dutnhunon 1 hire scars of Imp b data. total.
Ing ah4,ut MM AX) Intenst% mca,uremcnt% 1 163 J;(-% a%cragc%).
arc a%cd In !Ills stud ) Since It 1% ntlpo%%Ihlc to maruall% Iden.
tif% the continuum radantion for such ,1 large numhcr of me:a
surenlcnts, a criterion was dr 1%cd to pros ldc computer Identi.
fication of the trapped continuum radiation The criterion
requires that the ratio of the peak to a +ctagc fie l d %ircngth In
each Ib t 48-% pcnod not escccd 1.2 and that the a%eragc
difference hctwcen adlatent peak held .trcngih% not escccd I
dH l his criterion clnnul.I l c% mipulsr%c noise hu-%t s such a%
wh1%tlers, chorus and maericio%hci!h clectro %tati% turbulence.
The criterion wa •, tested manualh on %cwcral orini% aril) has
been %cnhcd its pm%ide correct Id:n1di-ition of he tiaillicd
continuum tadiation with a %cr% high degree o 1 co•Iuucm:
the Ih', -kill channel was .nomm .I% tieing rcpt;scttla t oe 4,1
the trapped %ontint.um radiation I his Ircyucn.s w.is wh1+s:,1
hct.ausc It I% .111114,%1 .11w,r%% he f t,%% lhlc %olar %wind ll.I%ma I:C-
qucnc% .ind let aho%c the local pla %rn,r frequent,% ulsutc the
n1.Ignetospherlc ca%at% 1 he mca%urcd nits• n%tle% In till s sh.lil

net were .oct..ged In hlo l t,k%dcllneof h% Ih radi-il dw-inoe Intcr-
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vals from 1.0 to 39.8 Rr and 12 local time inters"als from 0.0 to
24.0 hours. The resulu of this ac craging procedure arc shoµn
in Figure 9.

The intensit y" of the continuum radiation at 16.5 kHt Is seen
to be rcmarkabh, constant at a Icvcl o f abuut 0.5-1.0 x 10'"
W m ' FIt '. As is expected. a sharp cur_s fT!s ex Went at radial
distances corrcxponding to the magnetopausc and plas-
mapause boundaries. Although the mtenstiN is constant oscr
a large region of the magnetosphere, a distinct maximum•
considerably abose the statistical uncerlaints In the ay crage
computation and approximatCIN a factor of 2 Ubose the oscrall
average occurs in the local time range from 4.0 io 14 0 hours
and in the radial distance range from 5.01 to 7.94 R, The cy

istence of this maximum can also be serifird h; direct com-
parison of indI y (dual passes through this region µ uh passes
through other regions of the magnet-nccrc. Although the in-
terprctation of this Intcnsits distribution is grcatl% complicated
by the man y :,11cclions and complicated ray paths µhicb can
occur within the magnetosphcrc cavity (thcreb-, accounting
fur the nearl y uniform wicn%it', distribution). the existence of a
distinct region of maximum Intensity ^!rongl% suggests that a
mayor fractio ; of the trapped continuum rad!ation is
gcnerctcd µithin this region.

EVAPING COMPONENT

Direction-fin ling Measuremr,i:f

Direction-finding mtasurcrncnts of the cscapi,ip continuum
radiation pro y i,c a much hcurr method of cicterminl,.: the
source region of the continuum radIA1011, smcc the, radiation
propagates diresik to the sra rcralt µ:, ! lout reflection at the
n agnctopause. The 56' -ktli frcyuenc) channel has been
chosen to perform direction-lindmg nleasurcnlcnts of the c , . w-
Ing continuum r idi.ition I his lrcyucncs 's chosen bccau c it is
usually hcloA the Ireyuency range of the intense .iuror.il

kilometric radiation. µhich often malls+ the "oak continuum
radiation, and Net µc11 abo%c the plasrlla Ircyurnc% normally
encountered In the m,Ignctoshcath and solar "Ind

A total of I84 IntcrI,als, each from I to 4 hours In duration.
have been sclecird from the first IS orbit% of Imp 8 to studs the
direction of propagation of the escaping continuum radiations
at 56 : kii, These iotern ul, me all +elected such that no radia-
tion other th.i • he continuum Is dctei.tablc. For each oilcr%al
the hest fit nul. direction b and modulation factor m arc com-
puted. and the r111s crror in the fit of ( I ) to the measured field
strcn ► ths Is dcterm:ned f rom these quantities the d,stamc of
closest approach of the ra% path to the earth. p„ projected tw o
the ecliptic plan..- and the rms unecrluint .%, a,.. In p • are com,
puled. Because the power flux 1s s0me':111es too small to
provide reliable direction-finding measurements, onl y those
caw. for %% hic	 (ah the uncertainIN In p, is less than 2 Rr	 ,. -

Rr) arc used In this stud) UI the Ilia cases selected. h: sjtl•I  J
this error criterion The threshold poµcr flux for prosidulg

I a Ip iMAGP[105KATw1	 I > Ip fMAG%Te".4A-"

Nsw,14 q ueue	 s.

r t .^

^A

i

Ile M	 A 4u.thi.ili y e indiaat, ill of the r.o Is.ith . h ',
the c-rrlh it Ircyucn.Ic, aho%c end hclo % the I I I.- A'
m.r'ncioshc.lth Whcn I -	 ii, (miglicl.11111"1111'
m.iFnclrp.ou,c Icnd 1 ,1 .il1En the i%tr.9o; I.n
Lint r.. -VtIO01.111 r1,1 • F the carth-•un line
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Fig. 9	 The mten%ity di%tnbution of the trapped continuum radratr.rn at Ir. 5 kill. A dw inct niaximum in the radlaUon in-
tensity	 occur% in the local time range from i 0 it, 14 0 hours at radii+ di stances from shout 5 01	 to 7.44 R,

reliable direction-finding measurements fo„ <_ 2 R.) at 56.2
kFii is about 5 X 10 " W m - ' H2 - '. The median power flux of
the 82 cases selected for this study is -about 1 0 < 10 1 H' m )
H2-', and the maximum power flux ob%crvcd is 2 x 10" " W
M- 1 Hr-'.
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f..r	 N-'	 doc,uon lin.fln`	 mca.ofemcn- of	 the	 e.%apinit eontinuum
radi.ltaril	 it %an" J . L1 % .1I I'Ine% .1found the earth

The distribution of transverse source positions determined
for thcsc 82 ca%c% is shown in I igurc 10 Most of the dlrcclion-
finding mca%uremcnt% show an apparent source position well
Inside the magnetosphere, with trans%crsc source position%
typicall y less than 8 Re. Howc%cr, a few cases are obscr%cd
with source positions as much as 20 R, from the earth Fci the
present we consider only those cases for %h,--h the source ap-
pears to be dehnocly within the magnctosphcrc. speciticall%.

those with JpJ 5 K R i . The anomalous cases wit.. p J > K R,

are discussed later.

The ray paths fur the rases with 1p,1 5 K R, arc shown in
Figure 11, projected into the ecliptic plane. The spacecraft
position for each ray path IS show n as a dot, and the arrow in-
dic:ites the direction -)f the null l he apparent center of the
source region can be estimated from the intersection of ra,
paths obscrscd at %ariou% local time% It is e%idcnt that must of
the ray paths tend to intersect on the local morning side of the
earth at a radial distance, projected into the ecliptic plane• of
about 2 to ! R, from the center of th- carth It is also c%Id:nt
that a great deal of scatter cv%t+ in th% ppaicnt source po%t-
ti^1,, indicati%e of a broad and somewhat %amble source
-cgwn

A yuantitatr%c c%tiniaic of the algul,i r we cif the %ourcc can
be obtained front the n)udulat'ort fa+101' m II the +ourcc• 11

located to the plane of rotation of the antenna, a %cr y %m.tll
(r-11t) source produce+ a %er% deep null tin * I1. whcrca% a
%cr% hroad +uur%c produces %cr% little modulation Iri1 U) In
practice. yuantltati%c c+music% of the %ourcc +iie .1rc Loni-

I

I

I

I

a
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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 ma..-
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. Unfortunately, the Imp 6 experiment is
about a factor of 5 less sensitive then the Imp 8 experiment,
so the continuum radiation generally cannot be detected by
Imp 6 at large radial distances or when the radiation is ,cry
weak. The noise level of the Imp 6 experiment is about 2.5 x
10 -70 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 of the
intensity are sbo% • in Figure 13. In each case the spacecraft is
moving outward :a larger radial distances, from about 3.0 to
8.0 R E , in the local morning region of the magnetosphere. The
plasmapause location is identified on each plot as the point
where the local plasma frequency Jo is approximately equal to
56.2 kHz. The plasma frequency is obtained from the upper

hybrid resonancr- noise band, which occurs immediately
following the arrow marked f nt f, in each plot (see Show and
Gurnett (1975] for a discussion of the upper hybrid resonance
noise). No continuum radiation whatever is detectable inside
thy_ plasmapause. Outside the plasmapause, where f > f,,
moderately intense continuum radiation is evident in each
case. In the top two exampl:s the maximum intensity of the
c 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 RE.

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
[nip 6 data. To assure that only continuum radiation is in-
cluded in this average, only measurements which fluctuate by
less than I dB in any 163.48-s interval and which have a ratio
of peak to average field strength less than 1.4 arc used. the

average field strengths obtained with this selection criterion for
the 56.2-kHz channel 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 R E 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 -70 W m 7
Hz- I , Is wCll above the receiver noise level.

The region of maximum intensity for the escaping con-
tinuum radiation shown in Figure 14 agrees well with the

PLASMAPAUSE	
ELECTROSTATIC NOISE	 BANDS}=1p

10 14 _. -

^(

 LT - 9.2 HR

/CONTINUUM RADIATION

10 20

UT (HR) 2000 2100	 2200 2300
R	 (Re) 3.35 5.05	 6.75 8.33

- am (DEG) 13.3 31.1	 35.4 35.4
i
N
E

r 14 PLASMAPAUSE
10 } y } p LT	 12.0 HR

a
3 ^•. CONTINUUM	 RADIATION

D 10 20
LL

tr UT (HR) 0200 0300	 0400 0500
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R am (DEG) -10.4 32.2	 38.2 38.3

1014 PLASMAPAUSE	 LT • 7.6 HR	 --1
1 ^ Ip

/CONTINUUM RADIATION

r'
16-20	 -

UT(HR) 1000	 1100	 1200	 1300

R (R e ) 108	 4.73	 645	 8.05
A, (DEG) 25.7	 42.6	 46.1	 47.0

Fig 13. The radlJl variation of intensit y for three cases in Nhlch the Intcns+ty of the continuum radiation is Nell
above the noise Icscl of the Imp 6 experiment In Some CJSC, the conunuurn radwuon appears to Dc closer assoclJted
Nlth the c1corostaUc noise bands at / = f, IocJted near the rIa.mapsu,e
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Fig. 14. The dis : ributlon of in t ensity of the escaping continuum radiation it 56 2 kHz. Agam. a distinct mesimurn isevi-
dcnt in the local time range from 4.0 to 14.0 hours dust he%ond the plasmapause.

source region indicated by the direction -finding measurements
in Figure I I 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 looted in a broad region beyond
the plasmapause boundar y ( w here j ^ f,) in the morning and
early afternoon at local times from about 4.0 to 14.0 hours.
Since the continuum radiation is often obsersed immediatel)
beyond the plasmapause near the magnetic equator, as in the
top tMo examples of Figure 13. it is also concluded that the
continuum radiation is generated near the magnetic equator
and is not primarily a high-lxitude auroral zone emission. A
qualitative illustration of the generation region suggested by
these results is show n in Figure 15. The propagation cutotT sur-
face at j ^ f, tends to folio% the shape of the plasmapause
because of the rapid change in the electron density near this
boundary. The distinct ouh► ard bulge in the plasmaspherc in
the local evening is a well-known fc.iturc of the -lasmapausc
[Carpenter. 1970).

RADIATIOV ASSOCt 1kTFD WITH TIfF BOW
SHUCK 4VD OR \IAG`FTOSHF1,TH

As is shimn in Figure 10 and discussed earner, it but
significant fraction of the direction-finding measurements at
56.2 kilt indicate source locations Hell outside of, the
magn00%pherc %i ith transverse source po s itions grcater titan J

RE and sometimes as large as 20 Re. These apparently
anomalous cases have been carefull y 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 main of these cases the computed unccrtaint) in
the null direction is ve,y small. less than 1`, indicating that a
ver) reliable lit was obtained to the obsersed spin modulation

Figure 16 shows the ray path directions, projected Into the
ecliptic plane, for the anomalous direction-finding measure-
ments at 56.2 k Ht. The most striking feature of this plot is 111.11
most of the ray paths appear to come from the general rccwn
of the bow shock and/or magnetoshcath, particular-1% from the
morning side of the magnetosphere. Similar direction-tinduig
measurements of continuum radiation at 31.1 kilt shoN .111
even larger fraction of anomalous cases with the radiation
also appearing to come from the general region of the boll

shock and/or magnctosheath.

In studying possible origins for this anomalous radi.111-1.
two possible e\planations hasc been considered. I first the

radiation n;as he generated in the hots shock anal r

.1gncloshcath and therclurc not related 10 tf:c	 n•

nctosphcric continuum radiation Second. i t 1, (' '	 hlr

that the anomalous direct on-findin_ results M." "I it c	 1:It.

of scattering,	 reflection, or partial	 o! ssur.iti, n	 :Itc

magnetosphcric cuntinuuni b) the m.lgnct •h., u1 .it t
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CONTINUUM RADIATION
(56.2 KH;)

Fig 15. A qualitative sketch of the source regwn of the :anunuuln
radiation Indicated hs the dire:rton-hndrn! ine:isurcnient% In I Igurc I I
and the Intrnsits distributions In figures 9 and 14.

%%hen the sol,Ir Nlnd and ma g neto-sheath plasma Ircquencies
are urlusuall% high, near 56.2 kHz. The present Indications are
that the an0n)atous radtauon Is actualls generated near the
boN shock and is not associated Nlth the nonthcrinal con-
llnllUnl from the magnetos phere. Although It Is usualls serl
Neak, the frequency spectrum. of the anomalous radiation
sometimes exhibits a distinct enhancement In a single Ire -
quencr channel, suggestive of a line emission rather than a

SuR	 %am zo ri	 o a, —

MAW4 TOPALZE
.	 _	 AIRMIAI ZJs

-	 561 KNr RADIATION

Yam	 Ill,a0.
swcK	 ^, + ZR.

Fig 16	 The r,o rath directions for the anomalous direction-
finding mc.nurcineni, at S6	 kHr Note th.It mans of the (a% ralhs
.Irpear to uncrscct nev the I,— .hock on the morning side oI the
e Irth

continuum. Since 56.2 kHz is approximutcl) (Nice the solar
wind plasma frcquenc), the most like;) pos%ibllit

'
 is that this

radiation Is produced at 1Ntce the solar Nlnd plasma Irequenc)
by nonlinear interactions Nth electrostatic cleclrun plasma os-
cillations, as sugge s ted b) Gm:hurg and Zhclr:rriuAot 119581
for t)pe 3 tadto noise bursts. The source IUC,Itlun 01 the
anomalous 56 ?-kllr radiation, near the boN shock on the
morning side of the magnetosphere, is consistent .kith the
fasorcd region for electron plasma osclllanons c\cucd b)
energetic electrons streaming into the solar Nlnd from the
boss shock (Snarl et al.. 1971; Fredrit-A.r et al. 1971 1
Electromagnetic emissions of this tspe, at the second harmonic
of the plasma frequency, hose been previously obserscd near
the boN shock region b) Uunrkel 119731.

DISCUSSION

We have shown that a weak nonthcrmal Continuum is
produced b) the earth's magnetosphere extending o+'cr a very
broad range of frequencies, iron-, as low as 500 Hr in the low-
densit} regions of the magnclotail to greater than I(K) kHz.
The intensity of this continuum decreases rapidly ss uh increas-
ing frequency and is usualls not detectable abo%e the galactic
noise background at frequencies g reater than about I(Y) kHr.
At frequencies beloN the solar Nlnd plasma lrequcnCy, Nhlch
is ty p icalh about 20 kHz, the continuum radiation is trapped
N thin the magnetospheric cavils and cannot escape. The Q of
the cas It) is csidenlfs quite low heunISC onls a small, factor of
2-5, increase in mtcnsifs is obserscd as the Irequency chances
front free escape to the trapped regimes. Direction-findlne
measurements indicate a disc:act dnre1tionah(s to the trapped
continuum radiation in the distant rnaenctotatl, the r.n paths
bring aligned roughls :long the earth-sun line. this finding
suggests that the day side magnetopausc houndan acts as :I
giant parabolic retlector dtrccong radiation GJm near the
earth into the dossnstrcani tail region.

The spatial distribution of Intensity for both the trapped and
the frech escaping continuum radiation and the direction-
finding measurements for the escaping component all rndicatc
that the radiation is generated in ,t broad region located out-
side of the pla mapause at radial distances from 4.0 to 8 0 RF
and extending through the local morning and earl) afternoon
front 1.0 to 14.0 hours local time In contrast to auroral
kilometric radiation. sshtch is generated in the high-latitude
auroral tone regions, the continuum radiation appears to he
generated at low to moderate latltndcs, including the magnetic
equator. The continuum radiation is often obserncd un-
mcdratcl\ besond the propagation culotT at f , fr near the
magnetic equator with no cetdc • nce of an equatorial shadoss
zone such as is obscrscd for auroral kilometric radiation
(Guntur. 19 711.

FranAcl 11973) has proposed that the nontherntal continuum
radiation front the earth's magnetosphere is produced hs gy ro-
s)nchrotrc)n radiation from energetic electrons In the outer
radiation tone. In imam respects the results of this stud) arc In
reason,,hly good agreement Nilh Frankel'-. calcul.ttons. The
frcqucnCS spectrum of toc escaping continuum radiation. the
radial location of the source, and the power this (sstthln a lac-
for of 5-I5, depending on the model) are all In tolerable a g rcc-
men( Nith the gtros)nchrotron radiation model No Calcula-
tions are a^ j,lablc for comparison ct Ilh the trapped romttnuum
radiation Hosscscr, sortie pr0blen)s are presented bs the,c
ncN data. As is shown b y the Inicnstts Ineasurentrnts IN
hlpurc• s 9 and 11. d pronounced local (tine as • nintctts Is cal
• 'enl In the source rlticnslts ssrth a distinct n).txmnumt In the

PROPAGA710N

CUTOFF SURFACE
(PLASMAPAUSE)

MERIDIAN PANE
CROSS SECTION
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range fnim J0 to 140 hUllr\ Irish tittle Sulk nlu \t o( the
coerg\ radiated hl the pi, n/s)nchiotron mc0hantsm citric\
Irnm cic0trons %tth cnctgies from Ill(! it) \(MI kc%, it Is h,ud Is-
we ho\\ this local (wile ,,\\munch\ .an occur tut the\c \cr\
high energies [he d,n\n 10 dusk cic0lri0 held \\rthm the
ni.tetwo.phere ,lo g s lend to ul:re.i,r the electron energies in
the local morning region 11s - Ill kcV, hoNc\cr, this ¢ncrg)
rh,rnge is c,sclitiall\ lrl iwl lur the clekiron, contributing to
the g)ro.sn:hrotron radiation It is pu.\ihlc that the c\clunF
bul ge nl the pla,nl,r.phcre ma) be able t„ account for part

of this a.)mmctn. ,ilthough it xcni\ un11kcl\ that the hinge
ran a0c0unl fur the large as\nimelm ac(ts,Ill\ oh,cr\ed

I he radial m1cn,a\ prohlc\ of the konti nium radiation,
such as the prohic tit f-ir..ure 13. also Jo not agree \\11h N11at
would he r\(,c:tcJ for tK pros! ndittitton im- h,mi.ni I or
the s\n0hrotron mc:hafit\m one would c\pect Ihr inlcnsit\ to
Increase gr,nlualh \%iih ir.:reaNing radial distance ,-\ond the
pla%map,nlse \\ith the nla\m um interim\ occufnng near the
%enter of the emittin g re g ion In\lead, the ni.minum inlcnsit\
sometimes occurs almost minicktimel\ ,Mier rIO\.ing the
pLtsmapau\c ( .I% to the top Iwo panel\ of I Igurc 13). dircrll\ to
the region %here the c l e.tro.tatir noise hand\ at 1 - .Ir .tic
ub,er\cd Cases of this t\pe \trongl) suggest IhaI the
s:IcLv U.ta1tc noil c hand\ it 1 , /p ale ill Wille \\•t\ 0lo\el\ a\-
so:taicd \slth the genermion of the:onitnuum radiation

Rr:rnll\. Shan. LJrIJ 014frie• r7 I I k)' N j:orllplctcd J stud\ of the
electrostatic norsc hands of the t\p0 illustrated tit I igurc 1-1.
Ihesc not\c hands are \ho\\n to consist of h;gh-otdrl (n 1
'.r)1, hirmomc, of the elc,iron g\rufrcyuen:s %11101 hc:onlc
strongl\ cnhan:cd a', frequencies near the local pl.tsnla I •e-

yucnr\ I Itcsc noi\c hind\ are cs.enli.tll\ ,I hcnilanrnl IC,IIlI1C
of the magneto\phcre md. Inlerestingl\, han g ni, wmi:n 
sit*, to the same local time range In which the:ontinuum adi.I-
lion appears to he generated Since the p, ,Ncr radiated h\ the
incoherent pros\nchrotion mcrhannnl I, .Ihout J laclor of
S-15 too small [frankel. 14741, it nia\ he that elcarustatic
wa\es of Iht. t\pe plats an important rule In the gcucration tit'
cicoromagncti: radiation at Ircyucn:ics ,chose the lo:el
pla\111a frcyucncN

Arhno-ledgmenrs I Ai%h ru extend m) thank, to S Hanic ,end
NI \luntpumrr, Nho pitmLlcd the \ulir Ntrd plasma dcnsit\ dmi
Irnm the I0% ALunn% plasma esperimenl on Imp 7 and to \I
Haumha:k and R AudcrWil Im their a. ssstan,c ni the data ansl\\t,
This Murk N.I. .upp irictl in earl h) the hauunal Actunauu:, and
Sparc \dnunnlr,tuon under :kmtiAk1% NAS5-11074 .told N W . -I 1411
and print\ \lit I6INII-WI and \011.46-M IAKI:.mJ h\ the ()hole
of Ni\,II Re\ear:h under Frenl \(MM114•68•A 019h.(KK)9

I he I dam (hank. K A Ilclhwcll lot his aw%wficc tit c\aluatmp
this paper
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Continuum Radiation Associated With Low-E nergy Electrons in

the Outer Radiation Lune

D. A. GURXFTT AEI) L. A. FR 11K

Verariment ill Phrurs and I itrorrorrn', Unu'ersut of lows. il k d 010. 14ma 3.,:4

A %eaA nonthcrmal continuum radiation Is generated h\ the earth's magrictosphcre in the rrt4ucncy
range from about s lXt It/ la greater ih.ut 100 Al e • Dunn' magneti,all\ timuibcd pcnod, the imcn ,It\ of
Ihr+ continuum radl,tton moca+e+ stgmncanll\ h, is much is 20 kill during large tkturhafi:c+ tit
paper "e presenl a set es it 1' 	 s ohtamcd h, the IIJAkc%c I mitI Imp It,pacc%ialt dunug a period
of plead\ enh.ut:cd :011Unuunt I'AtIl ruon intett,ill „hr,h occurred Irum (hl"her 14 'I, 1974 the
enhanced continuum tadtatunt nucn+rtie\ obser,cd during this c,cm arc lound its he closer coucl tcd
with the rn l cco,,n tit ,cr\ nucnw Ilu\es of energetic. - 1-10 Ae\. elcorons into the oulcr radutwii /tine
D rccuon-linding me.isuicnic• ni% at the :onlmuum radiation oh,cr,cd during this ocn1 silo" ilmi the
r.idration is prnmanl\ coming p rom the damn side or the nupicio,plicie nt a g reement %till the oh,cr\ed
da mn -dusk min nictr% ill the I ill electron cli,iribution I hcse resull+,uggc• st 111,11 the:ontrnuJill
radiation ntas he generated h, a coherent pla+nt,r '1111.Ih,ltt\ rn,obmg iciJu%el\ I,- enclg\. - I u, 10
Ae\, elcclrons rathct than h, g\ro%^nchrotrou lad J —m ln,m \cn rncrgcu,.'IXikc\ 10 I Mcli.cic,lrons
as ha+ been prowush suggested.

I

r9i

IN IR( DUCTION

T%o principal tNpes of r,rdw emissions can he :is!wgm%hcki
Coning lion, the earth's magnetosphere at frequencies abo\c
the Iocal plasma Ircqucn,:% auroral Allontetn: radiation and
Cort(tnuunt radiation \1.1r,,r01 Adonictric radiation consists of
vcn mtrnsc and hrghl\ ,arahlccnu\sioti, "rth pearl, intensities
in the frequency range from about Ilk) l, , 100 All; IGurnett.
1974 l ht+ radtalton Is Closcl\ . I ss,,claled \, Ith the occurY h to

of aurora and is generated m altitudes of I - ' R, tit the night-
llmc auroral runes (Aurih rt al . 19751 ( onunuum radiation is
a much %caller and %Ikml 'N \,m niz enusslon %hlrh e\lcnds
o\er a br,.id range of frequencies. Irum is Itm I% W Hi t,,
greater th.In 100 Ali/ Continuum r,Idlalton is thou g ht to tk
generated at much higher altitudes tit the outer racitauon lone
((iurnett. 19'x] F Igure I +Ito+++ I\ ptcal spectrum+ oI these 1%o
types of radio rnusswns, as obscr%ed by a spa:ecrall about all
Rr from the carth.

Rcccnll\, Aaoer and Stone IN 7 51 hate identified a third
type of radw emu+stor • %hrch appears to he generated tit 11e
day side auroral region. I his radiation is \cry %	 „call.	 till
mlcnsttte+ Linkslghll\ . 1 1',)%C the galactic hacl,ground, and
occur\ tit a narro% Irequcn:\ hand ,s Ilh nc.Il, mmcnstt\ slghtl\
bclo% '(X) AHt It scents hhcl\ that this %c.tk narr,% band
emission Is Bumph the dal\ +Idc .lnaloguc oI th; much more'
Intense nighttime auroral Allonicln: radiation 11co\\c\c1 . at
this Imme the c\act rclalton,lun oI this \\e,1A narrct\\ hand
emission 1,, auroral lidomclnc rad l atio0 ha+ riot been cicarl\
established

Continuum radiation from the earth's magnetosphere \\as
first tdentiltcd h\ Hrtmti 11 14'31 it Ircqucncies from about to!,)
I(X) I\Hr u+trig radio mca+tuemenl\ Irons the Imp t, satellite
Further +ludic\ h\ Gurnee jl lt '^] hat c sho%n that the comm-
uum radiation :onipnscs t"o :omponenls. one that is per-
mancnlly trapped %tthtn the lo% dcn\tt\ regions of the ougne.
lo\phcrlr :a\11% al Irequcn:!e+ t , elo% the solar %Ind pla%tim
frequency and one that c.ut propagate Irceh a%.I\ from the
earth at Ircqucn:te, ehc, \c the solar "II;d p1.1 sm,1 Irequen:y.
Dirc:tion-hndtng mc.t,uremcml shot\ that Ihr: conllmuum

( ol, right	 I47t, h, Ihr \mcn,.n1 l.c„ph„r.al I'mon

radiation is generated in a broad region kill d,t\\n side anal
varh afternoon \acfe .11 the magnetosphere as is sho\\n mt
F igurc I \\ hcrea , the micn+Il\ ofauroral Lt t otnelri, Iadtation
sonu•time, \,tires b\ is inuc'i as b!) S0 dN In onl\ ,I Ic\\
mmmutes , the mtcn ,I;\ rl the continuum radiation vanes o\cr a
much smaller rmigc. tl\ll,ill\ not Ill0FC 111.111 'U Lill, and on .1

lonecr lime s:,11c. usu.111\ sc,cral hours or more I ranhel

JI Q 731 has sho\\n that cnhanccntcnis tit :011111uum radl-
auon utensil%, h\ as nntch as 20 till abo\c the c(urewent
mlewol,, occur during pc• nods of groin ignetic thotirb tmcc
l hcsc periods of enhanced continuum radiation uticn\tt\
sorttcllmc• s last for ,canal da\s.

frlirrhr! 11 071 1 pr,poscd that the :onun till Ill radl,tlon Is
gcne,mc•d h\ g\ros\ ill Noll till radl.luon 110111 C110gc1 Ic CICC-
tr00%. NXI Ac\ tr' I .\Ic\ , mievieLi Into the c,utcr radl,luon lone
uurtng the nuenc• tic storm. Spe:tiums of the prosynchrolron
radiation Intenslt\ computed b\ I ranl.cl for ,I I\pirll dutnt, u-
ion of high-encrg\ clecn,ons ntlrctrd Into the outer radrarwn
n,nc during a magnetic storm ,tic it reasonahl\ good qual-
rt,unc .igrecmem \, tilt the observed sprcuunt_ but the absolute•
rrrlen\tt\ is about .1 laaor of 5- 1 ` loo small

The purpose of this paper is Io present .1 \riles of ohwrva-
twn% Irons the I Ian\ I,c\c 1 s.tclltC tiur trig ,t period o1 enhanced
continuum r.tdtau, , n uticn\t\ \011:1 occurred from Octohcr
14 - _`1, 19 7 4 1Ills e\enI conttnencCd during a geontagneu:.rll\
disturbed pencil lollo"Ing a nt.Igncu: storm till 14,
1974 1 he cnh.imcd :,,nttnuum radiation mlen+tics occur tit
,rsso:Iahon "till intense tlu\es ,,l lo%-cnerg\ ciccu, , ns. - I- , Ill
ArV. InjCClcd Lice(\ tilt,, the oulrr wdlation ionc doling this
,torn, 1 he cnrrg\ range of the electron+ respon\tblc tilt thc•
continuum raLilauom .Ind po\slhlc mechanism+ (or I*rodur.nt•
the radiation sire con\i\tc•red.

the o!,set\.utons used ml tl!ts +lid) %Cie g.unrti prnualtl\
from the II,n,Ac\e I %Im,cct,ili, \chwh ".ts Iaun:hcti on June
3. 19'4 Ila"Ar\r 1 t\ 111 .1 htghl\ ccccnlnc pol.rr orbs %tilt
mm.Il p, rrltee .rnd apo1'cr gru:cntn: iadi.11 dt\lmit c\ of 6S47
Ant and 1 11 . 0(, Ant. rrsprctt,rl\. .tit orhlt.tl m0m,mon \,t
59 77', and a 1 10101.1 of 4') 94 hours 1 tic .111'0111011u+tu,11 .111'0111011 0l
perigee is 2 74 b". so Ilim Ihr .ipogcc is loc.tcd Amo,1 cftrcal%
u\c1 the mor1Il poll I Ili pia+mar \\,r\c c\pcnmcrit till

uses .tit clvi111: dill "Ic• .urdcn11a %tth .1 till Ill 	 IC11 1 1 1	 'I

J
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OCTOBER 16 (ORBIT 63)
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5.2	 4.8	 4.5	 4.1	 3.7	 3.3

	

48.5	 45.6	 42.2	 38.4	 33.8	 28.1

	

11.7	 9.8	 8.1	 6.7	 5.4	 4.3

104
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OCTOBER 18	 (ORBIT 64)
104 v^-

102
E..

_
10

UT ON)	 1520	 i530 1540 1550	 1600 1610
R (Re)	 5.7	 5.4 5.0 4.7	 4.3 4.0
Xm (DEG)	 44.4	 41.8 39.0 35.8	 32.1 2 7. 9
L	 11.2	 9.7 8.3 7.1	 6.0 5.0

OCTOBER 20	 (ORBIT 65)
104 -
103 1	 1

102	 'r

UT (HM)	 1820	 1830 18.30 1850	 1900 1910	 1920
R(Re )	 6.2	 5.9 5.6 5.3	 4,9 4.6	 4.2
X M (DEG)	 38.3	 36.2 33.8 31.3	 28.4 25.2	 21.4
L	 10.3	 9.2 8.2 7.3	 6.4 5.6	 4.9

P1.11e	 I	 A .cric, of cicoron cncrp-time %pvc trojr.un. pincd Hith the I cl lc,tc.t m%trumcm on Il.i%%kc%c	 I durill" the
(klohcr 14-:I ocnl	 lhc.c .pc,:lroFr.mi% arc for mhound p.r..c. though ilic outer r.idunon :on..0 Irn.rl 1110MMF	 \Otc
the wh.t.mU.il moc.r.e in the cicolon 1111c" , 11-C, for	 I	 t	 -s 30 1c\	 , %er 4	 !.	 M iommcn.^nh %.itIt or t, 	 0..111cr the
on%cl of the enh.urced :onUnounl r.rd .:Uan
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OCTOBER 18 (ORBIT 65)

104
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UT (HM) 1830 1840 1850 1900	 1910 1920 1930

R ',Re) 3.6 4.0 4.4 4.7	 5.1 5.4 5.7

Xm (DEG) 26.5 31.5 35.6 39.2	 42.3 45.1 47.6	 104

L 4.4 5.4 6.4 7.6	 8.9 10.4 12.1

^- 4
OCTOBER 20	 (ORB!T 66) 103
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z	 102
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UT(HM) 2140 2150 2200 2210 2220 2230 101Z

O R (R e ) 3.3 3.7 4.1 4.5 4.8 5.2
ct

Xm(DEG) 28.8 34.2 38.6 42.3 45.3 48.0
w L 4.4 5.5 6.7 8.1 9.7 11.4 LdL100JW

OCTOBER 23 (ORBIT 67)
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103 -
	^- 	 • .	 .•. ...,

10
UT(HM)	 0100	 0110	 0120	 0130	 0140	 0150
R (Re)	 3.5	 3.9	 4.2	 4.6	 4.9	 5.3
X RT (DEG)	 27.6	 32.2	 35.8	 38.7	 41.2	 43.2

L	 4.4	 5.4	 6.4	 7.5	 8.7	 9.9
Plate 2. The spectrograms corresponding ur those in Plate I for the outhound passes it local ctening Note the

substantiai decreases of both the electron cncrg^ and the intcn%mcs and lesser depth of penetration into the outer tune
compared to those for the currc.ponding passes at local morning in Plate I.
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Fig I. Rcprc.cntallsc spectrums of the galactic boApround. au-
roral kilometric r,Idiauon. and the trapped and m:aping contiruum
radi.oitin as \\ould he oh\er\cd h ) a satelhic about 10 Rr from the
earth I he .ontinuum radiation I. generated in a hioad region hound
the pfasmapau%c in the local morning and local noon scClors of the
magncto\pherc

42.45 ni for electric field mc.ouremenls and a search coil
magnetometer for magnetic field measurements. 1 : 1 tric field
spectrum mc.imirements are made In Ili frcquenc% channels
extending from 1.78 Hr to 178 Mi. and the magnetic field
spectrum measurements scan the frequent\ rank 1 78-5 (,-'
AHr In S frcqucncN channels Plasma nncasurcmenl\ Merc ac-
quired with a IoM-energ y proton-elcclron dillcrential cnerp

anal)icr (I cpcdca) similar to prr%ious instrtunenls ol'Ihis type
Ilo\sn on the Imp and Injun satellites (/rank, 19671 line l c-
pcdca instrument on board I law kese I prt,vides nteasurcntcnls
of the directional differential intensities of protons and clec-
Irons sAllhin the encrg) range 50 cV S E S 40 kcV. A colli-
mated, thin-wurdoMcd Geiger-Mueller tube Mhlch responds
pnrTnarll^ to electrons with f:- ` 45 kcV user most of the
Ha%kkc)c I orbit Is also included %ithin the t-cpcdca m.tru-
mentation.

THE CONTINUL:M RAI1IAlioN EVENT Of
OCTOBER 14-21, 1974

Because of the relati\rls short electric antenna used an
lla%% \c%c I, continuum radimion can onl\ be detected \\hen
the intensity is sell abuse the normal quiescent Icsel Dwing
the lint 6 month\ of in-flight operation. onl% one c\cm. from
October 14-21, 1974, has been found for Mhlch :ontmuum
radiation could be dctccted bN H.i\%koc I during a prolonged
period l hts cs ent occurred follo\s I ng a magnetic \ton:i M hlch
commenced at about 17()0 UT on October 14 1 tic hourls
equatorial nsr magnetic disturbance index for this c\cnt Is
\hoMn in Figure 2 jSugiura and Poros. 19741. Txvo abrupt
depressions are csrdcnt in the hsr Irides near the %tart of the
e\enl the fins at about 0llXl Ul on Octot 1 cr 1 3 and the second
at "bout 1 700 UT on October 11. Although the largest mag-
netic dP tUrb.IllCC n assocr.Itcd \s Ith the October 13 storm, both
the ILm Ise \c I and the Imp 8 ob\er\mimi%Nho\s lh.it the onset
of the cnh.Inced continuum radiation Intensities during Ihm
e\cnl IN assoclalcd \\uh the October 'a magnetic dwilth.Incc

The electric i'cld Intcn\IUC% obt.uned front ,I series of I la%s I\-
cyc 1 passes through the ioagncto\phere during the Uctohcr
14-21 c\cnt arc \hown in I Igures 3 and 4 1 he Uttcnsitics are
gr\cn in eigh • frequenc\ chamicl\ front 1 3 .+ l0 1 7 8 I\ Ili. The
ordinme for each chaimel Is proportional to the Iogariihm of
the electric field strength the uuc-val from the bat c line of
one channel it) the ha\c line of the nest hi g her channel repro-
sents a d111.muc range of 1110 dB The rccei\Cr noi%c ie\el I%

locale' sllghtlN above the base I17c of each channel. %nh the
ewepiwn of orbit 67 these passes arc all for the inbound
portion of the orbit m the local morning, at about 0(Ax) t 1 0
hours magnetic local time. Usuall\, the continuum radiation is
complctcls mashed b% Intense auroral kilomctrlc radiation on
the outbound passes tit the local cscning The oulhound p,I\\
nn r bIi b 7 is \ho\sn hCC.la\C no obscr\,,tions are I\ jilahle for
the Ini nediatel\ prcardung Inbound pass. The st.Irt times arc

J

HAWKEYE ORBIT NUMBER

	+100
	 62	 63	 I	 64	 65	 I	 66

_	 CON' INlIU%A
NOISE STORM

_	 O	 -	 -	 - -	
EN

-100

It	 12	 13	 14	 15	 Ili	 I.	 1B	 14	 20	 21	 22

OCTOBE R 1470

I ig 2 The gconlagncl s / s ir index during the Oclotser I4-21. 19'4, co- iinuum rAwliun c\cm The lmtcs for the
(Li\.tC\r I orbits ,wak/ed In this p.iper ,tic \htmn a1 the top o1 this plot
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F Ig 1	 1 he cic:lr : field Inlensitic% ohl.nned during a .cries of three %u:,cssr%c mhound IEm Ac%c 1 p.LSc% in the local
morning 1 he uncn.it% of the conunuunt r.idl.rtion r% ,all% slighil% .,hose the rc:ci%cr noise Ic%cl but is e.i,ih re:agnited h%
the	 -mm spin modulator :.ru,ed hl the r1wri, antcnna rol.nron I he dl naime wrige for ca:h ,item% plot is 1w dB

adjusted so that the perigee is l0CdICd At the right-hand edge of
each plot, esrept for orbit h7, H here perigee I% on the left The
spacccrall CLordlnates arc therefore %imil.lr for cash plot the
unisersal hire (UT) and gco,cntnc r.uli.rl dlslanrc to the
spacecraft, in carth radii (R, 1, .rrc gi%cn at the bottom of each
plot 1 he radial distanec in these graphs %.ties from about y 0

R, al b0° magnetic latitude user the northern polar region to
about 14 R, at perigee use r the southern polar rap

The first pass sho%%n in Figure 3. On (klober 14 (orhrt 0),
occurs shorll^ before the onsct of the Octohcr 14 magnetic
storm. 1 he elcelrr: field noise ,cock arc %er% lo%% throughout
this entire pass, the oils signrh:anl noise hiring the (n + J)f,
noise hands of the Ispe ties:nhed h^ Shoo, and chimett 119731
near the pla%nmpau.c A rcPrc%cnt,rtnc po%%cr %pc:lrum is
sho%%n in the lop panel of I rgurc 5 at a radial d1%I,u1:e of 5 93
R, for this pass. L%Ccpl for .I %cr% %moll cnh.inrcmcnl at 31.1
A11r no continuum r.ulr.rtion 1% dcicst.Ihlc the second pass
%ho%%n in I lgurc- ), orbit h ) . u::urs approvnimcls 26%% later.
VII October Ili on this pass. %c%cral i%pcs of r.Idw cmi%%Ions
arc present •%I high Ircyu:II0:s. In the ',(, :- lit 1'A-1,11i shan-
nels, modcratcl% inter auror.11 Adomeln: radimion is c%1dclll

during the lir%I part of the pass, before g houl 120O L I T. Al
somc%% hat h%%%er Ircyucnrles, I101 1.1 .,hoc, 23.7 to 100 AHr. an
almost :on%tant amplitude hr,.id hand nurse 1s present shghtl%
abuse the rc• rci%er nurse Ic• %el F%en though this noise is %cr%
%%cak. it 1s caslls distinguished from the re:ci%cr noise lc%cl h%
the spin nluduLltion caused b% the antenna rotation 1 he
period of this modul.ition 1s about 2 nun, %%h1:h is the hc.11
period hct%%ecn the spa:c:ralt rotation rite and the tclenlctn
sampling rate.

A represcnI.m%e spectrum ol'the hrl.rd hand noise oh%crscd
on orbit 0 1% shu%%n at ,r radial dlstamc of 5 61 R, in the
renter panel of Figure 5 1 hit spectrum 1% yuihiati%ch similar
to the continuum radiation spc• sirunl% oh%ers: I h% the Imp h
and In ► p S satellite% al - 1 0 R, llu%%cscr, the intensities are
about :U slit grc.rler than the continuum rAL11.1tion intensities
normalh ohsci%ed h% ImP h and Inlp S during %IuiCI III11Cs

c%en alter %oricsimg for the :spc:icd I R' %.iri.IW n %%ith
r.rdi.d dman:e I hcsc hreh Intensities .ire eonsislcm %cth the
continuum t.ith.mon 1ntensrtics iepuricd h^ frim4t-1 11471) lot
gconl.rgneli:.ill% dislunccd i,11-ls ( A r • 5) On the h.isis „f
Ihe%C :on	 olP.rrisn. %%C 1dCnlil% the hro.rd hand 11,11 'e ohsc•r%Cd
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Fig i Continuation of the sequence of liawkc%c I passes from f igure 3 Orbit 67 w an outbound puss in the local

awning. This pass is shown because of the Inge data gap on the immedtateh preceding (orbit bo) Inbound puss

7

on this pass as continuum radiation of the tspe discussed by
frunkel 119731 and Gurnert [19751.

Continuum radiation of comparable :ntcnshy Is obsrrscd
again 2 da % s lit er, on October 18 (orbit"1, and again 4 dens
Liter, on October 20 (orbit 65). Hosseser. b daNs later, on
October '? (orbit 66), the intensttk has decreased to esscrtuallt
undetectable lc^cls at all frequencies abosc about 30 i lie A
po%cr spectrum for the inbound pass of October __ Is shown
in the bottom panel of Figure 5 at a radial distance of 7 16 Rr.
No telemrtn %sas recessed after about 2110 UT on this pass, so
measurements are not avai!ahle at radial distances less than
about 70 R, During the Immediatcl\ following outbound
Pass of October 23 (orbit 67 in Figure 4). only a I'ru hours
later, no continuum radiation is detectahlr at ink radial dis-
lank

the enhanced continuum radiation during this esenl Aae
also dctccicd hs the ( rusrrvts of lo%%a plasma ss .nC csl cri-
rttcnt on the [nip h spacecraft (tor details of this csperumcnl.
sec Gurritr rr 11 4 151) During the lirst le% da^s of the c%cnt. Imp
% was .it ,1 radt.tl distance of .thou( 214-46 R, on iiie d.is side of
the c.irih send iii .tit Ckcc11cill position to monitor the contin-

uum radiation ssithout excessive interference from the night
side auroral kilometric radiation. The radiation intensities dc-
trctcd hs Imp S it frequencies from 31.1 to 17h kllr are shown
in I igurc h for this period. Since the continuum r.idtatiort
intensities are onl) slightls abose the rrccnc: noise Icscl, it is
difficult to cicarls identilN the continuum radiation at all times
during the csent. The onset of the enhanced continuum r,-di-
ation Is, hoNr%cr, cicarl^ csiJrnt at about 1700 UT on O^:tohcr
14. essentialls coincident ssith the onset of the Octohcr 14
magnetic disturbance (see I igurc 2) At 5b 2 kHi the micnsits
increases about 2Odl3 ahosc the normal quiescent Ictcl prescnl
before the inset of the rsrnt T he rise to matimum micnsus
takes place to appro',iniatclk I hour. Irom 1700 to ININ) l l

The enh,Mtced continuum r,idwitin remains ca%il% delectable
for at (Cast 3 da '%s, through Ocloher 1 7 During this period the

intensilk %ernes hs ,is much as 10 dR, tspicallk on .t Mite sc.ilc

Lit .i Ic%% hours Mier October I' the contimium r.idi.ition is
almost coniplcicls masked hs niteosr .sutural ktlomt:nts radt-
ation as t('e spacecrall progresses Into tlic localrscnirg rc ► unt

1 he spin modulation u1 the continuum r.idi.itiun ohscrscd
ts s Imp 8 during Ihi , c\cm has been .in.d%/cd to determine Ihr
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location of the source of this noise. Dorris of the .inalvsrs
procedure are gisrn b) Aurrh cr al 119751 I igure 7 shosss the
direction-lindnig nmc.mircments obtained from Imp K for the
continuum radi.mon obscrscd at 56 2 h Ili during the October
14-21 went. The spacccraft position for each measurement I%

shoss n is a dot. and the line cstcndcd from each dot indicat es
the direction of the source projected Into the ecliptic

) plane. Since the rotation axis of the Imp K electric
antenna is directed perpendicular to the cchpuc plane, it is
only posslhle to determine the direction to the source projected
onto the ecliptic plane. Onl% certain selected periods are ana-

h.,cd because of interference from other I 'N pes of noise. Each
directiam•linding measurement it-,Figure 7 represent. a I- to G•
hour integration intcral

B) assunung that the source di%tnbution remained constant
during the c%cm the app.ircnl center of the source region can
be estimated from the inicrcction of the ras paths ohserscd at
carious local times It is csident Irom I igurc 7 that most of the
continuum radiation during this escnl appears to came from
the da%%n side of the magnetosphere at .i radial distance. Pro-
jetted onto the ecliptic plane, of about 2-5 R, from the center
of the earth Modulation indcs measurements also shmi, that

^—	 -r —T—TTT"T

10 18 -

BEFORE STORM

ORBIT 62
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I ig s	 Srlentcd %pertrum% of the rccrt%cd r—rr Ilus before. dunnF. end .ilia the continuum rrd.ation c•cnt it
.omp.rr.rhtc r,rdi.rl distance. Iran the cirlh All thrcr spc.truni% arc trim oibound pa—c% rn the lo,al mmmoil:
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Fig 6 1 lean: held nien%mcs ohser.cd h% Imps durms: the 1wriod from lk'Ioher IJ to (4wher I' I he im.ct of the
enhanced continuum radi.ilron i, clearh C%Idelll Irons .ihaut 171111 to IXM I T on Uctoticr 14. shunt% shier the lMohcr IJ
magnetic disturhancc (,cc I igure 2).

the source is scr% broad. se%cral carth radii in diameter These
results are similar to prc%ious, directing-tinding mcasurcincnts
of continuum radiation during less disturbed periods (Gumetr.
19751,

OUTFR ZONE Et I CTItON INTF%4ITII % Di RING
THE EYEVT OF OCTOBER 14 - 21. 1974,

To tr% to identif% the charged particles responsihle for the
enhanced continuum radiation during this cscnt. s.c hasc ana-
[stcd obsevitions of the electron and proton intensities for
each pass of lljs%ketc I through the outer radiation tune

during the OLiohcr 14-21 csent
Plates I and 2 summ.Otic the electron cncrp^ speclrurns

ohtaincd %ith the Lcpcdca on Ha"kcsc I hclorc. during. and
after the period of enhanced continuum radiation. 1 hcsc
measurements %sere g.imcd ,s lh the ramp operational mode
(high [cniporal 1 1 olution) of the I epedca .Ind coscr the co.
ere% range 70 c% to 27 11,e6' I'ach spcclrogram shoes the
responses of the electron anal%let as a IuncUon of
cncrgs .ind time for .i I-hour period ,is the spacecraft p.IssC%
through [tic outer r.idiation ionc if I %alucs r.mL!me nom
,ihout J I,- 10 the ordinate of cash .pcctropi.im grsc ' the
electron enCres kill all .rnr*l0'A1M tcI% I.,F.trithim,: scare from "0

c%' to 27 kcV. The analsier responses arc color coded accord.
Ing to the logarithmic scale an the right-hind sides of these
figure., the high responses being red and the loskc+t responscs
bring blue for thc%c serifs of spcc[rogrami the salellite spin
axis is aligned ipproxinimck Par,rllcl to the local magnctic
tield direction Sincc the arcs of the fields Lit of the
I.cpcdca arc directed perpcndicuLir to the spin ants, the push
angles sampled hs the instrument arc -90°. 1 he slartmF tunes
of the spectrograms arc chosen to pr J%ldc a set of mc.r%urc-
ments corresponding to approstmatcls the s.ime range of L
salues for each pass the spcctrrgranis of I'Llle I arc for
inbound passes in the local morning sector of the magncto-
spherc. and the ,pccIrogr.mi% of Piste : arc for outhound

passes during local cscnrng &cause of lelcmew..o%migc
limrlations. ohscrs,itions arc usu,ills not as,nlahlc for Con-
sccutnc inhound and outhound passes Ihrou--h the outer radi-
ation ionc la duds Iemporrl %irimions o%cr .t %c%cral-d.1i
period. it i, therefore ncccssars to interconip.irc n e.isurerii:nls
on the mhound IIoc.il motimi l- ),Ind outhound Iloc.11 CtenuigI
p,rsscs

I he nhound p.rss on (Itctahcr 14 torhit W ) in I'L11c I occurs
.rpprovmatel% 7 hours hclorc the onset of the cnhan:cd .on•
linuurn radi.ilion ,is delcrinmcd hs Imp % I hr 0imr it m
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lit l.%I II %.0 1 w%s,r, rh Ill. inv (,1.r1.. (N 44111"11,1 %	3hr1

I Cp.-lira r, %ampimp p1t,h .triple% at ahuut 40` for the cn;lrc
spun permit Ilcnce t,nIN diOctent1,11 cicsvon Inlcn%Itics if
v(I!I r^ h.i%c been %houn ,n I Igurc K I he 0coron %prt.lrun, , r;
f	 411U c% a.r not %1gnitacal tit Ac:led ht these .h,rgrtg
a%cm- the cle:timi lntcfwtics on orbit 63 arc among- the
hoghC%t encountered to this date fur till% region of the outer
ionc

Suh%Cqucnl pas%es on October IN (;abound orbit 64 and
outbound orbit 01 .Ind on (Moiler :U Ilnhound orbit 05 and
outbound orbit 66) r r r.tinue lu reseal the presence tut this
energetic eletmon distribution deer %%Itt.1n the outer none
During the 4-dad period from O:toher If, to October 20 it:C
Intcwt\ of thc%c rle:tron% gredu.tllt dc:reasr%. and the spatial
dr%trlioutiun slot%It sprcad%u\cr a broidcr range of L \flue,
striking d.iAn-;1u%I. astmmctn In cic:tron intensities 1s ii,,,
c%ldent upon c%amtnation tot plate I (lo..tl morning 1 and Plate

(Iosal e%cmngl H% :omparing the Inround and outhuut.d
p.lssc% on O:tobcr IS and Oitobcr _% U one :an ,c: ihal b\\lh ltll'
Intensities and the a%cragc energies arc greater In the Iowa
morning ;ban In the local c%cning Electron lmcnsltics arc also
found on %Ignthu.lnil\ rosier !. %hell% during loci! morning Ht
October 23 torhtt 67) the electron lnlcnsltic% for c < L < Is
hate decrc.:sed to about the prestorm %clues

I hcsc 00%Cr%atton% %h,),% that c%trcmcl% high cict:tron i n-
tcn%mc% %%cl c Iluct:icd deep Into the outer rudwti0n tone %omc-
imic hrohecti approvmatelt 0430 l T on Wil ber 14 and 1244
1 , I on Ot:ltnccr Ih Mo%t 11kcl\ ihl% Inic,lton took pl.a.'c during
the m.Igticti, ,tofm \ , t) O:tol lct 14 \ftci this tnlr:lt% r n the
cictmon micn,tilc, %lu.\1\ dc:rca ,cd 0%et a k,%criI-d:r% period.
Ihluugh 0,1ohcr _0, and %uh%tded to pre%torm mten%1t1c% h\
Ostobcr : t	 1

I:11,11 le , 4101Il Ih1, 11.t,s .Ire I\pl:.11 It \ftuCl ,ondll1,111% 1I) the

oul:1 r.101.11tun /tine rut Ow 1,1,,11 ntornrltg %ludermi: nren%ItiC%
ul Itm cnclg%. - I ke% . vie, itons ,Ir present .iI large L %alties.

,, t r ue the nttensme, ill inc%c cle,trun, Jr. rcasc rapldl\
uh de,rc.iNmg 1. Ihc,C CIC:tron, ,Ire hellc%cd to he ln let led

berm the n1' ht %t(lc pl.I%ma %heel .till .Ire Con%c%ICd Ihruugh
the d.n%n ,Ind da) side magnclo%phcic h% the combined cllc:l
oI I. 1.I:hcnl dnit and the da%%n du,k cic:tris 11cid I he quies-
cent c1c:ir0n mtcnsm%:% obscr%Cd during Ih1% pass sho%s [hat
file magncll: di%turhance on October I t did not produ:C a
durable unC:tiun of lo%%-cncr ► s Clc:trun, 11110 the Matt radi-
ation ionc

Till: ne%I Inbound r-% occur on October 10 (orbit 63),
.Ipprt r untatei% ' da%% alter the onset of the enhanced contin-
uum radiation 1 he outer /line electron Inicimtics encountered
during this pa%% hate :hanged raditAIN since the prcecdmg
pa%% A %er% %uh%lanllal nt.reasc of electron uttcnsltic% wth1n
the cncrc% range from - I to 30 kc% 1%c%Idcnt dccp %%Rhin the
magnc10%phere It L %aluc% from ah0ul 4 to K. The cnrrgt
%pe:trum% of these electron rrtten%Itics are \erg broad and
e%h1h1t peal, differential lnicnsutC% a; a Icrgtc, from about I Io
IU kc% Rcprc,cntat1%c cic:tion cncrg^ spc:trunts at L 3- 5.8
for the lnhound pas%c% of orbit h; (prior to electron Infection I
end or:\Il t l (first pa%% alter Injection I arc compared to I lgurc
N Prc%torrn electron Inicn%Itic%.Ire %Imllar to those reported ht
Li-ons and It 1 11wrnt 1147th at these L %aluc% near the nt.lgnent:
equator Thcrc n %omc a%rdcn,.c of %alelkic Charging .0 thc%c 1.
%,Ilues Nhen the %pin modulation 0f electron Inlen%n1c%al f. <
400 c` is c%anttrtcd, a topic ^hl:h %%11l he dI%:usaed more
1h0roughh in a future paper (see. for c%.lmp!c. the time rcriod
1:40-1100 Ul of the %pcClrogr.lm fur orbit h0 nl platc I I
SpcClficall%. the electron %pc:Irums at these ltmcr cict:tron
energies c%hlhu pc,Ik Inlcn%Itics onl% once per wiellitc spin
period. thc%c mavnta being Joscl^ Centered at the minimum
solar a%pert ang!e rclati%e to the nslrument fields of %ICV% The

IhsctscaT%

Ne hate %ho%%n that unusual(\ Inten se ilu\c%of Io%••energ\
I to t it kev, ele:tl:\n% were tsh %cr%cd deep In the outer radi
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Fri 8 Electron cnerps spectrums at l , t M in the local morning
Wore torbn 62) Jnd after (orbit C31 the onset of the cnhrnced
continuum r.rdiat•on I he electron uHens tics on orbit 61 are among
the highest reported to date for this region deep inside the outer
radiation tune The corresponding continuum rrdiauun spectrum for
Ihis pass is shown in the center panel of `igure 5.

ation tone during a period of greatly enhanced continuum
radiation intensities which occurred from October 14-21,
1972. 1 he injcction of these low -energy electrons into the outer
radiation tons: took place some time in the 2-day period be-
twccn about 0950 UT on October 14 and 1245 L 1 tin Ortobcr
16. The occurrence of a large magnetic disturbance at 1700 UT
on October 14 strongis suggests that these electrons were
infected into the mrgnetosphcre during this storm The onset
of the enhanced continuum radi,:tion imcnsitics occurred
coincident with thu magnetic disturbance on October 14 Af-

ter this mignctic di%turh.inie, hoth the enhanced Lontinutini
r,idiation and the Intense low-cncrg^ electron Iluu • s -Acre oh-
scrscd through October 20, with a qualltatiscls similar rate of
decd} of the respccUsc Intensities 1)Irection-finding mc,,surc-
rncnts showed that the continuum radiation otirinited prniar.
il ) from the morning side of the magnetosphere 1 he low
energ) electron intensities also showed a strong dawn-dusk
as)nunctrN, the largest Intensities occurring on the morning
side of the niagnclosphcre 1 hesc ohsersaiions all suggest that
the cnhrnced continuum rrdiauun n associated with the in-
tcnsc (loses of low-cncrg) electrons infected into the mrgnclo-
sphcre during this cscni

Although the enhanced continuum radiation occurs during
the same mtcrsal u• which the intense Iluscs of low-cncrp)
electrons were detected, it Is still not Immcdiatcls certain just
what range of cicctron energies is pnnianls resp .•.nsrhlc for the
continuum radiation or)ust whm mechanism is Ini,okcd in the
generation of the noise If the radiation is produced his the
incoherent g%rossnchrolron process, as was proposed hN

frattAcl 119731, then most of the radiation must conic from
high-energy, 20(1 kcV to I MeV, electrons, since the mecha-
nism requires rclrtisistic encrgies to produce significant power
fluxes. Hossescr, it the radiation is associated with lower elec-
tron energies, 10 kcV or less, then a coherent plasma instahiln)
is reouircd to explain the obscrsed intensities Because Hawk-
eyc I does not proside measurements of the electron energies
rnsolscd in the gyrosynchrotron process and since we know of
no other sprcccrali which can proside suitdblc measurements
dunng this escn;. the g)rosynchrotron mechanism cannot he
tested dircctls

Although Ilawkcse I does not hasc adequate mersureincrits
of the high-energy electron Intensities to test the gyro-
synchrotron inc, hanisni d:rcclll, scscral factors suggest that a
coherent plasma instibilily, inliolsing interac

t
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energies. - 10 kc\ or !C.S. should be sciiously considered to
evplain continuum radiation cvenls of this lypc I irsi, the
lemporal \ariation of the continuum radiation micnsrty during
the storm corresponds closely with the obscr\ed temporal
variation of the lovv-cncrgy. - 10 keV, electron intensities but
not wish the expected temporal vari.ition of the high-energ).
-100 kcV, electron intensities. After the onset of the October
14 magnetic Storm the intensit y of the continuum radiation
increased almost imnied itely , within a Ic\s hours or less 1-his
time scale is comparable w ith the time scale in hich electrons
with energies of -10 kcV are injected deeply into the Outer
zone during a magnetic storm The intensities of clectrons with
higher energies, -500keV, nowever, usuallt decreasediamati-
cally during the initial phase of a magnetic disturbance on
these L shells and then g adually increase to ma\imum in-
tensity several days alter the onset Of the Storm 10Nem and
Frank. 19681. 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 sc\cral 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 w nth intense hands of
electrostatic none which occur just outside the plasmapause.
Two exccl!cnt exanTples of r,.lationships of t\pe arc shown
in Figure 13 of Gurnett 119751. Our Figure 4 shows a similar
case in which intense bands Of electrostatic noise are evident
near the low-altitude cutoff of the . :ontinuum radiation at I -
f, (from about 1945-2000 UT in the 42.2-. 56.2-, and 100.0-
kliz channels). These cicctrostatic noise bands occur at high-
order (n + J) f, harmonics of the electron gyrofrequency f, and
arc particularlc intense at frequencies near the electron plasma
frequency f;, [Shaw and Gu-nett. 19751. The relationship he-
twcen the continuum radiation and the (n + J)f, noise hands
suggested by these onscr%ations is illustrated in Figure 9,
which shows an ideahzcd radial profile of the frequency spec-
t-.unis for both types of none. Usuall y , the electrostatic noise
band; at (n + J)f, - f o arc most intense near and immediately
outside of the plasmapause, although in some cases these
bands extend almost to the magnetopause. 1 hard. as was dis-
cussed by Frankel 119731, the power radiated by the incoherent
gyrosy,.chrotron mechanism is about a factor of 5-I5 too
small to explain the obscr\cd continuum radiation intensity
for a t ypical 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 occur by which coherent plasma waves
could produce electromagnetic emissions such as the contin-
uum radiation. If the electric held amplitude of the plasma
wa y es is sufficientl y large, nonhircii interactions can cause the
generation of electromagnetic radiation Nonlinear inter-
actions of this type arc thought to be the mechanism by which
type 3 r.Wio noise bursts are produced from electrostatic
plasma oscillations [Giri:ourg and Zhete:ncakoc, 1958). Gur-

nett and Sha , , • 119731 proposed that the trapped continuum
radiation (referred to as f > fo elect rornagnctic noise) is pro-
duced by coherent cyclotron radiation from the high-order,
nl,, rotating charge distrih:;oons associated with the elec-
trostatic (n + b)f, electrostatic noise hinds. Essentiall y , (tic
electrostatic wave acts to orgamze the phases of (tic electrons.
thereby greatly increasing the power ideated at the high har-
monics of the cyclotron frequenc). S, art 119741, using a sim-
ilar mechanism, proposed that wave-wave coupling between
the (n + J)f, electrostatic noise bands is involved in the gener-
ation of dccamctric radio emissions from Jupiter. These vari-
ous mechanisms suggest that it is entirely possible, on thcorct-
ical grounds, that the enhanced continuum radiation is
generated by low-energy. I to 30 keV, electrons via inter-
actions with electrostatic plasma waves. Further investigation
of similar events with instrumentation suitable for direcil\
testing the gyrosynchrotron mechanism is needed to detimtcl\
establish the mechanism by which this radiation is produced
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1	 DIRECTION-FINDING MEASUREMENTS OF TYPE 111

RADIO BURSTS OUT OF THE ECLIPTIC PLANE'

MARK M. BAUMBACK, WILLIAM S. KURTH, and DONALD A. GURNETT
^.	 Department of Physics and Astronom y , Die University of Iowa, Iowa City, Iowa 52242, U.S.A.

(	 (Received 6 January , 1976)

Abstract. Direction - finding measurements with the plasma wave experiments on the HAWKLYF I and
IMP 8 satellites are used to find the wurce I cations of type 111 solar radio bursts in hc!:acentric
latitude and longitude in a frequency range front kHz to 5001,11z. IMP , has its spin axis
perpendicular to the ecliptic plane; hence, by analyzing the spin modulation of the received signals the
location of the type III burst prolelicd into the ecliptic plane can be found. iIAWKFYL I 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 sus the three-dimensional trajectory of the type 111 radio source can be determmed
from direction-finding measurements at diticrent 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 io the solar wmd. The source locations
projected into the ecliptic plane follow an •lrchimedcan spiral. Perpendicular to the ecliptic plane the
source locations usually follow a constant heliocentric latitude N'her, the best tit magnetic field line
through the source locations is extrapolated back to the Sun this field line usually originates within a
few degrees front solar flare which produced the radio burst. \11th direction-finding measurements
of this type it is also possible to doernsne the source size from the modulation factor of the received
signals. For a i)pe III csent on Juiw h, 1074, the half angle source size was measured to he —6tr at
5110 kHz and -40` at 56.2 kHz as viewed front 	 Sun.

1. Inlroduclivai

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 III radio bursts. These first observations of type III bursts

were made in the frequency range front 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 dui ing the decay is proportional to e - "' (Wild 1950),

where k is the decay constant and i is time. For a general review of ground-based

type Ill radio burst observations see Kundu (1965).

Wild et al. (1954) speculated that the rapid fre q uency 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 --40 keV were first observed in the interplanetar y medium and
identified to be of solar origin by Van Allen and Krimigis (1965). A high

correlation between the onset of solar flare electrons in the energy range of I to

Presented at Workshop on "Mcchant ns for Solar Type III Radio Bursts", Berkeley, California,
May 8--9, 1975; we Solar Phys. 46, 433.

Solar Phssirs 48 (1 0 761 361-3,40 All R:ghrs Reserved
Cop)nglu V 1976 by D Rri,del Pul,hihing ('ompanv, Dordrechi-Holland
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100 keV and type III 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 er al., 1973. Alvarez er al., 1975; Gurnett and Frank, 1975).

Measurements of the frequ e ncy drift rates of type III 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 ma y also be determined from the frequency

drift rates. Exciter velocities ranking from 0.2 to 0.8 times the velocity of light

with an average velocity of 0.45c Here calculated for frequencies between 60 and
45 MHz (Wild et al., IU59). The average exciter velocity calculated from measure-
ments by the RAE 1 satellite for frequencies between 0.7 MHz and 2.8 MHz was
0.38c (Fainberg and Stone, 1970). Other drift rate measurements give similar
results (Hartz., 1964, 1969; Alexander et at., 1969, Haddock and Gracdel, 1970;
Fainberg and Stone, 1471). These drift rate measurements give electron velocities

that are in agreement with the energy range of the solar electrons observed in the
interplanctan medium by the satellite e\perinrcnts.

Ginzberg and Zhcic,, niako\ (1058) suggested that type III bursts are generated

by a coherent Cerenkov process. The enc:getic particles gen,:ate plasma waves at

a frequency near the local plasma frequency by a two-stream instabilit y . Then the

plasma waves scatter oil ion densit y mhomogencities to produce electromagnetic

radiation near the plasma frequency and also scatter off other plasma waves to

produce radiation near the second harmonic. The theor y has since been revised
but the process is basically the same 1Sniltli. 1970, 1471).

Models of the densit y of the solar wind can be used to determine the radial
distances from the suit at which tpc 111 bursts radiate at drtterent frequencies.
Kaiser 's (1975) study of the solar elongation of type 111 bursts indicates that the
density of the solat wind from appromnuttely 0.1 AU to 1.0 AU varies as R

where 2 < y s i. Measurements of sevetal thousand events were used to formulate
the RAE emission level scale (Faint-.erg er (rt., 1 4 7" Fainberg and Stone. 1474).

The RAE emission Ic^el scale relates the frequency of emission of it type Ill burst

to the radial distance of the burst from the Sun. A solar wind densit • model can

be computed from the RAE emission Ic y el 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 er at., 1972). The solar wind densit • models formulated from the
analysis of t),ne Ill bursts assuming emission at the fundamental of the plasma

frequency usually disagreed with the ohsened plasma densities at 1.0 AU

(Newkirk, 1967). E\ idence now exists that radiation is predominantly at the second

harmonic for low frequencies (Fainberg er at., 1972. Fainbere and Stone, 147.1:

Lin et al., 1973; Haddock and .Alvarez, 1973; Al. arez er at., 1975; Kaiscr, 1475).
The assumption of second harmonic emission brinks densities calculated from the
RAE emission level scale to better agreement with solar "Ind 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

magnetic field by analyzing the direction of arrival of a type III 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

if 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

(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, 197=4; 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 Mane of rotation of the antenna.

The purpose of this paper s to present a series of two-dimensional direction-

finding measurements of type III radio bursts using spin modulation measure-

•nents from two satellites (IMP 8 and HAWREYE l) which have their spin axes
nearly perpendicular to each other. Simultaneous direction-finding measurements

from these satelli* -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 ^,atc:llltes 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°, and period of 11.98 days. the spacecraft is spin
stabilized with its spin axis oriented very nearly perpendicular to the ecliptic plane
with a spin period of about 2.51) sec.

The University of Iowa plasma wave experiment oil 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 5 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 average electric field intensity at 31.1 kHz, 500 kHz,
or 2 MHz with a bandwidth of t 1.0 kHz.

The HAWKEYE I spacecraft was launched into polar earth orbit on June 3,
1974 from the Western Test Range. The orbit is highl y eccentric with initial

perigee and apogee geocentric radial distances of 6847 km and 130 856 km,
respectively, inclination of 8 1).79°, and period of 49.94 hours. The initia? argu-

ment of peri gee is 274.6% thus, apogee is almost directly over the north pole. The
spacecraft is spin stabilized with a spin period of ahout 11.0 sec. The spin axis lies
in the plane of the orbit and is nearl y parallel to the equatorial plane with a right
ascension of 3011.7° 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 ,o the spin axis. Electric field spectral measurements are made in
16 fixed frequency channels extending front 1.78 It., to 178 kHz, and magnetic
field spectral measurements are made in 8 frequency channels extending from

1.78 Hz to 5.62 kHz.

3. D irection-Finding Technique

A. CAI CtIt ATION OF THE DIRECTION OF ARRiVAI

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 %%hen the

antenna axis is perpendicular to the propagation vector. The depth of the null is
determined by the sire of the source and the elevation angle, rt, be!ween 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.

r-
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For both HAWKF.YE 1 and IMP 8 the data sampling intervals are comparable
to the spin period; thus, manv rotations of the satellite are required to obtain a

f- uniform angular distribution of samples through 360°. The time period necessary
to collect a complete _:-t of samples through 360° will be referred to as a sampling

cycle.
The direction - findir; routines used for ana l ysis 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 -ill 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, S, data is accumulated over the duration of the

type Ill event at each frequency and is then fit by the method of least squares to

the theoretical modulation envelope given by

(E)
.. ^	 m11	 m

=(1— 
2J

— 2
 

cos [2(8,-S)].	 (1)

i_	 where E/EI, is the normalized intensity and S, is the orientation angle of the
j

	

	 electric antenna axis in the plane of rotation of the antenna. The nuli direction, S,
is the direction to the centroid of the source projected onto the spin plane of the

iy	 antenna. The modulation factor. tit, provides a quantitative measure of the null
^•	 depth: m is zero for no spin modulation, and in is one for the maximum

_	 modulation. The null direction computed represents the least squares fit o over

1 the duration of the event. Each sample recei%cs an equal weighting in the analysis.
Since the dipole pattern is assumed to be symmetric, the data from 90° < S, < 270'
is shifted into the range from —90°sS,<90° by subtracting 180°.

r	 Another direction-finding routine used for INIP 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

1 weighting factor that decreases exponentially for earlier times. The exponential

weighting factors make it possible to compute S 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 computed 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. T Ic spin axis, S. is
perpendicular to the spiv plane. The source plane is the plant ^n which hoth the

T
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SOURCE
PLANE

IMP-9	 8.90,
HAWKEYE	 26585 I54'

SOURCE
PLANE I
(IMP -B)

SOURCE
PLANE 2

DIRECTION	 s' (HAWKEYE)
OF $oURCE	 n X °t
(t A,R n2)	 \

Fig. 1. The position of the source plane relative to the satellite spin axis, null position (b), and the Sun
for HAWKEYE I and IMP 8 The sector n 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 A,, a vector normal to the IMP 8 source plane, and n:, a vector normal to the HAWKEYE 1

source plane. 9 is the angle between the spin axis of the satellite and the Sun-satellite line.
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spin axis of the satellite and the source lie. The angle between the satellite-Sun
line projected into the spin plane and the intersection between the spin plane and
the source plane is S. Normals to both sou," planes are constructed. n, 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 n, x n,. There is, however, a 180° ambiguity in
the source 'zication. At high frequencies this ambiguity is decided by assuming
that the source is in the direction toward the Sun. At lower frequencies, where the
sourct 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

t
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at higher frequencies. The source direction computed from n, x n_, after deciding

the ambiguity, is given in geocentric solar ecliptic coordinates, Acss a nd ^PaSE-

The angle Acsi_ is the geocentric solar ecliptic latitude of the source, measured

positive northward from the ecliptic plane. The angle #Fc:sla 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 S spin axis is

perpendicular to the ecliptic plane the null angle S, 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 (A1P

8 and HAWKEYE 1. This figure is a plot of the logarithm 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 III event, other naturally

I occurring radio signals such as auroral kilometric radiation and magnetoshcath

electrostatic noise are observed. The characteristic frequency drift is evident in

the type III 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 facto- at the start of the burst Is about

0.65 while near the end of the hunt the modulation factor is about 0.25.

At a particular frequency the direction of arrival changes systematically during

the duration of the burst. usuall y starting near the Sun and deviating away from

the Sun later In the event. The direction of arrival usuall y varies over a wider
range at the lower frequencies. At 500 kHz there is a shift in tkiSE of the source

I- of about 10°, while at 56.2 kHz the 4p,-,sE shif ts by as much as 60°. An example of
this angle drift at 100 kHz is shown in the center panel o f Figure 3. 4p'-.sr: is
initially near 0° (in the direction of the Sun), but then Chang, ', to approximately

T
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Fig. 2. A type 111 hunt ohscncd simultaneously by HAWKEYE I and IMP 8. The t ype III burst is
characterized by a rapid decrease in frequenc y with increasing time. and at each frequency the

intensity has a rapid rise time followed by a slower cspancnual decay.

45° at the end of the event. 'To compute the source locations for the esents
analyzed in this paper, the direction of arrisal is the least squares fit S computed

over the duration of the event.

5. Plasma Density and Solar Magnetic Field Modes

Alodels 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

M
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Fig. 3. 'Me amplitude, geocentric solar ecliptic longitude, and modulation factor for a type 111 burst
detected by INIP 8 on June 21 at lookHz, The spin modulation is esident as a small amplitude.
periodic change in the ohscrscd intensity. The longitude drifts from near zero degrees near the
begining of the event to about 45° near the end, TTie modulation factor near the beginning of the event
averages about 0.65, dropping to about 0.25 at th; end of the cent The apparent shift in source

location could he caused b1 polanzation effects. density inhomogencuics, or by radiation from
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 ;b i rd 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 densit y_ 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 III burst emission region. The RAE emission level scale (Fainbcrg and

Stont-, 1970, 1974; Fainberg of 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 (tie 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

1.
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Fig. 4. The RAF. emission Icsel scale gises the a%crage radial distancc of a type III buret from the
Sun as a function of frequency of e.niwon the density scale assumes emission at the second hatmonlr
of the plasma frequency For one of the went% analy ►cd the RAE crutwon lescl scale was adjusted so

that the density at I .o AU agreed with to .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 sire
measurements of the solar wind den-.0v are availai,%:, the RAE emission level
scale is adjusted to agree with the denstt measurements.

!	 B. SOLAR MAGNETIC FIELD LINE CONFIGURATION IN THE ECLIPTIC PLANE

1 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, 1 1)63, 1964, 1965). Meas-

urements in the ecliptic plane confirm the general spiral structure of the magnetic
field (Schatten ct at., 1968; and review b y Schatten, 1972); however, the magnetic
field is usually distorted from a perfect spiral configuration. For example, changes

Iin the velocity of the solar wind will produce kinks in the spirals. Other
distortions may he caused h% carnations In the magnetic field near the Sun and h^

magnetic field :pops in which the field lines near the Sun reconnect hack to the
^.	 Sun (Schatten, 1972).
a.

C. SOLAR MAGNETIC FIELD LINE STRUC-TVRE IN TFir MFRIDIAN 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 thr analNsis of

i	 type Ill bursts, h.cause the trajector y of the electrons that generate type III

j	 bursts is along the solar magnetic field lines.

I-
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i The simplest model of the solar magnetic field out of the ecliptic plane is the
constant latitude model show,t 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 Archimcdcan spirals, w hilc in a meridian plane the magnetic
field lines arc at a constant latitude. The constant latitude model corresponds to
Archimcdcan 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 ex tend 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 Archimcdcan 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. 1971;
Rosenberg and Winge, 1973). 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 equator could also be
caused by magnetic pressure. The magnetic field spiral angle and, therefore, the
magnetic pressure changes with hchocentnc latitude. The magnetic pressure is
greatest near the equator. cau.ing mass and magnetic flux to be carried away from

Ithe equatorial plane tSucss. 1974; Suess and Nerney, 1975). These observations
suggest the divergent field line model shown in F.,4ure 5. The magnetic field
projected into the ecliptic plane follows an Archimcdcan 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. 1! is ih= Turpose of this paper
to test these various solar magnetic field models.

6. Analysis of Events

Twenty type III events Here initiall y chosen from the first Ji orbits of HAN%'K-
EYE 1 and from the same time period for IAIP K (June through August, 1971).
Of the initial 20 events onl y three events %%ere anal y zed in detail, while the others

y were throµn out for various reason.. Some events were multiple events originat-
ing from different regions of the Sun. Other everts did not have adequate
coverage with both satellites and for soure e.cats the modulation factor was too

•	 low to determine the direction of arrival accurately.

A. DIR1 Cr10N 017 ARRIVI L ANALYSIS

Figures 6, 7, and 8 show the source locations for the three events that were
analyzed as determined by simultaneous direction-finding measurements from
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Fig. 6. Source locations for a tsre III went Oune 9) Pie source locations follow an Archimedcan
spiral configuration in the ecliptic plane The source locations out of the ecliptic arc shown as a
function of heliocentric latitude and radial distance ]'he bottom panels show the geocentric longitude
and latitude of the source predicted M a lent Wuares fit of the :onstani latitude field line model to thr
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model at 56 2 kilt and 4_'_' lHt implsing that the magnetic field line, mas extend to lower
heliographic latitude, with increasing radial distanec The predicted Ilan location i> found ht•

extrapolating the least squares fit field line back w the Sun

HAWKEYE I and INIP 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 went (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 Iesel scale was not adjusted for the

last two events Wiown in r.*,ores 7 and S) because the trajcctor^ of the hunts

were so far from the Earth that the densities measured b y IMP 8 could not be
considered representativc of the density at 1 tl AU along the trajectories of the
bursts.,

For each e\ cnt an Archimedcan spiral is fit through the source locations projected
into the ecliptic plane. Since HAWKEYF I's spin plane is not oriented evactly
perpendicular to the ecliptic plane it is necessar y to know the tp(;sp coordinate of
the source position before A(,sF can be determined. II 1;(;, l could not be
determined from the INIP S data it was computed from the Archimedcan spiral fit
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Fig. 7. Direction-finding measurements for another type III event (July 5). Projected in.., the ecliptic
plane the source locations follow an Archimedean spiral configuration. Out of the ecliptic plane the
source loc .,Ions are at nearly constant heliocentric latitudes. Excep, 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 rPGSE are
estimat. 1 ;o be smaller than 3 0 . The GSE latitudes ( A GSE ) and GSE longitudes
(f ,SE) for the three events are summarized in Table 1. Any A GSE in Table I that
regt.ired the Archimedean spiral fit to compute tPGSE 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 Archimedea . spiral through the
source locations. A solar wind velocity of 400 km s - ' wa used to construct the
Archimedean spiral. The lower left-hand panel shows the Geocentric Solar
Ecliptic longitude NOGSE ) of the least squares fit Archimedean spiral a^ ',iewed

from Earth as a function of heliocentric radial distance. The experimental values

Of VGSE ale also shown. The upper right-hand panel shows the heliocentric
lat; :ude 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 ( A GsF. ) of the best fit field line as a
function of heliocentric radial distance and the observed A GSE 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

E111 ^.^'hf^Far. 1.r..'^6 `I	 `	 -'J!"'t'-'	 -.ti+aStt'.d iu
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latitude model for the solar magnetic field.

the three events anal yzed the differences between the actual flare location
(NOAH, 1074, 1975) and die flare location computed front 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 model of the magnetic field. The heliocen-

tric latitude of the too 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.

I. B. SOURCE SIZE OF IYTI In 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
ang!e source size is defined as the anvie between a line front observer to the

centroid of the source and a line from the obser v er 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 .mule 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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TABI F I

1	 latitude and longitude of t y pe 111 radio hunts
(geewcntnc solar ecliptic Ltvrdinates)

Frequency	 Latitude	 Longitude

June 8, 1974

5110	 kHz — --7'31'

178	 kHz -16'31'

100	 kHz -24'tW -20't 1°

56.2 kHz -IF'37' 9.3 I'

42.2 kHz - 10° 3 9" —
31.1 kHz -32'332" —

July 5. 1974

178	 kilt -21'37° -2.31°

100	 kHz 2lt't 2' IS°tti,
56.2 kHz -Arz:16" —
42.2 kill -32'3 25" -

Jul y b, 1974
500	 kHz — 5° 3 1

178	 kHz — - 8* :t 1'
104	 kill — 4' ± 1'
56.2 Me --31°38°' —
42.2 kHz 25° 3 15°' —

M.1kHz -11'3 1 5" —

'Involve- model fitting, not a thiect mcasutcntcnl
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Fig 9. The source size of a tvpe 111 hurst ac a function of frequenc y as seen from the Faith uang r
thin, flat .hsk as the modcled sourer. As the source region ap proaches the earth Inc source slz^

increases, as would he espectes!.
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Fi-, 10 Source sizes as a function of frequency for the same event as in Figure 9 viewed from the
Sun. Note that the source size remains essentially constant in the range from 51111 to 100 kHz. The

source sizes are, however, larger than those pre%ioush determined frorn particle measurements

Figure 9 shows the source sizes of the June 3 event as viewed from the Earth.

As would he expected, the source size increases as the emission region nears the
Earth. Figure 10 shows the source sizes for the same event, hut, as viewed

from the Sun. The source sizes at 500 kHz, 173 kHz and loll 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 Lift (1974)

and Alvarez et al. (1975) report for particle fluxes associated with type Ill events.

Scattering of the radio emissions may be respons i ble 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 S) is more
consistent with the con vergent field line model. However, the con vergent field line
model contradicts sore measurements 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, 1 1)74). 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 agrt _ment with the
observed flare locations.
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Three features of t ype III 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 election emissions from a flare reported by Lin (1974) and Al v arez et at.
(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 lit burst moves outward from the Sun anti
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 b y 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
Archimedcan 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 he earth. The source size would be smaller for
fundamental emission because the size of the source region grows larger Hith
increasing radial distance from the Sun, and the source region for fundamental
emission is t,suall 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 apparen! source sizes % ould be much larger than the individual
fours, 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 t y pe. 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 INIP h measurements the source is usually very
near the spin plane, %%hich minimizes errors of this type.

Although irregularities in the solar wind densit y or polarization effects may
cause the systematic drift in the direction of arrival of radiation from a type III
event at one frequency, there is currentl y no completel y adequate explanation of
the drift in source position. Although the changes in the direction of arrival could
he caused by a combination of fundamental and second har norm 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 simultaneous radio direction-finding measurements
from the HELIOS I and 2 spacecraft, which are now in orbit around the Sun, and
from the IAIP S and IIAWKEYE 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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t	 THE EARTH AS A RADIO SOURCE

DONALD A. GURNETT•

Max-Manck- lnstitut fur Plryrik and Astruphysik. lnstitur fur extraterrestrische Physik,
8046 Garehing h. Munchen, Germany

Abstract. Satellite low frequency radio measurements have revealed that the Earth is a very intense
and interesting radio source with characteristics simdar 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, conside , 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, 1965) in which radio

emissions at 725 kHz 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 INIP-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 	 j

of radio emissions from the terrestrial magnetosphere (Stone, 1973; Brown, 1973;

Frankel, 1973; Gurnett, 1974, 1975).

As currently understood two principal types of radio emissions can be identified

coming front 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

occurrenep 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 kno%%jedge conceming these

radio emissions and discuss their origin and relationship to other astronomical radio

sources.
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City, Iowa 52:42, U.S.A.
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Fitt. I.	 The spectrums of the galactic background, the auroral kilometric radiation and the non-
thermal continuum radiation as would be observed by a satellite 3O Re from the Earth.

2. Auroral Kilometric Radiation

As shown in Figure 1 auroral kilometric radiation is characterized by a :cry intcrtue yeah

in the frequency spectrum at about 100 to 300kili. The intensity of this radiation is

highly variable. Sometimes die 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 30R E from the Earth. At peak intensity the

total power radiated by the Earth exceeds 10 9 W (Gumett, 1974). The Earth is therefore

"very intense planetary radio source with a total power output comparable to the

decametric radio emission from Jupiter. For comparison the total power of thr decametric

radiation from Jupiter has been estimated by Warwick (1963) to be about 2 x 10 7 W.

More recent measurements indicate, however, that the power radiated by Jupiter r iay he

somewhat larger than given by Warwick.

Auroral kilometric radiation ha_c been previously called 'high-pass' noise by Dunckel

el al. (1970) and 'midfrequency' noise by Brown (1973). Because of the Close association

of this radiation with the occurrence of auroral arcs (Gumett, 1974) arid 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

i
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Fig. 2.	 The intensity of auroral kilometric radiation at 178 W7 -id a sequence of photographs of
the aurora over the northern polar region taken by the D APP sitt,./te. The intense bursts of autoral

kilometric radiati )n are seen to be closely correlated %ith the uccurrence of auroral arcs.
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	 illustrated in Figure 2. The top panel of this illustration shows the radio noise intensity at
178kliz for a 24h period w l tie the spacecraft (INIP -0 is about 30R- from the Earth.

The bottom panels riow a is of auroral photographs obtained during the same 24 h

period by the low altitude polar-orbiting DAPP spacecraft as it passes over the northern

polar region Three intense bursts of auroral kilometric radiation occurred dunng this

day, centred on approximately 1 120, 1450, and 2100 UT. Each intense bl!rSt of auroral

kilometric radiation is seen to be closely associated with the occurrence of bright discrete
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Fig. 3.	 The angular distribution of auroral kilomeurc radiation in magnetic coordinates.

auroral arcs in the DAPP photographs (one photograph fur each orbit). Direction-finding

measurements by Kurth and Gumett (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 R E from the polar axis of the Earth. The association of this radiation with auroral

arcs and the locat i on of the source in the high latitude auroral regions strongly suggest

that this radiation is produced by the same low energy electrons which prod,ice the

..uroral Lght emissions. The association of the radio emissions with discrete auroral arcs

rather than the diffuse aurora specifically implies that the noise is associated with intense

`inverted V electron precipitation bands of the type discussed by Frank and Ackerson

(1971) and Ackerson and Frank (1970.
Further information on the generation and propagation of the auroral kilometric

radiation can bL providee by measurements of the angular distribution of the radiation

escaping from 'he Earth. Figure 3 shows the angular distribution of auroral kilometric

radiation at a frequencv of 178 kHz as obtained from the EMP-b and Hawkeye-I satellites.

IMP-6 provides measurements at magnetic latitudes below 55° and Hawkeye-i provides

measurements over the northern polar region. The contours in Figure 3 vve 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

meast , rement. show that most of the radiation is observed pulewanl of a cone-shaped

boundary which extends from latitudes near the magnetic equator in the local evening to

r
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Fig. 4.	 A quati tative sketch of the ray paths and source region of auterO kilometric radiation. Note
the distinct equatorial shadow zone caused by the plasmasphere.

latitu4es of approximately 50° 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 ionosphere as illustrated

in Figure 4. Since ttie index of refraction goes to zero at th° propagation cutoff surface,

which for these frequ-ncies must occur at an altitude of about 1 to 1.5 R E at 178 kHz,

the ray path tends to be refracted upward away from the ionosphere. The frequency

dependence of _he cone-shaped boundary is qualitatively consistent with an essentially

fixed source altitude at all frequencies, 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 to related radio

bursts from Jupiter and a similar teaming 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

i
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is produced. 'fhe maximtur po*cr dissipated by the aurora during all substurm is
about 10" W (Akasofu, 1968). If the corresponding maximum power of the auroral

kilometric radiation is 109 W, then the efficiency for generating this radiation must he
a: least 1%. From all present knowledge of magnctosphenc radio emissions tit: 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 about I to 1.5 R E along an
auroral field line, coincides with the re gion where the auroral electron acceleration,
anomalous resistivity and parallel electric fields are thought to occur (Muter, 1976).
Another type of intense whistler-mode radio emission called VLF auroral hiss is abo

thought to be generated in this same rcEion (Garnett and Frank, 1972).
Several theories have been de%cloped which attempt to explain the principal features

of the auroral kilometric radiation (Benson, 1975; Palmadesso et al., 1976). Melrose,
1976). Most of these theories rely on the intermediate generation of electrostatic waves
and the subsequent coupling of these waves to electromagnetic radiation to explain the
observed intensities. Al 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 ;s a basic parameter tha! could help uiscrimtnate between the
various theories, nas not yet been determined.

L.
+	 i. Continuum Radiation

Brown (1973), using radio measurements fro n the INIP•6 satellite, has Identified a weak
continuuT. radiation coming from the Earth', magnetosphere in the frequency range from
about 30 to I IOkllz. The intensity of this continuum decreases rapidly with increasing
frequency, varying approximately as f-2 - 8 (f is frequency). Al about the same time
Curnett and Shaw (1973) identified another somewhat more intense continuum at even 	 i

lower frequencies. from about 5 to 20 kl U. This radiation oc, urs at frequencies below the 	 I

solar wind plasma frequency and is permanently trapped within the low de.-isity regions
of the magnetosphcric cavity. It now appears ti-a' these two types of radiation are simply
different portions of a single nun-thermal continuum spectrum which extends from
frequen,ies as low as 500liz to greater than 100 kllz (Gumett, 1975). This radiation, as

implied by the term continuum, has ; s^outh monotonic frequency spectrum and a

nearly constant intensity, seldom varying by More than 10 to 20 dB.
To illust.ate the general features of the continuum radiation spectrum, Figure 5 shoe s

five spectrums obtained from IMP-8 at various local times around ;he Firth and at 1

nearly constant radial distance of from 28.2 to 40.4R E . Four of these spectrums were
obtained in the solar wind and one (the center panel) was obtained in the low density
region of the disiint mignetotail. The spectrums ut 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 .0 to 30 { 11r.
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Fit. S.	 Selected spe ctrum of continuum radiation observed by IMP-8 at various lucal 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 wilt, the spectrums in the solar wind indicate that the radiation observed in

both regions comes from the same source and that the spectrum observed in tile solar
wind represents that portion of the radiation which can escape into the solar wind above
either the magnetosheath or solar wind plasma frequency, whichc°er is greater. The

continuum radiation spectrum can therefore be divided into a trapped component and
a freely escaping component as shown in Figure 1. At frequencies above the magneto-
sheath plasma frequency radiation from near the Earth can propagate directly to a distant
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i
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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 magnetosheath plasma frequency the radiation

is reflected into, and trapped in. the distant magnetotail as shown in Figure 6. Direction

finding measurements (Curnett, 1975) clearly show the transition from the free escape toI 
the trapped regions and detailed ray path calculations exhibiting these effects have been

performed by Jones and Grard (1975). Because the magnetasheath 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 	 l.^
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
t	 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
o 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 MIP-8 spacecraft has shown that the apparent center of the

continuum radiation source is located on the morning side of the Earth at a radial
distance, projected into the ecliptic plane, of about 2 to 3 R from Vie 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 nea; 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

^► .	 -./i^f^+^MARira ._..^-., .w^. ..rte 	 ,.,,.r-.^7.....K---•-------+-...a.,z,^,.4,4_,
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Fitt. 7.	 A qualitative sketch of the wurcv region of the continuum radiation as indicated by the
direction-finding measuremrnts In FWure 7.

t
somm region of the continuum radiation is shown in Figure 7. This mode! is for a
frequency of 50.2 kHz. At lower frequencies the propa i, itwn cutoff surface must extend

to progressively larger radial distances Into the outer nhagnetosphcre.

At the present time the only comprehensive theoiy which attempts to explain the
h	 origin of the continuum radiation is by Frankel (1473), who proposed that the radiation

is caused by gyro-synchrotron radiation from mildly relativistic, E 	 100 to 500 keV,
electrons injected into the outer radiation lone during magnetic storms In nlam\ respects

the observed characteristics are in reasonably good agreement with I . tankel's calculations.	 I
The frequency spectrum of the escapuhg continuum radiation, the radial location of the
source, and the local time asymmetry are all in tolerable agreement with the gyro-	 t
synchrotron model. However, the gyro-synchiotrou model also has several difficulties
which remain to be explained. First, the power flux calculated from the gyro-synchrotron 	 I
model is about a factor of 5 to 15 too small. Second, although the gyro-synchrotron
model does account for the 'high !requeney, — 100kHz,pottion of the spectrum which is
generated deep within the magnetosphere at L — 3, it is difficult to see how this

I mechanism can account for the much more intense low frequency, — 10W.', portion u t

the spectrum which must be generated far out to the magnetosphere at I. > "where the

energetic electron intensities arc much lower. Third, as shown by an event recently

analyzed by Gurnett and Frank (1470, chc continuum r- l diation is closely correlated

with the injection of electrons with energies of I keV to 10 keV into the magnetosphere. 	 •.

205
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fhcse enelgles arc nmlch too small to produce significant levels Of ato synchrotron
wdlation. Also, in a related observation by Gumlett and Flank the Intensity of the
ct , Illlll1111n1 ladl,llik)ll Is 01 1 %elvcd it) increase Wlthltl all hour hollowing the k)llsel tit a

magnetic st0l11l, 11111,• 1 ttio quick it) be accounted for by sarlaUuns ul the emerge tic,
SOU keV, election urtellsitles, which uslialh do not Inclease until several da y s after the

Onset of a magnetic slonu (Owens and Flank, 196S).

3. Other Magnetuspheric Radio Emissions

<Cvelal other h iles of mag11rtosphelic radIO Cln ► c lens are known to Occur at frequencies
above the local plasilia frcquency, but which have not Net been Studled In as much detail
As the auto cal klloilletrc 1at11.tUon .111,1 continuum raellation, Ille chat acte list lcs of llwsc
ladlo emissions are su11unarred below.

3.1. DANSIDU KILOMFI'Hlt' R 1DIATION

Kaiser and Stone (1 9 75) haw tepoited a weak tluasi•continuous radiation with a sharply
defined Ikak in the spectrum at about _Otlkllr which is thought to be genclated at high
latitudes on the dayside of the l allh. 1'he distinct peak at 178kHt in the selected
cumtnlllunl Iadlatron spectrums kit' Figure 5 is probably tionl this source. 11(cause Of the
similarity ul the shape tit the sl,cctium to the nlghtslde amotal kilometric radiation it Is
thought that this da y slde wthatlon may he basically of the same origin as the nlghtsld .
autural kilometre I.r,h.rllon C\Cepl that It is ptoduc d by the much less enetgetx,

11000V, polm crisp elections.

3.2. RADIATION FROM UPSI HFAM OF THE BOW SHOWK

From direction finding, me stireMenIS with IMP-S it is vutually certain that sonlC
radiation is detected flout the legion near the boil shuck (Gumett, 1 9 75). At least one
component of IIuS ra-.;lattom appeals to 1e a narrow hand emission. first detected by
Kunkel (1 1)73), at the limmonie, 2. 1p , tit' the SOIJI wntd 1)13SI113 tICgIICllc\. RallIA1011 is
risk) s0111CtIllICs ubsClled at the IIIn,I.IlnClltal, lv.

The radlatlon at 21,, Is thought to be genetated by non linear intclactions of the
electron plasma oscillatIMIS 1111 stic,r11 of the bo' .. shock (Scatf et al., 1` 1 71) t%luCII are
gemetatcd 1s electrons from the b,,w shock. AllhouLzh tills radiation is very wrak It Is tit'
considerable uuctCSt bCCallse of the l,osslblC Suullart y to the gcnCration of type 11 and
type III solar radio bursts 11y election plasma oscillations (Ginrbuig and lhelernyakov,
1958).

3.3. DISC RU FF BURSTS

Very narrow bandwidth radio bursts, Nrth bmidwldths of less than 100 11z and durations
from a liw tenth of a second to several seconds, alc sonleumes obsencd at frequencies
above the local plasma frequency (Gurnctt and Shaw, 1972). The center frequency ofa
given bursl tends it, decicase ral`Idly JItCI the k)nsCt Of file bllrTt, sIIIILI it to the so-called
'S bursts' front Jupiter at frequencies 111 the 10MHt lamge (Warwick, 1967). llle

I
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occurrence of nairowband emissions of this type is clear evidence of a resonant plasma
instability operative at frequencies above the local plasma frequency, possibly compatible

t	 to the resoncnrt whistlet-ntodc instability which ptoducvs chorus and other discrete VLF

emissions.	 a

4. Discussion

•	 It is evident that the Firth's magnetosphere produces a variety of complex and very
interesting radio emissions at frequencies above the local plasma frequency. Since these

waves ran escape from the Faith's magnetosphere these radii) emissions can be expected 	 I
to have close sinnlaimes to radio emissions produced by other astronomical radio sources.

Already certain clo se similatitics sere evident. hhc auroral kilometitc tadianon has features	 1

very similar to the Io • iclaled decamelric radiation from lupitei and the recent)}'
discovered decametric radiation from Saturn (Brown, 1975). The radiation at f, and A)
upstream of the bovr shock appears to be generated by the same mechanism as type 11
and type III solar radio bursts. Me beanung of the auroral kilometric radiation into a
cone-shaped region over the polar cap has some similarity , to the angular distribution of

radiation from to and to the beaming of radio emissions from pulsars.
At the present time the mecham-mis by which most of these radio cnussions are

generated are rather poorly understood and the proper explanation of these radio
emissions represents ;I ch illenge to the theorists. It should however be possible
to arrive at a reasonably clear undetstanding of how these radio emissions are generated
since a great deal is known ab-utt the charged panicle distributions and ptocesses which

r occur in the I aith • s magnetosphere. Because a compai . ti le detailed knowledge ul the

charge particle distribution will probably never be known for most othe. radio sources in

the universe the study of these terrestrial radio emissions p(mides a unique opportunity

r	 to extend our undetstwiding of iarho emissions from other planets and astronomical

objects.
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In this study we identify the principal types of plasma vases which occur in the distant magnelotail. and
we msestigate the relationship of these wises to simultaneous plasma and magnetic field measurements
made on the same spacecraft 1 he ohser%ation% used in this study arc Iron, the Imp M spacecralt. which
passes through the magnetoiail at radial distances ranging from about :3 1 to 46 3 R, 1 hree principal
types of plasma wa%c% ire detected by [nip 8 in the distant magnetoiail broad hand electrostatic nurse.

!	 whistler mode magnetic noise bursts, and electrostatic electron cyclotron wares The electrostatic noise is
Jl a broad hand einis%ion which occurs in the Ireyucnc .% range trot'' about 10 Hr to a few kilohertz and is the

most inten%c and frequently occurring Type of plasma wa%e detected in the distant magnetot.nl This noise
is found in regions witC I;,rT_ Fradients in the magnetic field near the outer boundaries of the plasma sheet
and in regions with lafge t • ii.,r - Aaw speeds. I(? km s '. dnectcA either toward or away Irom the earth
The whistler mode magnet„ hurst, oh%er%ed b% [nip N consist of near ly monochromatic tones %loch last
from a few seconds to a few tens of seconds. These noise bursts occur m the same region as the broad hind
electrostatic noise although much Ic%s frequenth and are thought lit he as%ocratcd with regions cam trip
substantial ficld-altned currents Electrostatic electron c%t:!otron wase% are %cluoni detected M Inip R in
the oi,tant magnctotail •Vthough these %%a%c% occur stay rrtfrequentfy, thcs rna% be of considerable
u »portancc, since they ha%e been ubsersed it 	 near the neutral sheet when the plasma is cxtremcly
hot

1. IN TRODUCTION

It is widcl% recognized that processes occurring in the dis-
tant magrietotail arc 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 magnetularl is usualf% attrib-
utcd to the merging of oppositcIN d,rertcd magnetic fields at
one or more .% tspc neutral lines. with the subsequent con-
%ersion of magnetic held ener ► % Into kinetic energ y 1Dungr r,
1961; Arjurd et ai., 1965. Speiser, 19o51. •1lthough the o%erall
configuration of :tic magnetic fi Ids and plasmas in the magne-
totar: is rcasonabl% well understood, the detailed microscopic
processes which occur tit this region and their relationship to
auroras and substorms are not Classical magncto-
h y drod^namics requires a finite conductivitN in the merging
region. Since the plasma is essential] collisionless, an impor-
tint question arises as to how this finite conducti%itk can
occur. Piddingron 11901, Dungev (1972]. Sirovatskit [1972j,
and others ha%c suggested that plasma wase turbulence pro-
duces an anomalous resisti%iiN in the merging region and
thereby pros ides the mechanism for dissipating the magnetic
field energy. Similar plasma wase turbulence proccsses are
thought to occur in regions of field-aligned currents associated
with auroral precipitation jAnulel and Aennel 19 ? 11 The sud-
den onset of enhanced plasnia wase turbulence, either in the

' Now at Department of Phcsics and Astronumy. Unisersity of
10 1A J. It i wJ ( rt%. 10wa	 5'Z4

Copyright Os 1476 b% the American l,eophysical l'moo

merging region or along the aurora; field lines. has been sug-
gested as the triggering mechanism for magnetospheric %uh-
storms (Piddingtun. Nt171 On the other hand, turbulence free
processes have also been suggested to explain the merging
process and the triggering of auroral suh%torins 1SchIndicr.
19741 Because of the possible role of plasma wares in these
processes it is of considerable general interest to in%c%tigate the
plasma wa%c phenomena which occur in the distant magneto
tail

At the present time. few plasma wase obser%ations ha%c
been reported in the plasma sheet and neutral sheet regions of
the distant magnetotaii. Using data from the Ogo I. 3, and 5
satellites, which pro%ide measurements onl% in the near-earth
regions of the plasma sheet (at radial distances R ; 17 R, ).
Brodw et ul 119651 hasc reported obscrnatIons of brief bursts
Of whistler mode magnetic noise near the neutral sheet Larl%
electric field measurements on Ogo 5 b% F. L Scarf resealed
no \ LF electrit: field oscrll.ttions in the tail with the e%ception
of substorm-associated wales in the near-earth plasma licet at
radial distances of Icss than 12 R, (Ruhril, 19721 More re-
centls, Scarf et al 119741, using measurements front the Imp'
spacecralt at a radial distance of about . 10 R,. hasc reported
ob%crnations of nioderatels intense electric field Oscillations in
the region imniedi.uch oulsidc the plasma sheet and vets
intense (160 m)l low-frequency magnetic noise in the high-
densir% region of the plasm.i sheet

The purpose of this paper is to present the results of an
extensr%c studs of plasma wase% in the distant magnetolail
using nnC.Isurcment% front the Imp r spar ccrati These plasma
wa%c mca%urenicnls arc comparcJ with pl.isnia and ni.igncac
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Fig. I	 Solar ni,agneto,phenc coordinates I ,,, and 7.,, for the
magnelowil pa%, on daNs 1117. 108. and 104, 1 017; During this pass,
1,,, \ant, from ihout -234 to	 35h R,

field ntea+urentcnt% presented in a companion raper b\ f-rank

el ul [1 9 761 to sludN the relationship of the plasma \%a\e% to
the \anous plastna regimes found in the distant magnctola il.

2. SPACECRAFT OKHI1 AND IXSI Rt \TEXT \TIr1X

\II of the inc.asurement, enlplo)cd in this stud\ %%crc ob-
tained \kith Instrumentation on the Imp 8 (I \plorer 50) %pace-
craft 1 his spacecraft is in a low-eccentricity orhit with Initial
perigee and apogee geocentric radial distances of 1 and 46.3
R,. respecti%eh, and in orbit Inclination of 41.5° wish respect
to the ecliptic plane Because of the large orbit inclination. Imp
8 pro\ ides c%%cnll.tll% complete co\cr,lge in I \car of across
section of the magnetotail at distances of about 25-35 R,
from the earth. ,\pproxim.ately 20 pa'.ses occur through the
magnetotail each year. Ho%% c%e r , of these. only about b or 7
pa%%cs pro%Ide crossing% of iflc neutral sheet I or this stud\ \%c
hake e\ammcd all if the plasma %%,t\c data. and selected
portions of the plasma arid magnetic field data, for a I5-month
period from December 22. 1973, to March 22. 19 74 i hcsc
data include a total of 'h passes through the magnelotatl of
which 8 ha%c cicarl\ d:fined neutral %heet crossings

Measurements arc shown from three instruments on Imp S.
the l l nncrsu^ of lo\ka plasma wa%c e\periment, the Uni%cr-
st^ of lo%a low•encr ► \ proton and electron difl'ercnu.tl encrg}
an.IlNrer (I cpedea), and the Goddard Space I light Center
((iSFC ) magnetometer The plasma w ale c\periment fin Imp
8 pro%idc% electric field nlca%urcnlents from 40 M to :.0 MID
and magnetic IieW measurements from 40 Ill to 1 78 kHz,
Fleein g field measurements are obtained h\ using a 'long'
(121 5 ni from tip to tip) cicctric dipole antenna wh:ch is
extended out\k.rrd perpendicular to the spacecraft span ams.
The spin casts is oriented perpendicular to the ecliptic plane
Magnetic held rnca%uremenis .ire obtained b'\ using a trw\wl
search coil magnetometer. Further details of the I111p 8 pl.i+nra
%%a ye c\pernncnt are gi%cn hi, Burnell I19'41.

The I clsedca on Imp x l,rokidcs rnetsurerncnl%of thedtfTcr-
cmi.il cnerg% spectrums and anguLtr drsrilhuuons of Protons
.and clt',tron% o%er the cnerg% ran ge 500 to 45 kc\'. I Icciton
and Proton encrg% %reclrtims arc ohiamed in Ili cnerg% pa--
hand, .ind in Ili dirccUOns l,un-sc.torcd) for each pa, %hand

The Lcpcdea also Includes a Geiger-Mueller tuhc %%hach I%

scn%ili%e to electrons Huh ener)tre% E Z 45 heV and proton%
with energies E ; 6 S 0 Ise\' the field% of % i cw of both the
Lepcdc.a and the (ietger-Mueller tube arc oriented per-
pcndicular to the %p.acccrah %rill alas hurthcr det.ul% of the

cpcdca instrumentation are gr\en b y front, el ul 119't11

The magnetometer on Imp 8 I+ a tria\ial Ilu\ gate magnc-
Io tile lci %ath a r.uige of about 1361 and a resolution of 0,31.
1 • urthcr details of tills Instrument are Socn by Scearre et al.
119761.

A TN PIrAI IvtP F 1 1 4%s TltlloL Gil Tttk
M UTRAI Slit it

To Illustrate the general features of the Imp 8 plasma %,,vc
measurements, \%c firs; dscoss a rcprc+entati%e pass through
the neutral %heel. The solar ntagnetosphenc coordinates I,%,
and L,,,, for this pass, \\hi g h occurred on da ys 107, 108, and
109, 1974, are sho%%n In I Igurc I. Both the plasma and the
magnetic field dai a, which :arc discussed Later. +how that the
spacecraft cotcrs the pla%nia +heel at about 0330 l'1 on da'
Ill ? and ica%es the plasma shed at about 1050 UT on d.r\ 109
i his pass was selected for discussion because the magnetic
field data shot a \cn clear tranmion from the %outhcrn to the
northern IohC+ of the inagnetotail %ith in c\tcndcd period (on
da\ 108) in the %icnut y of thr neutral sheet.

1 he niagnetic field and plasma %%a%e measurements obtained
during thi s. p.t+s arc shim  in Figures 2. 3, and 4. T he corre-
sponding plasma d.ita for this pass are sho\%n in Plates 1, ',
and 3 1 he top panel% of I igures _, 3, arid 4 sho\\ the  magnetic
field nicaSUrt'mrnt, 11`0111 the (PSI C magnetomeicr. and the
middle mid bottom panels %ho\% the pliml,a %%.i\c magnetic
and electric field intensities. The .angles N S „" and :,,,," of the
Magnetic field direction are gi%cn in solar nlagnetosphcric
coordinate%..ind the magnetic held magaltude is in gammas.
T he pl.I,nr.a %%,ne magnetic field utteiulttes are sho\kn an +glen
freeluenc\ chmmels from 40 If, to 1.78 hl i i, and the electric
field inten+ices are shown in 15 freyueec\ channel% from 40 Iii
to 178 kit/ I he ordinate for each channel is proportional to
'he logarithm of the field strength. \kith a range of 100 d8 from
the• tm,c lane of one channel to the base line of the nc\t higher
chamicl i he \ertic.;I hors plotted lOr each channel give the
a yeragc fieltt strengths, a+c'ragcd o\cr Intertals of 163 8 s, and
the dots gi\c ill,- peal+ field strengths.

i he magnetic field data show that after the spacecraft enters
the plasma sheet .0 .about 01 1 0 L

I T
oat dal 107li Figurc 1) it is

loc.ted in the southern lobe of the magnctotail, \kith the
magnetic field directed .1\%.I\ from the sun 1 ; ,,," ISO' i T he
spacecraft remains in the southern lobe of the magnetotail
with a rclau%cl^ stead\ magnetic field of about I5-:0 ) until
about 0200 l 1 on da '̂  IOS ti igurc 3) Starting at This time .and
continuing for the nc\t 24 hours until about 0:30 UT on d.a\
101)(I rgurc 4), the ntagneuc held magnitude undcrgoes.1 %e'ie%
of dcpre%sion% and diicc:Iwnal changes %% hi g h indicate multiple
encounters and crowng% of the neutral sheet \Ilrt about 02311
LIT tun da\ IlW and until the %pacccralt Ic.nes'tic rl,a+nia Sheet
al about 1050 V i the magnetic field i% directed tok%ard the Sun

- 0' 1 \%ith a relatil,ek %lead% magnitude of about 20 %
indicating that the spacecraft is in the northern lo pe of tike
m.agnelotall

Se % oral ti, rc% of plasma %a yes arc c\rdent in the magne'olall
during this pass In tl.c cicctric held channel% aho\e about ^0
AH/. man\ %Poradic hursls of aurol.il kilometric r,ni, a non are
e%idcnl throurhou' the pa%s ( 'cc I figure ') Since this i%rc of
r. dialion 1 % gcnvtmcd lose to c.mh 10iorrirtt. 1 9 '41 and does

I
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not interact %% fill the plasma nn the distant Illarllctrlail, it %dl
not be consitic• rcd further in this paps. Ill!% rachation does,
ho%%c%cr, pro%fdc a useful Indc% of auroral and magnclo-
spheric substornt acti%tty.

At lo%et frequencies, from about 5 to 50 kill, ,I ncarIN
stc,ni% le%cl tit continuum radiation n present for the entire
dur,rinm of life pa%S through the nl,lgncfotall As has been
sho%%n hs Guna •rt and haft 114731, till% radiation Is per•
niancntli lr,lppcd in the lo%%•JCn%it% region% tit the magnelti-
sphcric ca%fl% at Ircyuencu• % below the %olar wind pla%nia
frc.(ucncN I he abrupt cutofl - of the Ir.ipped continuum radi-
ation at the 111,10110011 IU%e crossings on d.r%% 107 and 104 Is
%leads c%fdcm in the 100- and Ill 5 . 1,111 chmmci%. [if inner
legions of the magnetosphere the lo%%-lrcyueno cutolT of the
tral% ped contnnrtim ladtation Is it the Local electron plasma
freyucnc%, 1 ,,, and c.ut he used to make %en accur.uc dclerml-
nations of the local electron Jcll%it) 1('urrrrtr an,1 Frank. 0,4
It %as Imlfalls thrucht that this cutolT could he used to deter-
mine the electron dcnsit% Ili the %er% lo%% densfq high-Latitude
regions of the magnetot.nl. %% tic re it is %cn di III :uIIto tiles%urc
the plasma Jcnsn) %till other technique% llo%c%cr, as was
shown h% this pans ,and h% detailed anal .̂ sfs tit ntaii% tither
passes• the to%%•freyucnc% cutofl • tif the continuum radiation is
esscnl!all% constant, indepcnde,it of the spatial position %!thin
life niagnetotail. i he cutoff must therefore he determined h%
the plasma frcyucnc% in the source (or %omc%%l;rc else in the
magnclosphcrc) and not ifs the Local pl %nia frcyucnc. Since
this rakfi.ltion I? abo thought it) be generated relltl %'cl% close to
the earth 1Gurp iet y 14751. this noise will not he discussed
further ill lh!% paper

In the region neat the neutral sheet on ('.IN Il1S (Figure 3),
nian5 intense hunt% of low-Ireyurn:% (JO lit to 1.78 kill)
cicctnc held noise arc obscr%cd. Zhu is pe of noise i% detected
off passes %%hfch conic close it, the neutral shccl region and
is the most intcn,c I%pc tit plasma %a%c detected by Imp H in
the dulant nl.agnctotall. Because the spcctrum of' this noise
%%lends o%cr a %cr broad freyuenc% range and hCCaLINC nti
comparable noise is Jctc:tcd h% the magnetic held sensor, %%c
refer to this noise as broad hand electrostatic noise The dc-
failed ch.tractcrfsuc% of this noise are discussed in section 4.

Another l%pc of plasma %:tic is also a%!dent in the lo%-
freyucnc

'
 (40-562 lit) magnetic field channels In Figure ).

This noise occurs much less freyuent1% than the broad band
elcclrostitic noise and is most %lead% e%idcni it the peak
measurements, Indicating that the noise consists of mane short
bur%t% Sitwe [his not%c is detected h% a magnetic antenna and
occur at I"rcLjtjcn,:ic% heir% the electron g%rolrcyue0cN, %%hich
is IN pica ll , ,I felt hundred hertz in the%c regu+n%• the noise must
consist tit %hfstler mudc %%.tic% We relcr it, this none as
%hfsllcr mudc magnetic noise bursts 1 he det.uled ch.fracter-
Isllcs tit th%sr niagnctic no!%e bursts are dls:ll %%cJ in section 5.

The one rcm.umng t%pe of pla%i na %ale oh.cr%ed h% Imp S
in the distant nlagnctot.iil consist% of eleclro%latfc %% a% near
harnionic% of the electron g%rolreyuency. %%.i%c% tit this I%pe
arc Ireclucnfl% ofoscr%cd alt Inner regions of the magnetosphere
IArrrrrri et u! . 19'01 and are called elcclron c%clotron %ones
Electron csclolron %%,%c, of this ispc arc scidom oh%c•rcd Ili

,he distant nlagnctotatl .u!d did not occur during the pass
fllu%(rmc• J n! I fgurc% :• 1 , and 4 1 he detailed characicrntics of
this none are di%:u%,cd In section 6

4.	 Hrinsn H%--II Fl 1 I IRUI1ATIt' Nln%t

1 he pace illustration in I agures 2. 1, and 4 pro%fde% an
csccIlc , ii c%.Implc of the t%p!:al ihar.litcrniti% of the hroacl

hand clectroslatic noise dctccled b% Imp H. The noise usualh
occurs o%cr a hroa%1 range of frequencies cstcndfng from about
10 fit to I kill and with fnten%ftfc, ranging Irum about 50NV
m ' to S mV tit I . A t%plcal spcctrunl of this noise, selected
during an Intcral of rclati%elN high inictwis, From 1056 to
1054 l f 1 - oil da% 108, 1% shown fit Igurc S. I hose cicctnc field
spectral densities are computed from the a%cragc held strength
measurements and assume that the ell'cctive length of the
electric antenna is tine half of the tip-to-tip length The ruts
electric held amplitude, Integrated from 40 Ill to Ill kill. I%
about 1.23 mV in ' Ili this case. The peak c!cctric field
strengths fur tills %:one Inter al are about .a factor of 3-5 tinics
larger th,nn the a%eragc field strengths Usualls, the intcnsil> of
life hroad hand electrostatic noise Is less than that sho%n tin
1-igurr 5. Ilowc%cr, oil pass close to life neutral sheet,
%c%cral Inlcrals of half in hour or more are usual)% cncoun-
Icred s%Ith intensities compaaable lu those In I fgure 5.

To Illustrate the fine %IrllclUrC ul the broad hand cicc-
lrostatic noise, .I high-resoluuon frcyuenc%-link spcctroglanl
Of this none IS shown Ill I Igurc 6 I\%o dfll'crcnt Irc-lucnc)
scales are shown to provide good resolution over the entire
flcyuenc\ range. The spcctrunl of the broad hand clectro,I.Itic
noise I% seen to consist of mans discrete bursts lanting from a
fcA seconds to several minutes, These bursts often hone a
characicrfstfc V shaped frcyuen0 •time %ariation, first dccrcis-
Ing and then Increasing fit freyuenci %Ith increasing tune. The
spcclrnin .Ibis sho\% ,I marked decrease In fntcn%ils at Ircyucn-
cles abao%c about 41x1 Ili. This upper eululT frcouenc% agrees
%ell %%ilh the local electron f.%toflckluctics (, , %%hich %.tries
front Jhuut -Uh) t•.+ 5W 111 during the uncial sho%%n In f fgurc
6. Sonic %%c.fk I • ursl% do, ho%c%cr, cstcnJ up f,+ Ileyucncic% ill'
%c%cral kiloherrl, w,-It aho%c the electron g\rulrcqucn%• \ phis
same quasi cutolh effect near the electron g%rrlrcyuc!u5 !S
c%IJent In the %pectnnn of I Igurc %, %here the cic,:tron g%ro-
frcyucnc% %as about 3110 FI1. 1 he Aide hand spectrograms in
Figure 6 Am, sho%% .1 %cll-defined Inmer cufofT freyuenc% .It
about Ill Ill 1 till lo%%-Ircyucn:% cutoff 1% hcllc%cd Ill corre-
spond it) the local loser h%brid rewnaticc IrcyuencI, fire" If

%%h!ch is u.uall% the ca%c In the regions %here this
noise Is ohscrscd, the loser Mhrid resonance Ircyucnc% Is

gncn hN I l „ ” _ (/, f. , V' I.4lit, 14621. Fur the %pectruill m
I fgutc h, (f, /,' 1 1 ' %arics front about 10.5 to I1 h Ill (.n%unl-
Ing that the Ions arc protons)

To help c%t.tbinh the mode of propagation ul the broad
band cicciro , taix no! %C, it IS Useful to determine the oricnla-

tiun tit the electric licld rclati%cto the %Ellie niagncti: hell life
direction tot the electric field tin the plain% of rot.Ition of file
ciccirl: antenna caul he obtained front t l c spin modulation of
the noise uncn%its 1,, pro%idc a nicatmiglul interpretation in
term% of the local nl.tgnctic Belt] d!rcction, nlca%urerlcnt% kit
this I%pc must be made Ahen the magnetic field hesclosclo the
pl,ule of rotation of the .uncnn.l ! orlun.itcl%, for the case
sho%n in I fgure 6 the magnetic field is in a ..i:i.l,aaon Jura•
run (:,r" -, 165' and (I ,," + 5°) for this tspc of anah.fs
Hc• cau%e the InIC1110 of the non% Iluctu,ntes :on%,kIcrah1\. the
mtcn%i% muss he sector ,\%raged o%cr n1.im rol.Il!on% to de.
tclmme the modulation pattern 1 he spun modulation oh.
%cr%rd fur the c%cnt Ili I Igure 6, a%eragcd Inn\ 1017 l0 110(,
L 1. I% fllusumcd ui I igtirc ' the%c dotal .ho%% that ,I %cn

distinct null o%,ors %%hc-f the cicctfic ,uic• nn,I i%i% is p.irailcl to
the local magncUC held 1 he depth and .in ular position of the
null Ind,,-.Ile that the cicctnc lici t] nm%i he oric , !icd +% ihn,
about 1 '0' from perpcnt]uulJr to the magnetic held

Tit:Ic.irl% cstahl!sh the region of the III.Ignctolall m 011,11
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•^'	 tar l est fr	 n	 of o	 rr nee ; s • I	 I	 th r	 ,	 1b	 cs!	 cy	 ccu c	 1 c ear) m c cFll n near ! x
neutral sheet; however, the noise is often (]elected at dmanac,
of as much as 10-I5 R, front 	 neutral shcc!. Comparison%
of individual events with +witches In :hr held lslrcc-
lion between aipsn" - 0° and ,r,m l 0 180° clearly show that
although the broad hand clectr( static noise occur, in the gcn-
eral region near the neutral sheet, it is not ur'Nucl) associated
with crossings of the neutral .heel.

To identif) the plasma region associated with the broad
band electrostatic noise, the I.cprdeo data hanc been In-
vestigated on scscral selected passes through the neutral sheet
To illustrate the relationshll:s typically observed. the Lepedea
data for the pass discussed earlier, mi da y s 107, 108, and 109 of
1974, are shown In Plates I.:. and 3. The details of these
spectrogram displays of the f.epedea data arc given in the
companion paper by frunh et a/ 119761 In summar y . the top
four panels of each plate gt y c (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

Is
	 local morning, and the bottom panel gives the energy spectrum
1 of electrons averaged over all sectors. The panels Iahcicd 'scc-

tor' give the angular distributions of protons and electrons
averaged o y cr all energies.

In comparing the plasma measurements with the broad
band electrostatic noise Intensities. sc %cral relationships arc
apparent. first, the noise is usually obscr%cd near the houno-
aries of the plasma sheet. For example. many crossings of the
plasma -'.acct boundary are evident front I a0U UT on
day 10 o about 1600 UT on day 108, and the broad hand
elcctrosy.::ic noise intcnsit) is correspondingly very large dur-
ing this period. The noise intensity vanattons often show a
very clear relationship to brief encounters with the pl.tsma
%heel, as from 1900 to 2000 LT and from 2215 to 2 345 l'T on
day 107. Normally, the noise is t omplctely absent in the %cry

low density ( -0.01 protons cm ') regions characteristic of the
high-latitude magnctotail and in the high-density regions deep

ELECTRIC FIELD SPECTRUM
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Fig, 5 A typical spectrum of the broad band electrostatic noise
during a period of relatiscl) high intensit y , from 10 '5 6 to 1064 l T on
day 10h. The electron g)rofrcqurncy during this period is about 300
Ill.

the broad hand electrostatic noise is most frequently observed,
we have analyred all of the a y ailablc Imp 8 magnetot:ul pusses
to determine the frequency of occurrence of this noise as a
function of Yen and Z,,,. To compute the frequency of 'occur- occur-
rence, events are counted onl y when the electric field spectral
densit y simultancoush exceeds the thresholds Ind.catcd b% the
dashed Imes in figure 5. The rrsulis of this anal y sis are shown
in Figure B. It is r ident that the broad band electrostatic noise
is observed over a very broad region of the magnctotail. The
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fig. 7 Normaltred electric field amplitude is a function of an-
tcnna orientation anvlc for the hruad hind cicctrostatic noise %hn%%n in
figure 6 the null in the ciccim h--!d .implitudc occurs %%hcn the
antenn , axis is approiomately parallel to the local magnetic held

within the plasma sheet For example, %vhcn an extended pe-
riod of several hours occurs %%here little or no plasma can he
detected, as from about 1100 to 1900 UT on day 107, the none
intensities are very low. Similarly, when the spacecraft is
within the high-density region of the plasma sheet for an
extended period. as from about 1630 to 1900 on da% 108, the
intensities are vcr% low.

Further evidence of the association of the broad hand elec-
trostatic noise with the boundaries of the plasma sheet is
provided by the magnetic field data. Usuallx, the largest hruad
band noise intensities arc observed in region% where I;trgc
gradients occur in the mugnctic field magnitude, particulurh
as the magnetic field changes Irum the relati%cly steady field
characteristic of the high-latitude magnetotail to the depressed
and more variable field in the plasma sheet. Bccau%e of the
ob%ious difliculty in separating temporal %'arlatlons 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 spacecraft 'are needed to eliminate some of
these uncertainties.

Second, ir. most cases the broad hand electrostatic noise
occurs in regions which ha%e Mehl% anisotropic fluxes of rro-
tons streaming either toward or away from the sun, of the l%pc
discussed by franil et al 119761. A good example of this
association occur% from about 1900 to 20W UT on da y 107 in
Figure 2 During this micr%it, 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 I ) shov an intense flux of pro-
tons with cnergte% of %c%eral kcV streaming toward the sun
Another example of lhn relationship occurs during the period
of intense broad hard noise from about 1900 to :000 UT on
day 108 in I igurc 3 As shown h% Frank :t at 11976. Figurc I I
this interval is chara.tcriicd h% %uhstant al rla%ma Mows di
reeled awa% from the ion with %elocilic %a%Luge u%6110 km s '.
In comparison. the rrc.cd ng inter%al from .ihout 1630 to I4t10
UT has %cis lo%% clean. field intensities and correspondingly
small flu%% %cfoctlic%. Ie,% thin '(NI km % ' The most tntcgse

broad hand electrostatic no1%e encountered dur•. this pa%%.
front about 1045 to 1140 U I on day 108, occurs in a rerun of
very large now %clocrOc%, grcaicr than 10' km % ', w hich l ran!%

rt al. 119761 Identify as the Airchall,' the region of primary
charged particle acceleration in the rnagnctotarl The max-
imum electric field intensities in this region, at about 1056 UT.
occur c%xcnlially coincident with the change in the N, com-
ponent of the magnetic field (solar mat % ncto%phcric uiordi-
natc%) from northward to southward arid a corresponding
switch in the plasma flow velocity from e:uthward to Iallward
(see Fran/% el a! , 1976, Figure 41. A detailed anal%%i% by frank
el al 119761 of the charged particle angular distributions pro-
vides substantial e%rdence that this region of intense electric
field turbulence and large rapidly fluctuating plasma flow
velocities represents an encounter with the merging region in
the distant magnetotail.

Because of temporal %anations associated with auroral sub.
storms it is %cis difficult to separate temporal variation%, such
as could occur from the sudden onset of a plasma instabilit%,
from variations produced by mo%enlent% of the plasma sheet
boundaries. Simple inspection of the intensity .ariationN of the
broad hand cicctrostatic noise %trongly suggests that the in-
icn%it y variations of this noise are often clo%cl y associated A 11h
temporal %ariations in auroral activity taking place near the
earth. Abrupt increases or changes in the broad hand elec-
trostatic irtensity arc often associated with abrupt in-
crca%c% in the iutcnsily of the auroral kilometric radiation
eencratcd in the auroral regions near the earth An example of
this type of association is shown in Figure 9 for another Imp IS
pass through the plasma sheet near local midnight, Sc%cral
distinct periods of enhanced auroral kilometric r idiation are
evident in the 56.2-, I(X)-, and 178-kHr channels ouring this
period, the most prominent startinE 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 intcmity of the broad hand electrostatic nurse. Although
this relationship does not always occur on a one-to-one basis,
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I Ig 9. 1 %ampic of the a%%n:latwn hci%ccn ihrupt m%rcase% Ill the
Intensity of auroral kilometric radlation'cncr.ucd near the earth lit
about 120J. 1810. and 2200 UT in the ', b 2-. loO . , and 178-kilt
channel%I and increase% In the Intern% of the hroad bind cicctrtwiti:
noise in the dl%t.wl maynetowil ( ompari%on% of thc%c data %ith the
come%pondlnp plasma mci%urcnicnt% of tranA et al 11076. Figure 61
pro%1dc further c%anoplc, of the .,%%ociation of the broad hand ctcr
tro%wic none Nith the houndafirs of the pia%ma %hers and Mnh re-
gions of lade pla%m i flu%% %clootics

it occurs suffictentl% often to sugge%t th.Lt the broad hand
electrostatic noise ub%erscd In the distant ntagnctot.ul by Imp
8 Is clo%cly associated with auroral al:tl%iI,, taking place close
to the earth

In comparing the freyucnc.-time • ^ectra of the broad hand
cicctrustatic none (I Igure 6) Aith other t%pe%of plasma Macs
obser%ed In the earth'% magnclosphere one I% nnmedialcl%
rmpres%cd with the close similant% to a type of broad hared
whistler n • odc noise called auroral hI%% Until now, auroral
hl%s has only been oh%cr%rd at IoM altitude%, up to a Icw
thou%acu kllonutcr%, o%cr the auroral cone jGurnrrr. 1%6.
Loatptvr rr al . 1971. (iurnrit aril f rank t y ':l Although the
fre4 14110 range of the auroral hl%% oh%cr%cd by IoM-altitude
sabr:llnL-%. about I-1(K) kilt. I% much dlfTrrcnl from the Ire-
q ,tcncy r.nire of the hrroad hand cicctro%l.it,s noise oh%cr%cd In
the di%t-wt marnctotatl by Iron K. 10 bit to a IcM kilohcrti,

both type% of nof%r have many characterim ics in common
First, although the frcyucnc^ range% arc ylulc differcnl, hotli
the auroral hI%%,rod the broad hand CICLtrov,IUc nu1%c occur In

the %ame frequency range. f itf m < J <f , rclau%e to the local
chaiacterl%tic Ireyuencics of the plasma the Tact th,ii some
weak hunts of broad hand clectrostatic none wend oho%c the
electron Fyrafrcyucncy can he attrihuted to IhTppl_r %hilt%
cau%cd by the Large streami p g %clucltic% (up to I(F km s ')

observed in region %%here the noi%e I% detected Second.
both types of not%e arc nearly c1cctrosta(1c. Aith the electric
field oriented approximately perpendicular lu the magnetic
field Am discu%%cd by TatloranJShaKhan 119741. auroral h1%s
1s propaeating In the whi%tler mode "oh the wa%e vector %cis
clo%e to the rc%onancr cone Th1% %%a%e normal direction re%ult%
in a yuasl-ele:tro%titic type of propap-tion %%Ith a %cis sm.dl
wa%c magnetic field. Rec!usc of the yl.a%I-cicctr%:%latic mode of
propagation• with the %La% . vector along the resonance cone,
the electric field direction of .iurorai hiss I% ncarl% per-
pclldlcular to the iocal mar!sctic held o%cr most of the frc-
yue1. 1 t range. sunilar to the cle:tnc field direction of the broad
hind electru %tatic noise. Third, the detailed spectral :hara:ter-
istics of both the auroral has an&thc broad hand cicctro%tatic
noise ha%e a %cry similar appcar,Incc when the f rcyucncy scales
arc adjusted to account for the diticrent freyucnc% range% in
%.hlch the%c wa%'c% arc oh%cr%cd III auroral hl%s
often has distinct V %hapcd %pccUal feature%, called *% %hoped
h1%%' and'%aucers' 1%ee Gurnetr and frank, IN"), which hear .I
close %Inularty to the V %hoped hurts e%Idcnt In the hr'.rLl
hand electrostatic noise, The Ircyucncy %pc:brunt %+f the broad
hand elcctru%imic noise defected by Imp h In the d1%tar1t niag-
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Fig. 11. Frequency-time spectrogram of the whistler mode ma g netic noise burst These bursts consist of many narrow
bandwidth tones with rapidly varying frequencies lasting from a few seconds to a few tens of seconds.

neto,-il also shows a rem4rkable similarity to the moderately
intense cicctrestatic noise detected throughout the magneto-
sheath, downstream cf the earth's bow shock [Rodrigue: and
Gurnerr, 1975]. The frequency range for the malnetosheath
noise, a few hertz to about I kHz, is %ery 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 w hick are remarkably similar to the
broad band electrostatic noise (compare Figure 12 of Rodri-
guez and Gurnerr 119751 with Figure 6 of this paper).

5. MAGNETic NOISE BURSTS

During the pass illustrated in Figures 2, 3. and 4, several
bursts of noise arE evident in the Inw-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
cicarh detected in the peak measurements and are particularly
intense at about 0600. 1 058, 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 lar ger 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 fin: stru_iure of this
noise. a wide band frequency-time sperti ogram from this same
interval is show n in Fi g ure I I. nic bursts are seen to consist of
nearly monochronriti: tones, with rapidly ch,in g ing frequen-
:ics. which I,,:t Irom a fe y% seconds to ale%% tens of seconds.
The frcgt.cncy range of these bursts is alwa%s below the local
electron gyrofrequency. %,hich %,Ines het%%ecn about 300 .Ind
500 11r for the cent shown ir. I Igul: II. Since the only
electromagnetic mode of propagation which occurs in this

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

Magnetic noise bursts of the type illustrated in Figures 10
and I I occur much Iess frequently than the broad band elec-
trostatic noise discussed in the previous section. A few such
bursts ar., 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 frequent,%
observed, the frequency of occurrence of this noise has been
anal y zed in the same wa y as was done for the broad band
electrostatic noise. To compute the frequenc y of occurrence.
any burst exceeding the noise le%el of any one of the magnetic
field channels by more than 2 dB is counted as an event (see
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 (I 2,.,,l <_ 5 R,).

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 necessaril y occur in
the region "here the spacecraft actually crosses the neutral
sheet. As we have seen for the broad hand 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 plasma
sheet, as from 1600 to 1900 UT and from 2230 to 2400 UT on
day 108. Frequently. the magnetic noise bursts jr,: ohscr%ed in
the same region where the broad hand electrostatic noise Is

unusuall y Intense and w here magnetic mcrgmg is thou g ht to he
taking place, for example, at about 1055 L I T on day Illy
Although it Is possible that the weak a y cr,Iec field Intensities in
these regions may he directly a%sociatcd %%iih the hroad hand
elccirosl,uic noise, the spectrums of these two t y pes of noise
arc quite dilrcrent (comp.irc I i t:ures h and I I ) I bus .illhourh

u
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I ip 12 hrC 1411O '. of oct:tmen:c of the %%hr\tict mode m.apncttr
no+\c huts,. Its .I lunchotl 01 l ... gad !, 4 ,%lit hul%I ca.ccdlllg the
noroc locl of the n+ahncuc .urlcnna h% store than ` till 1% counted ill
this unah,l\

curl et al I1u741 ha%c rrporlcd oh.trvatuon%,,I tonhnuous
hlgh-utten\t% (Ib0 nil ) lo\%-Itetyuenc% magnetic 110d aline to
the high-dem-t\ tce.ion. tit' the dI%tanl pla.m.t shccl I he hru'I
inlen.c marticllc held burst, discussed rot till% p.tltcr cannot
corrc%pond to tilt ,, nc.rrl% continuous noose Mal l ncuc lion'.
comparable to that dn014%%Cti b •. S%:JII el Al h..% 1101 beet,
detected In file tit.l.utt ntagnctot.ul h\ Ihr Ulmcr%ty of 1,'\% .1
pl.r.m,r wa\c In.lrumcnts on clthct Intp t+ or I1111+ N.

6. Elko I ItAKI -A-1 lc' hlbt I NON O t I M Kit\ \\ N\ I is

The one rcmauung 1\ lie of plasma w.t%c delvi. , l to (fir
distant magnetot.ul h% Imlt S consists of namm band cic:
trod:utc cnusltaon% near harmonics of the elrchon giro
frcyuenc This l5pc of PIA%rma w,t\r did not occur duting the
pas. Illu\Ir.ted in I Igure I and has hccn ob\er\cd onh a le\%
lime. lit all of the I\.ulAsIc Imp S magnetot.ul data A case u+
which Ihts qPC tit noose Is ohsmCd Is Silo%%11 lit I Igurr 13.
.luring tilt% pans a %%cll dclincd cro%smg front the southern to
the northrm lobe of life magnrlol;ml tal,rs pl.we trom about
0430 to 0440 l I T, w till ; " %%%Itching from I SW to 0 * . fluting
[tits enure prrod the n+a;;nchc field t% Juc:lcd nollh\%.md.
indicating that Ihr %pacecrall IN on closed licit] lute, \%thm the
pla\ma \hcct Stalling al aboul 0 145 IIT , shghlh brlo,c the
neaten \hest crossing, and conhnuutg to about ll>•IS U i . \%cll

Ntvtl of ;d%oel Cruss.,v

the n1.I ► nrtic noise bursts %onlrtTntcs oc:lit lit Ihr \ante 1741011
as the hroml bmid rleclto%talc norec, the\r bursts apimt-c- ll%
con%hhtc .I :ontplclrh dlllcrrnl t%pc of l % Lunt.( ntsl.lhalty.
the cic:trtc field of the tthlstict mode mapnetl: none hunts
h.a\ not hccn dcte:tcd, probalik bec.mse the not:h more m1-
Irn.c broad band cic:ho\tAl1,. not%c Is usu..lh prescat ill Ihr
sane rcl•ton

Although the magnetic none bursts arc oh,rncd lit the \.title
Icg;oll and under sundae :onJI110ns I% the hnaad b.uul rlc:-
trostahc noi%c, the 0hara:trn.UC. of these I%%o dllletrnl 1\ lies
Of noise arc quite dttlerrnt It \ccn+% Noel\ that the\c t\%o hpcs
of nol%e are produced 11. dl\uncll% dlllcrcm Inst.,l+(htt mccha-
nnnts, both of %%hl:h occur .tit the s-one l\pr of particle
diSlrlhlal1, 1 11 fun:hon. 1 - he bro.td bmid clrclro\tahc noise
melt tl% ha, a lower in , lat , illr\ th,c%hold, suite this noise is
oh%ct%cd much more frctiurolh and o%cr .1 broader region
than life nugnct.: noise bursts. S;n:c loth t%pes of noise

%pd.l.s :h.traLIC11\LI:s of life %%h mode,ode, the 111.1111 dtll'cr
en:e n prohabh the cause no,n,.Il .naglc .at \%ha:h the ul\tahtht\
occurs. 1 he Large magnetic held .impltukIc% of the n+aench:
Wont bursts .arc 0h.u.+:lr1 a \u: of %\ ht.tlrl mode pro,\.tg,tuon .11
wane nonn.11 .angles p.u.Illrl to t h e nt.11nela: meld, w hercas the
large elr:ni%: field amplitudes of the broad hand elrclrostah:
noise are chiiatlerisht: of propagation it w.l%c normal .angles
near the reson.w. , cone

In :omp.armg !hc%c oh.cr%ar.on% %%fill prr\nm% %ludic\ It is
ulmosl certain that life IlUgneh: Mol lie lu1\1% drtcctcd h. Imp
N are of the %.Wile I%pc teporlcd h+ NroJI el al 11 14,S1, lilting
nrea.urcmcnt% from logo I lit the near-r.trth region of lhr
plasma shirt .;I tadml ,hst.ancr\ of I5-_11 H, from :he c.arlh
The nt.agncla: none hurls %lCtril'.J ifs Imp v .a g o h.r%r %pcclr.al
ch.ar.a:lensuc% %nmlm to the %%hlsticl mode none but\I% called
'hon's roar,' \.loch occur throughout Ihr m.agnrto\hr.ath
j5mmth rI al . Villoul•h the hryucrtc) ranve .and dura.
hon of the tn.tgncllc none lnnsl\ J,Iritrd ill 111: 111.1vilclolad
arc %Imalm to hon'. rom. Ihr ml'.nsa\ 1 , ultu.01% ..lout .I I.Itlor
of ^ %m.allvr
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Fig ti, Frequencl-tine spectrogram of the elccron cyclotron wa%e% shown in Figure 13 The fundamental cnimion
ImItmic) o,cur% at .Ihout 1 :I Imic% the clecirmi g\rofreyuenc^

alter the neutral sheet crossing, a distinct enhancenleni is
e%Idcnt In the electric field channels from 311 Ili w 1.78 klit.

No crisp"r !: cnh.tn:ct cnt 11 e vi dent nn the :orreNlionding
magnctl: field channels, Indicating that the noi%r 1\ cicc-
tro%wtic I tic broad hand electric field %Ircngth at the Imic of

peak utensil) • at about 090 U1, Is about 3311 w% m '.

A frcyuen,% -11111e spectrogram of the %%life hand data oh-
lamed during thl, c%cnt I% sho%%n In I figure 14. This Npcciro-
gram shows that the cicctro%t.mc noise con%oas of a strong
n,:rro%% h.md cm!%%Ion at .r frcaurnc% of about 280 1111 and
%%e.tker emr%ston% at the %c:ond and thud hmmootc% Although
the frcyucnc% spectrum of the fundamental is considered re-
h.ihlc, it 1s possible that the %c,ond ,rid third harmonics n1•n
be due to nonhncaritics 111 the wldc hand telenlcir y system
1 he a%I%tr!l,r of ewi%,:on, alw%e 'W1 It. , I%, ho%%c%cr, delitwel%
confirmed M the cnh.mccd electric field m(CII%itic% to the tp_-
Ht, 1 0 kilt, and I 'S fill., electric field chanticl%(scc I Igure
13). Durin g %he Inlcr%al from Oi(X) to 111114 1 11' the electron
g%r0Ireyueno %aries from thout NO to .?U lit. Detailed
comparison% %hov% that the Iundamental Irc%lucnc\ of the cicc
Im%tatic emission occurs at about 1 :I tlm:s thecicctron F\ro-
frcyucn%• \. The highest Ircaueno %lcteeted. 1.78 kilt• corre-
spond<to the ,e\cnih harmonic of the electron Profrcquenc%
Bc,:ju%c of unt'awrahlc orientations and %.mAtton% of the
unagnetic field it ha% not been possible. In this ca%e %a an\ rl
the other ca%c% %tutdicd, to dctc ,minc the oncntati0n of the
cicctnc field rcl.m%c to the local magnctw field

Although elcctro%t.r;:C emissions ncar the electron gyro-
Ircyucn:% and its harmonl:% occur very infrcyucntl% and are
not as Intense is the broad hand clectro,tanc no1%c. these
emissions ma\ be of considcr.iblc Importance h-k:ause the%
occur In the ,nine legion in %%hlch trail/\ er al. (14 7bl ha\c
reported the presence Of an c\trcmcl% hot pl:snm Ior the
event %hov%n In I if• ure 11 the inter%al Iron. about 0 .400 to (1(,iO
UT a% char.l:lcrited h% a %en large incrc.I%e In both the elec-
tron and the proton energies. Arch average energies greater
than Ill ke\ and electron tlu\c% l(F > 45 ke\ ) . 't Ni Ill'
cl(Cnl' s %r ) ' I or lurthcr details and an anak , I % of this event.
W Irdrik rr of I1,4'hI

I Icctro % tail, %%a%cs of this t%pe, near harmonic% of the elec-
tron g%rofrc%luenc%, h.i%c been prc%+oust% oh,cr%cd In the lit-
ner region% of the carth , maenct, , \j hcrc IAr rwrl et aL 1970.
t r111r;, f%% wid ^. %ill, 1 01 i. vw %, and trbntt It 19'^I U%11.111% .
lhc%c %, a%e%occur near half•intc fri.11 flat monic%tit the election
g%roflcyucnc%, (rl % 41 rit Start rl al 11 13'41 h.i%c also imer-
pretcd "b%C1%.111oll%rl Cic,lrr%tat1, % % a%c%dcle,tcd h\ Imp ' I11

the dul.int IllagnCtotail as being due to electrostatic w,I%es at
If, and (Ifs .

7. SUMMARY AND C ONC1 IL MON

1'hcse observ v ation% ha%e %ho%%n that three distinctl\ ditTer-
cm t.\pes of plasma wa%c turbulence arc dctcctcd b\ Imp 8 nn
the dmam magnctotail. 1 he first and most Ire%(uentl\ occur-
ring t\Pc of turbulence, called broad hand ele%lrrstatic nrI%r,
consists of .I h. ,ad hand of cicciro%tatic noise Ili the frc%lucnC%
range from about !0 lit Ira Ic%% kilt 1 his elccul: field noise
I% quite intense, %%1th I\pical broad hand electric held %trcngths
of about I IlN m ' and occasian.11 in.l\nnum Inlrn,I1IC% as
I.ir ►c IN % 111\' nit '. 1 he Ircyucnc\ ranee of this 1,olsc is
hounded h% the local lowcr hNhnd ic%onancc frcyuen% .\ 'r NN
,laid (c\ccpt for a lc%% v%cak bursts) the cle:tr0n g\rofrcyucney
i the electric field of this noise a oncnicd hcrpcndlcular
(%%ilhin : 20", to the I0c.11 m.lgnrtic field. and the %. a%r m.i ►
ne11: held Is loo %mall! 10 he dctcctcd e onlpanson, \%tth the
magnetic field mid pl. nia d.t.1 %hov% that the noise occurs In
regions with I.irgc magnetic field gradients near the outer
houndar% of the pl.wna sheet and Is closet% a\%r ,.iatcd %%till
Large plasma Ito.% \cloctUc%. both earth%%ard and tail%%md,
%%hich occur Ili these regions. In a Ic%v - a%c% this n0I%e `I.i% ails..%
been observed %%Ith parricularl% large intensities dirc:tl\ In the
region %% here the magnetic mcrgin '. and,hargcd paril,le.n,rl
cratioil are I .king place. Inlcnsit\ \.rrtati0n%ol 1111. noise often
appear to be Io%ch a%socl.Ited %%tih mtcn%c hurst% of aurmal
kilometric r.ikfimion gencrated 111 the auroral rcinons ncar the
earth I he %ek-ond and less Irr.lucn(l .% occurrmF t%pe of plasma
w.l%c Iutbulcnce dctcctcd in the di'l.Int maenctrtall corlslst%ol
111tcn%c (IIh 1 nn) ) hunts of lo\% 1 - rcyucnc .\ (Il l 111(1 1111 mag-
netic noise I hcsc magnetic noise hur%rs, %%h;ch must he propa-
gating in the whistler mode. occur In rcglrn% with I.Irec m.tv-
neUc field gradients ncar the outer boundaries of the plasma
sheet and nn the \.one general region .n %\ hi:h the mo%I lntcw"c
broad hand electrostatic noise I%obscr\cd The third .rid
freyuentl% o:currmg I%pe of plasma \%,I%c turbulence dcle%tcd
uI the nragnclot.nl consist% of cle0rostalic \%.1%r\ ncar harmon.
ics of the electron g%roircyucncy. I Iecirun c%CIOrrOn 11.1111011•
Ic wave% of this t\pc h.i%e onl% heen detected .1 Ic%\ 11111c, it' sell
of the .r%allahle Imp S %lm.i 1 hc\c %%a\es arc
%cldOnl e\ccrdn,g listen%tile% of about 1W 1 \ nI Utl!ou,h
thc,c %%.t%c% occur relatt\cl\ min• \lucii1k and .ur %c1% %,A.

lhcv Also% he of Considerable unp,,11.1mc slncc Ill,\ h o: I•\cn
rhsrr%r11 m rcgu'.n% whirr the pl.l%m,i i, lhcrtle h:.11c,l to %ct%

high temperatures In %01111.1.1 to IhC hroml h.rtid C11:01- 1 ,t u1%
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noise and the whistler mode magnetic noise bursts, the cy-
clotron harmonic emissions are observed very close to the
neutral sheet, i.e., within the high-Jcnsity region of the plasma
sheet.

In considering the plasma wave modes which could be re-
sponsiblc for these ditfercnt t y pes of noise it is reasonably
certain that the magnetic noise bursts consist of shisticr mode
waves, .old the electron cyclotron harmonic enussnins consist
of (n + J)fa electrostatic vases of the type studied by fred-
ric•k • 11971]. Young er al. 1101). .4 shour-.4 hJa/la and Aennel
11" 761, and others The exact identification of the plasma \\ayc
mode associated with the broad band electrostatic none is
more unctrtain. As discussed earlier, this noise has certain
spectral characterlstio similar to auroral hiss and to the elec-
trostatic notse detected throughout the magneto»heath The
similarity to auroral hiss suggests that this noise consists of
short-wa\cicneth quasi-elccirostat y- whistler music waves
propagating with wave normal directions near the resonance
cone. Since hot plasma etTects must almost certainly be in-
volved in the generation of this noise, it seems more hIsch that
this electrostatic turbulence consists of ion sound waves or
electrostatic ion c%clotron waves of he t y pe discussed by
Kindel and Kennel ) 1971) and Srrocarsku (1972), which couple
with, or arc closet\ associated with, the whistler mode. Cou-
pling effects of this type have been considered by St:onenAo
and Srepanor (1967) and Maggs 1,19761. The observed electric
field direction of the broad band e!ectrostatic noise. per-
pendicular to the magnetic field, would appear to fa\or the
identification of this noise wish the electrostatic ion c\clotr in
(Bernstein) modes.

Because substantial field-aligned currents arc thought to
occur near the outer houndar% of the plasma sheet )4iubri • et
al, 1972' fairlield. 1971) where the broad band electrostatic
noise and the whistler mode magnetic noise bursts are ob-
served, it seems most like[% that these Aa%cs arc produced b y a
current-drnen plasma instahility. Other instabilit y mecha-
nisms must also be considered, since the exact feature of the
charged particle distribution function responsible for the in-
stabihit y remains unknown. The fact thm the broad band elec-
trostatic noise is usuall y detected in regions with large proton
streaming selocities suggests that the instal lits m,r y he driven
by some characteristic feature of the proton stream rather than
bV a current produced b y the dilTcrcntial motion with respect
to the electrons. II, for ex: nlple. the streaming protons interact
with another more slowl y moving ion distribution, such as
from the ionosphere, or if multiple peaks occurred in the
proton distribution function, then strong two-scream in-
stabilities would be expected. Inspection of the proton %cloov%
distribution function, such as appears in figure 7 of franA et
al. )1976), does not show any c y idcnce of double-pcakcd distri-

butions. Ho\y escr, these distribution functions require a rela-
tively long time, seconds, to accumulate compared to the short

time scales of s-1 I s evident in the plasma sy a\c spccrums, and
it is possible that two-stream :ntrr eons of this t y pe could
occur within the proton stream. Particularl y to the highly
turbuhert region near the fireball ;l.rthcr detailed studies are

needed to g leamy identif y the instability mechanism involved
in the generation of this noise

When the possible role of this plasma want turbulence is
considered, many questions remain to he insestigatcd. The
Issue of particular iniporiance is \vhethcr the electric field
turbulence is suflicicrilk intense 'o account for the anomalous
resistivity oftc m%oked to espl.nn the cxntcnce of mcreing to
an essrmiall y cullnninless pla n a \\c do not .Iltcfllpl to All-

swer this question of theoretical interpretation. However, the
measurements rot this paper together with the associated
plasma and magnetic field measurements of franA e( al. (1976)
provide the cs,ential experimental parameters ,electric and
magnetic field frequenc y spectrums, flow velocities, and par-
ticle distribution functions) needed is proceed with a theo-
retical in\cstigation (it' the rule of anomalous res:stivit) rn the
merging region These measurements also provide evidence
that plasma w avc turbulence In the distant magnctotail soften
closely associated with enhanced auroral activity near the
earth (in particular, the auroral kdnmetric radiation). N hither
uus relationship can be Interpreted as esldence of a plasma
wave instabillt., acting to trigger the merging process by in-
creasing the anomalous resistisity, as has been suggested by
Piddingron )1967), Srrovatskn (1972), and others, cannot he
decided on the basis of these data. The essential inter-
prctational ditliculty 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 ISEF.-A and iSEE-B will help resolve this
question.
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A Region of Intense Plasma Wave Turbulence on Auroral Field Lilies

U. A. (i( R.I 111

Ala%-Manck-ltwaw our r%traterrrr mAr PhvvC RII/n (arihrrr^ A/unrih. Nest Germane

L. A. I:R\\I,

1 1r'l,arl/rl,Wl . , l 1111 %Irl and 4.11rolp nit's', I fill (. 01541 of /o%a. lolka Cil y . 111ha	 ?_.4:

M."ma %%a%c mcawrcmcnt% from the Mmke\e I and Imp is %.itelhIc% chow that a broad region of
intense pl oma "a\ c• I tit bulrncc occur, till high Luuudc .ruror,ll Held hues al aluludc\taUlrllip Ironl .r
fe%% thousand kilometers in the nmo,phcic to mam earth r thi lit the di,t.rnt magnrlo,phrrr 1 tits
lurhulcncc occur\ in all e„e111.16 eoeunu0u% h,md on rile Iurolal I ,hells .0 Al L ,ka1 lime% around the
errlh and t, most nuen,e during prnot, or auror.tl a:tt\lit 1 hr clectnc held nttrnsu\ ,d lilt, rtnhulcncc 1s
ollrn yuuc Lnrr. %\ uh m,tunnnn held ,trcnglh, of arbour Il l m\ m ' and peal, rritrn,111C, in IhC Irc,lucn:%
ralirc Ili so Ill Marnclie held 11cliurbaii,mi% 1nr+ic.m%c of licit aligned current, and \%c.1A hunt, If
%%huller mode nlagnc(IS 11011e ,1rr Jilt' ab%er%ed ul the .lime rcgton .1, the electric held u11hulcnce In the
local Atclnoo11 and r%ClImC the cic:Inc held tillhuieme i,:lo,ch a„o,imed %%lilt \ ,ti.ilicd aunv,91 tin%
entls,rans In 10111c :.firs the cic:,nc held lurhulcncc apl,rats as a 1,,%%Ctulg and ctten,tli,auon of the to%%•
ficklucn:% portion of the aurot.d fit,, ,p^:rum ( omllariwn\ %% ith 1fl.miu me,lsuremcnt, and u tth ,11111lar
mea,urcmen1% from other satellite, %tr0nek %uggr , t Ihm th1, 1.1a,m.1 , .i\c wthulencr 9::119. on nlai!acrlc
field title%"hlch:0 mr,t %%Uh rcvwns of lntcn,e imrncd \ CICOWn prectpU,ulon .11 lo,% alnutdc%.n1d %% till
regions of inlen%e carth,%,ud pLnnla Ilo” 111 Ill r th,lanI nlaync• toImI I he fslawia m,t,lhItile, " his: It could
produce this turhtdcnce and the [',„vhla role \\htch Ihr, 11116UIr11:e 111,1% I,I,I .% ul the licaimr mid
uCCCleration of the .111109.11 particle, are kon,Idcred

IN1RriO LT11ION

Recent %oldie% o f1fl,1s !11,1 %%one• nica%uterllellts ori t,ltlled ftom
the na\%hc%c I and Imis h satellites ha\e fc\c.tic,l the c•\t\tcll:c
of ,I broad region of pla%ma %%.I\c ItlrhlllCllel' 011 .t0r01,11 11Cld
Imes at .tltiitjdc ,. ranging (film .I let% thousand hllomcms In
the auroral Iono%l,hcre it , man% earth radii In IhC dntmit
magnetosphete I tic cleCtitc field imcn,it% olthls turbulence is
o p en yuitc large. \%it!1 Ilia \ Ili mil tieid sIrc• nrth% of ,about Ill
fit's' nl ' hhc freyuenc\ range of the electric held not%C npt -
Calls c\tcnd, from about Ili It: it, sc\cral kilohm.-. the iii.,
imunl m o .rlsli\ o000MlIg At ,shout II1_50 Ni the CICCtn. held
.-.:;,ulcncc Sometimes appears to he Closch associated %%lilt
%%hntler mode lUroral hiss emissions %%hi g h arc IrcyuCntl\
ohset%ccl till high Luttudc auroral tield line% \'seal, hut%t%
of magnetic noise are Also dcicetcd In the \anlc region .I% the
electric field turhulcnec, althou g h these ma g netic not%C bursts
do not .tppc• ,Ir to he t11rCctl% assoclatccl \%till the cicstnc field
noise In till, p,Iper %%c prC%ent ,I dct.ulcd %ttId\ of the pl.lsnla
wave turbulence obser%ed his I and Imp b on high
latitude aur o ral field ImCs, slit.: "c 11I\c%t!.itc the rcl !tion%h1p
Of 1111% turhuleneC to n1,lgnc(IC field ,11111 ['111%111.1 mc.l%urcmcnts
obtained 111 the %.title region.

the impt o rtallcc of slud\mg pl,tsnl,I \%,1\c lurhulcncc on
auroral held tine% arise% Irons the po%%Ihlc role thm (tit% Imhu-
Iencc 111.1% p1.1% 111 ['rodu:ing region, of . ,momal, o u%' resntmi\
in the !icld kite11Cd currents which Ilo%% hrt%%ecn the auroral
mal and the dt,'ant magnetosphere I or marl\ %car% it h,l,
been suggested IS ' led ' . 41 X1,l6,llrrl. labbl thm !ntemc cicclnc
ficld%prttduccd h\ current-dn%cn m%tabihnesCan mtcra,:t "till
the current earning parti:acs to produ:e an clfeclnc resnn%r1%
num order% of nl.tgnnude larger than the rest%tit tl\ ploddkc%I
his ( oulomh collision,. An111r1 arlt/ Aemwi 1 19'11 t • .1%c con%id-

permanent addfc,% Department of Ph%%1c% and \stn , n0m%, Unr
%cr%tn of Io%a lo"a l rt%. low.%	 I__4_

Cop%r-ehl lc' I ll" ht the \n+erlcan (jrty,h%„cal l'nion

crcd the po%,ible Current-d(I%cn In%t.thililic% "htch could carur
in the auroral tone and have ConCludrtl that (tic cicciroslatn'
ten C\clolrvn and Ion ,ICOII%tli modes Should he un%lahle in the
iegions t'1 held-aligned currents assoClaled \%Ith the auror.11
electron precipitation 11 the CICCtrlc held tllrhtllc • !lee• produecd
h\ these 111slabilltics rto\%s it) sulliclen;l\ I.1rge amptiludC%, the
,nhoet-Ile'd ,IIIOt11,110u% re• %I%ti i,a) i.tit j , r\ , ducc IargC potential
differences oI several Allr\olt% along the magnetic field lit these
region% SC\cral Ime%tlg.tior%, Including Coromit afid Ailipwl

1 1 U ':. 1'4- ; 1 , San, ant/ IIoLer I I U '?^, llol:rr and Sal,- 114'?1,
1',1/ttl,10p ,ulo% li p id ( ollel' I I IJ-41. I1o:er !19771, and others,
ha%e con,idered the jsossihllit\ that the IcsulUn. patallrl clrC-
InC Iidd could iccelmite runan,n electron% to energies of
scser,Il Itc ls, thcichs i— suiting for the Intense c1cciron pre-
clpli,lukin Commonl% 0h\cr\cd In the mror.il regions mice
other turbulence free :celvimion n.cchmi nls hunt -.list, hecn
prop0%cd It arLln,r 1`47:1, It Is of consider.thlc importan,c• t,,
c%tahlt%h \chclher Intense clectn: field turhulcncs: occurs 111 the
regions o/ tirld-altgncd current as%oculcd %kith the auroral
electron prccipli,I11O1t

A,arl er at [W.A . Io751 h.t%c prcviousls reported oh%Cr\a-
tion% of cicctromatic plasm,% .%live turbulence associmed \%Ilh
field-aligned Currents lilt a Iew cases In %%hi g h the O g o 5
,pacectah re.IChc• d sutticientl\ Merl magnetic I.ItlllldCS to oh.
Imn rllcasulcnicni% till licld tines, it I m, 7-8. In the
region Close to the earth During n1.lhncncall\ diourhed pert-
od% 111 the local altCrnoon and c%cntnr the clectro%t,Itl: tuthu
knee delectcd h\ (Igo 5 u\u.11l% counted of U Ic\\ .thrup(
Ir.u1%Irnt hurt's% %%It:t Ircyuencic, c\tcndmr tram ,thou% I hit:
to ,ihout Ill hilt mid %%tth dur.1110n% 01 .t IC\% %C0 1 114,11% I hr
mdl%Idu,Il hursK tended to Correlate %%tilt rradicnt% in the
nl.trncuC 11C'Id CAISCtl h\ held atirncd Current%. Start et it
1147 1 end I rr1/rl, (, rl al 11 1) 7 1 1 dl,klisted %nrltLlr ohse1%.1-
tion% of cnhmiced rlectro , t,mc ",nc lurhulcncc detected h%
UF-o 5 al the hound.InC% of the da%,idc pol.ir w%j,

In Con11 , ,11I\on "lilt Ihr (lot, s result\. 1 1 0111 111c ILMIsc\r I
and the Intl, h %1 1 ac:kt.I11 pro\Idc n1C.ISUrCnlCnt% .11 hlhjlci

Paper numhrr b•11,0117
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magnetic latitudes than w ere possible - Ith Ogo 5. In this study
it Is therefore possible to obtain a much more comprehensive
survey of phenonicna occurring on auroral field !Ines at all
local tittles and for hoth quiet and magneti:all) disturbed
conditions. The plasma %vary InstrumcntaUUn on H,I-kCNC I
and Imp 6 also provides nicasurenicnts ovet a broader Ire-
qucnc) range, particularly at lower frequencies, and with
greater elcctr.c field sensitivity. As will be shown, the electric
field turbulence detected by llaAke y C I and Imp 6 diticrs
con sr tic rabh from the alga 5 results. The electric field turhu-
Icncc occurs with .I relatively steady Intcnslt^ over a broad
region for a substantial fraction of the Little (20 50` 1. rather
than a few intense hunts, and the moat Intense component
of the noise occurs at frequencies well belt- the lower I'm-
qucnc) Lunt of the Ogle 5 electric field experiment.

SPACECRAFT ORB11s .%D ExPI RIStENT IIISCRIPi losls

To aid in Interpreting the mcasurcments presented in this
paper, -c brief% dc,crihc the orbits of Ha-kevc I and Imp 6
and the regions of the magncto , pherc sampled b y these lvva

satellites Ila%%keve I I% in a highh eccentric polar orbit %kith
Initial perigcc and apogee gcocentiic radial distances of 6,847
kill and 130,856 km, respectocl%. The apogee Is located almost
directly over the north pole. so Fl,rvvkeve I provides extensive
coverage of the high-IatiLlidc region ul the magnctosphere.
Since the region of priman Interest for this stud% is rcla(ivel)
close to the earth tR Ill R, ), the coordrmates used through-
out this paper are the ntagneLlc latitude A„ the magnetic local
time MIT, and the gcoccntnc radial distanec R. A tsptcal
magnetic meridlon.Il plane tR..\„) ir.Ilecton of Ila%kkevc I Is
sho-n in I Igure I Because of the II' tilt if the earth's
magnetic dipole axis and the long-term secular changes to the
orbit, mcasurcments :an he ohimned user a hro.id iaingc of
magnetic l atitudes it A sufliCICVtl ) large gwiritit) of data a used.
For this stud% ,vc ha c used IU%kkcvc I data from ,t period of
approxrm.ilel) 14 months starting at launch tilt Junr 3. 11)74,
and continuing until August 29, 11)75 1 he shaded area labeled

.^An Aw

MA I E T I: (R, xm!
MERIDIAN PLANE

I
REGION SAMPLED

9N HAwKE rE I
1	 ^`

T rPICAL
NAWKErE 1

TR"CTORr

BEGUN SAMPLED

0r 1w 6

TrPi JF IMP 6
TAAJEC T.W r

Fig I	 T,pt..il Iralc:r.+nr..wd the 1-oundalic% ul the rcRinn ,am-
pled I» fl.i,.kc,e 1 mid Imp P tit the m.r}net,: mcridion.tl rLvlc
(Fen, cntr i, (,nl 1.11 d I, 1.1twe .mid III. t'ne Li: Lilo tide. oo , rd ni.r;c, l sccul,ir
:h.mec, in the orhil rt,,,Ide ,o,cr.igc oivcr .t unle i.in c of nt.i'ncti:
Imilude% 1 he me.t,uremcnt, an.tl,ied m0tide 14 nwnrh, of data Ir,mt
II.I,. ► c,c I .iiid I s ,c.u, o , I d-ua Irom Imp 6

'Region sampled by Hawkeyc I' in Figure I Indicate% the
region of the magnetic meridian plane sampled b) Ilavvkc)c 1
for it representative range of magnetic local times (211x) Mix))
near local midnight. In the northern hemisphere, liawkc)e
provides measurements on a I)plcal auroral field line (L 8)
at radial distances ranging from about 4 to 6 Rr- In the
southern hcnnsphcrc, mcasurcments are obtained at radial
distances ranging from about 1.1 to I.8 R, Because of the
Increasing perigee altitude, data uht:ancd doling Later periods
of operation wall wend the mcasurcmcnts on auroral field
tines In the southern hcmisphcrc to altitudes of about 2.6 R,
so that eventually, observations will he provided over a very
write range of altitudes. The data set currenth avadahle for
this stud), ho-evcr, has a distinct g: p lei the altitude coverage
(at ! = 8) from ah wt 1 8 to 4.0 R,.

The Imp 6 spacecraft is In a highly cc:enlric orbit with initial
perigee and apogee geocentric radial distances of 6,613 and
212.630 kill, respcclivcl y . In contrast to the II.t%%kcve I orbit
the apogee of Imp 6 Is located at a lo- latitude, close to the
equatorial plane ul'th. earth Howevcr, the inclination of the
orbit plane is sufficienth large to provide mcasurcmcnts at
rclativch high magnetic latitudes, up to about 55`, tit the
region near the earth. A t y pical ma g netic meridian plane tr.i-
jcctor) for Imp 6 is shown rot Figure I As with Ha-keve 1, the
tilt of the ea th's magnetic dipole axis and orbital per-
turh.itions grr„th extend the range of magnetic latitude. at
low altitude-. *hich .ire sampled during the lifetime of the
sp.rec: raft. For this stud y -c have anahtcd all tit the a%adablc
tcl.mctr) during the 3.5-)car Lifetime of Imp 6, from %tar:h
13. 1 1)71. to October 1, 1974. The region of the magnetic
n ► cridronal plane sampled by Imp 6 during this period is
shown in Figure 1 fur a rcprescnlaUsc r,ingc of magnetic local
times (23(x1-01(x l ) nc,ir local midnight It is widen( from Fig-
urc I that the flavvkevc I and Imp 6 spacecraft together
provide coverage over it vcn broad region. The detailed cuv-
cragc tends to vary some-hat ,kith local time, but rn general.
along the auroral field lines. all altitudes ahoxc about 4 R, are
sampled by these two spacecraft In sonic local time ranges a
sm,ill hole In the coverage occurs near the magnetic equator at
radial distances of ahout 4-5 R, Tilt,. sniall hole n ► the cov-
erage is not parlicularl) relevant for the legion of Interest in
this study.

Since the details of hoth the Ha-kevc I and the Imp 6
plasma -,ivc experiment have been dcsenhcd tit pre%tous rc-
purts (Aurrh et a/ . 1975; Gurnett and Shah, 19731. only a fcw
brief comments are made concerning the plasma -,rvc m%tru-
mentation Hoth experiments use long electric antentw%. 42 4s
tit from tap to tip for H.iwkcyc I and 92.5 tit from lip to tip for
Imp 6. Magnetit field mcasurcments arc obtamcd from a
se.irch coil antenna on H.;-keve I and lion a ,m& turn loop
antenna on Imp 6. The frequency range of the IIavvkeve I
instrumentation, 1.78 fit to I'8 klft, I, sonic%%hat larger than
the frequency range of the Imp 6 mstftimentatwn, I 6 Ht lu
178 kilt Huth experinicnts provide electric field Intcn.rtics in
16 frequency channels, exlcnding with an approximately con-
stant fractional frequcnc) spacing over the entire trequen.v
range, and wldc-hand wave form mc,i,urcmcnts for high-
resolution frequency-time spectrograms

1 1 1.ISnia nic.iwrcmcnls -ere a,,luncd with an cicctrostatic
.m.ilvtcr. ,t lo- energ y prolon and cic.ron vhticicntial cnctl,v
an.11wcr t l cpcdea l (cl I rani, 19671, on 110.11d l ins kcv r '
Dife'tion.11 d111crenLlal inlcnsuics of posllrve ions and Occ
Iran, over the cncig) ranpc ',0 e`' • I , 40 kc%' ,ire Ictc.
metered for dircctwty; perpendicular to the sli.ix,imt spin

I
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a%is. A colhnialed thul-%%in kmed Coe iger-%IUCIIrr ((i\1) tuhc
%%.is eniplo\ed fur dcicrinlnmg directional 111We)"lucl of elcr-
lrum \%iih E > 45 hcV,

the lla\khc)e I Hr.tgnelonictcr 1s a three•orthogonal -,tvs
11u\ gate initrUWtrnt constricted ht the S:homledt In%trumcm
Compam. The sensor packa g e is mounted it the end of a
boom 1 "m from the cluscst lace of the splrecraft and 1 57 m
from 1s rotational ams. I he magriciomeler h,is four se11%111.it%
ranges on each a ys, selectable b> ground eonlnt.md : I5O,
t450, i I,5O11. and t25AX) ). Instrumental Ur:ura:s is
:i 0.5t of full range on each axis fit ranee The Irequcnc%
response is flat from 0 to I Ile and du11n i dB at 1(1112, rolling
off at higher frequenetrs at h dBioctalc. 1 he analog outputs of

the three axes are sampled simultancouslii, at appro\imael%
equal Wurrlals of 1.92 s, %wh R-hit resolwtion

Somi KI PItiSENiAt i i, 1 PI ASSIA W00  011SERtAI11\S
AT 1111.11 LATH (M!i

To illustrate the stain characteristics of the pl,lsma w.i%c
uhscrs,tons obtained hN Ila1s he}c I and Itnp h on the atiroral
!. shells, 1sc first discuss four t\piral pisses through the high-
1.111101.1c region of the magnctosphere I hose passes, %%hich are
shimn fit I pires 2-5, t(crc selected to Illustrate the lariell of
plasm.t 11asc phenomena detected in lhls region at %arious
local times. l he dat,1 in 	 '. i, and 4 .ire from 11ai%he..e
I passes in the local da11n, local morning, and local afternoon,
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HAWKEYE 1, DAY 50, FES 19, 1975

Fig. 3. A reprosentalive Ha%%kr%c I pass at local morning. A broad region of intense broad-hand electrostatic none and
magnetic noise hursn n e%Ident from .ihout I825 to 1 440 L'T. %%hlch accompanies a distinct %kc%%Ing In the magnetic field
direction and magnetic fluctuations I he distinct cutoll' In the continuum radiation a, about I825 UT Indicate, in .thrupt
Increase In the plasma densus at this time.

respecti%cl%, and the data In Figure 5 are from in Imp 6 pass
near local midnight. The top panel of each Illustration %husks
the magnetic field magnitude and direction. and the center and
bottom panels show the plasma Aa%e magnetic and electric
field intensities The angle r)" in Figures 2. 3. and d is the angle
bct%%ern the magnetic field and spacecraft %pin all%, and the
angle V.,," in Figure 5 is the anmuthal direction of the mag-
netic field In %olar magneto%phcnc coordinates Because of a
Lulure In the Il.r%%ke%e I .Attitude determination %%%tom after 3
months i n flight. r+" 1% the onlN magretic field orientation angle
that is as..^ilahle it present for the periods %hown In Figures 2.
3. and a (l his shortcoming is being remedied In suhseyucnt
work using data from the scientific instrument% ihem%cl%e% to

reconstruct the spacecraft attitude.) The wise magnetic field
intensities are shown to 8 freyuenc% channel%, from 1.78 Ht to
5 62 kHt for Hawkeye I and from 36.0 Ht to 1.78 kilt for Imp
6, and the electric field Intensities are shown in 16 frequenc%
channels. from 1.78 Ht to 178 I%Ht for Ha%%kc^c I and from
36.0 Ht to 178 kNt for Imp 6. The mten%It% scale for each
channel is proportional to the logarithm of the field strength.
%%1th a range of I(10 dB from the base line of one channel to the
h.1%c line of the next higher channel Fur the Hav lse%e I
measurentcnts. oxen %ample Is plotted l'or the Imp 6 data the
dot% gi%c the pc.1k Ilcld sllengths..ind the %crtical hats gne the
.i%cr.lce field %irenglh% o%cr Inter%ah of KI y _ s

I he lir%1 rcrrc%enl.m%c pa%s (1n hpurr 2) Is an Inbound
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nA*KEYE	 1. DAY	 3!3,	 NOV 9. 1974

Fig	 4	 A	 repre%cntall%c	 ll.Iwkcyc	 I	 pa%s at	 local Jftcrnoon The broad-hand cicoruu.ltlr noise in this case Ulcurs
centered on a region of auroral hiss e m ission • similar sit 	 Igure 14 No magncuL noise bursts are dcicctcd during this pass

N.:Nkeye I puss near local da%sn at about 0600 magnetic local
time. The spacecraft tralectory in the magnetic meridian plane
(R. A. coordinates) for this pass 1s shown by the small sketch
in the center pane! of I Igure 2. Sc%erai t%pe• of plasma wa%e
emissions are prc%cnt during this pass. In the high-Ircqucncy
(13 3-178 kit) electric field channels. two types of cicctro-
magnetic emission, called iuror.11 kilometric radlallor and
continuum rJdlauon (Gurniv 1 1,1 74, l y '^( are dclectcd
throughout most of this pass. T he%c elec tromagnetic emissions
occur at frequenLle% Jho%c the I0c.11 PI.W11.1 Irequenc% and are
generated In region% of higher pIJ%m.1 dcnslt% near the earth
beep %%lthm the magnetosphere. it / %aloe% less than 4. plan•
m.lsphcnc h1%% (Rullrll et u1 . 19691 1s c%ldent in both the
•• I .• •	 .,..1 1M.. ,„ u.11. • 1 .. 6-11-1 .-h lnn. • I% it fretl Ufncic% from

about 562 Ht to 562 kit, increasing in frequency to%sard
lower L % slues. At IoNer frcquencx•., from about 5 62 Ht to
1.78 kir. a region of %cry intense electric field no1%c can he
seen from about 1 145 to 1245 UT The Intcn%1ti, of this nurse
lncrea%cs gridually with decrca%1ng radial d1%t.Lncc and reaches
peak mtens1ls tit the 17 8- and 56.2-111 ch-mocl• it shout 1240
UT (L , 8 1), followed by a %rr% ihiupt d•'crra%c in the
intensity it about 1N4 UT At the tune of n-a •• rttu:n lntenslt%
du% noise I% scn mtcnse, with .1 hrlad-hared Hiss electric field
strength of 10 K m st tit ' and .1 perk Inten%11% of shout 15 m%
in ' Since this nut%C ucCUr% u%er .1 hroad range 1 1 1 Irl•qucncics
and I% most e%Ident In the electric Held data, we refer to this
noise is hro.td hand electrostmiL m 1 1se ?hl, name I% the same
.1% wa% u%Cd for a %Irntlir type of nu1%e detected h% the Imp K
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Fig S A represcntatrse [nip 6 pass. uF.un at ILK.II cscnmF the dots and scnl:al h.us;i%c the peak and ascrrFe held
intensities. respe:uscis 1 he hro.ad hand clean++talc noec I% %cn uucnsc in the loss-freuuer:) cle:ttic held:h lnncls. :^ I:U
Hr, and c%tends Mlth dctc:table intensities to frequen:Ies ahosc 10 1Hr

1

tlpicecrrft In the distant magnetotull (Gurnr• rr er dl . 1 0761 As
M111 he discussed Liter. these tMO tspcs of noise ire hellescd to
he esscntlalls ldcntic.tl. A h1 :h fustlfies the use of the same
termanolop, although this associ ition Icm.um .I m.tttcr of
later inter prct.Ilion 1 he term elearost.ata: is used he:Muse, .Is
s• if' I . .;IDES n, the cic:tn: to magnetic field r.uro I% mu:h lurgcr
thar. Mould be espc:tcd for am of the usual cic:rnlrragnow
modes Nhl:h o::ut in a plasma Hroad-hand cic:tro%U1I:
noise of the type sho%n In 1 1Furc : 1s Irequctilk lletctted h%

HAW Aesc I and Imp 6 on the high-latitude iuror.rl held lutes
and Is the main topic of this paper

In the semc region as the hroad-hand elestrostatl: noec.
numcrrus burst, of IoM-frcqucn: ♦ O 78-s6: Ill) m.lgncU:
held none ire .1fso C%RICIIt to I Igurc 2 As MITI he shown. Ihr
spectrum of thrsc marricta: noise hunts I% delln:lls d1(lerent
from the spc:lrurn of the broad-hand cle:Lrost.ltl: no1.e I he
tcntpor.11 sanaUOns rte also quite dlticrent The m.articti:
noise usu.alh :onsets of mans shllrt uuml:nt bursts. Atwi •.i,
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the broad hand electrostatic noise has a more nearh constant
amplitude. Thus c y cn though both t%pc% of noise occur oil the
%ante region and in the .ante general frcqucnc^ range, these
emissions apparentl y consist of tNO dislinctis dillercnt plasma
in%whilruc% In this paper the lost-)rcqucnc) magnetic noise of
the t) pc shots n tit I igurc 2 %t ill he called magnetic noise bursts

the %ecund rcprescnlrtivc pa %% (I- igurc 1) is an outhound
His%ketc I pass tit the local morning it about 090(1 %II 1 No
:turur.il kilometric radiation is detectable in the high-Ircqucnc%
electric field channels during this pets, A ten Ncak lc%el of
continuum rad„tunt is e%idcnt in the 11 1 . to 21.7-kH1 chan-
ncl% al r,ida,al distances he\ond about 6.0 R, In the region
he)ond the I\Lismal\,n,sc, after about 1 555 UT, sacral distinct
noise hands are e%idcnl. %NCeping do%%nAard to frequency
from about 56.2 to 11.1 kill 1 hc%c noise hinds are (n • })f,
electrostatic cNclotron harmonic enu%sions of the t%pe dis.
cussed h) Shirts tind (,urnrrr 11975) As indicated hs the dashed
lane in f figure 1. the local electron plasma frcqucnc .% (,, can he
estimated front the Irequenc% at which these emissions occur
Inside the plasmapause. before about 1555 UT. pl illi%phcric
hiss is c%idenl in huth the electric and the magnetic field
channels from about 1 78 lit to 5 62 kill Starting it shout
1825 1.11 and extending to about 19.10 UT, a region of intense
broad-hand electrostatic noi%c is a%ident, with characterwic%
%cry similar to the example an Figure 2. In this .ante region,
man) distinct m ignctic noise bursts ac also c ► caris e.\ idcnt in
the lux-frcqucnc .\ (1 78-178 lit) marncuc field channels

The third rcprc%cnteLi%Y pass ( l igurc 4) is an outbound
HaNkc%c I psis, in the iocal allcrnoon at about 100 magnetic
local time. The plasma Na%c activity during this puss is more
complicated than that for the two preceding e\antplcs In the
high-frequenc% electric field channels, aho%c about Ill kit/.
vrry high intemitic%ol auroral kilonictric radiation .ire present
t c . , ougliout mos t of this pass At the plasmap,ause. Nhich is
located it about 0110 FT. in abrupt cutolT is e\ident in the
auroral kilometric radiation. This cutoffoccurs \% hen the local
electron plasma frcqucnc% f,, e\cccds the N.nc Irequenc .% In
this sonic region wine rather poorly c:clined In • I if, cicc-
tron c)clo ron harmonic%, s imilar to those to figure 1. can he
sccn ss%ceping doNn%arJ in frequent: .\ near the electron
plasma frcqucnc). indicated h% the dashed lines tit figure 4
Bc\ond the plasmapau%c. continuum radiation can he seen
extending do-An to frequencies of about 5 kHi. Although not
e%idenl in Figure 4. the Nadc-band %%,r\c form data sho%% a
distinct IoN-frcquenc\ cutoff at a frequency which \a pes from
about 5 kill at 0410 UT to about' kilt at 000 UT. hhi%
cutoll has been used to estimate the c]eciron plasma frequency
in this region. .n indicated in I igure 4 At slightl y to%%er
frcqucncaes, in the I'S-H1 tit I '(1 -kilt channels, a reign%cl%
stead) hand of noise is c% Went, extending liter a broad region
heyond about 0145 l T On the basis of detailed ctirnmauon%
of high-resolution spectrograms of the Aide-hand Na%c form
data, as still be discu s sed in a later section, this noise is
identified is auroral hl%%, a !\pc of %%hi%ticr mode em,%saon
which is commonl% oh%cnrd tit the auroral tone h IuN-
,iltiludc %mellitcs 1Gurnrri. 1966, Luasrrrr • r'i u,' . 1971: Gurrivit

urid 1 rust. 19 7 24) The magnetic held o f the auroral hiss is also
c —went in the corresponding magnetic field channel% \! c%en

... IoNCr frequencies, in the 1 7 8- and 56 2 . 111 electric held chan-
nel%, a distinct cnh,inccnicni can he seers tit the cicctric held
mien% t% from g houl (U1' to ()'Us l I Ttit% noi%c is identified
.1% broad-hand elcclro%titic noise of the •.tine I%pc as that
%hoNn in Figurc% 2 and J. No magnetic not%c bursts com-
p.ir.ihle to those %h%iwn in I rgurc% 2 and ) .ire ohscncd during
1111% f%.i%%

The fourth reprc%cntatt%c puss (f ipure S) i% an outbound
Imp n pass near local midnight it about 2110 magnetic local
time (it R 4.9 R, I. The pl a%inu m a.\c phenoincria occurring
during this pest are c%cn more complicated and difficult to
an.t1)tc than the preceding example Although eswimill

'
 the

same plasma N;i\c phenomena lauroral kilometric radiation.
continuum ridimion, pla%masphcric hiss. auroral hiss, anti
broad-hand electro%t,tic nurse) occur during this puss, in some
cases it is ter) difficult to distinguish ;he dilTcrcnl types of
emissions IfoNCSCr, several distinct regions with intense
broad-hand electrostatic noise can he ca%ilt identified. the first
at about 0527 UT, follo.\scd h) .c%cral broad regions Krum
g houl 0558 to 0625 UT, and the last at about 0650 LIT. The
enhanced electric field intensities a%%occUCd \%ilh these region\
arc -cry clear and distinct, pariacularl% to the peak held
strength measurements. Again the maximum cicctric field in-
tcn%tic% occur at Ic% frcyucncic%. born about 16 to 120 lit,
i'though sonic hurls of noise can he d%tccicd at frcqucncaes is
high a% Ill kilt. •\t high frequencies, partic_' i -rl.\ in the 5.62-
kilt channel, the ratio of peak to aseragc field strengths is
quite large ( -50 dH), indicating that at these frequencies the
broad-hand electrostatic noise is %cr\ impulsisc. consisting of
mare brief but intense bursts. Magnetic noise bursts arc also
clear].\ ctidcnt in the same region m \%hich the broad-hand
cicctrustatic noise occurs.

I he four passes ss hich have fu%t been discussed arc intended
to illustrate the i%pc%of plasma Na\c%observed h\ Il.misc.\e I
and Imp 6 in the high-latitudc region of the ntagnctu%phcrc It
is c\ iden , in these I % .is • a and man\ other similar passe+ N hich
hate been examined .hit a dwitct, ce%tl) adeniilied region of
lo\s-frequen0 clecl • ic field turbulence is present on the high.
latitude auroral 'icld lines at c%scntialls :ill Iota) times the
main obser%ittun ' it characteristics of this turbulence. \%hic h
has been called hro:w-hand cicciro%latac noise. are that ( I ) it is
%cr% intense, Nth cicctric field strengths up to 10 nt\ ill ' and
occisionill\ larger. (2) it is most intense in the frequenc y range
of about 10- '0 Ill. and 0) t occurs liter i relau\cl.\ Nide
region. usuall% %tscral degrees in magnetic latitude. at I %.ilucs
of t%picall% 8- 12. The detailed charictcri%tic% al this noise arc
described in the folluNing %cc'UOns.

Fllt(JVFN(- 1 SPFC -1Rl si%

A typical frequency spectrum of the broad-hand elec-
trostatic not%c is %hoNn in :'igurc 6 This spectrum N.1% %elected
from the flail kesc I pass in f igurc ' at about the time of peak
ottenst), from 12.10 to 1 241 U1. The tNo spectrum. %ho%\n to
figure h trite the peak and a%cragc electric held spectral dcn-
%atie% from each Irequenc y channel during•	micri.al The
rms electric ficlu %irenglh obtained h\ tics ig the a%eragc
cicctric field spectral densit y user all frequencies is 101{ m\ m ',
and the corresponding peak electric Geld strength is about
15 t m\ m ' The main conlrt t--ution to the rot+ c]ectric held
strength comes from the frequency range of about 10-'W fit.
At high frcqucncic%, aho y ; g houl 100 Ht, the electric held
intcn%tl% dccrca%ct %cr y rapidly Nilh incrcawit: frequency, and
a modcratcl% sharp cutoff is e y idcni it about lu kilt. This
upper culolr occur, scar the local electron g%rolrcqucncy 1,11 .
V lost frequencies. hcloN about Ill H1. the electric held in-
ten%il% decreases %%uh decrea%ing In• qucnc%, and a distincl
nt,r.\amunt occur% in the frcqucncs +lic• struni at ahoul 20 Ill
A% indicated tit f ;cure 6, this niavntuni is in the Irequenc%
range hctwc• cn the local proton g\rolrequenc ) f,' and the
hyhrid frcqucoc% 11,'1, 1 11 . the exact %h.ipc of the %(sccltum
it frcqucnries Isclow about Ill If., t%. irnc%%hat un%crtaut he-
cuu%e of the high le\cls Of %patccrall-gcncr.UCJ r,tcrivicncc
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FIE 6 An electric field spectrum of the broad-hand electrostatic
noise it about the time of maximum inten,it% for the pa%% shown in
F inure : T his a%eni is typical of the most mten%e a%enr% of this type
detected by either Hawkege I or Imp 6.

(from the solar panels) at these low frrauencies. Usually, the
broad-band electrostatic noise is not detectable in the 1.78-Ht
electri: field channel, and the largest field strength% are de-
tected in either the 17.8- or the 56.2-Ht channel

To compare the electric field and magnetic field spectrums•
the magnetic field spectrum for the %amc intcr%al is shown in
Figure 7. Again both peak and a%cragc spectrums are shown.
The magnetic noise intensities are %een to be significantly
above the instrument noise levels for all frequencies belu%
about 1.0 kHt. Both the peak and the aseragc magnetic field
intensities show a distinct maximum in the spectrum at about
50 Hz. This maximum is associated with the magnetic noise
bursts indicated in Figure 2. The rms and peak magnetic field
strengths of this noise. integrated from 5 6 Ili to 1.78 kilt, arc
about 5.8 and 36.8 m-,, rc%pectively. The large difference be.
tween the peak and average field strength% is caused L% the
large fluctuations in the field strengths which are cicarll 01-
dent in Figure 2. The ratio of the a%cfage electric field energy
density to the average magnetic field energy density in this case
is E'/C'B' 2, 39, which confirms the electrostatic for at (cast
quasi-electrostatic) char;ctcr of th,: broad-band electrostatic
noise detected in this region. Below about 10 Ht. a weak low-
frequency component is evident slightly above the recci%er
noise lcscl. increasing in intensity to%sard lower frequencies.
This monotonic low-frequency component is probably asso-
ciated with the magnetic field perturhat.ons evident in the B"
angle at about this time (sec Figure 2) Whether this low-
frequency component represents an ambient wave spectrum,
as is almost certainn 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 regardin tl the frequency -time structure of
these emissions can be obtained from the wide-band wave
form data High-rc%olut:on frequent%-time %rectrogram% of
the broad-hand cle^.irU%tatic noise and magnetic noi se bursts
observed during the Imp 6 pass in Ftgurc 5 are shown in
Figure K Two different frequenc y scales. 0-1 kilt and f1 -200
Ht. arc used to pro%idc good frequent% resolution o%cr the
entire frequency range Ior the mode of operation bemr used

during this pa%% the wave form receiver alternate!% %wits
between the electric and magnetic antennas once e%er% 20
The electric field spccirum% of the broad-band cicctro %!.c .
noise in I • igure 8 show remarkably little temporal %trucu.•c
The rapid decrease in the intensity with increasing frequcr.
clearly evident. A few impulsive bursts can be seen c%ten,;.
to frequencies above I kilt. At low frequencie % a distinct h-
frequency cutoff is evident at 	 frequency which vane% Ir.
about 20 to 50 Ht. Although this cutoff is near the k-
frequency limit of the w;sve form receiver, the temporal %a-
lions show that this cutoff is not caused by tn%trumcnt: I
fects. At certain times, for example. at about 0619 25
0620:10 UT, the noise becomes very int ,:nsc near this ;.
and develops into a strong emission at about 50 Hz. C,--
parisons between successive electric and magnetic spe-:-
grams show that the magnetic field spectrum is quite diffc-r
from the electric field spectrum. Generall%. the magncilL '
intensities arc very low, and it is very difficult to clearly ic:_
tify, the magnetic noise bursts evident in the magnetic r.c
channels of Figure 5 The magnetic noise burst% u%u.ill% c.••
prise poorly defined emission% lasting only a fc%% %ccona,
about 51, i00 Hz, as evident, for example. at about 06:4
and 062033 UT in Figure 8 Occasionally• as at about 06."
UT. a diffuse burst with a rapidly varying center frequent
be seen extending to frequencies above I kHz. In some ca,e•
appears that the strong electric Geld enhancement% near : .
lower cutoff frequency of the broad-hand electrostatic ne
may he directly associated with the quasi-monochrorn.
magnetic noise bursts. Unfortunately , we do not ha%e %uv_ - .
simultaneous electric and magnetic field spectrograms to e;- -
nilel% establi%h this relationship

ki-Gim%OF O( c l kkI%I F

The examples of broad-band electrostatic noise w hich h-i
been shown have all been at L values t y pical of the ouro- -
field lines. We would no%s like to definitel y euabbsh the re:
of occurrence of this noise. using the e.xtensi%e mea%urerr,e-
obtained hr Hawkeye I and Imp 6. Since an c%Ircmcl% .
number of rr.easurcment- are to be sur%c%cd 114 mon:.-
data from 1 awkcNc I actu 3 5 )cars of data fron. Imn r.
simple criterion must be used to pros We automatic comp,.
identification of the broad-band electrostatic noise As h.:•

°	 d	 o'	 c•'
rw DUl rc • ..

F'r '	 A. marneti% held % pcitrum of the ma/nctic no ,,e f•_.
detected JuviiV the 11ce -1— it as the ,pc-true, all I i f6re 
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IMP-6, ORBIT 38, AUGUST 14, 1971

Fig. S. Wide-band frequency-ume spectrums of the electric (E,) and magnetic (,tf, ) fields detected by [nip 6 during a
period of enhanced broad-band electrostatic intensit y during the pass shown in Figure 5. The spectrum of the broad-hand
electrustatic noise shows little structure at low frequencies except for a distinct lo"-frequency cutoff at about 20-50 Hr. The
magnetic noise bursts are also very diffuse and difficult to identify
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been previousl y discussed, the broad-band electrostatic noise
is usual!y most intense in the frequency range of about 10-50
ilr. Fortunately. except for the earth's bow shock, no other
ty pe of magnetospheric plasma w aye 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 to use the peak electric field intensities in the 56.2-Hz
channel of Hawkeye I and in the 63.0-Hz channel of Imp 6 for
identifying these events. Several electric field thresholds hate
been tried. and a threshold electric field spectral density of 1.4
X 10 ' W m ' Hz-' has been selected. This threshold relire-
scnts a reasonable compromise between obtaining too few
e%cnts if the threshold is set too high and obtaining too many
false idcnulications from wh.r plasma wave phenomena if the
threshold is set too lo.k.

I figures 9 .'tyi 10 show the m,ignetic meridian plane (R, X,„)
' , , oidirmtes of ,:II of the events In the 14 months of flawf,eve I

! - 11 . 1 and 3.5 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
MILT) and local midnight (2100-0300 HILT), 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, I84.3 s for Hawkeye I 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 difference in the number of data from each
satellite and the :omplcxity of the orbital coverage, they do
provide a good qualitative picture of where the bluad - hand
electrostatic noise is observed. Almost without exception the
noise is observed on magnetic field Imes which connect with
the high-latitude auroral regions T he noise is observed over a
large range of radial distances. frurn about 1.5 R, to greater
than 15 R,. •\]though r.,ost of the cvents,uc ohser%cd at radial
distances gre.,tcr than about 4 R,, this boundary is seen to he
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all the 11.1NAc\c I ,tied Imp r, c'c:trl: held uncn\itic` mh:h c\:ccd a lire\cl Ll,re\hold Ihc ihrc\hold imcn.ilt .rnd
frcyucn.ic\ arc:hoscii la Ili tit idc rc.i%on,ihl% rch ihlc idcntih:ation al uucn\c hood -Kant. cic,iro\tau: t-wim. c%cnl%. A Icm
of the e%cnt\ hc%ontf shout to F, in the local n."m .Cctor arc :au\cd h% clwfo.tatic nor\c .1—o:1,1ted meth the ham s11o:k
and mainelo%hc.uh \tau it the a%cnt% occur it high mipieuc latiwde% it I %aloes tlpr\al of the wwi.ii held Itne,

pnminl% i limitation imposed b^ the orbital coserage, %mcc
c%%cm"ill% no measurements are ohtamcd on auroral field lute\
it( radial distance\ hct\%; cn shout I S and 4 0 R t . A ver) dense
conccnlr,ition of Point\ can be seen iter the southern auroral
region at radi.11 distance% from shout I % to I S R, Thcsc dat•1
also, shot% that the hroad-hand clectroslauc noise Is observed
at all local times, although rclatiscl% fc\% i%cnt% arc c%idcnt in
the local noon yuadr,nit I he mldcl% scattered e%cnt% e%tdcm
bc%ond about Ill R, m the local noon quadrant are caused M
6ectro%latic take associated mith tnc ho%% shock and magnc-
tosheith and not b% broad-hand cicrtro%t.wL noise

To take Into account the eticcts of the orbital coverage, me
ha%e performed r detailed anal^sis of thr Ircyucnc% of oicur-
rcnce of the e%cnts %ho%%n in Figure* U and Ill For this inal\sis
the R. A„ rnd Ml T coordinate %%%tcm ha% been dr%lded Into
boles, and the number of c%cnts counted or.:e per orbit and
the number of orb is pasting through each ho% arc dctcrimi,cd
1 he frequenc y of occurrence is Fi%cn h% the ratio of the nuin•
her of c%cni% to the number of orhit%Counted in each hot. 1 he
essential femm,, % 111 the frcyuenc\ of occurrence distribution
dclewuncd from IhI% ,real\\ . ,tic %unim.uvcd In Vigure% I I
and I•' I igurc I I shorn% Ihc flcyuenc'% of otcurienic .n a
I'LAI 11011 0l radial dI%I.utce .and nt.i ► ncli: Lttlludc for ntacnclic
11117,11 truce• \ iii the 10, .11 nlldnr^• ht yuadrmil, Iron shout : Viii 111
itI(NI X11 1 I hc,c t1m.1 .local% \h, , %% !hat the hro.td hued elec.
no\Litii ,t-, , 1%e tv tlr% in Imo di%ttnri I.rllludmallt wrimclric

regions., starting it ftigh latitudes, -711°, near the earth am,
rs.lcnding tit loiter lalltudc\ \%ilh nictc,tun:
radial distance I he it%o regions appear to merge In the ni.tFnc-
Iotall at a ridi.d distance of about It' R, i tic kilitudinal %%idir
of the region of occurrence, appro%1rn.Uel\ :0° at R •10',
and 6 31 R., is s ciA Mmes larger than the latitudinal midtl'
i%picalls ohsct:ed on an inditldual pass Ihis increase in the
apparent latitudmA mtdth of the region of occurrence Is ,if-
most ccriainl% caused h% the orbit . .o-orhit %anations of the I
%hell on mhlch the noise occurs, 1 he regions of oicurrcn:;
shoran tit these Illu%tration% mull not he %iemed as in 1n•
Slinlaltt•011% picture of the region in m hich the nurse occurs. V
Large distances from the earth, R Ill R,, the abih1% of tl•c
mainictic field model Ilor \„ and %it 1 1 to represent The rc.tl
field n also %uhicct to I.Lrge error, I he tcndcn,\ of the lmitu-
dni,rl mtdth of the region of occurrence to increase s%uh n•
creasing radial dI%tan:c is prrh.thi% duc in earl tit 11f th \
t%pc I or the lhrc%ho!d a\cd m this anal%%i\ (tic matmitin-
frcyuenc% of occurrence Is about :U"; NCC.ali%C o) W11por,11
%mi.uttm% 01 %lie• I \hell on t%hl:h the no1\t Is detected . t Ill,":

mcamnplul paiamciet is pwbahl\ the per,-cmage o::w(c•
of the hluad-hand cletlroslmik: noise during a ►, 1%cis p.,
,across [tic auror.rl /. %hell. I or the thrc\hold i%ed in 11 ► ui;`
I I ,rnd 12' this pertenl.rvc occurrence is shout s al-to , 	tit
rcgioo neat lo-d midnir • Itl I he .0"Aute trctlucric% of t .,
ienit %hould nol he ton\ , dcrrd ill Iund.Irncnl.0 Ian, or•

A

rP



1.

i

IIN:	 (it Usk IIAsnItits ►, At Nlnlll 1A ItIlru,r tlto ItItatI 1 Uit 	 I

0-61's ^^•

MAGNETIC MERIDIAN PLANE SECTORS

L1u S K	 DAWN
(M LT. 15 TO 21 HR)	 (MLT, 03 TO 09 HR)

i

i

I

a tyl

15 Re	tO Re	5 R!

r -T	
^ ^•

2

Q( > 14 x I6 7 V011s 2 T 2 HST

AT 562 HS 1HAWKEYEI
OR 633 HS (IMP 61

r
it of a .

Its

LATITUDINAL

JMIT OF

ORPiTAL COVERAGE

Fig ID %lagnetic meridian p!anc plot, comparable to Figure 9 for mrtineui kxrl times near local d,l w n a-d du,k

since it depends sonicw hat on the choice of the threshold held
strength Htiwe,ci. the region of occurrence on auvroral field
line, cstcndin g hack into the distant magnetot.ul is rclauscl)
In,cn,ltnc to this threshold

1 o Illustrate the sarlations in the region of occurrence with
m ienctic local time. Figure i' shows the frcyuenc) of occur-
rcncc as a function of magnetic latitude and magnetic local
little at a cun.lant radial distance. ^, 01 R, 5 R , 6.31 R, This
range of radial distances was cho,cn becatue it is suflicicntls
far from the earth to pro, idc nlcasuremcnls oscr a w 1dc range
of magnetic l.ititude% and still close enough for the magnetic
held model to he rcastinabls accurate I or relerence. the L
saluc of the magnetic field passing through R = 5 62 R, is
shown tin the right side of Figure 1' The broad-hand clec-
tro %tatic noise I, seen to occur in an essential(% continuous
hand at all local times around the earth The noise occurs at
the Itiwc,( magncilc latitudes near loo al midnight and at W.-
lcinancall, higher magnetic latitudes on the dassidc of the
earth \car local nndnlght the makinlunl occurrence is at L
salues from about h to 1'

Rtt o iiowiiPToAIkoitm Hiss

01-wrl UNu q ,

\tiro tal his, is a broad-h.ind whistler mode emission com-
monlo oohser.rol in the auror,Il regions hi. Io%%-jllltuJc potl.ir-
'ir1>innE ,alclllte% \s Is Inds;.Itcd in I bore, a and 5. auroral
III,, h.ls •Ilse, hc• rn oh,crocd at h,eh altitude, m the macncio-
•phcrc M Woo,ke,c I and I-rip It \Ithough the hro.Id-hand

electrostatic noise son;etimes occurs to regions w here no au-
roral hiss can he identified, as In I Ipures ' and 3, in some cases
these twti ispes of noise occur In the same region of the
magnetosphere and .ippc.ir to he closeh related. This relation-
ship IN illustrated bs the two Hawkc)e I passes in I igures 13
and la. Both of these passes occur near local midnight, and the
plasma wane phenomena ohscr,ed are yualitalisci\ similar to
Inures J and 5 In both cases the auroral hiss emissions are
C.1,11% identified In the wide-band spectrogram% b) the charac-
teristic broad-bind noise spectrum, with little lcnlporal struc-
turc, cstcnding from a fcw hundred hertz to se,eral kilohertz.
A distinct upper cutoff Ire.fucncs is cadent at a Ircyuenc)
sllghlls hel000 the local electron g)roireyucncI, (indicated by
the dashed lines marked fir 1. This cutoff occurs because the
whistler mode cannot propagate at frequencies ahose the elec-
Iron g)rolreyucno I he spectrogtanl in F Igure 13 also clear(%
shtiws the distinct gap hclw:cn the auroral hiss and continuum
emissions which 1s usualls not apparent in the coarse fre-
yuenc) resolution measurements (as In I igurc 4) 1 he auroral
hiss spectrum from about I I(K) to 1230 UT In I quire 14, and to
some estent in I Igurr 13. has a distinct \' . shaped lower-Irc-
yucnc) cuttifl which hears !it unnuslakahle sim-larits tti the \ -
shapcd lots -1reyucnc, cutoff of the auroral hiss ih\cncd hs
low-altitude s,tlelfite, Iscc (ounro • rr. I 13 66: (,unrrrr anj frank.

19,11
In the top panel of I igurc 13, ses'cral periods Of enh.incrd

cicstn; held inlrnslls. characteristic of the broad-hand clec-
tnoo,iti, noi,c. can he set— . .'row ahnul I.'(1' lot 1100 1 1.
h,•i%%ccn llle tv%o region , w here the mitor.tl III— ;, o •hs;t\cd III
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Fip I I 1 he nornilimd frcquenct of occurrence of the broad-band electrostatic noise a% .r function of mattnctic
latitude .--W  r.ldwl d1,t.tncc in the '11,0-ll 00 magnetic local time sector near loirl midnight I he electric held threshold 1,
the same as tit I Igures 4 and Ill

t

1

i .

a

a.^

the W tde-hand spectrograms the broad-hand electrostatic noise
appear, as a distinct mcrcase In the intenslt% near the lo%%-
frequcnc% limit of the %pectrogram Note that the %tide-band
spectrograms(Nhlch are ohiamed b% using an automatic gatn
control rccer% crl ,hilt, kink the rclatl%e mteMlt% it different
frequencic%. %%hcrcas the fixed frequenc y char.neh gr%c the
absolute inicrism T tit:% c% en though the %t ide-hand spectro-
grams indicate that the auroral hiss has compleich dis-
appeared in the region %there the broad-hand electrostatic
none Is obser%ed, the fixed Irequenc,. channel. (I ? S lH:, in
particular) shot% that the auroral hiss Intensit% acluall% 1n-
creascs sl,ghtl. In this region The or?ad-hand electrostatic
noise therelorc can he Interpreted as a lot%cring and In-
wisrfication of the lo%%-Irequenc% portion of the auroral hiss
spectrum. This transition from the auroral hiss to the broad-

band electrostatic noise is sho%%n e%cn more Clearl y b% the
example In I tgure 13 In this case the enhanced electric field
Intcnsltte, In the s h :-Ii: electric !ield channel place the region
Of broad-hand electrostatic nome from about 11 35 to 1200 UT.
In.pcctlott of the ,tide-band spcctrograms sho%%s that this
none is cssentiall^ indistinguishable front 	 auroral hiss.

Docu.+sr(n

Because of the close relationship bct%%een the auroral hiss
ono the broad-hand electrostatic nuns the question J11,e,
%%hcthcr there is an) essential difference hcmccn the.c ttto
apes of noi%c the auroral hiss dcitctcd h% Ha%%hctc I mid
Imp b 1% clearly a .%hlsticr mode cicciromagnchc cml..IUn
%%htch propaeates a considerable distance through the magne
tusphcre. T he sunullaneous detection of both the electric and
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Fig. 13. Frequ.ncy-time spectrograms show ing the relationship between auroral hiss and broad-band electrostatic noise
during an outbound lfawkeye I pass near local midnight. The broad-band electrostatic noise sometimes appears is a
lowering and Intensification of the low-frequency cutotTof the auroral hiss spectrum. The distinct cutolTof the auroral hiss
at a frequency slightly below the local electron gyrofrcoucncy f, and the gap hetwccn the auroral hiss If < f, ) and
continuum radiation (f > f, ) arc clearly csldcnt.
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he magnetic field of the auroral hiss, as in Figure 4, shows that
the. emission is an electromagnetic wave, and the frequency
range f < f, unmistakabl y 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 held lire
below the spacecraft, as shown in Figure 15. It is 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 it wase normal direction, near the resonance cone. as is

'thought to he the case for auroral hiss observed at low Ali-
tudes ( /at lorand Shanhart, 19741. then the angle that the ray
path males with respect to the magnetic field increases eetth
increasing frequency, vaning front fl° at the lower hshrid

resonance frequency f i ll,, to 90' at the electron gynolrcyuen,:y.
This frcqucncs dependence causes the ray paths to dc%iate

increasingly from the magnetic field line as the wave frequency
approaches the electron gyrofrcauency. The effect of this fre-
quency dependence is to allow the emission to be observed
over a larger spatial region at higher frequencies (compare f,
and f, In figure 15), thus producing the V-shaped low-fre-
quency cutoff.

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

locallccd region and has no detectable magnetic licld com-
ponent, as would he expected for a local electrostatic plasma
ir,stahilils. nesplle these marled dilTcrcnces the wide-hand
spectrums, as In Figure 14, sometimes show a nearly continu-
ous transaion hctwccn the auroral hiss and the broad-hand

electrostatic noise. These obsersations strongly suggest that
the electrostatic noise a closely rel.ited te• the gcneratn o n of the
.lurorll hiss. latlorarlcl Shanharl 119-41 haee shossn thm for
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wave normal directions very close to the resonance cone the
whistler mode takes on characteristics of a local cle%mostatic

wave, with short wascicngths, small magnetic field conl-
ponents, and loss phase selocltles If the broad-band rler-
trostatic none Is closely coupled to these sh++rt waselcngth
whistler mode wascs or represents In cxtcn+Ion of the same
plasma %arc mode. It seen» entirely po,sihle that the auroral
hiss is generated dtrcctl 'v from this clectrost.ltic note b%
changes In the %j%c normal direction at pl.isma boundaric%
and densrts trrrgulmilies Processes of this lspr ha%c already
been suggested by Mugg% I l U 'hl for generation 0f auroral hiss.

Rl l kiiow lr to \11w%ii1u%hnt Rn PI sestks t4mo

I'll l o-Al lr,\I 1) ( ' 1 RKl -,1%

Ob+rrr'lli'm

11 c nose cowdu the rclati,nnhlp of the nucn,c cicclrlc held
I ^^. ti..1..... 	 .1.•r.•. ,..^1 1..	 II — L.-to I	 .."1 1.nn h li p lilt• 111.1,1:1.1,

and licld-aligned currents which are present In the high-lati-
tude auror.tl regions of the magnct0.pherc. To Illustrate the
plasma i0ationshlps %%hr:h are tspl:alls obsersed. Plate I
shows the charged particle Intensities for the unbound Rawls
rsc I pa%s In I Igure ' during the period nl sshlch the intense
broad -hand clectn+st.ulc noise Is drtcctcd ]"he top nso panels
of Plate I show the cncrgs-time %pcctrogr.tms of electron and
proton ultcn,mes detected hs the I e• pcdea, and the 110110111
ranel rise• , the counting thnl-wmdossed 11\1
tube the Iepedea on board lla%kkesc I prosules me.nure-
mcnts of the differcntial c• nergs spectrums of protons and elec-
trons %ithm the encrp range SO cV 4 E S 40 Ac%'. and the
(i%I luhe rc-,pond, t0 electrons +cith energies E > 45 hc\ mid
proton, %% Ith energies I ., bill hc\ In:onlparulg I Igure ' and
Plate I It Is csrdcnt that the repon 01 Intense bro..d-h.nld
c• Icctrost.111: none ohscrscd during Ili,, nas%. ccith I ummum
uucn,urr, from about I: t4 i0 1'44 1 1 . o:cut, lust hetore the
ranld ulsrc.l,c in the l-\I tube counting ralc .t , id in .1 rq m

r.
r.
r

c
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I
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10.0
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5.0	

1	
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r^	 t	 r^	 r I	 • r

0

I Ie Id Another case. %inid tr to I tgure I I , showing aunnal has and hroad hand rlc,rost.n , noise during an inhound
Flaw ► ese I pa,% in the cork morning In thin case, nu clear dlsunctitm k:an he made hetssccn the auroral hiss and the broad
hand cle,tro,tatic nm%c

1
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1 l it 15.	 \ qualnati%c n,odd sho-ing the region of broad-hand
electrostatic noise and the r.l% path, of the auroral hiss %u ► gc%tcd h\

e%cnt% %uch .l% nI 1 igurc 14 1 he r.n path%ol the %%hi%tlrr nn •de auror.rl
hiss tenJ I,, des i.uc Iran the local ni,Ignctn Ircld dire, tion .I% the %%.r%e
frcquctio approaches the clatron g%rolrcqucnc% l he lic,yurnc% de-
pcndcnee of the ray path can account for the \ -,h,Iped Iow Irequenc.%
c ul % r tl

%%ith \uhst.tlut,al Ilu\rs of lo\%-cnerg\ ( - I ke\ ) protons. The
rapid increa,c m the (i\1 Iuhc counting rate at ahotit 1'4' V T.
Nhich IN sho%%It III more drl.lil III I igure Ih, marks the entrance
Into theStahl\ trapped region of the outer radiation tone and
I% ,I charactcr\tic houndan called the electron E ^ 45 Lt\
trapping houndar\ I ow-altitudc mcasurenients of con%ccU!n
electric field s sho\% that the f -4^ k,\ tripping hound.ln
u%tl,lll\ corre%pond\ clo,cl% %%ilh the houlldan hel%%ecn open

and closed ni.lgnrtic licld lines [frwik and (iurnett. 1971: (jur-
/It'll J/L1 f rJn4. 1 a ' 1I 1 lie to%%-encrg\ electron and proton
spectrums in the region in \%Inch the hro.rd-hand electrostatic
noise I% oh\cr%rd arc characteristic of the high-den%In pla%ina
t)picall\ found in the inaeneto%heath and p olar cusp The
relationship of the rlcctrostaue nor%c to the E 1 45 ke\
trapping houndan and to the low-enrrg% plasm., in this cast is
qu.tlt,iti%cl ,N %nniltr to e%ents of the t%pe pre\wush Jiscusscd
b^ S,Jrl C-1ai I 1 1)'I. I 14 'Sl \I;cr crossing the trapping hound.
an a region of %en Intense I I-111 kc\ I electron intensittc. its
encountered Irom about 124 s to 1310 UT I hc%c more cncr-
gcli, and inicn%c c:cctron dusts are charactcrl%tic of the outer
radiation tone during magncticall% disturbed pr-riods to mag-
netic %torn occurred ' dais earlier, on October 14. 1974),

t\amination of charged p.Irticic rneasurcmcnt% similar to
those in Plate I and Figure 16 for othe , local times \how% that
the region of broad-hand clectrost,ure noise Is consistenits
ohsrr%cd near and alwass on the polc%%ard side of the electron
E > 45 Ac\ trapping boundar%. outside the energetic II - Ill
keV ) electron inten%itic% char.i ictistic of the plasma sheet and
Outer radiation tone I ter region oI intense electric field turhu-
lencc is u%uall% charactcrtcd h% a di%onct increase In the low-
cncrg% I loll e\ Io I ke\ I electron and proton inicn%cues
Sc%cral t\pes of ntca%urcnicni% sho%% that .I disrir,ctl% different
high.r-drnsil\ pLI\m.t	 cncounteretf in ih , rtgi,,n In I igurr
1 a sharp utoll I% e\ident in the conlinutnn radiation Inn the
I) 1-kilt channel. III parit,ul.ii I all about the time. - 1N25 UT.
Ihat the hroad-Kind rfr,uust.IUC noi%r I% encountered 1 he
t utoll I% alni,w ecrt• inl\ caused h\ ant abrupt mere.,%r in the

pla%nii frl'llucrlc\ and hence pla%rlla density III the region
,\here the broad-hand electrostatic nurse is ohsrr\ed phis
increase nl the plasma dcn\it% I% direcils confirmed M the
Iepcdea data for this pass Illustrated tit [']air'. whicl•, shows
an abrupt increaw nI the low-energ.\ (1000 It , I I%,% )cicclron
and proton Inlcnstic% characteristic ul magneto%hcalh and
polar cusp pla%nia at about IS25 UT. T he %tatic elcctnc held
nlcasurcinent on lIa%%I,CNc I, which is -r)scnsiti\c toch.ntgcs
in the plasma density and temperature. also usuall\ Indicates
,art abrupt dI%continuit) at the boundaries of the region white
the broad-hand elect rostatI, noise is ob\er%cd

I he Ila\%kc\c I magnetic field data ha\c been carefully
cuinincd tit scorch of magnetic held perturhmions caused by
field-allgnrd current, nl the region %% here the broad-hand elcc-
trostatic not-.c is obscr\cd. III most cases, no corresponding
niagnclic field perturhatrons can he detected Ho%%e\er, In a
fcw cases, magnetic field perturbation\ occur w hich arc almost
cert:unl) associated %%Ith field-aligned currents One of these
cases is Illustrated In Figure '. The Illagrlcllc held nicasure-
ment% In Figure 2 clearl y sho\% numerous small perturbations
In the angle N" .I% the spacecraft passes through the region in
whnch the most Intense broad-hand electrostatic noise Is de-
tected These magneuc field perturbations ha%e not %cl been
anaIN"ed In detail because of the prr%Ioush mentioned proh-
Icm of reconstructing the spacecraft attitude during the peri-
ods tit question Ilo\%e%cr, the magnetic field signature gi\cn
bit the angle N" \% hen compared it ith sinular nicasurentcnt% of
this t\pc h% Auhn el al fl y "1 and falrbeld [W .11 . pro%Idcs
con\Incing evidence that field-allgncd currents are present In
the region %%here the broad-hand clrciro\tatic noise occurs
Sundar magnetic field perturbations Indic:ati%e of field-aligned
cuncnt% are also c%idrnt In Figure 5 and to .I lesser cucni uI
F Igure •1 T he magnetic field mrasurenirnls III I igure 1 show ,I
\omr%%hat different magnetic field signature s%hich h.i% been
ohsci\rd sr\cral times on the da ,.%ide of the earth In this cast
a marked change nl the slope of N" \,rsus tintr is r%Idrni ,t% the
%pacecrafl enter% the region of hroad hand electrostatic noise
at about I S'S UT As the spaccci.Ift passes through the region
of most Intense electrostatic nwsc. front IS30 to IVJII UT, N"
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.hinges by .shout 45 0 . and many small amplitude fluctuations

.Ire r y Item tit both the magnitude and the direction of the
t cld Both the ske%wig of the magnetic field direction and the

small sca l e fluctuations indicate that the spacecraft has entered
region of higher d (ratio of the plasma to magnetic field

pressure) In which the plasma is producing significant local

,hin g es nl the magnetic field The abrupt increase In the low-
cncrgy 1100 e\ to I kcV) proton intensities. shown in Plate 2.
pro%ides further evidence of the higher 3 In this region. The
m,Ignctic field in this region still remains suflicienlly well or-
dered to rule out the possibility that the boundary at 1825 UT
could he the magnelopause.

Ui±ruv.sion

It is evident that the broad-band electrostatic noise detected
by Huvvkcye I and Imp 6 corresponds to a distinct plasma
region which cttends along the magnetic field from low alti-
tudes in the auroral zone into the distant magnetosphere.
v\ hen these data arc 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 ma g netic field lines which connect with the region of
intense inverted V electron precipitation observed by low-
altitude polar-orbitirg satellites (Frank and Ackerson, 19711.
This conclusion is supported by the follol+ing specific com-
parisons. (1) As was discussed in the previous section, the V-
shaped auroral hiss cv'enis detected b y Hawkelc I and Imp 6
appear to originate from the region in which the broad-hand
electrostatic nois-. is detected. At low altitudes, comparable \ -
shaped auroral hiss evcnts are directly associated with inverted
V cvcnts [G nreir and franA. 1972a] and can he reliabl y used
to identif y the inverted V electron precipitation region (21 The
low-frequency magnetic noise bursts detected by Hav keve I
and Imp 6, which occur in the same region as the broad-bard
electrostatic noise. appear to he the same as the w histicr mode
ELF noise bands reported by Gurnerr and Frank 119726) at low
altitudes. These ELF noise bands also occur in the same region
as the inverted \ evcnts and can be used as a good indicator of
the inverted \ electron precipitation region. Of The broad-
band electrostatic noise occurs in a region which is pulcward
of the electron E > 45 keV trapping boundary. At low alti-
tudes the inverted V events h.rv'e essentiall y the same relation-
ship to the electron E > 45 keV trapping boundary [frank and
Ackersun, IQ711 (4) The broad-band electrostatic noise occurs
in regions with substantial field-aligned currents. At low dlti-
tudes the :merted V cvcnts are also known to occur in regions
with substantial field-aligned currents [Arkerson and Frank.
19721.

In the local morning the association of the broad-band
electrostatic noise with the low-altitude in v erted V electron
precipitation is not as clearly established as in the local after-
noun and evening. The iocation of the broad-band elec-
trostatic noise, alwa y s immediateh poleward of the E > 45
keV trapping boundary , suggests that he spatial relationship
with the incrtcd V events is essentialh the same in the loci:
morning as in the local afternoon and evening Unfortunately,
in the local morning, most of the remaining methods of com-
parnun either are absent or have not vet been adequately
studied I or ckaniple. auroral hiss events wish a distinct V-
shaped luw•frrqurncy cutolf. which provide a meth A of iden-
tifying :he inverted \ region in the loc.il afternoon and eve•
nine re not ohscrvcd in either the lo\ y altitude or the high-
alluu.Ir Pla,ma w,nc measurements in the local morning. ELF
noise hands, which also pros de a method of identilling the

in%crtcd V region, have not been studied sullicienll y In the
low; morning region at low' altitudes to pro%ide a basis for
comparison.

\\hen the Flawkeye I and Imp 6 measurements are com-
pared with other measurements to the distant magnetosphere.
a very clear relationship Is found with plasma wanes detected
In the distant magnetotail. Recently. Gurnee et al 119761,

using data from the Imp 8 spacecraft at geocentric radial
distances from about 23 1 to 46.3 R,, reported observations of
broadband electrostatic noise and magnctl: noise bursts with
characteristics essentially Identical to the noise detected by
Hawkeyc I and Imp 6 much closer to the earth. Actual)v. Imp
6 also detects this noise in the distant magnetotail (see Figure
I I ): however, only the near-earth results. R <_ 10 R,,, are
emphasized in this pipet. In the distant magnctotall the broad-
band electrostatic noise and magnetic nose bursts are detected
b y Imp 8 near the outer boundary of the plasma sheet in
regions which have very large plasma streaming velocities.
> 10' km s ', directed either tuward or awa y from the earth
The electrostatic noise intensities are often greatly enhanced
during periods of intense auroral acuv In. On the basis of these
and other comparisons, Gurnee et al 119761 suggested that the
broad-band electrostatic noise and magnetic none 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 1Auhri et al. 19'2: fairheld. 19711.

The vcr y close similarit y between the broad-hand electrostatic
none and magnetic noise bursts detected h\ Hawkeve I and
Imp 6 near the earth and by Imp 8 in the distant magnetot,ul
provides strung evidence that this nurse Is associated with
'.cld-aligned currents which map into the inverted \ electron
precipitation regions observed at low altitudes. The relation-
ships between the plasma waves, plasma regions, and held-
aligned currents suggested by these data on the nighiside of the
earth are summarized in Figure 17.

At other local times the relationships between the broad-
band electrostatic noise and the plasma regions of the distant
magnetosphere are not as well understood On the d.r\side tit
the earth the distinct skewing of the magnetic field direction in
the region w here the broad-band electrostatic noise is detected.
as in Figure 3, strongly suggests that this region corresponds to
the 'entry layer' discussed by Pa.t hrnann et al. 119761 Since the
imestigatiun of the polar cusp region w ith Hawkeyc I is still in
a preliminary stage, further study is needed to establish the
relationship of the broad-hand electrostatic noise to the
plasma regions observed on the dayside of the earth.

SUMMARY AND I\7FRPR1  T%T10\

In this study we have shown that a region of intense plasma
wave turbulence occurs on high-latitude auroral field lines it
altitudes ranging from a few thousand kilometers in the iono-
sphere to greater than 40 R, In the distant magncimall T"o
distincth dtfTerent components are evident In the spectrum of
this turbulence. (I 1 an intense qua%i-clectroNtatic component
called broad-hand electrostatic none and (2) a weak whistler
mode electromagnetic component called m.Igncuc noise
bursts. The broad-hand cicciro%latic noise occurs o y cr d vcry
broad frequency range, a few hertz to sevcr.il kilohertz, wllh
ma y imum electric field intensities in the Irc,luenc .\ range of

.rbout 10-50 If/ .md t y pical m.rvnnint hro.id-hxid rnis cle.tn.
held trenrihs of 10 m\ m ' The magnetic no sc bursts occur
to the frcgt:cncv range of about 10 Hz to a Ic y% hundreo hertz
(ahv.rvs %% nth i c !, I and are usually mull 1111cnse ,it Ircqucn-
cics of about )1111 IIz. wish npiial broad-hand nt,ignrUi held
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Fig 17.	 The spatial relationships het%%een the hro.id-hand elc:lrc%g atic noise. field-aligned currents. Iow ihiiude in%cricd
V electron precipitation, and carthwdrd streaming protons I . the distant magnctotail %uggc%ted h% this study
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strengths of about 10 my. The magnetic noise bursts are
always obscr%ed in the same region as the broad-hand clec-
trostatic noise. In the local afternoon and evening the broad-
band electrostatic noise appears to ha%c a .lose relationship
with auroral hiss emissions which occur tin this local time
region. Comparison with low-,tlliiudr mcasurcnncnt%pro%idcs
substantial c%idcnce that the intense plasma wa%c turbulence
detected h% Ha%%kr%r I and Imp h occurs on niagncuc field
line% which co elect %%rlh regions of intense in%crted % electron
precipitation ohscr%cd at low altitudes. In the distant magnc-
totid the %,rise pl,isnn,l wa%c (urhulcnce is deicctcd h% the Inip
8 spacecraft in rcgton% %%ith intense flutes of protons sirr,m ing
toward the earth at selocitics sometimes to exec%s of to' knn
s I . Al intermediate radial distances. magnetic field per-
turbations char.icicri%tic of field aligned current% ha%c been
detected in the same region a% the intense pia%nia w a%e turhu-
lcnce

%hen these results are compared with other pre%iou% elec-
tric field nnca%urcments, it is apparent that the broad-hand
electric field turhulcnce dclrctcd h% Ila%%kc%c I and Imp h has
mink clo%c %inid.iritics to the c!c:tnc field turhulcnce detr:lcd
by the Opt, s %pacccrah in the high.Lttitudc rceron% of the
magnclospherc (Scarf el a/ . 1971, 1 9 '51 In both case%, inten%r
electric field turhulcnce is obsrned near the energetic if ; 50
ke y') electron trapping hound.in and in region% %kith large
field-aligned currents Ho%ke%cr, substantial diflcrcncc% are
also e%!dent Thr most intcn%e component of the broad-hand
electric field turhulcnce drtc:tcd hs Hawkc%c ! and Imp 6
occurs at frcqucncrc. ( I0-50 Ht) which are %%cI1 hrlow the Iow-
frequenck cutolT i - so(1 Hit of the 0go 5 pla%ni,t %%a%c e%peri-
ment and therefore not dctrctat % lr N nhin the Ircqucn,.. rangy
of the Ogo % c%pcnmcm the electrostatic IlirhUleniC uSLIA11%
con%t%ls of a fr%% %cr% impuki%c bursts %kith durmion% of onl% I
few seconds Ili :ontrao. the low-frequcnc% %omponent of the
clrc!r0sl.itic noisC dclrctcd h% Il,iwkc%c I and Imp h ocLurs
o%er .I broad region. usu,ill% %c%cral dcgr:c% In ntaenctic 1.111
tudc. with a marl% :on%ti nt inicnsit% I icqucntl% shirt dur.i-
lion hunt,-it, he sccn In the II,I%%i,c%c I and Imp h %%idc hind

spectrograms, as in Figure R, extending upwdrd in frcqurnc%
out of the Intense lo%% rcqucncN component. These hriel
bursts probahl% correspond to the intense short duration
hunt, detected h% 0go 5.

Although most of the general Ir.Llurcs of this plasma wave
turbUICIICC arc now known, man% questions rcm,un concerning
the pli%nna wave modes in%oked Ili this turbulence and the
role Ahich these wa%c% pla% in the pLi%nn.i processes which
occur along the auroral field lines Although the mode of
propagation of the magnetic noise bursts call :Ic.irl% identi
lied as the Nhisder nnodc. the plat%md wa%c mode asso:laled
%%ith the hroad-hand electrostatic noise is poorl% under%rood
I he ricarl% continuous transition of the %%hi%tier mode .uroral
hiss %pcclrunn Into the broad-hand cle:lro%tanc noise Ia% to
Figures 1 1 and I41 %uggests that the hroad-hand cic:tro%latic
noise i% clo%cI% associated with the %%hr%ticr mode •1% was
discus%ed earlier, %cr% short %%asrlcncth %%hi%ilrr mode %%a%r%,
with wa%e norm it directions close to the rc%otwn:e con y , ha%c
many of the characteristics required tr c%plarn thi% noise (the%
are quasi-clrctro%Earle, hake a low-frr%lucnc% culoll near r , I,".
and ha%c small phase %elocitir% :h,iractcn%tic of a spaliall%
localitrd plasma %%d%e model Although the hioad-hand clrc-
tro%latic noise his certain ch,iractcristic% oI the cold lla%nna
%%hi%tlrr mode, hot pl,i%nnd C11e:1% must crrt,nnl% he in%01%rd In
the gcnrranon of this noise Mo%t like.lk, this noise is a%%o-
c!atcd with a hot plasnia mode. %uch is the Ion %ound %%.r%r
niodc I f	f,,' ) or the cicctrL% %tatic ion c%clotron nt, I dc% I,
ref.' 1, which couple %trongh %%iih the whi%ilrr mode it Ire-
qucncre. near

*
 1 , H . I lectro%unk: m%tahrline% and \A hi%llcr

mode coupling etTecis of this i%pc ha%c been di%:u%scd M
sc%er.il in%c%t!galors (c g . Sr'I •nenAll aril Ateparot. 1967:
Jame % 19 76; 1fagg q . 19'h( Sincc hoth the hrodd-hind cicc-
!ro%tatic noise and the whistler mode magnetic noise burst%
occur in rep on, %%ith %uhstdnn.il field .ilyned currrnt%. it
%ccm% alwost :ert.iin thm both If the%c "sirs are produced h%
a current dri%rn in%t,ihihl% "ItIlhough .c%cral :utrvnt dri\cn
m%l,ihihli%:N ire known %%hich kould po%%ihl% ,iLCOum for these
w.i%cs lc r . Avide/ wid A. rrnrl l y 'I l lurlhcr drt,ulcd %tudivs

t
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of the chargcd particle diunhution functions are needed to
identil the plasma in%tahrlilie% m%of%cd tin lire generation of
these wa%C%

Since the broad-nand electrostatic noise I% helic%cd to occur
on the same magnetic field Imes as the in%crted V electron
e%cnt%, it is of interest to consider hot% this pLI%ma wa%c
turbulence mat\ he associated with the inserted \ electron
acceler.rtion and heating. As was discussed h% fronA and .4ih-
rr%ott 11 97 11. Lcam 114 7 41, and others, the inserted V electron
acceleration Is hellc\cd to fake place relatncl% close to the
earth, at radian distances of oil% a Ic%% earth radii. Numerous
other phenomena, such as auroral hiss 1Garitett and Franks

197:(11 and auroral kilometric radiation 16tiria•rt, 19741,
cicarli show that some dlstmcil% nonttier mal process is taking
place along the ni g httime auroral field Imes at .Ilutudc% from
about 5.0lltl to '(1.0041 kiln lit the same magnetic field lines a>
the m%crttd \ c\ent%, Intense field-aligned currents arc known
to no%\ het\%cen the distant ma g nctosphere .Ind the tono-
sphere, and intense IluxeN of protons are detected strcanung
toward the earth in the distant magnctotail 1/ rare4 vt al 14'61
In considerin g the possible role of the plasma \% tic turbulence
detected h\ IIa%%ke%e I and imp h on the acceleration ,Ind
heating of the auroral particles, two m.un yuCSuon% cdn he
identified: (I I %%hether the %%a\cs act to Ihenmalvc the carfh-
ward %[reamin g protons and lit the process heat the electrons
to the high temper.turrs characteristic of the imerted \
e%ent%. and (-') %%he t her the wa%Cs cause an anon!alou% resl%-
tivil% sutlicienll\ large to dccount for fielll-dlIgned PoICntI.11
differences thought t% % be tmol%cd in the pnntar% acceleration
of the inserted V electrons

Since onl% a small fraction of the protons %tre.ummg to%%ard
the earth in the distant m-Ignctotail arc oh%cr%ed to return
from the direction of file earth, front% 11 9 '21 has %uggracd
that the Cnerp carried h% these protons is transferred to the
electrons at some point .long the magnetic field line closer to
the earth, thcrcb\ ,t:cou lit trig fr- the imerted \ electron pre-
Cipifa11011 and the ab%cncC of con.

'

able intense proton flu\Cs
at low altitudes Emcc the plasma at thc%e altitudes Is nnarl%
collisionles%, sonic mechanism is needed to transfer the energp
and momentum front the electrons to the protons The occur-
rence of intense plasma %%a%e turbulence along the field lines
where the in%crtcd \ c%cno. ire ohscr\cd sirongl% suggests that
this turhulcn%• e is in%ol%cd to heating these electrons In manil
respec!s the process could he %imilar to the earth's how %hock,
where plasma %%d%es play the dominant rule in the plasma
heating f or file oh%er%ed electric field spectrum the primar%
interactions \\ ith the protons w outd he expected at the harmon-
ics nf,' of the proton profrc,luency. The clectron healing
could occur h\ either Landau damping or c\clotron damping
of the war%e% generated h\ the earthward streaming protom

In addition to the heating caused M the generation and

reahsorption ol"pli%nia wa%c%. cnerg\ exchange can al%o oc%ur
in regions of field-.Iligncd currents hec.iu%e of the anonl.Ilou%
reswi%it% caused ht the plasma wa\c turbulence I: sumaic%of
the field-aligned potential dillcrencCs caused bit anomalous
rc%i%ti%It% lit region% of field-aligned currents ha%c been pre.
viou%I% gi%cn M Fredri,Gc of al 119 7 .1 1 \%%unung an rm%
broad-hand Own,: field strength t , f 90 rn\' nn '. I rcdrick% ct
at e\tinlale that held-aligned polenual differcnce-tof the oidcr
of k\ can he C%pecicd In the rc 'e ton %tir%c\cd h% llj%%1c%c I
.Ind Imp 6 the rats ciccirlc held strength of the broad hind
cicetr,ostatic ntm sc I% %eldom L,rgcr thalt ,Ihoui 10- '0III\ nit '.
.Ind in the distant rii.icictotid the Cleciric field stren g th of thi%
nt,t% t• 1, cwr smaller, seldom cxcecJnlg shout 1-: tit\ m ' [%cc

(truant rt al . 19761 Since the anomalous rc%1%U%it) varies ,1,
the syu,Irc of the electric field strength 1.Sag(h-cc and bah-vt

19661, the held-.tligned potential dill'cicnccs in the rcgt„ n-
sunc)cd hl I and Imp h are Ic%s than those cst
mated h% Fredricks ct al , prohah1% not more thin about 200
\ . aS\unnng that the other parameter% are similar Poiential
differences of this order are too small Ill account Gtr the
electron energies of - Ill kc\' uhscr%ed in the imcncd V Oct
Iron precipitation at It\\% altitude% Ho%%c\cr, if Should he
noted that the IIa%%kc\e I ,Ind Imp 6 measumnicn ► s do not
Include the radial distance range of about 1 8-4 0 R, (at L -
R), and the electric field Inlensit\ Ina\ he signllicanll .\ larger m
thl%allnuderange Comparisons 	 Imp 8and ILr\\kc\c
I tit fact suggest that the electric field intenst% oI the Imo,Id-
hand electrostatic noise increases at lower altitudes (compare
Figure 5 from (mmeti rt al 119 7 61 with I t p urc 6 of this paper
l he possihrht^ that the electric field Intensities ma% Inere,Isc
%%th decreasing almude is further supported h% the Ogo
oh%cn ations of Snarl et al 119731. in w hi g h electric held
%trengths .I\ large a% --%($) ill\' m ' were oh%cried at ,I r,Idi.il
distance of 2.5 R, Broad-band electric field %trenglh% this
large ha%e not %et been ohser%ed h\ H.mkc%c I .!nd Imp n
The ah%cnce of %uch large field strengths In the Ila%%kc\c I .+rid
Imp 6 dat,l is not considered to he In disagreement %%Ith the
Ogo 5 measurements hc'ause of [tic pic\Iousl% mentioncd
limitation\ .n the orbital co%cragc. \t high his not \ct pro%Icicti
measurements at radial distances near ' s R, on the auror,:l
held lines. Hopcfulh, data obtained later in the Il,lwkoe I
Illctinle can pro\ Ile the nlci%urcnncnt% nccc%san to extend file
result% of the present stud) Into the region from I S to 4 0 R,
.long the auroral field Imes.

Since the w a%cicnglh of the electric field turbulence dctecttd
ht Ha\%kc\c I and Imp 6 rmd^ he \cn \hor 1 , constdrrali,,.,
must also he gi\cn to (tic possiblht .% that the %%a%elcnglh% ma\
he shorter thin the antenna lengths (4'.45 and 9' 50 in for
11.Iwke\e I ,Ind Imp 6, rC,pcctr.Cl\ 1 II %%,nrlcnglh\ \ occur
\%hich are shorter thin the antcnna length 1.• then the elect • .
field sircngth %% ill he undciC%llmdlCd, pons hl% h% a large factor
if \ -,-^ L. 1 he %hortc %1 %%a%elength %%11101 can occur in ,I

pla%ma i% appro\nmatcl\ \„ = 'ir1„ 46611 it I' ` ill, where
X,, I% the Dch%e length, h I% the electron lennperatutre to cict-
Iron %oft%• and n I% the cicctron dcn%t% to unit% per cuhi,
centimeter In the high-.Ilutudc region IR '- 4 0 R. ) \unc%cd
h\ Haw ke\c I and Imp 6 .I reliable upper h mit to the electron
den%o can be obtamcd Irom the low-frcyucncN cutolf of the
continuum radiation. %%hi g h nuI%t occur at freyuC1%IC% greilct
thin the local cicctron Iol,nma Ireyuenc^ f _^ f,. , 9(,t 1' ' kH1
In the region where the broad-band electrostatic noise is ob.
%er\cd the continuum radiation culolf I% 1\pi,:all% ,about IS
kHi and almo%t nc%er greater than all Mi. which nmphc.
dcn%ities of 1\nicall% J cm ' and ,,Imo%t ne%cr more than It)
cm ' The electron temperanrre I% more difficult it) estimate
Hcc.Iuse substantial fluw% of cicctron% with energies tit sc%er.d
hundred cicctron %ohs ,ire usual(\ present in these region%, it is
c%Iimated that the CICtIrtln lCillperalurt• I % almo%i ccrl.tinl\ of
the Corder of Itkl c\ tar more \\ hen it	 III g ilt ' ,Ind !	 I 
e\ . the minimum %%,itcletigth Is .\., = 14' 4 tit. which I% longer
Ilan either the Hsi%tkc\e I or the Imp t, antenna M a mgn lit -
canI l i:Ior \\ C tancl "tic Thai crI, , r% disc to %hors " I cic Ile th
cllccis arc it, , l I i kcl% lit, he present In the h I , h . .IIttudc I R J t
R, I mc.i%urcmc is presented rot ih1% paper 1 ht%conclusion h I%
hccn %crihcd lit a fcw car%c% I, tomparmn mc.omcnicnt\ oh
1i I I I c J w It It .utcII Ili% of dIIfercnt lengths tan Inlp 6. %%hr, h %hn%%
the expected proportion.ilit 	 tat the signsl sircngih %wit in
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creasing antenna length which should he obserxcd %hen A>>

L.
For the low-Aniudc region tR < 1 8 R, 1 surveyed h% IIeNk-

esc I it is certain that the rnrnnnum wavcicngth can be m'=:k
less than the antenna length hec.iuse of the larger c'.--.trsr.
density .ind lower electron temperature to the tone
Whether the broad-hand electric field turbulence Jetectcd at
loss altitudes jctuJlls has Mrselcngths sufficiently short to
cause scrit)us errors to the electric field measurements % diffi-
cult to determine and has not been in%cstigated in detail, since
the primarN emphasis U( this studs has been on the high-
altAudc obscrsatit)n On the basis of earlier studies by AeUrt
and ,No:er 119721, in sshich wavelengths of the lux► -altitude
electric field turbulence were direct)+ measured, Kintner 119761
has presented arguments +hosing that the wavclengths of the
broad-band electrostatic noise arc sufficiently long to preclude
the possibilit% of scnous errors in the electric field spectrum
even at ION altitudes.
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ELECTROSTATIC TURBULENCE IN THE MAGNETOSPHERE

Donald A. Gurnett+
Department of Physics and AstronccW

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
qu&litatively 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 surmarize the basic character-
istics of this electric field turbulence and consider the possible
role thin 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 from a few thousand kilometers in the auroral ionosphere to many

I

	

	
earth radii in the distant magnetosphere [Garnett and Frank, 1976; Gurnett
et al., 19761. A similar region of electric field turbulence with somewhat
lower intensities is also detected near the pLQ smapause during magnetic
storms [Anderson and Gurnett, 19731. The electric field intensity of the
turbulence on the auroral field lines f , often quite large, with maximum
field strengths of about 30 my m-1	 T'.. .Frequency range of the electric
field noise typically extends from abo,.;t 10 viz to a few kHz, with the maximum	

iP
intensity at about 10 to 50 Hz. Weak bursts of magnetic nose are also de-
tected in the same region as the electric field turbulence.

For manly years it has been suggested thr.t intense electric fields pro-
duced by current-driven instabilities can im eract with the current-carrying
particles in a plasma to produce an effective resistivity many orders of

Research performed while on leave at the Max-Planck-lnstitut fur Extra-
terrestrische Phy& k, 6046 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 [ 3 9711 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
same 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 [Paddington, 1967; Dungey, 19721. In this paper we
summarize 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.

r	 II. ELECTROSTATIC TURBUIMCE ON AURORAL FIELD LINES

1

I:

_j r

t

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
tie IMP-8 pass in Figure 3 crosses through the neutral sheet region of the
distant magnetotail about 30 Re 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
date give the peak field strength and the vertical bara 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 tine. 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 from 178 Hz to 5.62 kliz. At slightly
higher frequencies outside of the plasmapause a series of (n + 1/2)fp- 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 fiz to
10 kHz. Since this noise 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, 19761. Some
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Figure 1. A Hawkeye-1 pass near local darn). Intenee electrostatic
tuabultnce occurs near the plasmapause, from 1620 to 1625 VT 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 k}iz 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 entered a region of distinctly higher plas-
mas density (with fp = 17.8 kHz) in the region where the broad-band electro-
static noise occurs. At the same time a distinct skewing of the magnetic
field direction, 9 h , and an increase in the magnetic field fluctuations are
evident. both the skewing of the .nagnctin field direction and the increase
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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., 19761 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 typical 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, cpYM, 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 magietotail for which the same type of broad-band electrostatic
noise is observed at a radial distance of over 30 R e from the earth. During
this pass the transition from the northern to the saithern lobes of the ma-
netotail is indicated by the change in the magnetic field direction from wgm

0° to cp,M — 180° and the high energy density ti 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 relPtively steady field
characteristic of the high latitude mcgmetotail to the depressed and more
variable field in the plasma sheet. Detailed comparisons with the plasma
measurements of Frank et al. [19761 for this same period show that the in-
tense broad-backs noise occurs in regions with large flow velocities, > 103
kr 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 the 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 4.
These spectrums show that the ratio of the average electric field energy den-
aity^to the average magnetic field energy density is much greater than one,
E2/C` B2 _ 39, which illustrates the essentially electrostatic (or quasi-
electrostatic) character of the turbulence. Tire electric field spectrtun in
Figure 4 also shows that the frequency range of this turbulence extends from
near the proton gyrof'requency, f g , to the electron gyrofrequency, f - . 'I1ie
largest electric field intensities occur at low frequencies, from a
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50 Hz, in the range between fh and the hybrid frequency f q . The r.m.s.
broad-band electric field strength for this case is 10.8 mV m- 1 and the peak
broad-band field strength is 35.6 mV m-1.

Using the extensive measurements available from the IMP-6 and Hawkeye-1
spaceci-tft a detailed study tuts been ande 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 }iz for Hawkeye-1 and 63.0 Hz for IMP
-6). The threshold electr4 fie^d spectral density used for defining an
event is 1.4 x 10-7 volt2 m- Hz - . Figure 5 shows the frequency of occur-
rence as a function of radial distance, R, and magnetic latitude, ) gym, for
magnetic local time in the local midnight quadrant, from about 21 to 03 Hr.
MIX. These data show that the broad-baud electrostatic noise occurs in two
distinct latitudinally symmetric regions, starting at high latitudes, 70
near the earth and extending to progressively laver latitudes with increasing
radial distance. The two regions appear to merge in the distant magnetotail
at a radial distance of about 10 Re . The ?ittitudinal width of the region of
occurrence, approximately 20 0 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 hasis of Insses throto-i the plasiaa sheet, as
in Figure 3, in which the noise is observed near the outer boundaries of the
plasnki sheet, it seems likely that at ally given time the northern and south-
ern regions of occurrence rennin distinctly separated to much larger dis-
tances (R >> 10 Re ) 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-
t	 netic latitude and magnetic local time at a constant radial distance, 5.01 Re

< R < 6.31 R . This range of radial distance was chosen because it is suffi-
ciently far ?^om the earth to provide measurements over a wide range of

lmagnetic 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 Rt 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 PLASMAFIAUSE

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 kiv m- l . 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 pleismapause noise
greatly exceed4 the magnetic field energy density (for example, compare this
noise with the electromagnetic plasmaspheric hiss emissions in the 178 Hz

^.	 channel at 1615 UT).

Electrostatic noise of the type illustrated in Figure 1 has been pre-
viously observed oo the s 3-A spacecraft [Anderson and Gurnett, 19731 near
the equatorial plane during a magnetic storm and similar electrostatic waves
have also been observed at law altitudes near the plasmapause in association
with a stable red arc [Nagy et al.. 19721. 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.

IV. SU?0MY 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 s;-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 Re ) in the distant magnetotail near the uuter 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, > 10 3 km sec -l- [Gurnett et al.,
19%]. At low altitudes evidence has been presented [Gurnett and Frank,
19%] indicating that this law 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 eu a summarized in Figure 7.
Neer the plasmapause a lower intensity type of electrostatic turbulence is
observed which has many characteristics (broad-band, quasi-electrostatic,
peak intensity from 10 to 50 Hz) similar to the broad-band electrostatic
noise ubserved in the auroral regions. This noise occurs relatively infre-
quently ane. is apparentlN associated with the interaction of the hot ring
current plasma with the plasmasphere during magnetic storms.
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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-
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 < fp+ ) or the electrostatic ion cyclotron modes (f ti
n fg). Current driven instabilities 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 anomalous resistivity produced by the broad-
band electric field turbulence detected in regions of field-aligned currents
at high altitudes (R > 4Re ), indicate that this turbulence could only account
for potential differences of about 100 volts between R r 4.0 Re and the
distant magnetosphere [Gurnett and Frank, 1976). Unless the turbulence be-
ccmes 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 frc- about 1.8 to 4.0 Re
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
1

JAMES LAUER GREEN, DoNAlo A. GURNETT, AND STANLEY D. SlIAW11AN

Department of Physicf and Astronomy. Unieertfty of towa, lows City, lows 51:11

Measurements of the angular dt • trihution of auroral kilometric radiation (AKR) arc presented b% using
observations from thr Haskcse 1, Imp 6, and Imp 8 satellites The Umsersit) of Iowa plasma wave
experiments on Hawkese 1 and Imp 6 proside electric field measurements of AKR in narrow frequency
bands centered at 178, 10(1, and 56 2 kHz. and the Imp 8 experiment prosadcs measurements at 500 kHz
From a frcqucncs of occurrence surses. at radial d stances greater than 7 R, (earth rad;t) it is shown that
AKR is preferentially and mstantancousls beamed into solid angles of approximateh 3 5 sr .0 17M kllz.
1 8 sr at 100 kHz. and I I sr at 56 2 kHz. directed upward from the naghnimc auroral tunes Simultaneous
multiple satellue obsersations of AKR in the northern hemisphere show that the radiation occurs
simultancoush throughout these solid angles and that the plasmapause acts as an ahrupt propagation

1	 cutoff on the nights!de of the earth No comparable cutoff is obsersed at the plasmapause on the dass!dc
of the earth

The results of computer ray tracing calculations for both the riehi-hand IR-A ► and left-hand (L•0)
polarized modes arc 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' insanant latitude near local midnight The approximate altitude of the source
can be determined for each of the two modes of propagation by adiusting the source altitude to gas^ the
best fit to the obscr%cd angular distributions. The R-A mode is found to give the best agreement wit.! the
observed angular distributions,

INTRODL CTION

Recent satellite observations have revealed two distinctly
different nonthcrmal radio emissions associated with the
earth's magnetosphere Both types of emissions occur at kilo-
metric ssaselcngths in the radio spectrum One of these types
of radiation has a rclatiscls constant intcnsit^ and is scry
weak. This radiation has been called the 'nonthcrmal contin-
uum' and is generated betsecn the plasmapause anc the mag-
netopause, the greatest inicnsits being on the dayside of the
earth [Gurnett. 1975) The other tspe of radiation, shich has
been called 'terrestrial kilometric radiation' by Gurnett [ 1974)
and by Aaiser and Ale.tander [ 1976), consists of intense spo-
radic bursts of electromagncuc radiation generated over a
w , de range of distances (2-15 Re) above the auroral zones
1,.aiser and Aletander. 19761. Since the most intense and fre-
quently occurring kilometric radio emissions originate from
the nighttime aurural regions and are closeh correlated sith
the occurrence of aurora. Kurth ei at 119751 have called these
emissions 'auroral kilometric radiation.' The present study
onl y considers satellite observations of auroral kilometric radi-
ation (AKR).

Dunckel et al 11970) first showed that AKR was correlated
with the auroral clectroiet index AE Using photographs pro-
duced from the optical scanner aboard the Dapp satellite.
Gurnett 11974) demonstrated a close association of AKR stth
discrete auroral arcs. Since A,Aerson and frank 119721 had
previously shoscd that intense 'in%cried %" clectron precipi-
tation events are correlated s!th discrete auroral arcs. Gurnett
[ 1974) concluded that AKR is closely associated stth the
inserted %' clectron precipitation

The power spectrum of At R has a large degree of varia-
bility with time Gurnett [ 19 7 4) presented a poser spectrum of
a typical aurora; k^lomciric burst as obsersed by Imp 8 that
had a peak p, • ,%cr flux of about 10 " W m ' Ht ' at 178 kHz.
On either side of '.he puk the spectrum decreased rapidl y in
intensity, decreasing to the receiver noise level at about 30 kHz
and to near the cosmic background at 2 %Mt. Aaser and

Copvraghi m 1977 b ► the American Geophysical Umun

Stone [1975) presented a similar poser spectrum with peak
frequency near 500 kHz, and thcs also indicated that the peak
may sometimes he as low as 130 kHz. Gurnett (19741 estimated
that at peak intensit y the total poser of AKR is sometimes is
high as IV W.

Preliminary esidencc presented b y Gurneti [1974) at 178
kHz indicated that .AKR is generated at radial distances as Jos
as 2.8 R, (earth radii) to the cscning auroral zone Irom a
source that 'suhtcnds a small angular size - Direction find ng

measurements from Imp 8 and Hascske I \Acre u,ed hs Aurth

ei al. (1975[ to locate the average source rcpron of AI,R
protected onto the equatorial plane at the frequency of 17S
W7. From Imp a e'sservations the aser,ige source region \A,ts
found to be a • a local t,me of 21,25 hours and at a distance: of
0 835 R, from . he m,iar axis These measurements s ould place
the source at a geocentric radial distance of .about 2 R, ,along
an auroral field line (70° !n%inant latitude). The Ha\Akeye I
observations presented by Kurth et al ( 19751 also gase similar
results

Using RAE 2 in orbit about the moon. Kaiser andAletander
(19761 produced tso-dimensional sourcc location me.!surc-
mcnts of AKR from lunar occultations Thcs found that al-
though the aserage source location at 2',0 kHz is het\Aeen 2
and 3 R E abosc the polar regions, a number of csents indicated
that the radiation may occas!onalh be generated at large
radial distance (>7 Re) From single lunar occultat!ons..4lex-
under and Aai.ser 119761 have obsersed seseral source regions
at the same frequency The most intense component of the
multiple sources is almost alsays closest to the earth, and the
weakest component is the most distant. A preliminar y in-
sestigation by Alexander and Aaiwr [I q '6) of the satiation of
source positions soh ohsersang frcuucncs indicated that AKR
emission at frequencies abosc 300 kHz canir from closer to the
earth than the emissions at frequencies les s than 250 kilt In
addition, the %ources in the northern hemisphere. on the night-
side. appear it) trace out .1 70' insara.tnl latitude magnctir field
Ian•

l he purpose of this paper is io determine the angular distri.
bution of auroral kilometric radiation at d!flcrent freo!ienctcs

Parcr number iA011 ,	18.15
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Fig. I. Cross calibration of the receiser responses of the plasma wave experiments on Hawkeyc I and Imp 6 using
simultaneous observations of a tvpc III radio burst

by making use of observations from three satellites over a
period of scscral years. Variations in these observed angular
distributions as a func ,i on 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 AKK The ray tracing calculations also indicate the
must probable polarization of this electromagnetic radiation.

METHOD of ANALYSIS

/n.Irrumtnration

The University of Iowa has nearly identical plasma wave
experiments on board Hawkeyc I. Imp 6. and Imp 8. Imp 6
and Ha w kcSc I arc in highly elliptical earth orbits The apogee
of Hawke y c I Is oscr the north polar region it a radial distance
of 13(1,956 km The apogee of Imp 6 is neer the equatorial
plane (orbit Inclination o(28.7' )at a radial dist.ince of :12,630
km Imp 8 Is in a ki%-cccentncity earth orbit near the equa-

torial plane with initial perigee and apogee radial distances of
147,434 and 295.054 km, respccusely, and on orbit Inclination
of 218.6°.

Each of the three satellites has a long dipole antenna for
electric field measurements The Hawkeyc I antenna Is the
shortest, measuring 42,45 m from up to tip The Imp 6 and
Imp 8 antennae are longer, 92.5 and 121.8 m from tip to tip,
respectively To determine the electric field Intensity at various
hequencies, the antenna signals arc penodicells analyzed Kith
spectrum analyzers. The Imp 6 spectrum analyzer has 16 fre-
quency bands with center frequencies from 36 Hz to 178 kHz.
For this experiment the liltcr bandwidths range from about
110% of the center frequency at high frequencies to 220% at
low frequencies The electric Feld spectrum .inak iers on board
HaKkt.ye I ,Ind Imp 1< also have 16 narrow h.lnd frequency
channels with center frequencies from 1. 7 8 Hz to 178 kHz
(f 10':1 and aC Hi u) I'd kiii 1 r to" I, respccusrl% In addi.
tion. Imp 8 has a tunable A;dc hand reccrscr which measures
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Fig. 2 The frequenc y of occurrence diagram of AKR as ohsersed
from the Imp h and Hawke)e I spacecraft at 56 2 kHz as a function of
MLT and magnetic latitude.

the electric field intensit y at 2 MHz, 500 kHz. 125 kHz. or 31 1
kHz with a bandwidth of s I kHz. The dynamic range of each
of these instruments Is about IINI dB The ra ys data from the
spectrum analy zer channels are transmitted as voltages which
range from 0 to 5 V and are approximateh proportional to the
logarithm of the clectric field intcnsity

In 6 months, Ha%%kevc I corers 24 hours of magnetic local
time and prosides obscrsations o yrr esscntialh the entire
northern polar regions. Complete coscrage of magnetic lati-
tudes betwecn —45° and +45° at all magnetic local times lout
to 33 Rr) is accomplished by Imp 6 after I %ear in orbit. The
magnetic latitudinal coscrage of Imp 6 and Imp 8 is gjue
similar, but a larger hody of data is now available from Imp 6
Consequently, ohservations from Imp t, and Hawkcse I will he
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 Hait,kete !
and imp 6

Since data from tMo diITerent satcllites. Imp 6 ano Hawkcyc
I, are to be combined in a single frequency of occurrence

X 12	 14	 16	 i6	 20	 22	 0	 2	 4	 6	 6	 10	 12

61AGW TIC LOCAL TI%W (nOLRY

I ig .1 The frequent)' of occurrence dtipram of AK R as oh%cned
from the Imp 6 and Hawke)e I spacecrali at 17x kH1 a% 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 obscrsations of a t% Tic III solar radio burst Tv pc
III bursts arc radio emissions from superthcrmal electrons
emitted h) the sun during a flare [Lin, 19'1)]. The use 1 +f the
t y pe III bursts to provide a cross calibration of Hawkeye I and
Imp 6 1% based on the assumption that the distance hetwccn the
satcllitcs is small compared to the distance the radiation has to
I-avcl from the source to the tao satellites. Both satcllites arc
then subjected to the same power flux.

Figure I shows a series of simultaneous observations of type
III solar radio bursts by Imp 6 and Ili%%key e I at 56 2 and 100
kHz on September 18, 1974, and at 178 kHz on September 17,
1974 The signature of the t y pe III burst "I these frequencies
can he recognizcd easily by the smooth cap .d mcrcisc in signal
strength to a maximum on a time scale of a fcw minutes
followed by a gradual decrease to the rcccrvcr noise Icvcl on a
time scale of several tens of minutes Nute the mu!uplc type I II

event on September 17, 1974, in the 178-kHz channels The
large sporadic intensity fluctuations on either side of the mul-
tiple type III events in Figure I are bursts of .AKR. Close
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examination shows that both satellites are • ccciving the same
AKR bursts, is is evident b y the closel y : . rrclatcd .ariation of
the electric field strengths in the 178.011 channels.

The cross calibration graphs on the left of Figure I arc
obtained b y plotting the raw voltage output of the Hawkcvc
spectrum analyzer versus the raw voltage output of the Imp 6
analyzer for thew type III bursts. Faeh point is a measurement
from both satellites taken at the same time and a! the same
frequency during the slowly decreasing part of the type III
radio burst. Onls the peak intensities were used in these com-
parisons to lake into account any spin moduiation effects
From the straight line fits In each graph the relationship b:-
tvi;er. the output voltage from the receivers on Hawkc%c I and
Imp 6 can be found. In every case the slope of each straight
line fit is one. confirming that the sensitivities of the recervcrs
are identical T he absolute magnitudes of the intensities deter,
mined from the preflight calibrations agree within 2 dB

THt ONStR y W ANGULAR UISTRIR TION

In(orinvion on the angular distribution of .AKR can he
obtained by c%imining where the satellites have obsersed the
highest frequency of occurrence of radiation above a preset
threshold A two-dimensional frcqucncy of occurrence dia-
gram of AKR can he constructed In magnetic latitude (A.)
and magnetic iocal time NI T) b y using a I R' power flux
threshold criterion to correct for the cxpccled I R' radial
vanations of the power flux licc Vurrirti. 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 of Hawkeye I data at
178, 100, and 56.2 kli r and 11 years of Imp 9 data at 500 kHz a
power flux threshold was chc,ccn 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 point , above the threshold for good statis-
tical accurac y , and at the same time assure that the threshold is
well aho.c the receiver noise for each spacecraft and for each
frequency analyzed. The thresholds selected are as follows:

(500 kHz) threshold - (Re/)t)' X (2.17 X 10 '•) W m ' Hz - '
(178 kHz) thresholJ = IR E /.R)' X 17,35 X 10 ") W in Hz - '
(100 kHz) threshold = ( R r I)t Y X (7.32 X 10 ' • 1 N' in Hz - '
(56.2 kNt) threshold = (R,/R? X (2.59 X 10 ") W in Hz'

Since the distancc from the s pacecraft 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 uncerta;nty in the radial distance to the source and to

avoid complications due to near-earth propagation effects.
oniy measurements obtained at R > 7 R i are used in the
anal)!.is. If the source Is near the earth (R < 3 Rz), then the
margin of error in the radial distance correction of the thresh-
old is a! most 34 dB, which is small in comparison with the
amplitude range ( - 100 dB) over which the :ntensit} of AKR
vanes.

The frequency of occurrence diagram determined fern the
frequency of occurrence anal y sis for 56 2 kHt is shown in
Figure 2 The measurements used comprise 1 S years of Imp n
data and 10 months of lfawkcvc I data Blocks of 5° in-
cremcnts in A„ and 2-hour increments of Ml T arc a ►ed The
magnetic coordinates of the spacecraft determine the block

within which an oh%crsation iscounted In each block the total
number of 3--..n ohservations of AKR above the threshold
,ire counted p his number is divided hs the total number of 1-
min ubscr%ations in that block to give the frequency of occur•
rence the black shading in F - igurc 2 represents the highest
percentage of times that AKR was detected above the power
flux threshold 1 he distinct emission cone (black shadongI of
AKR is clearly evident in Figure 2 in the northern hemisphere
The emission cone .ippcar% to he completely filled and is sy m-
metric, centerine around 22 hours %ILT. indicating that the
preferred direction of AKR is in the local evening, in agrce-
ment with direction finding measurements of the average
source locations b y Aurrh et u/ 119751 and Darter and Stone

[ 19 7 1j. Near local midnight the IatituJinal houndar ► of the
emission cone extends to near the magnetic equator and is
rather poo r ly dcl ncd. as is indicated by the complicated vana-
tions of the frcqucncy of occurrence in this region At high
ma^netic latitudes on the diwitle of the earth (o-10 hours
MLT) the frequency of occurrence of AKR changes M at least
a factor of 4 At A. - 65° i 10• Thos rapid change in the
frequenc y of occurrence Indicates that a relausely stable
houndary to the AKR angular distribution occurs on the
da y srde of the earth

The frequenc y of occurrence diagrams at 100 and 1 7 8 kHt,
shown in Figures 3 and 4, tespectively, Acre produced In the
time manner as those of F igure 2 AKR Is obsencd with

:p
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Fig. 7	 A north puler view of the latiludtiial hounder-, of the AKR emission cone .o 178. 100. and s6 2 AHr in magnetic
coordinates The decrca.lr.g angular we of the emiwon region with decre.ismg Irequencs 1s cleark c,ideni

i

1.

almost equal frequency throughout the emission cones (black
shading) it 100 kHz and 1 7 K kHz Similarities with Figure _'

include ( I ) a rapid change in the frequency of occurrence at
high X. on the da)side of the earth. (_1 a complicated poorh
defined latitudinal boundary it low latitude on the nlghtsidc
of the earth. and (3)symmetr y about 22 hour , MLT At higher
frequencies (particularh 17K kHz) the emission cones extend
closer to the magnetic equator in the it.-a1 cver;lig

Figure 5 shows the frequency of occurrence of A K R it 500
kilt from 11 years of Imp M data Hawkee I and Imp 6 Jo not
have a 500-kilt channel. and ct)n%cqucntl-. we are limned in
latitudinal coscragc to _45° A. Figures Z. 3. 4. and 5 are
consistent with the general picture that from x 6 2 to 500 kilt
the solid aripic of the emisslirn cones increases o the frequency
increases At 500 kHz the northern and southern emission
cones appear io overlap substantially in the rrgion near local
midnight

To obtain a better impression of the latitudinal variation of
the frequency of sxcurrence. we can normalize each of these
frequency of occurrence di.igrams The normalisation I% is
complished b y changing the scale of each Irequrnc y of occur-
rence diagram to a wife that ranges from tcro to one wh
the m.iximum percentage of occurrence equals one I lgure 6
shows tnc normalized rerccntaitc of observed %KK for the
three frequcncics 179. 1M.. and % 2 kHz ,ersu% magnetic

latitude. All uhser y atiom on the day side of for earth with
%I I T hctwccn h and I: hours are on the left side of each panel
T he right side shosss uhsmitions on the nightside of the earth
from 20 to 24 h,,urs %I LT The obsersations are orgamied by
m ignetic Ia ll tudc. the north magnetic pule being loc.itcd di.
rectly it the center of each plot StirtinF it the pole. the
normalized occurrence decreases rapidl y with decreasing Lu1-
tude on the d.i y side of the earth. with a sharp houndars it
about A. - 65° - 10° for all frequcncics On the nightvde of
the earth the norm.ilized occurrci :e decreases Icss rapidl y with
decreasing latitude and has a nearly constant pl.itcau Irom
about +45' to - 45° in the 56 2- and 100-kHz channels T he
17h-kilt distribution extends closer to the equator than the
IW- and 56' -kilt distribution The des-night skewnrss in the
normalised occurrence of AKR csideni in Figure 6 could ne
produced by in angular dutributlon that would he sariahlc In
time on the nightsidc of the earth and spitlelly fixed in trinc tin
the do%idc

A north polar siew of the ingul..- distribution of AKR can
he constructed by noting the m ignctic latitude of the norma.
Wed half-occurrence points it all %11-1 The houndirics or the
shaded arras in Figure I .hoM the position of these norniah/ed
half-occurrence - -ints in magnctic coordinates This Illwora-
tion shows that AKR 1, prelcrcnti.ills beamed trio larger solid
angles it hi tcher Ircqucncies. arrroximatcly I I sr at 56 2 kilt.

I

A^
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Fig 8. Simultaneous observations from the Ha%kne I and Imp 6 spacecraft of AKR at wrdel% %cpJrated me8netic
latitudes In , . case the intensity variations ere closCl\ correlated, indicating that the radiation occurs simuftancousl\ o.er
a large solid ..:gle In addition, the ehS0II'1e p0" Cr Iluees :Ire approximatel\ the same al both Spac'ec'raft.

i

1.8 sr at 100 kHz, and 3.5 sr at 178 k1lr. On the assumption
that the angular distribution at 500 kHz is completely filled in
over the polar regions. Figure 5 shows that the solid angle at
500 kHz is approximately 5.3 sr, in agreement w ith the general
trend toward larger solid angles at higher frequentics.

SI%IULTANFOhS OMER%ATIONS AT %k IDELY
SFPARATED LOCATIONS

Simultaneous observations from two satclhtcs at w idol\ Sep-
arated locations reveal marry important characteristics of
AKR that cannot be discerned ssith a single satellite. One of
the most important qucsticns which can be investigated is
whether or not individual bursts of AKR simultuncousl y and
uniformh illuminate the large solid angles depicted in Figure 7
or whether these frequency of occurrence distributions could
be the result of a much narrower instantaneous beam or cone
which vanes in time.

To illustrate. Figure 8 presents Simultaneous electric field
data from Imp 6 and H3wkeye I for the same auroral kilo-
metric storms. On the left side of this figure the corresponding
frequencies from each Satellite are mdisidualls compared in
plots of electric field inten ot\ versus time It is ease to see that
both satellites are observing radiation originating from the
same sourer On the right side the satellite traiectorics arc
shown in kILT and A, coordinates for the corresponding time
period Figure 8 illustrates that individual AKR bursts radiate
into large solid angles and that the frequency of occurrence
diagrams are not representation ,, of small Solid angle heanis of

AKR that have mooed In time In addition. the.ihsolutc power

fluxes of AKR ohser\ed b y hoth satellites are ncarls identical
(to within .shout 2 LIR) This iriport.int obser\anon indicates
that the Source of AKR uniformly rllLIminat%s the entire region
within the emission cones

Simu;,jncous observations of elrctnc field d.o.t from Imp 8
and lliAkcee I can he used to in\csligate prop.lgation cutoff
char.icicnsUcs of AK R In I figure 4, for inst.incc. Inlp X is near

3 hours MIT at large radial distances and is observing intense
storms of AKR during the entire time period shown. Hawkcye
I also obscrces these intense storms of AKR but onl\ in
certain regions of its orbit. This is evidently a spatial elTect and
not a temporal effect, since Imp 8 still observes AKR when
Pawkcye I is not detecting the radiation.

The position of the plasmapausc in Figurc 9 has been identi-
fied by the change in the low-frequency ( 17.8 HrI electric field
intensity and the plasmasphenc hiss cuto lT, sirnilar to the
observations of Shur♦ and (furnert 11 4 75). The identification of
the upper hybrid resonance (I HR) noise in Figure 9 also
provides an indication of the location of the plasmapause
boundary. As is evident in Figure 4, the position of the
plasmapause at 1152 UT (universal time) closely corresponds
to the abrupt drop in nttensiL\ of \KR as observed from
Hawkcvc I near local midnight i he times of the signal loss for
the different frequencies 1178, ift and 56.2 kHz) are not the
same At h gher frequencies the propagalion cutoff lends to
occur closer to the earth. This propagation ctitoll character-
istic of AKR it low altitudes on the nightsidc has been pre-
vioush reported b y burnert (1973) from Imp 6 data and is
assumed to occur when the local electron plasma frequency
exceeds the want frequency. Gurnrrt )1971) mites that the
propa g ation c — offs of AKR arc consistent with the expected
rapid mcrcase in the plasma densit\, and hence pl,rsmu fre-
quency, at the plasmapause These ohscnations imply that the
extent of the propagation of .AKR on the nightsidc is limited
h} chc local plasma characteristics at the pl.rSmapauSC.

AI 140.4 UT in Figure 9. H.n\kc\e I apmri Irises the plasma-
pause, but it is now on the dassldc of the earth .A% the
spacecraft Ir.i\cls ur\sard in its tr.nectors. the intensit\ tit the
\KR gr.idu.ill\ hccins In mcrc,isc o . cr .i drsl.uice of sc%eral
earth r.rdii .ind does not cshihit a sh,irp pn r p.w,ithm cutolT
Such es \\.is ohscrved on the n 8ht.itle of the c.irlh Imp 8
mcan%%hile ohscrves maim Liric .rrnplrurde hoists of \KR art
its position on the nightside. conlumrng Ih.o \KR is present

rs
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IMP 8	 ORBIT 39	 7 EB 2, 1975

UT 1100	 120	 1140 1200	 22G	 240	 '300 320	 140	 1400	 '420 1440	 1500

R 4R,) 34.3	 34.3	 342 342	 341	 34.1	 34.0 340	 3319	 339	 3318 337	 337
ML • (HR) 3.3'	 3..)2	 3.33 334	 3.36	 3.37	 3.36 3.40	 3.42	 3.43	 345 3,47	 348
Art,(DEG) 7.8	 717	 6.73 609	 530	 460	 387 313	 225	 t.52	 0.75 -0.12	 -088

MA.VKErE	 i	 ORBIT 1.5 FEB 2. 1975
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UT	 1100	 1120	 1140	 :200	 220	 124:	 300	 :320	 :340	 400	 1420	 1440	 1500	 1
R(R,)	 56	 50	 3.5	 2R	 20	 1.5	 3.2	 39	 4.7	 5.3
KL T(H7) 22.2	 27.3	 22.6	 223	 230	 t0	 10.7	 107	 107	 107
AmIDEG) 358	 30.1	 12.7	 -2.I	 -283	 -77.6	 167	 27.9	 35.8	 416

Fig. 9 Simultaneous observations from Imp 8 and Hawke\e I. Inip 8 is at !arge radial distances on the nightside in the
northern hemisphere obser%ing intense bursts of AKR Meanwhile, Haµkeye I nio\es in and wt of the cm1„ion cones of
AKR as it passes through the inner regions of the cdrtt - S magnetosphere near the noon-midnight meridian As obscr\ed
from Haµke\e I. the pla,mapause acts as an abrupt propagation utotT to AKR onl\ on the night,tde Or. da\side.
AKR does not propagate doµn to the plasmapause The 17.8-Hz channel 1s used to determine the position of the
piasmapause.

during this ptriod. The absence of an abrupt propagation 	 been proposed M Benion (1975]. Paltnadesso er al 119761, and
cutoff indicates that the latitudinal boundary of the illumina- 	 Jwie% (1976[ Right-hind polarized radiation µill be produced
tion region on the dayside if the earth is not determined by the 	 by the generation mechanisms proposed by Srarl 11974). Gur-
plasma characteristics near the plasmapause. in direct contrast 	 nett [ 19741, and Melrose (19761. In addition, Barbosa 119761
with µhat is observed on the nlghtside This asymmetr3 in the 	 su g gests a process Ahich produces both R-.1 and L- O com-
angular distribution in the noon - midnight meridian provides	 ponents, At the present time there is no direct experimental
important information ahow the propagation of AKR at loµ	 c , idcnce on the polarization of AKR or the enact height at
altitudes (;-5 Rr). Any meaningful model of AKR ray paths	 which the radiation 1s generated.
must describe this effect. 	 Ray tracing calculations can he used in comparisons with

the observed angular distributions to provide information on

COMPARISO\OFCOMPLTED RA3 PATH%WITII	 the polarization of AKR and on the region in which the

	OBstR\ Fr) A NGULAR DISTRIBLTItWS	 radiation is generated It µ1l1 beshoµn from such comparisons
:hat the ray paths are very sensitive to the source location and

/nrralurrr°n	 to the polarization.
From cold plasrrla theory it is known that the only modes

which can escape into 'free space' !µhere the magnetic held	 77u tlrl iron l)rncrrrand,tlaRnerir

and plasma dcnsits are small comp.ucd to IIle source region 1	 fmlrl.tl„Jrl.t

are the right-hand polan2ed extraordinary (R-A I mode and 	 In order for a valid comparison to he made the magneto-
the left-hand polarlrcd ordinary (L-O) mode Mechanisms 	 spheric models µhlch are used in the ray tracing must be
which lead to radiation priminly In the felt-hand mode have	 at eptahle representation% of the physica! en%ironmcni that
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\1\R Ille w.im Wlctowc hcl\tccn the rookie • -\ the ,I:c of the
plasm.Ip,nl,e \lodcl I ha\ a I'LI'mapau\c ( \aluc III i 6.111d tw—cl-
Itte• e.Irth . ;n.IitiCI1 1 \ph1'IC III llntc, t i t Illt l dCrAc CCOMIC1101, .I•t'l It%
\ltvlcl 11 ha\ ,I rl.-sm.,ll .lu\e ! \.flee tit 1 6 1,11 111110, of ,c\crt• ie0111.I
nell: aLII\II\ ()nl% the cleClran li,tribtili i, In the mmlicln berm
sphere on the nmghl,ulc .tic \hot\n lit this hiTire

i till tic nco the rad tat Ion. 1 he pol.tr nt,l 1• newsphcrc and
plasmapau%c are known It, be stronplt dcpcndcnl on ECU111•1E.
nc11: acii\It% \hR Is obscrted nm\t llcelucntlt dming tnlics,
of dr\tt'nccd ecomaglicllc :rcllttt) 11hilwAI( el tl1 . l y 70, (,ur-
twit. 1474, 1 trait a al . 1`4761 Su1Cc I ll•' pla .,r11.1pIusc l,tt.ttIoll
pl.t\\ •ul Imporl.ult rule In controlling the • ngulm event tit the
APR till the night\Idc of the earth. it m inlpotl•uu that .1
suitable modal of the ph%malmu\c puvtlion be used During
nwdcr•rtc nla'neU: acu\Ut the plasmapausc I\ IuCated .it
about a ^ R, lckl tenure radial distanec In the cyumorial pl.Inc
near Ioc.d c\cnntl 1( arl-rrtter. 1 y(01 At Unle% of sCVCrc 111.19.
ncUC .tone\ the pl.wiiapau\c contract. Intl ai d to about 1 ^ R,
It 1)rf+,-w'.1, 1 1) (01 l he 111.1%mal 'alisc IN helle\cd 10 he Clo\c1\
ullgned alone the marnctTC field

For these rat uaCmv \ludic., I\\.1 model\. shtmn In I Ipurc
Ill • hate been used Ioi the electron ticnsll\ ncm the pla\11.1-
p.IUSC fill 1110dCl I the plasmapause IS 11 1 CMC1.1 :t 1 - 4 h, and
1i,r model II the phsmap.ul\c Iv at 1. n 3.0. 1 of both modek
the clektron dcnsa\ I\ 100 Cm ' m the pl,t\mapau.c In all
CaSc\ it IN aw lied that the radio cnllsaun is celicratcd aloe. •I
mapnctic IicIL, line \\ht:h inivi\ccis the cmih at 70' ulvatiant
latitude (1. S 55 ► sll c the c.nlh'\ marllellc licld clo\cl\
resemble. a dipole field it the rclall\ cl\ Io\t alllittdcs \\ here the
ALR IS behc\ed to be Fcncr.Itc.f..In :Llc.rl 1111 • 01c held 1% U\CL1

with a \utl.l:c• numeric held strcnvth of 0 h_' G at the pole\
1 tic elc:Uon dc11s11\ Is ,-.sullied to dc:re.t\c \cr\ i.tp idlt \\till
1n:Ic.I\I:11' tadl•Il d1\I.inct: o\cr the pohr rclllttl\, ICAChi nl:.1
de11s111 Ill .shout Ill ell ' at .._i R. ICNNCI111.111\ the niotillicd
11A.Ir win 't 11lodcl used bt liurrrrrr j1`J'4j)

I \pcl Irllciltal Iusah:,1ln+n for some of the 111,1111 Ic.Iturc\ of
the densUt conlouls 111 nn l dci\ I and 11 :.111 be lound tin I teurc
V the l 11R noise hind In I i urc 9 h.is .1 Ireyuctio range !hat
C\tend\ hcl\\cen the Ir:.II pla\nta Itcyuciict and the lo.-al
(1lR (rcyucnct I.\huli tnd ( p arnrn. 1 10 51. I rum the p1.lsnn.l
pause dcicl mined h\ the peaA In the I?.K-H: ch inncl and the

1 II; I I	 R.r\ tracing c\.nnplc. of I.idiatwii In ilic R 1 mode tit the m-tdCl I nt.I)`nrlt-,I 1 hCIC .11 Nk), 1 T A . 100, .Ind 1 6 _A A It/
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1 ,g i! AddnnlniI R- It modc ra% tracing dimples In the model II n,JCncto.Dhcrc it 5tX1, 178. IIXI. anLl 'tI ` All/ 1he
sourrc Iot:al Ins sire the ♦.line .I, those used In I IFure I 1 Note the cllc,:l that a contraLlcd pLt.m.Ip;n1.e I-, (Ili the .Ingui,tr
eslent III th,. r,IdIUL1. I n IN hen (hi, hgurc IY compmcd to I ,Furc I I 1 he contracted hl.Lm.Ip.tu.c .,Ilov Y the R- It radlallon to
propag.tic to the equator it Iulscr .11HILldc Ilhllc the da)srdc distribution rcmam% umhinged

•rcyucnc,, range of the l'HR noise the plasma Ireuuenes asso-
ciated kith the pl.nmapau ♦e is hetuecn its _' and lull kIIi The
plasnwp.m,e deo ♦ ,, s of I(A) cm ' used In models I and II Fees
in electron pla%nm frequency of ahou1')0 Llir. uhich Iscon-
sistent l%ith these lhNcr\itions. In I-Igure u the position of the
pIJJI11Jp;ILIK on the da%stdc I ♦ approximaIel>, 11 R F at \„ =

18.6*. The plasntapausc t I00-I:n, ' density COWOUrl in model
II at X. = 18 6* is also t 1 R, In Figure 9 on the nights-de the

plasmapausc is at approXimatch 1 S' k, It A, = 17.8°. a hlch
is halluae hetllccn the model I and II pl.un,•Ip,u -,c pcitil"Im.

Program I)r%t ription

The rag tracin g computer program used in this studs Ls as
nnualis deleloped hl . i lwithan [ Noo, I^h7t7, h). The program
IS hosed on ,I closed set of first-order dlll 'crcmial cyu.umns In
spherical poLlr coordinates dcn ♦ ed by J Hast •lgrore III)";]

1•
1

R-X MODE RADIATION

SOURCE LOCATIONS FOR THE OBSERVED DAYSIDE EXTENT

SOURCE LOCATIONS FOR THE OBSERVED

NiGHTSIDE EXTEN T OF AKR

ID • PLASMA FREQUENCY

t,.
Iv• ELECTRON GYROFREQUENCY

.IR•U (R-X) CUTOFF

•T —

1.0	 2.0	 310	 4.0	 5.0	 6.0	 71.0

R, EARTH RAC11

F1p I I Radial I.Inarton oI the R-.1 cutolTIrcyuenL% .Hong the ' 70' Inl.m.rnl I.rluudc 111.1picllr held hnc In the ntlalcl I
or II magnetosphere The cross hatthtnF rndl.atcs the miri,c regt:a, deternnned Irons mm,:hing the d.oYlJr IanLUdm.Il
cutotl of BAR II I the R 1 mode I.,\ p.1th% in the model I Ili 11 m.n l l:tost• her: t he dot p.lttcn, w%hL.nes the R-1 n,otic
sour:e region dcicnnntcd Irom the mghl,idc I.r1 udinal uloll of 11♦ R hI u.Ing !hc 111-10 :I n,,lgnetllspherl•

Alp
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Fig 14. Source regions in the midnight meridian (along a 70° invariant latiti!de field line) which produce rays of fre-
quencies 178-56 2 kHz in the L-0 mode whose latitudinal cutoffs are consistent Kith the obser , ed AKR angular distribu-
tion The cross-hatching Indicates the source region In model I or model II determined from onl y the dayside latitudinal
cutoff of AKR. The dot pattern Indicates the source regiem In model II determined from only the nightside latitudinal
c!noff of AKR.

and C. G. Hutelgrore and J. Hacelgrove 11960). The equations
were specialized bs Shanhan 119661 for ray tracing in a mag-
netic meridian for a model magnetosphere The expressions
for the phase index of refraction and Its den\ati\es are from
the cold plasma formulation by Sux 119621. The behavior of a
ray path is determined bs the frequency of the vase, the initial
wave normal .lgle. the initial latitude, the Initial altitude. the
propagation mode. and the magnetospheric model.

Rai- Tracing Rewlrs

All ray tracin g calculations and source locations presented
here are in the noon-midnight meridian. Since the source of
AKR at d particular frequency 'subtends a small angular oic'
(Gurnet y 19741, all raxs at a particular frequency are assumed
to emanate from a point source along a 70° insarlanl latitude
field line The 70° invariant latitude held line is used to he
consistent with observations of actual AKR source locations
made b% Ale sander and Kaicer ;19761. Each source location Is

assumed to emit electromagnetic radiation at all wa%'e normal
angles i F-or ,inn gi%cn source location, two specific wave
normal directions will gt%c the most extreme da\side and
nightside latitudinal limits to the ray directions at large radial
distances, all of the other wa\c normal angles giving inIcr-
mediate rds directions. Bs sarymg the source lamadc along
the magnetic field line a unique altitude can be found for each
frequency which %4 Ill limiting ray direction in agreement
with the ubscned daxslde (or nightside) latitudinal limit By
performing this anaksls is a function of frequency a unique
determination can he obtained for the source altitude as a
function of frcqucncs which can be compared w ith the various
theories for •\ K R generation

To demonwate some of the basic rav pith cfTccts imohcd
In this andi y sis, Figure I I shows R- i mode ra y s calculated In
the model I magnctosphcrc (piasnlapausc / \slue of 161 for
\drruus selected \s,r\c normal angles The \s,r\c. normal angles
shown Include those w hirh g i y c the most exlrcme d.i\side and
nightside latitudinal limits to the ra y paths. is \sell is other

ia\s it mtcrmed!alc w.nc no r mal ,in g lcs T he daysidc 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. Ra y s on the
nightside penetrate the topside plasmapause to depths qual-
itatively consistent \\ith those In Figure 9. These ray paths
show that the plasmapausc presents a refracting la\er The rav
behavior (R-.1 mode) in the model II magnetospherc (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 I I, which shows that the daysi = 'e rays
are relatr.clx unaffected by the plasmapause The substantial
change In the angular distribution on the nightside den-,on-
straics that the position of the nlasmdpause for this assumed
source region strongl\ determines the latitudinal extent of the
rax paths on the nightside of the earth. The smaller plasma-
pause has ullowcd the ra y s to propagate down to the equa-
torial plane on the nightside.

The assumed radial variation of the frequency of the R-X
cutoff (R = 0) along a 70° invarlant latitude field line in the
model magnetospheres Is illustrated in Figure 13. The R = 0
cutofT is the same fo. both plasma models because the size of
the plasmdsphere Is not thought to affect the electron densities
signlficantfs at high latitudes. By adjusting the source altitude
su that the limiting ray angles agree with the obscned latitu-
dinal limits of the angular distribution (within specified limits)
a range of source altitudes can be found which would produce
the ubscned angular distribution at each frequency'. For in-
stdncc, the crosshatched region in Figure 13 shows the rela-
tionsh!p found between source altitudes and frequencieswhich
would result In da y side R -.1 rays whose latitudinal Iirbil at
large radial dislancc agreed (to within ± S° ) w It`I the ohsers ed
annular distributions on the duxside of the earth On the
da\slde the source region I% essentiall y identical for models I
and 11 because of the pre%Iousk nienlioned insensnr\It\ to the
plasnl.!nausc location in this region. Ott the nightside of the
c,Irth the corresponding source region required to oblam
agreement w uh the ni g httime angular dlstnhution Is indlc.ucd
by the dot p.ltiern In I Igurc 11 . This source region w as calcu-
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Fig 15 L-0 mode ray paths In the model II magnetosphere at 178 kHz. The top panel has a source location that he%
within the cross-hatched region of Figure 14 and thus produces rays on the da y side w hose latitudinal cutoffs are consistent
with the observed angular dmributlon of AKR The bottom panel has a source location Lom the dotted region of Figure
14 and produces Pass on the nlghmde whose latitudinal cutoffs ere consistent -Aiih the nightside extent of AKR at this fre-
qucncy Note that the dayside rays from such a source extend almost down to the dayside plasmapause .Angular distribu-
tions of this type are neser obscrsed on the dayside of the earth

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

The L-0 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 frequenc y in the frequency range where the
AKR is observed. L-0 mode radiation must he generated
closer to the earth than the. R- III mode to produce the same
angular distribution. The ray tracing results for the L-0 mode
are summarized in Figure 14. which shows the computed
source regions and their relationship to N: electron plasma
frequency. The crosshatched region again shows the source
altitudes that produce L-0 ra y s consistent with the obscr%cd
dayside latitudinal limits of the AKR angular distribution
The dot pattern shows the corresponding source altitudes

which produce L-0 ra y s consistent with the ohst:r%cd nightside
latitudinal limits The source regions which account for the
dasslde and nightside angular distributions in Figure 14 arc
seen to be much Iurthcr .apart than the corciespondmg rcgion%
for the R-1 ra y s in I igurc 11 The i•ripin of the Incon%istencx
in the angular distribution o1 the d.i y sldc and nightside L-0
rays n :Ilustr.ltcd tit the top panel of Figure 15 Sourcc post-

lions which give good agreement with the observed dayside
latitudinal limits are shielded b y the topside of the plasma-
pause on the nightside and nc%cr reach the equator at the low
latitudes obscrxes. on the nightside of the earth II the altitude
of the source Is mo%cd up. as In the bottom panel of Figure 15,
to account for the nightside observations, the rays penetrate to
much lower latitudes thin the y do on the da y side of the earth.

St. M-4kRV ANr)DISCLSStoN

This study has show n that the Intense kilometric radii, emis-
sions generated oser 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. lossard local e y e-
mng, by about :0° The solid angle of this emission cone
increases systematicall y with Increasing Irequency, xarxing
from approximatel y I I xr at 56 2 kHz to approximatel y 3 5 sr
at 1 9 kHz Simultaneous measurements from two satellites
show ,I good correlation between the radio cmt%sion Intensities
ohscr%cd oser a wide range of angular s cparmions within the
emission cone, indicating that the kilonictrlc radi ation sourlc
sintull.Incoti ,4% illunnnatcs the entire region within the emis-
sion cone w ith comp,Irahlc mirnsillcs 1 clear dax-night ,I%%m-
rncir% Is ohscrsed Lit the propagation cutolTs at the pi,lsm.1-

r
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Fig 15 L-0 mode rah paths In the model 11 magnetosphere at 1 7 8 Ittiz The top panel has a source location that lies
within the cross-hatched region of Figure 14 and thus prtducc% ras% on the das%Ide %hose latitudinal cutolTs are consistent
with the oh%erred angular distribution of ,1KR The bottom panel ha% a source location from the dotted region of Figure
14 and produces rat,% on the mghi%ide "hose latitudinal cutoli, are consistent %Ith the mFh1%Ide extent of AKR o this frc-
quenc^ Note that the da%%ide ra y s Irom such a source extend almost do%n to the da%side plasmapausc Angular dl%tribu-
tiuns of this t .%pc are neser ohser%ed tin the daNslde of the earth

Ialed by using model 11 and is slight I\ different for model I (nut
shown; because of the dependence on the size of the nightsldc
plasmapause.

The L-0 mode radiation can propagate onl% in regions
where the A i%e frequcnc^ 1s greater than the electron plasma
frequency f,, Since the electron plasma frequency is less than
the R = 0 cuiotT frequency in the frequenc,, range where the
AKR is ob%cr%cd. 1-0 mode radiation must be genrrated
closer to the earth than the. R- % mode to produce the same
angular distribution The ray tracing results for the L-0 mode
are summarized in Figure la which shows the computed
source regions and their rclationship to the electron plasma
frequency The crosshatched region again shows the source
altitudes that produce L-0 rays consistent with the obscrscd
d.nslde latitudinal limits of the AKR angular distribution
The dot pattern shows the corresponding source almudc%
%hich product L-0 rays consistent th ith the ob%cr%ed night%Idc
latitudinal limils The source regiont, which account for the
das%iklc and nlghtslde angular dlstnhutio,is in I Igurc IJ arc
seen to be much further apart than the corresponding regions
for the R 1 r,ns in I Igurc IJ The origin of the mcun,ntency
in the .angular di%trihuliun of the d.i%%idc and night%idc / -0
►ass I% illu%trated III 	 top panel of Figure 15 Source puai-

tions %hich gnc good agreement with The obscned dasside
latitudinal limits are shielded bit the Top%idc of the plasma-
pause on the nightsidc and n.%cr reach the equalor it the loth
latitudes observed on the nightsidc of the earth II the altiludc
of the souse 1c mused up. as in the honour panel of Figure 15,
to account for the night%Ide ohsersations, the rant, penetrate to
much Iu%er latitudes than they do tin the dasslde of thecarth.

SLMMARY k%n DISCL%%10-,

This studs has shown that the intense kilometric radio cmis-
sions generated user the nlghtslde auroral regtum are beamed
Into a cone-shaped region whose axis of ssmmetn I% tilted
away from the magnetic axis of the earth. toward local esc-
rnng. by about 20°. The solid angle of this emission cone
Incrra%es %\%tematicalh with Increasing Ircqucncy. s.+nmg
from appruxtmatcls I I sr at 56 2 kHz to ap p rovmalcls J 5 %r
at 178 kHz Sint till aneuus measurements from two satellites
%ho% .1 good correlation bent,cen the radio emission intetimtics
oh%crscd o%cr .1 Awc range of angular %cparations %nhm the
emission Lune. Indicating that the kilometric radiation %outLc
simult.ancousls 1111,1111111,00. the entirr region %Lthm the cnns-
slon cone %ith cumparahlc mien %itic% A Lle.r d,n-n:ghi ass m-
mc:n I% ohscr%cd III 	 propagation cutotl% at the pl.i%nia-
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Fig. 16 Source locations ( dashed lines) for three proposed R-X mode generation mechanisms as a fun:uon of emis-
sion frequency. shown in comparison to the AKR source regions determined from ray tracing calculations. Electromagnetic
waves generated at 3f., 2 ► Scarf, 1974: Gurneit. 1974) would originate from a region which produced an angular distribu-
tion qualitatively consistent with that observed for AKR. Radiation at 1.2f, )Melrose, 19761 and 2f,,,,, (Barboia, 1976)
would not produce a consistent angular distribution.

pause, with sharp cutoffs on the nightside of the earth and no
corresponding cutoff 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 magnetosphenc den-
sit y models were used which reflected the range of plasm;--
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 .ughtside of the earth a range
of source positions were obtained as a function of frequency.
These calculations were performed for both the R-.1 and the
L-O mode of propagation.

In Interpreting these ray tracing results it is essential that the
uncertainties and limitations of the ray tracing analysis be
carefu% examined Three main areas of uncertaint y can he
;j.-ntified. (I) 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 %I LT and laurude. The assumption of a point
source Is primarily due to the lack of 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 (,it rudial 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 the,, do not make a
significant contribution to the long-term average result, pres-
ented In this study From our previous directibn finding stud-
ies [Aurih et al.. 1971) ,ind from those of Amoy and Since

[1975[ It a clear that the dominant component of the high-
intensit y ( Z'_ X 10 " N/ m ' Ili ' at 30 R, ) kllumetric radi•

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

The ra y tracing results presented have assumed that the
radiation is generated over a wide range of wave normal
angles. This assumption isjustified 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 to the local magnetic field, such as it is for the decamet-
ric radii! on generated by Jupiter's moon lo. Even when the
possible smearing effect caused by a spatially extended source
is taken Into consideration, it seems unlikcl y that the near-
uniformity of the Illumination throughout the emission cone
can be explained if the wave normal direction is sharpl y lim-
ited I n a narrow range of angles. This conclusion is confirmed
b% the ray tracing calculations of Jones and Grard [19761, who
assumed that the %% ave 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 kilcrnetnc and Jovian decametric radiation lead to a
preferred wave normal direction for the emitted radiation,
these conclusions ma y 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 he
entirely consistent with the large densit y fluctuations lvplcally
observed In the auroral electron precipitation at high altitudes.

Probahly the primary uncertainty in the ray tracing com-
parism s with the obser y cd angular distributions is the electron
density models used In these calculations. Although the den-
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sity models used arc 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 (<I cm ') at large distances in
the magnetotall, there arc e%sentially no adequate density mea-
surements at intermediate radial distances (from about 2 to 10
R, ) over the polar regions to confirm the%c models. The effect
of errors in the density model on the ra% tracing results is quite
different for the t%%o modes of propagation. In the region of
primary Interest from about 2.0 to 3.5 Rr one can be reason-
ably confident that the plasma frequency is substantially Icss
than the electron gyrofrequencx ( f, << f,- I. Under these
conditions the index of refraction for the R-X mode (and the R

0 cutoff, as In Figure 13) is mamly determined by the
magnetic field strength and Is relati%cly independent of the
plasma densit y The ray paths for the R-A' mode arc therefore
relatively insensiti%e to changes in the plasma density model.
For the L-O mode of propagation. howe%cr, the propagation
cutoff occurs at the local plasma frequency, and the ray paths
and source alutudcs are %cry sensiti%e 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
certainl y occur near the auroral field lines, provides additional
evidence that the AK R is rot propagating in the L-O mode As
was mentioned earlier, the dayside latitudinal cutoff at X, =
65° t 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 h.,rd 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-.1•

mode provides a reiatively stable reflecting surface fat the R =
0 cutoff) which would result in a nearh constant limiting ray
path at a green frequency, independent of the electron density
variations near the reflecting region

From these rav tracing considerations it is our conclusion
that the R-d" mode provides the hest and most consistent
agreement w nh the observed an g ular distribution of the AK R
Because of the mar» uncertamtic% involved in the detailed rav
tracing models and the mechanism b y which this radiation is
gcnc,atcd It is obvious that this conclusion cannot be consid-
ered firm. Direct measurements of the polarization or other
techniques are needed to pro%ide the final determination of the
polarization Ho%%e%er, it is of interest to note that the Jc vian
decametric radiation, which is generally thought to he cqui%a-
!ent to the intense terrestrial kilometric radiation. has been
determined by rsarwick and Oulh (1963) to be emitted in the
R-.1 mode. in agreement with the conclusions of this study.

The limitations placed on - the source regions of AKR which
arc illustrated in Figures 13 and 14 can be used to test the
validity of proposed emission mechanisms Since the rav trac-
ing calculations fa%or the generation of .AKR in the R-.1'
mode. Ne %%ill consider only those mechanisms proposed by
Scarf (1974[. (rums -11 [19 7 41. Ifclrme- (19 7 6).  and Burhosa

( 1976[ S, are (1974) and Gunrrrr [ 1974[ proposed that plan-
etary em ssions such as AKR m.iv be produced from cicc.
troslatic plasma instabilities 1%et up h% p,ccipitaong clectrons)
that ccwplc into clectront.ignctic %%a%es at 3f, 2. As is shi-ii in
Figure 16, cleclromagnctic %%a.cs at 1f, 2, would originate
from a region w1 ich produced in angular distribution qual-
ilati.cl y con%i,1cn1 with that ohscncd Ior AKR mother
ntc:h.in,%m w h,:h i% g y ro r:Lttcd wa% proposed by Mc• Iro%e, 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 electron precipitation, the Doppler
shift is about 20%, whici, would produce radiation at f =
1.2f, - . 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 50 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 oh<crvcd in
the auroral electron precipitation, these electrons do not con-
stitute a eery large fraction of available energy and would not
be expected to play a significant role in the generation of the
intense .AK R. Barhosa's [ 1976) mechanism produces R-.1 rudi-
ation near twice the UHR frequency (2f, t 4 n). Radiation at
2f, ,,it originates 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-.1' mode radiation of 2f, .. in the model magneto-
spheres presented in this study.

CoNCt US10ns

Analysis of spacecraft data from Hawkeyc I, Imp 6, and
Imp 8 has !ed to the following conclusions concerning the
propagation characteristics of AK R

I. AK R in the northern hemisphere is beanied Into a cone-
shaped region whose solid angle increases with increasin g 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 w ith nearly constant
intensities over the entire solid angle

3. The symmetry axis of the emission cone is tilted toward
local evening by about 20° with respect to the magnetic axis of
the earth.

4. There Is a day-night as)mmetry in the topside plasma-
pause cutoffs• with sharp cutoffs on the nightside of the earth
and no corresponding. cutoff on the dj%%ide

Ray tracing calculation for the escaping, modes R-A' and L-

O using two magnctospheric density models leads to the fol-
lowin g conclusions:

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

6	 Rays in either of the R-,1 or L-U modes exhibit the di)-
night isymm:tr y in the topside plasmapause cutoffs.

7. The angular distribution of .AKR can best be rcpro-
duccd from low-altitude source regions (from : to 3 5 R, ) in
the nighttime auroral zone if the emission is in the R-A' mode.
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Auroral Kilometric Radiation as an Indicator
of Auroral Magnetic Disturbances

G. R. VOOTS AND D. A. GURNETT

Department of physics and Astronomy, University of Iowa, Iowa City, Iowa 57111

S,-I. AKASOFU

Geophysical Institute. Unicernq of Alaska, Colletr, Alaska 99701 	 t

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 p:+per we present a detailed imtstigation of this relationship• using the auroral
electrojet (A£) inde; 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 17841-12 radiati n tends to be
proportional to (AE)' for AE > 100 ti and, with less certainty. to (AE)' for AE < 100 y. The correlation
coefficient between log A£ and the logarithm of the power flux is 0.314. 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.

I
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INTRODUCTION

In the past several years, low-frequency radio measurements
have shown that the earth's magnetos here 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. [ 19681 and Duru-kel 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 Gurnett (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' %V
of total radiated power) radiation is generated at relatiscl y low
altitudes ( - 3 -R E 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) (Aurth et al.. 19751.

Although auroral kilometric radiation is known to be asso-
ciated with high-latitude magnet c 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

re 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 tune can be easily monitored by a
single spacecraft. there is the question of whether the auroral

time basis, J parinictcr wh1%.h a Comparabl: to tic Auroral

Cop)right 1) 1977 hs 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 relationshiY between the auroral kilometric radi-
ation intcnsities observed by the Imp 6 spacecraft and ti,,; ,4E
index computed from a series of high-latitude magnetumcter
stations. A description of the Imp 6 plasma and radio wave
experiment is given by Gurneit [1974).

QUALII DTI%E COMPARISON Of SvME T i hICAL E^ EhTS

Figure I 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 E , this space-
craft provides observations for long periods far from the earth
where the auroral kilomctric radiation intensities can be mon-
itored near ly continuously without interruption. All of the
enhanced radio emission intensities in Figure I are attributed
to auroral kilomctric radiation. The magnetic latitude• local
time• and radial distance cnors;inates of Imp 6 are shown at the
bottom of each panel.

The data in Figure I show the general type of correlation
which is typically observed bctwecn 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 enhancemen! In the
radio cmiss.on at 178 kHz.

Although the magnetic disturbances associated with an indi.
vidual magnetic substorm usually have . close: correspondence
to a period of enhanced radio emission, the detailed short time

-	 .,	 :IC'1	 ,',	 ..,	 I '.	 .	 I 	,1 .	 ,C

Aoill %.411-	 ..i	 it. 111U.,	 i 	 JI
the radio emission at the start of a maprictic substorm is
sometimes significantly dcleycd with rc^pcct to the onset time
of the magnetic dnturbancc. For example, dclass of this i% lie
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can be seen at about 0200 and 0600 UT on December 16. 1972,
and at 1330 UT on January 25. 1973

Occasionalll, a%ents can he found to which a large magnetic
disturbance is clearly e%ideni In the AL index but for which no
corresponding radio cmission 1% dctcctablr and %ice %cr%a
Events of each of these t%pe% are sho--%n in F l g urc 2 The e%ent
tin M.."ll 111. 1'+'11..1. 	 sc ui
wh1.' .1 1.1rtc marnctl. %. •:1•' .. I^ i 1 } 1 0%.

curs with onl% a negligible enh.mcrment in the radio cmission.
This type of c%rnt, consisting of n large magnetic d!sturh•ince
characteristic of a %uhstorin %k ith ono% a %mall or undetcctahlc

increase in the radio intenslt%, occurs most frequently when
the spacecraft is on the day side 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 pre%ents the
radiation generated in the nighttime auroral rcgiom from
hemg detected at lo%% latitudes Im the d.i%sidr , %I the e.irth rht%

I iE;uii J, irVnl Lfrf%h 41 1, , f %%I; . ;•...IiyuUn;.
of occurrence of aurural kJornetric radi. , tion at 173 kill a% a

function of magnetic latitude .Ind magnetic loc.tl time. this
frequency of occurrence dt%tnhution. %%hi.h 1, anal%icd in
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greater delall b y Green er al. (1977(
latitudinal cutoff occur.• below whit
less frequenc y detected. The magnet
sane. from about t1W on the do side
on the nightslde of the earth. The cuto
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

f comical-shaped region. with a half 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

1 Imp 6 during the intense magnetic disturbance on March 31,
1973, in Figure 2 w ith the frequency of occurrence contours in
Figure 3 shows that no radio emission should he detected
during this cscnl. 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 he detected essentialh free of propagation effects. It
should he noted that the boundaries of the illumination region
arc frequency dependent (Grren er al., 1977), so that even
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though the radiation cannot he detected at 178 kHz, it is still
posslhlc that the radiation could he dctcctcd it higher frequen-
cies. E ffect% of this type ma y account for some of the local time
variations of the emission frequency reported by Kanter and
Alr.tander (1976(. If all of the data are examined when the
spacecraft is in the northern Illumination region fahou; 40
days of data), no large AE index enhancements arc evident
unless a corresponding enhancement in AKR also occurs at
sonic time during the event There may he periods during an
event when the AE Index i%high and the AKR values arc low.
Flat at some time during the event the A KR is also enhanced

Events for which enhanced auroral kilometric radiation in-
tensities occur with no clear enhancement in the A£ Index arc
no; uncommon. In most cases some minor disturbances can be
identified in the At 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-

, shows that a distinct
h the radiation is much
Ic latitude of this cutoff
of the earth to about 20°
IT Is not sharp but occurs
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lation in these cases ru%uhs from the distribution -+f ground
mapnctometer stations being rnsuIiicitnl1s dense lo JC1cCI .III
the m.lpHcUc whslorms which occur. In particular. small iso-
lated disturbances at vers high magnetic lainudes This ex-
planation is confirmed for the Deccmher 1 1. 1972 - ;sent at the
bollom of F Igure 2 M the photograph shown in Frgurc J.
which was taken b^ the Ucfcnsc %letcorological Satellite Pro-
gram (DNISP) spacecraft oscr the north pule near the time
( 1100 UT) of maximum radio cmtssion inicnsits. Although no
maenelic disturbance is csidcnt In the Af index. the [)LISP
photograph cicarlq shows that an auroral suh.torm was sxcur-
ring during this event The intense surge apparent in Figure a
is ira%clin tt westward and lies olf the eastern Siberian coast

High-yualil) MISP photographs were not as.ulablc for the
other cscnt. occurring it 1230-1330 U1 on March 4. 1 u 73 (not
shown) All-sks camera pliclographs from the Alaska meri-
dian chain (Collcgc. Fort Yukon. lnusrk. Sachs Ilarhour)
indicate that auroral actisus during that Period was conlincd
mostls bctwccn I-orl Yukon (dip latitude 67 ) and Inusrk
Auroras ,Acre quite acti%c bctwccn 1130 and 12(10 UT and then
shifted polcward. they were seen near Inusrk until about I440
U1 (through clouds).

STATI%ll(-,,l ANAL\SIS

To priwde a yuantilati%c esalualion of the corrclation be.
twccn the auroral kdomctric radiation and the AE index. a
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*'I.,,:I.,!P .,	 1:*X.....'•'t 	 ':	 ,	 :Ile, urrvn,-.,,,f	 m	 i —	 rI!I -,:,nc	 - , t	 !i	 I.-	 :r.,	:o
I,f a	 Inavileli,; dl,turha%t; Iiial$ Lh:, c%cr.1 i, due t,- the .w-cragc ol the gr	 and t,ugficlometer
network.

M '.



2264	 VOOTS ET Al.: KILo%tETfllc RAD1A7I0, AND TIIE AE INDEX

16-13

, 6 14

10 
15

1016

1017

16 16

1619

1(120

1021

1622

i
E
N
H
Q

X
D
J
LL

itw
Oa

. J, +•	 .	 I, f ,rt•

10	 100	 1000

AE INDEX (y)

Fig. S. Scatter plot of simultaneous measurements of the auroral kilometric radiation intensity (normalized to 30 R,)
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statistica! analysis has been perforn,cd on simultaneous radio
intensity measurements from Imp 6 and .4E measurements
from a network of ground magnetometer stations. Simultane-
ous data were zvailable for 146 days• occurring in the periods
from August 31, 1971, to December 3. 1971, and from Dccem-
ber I, 1972, to March 31. 1973. During these periods the local
time of apogee moved from — 0100 to 2000 hours and from
— 2000 to — 12W 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
v hich could affect the auroral kilometric radiation intensity
have been taken into account. To account for the latitudinal
cutoff caased 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 R E . Since the radiation intensity
varies approximately as I iR', where R is the geocentric radial
distance to the spacecraft, the intensities have been normalized
to a radial distance of 30 Re by multiplying the observed
power flux by (R130)1.

To provide directly comparable measurements, the radio
emission intensity at 178 kHz and the AE index have L n
averaged over ccrresponding 10-min intervals. A total of 5702
ten-minute intervals arc included in this analysis. A scatter
plot 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 seen, the mean of the power flux P increasing as the
AE index increase,. For the data points used In this plot the
median value of the normalized power flux (at 30 R E ) is 6.31 x
10 I ' W m ' Hz I . and the median value of the AE index is 158
y. If AE is greater than 158 y, then 69.2`c of the power flux
values are greater than 6 31 x 10 " W m ' Hz-'; whereis if

i t 11' . , 'ILIII I ; %}. then 6^.	 , 1 1;" 1: t` 1'• '•'. r t^J\ , .Ii:: C,.: re

Iv.. ;h,,n 6.31 10 N in ' Hz '. I. he p^IL:cn-, ige distrlou-
tions above and below the median values are summarized in
Table I. (For computational casons the salucs used as the
medians are not e\actl\ tht t rue 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) \ersus log (AE)- 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 inde %. The siope of the best-fit straight
line through these points indicates that the power flu\ P in-
creases approximately as the 1.5 power of the AE inde:,. A
slight chance in the slope of the log (P) versus log (.-4T) curve
takes place a: about 100 1, the power flux increasing more
rapid l y 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 (AE )' for
the points under 100 y and is proportional to (A E)" for the
points above 100 y. The fit for the higher points is much better
than the fit for the lower points. p,,ssibly because of the
uncertainty in the AE index determination for AE values less
than 100 y.

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 (Aatser and Alexander. 19761.
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 I order of magnitude and

TABLE I. Distribution of Power Flux Value, a, a Function of the
Corresponding 4E' It,dcs %clue (`.)

!'	 f, I I	 In	 Bclr1,%	 N1. 1 C	 I stir, R 1 t e

Above P	 31 3	 to ,2	 48 J
Below P	 68.7	 30 8	 51 6
Total	 100	 100	 100
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s\,iu1(l make the slopes of the fitted lines In F - ieure h somewhat

steeper than the) might he if the data Here taken at the peak of
the spectrum.

Diwussto%,

This stud% has shown that satellite measurements of auroral
kilrmctric radiation can he used as a sensitise and reliable
indicator of auroral magnetic disturbances. Detailed com-
pari,ons of the auroral Isdometnc radiation utlensit\ and AE-

inti.: \ \ ariations sho\s that periods of enhanced radio emission
intensities at 178 Is are \en closet associated with magnetic
disturbances indicati\e of auroral suhstorms Occasionall\,
c\cr is arc detected in \\hi gh no t\pical suhstorm features in

the .aE index can be detected c\en though greatl enhanced
radio emission intensities are being obscr\ed, ln\estigation of
cases of this t y pe shows that the lack of correlation is usually
duc to a failure of the ground station magnetometer net\\urk
to detect an auroral substortn because of the limited spatial
co\er,rge of the ma g netometer net\\ork Cases also occasion-
all\ occur in which a large magnetic disturbance is detected
with no corresponding enhancement in the radio emission
Cases of this t\pe usuall"\ occur because the spacecraft is
located at a latitude too low to he w nhin the primary illumina-
tion reg ion of the auroral kilometric radiation The number of
such cases can be greatl\ reduced b\ using onl\ measurements
obtained when the spacecraft is w ithin the illumination regions
gi%en at the top of Figure 3. A statistical anal\sis shows that if'
the auroral clectrojet index AE exceeds the median \slue of
153 1. then the auroral krlonietric radiation intensit\ (nurma-
lircd to 30 R E ) has a 69r probabdit\ of c\eccdtng the median
\alue of (01  x 10 " N m - ' Hr t . The correlation --octficient

bctwccn log P at 178 kHr and lots AE i%0.514 This rclati\el
low correlation coellictent, despite the yuahtmi%ck good asso-
ciation of indt\(dual radio emission c\ g rits \\ ith magnetic sub-
siorrns, is apparent1% due to the poor short time sole (<I
hour) correlation and to the \anahle pn\portionalit\ factor
ho-Acen the radio emission inicnsrt y and the AE index from
csent to event. Long-term averages of the power flux show a
very consistent correlation with AE, the power flux increasing
approvntatel\ as the 1.5 power of the AE index overall. It
appears !hat for lower values of AE the power flux increases as
the 2,0 power of AE and for higher values of AE it increases as
the 12 power of AE. Since AE is directl proportional to the
auroral clectroiet current, on the assumption that spatial ef-
fects a\erage out, the change in the slope of log .-aE - versus log
P may suggest that some t\pe of nonlinear saturation, effect
may occur in the AKR-generating mechanism in high elec-
troict currents.

The results of this study show that auroral kilometric radi-
ation can be used with good reliability to idcntif\ magnetic
suhstorms. provided the radio measurements are taken within
the regions of primar\ illumination for the auroral kilometric
radiation and at distances sufftcien : remote (R ` 7 Rr ) from
the earth to avoid local propagation cutoff effects. In certain
situations, auroral kilometric radiation intensity measure-
merits mas pro\ idc a more useful index of auroral activrr\ than
some of the more conventional parameters, such as the AE
index. This is particularly true when a near real time mon-
itoring of global auroral acti\rty is needed. Measurements of
this type can he obtained on a limited basis front the present]\
operating Hawkc\e I, Rae and Imp 8 satellites and should
be possible on the forthcoming Isee-A, Isec-B, and D\namic
Explorer satellites.
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Sion frequency model have the correct qualitative character-
istics, large errors can occur in indi%idu.il  r%cnts because of
dc%tations of the solar Nand denslt% front the a%cragc model
I urtherimure, comparisons of the emission Irequcncy with the
local electron plasma Irrqurncy cannot he performed with
high accurac% because of the implicit requirement to assume a
model for the emission frequenc y as a fur. tion of radial dis-
tance from the sun As will he shown, the stereoscopic direc-
tion finding analy%es used tit stud% completely eliminate
the need for am a priori assumption regarding the emission
frCgUency as a function of radial distance from the sun.
thereb% providing a more direct method for determining the
relaliunship of the emission frequency to the local electron
plas..ia frequency.

INS Tit L.WNTATION AND MFT110D of ANALNS1S

Radio wave and plasma density mcasur:ments from five
spacecraft, HChOS I and', Imp 7 and S. and IIa%%ke%c I, arc
used in this stud%. Helios I and are In eccentric solar orbits
near the ecliptic pLmc v%ith perihelion radial divances of 0.309
and 0.290 Al I and aphelion radial distancc%of 0. 1),45 and 0.983
All. respecti%el%. Imp 7 and 8 are in lo%%-eccentricity earth
orbits near the equatorial plane at geocentric radial distances
ranging from about 23.1 to 46.3 R, Hawke%e I is in a highly
eccentric e,irth orbit with the apogee luc.tted at a radial dis-
tance of 20,5 R, over the north pole. flu radio wane measure-
ments presented are from %cr% similar t m%ersity of lime,
plasma %%a%e instrument. on the Helios'. Imp S. and H,n%krye
I spacecraft. Det,iils of these c%perinirnts .irc vi%en h

.
% ilurrh er

a/. [19 7 5) and termitic urid 4n,liriva 1 1 1) 17 1

The plasma densit y measurements used in this stud% arc
from the Mavl latick-Insutut plasma esperlmcnts t n Hchos I
and 2 and from the loos • anios plasma e y pcnmrnts on Imp'
and 8 Details of these instruments and the procedures used in
the data analysis are given by .S,htve•»n rr al (1975) and A.v-
Mi,lge of ul 1,19761.

In order to interpret the three-dimensional radio direction
finding measurements presented in this study it is important to
rc%icw brlctl% the method of analysis and the geometry used
for determining the source position The direction of arri% if ul
a radio %%a%c is determined by a least squares fit of the mca-

rCLr Ptte PLAN(

Fig I The geonietr% used for the three dlnien%ion.il ctcrco%coprc
direction finding %%uh Inip S. H.ntkc%c I, and Hcho% The %pin modu
Litton gi%c% the dirc,:uon of irrnal prolccled onlo a plane per-
pendicular tit :he %p.%,CC' ill %prtt.ni. Imp v.ind Hch, %hone ihcir %pin
atcc perpendi,ul.it to thr ccfiptiL plane. %%hith Fi%c%the .mgle, ir, and
,•,. Ihtreb% determining the %our,e i % Usuu)it prtticcled Unto the c,liptit
pLmc Ha.%kc%c I h,t% us %pin .ni% rcurl% parallel to the ediplic planr
which lines the ,ingic .i,, therch% dcicntiming the %,tune po%ttion out
of the a.l ptit TiLine

sured electric held intensities to a theoretical equation for a
spin modulation envelope green by

2 )_ 2 Cos

where E.- is the measured field strength and ,;, is the corre-
sponding orientation anelc of the electric antenna in the plane
of rutaiion. The parameters determined by the fitting proce-
dure, which is usually applied to a sequence of about Ill min of
data, are the direction of arrival a, the modulation factor err,
and the electric field strength E-,,. As was mentioned earlier, it is
unl% possible to dctcrinme the direction of arri%al projected
onto a plane perpendicular to the spacecraft pin axis. T he
spin axis directions of both Hchos and Imp 8 arc oriented
perpendicular to the ecliptic plane as shown in Figure I. Si-
multaneous direction finding measurements front and
Imp 8 therefore gi%r the angles ti t and u, shown in Figure I,
which uniquely determines the position of the source projected
onto the ecliptic plane. The spin axis direction of Ha%%keye I,
on the other hand, is oriented nearl% parallel to the ecliptic
plane, which gives the ;Ingle of arri%al d, abo%e the ecliptic
plane. As .hewn in Figure I, these three angles, u,, o1,

and d,, completely specify the position of the source. B% per-
forming this anal y sis as a function of Ircquency the three-
dimensional trajecturp of the t%pc III burst can be deternumed

AN41- y SIS01 Till T) Pt 111 Room)BLRST
oN Ni Altcft'3. 1976

Because of the low occurrence of solar flare activity during
solar nununum and %anous geometrical constraints the num-
her of t y pe III radio bursts which are currentl% a%atlahlc for a
detailed anal y sis is %cr% small. One e%cr,t for which all of the
spacecraft m%oI%ed were in particularl% fa%urable positions for
anal y sis occurred on March 23. 1976. The onset ul unic of this
went is at about 0843 UT as determined h% ground high-
frequency rddiu measurements ( 1) 0.4,4 .  1976 No Ho solar
flare %%as detected it this time. howe%er, a large X ray Iare and
it electron e%cnt consistent with this onset time %sere
detected h% both Hellos I and Helios 2 0. Trainor and A.
Richter, personal communication, 1976). The typc III iadio
emission associated with this c%cnt %%as first detected h% Hchos

at about OS50 UT The corresponding radio Intensities dc.
tecled b% Helios 2. Hawkeyc I. and Imp 8 are sho%%n in
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 heho,cntric
radial distance of 0,56 All, and lithos I was west of the carth-
sun line. at an earth-sun-probe angle of 28.8° and a hehocrn-
tnc radial distance of 0 34 AU The po%Itions of Helios I and
projected onto the ecliptic plane .ire shown in l igurc 3. The
type III burst was not detected M Helios I.

The direction of arri%al measurements obtained for this
event arc summarized in Table 1. The time intcr%als used to
obtain the parameters gl%cn in Table I "ere selected on the
basis of a sliding avct.tgc analysts, and oil% those Intervals
which gi%e a conwtcnt direction tit arrival for %c%cral con-
tiguou% intervals acre used tit the a%erage dlrct:-
tions of arrival. Rclrible lits were obtained for three liequen-
'Acs. 5011, I7S. and 100 kilt. from Inip S. for t %%o Ircquencics.
I'8 and IW kllt. from Hcho% 2. and for one IrctloCn;%, I'S
kilt. Irom Ha%%ke%c I 1)ithough Libic 1 %hows resulls Irom
lia%%ke%r I for IM kilt. the standard dc%i.rtion and Ilucitia
buns in the direction of ,irri%al for this Ircyucncv ,ire so laree
that this nica%urcmcm %%a% nut .iced in the suhscyucnt .111.11%sis.
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ELECTRON PLASMA OSCILLATIONS	 TYPE M SOLAR RADIO BURST

170

100	 100 d0	 HELIOS 2

56,2	
R • 0.56 A.U.

31.1

178

100 100 db	 HAWKEYE I 
R • 1.0 A.U.	 r

562Y(
b	 31.1

LECTRON PLASMA OSCILLATIONS

500--1 L

ITS /	 IMP 8
R•I.OA.U.^

100 100 db

56.2

31.1

0000	 0600	 1200	 1800	 2400

UT (HR MIN), DAY 83, MARCH 23, 1976

Fig, 2. The electric held intensities detected b .% Imp 8. Hatskoe I. and Helios 2 for the t y pe 111 radio burst on das 83.
March 23. 1976. The larger intensities detected bs Imp 8 are due to the longer antenna length. 1-1.8 m from tip to tip for the
Imp 8 plasma Nave experiment, compared to 1'.15 m for HnNkc^c I and 32.0 m for Helios 2

i
3
it

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 arc
shown in Figure 3 for each frequency analszed. The source
positions at 100 and 178 kllz 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 t and a, (see Table I I. Both the Imp 8 and
the Helios direction finding measurements cicarl% show a s)s-
tematic eastward shift in the directions of arri+al with decreas-
ing frequency and increasing radial distance from the sun,
characteristic of the typical Archimedean spiral trajector y of a
type III burst. The best tit Archimedean spiral through the
source positions is shown in Figure 3. The equation used for
the Archimedean spiral is

o - 1F0 -„ I V N' Ir

where r and r arc the heliographic longitude and radial dis-
tance, V, N is the solar wind velocity, and Q is the rotational
velocity of the sun. The solar wind velocity is assumed to be
600 km s 1 . As will be discussed in the next section, this solar
wind velocity is an approximate average Talus 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 III burst in Figure 3 shows that the particles
which produced the radio emission were emitted slightly east
of the central meridian.

The trajectory of the type III burst out of the ecliptic
plane, as determined by Fla%keye I, is shown in the meridian
plane projection of Figure a. Unfortunatcls. accurate source
positions in the meridian plane can onlx Ke obtained at one
frequency. 178 kHz, for this event. Neserllteless, this measure-
ment is Important because it show. that the t%pe III burst
trajectory is vcrs close to the ecliptic plane.

From the modulation factors given in Table I it is also
possible to estimate the apparent size of the source. As can be
easily show n, 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
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Y trP S. NAw KETE i

EAI;TM

Fig. 1. The ecliptic plane projection of the source positions deter-
mined hr triangulation from Imp 8 and Hcho, The unccrtainrs to
the centroid of the %0Urce po,ihon is indicated bt the crosshatched
region, at the tntenecUons of the d recuons III arri%jl The hest lit
trrlectors I, in krchimede.in spir.11 through the ohserned source posi.
eons I he p.lr.imeten of the \rchirinedv.in spir.il h.nc been svlcocd to
represent the expected conl gur.uLnt a1' the soLlr Hind magnetic field
Ior .1 solar %%ind sclocus of Mx) km s.

1
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TABLE I. Direction of Arrisal Measurements Obtained for the March 23, 1976, Type III Rudio Bursl

Helios 2	 Imp 8	 Hawkeye I
Frequency,

kHz	 a,, deg	 m	 a,, deg	 M	 Q„ deg	 m

i	 So0	 •••	 •••	 3.911.1	 0.985	 •••
178	 42.0 i 0.4	 0.444	 17.4 t 1.2	 0.809	 4.1 t 0.6	 0.448

100	 78.0 t 4.1	 0.047	 35.4 3 0.6	 0.521	 24.7 t 9.4	 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 region of the type III
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 WI\D DE\SIT1'

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 t ype III burst passed very
close to the ecliptic plane, since this is the only , region in w hich
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
I at about 0.32 AU. As is shown in Figure 3, the trajectory of

Fig 4. The ohwrsed source postuon of the t y pe ;II hunt in the
mcrnlian plane l nfortunate1%. rchihlc directiuA hnding measure-
menu . in oni% he ohtamed for one frrquenc^, 178 kHz. from Hawk.
eke I dunn i; th . c%cnt This one mc.isurcment does. houescr. show
thm the tr,rirstors of the type III was stirs clo,c to the ecliptic plane.

the type III bust 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 I 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 da y's for Helios I. 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 dent : ty during this
few'-day period should be small. Fortunately, the shortest dc-
lay is for Helios 2, which passes the closest to the obscrsed
source locations (compare Figures 3 and 5).

The solar wind plasma densities obtained from Imp 7 and S.
Helios 2, and Helios 1 are shown in Figure 6. Although the
plasma instruments actually measure ion densities. the mea-
surements shown are equivalent electron densities computed
assuming the plasma to he electrically neutral, -I  time scales
in Figure 6 arc 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 III 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 III burst trajectory . The density en-
hancement evident at all three radial distances (day 87 at

Helios 1, day's 83 and 84 at Helios, and days 85 and 86 at Imp 7
and 8) is evidently a corotating structure w hich has an Archi-
medean spiral structure similar to the type 111 burst but dis-
placed approximately 20° westw ard in longitude. Com-
parisons with solar wind velocity measurements show that this
density compression precedes the onset of it stream,
following the well-known pattern discussed by Hundhousen
(19731.

When the electron plasma frequencies obtained from these
plasma densities are compared wit ti the observed emission
frequencies, consideration must be giv(n 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 hest
estimate of the type III trajectory, 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 prohably h,is the largest error
because it represents an extrapolation hs ,e%eral tenths of an
astronomical unit Into a region where the Vchimedean spiral
angle is quite sensitise to the solar wind selocits. The solar
wind ^clocity. I'_ = 600 km s ', used in the Archimcdcan
spiral lit is in close agreement with the sclorilics measured h\

NORTH

ECLIPTIC POLE

BEST FIT
D5MT TRAJECTORY

i7'B tKr

0.5	 ID 4.11r
i'

WAIOIAN PLANE
THROUGH THE SOURCE



-60'

GURNE TT ET AL.: STEREOsCorIC DIRECTION FINDING l
S	 ►

(l
1

ti
f

103

le

10

w

to
I^

to

Io
102

1S

2

e

a

620

HELIOS 1

Z

- ILT	 01	 19,

HELIOGRAPHIC LONGITUDE
(REFERENCED TO THE EARTH AT 0850 uT , DAY 83)

Fig. 3. The trajectories of Imp 7 and 8. Helios 2, and Helios I in a coordinate sy stem fiscd to the sun. The spacecraft
intersect the best fit trajectory of the I%pe III burst at the points marked A. B. and C. Point B represents the best position for
comparisons with the local plasma frequency. since this intersection Is the closest to the observed source positions (compare
with Figure 3) and occurs at the shortest time (2.6 days) after the event.
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Fig 6	 The electron densities observed by Imp 7 and N. Hchos 2, ants Helios 1 for the scscral•day period idler the type III
event on d.Iy 83. The InterNwions a rth the hest lit lraIcctory occur at p.urts A. B. and ( .I% determined from I IEurc y. 	 i
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HELIOCENTRIC RADIAL DISTANCE, A.U.

Fig. 7. A compa-ison of the observed emission frequencies of the
type III 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 x 10° cen-
tered on the points A, B. and C in Figure 6. The error bars give the
standard deviation of the electron plasma frequency over this interval.

variability of the plasma frequency in the assumed source
region. The electron plasma frequency is also considered to be
unc._rtain by about ±15% because of instrumental limitations
in the absolute density determination. Also shown in Figure 7
are the observed type 111 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 (±7.596) and the uncertainties in the triangulation
measurements.

The systematic decrease in the solar wind plasma frequency
and the type III 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 I/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
f,-. For comparison the second harmonic F the electron
plasma frequency, 2f,-, is shown by the dashed line in Figure
7, based on the I/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 A\D D1sCUSsioN

By using long base line stereoscopic direction finding mea-
surements from the Imp 8, Ha%ke)e 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 ill 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 arc concerned with ( I ) 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 b) Helios I
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 denvit) must be
averaged to compute the 'average' electron plasma frequency
is not accurately known. Fortunately. the spatial var:ations In

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 I 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 b) the Helios 2 mea-
surements at 178 kHz which still have a sizable spin modula-

s tion'at - 0.44, which corresponds to a half angle of about 46'
for a uniformly illuminated disk), even though the spacecraft
is only I8° 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 mcasure-

	

-	 ments over a region of ± 10 • heliographic longitude on either

	

f _	 side of the centroid of the source as determined by the points
A, B. and C in Figure 6.

s- The average electron plasma frequencies within the ±10'
regions centered on points A. B, and C arc shpw n in Figure 7,
plotted as a function of heliocentric radial distance. The stan-
dard deviation of the plasma frequenc y in each region is also

'	 shown b) the error bars In Figure 7, to indicate the range of
i



the plasma frequcnc^ are not so large that the basic conclusion
is affected by the assumed sire of the source region. Even if the
source sire is increased b y a factor of 2 or more, the electron
plasma frequencies detected by Helios I and 2 are not changed
sullicientl) to be consistent w ith generation of the radiation at
the fundamental. Another limitation is that in situ plasma
density measurements are only available near the ecliptic
plane. It is of course po,sible that the plasma density is unex-
pectedly large in the region awe% from the ecliptic plane, in
which case the radiation could be generated at the fundamen-
tal and still be consistent with our measurements. Since the
centroid of toe soo;ce is located eer y close to the ecliptic plane
(sec Figure 4). this hypothesis is not considered %cr% likely,
since it w ould 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 observed
range of longitudinal variations. such large latitudinal varia-
tions of the plasma density away from the ecliptic plane seem
quite unlikely.

The conclusion of this investigation, that the low-frequency
type III radio emission is generated at 2f„-, is consistent with
and confirms the earlier results of Fainberg et al. [19721. Had-
dock and .♦ bare: [19731. Fainberg and Stone 119741. .41L-are:  er
al. [ 1975], and Raiser [ 19751, 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

Drpartment of Physlct ad Astronomy. Unavrsfty of lowin. /owe City. Iowa 51111

Plasma wave measurements on the Helios I and 2 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 evidence 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 spacecraft
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 jiustic waves by protons streaming into the solar wind from
the earth's bow shock are also considered.

i	 1	 r
1

i -

INTRODUCTION

Plasma wave measurements on the solar-orbiting Helios I
and 2 spacecraft [Gurnerr and Anderson, 19771 have recently
revealed the occurrence of significant levels of electric field
turbulence in the solar wind at frequencies from about I to 10
kHz, between the electron 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 frs.tiuen:y
which are Doppler-shifted upward in frequency by the nation
of the solar wind. Measurements are presented both in inter-
planetary space, from Helios I and 2, and in the solar wind
upstream of the earth's br•w shock, from Imp 6 and 8. These
data provide a comprehensive description of the spectrum, po-
larization, wave l ength, 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 interplanetary 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 (19701. 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 earth'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 Gurnert and Anderson (19771 this turbulence was called f,•
< f < 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
frequencies f,- and f,'. As detected by Helios I and 2. the
maximum single-channel (t 10% bandwidth) electric field am-
plitudes of the f,- < f < f, noise arc typically a few hundred
microvolts per meter. The electric field strength of this noise is
sere impulsive. :or%isting of m Ins brief i • ur-t. 1.ta:ne for onlr
a feN sccondN N hen it is stared on a unip ..ale of .^:rcral
hours or more. the f,' < f < f,- noise is present a large

Cup)right O 1979 be. the American Geophysical Union.

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 mod,tlation
measurements show that the electric field of the noise tends to
be aligned along the direction of the magnetic field to the solar
wind. Gurnett and Anderson discussed the possible plasma
wave iii-,rides which could account for the f,' < f < f,- noise
and concluded that the noise could be produced by either the
8unentan (19581 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,' < jr < 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 I and 2
plasma wave instrumentation, see the paler by Gurnett and
Anderson [19771. A typical example of the f,' < jr < f,- noise
detected by Helios 2 is shown in Figure I. 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 I show the peak electric field 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 to the bottom of the next adjacent
channel. The f,' < 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 I. A typical spectrum.
selected from Figure I at a time of nearl y maximum intensity.
is shown in Figure :. 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 frequencies
f,' < f< f,- is believed to be mainly fortuitous. since as will
h; .h;.rn L:rr	 I'., 	 ' Irtj:n i - •tron.h D •, r:cr-
slultcsf 5) the motion of we :ulcer wind. both I igurr I jnd
Figure 2 show that the pr:Ik field strengths of the f,- < f < f„-
noise arc much larger than the average field strengths, in.
dicating that the noise is very impulsive The dct.tiled temporal
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Fig, I. Typical example of the f, • < J < f,- noise 6ctwed by the Helios 2 spacecraft at about 0.45 AU. The solid lines
and the vertical bars (solid black arcs%) indicate the peak and average electric held strengths. The intense noise at low
frequencies, $311 Ht, is caused by interference from the spacecraft solar array.
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Fig. 3. Very high time resolution measurements from Figure 1.
shorting the impulsive burstlike temporal structure of the f,' < f <
I,- 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 I. at about
0237 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 measurements, such as those in Figure 3, chow distinct
evidence of spin modulation caused b y the rotation of the
electric antenna. A brief period in which such spin modulation
is apparent occurs from about + 12 to + 13 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 messure-
ments the detailed spin modulation pattern can usua!iy be
identified. An example of one such series of measurements is
illustrated in Figure 4, which shows the electric field intensity
distribution above a fixed percentage occurrence leval (10 and
20%) as a function of the antenna orientation angle f,, A . A
long (I hour) analysis interval is used to reduce statistical
Amustions. These data show that the maximum electric 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 1ationship. From these
measurements it is that the electric field of the f,' <
f < f,- noise is oriented approximately parallel to the static
magnetic field in the solar wind.

To illustralc the approximate fraction of the time that the
f,- < f < f, - noise is present to the solar A Ind, Figure 3 shows
the peak and a%craEc field strengths for one complete solar
rota'ror 'I he four frcoueni";• •h.+„ n m Fiea re l -e ;Ir;trA
to co y er the rank of Iri.lue n , :, rte „h,,h !h,', 	 11 1"

noise is normal1% ohserved Here, ax In Figure I, the peak and
averofe field strength% it-.huwn h% line% end %erticil Mar% A
time Inter%A of 36 0 min t^ u.cd for hoth the peak and the

average field strength calculations. It is evident from Figure 3
that peak electric field amplitudes of a few hundred microvolts
per meter are present in the frequency range from 1.79 to 3.62
kHz a substantial fraction of the time. Occasionally, bursts of
f, • < f < f,- noise are seen to extend into the 362-Hz and
17.8-kHz channels. Because of the long interval for the peak
determination the compressed time scale presentation in Fie-
ure 3 tends to enhance the apparent occurrence of the f,' C f
< f,- noise, since even one short bust during any given 36•
min interval will register in the peak measurements. Never-
theless, these data show that bursts of f,' < f < f,- noise are a
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 17 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 I
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 3. The electric
field strength contours shown in Figure 6 correspond to in-
tensities which are exceeded a fixed fraction ( 3 and 1o%) of the
time. The pot tion of the overall spectrum attributed to the f,-
< f < f, - noise is indicated by the shaded areas. The steeply
rising spectrum at low frequencies (<300 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. S. Comprcssed tine scale plot showing the electric field intensities for one solar rotation. Each peak and each

average point represent a 36-min interval. These data show that a low lcvtl of f,' < f < f,- noise, at am plitudes of 10-100
4 V m -', is present in the solar wind a substantial friction of the time.

0564ations comparable to the event in Figurc I at about 07M
UT. These plasma oscillations are directly associated with
energetic electrons streaming outward from the sun [Gurnetr
and frank. 19751 and are often directly associated w ith type III
solar radio bunts (Gurnerl and Andrr,lvn. 19761. Although
narrow-band electron plasma oscillations are easily distin-
guished from the f,' < f < f,- noise. no attempt was made to
separate the two types of waves for the statistical analysis in
Figure 6, since tt.e plasma oscillations occur ven infrequently.
Figure 6 clearly shows tha; both the upper cutoff- frequency
and the intensity of the f," < f < f,-. noise in.^rsase with
decreasing radial distance from the sun. A rough analysis
indicates that the upper cutoff frequencies of the f,' < f < f,-
noise and the frequency of the electron plasma oscillations
vary approximately as I/R, where R is the helioceitric sadi:l
distance. The radial variation of the f, • < f < f,- noise
intensity is shown in more detail in Figure 7, hick gives the
distribution of broadband electric field strengths as t funct.ors
of the radial distance from the sun. The broadband electric
field strengths used in this trisly" art calculated by In-
tegrating the individual 36-min peak ciectric field spectrums
from 562 Hz to 31.1 kHz. As can bt seen from Figure S. the
main contribution to the f,' < f < j,- noise spectrum usually
occurs in this frequency range:. The frequency of occurrence
contours in Figure 7 clearly show the increase In the J,' < j <
f,- 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 law radial distance
dependence being assume!, irdlcates that the electric field
strength also vanes appromma'.cly as 1 'R.

IVP 6 14\0 8 011, ► K% kTitl • .s L r,14tl k%1 of

THE LARIIt IIUw SHUCk

Waves esscmtail% identical to the f,, • < r < f, noise de.
tected by Hchus are also commonly obticr%cd h .̂  i!he Imp 6 and

8 spacecraft in the solar wind upstream of the earth's bow
shock. Set the description by Gurnerf (1974) of the plasma
wove 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 illustrate some typical examples of the f,'
< f < j,- noise detected by Imp 8 upstream of the bow shock.
Figure 8 shows an example of an earth-related event in which a
burst of f,' < f < f,- noise, from about 0920 to 1115 UT. ii
closely associated with the arrival of a stream of low energy
protol.s from the tarth's bow shock. The corresponding
charged particle measurements from the University of Iowa
tow-energy rroton-electron differential energy analyzer (Le-
pedes)tin Imp 8 zre shown in Plate 1. Details of this spectro-
gram display of the charged particle intensities and the Le-
pedea instrumentation are goon by Frank el al. (1976). The
sunward streaming i• to 10-keV protons associated with the
f, < f < f, noise are clearly evident in the second, third, and
fourth spectrograms from the top in Plste 1, between about
0920 and 1113 UT. iIt almost exact coincidence with the burst
of f, • < f < f,- noise. These spectrograms represent viewing
directions looking toward local evening, local midnight, and
local morning, respectively. The direction of motion of the
protons can also be s.-en from the sector spectrogram in Pl;tc
1, which shows that the protons are ureamlng towsri the sun
with directions of arrissl in the range 120' < est r ; 300'
(solar ec l iptic coordinates). Imp 9 at this time is located up-
stream of the earth at a local time of about I4.5 hours and a
geocentric radial distance of about 41 R, 1 he obser,ed dire:-
tion, of :1rr+t 1 1	 , rr .	 •,1 . ",.1% W 1i! , 1' . c :,r ..try d""! ,
Jr 1110110t1 li e f f'.jrij:I:- ri,• ,n. teat• tt,,1:i ;hc .,I U.,:
earth The ,elocity distribution !unction for t,ic%c protons,
measured along directions i . pro%imutcl% p.ir.illel to the e.irth-
sun line. is shown in Figure 11. along with tht amhien, %ol.ir
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Fig. 6. Statistical survey of the 36-min peak field strength measurements of the type shown in Figure 5 fora total of two
complete orbits around the sun. These data show that both the frequency and the amplitude of the f,' < f < f,- noise
increase systematically with decreasing radial distance from the sun, with f_ a lift.

wind distribution determined from the Los Alamos plasma
instrtment on Imp 8 (W. Feldman, personal communication,
1977). As can be seen in Fi g ure 11, the protons strea.n.ng into
the solar wind produce a very pronounced double peak in the
proton di `triJ lj t1- . function. Poss ible chanisms by which
these sunward streaming protons can ^encratc f,' < f < fl -
noise a.a cr-nsiderc ,i iater.

The upstream f,' < f < f,- noise associated with protons
Y.arrmn "rom the cap th's ho%% shoi:k. +urn as that in I ieurc ,.

alrr -it certaml^ corresponds to 0- clvctrus:auc noise first
re, r :ed by 5rarf et a/. 114701 upstream of ,he bow shock from
Ogo 5. In com;)ar,3on to the f,' < f < f, noI e detected by
Helios the unstream waves deteciec' by imp 8 hwc essentially

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 ivn plasma frequencies. The
peak electric field strengths are much greater than the average
electric field strengths, as is ,rue in the Helios measurements,
and angular distributions, such as those in Figure 11, show
that the wave electric F eld is aligned approximately parallel to
the solar wind magnetic field, also i-n ag reement with the
Ilci: +s	 +!	 '!Iwr^, 11"m .il! n% . , i t , r t	 dcn:e the clec-
trol:ettc Nasc, bc,acj	 I ul-tream	 :., earth b y protrr,
arrving from the bow ock are csintiallv Identical to the fr'
< f < f, noise detected by He l los far front the cart!: T nc,c
comparisons indicate that the . ame basic plasma w.ne mode as

1 d
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Fig. 7. More detailed analysis of the broadband electric field intensity as a function of the radial distance from the sun.
The radial distance is plotted on a logarithmic scale, so that a power law dependence will be a straight line. The electric field
amplitude varies approximately as I/R.

involved in both types of noise. The detailed mechanisms by
which the noise is generated 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,; < jr < 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 spectro-
grams in Plate 2 for the same day demonstrate that no sun-
ward streaming protons are detectable during these events,
except possibl y for the event around 1300-1400 ', I T. The mag-
netic field during this day is often close to the ecliptic plane, so
the re is no possibility that the Lepedea, which scans viewing
directions in the ecliptic plane, 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 <
f,- noise intensity. Events of this type, for which no earth-
related source can be identified, constitute about 36-50 of ail
of the f,' < 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 earth, 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
earth related) f,' < f < f,- noise, the Imp 8 Lcpcdca 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
anisotMp\ a—kicimck i %%ith the c1cctron I!c.it Ilu\ ill t!tt okir
wind plays an impoitant role in pruductng the I, , f , fp
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 off,' < 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 rrt;-t correspond to the
interplanetary f,' < f < f,- noise. The enho iced background.
evident in the proton spectrogram throt ghout the period
shown in Plate 3, is caused by an energetic polar cosmic rav
event. Close examination of the electron sector spectrogram in
the second panel from the bottom in Plate 3 shows that the fp'
< 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° <_ <_ 90°, which are approximately sym-
metrical with respect to the magnetic field direction, ,e,B

45°, during this period. This anisotropy is representative of a
substantial streaming of electrons 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 of 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 hacd energy and the corresponding 1.78-kHr
electric field intensity variations arc shown in Figure 13 near
the beginning of the event. The c1cc-.ron distribution function
is shown in two directions, sc,r'- = 34° and 12:°, which are
approximately parallel and perpendicular, respectively, to the
average magnetic field directions 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 is too far out
of the ecliptic plane, A.	 ; 60 for accurate measurements of
the rni.airk 1 n\ p.+r.ill% i perl • cnw:war to the vi.—rot,:
held. llotsc\cr, alter auitut 101U L I the magnetic ' ,, ld is
sufficiently close to the ecliptic plane, n„” _< 30°. for good
anisotropy measurements. As can be seen from Figure 13,
after about 1650 the intensities at r,a r = 34°, looking along
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the magnetic field toward the sun, ncreasc substantially above
the intensities at ,r, E l - 124°, perpendicular to the magnetic
field. Comparisons with the 1.78-kHz electric field intensities
show that the onset of the f,' < 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 .c,c t z, 34° at about 155: UT. Even though
8,," 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, %Psg'
124°, shows no comparable increase. The evidence that the J,'
< f < J,- noise is associated with the magnetic-field-aligned
anisotropy in the electron flux is further supported by the

(	 velocity distributions shown in Figure 14, which are selected
1 for times when 0,, 0 n- Ob and for viewing direction parallel

(,per t - 304° and 34 D ) and antiparallel (v,s t = 124° and 214*)
to the magnetic field. The electron intensity measurements at
1252 UT (triangles), before the onset of the f,' < J < (,-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 3-5, over a broad range of

a velocities. These velocity distributions also show that other
than the change in the anisotropy the electron distribution
functions are nearly identical in he two regions. before and
after onset of the noise. Comparison of these velocity distribu-
tions with the measurements of Feldman et al. 119751 clearly
identifies this anisotropy with a greatl y 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 arc being observed. The
variations in the f,- < f < f,- noise intensity arc 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
electron 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 W AVES

Some of the factors involved in the identification of the
plasma wave mode associated with the f,' < f < f,- noise
detected by Helios have already been discussi d by Gurnett and
Anderson (19771. From the elek trostatic 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

t	 the static magnetic field. Essentially only two plasma wage
modes are known which could account for all of the observed

•	 characteristics. These modes are the ion acoustic mode at f <
f,' and the Buneman (19581 mode at f, , (,n';'rrr - )'j, -. We
also note that Scurf e ► al. (19701 identified the same modes as
the best candidates for explainin g the upstream electnKTATiC
none. %%hi, h is no g% h„ :c-. cd to 1,C;IIc same ha,i% pia , nt,l %`.nt

mode L1 rte^ttd by Hchoa tar From the earth. Aithough Gurnett
and AnJer%on 119771 argue that It , unhkcly that the proper
conditions exist In the solar wind for generating the Buneman
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FIX. 11. 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 I- The + V, velocity axis is directed toward the sun. The dashed line gives the
solar wind proton distribution function as determined from the Los Alamos plasma anah7cr on Imp 8.

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

One way of distinguishing the Buncman 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 fp ' in the rest frame
of the plasma, large Doppler shifts and correspondingly short
wavelengths of tens to hundreds of meters are rcquiled !o
account for the frequency range, (2-10)fo ', i ^ which the noise
is usuall y observed. The Buncman mode, or the other hand,
occurs It a frcqucncs f ,	 ? -W r	 which ,c.i,.ires no
shift I,, a:iounL 1 rr the uhscr,cd L- cUucuc% spectrum, implNme

wavelengths of sc%cral hundred meters or more.
Since only a single electric dipole antenna is used on Hellos,

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 different lengths which can be
used to estimate wavelengths. The technique used consists of
comparing the measured antenna voltages V with the tip-to-tip
lengths L of the antennas. For wavelengths longer than the
antenna the antenna voltage is directly proporuonal to the
antenna length, so that the computed electric field strength F-
= 2V/L is the same for both antcnn.i ,,. Howcver, for wavc-
lengths A compatable to or shorter than the antenna this
proportionalit y no lon ger holds. In general, we expect that

\	 / . the nu.:.,,rc,! ,!::lrti Is !,I .nin th ,s ll he tm&r-
c.Uni.ricd

On Inip 6 the electric fic,d anicnn.is consist of two orthog-
onal dipoles with up- to-tit: lengths of f., = y _` 5 m and L, --

l
r^,
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Fig. 12. Angular distribution of the electric field intensity for a
burst of jr,' < f < f, noise produced by upstreaming magnetosheath
protons. These data show that the electric field of the proton-driven
f,' < f < f,` noise is parallel to the solar wind magnetic field.
essentially identical to the f,' < f < f,- noise detected by Helios far
from the earth (compare with Figure 4).

53.5 m (Gurnett. 19741. 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
are 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 state
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 < f,- noise has been estimated by using this technique is
shown in Figure 15. During this period, Imp 6 is upstream of
the bow shock at geocentric radial distances from about 19 to
26 RE and local times from about 9.8 to 10.2 hours. A sub-
stantial level of f,' < f < f,- noise is present during this
period. Some of these events can be associated with lov energy
protons arriving from the bow shock, whereas other events,
such as the intense bursts from about 0520 to 0610 UT, are of
interplanetary 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 spectrums obtained from the E, and E,
antennas during the interval from about 0530 to 0602 UT are
shown in the bottom panel of Figure 16. These spectrums give
the median value, of all of the peak intcn uticc obtained during
this mtcr.il.:, +r-11^L;CJ h^ t:at:c t ^! L L.^.h i+ + :^; _; ;.
senis the median of approximately 7(U tndisidual peak mea-
suremcntc. Because of the Impulsive temporal fluctuations a
large number of measurements arc needed to reduce the statis-

tical fluctuations to an acceptable level. The ratio ( . f the E, 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,/£, ratio is approximatel y I at low frequencies, f
< 3 kHz, but deviates substantially below I at high frequen-
cies, f Z 10 kHz. The decrease in the £,/E, ratio at high
frequencies indicates that the longer, E, antenna is signifi-
cantly underestimating the field strengths in comparison to the
shorter. E, 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 kHz.

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,1E, ratio stays very close to I 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 be low I, 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 T- - 1.5 x
101 • K it is readily shown that the ion acoustic speed C. _
(kT- /m')I'1 - 35.2 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 s ( V../,) CJs B.v	 (1)

where 8.v is the angle between the propagation vector It and
the solar wind velocity V.,... Even though the ion acoustic
mode can propagate at a substantial angle to the magnetic
field (Srfx, 19621, 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 field. Thus B.,• can be determined from the
measured magnetic field direction; i.e., B.,• = Onv. By solving
( I ) for k by means of the appropriate solar wind speed V.. z-
360 km s-' from Figu re 15 and by means of Bev - 22° from the
Imp 6 magnetometer data (D. Fairfield, personal communica-
tion. 1977) the wavelengths corresponding to each frequency
can be calculated. These wavelengths arc 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,i E,
ratio starts to deviate below I as soon as the computed wave-
length becomes significantly shorter than the antenna. These
comparisons show that the wavelength computed from the
Doppler shift formula is in tl_ellent quantitative agreement
with the wavelength estimated from the E,%£, ratio (X = 92.5
M at f ^ 3 kHz).

Further evidence of chort Aa%cIcnetha it provided ht the
ur;:r.i11,i;cllhi r.+•:t•r,'. ';":trum..n,1'.I'C%.ui.1•
uun of tl::s cutull with radial distance Irom the sun. It is well
known that the shortest slavclength which can occur in a
plasma is determined by the onset of strung Land.iu damping
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Fig. 13. Low-energy electron intensity variations associated with the burst of f, • < f < f, noise shown In Figure 10.
The dashed curve at ,r,, 4 ^ 124' gives the electron intensities perpendicular to the magnetic field, and t- :solid curve at ,r,"

34' gives the intensities looking generally toward the sun and along the ecliptic plane projection of the magnetic held.
The f,' < 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.

1

at a wavelength of about 2vX,,, where ao' - t.kT/ne" is the
Debye length. The minimum wavelength X, n r„ = 2trao, com-
puted from the measured plasma density n = 35 cm - ' and the
temperature T- - 1.4 x I0 1 °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 frequenc y of the electric field spectrum. The dependence
of the minimum %a\elcneth on the plasma densit y . A	 x X„
-, I it	 Curt tier niorc	 the ;cnJcrvs for the urper

cutolT Ircqueno 1, = 0 a n'4 to Increase %iln
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 a I ' "I appropriate for the solar
wind far from the sun, is uses:, the upper cutoff frequency
should vary approximately as fn,., a I/R. which is seen to be
in good agreement with the observed radial variation of the
upper cutor, frequency illustrated in Figure 6. All these com-
parisons provide strong evidence that the low-frequency elec-
trostatic waves dctected in the solar wind by Imp 6, Imp 9. and
Helios have short \kavelcnelh,, ;md Doppler shift ,, consistent
A th ;h: &P111 	 Of ;, . 	 I. it 1 .10 1 1.1' k

Although short w avcicngths are cle.trl^ c%went for the csent
in Figure 16, in most cases the f,,' < f < f, noise dctected
b •. Imp 6 does not show these effects. The event in Figure 16 is
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unusual in that the plasma density is very large, n - 35 cm-s,
and results in a minimum wavelength substantiall y less than
the antenna length. For t ypical solar wind plasma densities at
I AU n = 5 cm - ', the minimum wavelength is approximately
A. - 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 wa g e energy
occurs at wavelengths substantially larger than A,,,,,, = 21rX,,
and that the intensiu is strongly attenuated for waccleneths
approaching X,,,,. It should al-,(; he noted that hecause of the
shorter Iencih of ih,• Hclrns .intrnn t, i/ - 16 m for Who, I.
and 1. t_' tit lo g flcho, 'i. error,,IUC t,t •I'.^r; ,, .i, C^Ct'l'lh
effects are not normalls expected to bc'mgniticant for the
Helios measuremc• nis, except for - usualls high densities.

ORIGIN OF THE SOLAR Wmt) Io% ACOCSTIC WAVES

Having established that the If
'
 < 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 ion acoustic wave by an
increase in the electron heat flux provides strong evidence that
the ion acoustic mode is being driven unstable by the electron
heat flu% in the solar wind, as was first suggested by Furslund
(1970.

T hr h.-,ii r rrh tn t cm •u. r, , ,rt1 he F.,. , ;,.• / I I q^nt	 i'lu,.
u.ilc,l	 !it	 i -• • ur,:	 Is.	 \%I • !	 I 
form of the reduced one-dimensional cic, • tron .ind rrmon
disirihution functions In the solar wind the reduccd onc-
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Fig. 15. Series of f,' < f < f,- noise bursts detected by imp 6 in association with a density compression preceding it high-
speed solar wind stream.
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dimensional distribution function F(V) is defined by F(V) = f
dV AV ), where AV) 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,'
electrons 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-
net,c 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

f
FM — F( ') dV > 0	 (2)

( 1' — t '„ ),

Nherc I, i. the ,clocln of the nummupt in F(I ) (Pinru.w.

19601. For equal electron and Ion temperatures T	 T' the
threshold drift sclocity is ver) large. ap, roxlmately V, _ (kT I

nr-)" s, which is too large to be exceeded in the solar wind.

However, if T - >> T', which is sometimes satisfied in the
solar wind, then the threshold drift velocity for instability is
greatly reduced, to approximately

V, - (kT'/m.)"'	 (3)

(Krall and Tricelpiece, 1973). For a solar wind ion temperatutc
of T' n, 4.0 x 10' °K the threshold drift velocity is, for
example, only V, = 18 km s-' (T- >> T' being assumed). For
electron temperatures only moderately !arger than the ion
temperature the threshold drift velocity is larger than (3) by a
factor which depends on T IT- (see Kral and Tricelpiece.
1973). On the basis of his analysis, Forslund [ 1970) concluded
that the ion acoustic mode should be driven unstable b) the
electron heat flux whenever t he electron to ion temperature
ratio is sufficiently large.

Both the observed electric 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 Fur and (1970). The detailed argu-
ments in support of this mechanism arc. hu "e^er. more in-
^_^I,.,1..I:!.r	 ,^;, .	 '^• .	 ,,t ..,^ul,^,-I,.•:i, ^'^,:r:`.,i.ti^^n fua:-
tlun^ %611 l ^, wJ 1 1 0 11 101• i;Cn:rat y ton ,i.01.1,11L %%,00 1:iu,t

be eliminated from con,ideration Ch lrged particle mc.lcure-
ments, such as those in Plates 2 and 3, clearly sho,% that iun
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acoustic waves occur during times when no secondary peak is
detectable in either the electron or the proton distribution
functions. within the energy range (50 eV < E < 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 el al. (19751, that double
peaks do not occur in the electron distribution function at
energies less than 100 cV It is possible that closel y spaced
douhlc r,: kN 6ot,ld o,-,ur in Inc itm d ,;ri xiu in. ,i.,h .n the

double proton ,tre.inis reported by feldmin et al i 1973al, and
still he unreail y ed in the Lepedea data Comparisons with
published examples of double proton streams [Feldntan 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 possibilit y Icft is the double pe.ik
produced b y :r %elocrts ,hift h vI %% ecn It-: ne.As in the 0% tron
.imp i . ,:i di,inn- tion, . ,i'u,ir itco ni I •:i:rc Is 1'tc i rr•: .c
of such a velocity shift in the so lar wind has now been amply
demonstrated by Feldman et ,1 11974, 1 1475) It unl% rcni.urts
to be demonstrated that tF•s ...,it is sufficiently large to ewced
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the threshold for generating ion acoustic waves. The magni-
tude of 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 mcas;lred 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 ISO km s'. Th: ratio of this drift velocity to the
electron thermal speed (T- - 1.5 x 1(r °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 Imp 8 is T' = 7.1 x 10' °K. When a
typical temperature of T - 1 5 x 10 1 °K is used for the core
electrons, the temperature ratio is T , T' _ 2.14 For this
rela llC'^ I,`N c!,%iroii to Ion u::i , rcr.l!ure r.%;i,` t I% too	 t1ll^
tic mode should be stable according to the tunes given by
Struiger 119(A) On the other hind, if a typical halo temper-
ature of T = 7.0 x 10' °K is used, which gives T T - - 10,

the threshold drift velocity given by equation (3), V, - 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 sume-
where in between the two extremes given by the core and halo
temperatures, it seems likely that the ton acoustic mode is
unstable in this :ase. Further detailed analyses of the exact
instability conditions are needed for realistic models of the
solar wind electron distribution to answer this question
clearly.

For the ion acoustic generated by protons streaming
into the solar Mind from the hu. shock there is no question
about which particles arc responsible for the Instability 11oM-
ever. consider.thle uncerta , no till remim% romernine the dc-
t.11!^'ii c^r•I.,,n 1 1 n 101101 i'^c rrololl 111r.w , rr4'dLJ,rs 'hr
instabilny. In ;onsidcring the origin of the instability, (Mo
distinctly dllfercnt mechanisms can he identified ( I I the tnvt.t-
bilu) may be caused directl.k by the douhle peak in the proton

1

ti
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Fig. 19. Illustration showing the ve l ocity shift V, between the low-enetgy electrons and the solar Mind protons, required
to maintain zero net current %hen a substantial electron heat flux is present. If the velocity shift is suflicienth large, the
resulting double peak in the combined electron and proton distribution function FIVl can cause the ion acoustic mode to
become unstable.

.ai

distribution (see Figure I I). or (2) the instability may be
caused indirectly by the shift in the velocity of the core elec-
trons required to maintain zero net current, similar to the heat
flux me^hanism. Of these two possibilities the second mecha-
nism is believed to be dominant. For the first mechanism,
rough estimates show that the peak in the proton distribution
function due to the upstrtaming protons is simply too small to
be unstable according to the Penrose criterion. Note that the
contribution of the proton stream to R V) is greatl y reduced by
the factor (m-/ur ) in the combined one-dimensional distribu-
tion function, in addition to the fact that the distribution
function for this stream is nearly 6 orders of magnitude below
the peak due to the solar wind beam (see Figure I I). On the
other hand, the proton flux associated with the upstreaming
protons can be quite subst-ntial, • 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 %hy 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
intensities of the upstreaming protons are too small, by factors
of 10-100, to produce selocity shifts exceeding the threshold
for the ion acoustic %a se instability using a simple Maxwellian
distribu t ion fur the core electrons. The detailed explanation of
this discrepanc y is not known; however, one possibility is that
the electron heat flux maintains the plasma near marginal
stability for ion acoustic waves, so that only a small current
imbalance is needed to trigger the instability. Also. Feldman et

of (1973h) have show y, that protons streaming into the solar
wind from the earth's bow shock produce substantial per-
turbations in the ambient solar wi;,J electron distribution,
These perturbations and their effect on the instability condi-
tion given by the Penrose:riterion must be studied in greater
detail before the generation mechanism of the upstream ion
;Icou , Uc	 C.ir, he	 roolsCd

\untcr,,. uis	 -1,i. !i.iNc -uvk'v^IC%I MI—:hlc
sun acousti: turbulence ma) play in determining the large•
scale nroperues of the solar %%ind 11 has been cuFC^sled that
pla,nna Nast, can heat the solar wind ions 1Fredru.ls. 19691,

regulate the electron heat Aux in the solar wind (Forslund.
1970; Schul: and Et:iarar, 19721, and thermally couple the
electron and ion distributions (Perkins, 19731. The extent to
which the ion acoustic waves detected by Helios End Imp 6 and
8 play any significant role in these processes remains to be
determined. At I AU the maximum intensities of the ion
acoustic turbulence are relatively small, energy density ratios
being approximately e.V12nA-T a 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 flux.

SUMMARI ANDCONCLUSION

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 frequencies
(Gurnett and Anderson, 19771. In this, 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-%avcicnith ion
acoustic waves at / ; f,' which arc Dopplcr-shifted upward in
frequency by the motion of the solar wind. The upper cutoff
frequency and the variation of this cutoff frequency %ith radial
distance from the sun, /,,,,. a 1 /R, are in close agreement %ith
the short-%avelength cutoff 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 wase turbulence
detected in the solar wind near the earth is caused by supra-
thermal protons streaming into the solar wind from the
earth's bow shock. These waves. which correspond to the
upstream electrostatic v  es first reported b, Scar/ et al.

119701. are observatior.,! i , indistinguishable from the ion
acoustic waves detectcr by Helios although both the vp-
%Ire:im r% r hvn- lrnCn %% tscs .Ind 01C %k nos lietetl:kl M llr,h",
.err C+ulcni;% r , .iCi,u.U: INAkc• •,i.,.c ^L•tn:.:'s , c•,i
source is required to cxplmn the Hchos oh,er,aUons. ,inie
proton, from the c.irth's how shock :annot possihls account
for the %ases detected by Hehos far from the girth I samina-

1
r^,
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tion of the Imp 6 and 8 data reveals man) examples of ion
acoustic turbulence during periods when no proto n % can be
detected coming from the earth's bow shock. These events
evidently correspond to the waves detected b y Helios far from
the earth. Usually in these cases there is no evidence of signifi-
cant suprathermal electron or proton fluxes other than the
quiescent solar wind distribution. In R few events, variations in
the ion acoustic wave intensity were found which are closely
correlated with changes in the anisotrop) of the solar wind
electron distribution. These events suggest that the ion acous-
tic turbulence is driven by the Anisitrop) associated with the
electron heat Aux in the solar wind, as was suggested b)
forr/und (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 to we 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
i particles on the auroral field lines. In this paper we review the most important

types of auroral radio emissions o,-,h from a historical perspective as well as con-
sidering the latest results. Particular emphasis is placed on four type of electro-
magnetic emissions which are directly associated with the plasma on the auroral
field lines. These emissions are (I) auroral hiss, (2) saucers, ( 3) ELF noise bands.

I	 and (4) auroral kilometric radiation. Ray tracing and radio direction finding meas-
urements indicate that both the auroral hiss and auroral kilometric radiation are

i	 generated along the auroral field lines relatively close to the earth, at rauial distances
i	 from about 2.5 to 3 R,:, probably in direct association with the acceleration of auroral
f particles by parallel electric fields. T%e exact mech.inism by which these radio emis-

sions are generated has not been firmly established. For the auroral hiss the savored
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 BoARDStAN ( 1933) reported observations of

bunts of very - low-frequency ( VLF)'=tatic' which were clo3,ely correlated with !lashes

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-hand radio noise at frequencies from a few hundred Hz to over

100kHz ( E LLIS, 1957; DuvcAN and ELUS, 1959; Dow DkN, 1959; MARTIN et al.,
1960; JORGENSEN and UNGSTRUP, 1962; MoRozu%n, 1963; HARANG and LARSEN,

1964), Because of the close association of these r^^ I io emissions with aurora and

their broad bandwidth these emissions came to be known as auroral hiss, following

the classification scheme of HELL!%%'ELL (1965). The first satellite observations of
auroral hisswere reported by GURNETT ( 1966) who showed that auroral hiss is closely

correlated with w ttense fluxes of precipitating electrons with energies less than 10 keV.

Subsequent studies have firmly established that auroral hiss is generated along the

auroral field lines by intense fluxes of electron., precipitating into the ionosphere with

237	 I
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energies in the range from a few hundred eV to several keV (HARTZ, 1970; GURNETT	 review th.

and FRANK, 1972a; HOFFMAN 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 M OSIER 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

1,400 km. These VLF saucer emissions have been studied in greater detail by JAMES r.
(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. ai ► lc.e the

ionosphere effectively blocks all radiation at frequencies below the Iccal electron

plasma frequency from reaching the earth's surface, escaping elect roma metic emis-

;i.;ns 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 et 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 et 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 emissioi 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; BROWN, 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 Ines 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, KURTrt 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	 rs
noise' (DUNCKEL et al., 1970), 'mid-frequency noise' (BROWN, 1973), and 'terrestrial

kilometric radiation' (GURNETT, 1974; ALEXANDER and KAISER, 1976). i
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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ûW
2

—	 1II	 1	 t

i	 I	 I	 I ttl 	 I	 1

I	 `	 t	 5...+ .+

106
ELECTRONS

160 s E s 280 ev, a • 90'

155sE5 2 7 5 eV. a • 0'	 /	 ^t
105 —	 1325 s E s 570 eV, a • 90'

W
I	 I	 -

-	 ,	 I	 I	 1

\u 104 Ott_	 r	 1	 \	 ,..	 \
'	 I	 v

0	 I _
r	 '	 o	 ``	 s

IF

r 103
1

1	 -
W

alp 1,^
ELECTRONS E>4511ev

102
1 TRAPPING BOUNDARY

to	 \^

64

WV

N

w3

d 102

aht

bl l l l t l l l l ^L } I I	 1^	 1	 1 1 I ,

15:30	 15:35	 '5:40	 15:45	 15:50	 15 55	 U T.

Pig. 1. An exampie of an intense broad-band auroral hiss emission associatcd with intense

fluxes of lo %,. energy, a few hundred eV, auroral electrons. The auroral hiss is indicated
by the enhanced 7.35 and 70.0 kHz electric field intensities from about 1546 to 1549 UT,

slightly poleward of the E > 45 keV electron trapping boundary.

 I

ORIGINAL PAGE L9

or POOR QI.TAJ_,r-rY

t

IS O; GURNETT

ral hiss cmissions
%% : cs must be

11% ow that the
I , an altitude of
P :'-d GU R\ETT

c 'urs on the
f approximately
Jeff-il by JA MES

the uroral field

F RANK (1972b).
row bandwidth
1.

ernatly trapped

magnetosphere.

p! ma, radio

th. Since the

local electron
nag , tic emis-
ierc. The first

r(h's magneto-

)v a 4. (1965,
an. 2.3 MHz

.torms. Later

soc ted with

firs omplete
t), the IMP-6
:lue :y range

to I power
1974), com-

It :as also

ock !d with

'the escaping

he r' ;ht side
,vitl troral
(1975) have

icrr-:nology
. 'h h pass

1'tcrrestrial

El 'noise
romagnetic	 i
Paper is to



260	 D.A. GURNM

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

S to 10 0 wide, and (4) the close association with intense fluxes of low energy, 100eV

to 1 keV, electrons. The spatial distribution of the auroral hiss over the polar region

is illustrated in Fig. 2 (from HUGHES et ol., 1971), which shows the frequency of

occurrence of VLF magnetic field 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 0 invariant latitude on the day side of the earth to about 720

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 spectrum 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

Fig. 2. The frequency of occurrence distribution of auroral hiss at 9.6 kHz
as a function or invariant latitude and magnetic local time. Only events
with magnetic field intensities greater than 10-" gamma' Hz- 1 are counted

1
	 (from HuaHes eta[., 1971).
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Fig. 3. High resolution frequency - time spectrograms of electric and magnetic fields detected
by the Injun 3 spacecraft at an altitude of about 2 , 500km showing the occurrence of
auroral hiss. saucer emissions and an ELF noise hand in close association with an
inverted-V electron precipitation event ( from GURVe TT and FRANK, 1972x).

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

Hz	 of the type first discussed by FRANK and AC KERSON (1971). A VLF saucer emission

nts	 is also evident near the low - latitude boundary of the electron precipitation region.
led 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 3.	 Aut•
effect caused by the frequency-dependent limiting ray direction of the whistler mode
at large wave normal angles (Most tt and GvitNtirr, 1969),	 Essentially the source

The t

illuminates a region along the magnetic field with a beam-width which increases at frcyue

with increasing ftcquency.	 As the spacecraft approaches the auroral field lines the intcnsc l,,

highest frequencies are encountered first, since these rays can propagate at the largest the melt .

angle to the magnetic field.	 The essential distinction between the auroral hiss and earth, -%-

the sauect cniissions is the direction of propagation, which is downward for the (hAISIR

auroral hiss and upward for the saucers. 	 Although the particles responsible for the Is cl.o>ek

downward propagating auroral hiss have been identified as inverted-V electrons, the quiet tit"

particles responsible for the saucer emissions have not yet been established.	 It seems back".",

most likely that the upward propagating saucer emissions are produced by upward ordetN ^^•

streaming iono g phci Ic electrons of very low energy, — few eV, which constitute the walls n'

return current for the ncarbv in ycrted-V electron precipitation.	 This relationship the cat"

is illustrated schematically in Fig. 4. 	 For observing altitudes in the ranpc from about is cl.^^:l\

1,500 to 3,000 km the latitudinal width of the saucer emissions, 	 Its .o 100 km, is in f i

usually somewhat smaller than the width of the auroral hiss, 100 to 500 kit. 	 The 118 kl 1.

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. 1 also illustrates the occurrence of ELF noise hands in the

Z

same region as the inverted-V electron precipitation and the auroral hiss. 	 The cicc- "t

tromsgnetic character of these narrow band emissions is cicarts	 indicatcd by their

detection with both the electric and magnetic antennas. 	 l soynting flux measurements a
indicate the presence of both upgoing and downgoing components.	 These emissions

occur near but below thr local proton g^ Iofrcquenc y .	 Since the polarization of

these waves has newer been measured it is not known swhcthcr these emissions arc
propagating in the whistler mode or the ion cyclotron mode.

G1
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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 500 kHz. Figure 5 shows

N, median power flux spectrums of this radiation at various local times around the

earth, as measured from the INIP-6 spacecraft at radial distances greater than 25 R1.

(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 radiat ? on intensity at 25 Re is often completely below the galactic

background, whereas a: other times the intensity can be as much as six to eight

orders of magnitude above the galactic background. Power fluxes as large as 10-11

watts m-' Hz- 1 have bcen obse :ve.i at 30 Rc, 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 auroral arcs. This association is illustrated

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. S. Median spectrums of auroral kilometric radiation observed at various local times
around the earth by the IMP-6 spacecraft at radial distances R>25Rv,. 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 K AISER and ALEXANDER. 1977).
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Fig. 6. The intensity of auroral kilometric tadiation at 178k I It observed about 10 RI from
the earth and a sequenLt of photographs of the aurora taken by a low -altitude satellite
over the northern polar region. The intense bursts of auroral kilometric radiation are
seen to be closely correlated with the occurrence of discrete auroral arcs.

and no radiation during periods ( passes 1093, 1095 and 1097) when no discrete ar.s

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 electron precipitation is associated with discrete arcs.

Both direction finding measurements (KuRTtt et al., 1975, KAISER and STo\t . 1975)

and lunar occultation measurements ( ALEX ANDER and K AISER, 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 5 Rs. 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 x.17.5 hr) so that the

day-night position of the source can be resolved. The occultation measurements at

1255, 1635 and 2020 UT indicate the occurrence of multiple sources located at various

points along a magnetic field line at about 70 to 75 1 invariant latitude. Occasionally
day-side sources are 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 0 on the day side of the earth
to near the equator on the night sidc 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 0 . The radiation is confined

•-W -111110

rpaTN

i	 Fig. 7. Source positions for auroral kilometric radiation as determined
by lunar occultation measurements with the RAE 2 spacecraft in

r-
	 orbit around the moon (from ALEXANDER and KAISER, 1976).
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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

dependent, with the solid ang : e of the emission region increasing with increasing

frequency. Multiple satellite studies have also shown that the entire region poleward

of tae 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 explained by relatively simple propagation

considerations if the radiation is generated by a small localized source at about 2 to

3 R e along an auroral field line on the night side of 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 ionosph r ' 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 jndcrstood from propagation considerations of

this type. At the present time the polarization of the auroral kilometrit: radiation

has not been directly measured. Several indirect methods indicate that the polariza.

tion is right hand with respect to the magnetic field in the generation region. For

example, comparison of r.ty paths for the right and left hand modes of propagation,

as in 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 raJin t ion appear to
originate from a common region at about 2.0 to 3.0 Ru along the auroral
field lint. This region is bchc%ed to correspond to the region of parallel
electric fields responsible for the auroral electron acceleration.

consistency if the radiation is right-hand polarized. Furthermore, recent observations

by GURNETT and GREEN ( 1978) of a cutotT in the spectrum of the auroral kilometric

radiation at the local electron gyrofrequency are consistent with the expected prop-

ngation cutoff of the right - hand polarized extraordinary (R-X) mode. Right-hand

polarization it 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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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

l̀ field lines at about 3.0 R, ; radial distance. Evidence that the source region it relatively
small and localized is provided by the distinct V-shitped spectral features often ob-
served in the auroral hiss and by the small angular sire of the auroral kilometric
radiation source obtained 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 electron pre-

; cipitation it seems most likely that the generation of these radio emissions is closely
i related to the acceleration of these	 electrons.	 Substantial evidence now exists
!	 _	 I (HAERENDEL el al., 1976; MozER rr al., 1977) showing that precipitating auroral

i electrons are accelerated by parallel electric fields at altitudes ranging from 5,000 to
15,000km, in the same general region where these radio emissions are produced.

Although both the auroral hiss and the auroral kilometric radiation apl..-ar to
! originate from a common spatial region, distinctly different mechanisms are required

to ex plain these two types of radiation since they are propagating in different plasma
wave modes.	 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 frequencies above the local electron plasma frequency.
I For many years it has been suggested that auroral hiss is produced by incoherent

Cerenkov radiation from the precipitating auroral electrons ( ELLts, 1957; JO RGENSEN,

1968; List and LAASPERE,	 1972; TAYLOK and SHAWHAN,	 1974).	 Although the

I Cerenkov mechanism has many desirable features, it is generally concluded that

j 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 h1AGGs ( 1976), in which incoherent Cerenkov radiation generated

by the preci p itating electron beam is amplified to higher intensities by a whistler-

mode instability. Similar mechanisms also appear to be responsible for the generation
se	 ,ions

of saucer emissions ( J AMES, 1976), although the details have not been investigated
kilometricmetric

as thoroughly as for the auroral hiss. 	 Cerenkov radiation has also been considered
prop- as a mechanism for generating the auroral kilometric radiation and again the com-gL 
handtio puted power fluxes are much too small. 	 Rov,h estimates indicate that an overalla 

tio n from efficiency of 0.1 to loo is required for the generation of this radiatior,. 	 Such high
to t'	 :ter-

conversion efficiencies can only br produced by a coherent plasma instability.	 Insta.

bility mechanisms which have ! een proposed include the generation of escaping

elect rz).,na grit tic radiation by interactions between electrostatic waves at the upper

hybrid resonance ( BENSON, 1975; BARWSA, 1976), by interactions of the precipitating
• electron beam with ion turbulence ( P ,. -	 1ADEsso er al.. 1976), by electrostatic waves

one cannot produced by energetic ions streaming outward from the auroral regions ( Bosw'ELL,

1977), and by direct conversion via coherent elects an cyclotron emission from the
i wth the

a
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precipitating electrons (NIELItOSE, 1976). At the present time, no concensut! exists 	 I
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 electromagnetic emissions. 	 At the present time the mechanisms L,

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 to arrive at a reasonably clear understanding of how these radio emissions t,

!re tenerated 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
11of the charged particle distribution will probably nc%er be known for most other

radio sources in the universe, the study of these terreorial radio emissions provides
a unique opportunity to extend our understanding of similar electromagnetic plasma

wave emissions from other planets and astronomical objects. 11

This research was supported in part by the National Aeronautics and Space Administration under ! 1
Contracts NASI . 11237, NASI . 13129 and NAS5 - 11131 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
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A survey is presented of all of the electron plasma oscillation events found to date in association with

low-frequency type III solar radio bursts using approximatel y 9 years of observations from the imp 6 and
r _ ' 8, Helios I and 2, and Voyager I and 2 spacecraft. Plasma oscillation events associated ssith type III radio

bursts show a prunounced increase in both the intensit y and the frequencyof occurrence with decreasing
heliocentric radial distance. This radial dependence explains why intense electron plasma oscillations are

i

	

	 seldom observed in association with type III radio bursts at the orbit of the earth. Possible interpretations
of the observed radial variation in the plasma oscillation intensity arc considered.

I . I NirRODUMON

The currently accepted model for the generation of type II I
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 Gin:burg and Zhele:nt •akot [1958), has become
the basic element of essentially all theories of t ype III radio
bursts, with suitable refinements to account for various types
of nonlinear interactions [Sturrock. 1961: Tidman et al.. 1966:
Papadopoulos et al.. 1974: Smith, 19741. Although the plasma
oscillation mechanism has been widely accepted for many
years, only in the past two years have measurements been
obtained which definitel y establish the existence of these elec-
tron plasma oscillations. Initially. studies by earth-orbiting
satellites failed to detect electron plasma oscillations in associ-
ation wi!h type !I I radio bursts [Kellogg and Lin, 1976). After
searching through nearly 4 years of data from the earth-orhit-
ing Imp 6 and 8 satellites, onl y one type III went was identi-
fied with clearly associated electron plasma oscillations [Gur-
nett and Frank, 1975). However. the intensity of this event,
-1000 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 III radio emissions were obtained from the Helios I 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. 19771.
In the initial survey of the Helios I and 2 plasma wave data,
three events were found with electron plasma oscillation in.
tensities exceeding I 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 I 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 III radio
bursts. Approximately 12 months of plasma wave data are also
available from the Voyager I and 2 spacecraft at radial dis-
tances of from 1 .0 to 2.2 A U. A description of the plasma wave
instrumentation on the Voyager I and 2 spacecraft is given by
Scar]and Gurnett [ 19771. From these data it is found that the
most intense electron plasma oscillations, -1-10 mV m - ', are

' Now at TRN Defcnse and Space Systems Group. Redondo Brach,
California M78.

Copyright ® 1978 by the .American Geophysical Union.

usually detected relatively close to the sun, at heliocentric
radial distances of less than 0.5 All, and that only weak
events, -100µV 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 III 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
oscillation events observed to date in association with type III
bursts and to investigate the variation in intensity of these
events with radial distance from the sun.

2. SURVEY OF EVENTs AXALYZED

Up to the present time a total of 18 type III solar radio
bursts have been detected with clearl y associated electron
plasma oscillations. The total quantity of data surveyed to
identify these events consists of approximately 4 years of ob-
servations from Imp 6 and 8 (Gurnett and Frank, 19751, 4 years
of observations from Helios I and 2, and 12 months of obser-
vations from Voyager I and 2. These data include 153 type III
radio bursts which were detectable at frequencies below 178
kHz. Since only 18 of these events occur in association with
plasma oscillations, it is evident that the chance of detecting
the plasma oscillations responsible for a type 111 radio burst is
quite small, approximately 12%.

The typical characteristics of the events detected are illus-
trated in Figures I 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 I, 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 !+; the peak field strength mea-
surement. The maximum field strengtn shown in each channel
is the largest peak field strength in the interval since the pre-
vious point plotted. For Voyager I, which does not have peak
detection. the maximum field strength is computed from all of
the average field strengths available in each interval plotted.

The type III radio bursts in Figures I and 2 are in most cases
easily identified by the smooth increase in the field strength
over a period of several tans of minutes and b y the character.
istic decrease in the emission frequcncy ssith increasing time.
The electron plasma oscillations associated ssith these events
usually consist of a series of brief but ser) intense narrow hand
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Fig. to

Fig. I. All of the type III radio noise bursts and associated electron plasma oscillation events observed to date at
heliocentric radial distances be y ond 0 5 \U The solid line gives the matimum electric field intensit y , and the solid black
areas (or vertical bars for days 208 and 2091 joe the average electric field intensity. The plasma oscillations beyond 0.5 AU
n re generally very weak, typically — 100 o V m ', and occur very Infrequently In comparison Aith the total number of type
Ill bunts.

bunts at the local electron plasma frequency. These bursts To illustrate the variation 	 in	 plasma oscillation intensity
usually occur shortly after the onset of the type III 	 radio with heliocentric radial distance, the events in Figures I and 1
emission in the next higher frequency channel. The maximum have been arranged with all of the events at radial distances

'i	 electric field intensity is always much larger than the average greater then 0.5 AU in Figure I and all of the events at radial
r electric field intensity, indicating that the plasma oscillations distances Ins than 0.5 AU in Figure 1. Comparison of these

consist of many short impulsive bursts. The impulsive intensity illustrations shows that the plasma oscillations are more in-
variations of the plasma oscillations are illustrated in greater tense in the region closer to the sun. Although more events
detail in Figure 3, which shows a high-time resolution snap- have been detected beyond 0.5 .All than inside of 0.5 AU,
shot of the plasma oscillation intensities associated with the considerations of the relative obswing times to the two re-
d.t> 92.	 1976, event. The most intense burst detected during pion% show that the frequenc y of occurrence of plasma owilla-
this Interval lasted only a few tenths of a second. Large !ern- lions	 Is slgntlicanth	 higher	 In	 the	 region closer to the %un.
piTr,tl variations are evident on time scales comparable to the Because of the eccentric orbits of the Hchos spacecraft, with
time resolution 0,0 ms) of the instrument. aphel!on 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 I year of total observing time is
available inside of 0.3 AU, compared with 8 years of combined
observing time outside of 0.5 AL I . Since eight events have been
detected in only 1 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 a type 111
radio burst is almost 10 times larger in the region inside of 0,5
AU than in the region beyond 0.5 AU.

As can be seen from Figure I, 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 I which are strong enough to account for the observed
type III 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 generall y much
more intense, typically 1-10 mV m-'. According to the esti-
mates of Gurnerr and frank (1975), plasma oscillations in this
intensity range are required to explain the observed type III
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 after the onset of the radio burst in the next higher
frequency channel. Detailed comparisons show•, howcver, that
the onset time is usually a little too laic to he consistent Kith
generation of the type III radio emission at the second har-
monic of the electron plasma frequenc% If -ainherg and Stone,
1974; Kaiser. 1975; Gurnerr et al., 19781. If the radiation is

L

generated At the second harmonic, as is widely believed, then
the plasma oscillations should start when the frequcnc% of the
type III 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 341, the plasma oscilla-
tions start well after the frequency of the type 111 emission
drops below 2f, - . The disagreement in these cases may in-
dicate that the radiation was being generated at the tu,^.:, r•.^e^.
tal rather than the second harmonic, that plasma oscillation,
were present but on time scales too small 1<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 leading edge of the emission region
had swept past the spacecraft. The events on day 341 in Figure
I and day 108 in Figure 2 also show another interesting etlect,
which is a nearly constant peak electric field amplitude for
time intervals of almost half an hour. These ncarl) const.uu
electric field amplitudes are almost certainly the result of some
nonlinear saturation mechanism which limits the maximum
attainable electric field amplitude.

The radial variation of the maximum electric field amplitude
with radial distance from the sun is shown in Figure 4 1111,
illustration shows the maximum electric field umplitudc for
each of the 18 plasma oscillation events shown in Figure , I
and 2. A best fit power law through all of the point indl..Itc,
that the electric field amplitude varies approximatc ts .r• 1 1
RN'. Although the limited number of events strong l % re.tn.ts

the accurac y with which the detailed radial depende n.e ' I II he
determined, the general trend toward decre;i-19 Iidd .Ircneth
with increasing radial dlSlaneC from the sun r, r I1 "' ' I `' '` '''I`
especially when consideration is gisen to tlrc mun: , :rr•,;rr
observing time near 1.0 Al' conlparcd %% 11h rl'\ I• rr^ ^I.,.cr 1„
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 shop 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 (% ms) of the instrument.
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3. DlscussioN

These measurements show that the electric field strength of
electron plasma oscillations associated with type III radio
bunts 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 111 radio bursts at the orbit
of the earth. Evidently, by the time the beam of electrons
which produces the type III 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 III 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 wa g e-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, f.'/ Blrnk 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 (Armstrong and ,1lontgonrerr. 1%71 for strongly unstable
distributions typically show that after several hundred plasma
periods the energy density ratio E'/BlrnkT apprnoches 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 a (I/R? and the
temperature T remains nearly constant, the electric field
strength would be expected to vary as E a (11R) if the asymp-
totic energy density ratio remains constant, independent of the
radial distance. On the basis of the results in Figure 4 it is seen
that the electric field strength varies much more rapidly than
(I/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 P
8trnAT z- 10' at 0.3 AU to about 5 x 10-' at 1.0 AU.

Because of the complex evolution and interaction of the
electron 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 (19'? 1.

assuming that the plasma oscillation intensities are controlled
by quasi-linear interactions (Smith and Fung, 19711. O%era11,
the results of Magelssen and Smith predict the correct general
behavior, with approximately the right plasma oscillation am -
plitudes. However, detailed comparisons show significant di%-
agreements with observations. The observed radial %anation
in the electric field energy density (in Figure 41 dcertmw, more
rapidly than predicted by the computer simulation. and the
observed rapid spikelike variations in the pla.111,1 o,oll icon
intensities have no resemblance to the smooth inic -0 % 1-1-

tions predicted by the quasi-linear model. Further %imul.Iti-m%
using more complex models for the nonllnc.Ir he.Uil 111.1.111.1

Interactions, such as those discussed b% l art'11-	 $ I W
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plasma os.Illationi iu Figures I and 2 as a function of heliocentric
radial distance. The electric field strength of the plasma oscillations
decreases rapidly .  increasing radial distance from the sun, varying
approximately as R".

(19741, Bardttrll and Goldman (19761, and Rowland and Papodo-

poulos (19771, 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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Auroral. Kilometric Radiation; Time-Averaged Source Location

DENNIS L. GALLAGHER AND DONALD A. GURNETT

Deprimem of Physirt and A.stronomY, (1niwrti4- of low. /oww Cily, low !1141

The location of the average generation region of auroral kilometric radiation is found by studying av-
erage electnc field strengths as a function of spacectall poation in namw frequency bands centered at
179, 100, and 56 2 kilt. A combined 5 sears of data from the University of Iowa plasma wave expen-
menu on satellite. Ilawkar 1 and imp a proside the basis for determining the average electric field
strengths. HaMkey we I as in a highl% elliptical, polar orbit with an apogee near 21 R, over the northern
polar region, and Imp n Mas in a hinhh elliptical, near-eyuatonal orMt with an apogee of 33 R, To-

gether these satelhtes pto%ide ettensise coserate Irom 3 to 21 R, in the northern hemisphere and inside
of 3 R, in the southern hemisphere Intense sources of auroral kilometnc radiation arc found to the
northern and wuthcm hemispheres Their hwauons are near 65 0 imartant latitude in their respective
hemispheres, between 22 and :4 hours magnetic local timc and near 2 5 R, The total time-astralled
power generation is bound to be about 10' W, assuming a spectral bandwidth of 200 kHz. Propagation
effects limit the emistwn come of auroral kilometnc radiation in a given hemisphere to roughly 4.1 it at
178 kHL 2.2 a at Itip kilt, and 1.5 sr at 56 2 kilt Estiience that the polar cusp makm as illuminated at
distances as close n J R, suggests the possibtlu; that previe sly observed polar cusp aouren are 'be m-
wIt of seattenng from field-aligned density irregularities.

I. INTRODUCTION

This study of electric field intensities has been undertaken
to resolv e uncertainties in the location of intense sources of
earth-related kilometnc radiation. Front earliest ohserva-
tions by Benedikior et al. 11965, 19681. evidence submitted by
numerous investigators has pointed to widely y aning loca-
tions for the origin of the sery intense and six-iradic kilometnc
radiation which ha-. a sharply peaked spectrum between It10
and 300 kilt Benedilitov et al. 11965, 19681 correlated radio
emissions between 0.725 and 2.3 MHr with geomagnetic actty

-ity and concluded thm the source is near the earth. Duni kel et
al. (1970) reported that this intense radiation is observed pri-
marily in the local nighttime and is strongly correlated with
the auroral electrojet (AE) index. A source location in the tail
region of the magnetosphere for sporadic notse at 250 kHz
was observed b) Stone 11473. Gurnett 119741 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 obsened 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-
metnc radiation was closely associated with discrete auroral
arcs. The two-component source model proposed by Kaiser
and Stone 11975 dcscnbed a less intense, quasi-continuous
dayside source ir. addition to the intense, !poradic nightside
source described by Gurnett. Using the direction-finding tech-
nique of analyzing spin-modulated eiectnc field intensities
from satellites Hawkeye I and Imp 8. Kurth et al. 119751 re-
ported the average source location of auroral kilometnc radia-
tion between 1 and 2 R, and at about 20 hours magnetic local
time. In another experiment, lunar occultations of intense
kilometnc radiation observed with Rae 2 were used by Kaiser
and Ale.rarider 114771 to locate apparent source origins. The
most intense source ohsemed was the auroral source described
by Kurth et al 11975. Lmomons were also observed in the re-
gion of the polar cusp and magnetosheath on the da ystde of

the earth

Copsright Wv bs the lrtmenkan Geophtsical Union

Such diverse observations  of the source locations of the in-
tense kilometric radiation have produced the very difficult
task of finding a single mechaumm for the generation of the
radiation. which will operate under widely varying plasma
conditions. Toward resolving the dilemma. Alexander et al.
11978 have recently given strong evidence that kilometric ra-
diation generated near the earth at auroral latitudes may he
scattered at laree distances in the magnetosheath and solar
wind, thereby appearing too from distant sources. Fol-
lowing this explanation of the observation o1' distant Womet-
ric radiation sources, two types of terrcstnal kilometric radia-
tion observations remain to be examined. The strongest
compont tit is auroral kilometric radiation, which is known to
originate within 5 R, at auroral latitudes and in the local eve-
ning. Other less intense components discussed by Alexander et
al. 11978 are observed between 5 and 15 R, and appear to
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 119771. In summary, these
studies have found source locations b y lunar occultation tech-
niques and by examining spin-modulated electric field in-
tensities. The methtxls 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 inhomogeneities 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 he in-
tegrated over earth-ctntered spherical 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 kwal time dependences of the averaged spec•
tral power flu% will he examined along with a consequence of
the I /R` radial dependence of spectral power flux observed by
Gurnert 119741 for terresinal kilometric radiation As was pos-
tulated by Alexander et al. 119781, previousl y observed polar
cusp sources may result from field-aligned w • attenng centers.
Since this stud% uulitct cxlcnsite measurement% in and near
the source region. the resulung -,ouwc locations are mot as sen-
sitive as remote direction-finding mc.i •urcmcnis to citors arts-

Paper numtvt y \04 '4	 6501
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Fig. 1. Combined orbital coverage of Hawkeye I and Imp 6. All points on the nigbiside have been rotated in MLT to
form the right side of the figure, and all points on the dayside have been routed in MLT to form the left side of the figure.

Lag 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 clergy produced at kilo-
metric wavelengths the generation mechanism for intense
kilometric rad iation may be sought using a more limited
range of plasma parameters than has been possible in the past.

2. INSTRUMENTATION

The Hawkeye I and Imp 6 satellites have similar plasma
wave experiments (described by Kurth et aL 11975 and Gur-
nett and Shaw 119731, respectively), which together provide
about S years of electric field measurements. The combined
orbital coverage of the satellites is shown in Figure 1. Loca-
tions where measurements are made on the nightside of the
earth havr, been rotated in magnetic local time to form the
tight 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
hemisphere coverage is almost complete out to about 21 Rr.
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-
netic latitude except for Hawkeye I coverage within 2 A,

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 I 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 I. 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 radiation
and the value of the total average power generation. Using si-
multaneous observations of electric and magnetic fields by
Imp 6, Gurnett 119741 showed that electric-to-magnetic field
ratios of intense kilometric radiation correspond to that for
electromagnetic 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 I and Imp 6. However, the I /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 IIN 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
voltages applied to the satellite antennas (V,.). From the
known effective antenna lengths and filter bandwidths the
electric field strength and spectral power flux. A can be calcu-
lated for each measurement. In a study by Green et aL 11977)
the calibrations on these two satellite instruments were com-
pared through simultaneous observations of type III radio
bunts. On the assumption that the satellites were equidistant
from the source regions of type III radio bums the c bserva-
tions of electric field strengths were found to be in close agree-
ment; therefore no normaliut,./n is required in averaging
measurements of spectral power flux by the two satellites.

For this study the electric field data from Hawkeye I 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 S° increments of magnetic local time (MLT). 36 S' in-
crements of magnetic latitude A_. and 15 equal logarithmic in-
crements in geocentric radial distan This produces a picture
of time-averaged spectral power n. .es as a function of posi-
tion in the vicinity of the earth. The rewlution of the picture i%
limited only by the amount of data available from flaw kese I
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and Imp 6. For the chosen resolution, there are 10-30 mea-
surements of spectral power flux averaged into each volume
element where satellite coverage exists. The objective is for
the average of spectral power flux 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 element the error in the average intensity is reduced, ap-
proximately in proportion to	 where n is the total
number of measurements.

As a result of using the electric field data from satellites
Hawkeye 1 and Imp 6, over 600,000 measurements of spectral
power flux are obtained. Becauxt sources of radiation at kilo-
metric wavelengths such as continuum rad iation and type III
radio bursts have been observed by Garnett 119741 to be a mi-
nor source of energy when compared with terrestrial kilornet-
ric radiation, no lower threshold on measurements 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 flue.. 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 Gernert 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 and
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 wiwer, no statistical differences are found. A
possible source of long -term variations is the II-year solar
sunspot cycle. Data are taken from atellites Imp 6 and Hawk-
eye 1, which provide 7 years of almost nonovertapping tem-
poral coverage. A solar minimum occurred midway through
tbose 7 years; therefore measurements from these two utel-
IHes were made during similar phases of the solar cycle. The
effect is expected to mask solar cycle related variations in kilo-
metric rad iation intensities if such a variation exists. Con-
sequently. the data examined in this study constitute. as well
as possible, an unbiased representation of spectral jK wer flux
intensities in the vicinity of the earth.

Asume initially that the picture proposed by rumen 119741
is generally accurate to describing the locations of the most in-
tense sources of kilometric radiation. The sources of intense
kilometric radiation are shown to Gurnett's Figure 14 to be
very close to the earth and at high latitudes on auroral field

	0 N 	 t
o

I 1 ® I	 1
1

\\	 ^^	 S

P n f S • dA w	 f E2dA

_a

PO

0

to
rZ	

Ro 

RADIAL DISTANCE (R)

Fig. 2. The integration of poynting flux 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. Po cmespoiids to the total
power generated by the sources, and & 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 eY aL ( 1973), 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 spectral power generated at the frequency for which
the data were chosen. As the radius of these concentric, spher-
"I. 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 it rate which reflects how well, on the average, the source is
confined within the &bell of integration. The radii of shells
during which this drop off occurs define the location of the
source regions in earth-centered radial distance. Poynting
flux, however, is not available from both satellites. Instead,
measurements of average spectral power flux are used to per-
form tht integrations:

(^O 
vs

f	 S - /A a f P dA - 1'sa^	 E' d.4 (e„/µ,)'' i - 1/377

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

To perform the integration. all volume elements must con.
tain a measurement of spectral power flux Orbital coverage,
howevr • was not I(1(Yt complete. as shown to Figure I. To
compensate. those volume clement y for which there are no
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Fig. 3. The integration of observed spectral power Aux a - r con.
centric. eanh-centered, spherical shells is shown in the upper graph.
The radial distances plotted 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 dais are filled with the average spectral power Aux
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
hemisphere. The procedure for aril cially Ailing volume ele-
mats with data therefore depends mostly upon the symmetry
between the northern and the southern hemispheres. This fill-
ing procedure is used because symmetry is found between the
northern and the sourthern hemisphere when existing spectral
power Aux measurements are examined. Finally. volume cle-
ments within each radial distance increment are treated as
spherical shells with radii which are the average for all ma-
summents within each radial group.

The integration was then performed for 178. 100. and 36.2
kHz, and the result is shown in Figure 3. Each of the radial
distances plotted represents an average of the radial distances
of the measurements in each corresponding radial distance
group. The lower panel in Figure 3 slaws the extent of satel-
lite orbital coverage as a percentage of Orr sr. The error ban in
the figure represent one standard deviation of the integration
for each of 15 spherical shells at each frequency. An inter-
pretation of Figure 3 will be made later in the discussion sec-
tioe of this paper.

Another approach is to examine the data for a I/A' radial
dependence. Except for the plasmapause propagation effects
discussed by GwR rr al. 119771, auroral kilometric radiation
propagates away from the earth in free space. The radiation
should therefore propagate away from the source region with
a I/A' rad ial dependence. A plot of average power versus
%arch-centered radial distances along a radial vector that

passes through the source region in a given hemisphere can
eudy be examined for the I/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 equivalent
in structure; therefore the southern hemisphere data can be m
fleeted about the equatorial plane and averaged together with
northern hemisphere data to produce a single hemisphere of
data with increased orbital coverage.

!e_ause these data are organized in eaMoventered coord6
notes, average spectral power Aux can not easily be examined
for I/R' radial dependence until a solid angle is chosen which
pores as near as possible to 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 vator. The solid angle direction is
chosen by examining the MLT and A. dependence of the in-
tensity of the rad iation. Figure 4 shows intensity-modulated.
polar plots of power Aux for four radial distance groups. The
logarithm of spectral power Aux is used to determine the dark-
ness of the plot. The more intense fluxes correspond to the
darker regiau in each plot. The pion appear to slow a cone
of emission originating from premidnight magnetic local
times and at intermed iate magnetic latitudes. The magnetic
latitudes of the solid angle which must be determined are se-
lected to range from 30• and 33 • . This selection of magnetic
latitudes is large enough to 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 eanh-centered radial distances in vari-
ous MLT directions. The MLT which best corresponds to that
of the source region wi.l show the most intense and mom
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 Auxes averaged between 30° and 33 • A. are shown in
Figure 3. 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 Battened because those
points on a Battened 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• to 33 1 A_ This selection best repre-
sents 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 3 between 22 and 24 hours MLT can
now be examined for I/A' radial dependence. A straight line
Bt to the trailing edge of the plotted curve for 178 kHz on this
log-log graph has a slope of —3.47. Radial distances plotted on
the graph are geocentric rath.•r 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
wbem the radial distances used are with respect to vanous
possible source locations. An assumed source location which
produces the expected slope of —2.0 when spectral power Aux
is plotted as a function of the distance from this location
would then correspond to the actual distance 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 I/A : slope. As possible source locations are cho-
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Fig. 4. These are intensity -modalated polar plots of the average spwtral power Iva observed in four coasacutive. com-
centric. heinisphemal "is at 171 kHt. Dark borders interior and exterior to cacti pia mark the 6es+ts of orbital coverage.
PkmW mu m tees are derived (rots tb losandus of spectral power Amt.

ass at consecutively larger distances from the center or the
earth. the dope reduces on these log-log plots. A uniform plot
of slope as a function of source location is shown in Figure 7.
The horizontal dashed line represeuting a I/R = dope shows as
Wand actual source location which ranges from 2 to 3 R,,

4. DiscussioN

The calculation of spectral power emitted at kklor-tric
wavele"du by means of integrating over earth -cente et
spherical &bells was performed so that the radial distance of
the most intense sources of kilometric radiation could be
(osad. The result of the integration in Figure 3 agrees remark-
aNy wail with the idealized sketch shown in Figure 2. In
may respects. however. the result shows in Figure 3 b not
the product of ideal conditions. First. S - dA was approxi-
mated with tee ; measured spectral power Aux UA or
E 4. As a measurement of the spectral poyattag Aux magai-
toda IS1. the spectral power A+ix has been shown to be no
more than about a facto• )f 2 too small. As a result of the ap-
proximation. the magnitt Ae of the component of the poynting
Aux normal to the surface of integration is riot known. Thu
means that the total observed spectral power Run magnitude
will be used in the integration at each surface element. When

l

the surface of integration has a large radius and completely
encloses the source regions. the error associated with the ap-
proximation S - dA - 1S1d/ should be very small. sad the re-
sult of the integration should be a constant function of radius.
As the surfaces of integration no longer completel y enclose
the source regions. the integral will become roughly propor.
tional to 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 lest
than the distance of the source positions from the center of the
eank. independent of any other effects which may be present.
The drop-off occurs in Figure 3 at approximately 4 )t,. An ad-
ditional reduction in the value of the integral occurs due to
measurements made inside the propagatiaa cutoff surface. do-
scribed by Gtarnerr 119741. which is located at about 2 R, for
high latitudes 'or the radiation to be propagating in free
space the sours. of intense kdometrlc radiation must be out-
side of the propagation cutoff surface. while the integration of
spectral power OUR places the source region inside of 4 R,.
The primary result of the integrations therefore kwate weU-
coafined tnicnse sources of ktkxnetr ►c radutton at a distance
of 2-4 R, from the center of the earth. Effects, in addition to
thou described above. can cause the value of the integration

4
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Fig. 5. Average spectral power flux is plotted against geocentric
radial distance to four magnetic local time groups Spectral porter has
been averaged bcuseen 30' and 53 • A. to each magnetic local time
group. The graph ftom 22 to 24 hours MLT bast corresponds to the
MLT of the source region of auroral ktlometrK radiation.

to reduce. The drop-off at d R, is therefore an outer limit to
the generation of intense kilometric radiation, No significant
source of power at kilometric wavelengths is seen between S
and IS A,,.

A measurement of the total power emitted as auroral kilo-
metric radiation can also be determined. The significance of
various features of the curves in Figure 3 must be examined
before the emitted power can be obtained. Where orbital cov-
erage becomes poor, the error in the integration becomes very
large. Tho error for radial distances less than 3 A, does not
significantly effect the determination of source position be-
cause the reduction in the value of the integral remains clear:,
indicated near 4 A,. Owing to the large errors at distances
beyond 21 R,, the sharp rise in the value of the integral can-
not be reliably interpreted. It is likely that the sharp rise in the
integrated power at distances beyond 21 R, is caused by the
sharply reduced orbital coverage 1rarttcularly from Hawkeye)
and the simultaneous observation of both northern and mouth-
em hemispherical sou, •ces on the nightside of the earth. At
this distance the solid angle where both sources are observable
becomes a significant fraction of all solid angles where orbita.
coverage exists. An observation of spectral power flux is twin
as large as that for the obsers'm	 of only one source. Bt-
cause the a%crage of spectral l Aux from those volume
elements w here coverage exists (f. -.Tartly near the equator) n
used to fill those volume elements where orhital coverage Joe%
not exist (primaril-. • over the	 •, he vahte of the in-
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study. A more detailed study of the characteristics of the in-
tegration of spectral power Aux is needed before the nature of
kilometric radiation sources between S and IS 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 SgId -aligned lenity irregu-
larities.

5. CONCLUSIONS

lotense sources of power radiating at kilometric wave-
lengths are found near 65 1 invariant latitude in the northern
and sou ►hern hemispheres, from 22 to 24 hours MILT, and be-
tween 2 and 4 A, These dominant sources of power produce
the electromagnetic radiation that has been described by
Kurth e( at (1970 as auroral kilometric radiation. Each north-
am 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 if at IW kHz, and 1.3 sr at 36.2
kHz. A lower limit for the spectral power generated by each
source is found to be 37 W/Hz at 178 kHz, 16 W/Hz at 100
kHz, and 2 W/Hz at 36.2 kHz, For a bandwidth of 200 kHz
the total tune-averaged power emitted by the northern and
southern sources of auroral kilometnc radistton is found to be
about 10' W.
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ABSTRACT

I.
t:

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 Zbode

between the local plasma frequency and upper hybrid resonance frequency.

!lode coupling at the local plasma frequency is suggested to generate

continuum radiation in the ordinary 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.
.y

In addition, no substantive evidence is found in the outer magnetosphere

for a component of continuum radiation propagating in the Z-mode.	 14
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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 then IMP 6, IMP 8, Rawkeye 1,

ISEE 1 and 2, and Voyager I (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

y
frequency modes	 != possible in a magnetised plasma, which are commonly

called the ordinary mode (O-uode) 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

0-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 [Gurnetc, 1975; Melrose, 19801.

Direction-finding-measurements have shown that continuum radiation 	 1

from the Earth is emitted from a broad region several Earth radii thick

outside the plasmapause on 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
1
a

k
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`	 suggested that these waves

ation emitted by electrons

Iand Frank ( 19761, however,

radiation "storm" simultan

a

could be generated by gyrosynchrontron radi-

in the 200 keV to 1 MeV energy range. Gurnett

have observed the occurrence of a continuum

aously with the injection of low -energy elec-

trons, N 1-30 keV, into the outer radiation zone, concluding that con-

!	 tinuum radiation my be generated by some plasma instability involving

electrons in this lower energy range. It has been suggested, for example,

that continuum radiation nay 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, 19801.

Continuum radiation in the Earth ' s magnetosphere is frequently

l:
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 119731 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, fR-0, where

f
fRs 0 t ^ +	 fp2 + (f /2) 	 (1)

and fg is the local electron gyrofrequency ( see Stix, 1962). The plasma
i

frequency and the R - 0 cutoff frequency are bounding frequencies below

^ i.	 which no wave energy can exist in the 0-node and the R-m)de, respectively.

i
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The observation of the two lower frequency cutoffs is, thereby, readily

explained by the propagation characteristics of 0-mode and X-mode waves.

Recently, Jones 1 1976a; 1976b] proposed an alternative explanation

for these lower frequency cutoffs. Jonesq	y	 suggested that energy is

generated by G rankov mission from low-energy electrons at frequencies

between the local upper-hybrid resonance frequency, fURR,

fUHR. ♦f 
P 
2 + f 

6 
2	 (2)

and the greater of the plasma frequency or the electron gyrofrequency.

Similar radiation characterised by enhanced wave amplitudes in this

frequency range has been observed by numerous inveetigators at lower

altitudes in the ionosphere and plasmasphere [ Walsh et al., 1964; Bauer

and Stone, 1968; Gregory, 1969; Muldrew, 1970; Hart z, 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, nag-

netized plasma. Waves in this mode, called the Z-uode, do not have

access to regions where the wave frequency is greater than the local

upper hybrid resonance frequency or less than the local L - 0 cutoff

frequency, fLnO9

t
^1	 -r

fI,^O	 2	
p	 g

g +	
f2 + (f12)2	

(3)

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

l
in the Earth's magnetosphere defined by bounding surfaces where the

t
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L 0 cutoff frequency and upper hybrid resonance frequency equal the

wave frequency.

In contrast to upper hybrid resonance noise, continuum radiation is

observed to extend over a such larger frequency range, consisting of

waves at frequencies well above the local upper hybrid resonance fre-

quency. Jones [1976a; 1976b] suggests that coupling between Z-uode

waves and waves in the 0-mode at frequencies near the local plasma 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 mechanism 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 fp, 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 fL.O and fp as suggested by Jones, hereafter called the fL=O/

f p theory, furthermore, that the original identification by Gurnett and

Shaw, hereafter called the fp/f R.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

at al., 1979; Gurnett at al., 19791; hence, the proper identification of

these frequencies is important for confirming the accuracy of such men-

suresents.

I
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EXPERIMENTAL COMPARISONS OF THE f R.O/fp THEORY

AND THE fp/fL-O THEORY

Figure 1 is a frequency-tine spectrogram of nonthermal continuum

radiation observed by the plasma wave experiment on IMP 6 well beyond

the plasmapause (- 9 RE ) 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 fl and f 2 in this fig-

ure. Waves at frequencies between fl and f2 are observed to be highly

spin modulated, while the waves at frequencies above fl 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 differentiate

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

I



8

the antenna is perpendicular to the magnetic field direction. Simi-

, larly, waves with electric fields 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 cosoonents

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 150 Rz, which is twice the bandwidth resolvable in the spec-

tral analysis of these data. To test the fp/f R.0 Theory it is assumed

that fl a fR.O and that f 2 - fp. Using (1) the electron gyrofrequency

can be calculated from these two measurements by

	

f 2
	

(4)2
fg = t'1	1-r2

1

To test the fL.0/fp theory it is assumed that f l a f  and that f2

IfL-O, and the electron gyrofrequency is calculated from (3) to be

t.

w
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r2
f  - f2 -	 — 1	 (s )

f2

These two equations, (4) and (s), yield dtfferent values for the elec-

tron gyrofrequency, which can be compared to the electron gyrofrequency

derived from the value of the local magnetic field, 3o, measured by the

114F 6 magnetometer (fg a 28 3o where So is in gamma). A comparison of

the predictions of (4) and (S) with the measured gyrofrequency provides

a definitive test for the validity of these two respective identifica-

tions of the cutoff frequencies.

The difference, 0 f, between values of fg obtained from (4) and (S)

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 A f can be calculated by sub-

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

(fl - f2 ) 2 (fl + f2)
or =

rl r2

Using (4) and (S) to calculate the value of fg Pt about 2200:30 UT

from the data shown in Figure 1 we have, including the measurement

uncertainty,

1.62 kRs < fg < L96 kRs
	

(fR.O/fp theory)

1.92 kRs < fS < 2.41 kRs
	

(fp/f L.0 theory)

f &
 a 1.73 kRs
	

(NASA/CSFC Magnetometer)

(6)

r
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It is apparent that the value of f= calculated from the f p/fL=O theory

does not agree with the value of fg measured by the IMP 6 magnetometer,

1

	

	 even considering a conservative aetimate of t Sfl Ra for the accuracy of

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

wideband data. Furthermore, the value of fg calculated from the fit-O/fp

theory is in agreement with the value of fg measured by the IMP 6 magnet-

ometer.

In order to demonstrate that this agreement is representative of

more than one isolated example, a +metal of ten examples of continuum
1

radiation exhibiting sharp low frequency cutoffs with spin modulation

j'

	

	 were 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 is shown in Figure 2.

Figure 2 contains two graphs that compare the measured electron

!

	

	 Syrofrequency with the electron gyrofrequ gncy calculated from the fL.O/fp

theory and the f p/f R-0 theory. It is evident that the values of the

electron gyrofrequency calculated from the fL.O/fp theory are not in

general agreement with the magnstomater measurements made simultaneously

with the plasma wave measurements. In particular, the only data for

which any agreement is achieved are at low values of 0 f, for which dif-

ferentiation between the two theories would be expected to be difficult

H

	

	 due to the experimental uncertainties in the measurement. In contrast

with this result, the values of the electron gyrofrequency calculated

from the fp/f tao theory agree with the magnetometer measurements for all

I.

	

	 ten examples selected. The results of the analysis shown in Figure 2

demonstrate that these cutoffs are at the local plasma frequency and

j "	 R - 0 cutoff frequency as originally proposed by Curnett and Shaw [1979]

t

.OM -
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^.	 and not at the L - 0 cutoff frequency and plassv frequency as suggested

by Jones 11976a; 1976b].

In addition to the conclusive evidence already provided, several

other observations also indicate that the theory proposed by Jones is not

applicable to continuum radiation in the outer magnetosphere. Figures 3

and 4 show the amplitudes of two examples of continuum radiation plotted

as a function of frequency. These plots contain a superposition of spec-

trum analyser sweeps (0905 seconds /sweep) obtai,ked 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 p and fUHjt , whers waves gener-

ated locally by G renkov radiation would be expected to be found.

Enhancements greater than 20 db between f p and fUHR are characteristic of

Z-mode waves produced by G renkov emission in the plasmasphere and iono-

sphere (see Figure 1 of Harts ( 1970] and Figure 4 of Mosier at al. [1973]

for examples).

The absence of an enhancement in amplitude between fp and fUHR

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

0-mode and X-mode waves that appear to have propagated to the spacecr,,.ft

from more distant sources. Occasionally cases are observed that contain
	

IS

more complicated frequency structures, which say be related to the gener-

atiou of these waves. These structures usually resemble harmonic bands

i.	
or discrete emissions, however, and appear to be considerably different

y

t
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from structures expected for waves generated by Cerenkov smissiin in the

Z^ode (see Gurnett and Shaw (1973) for representative examples).

	

f t	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 predominatel y 0-mode and X-mode waves. It can be shown ( see Stix

(1962 1) that tl- `rave electric field vector for the X-mode is perpendicu-

lar to the magnetic 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 0-mode is linearly polarized in

the direction parallel to the magnetic field direction at the plasma fre-

queney.

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 fUHR to 0 degrees at the greater of f  or fg.

At the L - 0 cutoff frequency the electric field is perpendicular to the

magnetic field and circularly polarised rotating around the magnetic

field in the left-hand sense. At fUHR 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 0-mode, and the Z-mode, only the

0-mode is oriented parallel to the geomagnetic field direction at any

	

{	
bounding frequency. The X-mode is strongly polarised perpendicular to

C	 ^f

L
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the geomagnetic field at fR.O. Consequently, if 0-mode radiation is pre-

sent between the two cutoffs and a mixture of 0-aode and X-mode radiation

is present above the upper frequency cutoff, the observed polarization

1	
can be explained in a straight forward manner by the characteristics of

0-aode and X-mode radiation. If the lower cutoff occurred at the fL-0

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

1	 that predicted by the fL.0/fp theory [Jones, 1976&; 1976bj and com-

i.
pletely consistent with that predicted by the fp/f R•0 theory [Gurnett

1
and Shaw, 1973].
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DISCUSSION

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

thermal continuum radiation observed in the outer magnetosphere are con-

sistent with the expected characteristics of ordinary tnd 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 not non-

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 rag-

netosphere. If, as according to Jones, the continuum is produced in this

region by Cerenkov radiation in the Z-mode, subsequently coupling into

0-mode radiation at the local plasma frequency, significant wave electric

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 is inconsistent with that predicted using Jones' interpretation.

We wish to emphasize that, while 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 0-node and the Z-mnde may occur in

some regions of the magnetosphere. In other regions, for example within

the plasmasphere, energy generated by Cerenkov radiation in the Z-mode

coupling into 0-mode radiation might generate frer`v propagating radio 4

i

•M4Wi. ^'.+)L'^.11MC`J^S `i+'ILe.^fi J+R^L+4atM^^M^'^'4qM.`MWIt9^MA.Y'M^.ro4'Ow.ww^^^ ..... ^.. ^_^^___ _._f__... .. _ 	 -. w^raaaa.ev.^ae^
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1.	
emissions at higher frequencies. In the outer magnetosphere, however,

there is little evidence to indicate that substantial wave energy is

generated by Cerenkov radiation at frequencies below about 30 kHz or that

this mechanism contributes significantly to the generation of continuum

i radiation. Most of the local generation of waves near f  and f  in the

outer magnetosphere appears to require generation mechanisms character-

istic of other types of plasma instabilities, such as those proposed to

explain (n + 1/2)f9
 harmonics [Fredricks, 1971; Young et al., 1973;

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

et al., 19781.

S
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FIGURE CAPTIONS

An example of continuum radiation containing t

frequency cutoffs and spacecraft spin modulation. The

lover frequency cutoffs, f 1 and f2 , were measured at

about 2200:30 UT as indicated by the dashed line. For

this example:

1.62 kHz < fg < L96 kHz if f l	fR.O and f2 - fp

1.92 kHz 4 fg CA 2.41 kHz if f l	f  and f2 • fL-0

fg 0 1.73 kHz (NASA/GSFC magnetometer)

The identification fj - f  and f 2 a fL.O is

Inconsistent with the IMP 6 magnetometer measurements;

however, the identification f 1	fR.O and f 2 v fp is

in agreement with the magnetometer measurements.

Figure 2	 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/f R.O theory, fgCALC, agrees with

the simultaneous magnetometer measurements, fgMEAS•

The electron gyrofrequency calculated from the fL.O/fp

i

	 theory is not in agreement with fgMEAS except for small

values of d f, the difference between the two calculated

Figure 1

$1

1
	 s
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gyrofrequencies. For wall values of A f, it is

expected that it would be difficult to distinguish

ibetween the two theories because of the experimental

uncertainties in the measurement.

Figure 3	 The lower panel shows the amplitude of an example of

continuum radiation as a function of frequency. lbest

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 kHs;

however, no enhanced wave amplitudes are observed

between f  and fUHR , strongly suggesting that no

substantive wave components are generated by Cerenkov

radiation in this frequency interval.

Figure b	 The amplitude of the continuum radiation shown in

Figure 2 as a function of frequency. Again, no

enhanced amplitudes are observed for waves between fp

and fuHR, as is typical of upper hybrid resonance noise

observed at lower amplitudes within the plasmasphere

and ionosphere.

I
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PLASMA OSCILLATIONS AI ID THE F24ISSWITY OF TYPE III RADIO BURSTS

D. A. Ournett, 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 orbiting
Helios spacecraft have shown that intense electron plasma oscillations
occur in association with type III solar radio bursts, thereby corfirn-
ing a well known :aechanism for generating solar radio emissions first
proposed by Ginzburg and Zheleznyakov in 1958. in this b per we revi'::
the principal characteristics of these plasma oscillations and ccripare
the observed plasma oscillation i tensi,,ies with recent measurements of
the emissivity of type III radio bur3;.s. The utserved en ssiviti °3 are
shown to be in good agreement with two current mcdels for the conversion
of electrostatic plasma oscillations to electromagnetic radiation.

INTRODUCTION

As known from early studies of 'wild [1950 type III radio tursts
are produced by particles effected from a solar flare and are cheracter-
iced by an emission frequency which decreases with increasing time. T:-e
decreasing emission frequency with increasing time is attributed to th.t
decreasing electron plasma frequency, fps encountered by the solar flare
particles as they move outward through the solar corona. MmIssion can
occur at either the fundamental, fps or harmonic, 2:p, of the local elec-
tron plasma frequency, although at low frequencies, S 1 IfAz, the harmonic
emission appears to be the dominant component [^ainbere, 1974; Keifer,

1975; Gurnett et al., 19781. The particles responsible for the type III
radio emissions are electrons with energies ranging from a few Kev to
several tens of Kev. According to current ideas, the generation of the
type III radiation is a two-step process in which (i) electron plasma
cscillations are first produced at f by a two-strean instability ex-
cited by the solar flare electrons and (% ii) the plasma oscillation3 ure
converted to electromagnetic radiation by nonlinear wave-particle inter-
actions. This :mechanism, first proposed by GinzburG ai,d Zheleznakov
119581 and refined by numerous investir •ators [Tidr.an et al., 19066;



Kaplan and Tystovich, 1968; Papadopoulos et al., 1974; Smith, 19771, is
Illustrated in Figure 1, which shows the expected conversion of the
electron stream energy to electron plasma oscillations, and the subse-
quent conversion to electromagnetic radiation at either the fundamental,
fp, 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 oscillations.

Since electron plasma oscillations are local plasma wave phenom-
ena which 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
radio burst were obtained by Gurnett and Anderson (1976, 19771 using
m*:rjurements from the Helios 1 and 2 spacecraft which are in orbit
around the sun between about 0.3 to 1.0 A.U. The Helios observations
rre important not only because they confirm a basic radio emission
mechanism proposed over twenty years ago, but also because they provide
important new information on nonlinear plasma processes of considerable
current interest. In this paper we review the principal results of the
Helios plasma oscillation observations, including many new events which
have been recently detected. The plasma oscillation intensities are
also compared with the recent type III radio emissivity measurements
given by Tokar and Gurnett (19791, to provide a quantitative evaluation
of proposed emission mechanisms.

I&

ELECTROSTATIC
fp ELECTRON PLASMA

ELECTROMAGNETIC
OSCILLATIONS RADIATION

icp 10 2 f
SOLAR FLARE fp
ELECTRONS

V W (0.I-0.5)C

Ids
0 Q5 1.0

SUN RADIAL DISTANCE (A.U.f EARTH

Figure 1. A representative radial profile of the electron planna fre-
quency in the solar wind illustrating the generation of electron nlarma
oscillations and the subsequent conversion to c.lectromagnetir radiation
at fp and 2f-p.
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SURVEY OF PLAMA OSCILLATION CHARACTERISTICS

Only a small fraction, approximately 15%, of all the type III
radio bursts detected by Helios can be associated with electron plasma
oscillations. The relatively small occurrence of plasma oscillation
events is almost certainly due to the fact that the radio emissions can
be detected at large distances from the source, whereas the plasma
oscillations can only be detected within the source region. Up to the
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 coza-
monly observed is shown in Figure 2. The type III radio emission can
be clearly identified in the 178 an y' 100 KXz channels by the rapid
smooth rise to peak intensity followed by a somewhat longer smooth decay.
The characteristic shift toward decreasing frequency with increasing time.
is also clearly evident. The intense narrow-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 solid line is the peak

102
163 TYPE III RADIO BURST	 HELIOS-2	 178 kHz (±8%)

	

Q	 R = 0.598 A.U.
i !OS

E 10

J p6

	

9 p3	 roOkHz (*_8%)
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x 10-5W
pi	 6

	

Q p3	 ELECTRON	 ('	 1	 56.2 kHz (t8%)
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DAY 326. NOV. 22, 1977

Figure 2. Intense electron plasma oscillations at f9 s 56 kHz detected
by Helios 2 in association with a type III radio burst.
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from about 0.3 to 1.0 A.U. xhere in situ measurements of plasma observa-
tions are available. In principle, a comparison of the radial variation
of the plasma oscillation intensities and the type III emissivity pro-
vides a powerful test, since any given mechanism implies o specific
relationship between these two parameters. Recently Tokar and Curnett
(1979) have completed an analysis of the radial variation of the emis-
sivity of low frequency type III radio bursts. The technique used con-
sists of computing t1:e power AP emitted in volume AV with the emissi.vi—:
defined as J(2fp) = AP/4wa , where it is assumed, for simplicity, that
the radiation is emitted isotropically over a solid angle of 4r,. The
power is computed from AP s 4nr IAf, where r is the distance from the
source to the spacecraft, Af is the bandwidth and I is the power flux,
in xatts m 2Hz- , at the spacecraft.T he volume is computed from AV =
R26RA, where n is the solid angle of the emitting region as viewed :r:;=
the sun. Since it is usually not possible to directly determine ft, we
have assumed that the source subtends a half-angle of 45.0 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 mag-
netic field line through the originating flare location using the Saar-
netic field model of Parker (1958) with a solar wind velocity of 400
km s-1 . The emission frequency is assumed to be at the harmonic of
plasma frequency , following the radial variation given by Fainberg and
Stone (1974). The results of this anal ysis, as applied to thirty-six
type III radio bursts, are shown in Figure 4. Because of the uncertain--

!

	

	 in the solid angle P. the absolute value of J" probably has a substantial
uncertainty, perhaps as much as a factor of 2 or 3• This uncertaint;^
is, however, small compared to the variations from event to event. Ex-

'

	

	 eept for certain special cases, for example when the source passes c.'_cse
to the spacecraft, the radial dependence tends to be rather independent
of the assumptions used. In all cases the emissivity decreases monoton;-
cally with increasing radial distance from the sun and a power law pro-
vides a good fit to the radial variation. The average power law index
for all of the events analyzed is -6.0 ± 0.3. The best f i t power law
through all of the data points is shown by the dashed curve in Figure
4.

Having established the radial dependencF. and absolute intensity of
both the plasma oscillations and the radio emissivity, comparisons can
now be made with specific models for the generation of type III radio
bursts. Two models will be evaluated, the coherent parametric (osc^l-
lating two-stream) mi-.chanism of Papadopoulos et al. [1974), and the

;:•.:

	

	 incoherent induced scattering mechanism of Smith [1977). The eraissirit;
given by Papadopoulos et al. (1974), converted to MKS units and evalu-
ating constants (using a 0.1), is

J(2f-) - 5 . 83 X 10-15 T 3/2 4 , vatts m-3sr-1 ,	 (1}
p	 T—

where E is the electric field strength of the plasma oscillations in
Volts m-1 , n is the electron density in cm-3, T is the electron

a_
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tem Qrature in 0K, ant T is the electron temperature at 1 A . U., '141.2 X
105 . The corresponding emissivity given by Omith [1977) is

4
J(2fp ) = 1 . 12 X 10 13	 , watts m 3sr-1 ,	 (2)
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vhere E is again in Volts m-1 ,  and n is in cm-g . 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-
lations. Since the electron density and temperature in the solar wind
vary as n - (1/R) 2 and T ti (1/R) 2/7 , and since J varies as (1/R)6.0 i 0.:,

the expected radial-variation of E from Equation 1 for the model of
Papadopoulos et al. (1974) should be (1/R)1.64 ± 0.1, For the model of
Smith [J9771 the corresponding radial variation of E from Equation 2
should be (1/R)1.75 ± 0.1. Both of these predictions compare very
favorably with the observed radial variation for E of (1/R)1.4 t O.S.

In addition to comparing the radial variations with the theoretical
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 = 5 mVm 1 . Using this maximun field
strength, the corresponding emissivities given by Papadopoulos et al.
(19741, using Equation 1, and Smith (1977 ) , using Equation 2, are
1.63 X 10-24  and 3.13 X 10-23  watts m 3 sr 1 , respectively. Comparing
these emissivities with Figure 4 it is seen that the emissivity
computed from Smith's model would be able to account for about AW
of all the events observed at 1.0 A.U., whereas Papadopoulos' 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 [19771 is able to account for the
emissivity of all but the most intense radio bursts, whereas the model
of Papadopoulos et al. (19741 is not able to account for a burst of aver-
age intensity. It should also be pointed out that Smith [19771 has
already demonstrated in a specific case that the incoherent mechanism
can account for the simultaneously observed radio emission intensities
with a substantial margin. The case considered by Smith [19771 was,
however, a part icularly intense plasma oscillation. event, with an inten-
sity (14.8 mvm 1) 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 because of the E4 dependence in Equations l and 2.
For these more typical plasma oscillation intensities, both the
models of Papadopoulos et al. (19741 and Smith (19771 give emis-
sivities cell below the best fit curve (dashed line) shown in Figure
4. These difficulties are further complicated by the fact 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 plasma oscillations. In siunmary it
appears that the radial variation of the plasma oscillation intensities
and type III emissivity are in good agreement with the current theoret-
ical models but that in all except for the most intense plasma oscill«-
tion events the emissivity given by the theory is somewhat smaller than
the observed emissivity. Several explanations can be advanced to
account for this discrepancy in the absolute emissivity. Probably

it



ti,.^1'`wcr 	... :.w>% Ra	 Yx_; s... .^r.-.: .e•v 	 ♦... .., r^n	 ....h"..,.	 ..;tr.^e^F ^„ -^-.^,?.ws 	-...,:-woo-,. _^. 	 -ja-•.^.+^,,. ,-,.=ax	 t.,.e..	 ...	 .,-.	 'ta'.^^ai"Y.a«±.s'w^.r^fcv ^. r-:.4%-'+d;^:.a+.c	 .

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 E4 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 radio bursts show good overall agreement
with current ',heories for the conversion of electron plasma oscil-
lations to electromagnetic radiation at 2f p . The primary questions
remaining involve the fine time scale structure 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 probW)ly- 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 processes in the generation of type III radio
emissions will require much higher time resolution measurements than
are currently available.
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In the period November 22 - December 6, 1977, three types of
.

Interplanetary flows were observed--a ocrotating stream, a flare-associated

shook wave, and a shook wave driven by ejeeta. Helios-29 IMP-7 9 8, and

Voyager-1, 2 were nearly radially aligned at '%Or 0.6 AU, 1 AU and 1.6 AU,

respectively), while Helios-1 was at 'JPP 0.6 AU and 35' 8 of Hallos-2. The

instruments an these spacecraft provided an exceptionally complete

description of the particles and fields associated with the three flows and

corresponding solar events. Analysis of these data revealed the following

results. 1) A eoronal hole associated corotating stream, observed at 0.6

AU and 1 AU, which was not seen at 1.6 AU. The stream interface oorotated

and persisted with little change in structure even though the stream

disappeared. A forward shock was observed ahead of the interface, and

moved from 1:61103-2 at 0.6 AU to Voyager-1, 2, at 1.6 AU; although the

shook was ahead of a corotating stream and interface, the shook was not

corotating, because it was not seen at Hel103-1, probably because the

corotating stream was not stationary. 2) An exceptionally intense type III

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

Hel103-2. 3) A non-spherical shock was observed in association with the

November 22, flare. This shock interacted with another shook 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. 4) A shock driven by ejeeta-wa3 3tul ied. In the

ejects 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 shook appeared to move globally at a uniform speed, but

locally there were fluctuations in speed and direction of up to 100 km/s

and 4e, respectively. 5) Three types of electrostatic waves were observed 	 rd'
at the shocks, in different combinations. The detailed wave profiles

differed greatly among the shooks, even for spacecraft separations S 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 shocks. the irtenal ties and
$r
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durations of the fluxes varied by a factor of 12 over longitudinal

distances of *%P* 0.2 AU. The intensities were higher and the durations were

lower at 1.6 AU than at 0.6 AU, suggesting a cumulative effect. 7)

Energetic ( ,P 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 shook arrived at Helios-2. The intensity

dropped abruptly when the interface moved past Helios-2, indicating that

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

3
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	 It is customary to speak of three types of flows in the solar wind,

which Chapman (1964) called streams, flare-shells, and solar wind. We

shall refer to these, respectively, as 1) corotating streams (also known as

corpuscular streams, stationary streams, and high-speed streams); 2) ejeota

(also called nascent streams, flare ejects, jets, active wind, drivers, and

pistons); and 3) slow flows (also called quiet wind ambient wind and

struotureless wind). The taro piston has been applied to both oorotating

streams (e.g., Dryer and Steinolfson, 1976) and to ejects (e.g., Dryer A

Al., 1972). Corotating flows are separated from slow flows by a thin

boundary called a stream interface (Belcher and Davis, 1971 9 Burlaga,

1974), which in some cases is a tangential discontinuity (Burlaga, 1974;

Gosling „d Al., 1978). Ejects 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 streams and ejects may be preoeded by a shook.

There are numerous studies of the above phenomena based on observations

from just one spacecraft, but these cannot aerarttc spatial variations from

temporal changes. Data from two or more widely separated spacecraft are

needed to study non-stationary corotating streams, transient ejects, and

interacting flows. mere have been relatively few such observational

studies (e.g., Dryer Al Al., 1972; Gosling and Hundhausen, 1976;

Intriligator, 1976; Lazarus 1tj Al., 1970; Schwenn &I A1. 9 1978 9 1979, Smith

and Wolfe, 1977, 1979; Va13berg and Zastenker, 1976). Some attempts have

been made to model multipoint observations (Gosling ,d A1. 9 1976; Dryer,

J]►• , 1978x, 1978b) .

In the period November 22 to December 6, 1977 HeliO3-1 and -2. D(P-7

and -8, and Voyager-1 and -2 were aligned very favorably for the

investigation of solar Outputs (Figure 1), and during this period, which

was part of STIP Interval IV from October 15 to December 15, 1977, several

significant solar events occurred. Recognizing that this interval (and a

similar interval in September-October, 1977) offered a unique opportunity

for a comprehensive 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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Voyager and Helios team leaders. This paper is based on some of the

results of that Workshop. The nurpose of this paper is to present a

description and an analysis of the principal interplanetary events that

were observed in the period November 22-December 6, 1977, by Helios-1, 2,

Voyeger-1, 2, and IMP-7, S.

Three flow systems were observed in the period under considerations 1)

a corcotating stream and a stream interface associated with a coronal bole,

2) a shook wave and an energetic particle event associated with a 2-8

flare, and 3) an isolated shook wave whose origin is uncertain.

This paper is based an 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 plasma, magnetic

fields and plasma 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 describing low energy

protons associated with the November 22 1 event are available from Belios-1,

2 and Voyager-1 9 2.

We begin in Section 2 bi discussing the corotating stream and its

associated shook 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 stack 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.

Snergetic protons accelerated by the shocks and injected by the November 22

flare are described in Section 6. Section 7 summarizes the results.

2. COROTATINO STREAM, INTERFACE AND SHOCK

A stream that was observed successively by Helios-1, Helios-2, IMP-7,

8 1 Voyager-1 and Voyager-2 is 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 stream interface at each spacecraft is coincident with the vertical

	

w	 line marked "interface". The stream interface is readily identified as an

	

..	
abrupt decrease in density and an abrupt increase in temperature at the

	

'	 S
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front of a stream ( Belcher and Davis, 1971; Burlaga, 1974 1, 1975).	 In this
• ease, the Interface at each spacecraft can be seen in Figure 3, where the

time profiles of 1 6-min averages of the density (a) and temperature (T) are

plotted.	 Figure 2 shows that the interface and stream arrived at Hallos-1

on November 23, at Helios-2 on November 25 9 at earth on November 27, and at

Voyager-1 and -2 on November 29.	 The 2-day interval between sucoesaive

• encounters of the interface is approximately that which In expected for a

"oorotatiog spiral" corresponding to a streamline with a speed of 400 Was {-3

as illustrated at the bottom of Figure 2.

The precise corotation times of the interface from we spacecraft to

the next are shown in Table 2, together with the "predicted" corotation

times computed from the equation t2 - t1 
= (r2 - r 1)/V + (#2 - Y/Rat with

allowance for the spacecraft motions (here 0  is the sidereal rotation

period of the sun; V is the solar wind speed; f 1 and 42 are respectively

the longitudes of the spacecraft at time t 1 (when the interface pawed the

first spacecraft) and a later time t2 (when the interface passed the second

spacecraft); and r 1 and r2 are the radial distances from the sun of the two

spacecraft at t 1 and t2 .)	 Table 2 shows that the predicted oorotation

times are 01030 to the observed corotation times, the difference being

15x in the three largest time intervals. 	 These small differences may be

duo to small irregularities in the shape of the surface of the interface.

Thus, we conclude that the interface was a corotatiog feature, and we infer

that the stream which followed it was likewise corotating.

The low densities in the stream (Figure 3) and the fact that it was

oorotatiog 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 24, 25 • 	 The observed
peak speed of the stream in question was $ 500 km/s; thus, if its source

was the coronal hole, and if it propagated at nearly constant speed, the

stream should have arrived at^ths earth on November 27, which in fact, it

did.
The dynamical evolution of the oorotating stream in Figure 2 is 

surprisingp	 ing and significant.	 Helios-1 and -2 observed similar profiles of

*- VW , n(t), and T(t) following the interface, with a time delay of $ 53 hra

consistent with corotation. 	 At the earth, IMP-7 and INP-8 also saw the

stream with approximately the expected corotation dela y .	 The surprising



result is that the stream appears to have been absent (or such slower) at

1
	

Voyagers- 1, and -2 (Figure 2) , even though both spacecraft observed the

^'•	 stream interface ( Figure 3). This is probably not a latitude effect like

that reported by 9ehwenn A Al. $ (1978), since the latitudes of Voyager-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 model is needed to show quantitatively that a stream can

evolve near 1 AU as just described, and this will be disoussed in another

paper. One can urelerstand the result qualitatively as follows. Ahead of

the stream, the density and hence the momentum flux were high ( Figure 3).

Inside 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

i

	 somswhat by shear at the interface. Nevertheless, two compression waves

formed, moving toward and away from the sun with respect to the interface,

.respectively. The wave moving toward the 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

momentum flux in eorotating stream dynamics has been discussed

quantitatively by Pizzo ( 1979a , b) for some eonventinal stream profiles. A

dacreasa of V with increasing distance has been discussed by Dryer and

3teinolfson (1976).

The structure of the stream interface observed by Voyagers - 1 and -2 is

shown in Figure 4. In both cases, the density and temperature transi-

tions occured in f 30 min, consistent with the durations of some of the

interfaces observed at 1 AU by Burlaga ( 1974). The no T profiles observed

at Helios- 1, 2 are very similar to those in Figure 4. The magnetic field

intensity reached a maximum at the interface ( see Figure 4), as is usually

the case ( Burlaga, 1974; 3iscoe, 1972). In this case, there was a large

charge in magnetic field direction across the interface at both Voyager-1 	 rip

and -2. It is significar: Ciat all of the parameters dust described (n, T,

V, and ^) had nearly the canoe profile at Voyager-2 as at Voyager-1, despite
the reparation of -P 0 . 2 AU; this shows that the internal structure of a

7



stream interface cats be coherent over a relatively largo 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
I

of a different interface described by Gurnett 11 Al. 0 979a) showed the

.same result.

A "corotating shock" (which we label shock B) was observed by

Voyager3-1 and -2; this is shown at high resolution in Figure 5• 	 The
identification of the disturbance as a shock is based on the simultaneous,

abrupt increases in V, Np, Tp and F =	 ;d on the simultaneous change

in the characteristics of the plassma waves.	 The observation of a shock at

Voyager-1 and -2 is not surprising, since models of corotating streams

(e.g., Hundhausen, 1973; Hundhausen and Burlaga, 1975; Gosling A Al.,
1976; Steinoi: son .g& Al. , 1975; and Dryer &t Al., 1978) predict the
development of corotating shocks as streams evolve with distance from the

sun, and many such stacks have been observed beyond 1 AU (Smith and Wolfe,

1977).	 The shock normals computed from the Voyager plasma and ©agnetie
field data using the met.,od of Lapping and Argentiero (1971) were directed

.90 and 140 west of radial, respectively (see i3ble 3 and Figure 2),
consistent with corotation.	 At Voyager-2, the angle between the shock

normal and the upstream magnetic field was 14.6 6 ; the corresponding angle

at Voyager -1 was 15.8°.	 The local shock speed was 400, t 10 km/s relative
to a fixed frame shock at both Voyager-1 and Voyag%:.-2 (Table 3). 	 This

speed and the computed shock normals imply a time delay between Voyager-1

and Voyager-2 of 4.5 f 1.3 hr.	 This compares favorably with the observed
time delay of 5 hr. 17 min.

Shock B probably passed Hel103-2 and IMP-8 on November 25 and 26,

i respectively (see Table 3).	 This is significant, because shocks are rarely

observed ahead of corotating streams at S 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 P 7Y do	 15Y within 2 minutes (it increased from 7.7Y to 11.5Y in
643), 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 n : 600 , on = 1400

which is close to that expected for corotation in a 300 km/3 wind, viz. an

8



s 50°, a a 0; here A n is the heliographic longitude which is taken to be

zero for a vector pointing radially away from the sun, and a n is the

i	 latitude with re.spect to the ecliptic plane. The shook speed oomputed from

the observed densities and bulk speeds using the coplanarity normal is

300 km/s, or 540 km/3 in the radial direction. This implies that the shook

should have arrived at earth 41 hra after it passed Helios-2 (if it moved

at constant speed), i.e., at hr 19 on November 26. A 3SC was reported at

1704 UT on November 26, in good agreement with the prediction. IW-8 was

in the solar wind on November 26, but there are data gaps at the time of

the SSC. Nevertheless, the magnetic field intensity nearly do'utled at some

time in a 2-hr interval centered about the 3SC (Figure 9 9 and the plane

density, temperature and speed increased at some time in a 5-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 shook at Earth at 1704 on November

26. Altogether, the data from HeliO3 -2 9 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 to refer to a shock ahead of a corotating stream as a

corotating shock. This is not appropriate for shock B, however. If shook

B were corotating, then it should have been detected at HeliO3-1 ^ 50-60 hr

before it was observed at Helios-2 (i.e., late on November 23), because

Hel103-1 was at the same radial distance as Hel103-2 and "0 35° to the East.
Although the Hel103-1 observations are nearly complete and continuous,

there is no evidence of a shock at Helios-1 (see Figures 2 and 3). A

Possible explanation is that the stream which produced the shoo!. was

corotating but not stationary. Fbr example, the stream zmry have been

produced by a coronal hole that rotated with the sun, but whose physical

characteristics changed on a scale of 1 day, producing a time-varying

	

i
	

stream profile. Indeed, Figure 2 shows that the speed profile measured by

Hel103-2 differs in some details from that measured by Hel103-1, indicating

	

'r
	 some time variations in this case. Evidence for non-btationary, corotating

streams was presented earlier by Burlaga .& Al. (1978). (A model of

non-stationary flows was presented by Nu A Al. (1979), but this does not

include the dyna--ical effects of the sun's rotatin g ,) Shock B was seen at

9
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I; 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 oonveoted

past the other spacecraft. But apparently conditions were different at the

time the stream was at Helios-1, 3e E of Helios-2, and were not favorable
for the production of a shook.

3.	 EYENTS ASSOCIATED WITH A FLARE

On November 22, 1977 at 28 flare at N23, W40 in McMath plage region

15031 waa observed in Ha atarti% at 0946 UT and reaching maximum intensity

at 1006 UT.	 Chambon,gk A^,. (1978) observed hard X-rays and y rays from the

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

at 1002)., a type III burst ( beginning at 0959 UT), as interplanc3tary shook

wave, and an energetic particle event.	 Thus, the event displayed a wide

range of phenomena that one associates with a great flare (Dryer, 1974).

Type III,Bursts.	 The type III solar radio burst produced by the flare

is the most intense observed to date by Helio3-1 and -2. 	 Helios-2. radio

observations of the November 22 burst are shown in Figure 6. 	 They are from

the University of Minnesota (52, 77 and 203 kHz) and Goddard Space Flight

Center experiments.	 Electron observations from the Max-Planck -Institute
i

fur Aeronomie experiment are also 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 III solar radio emission is cau30 by

electrons with energies 10 keV to 100 keV (Lin Sj Al., 1973). 	 Despite the

data gap around 1010 UT, it is clear 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

maximum 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 from a heliocentrio distance of 0.05 AU 0 MHz
level) out to 0.8 AU (77 kHz level), indiepting 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 Helio3-2, located at 0.6 AU.

Flux densities observed for this burst by Helioa-2 reached maximum

values exceeding 10-15Wm 2Hz
-1 

for frequencies from 77 to 255 kHz; they

decreased to approximately 10-16Wm-2Hz
-1 

at 3 Mfz, the highest Helios

S
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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 electrostatic noise

spectrum, and it is within 1-2 kHz of the local plasma frequency determined

from the measured density. Similar bursts were reported by Gurnett It 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 msee. As a consequence, for signals whose duration is more than

0.2 msec, the measurement gives the input voltage averaged over 50 msee.

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 &t A,).. , 1972) .
Consequently the 77 kHz electromagnetic waves detected at 0.60 AU by

Hel103-2 were propagating backward toward the 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 Hel103-1 and -2 antennas, together with the Helios and Voyager

electron data, show that the exciter extends over a wide D 75°) range of

solar longitudes. Analysis of the relative intensities and positions

observed by He1103- 1 and -2 also indicates that the centroid of the burst

Passed between these two spacecraft. Assuming a 3Gurce longitude of 40° W

and a spiral field configuration, a best fit to the intensity versus

frequency data obtained by Hel103-1 and -2 is obtained for a solar wind

speed of 300 km/seo. 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 observed directly by Helios - 1 and -2, DO-8, and

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 ejects, as

suggested by the sketch in Figure 8, but the ejecta were not 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

11
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symmetry, he encounters difficulties that would have been overlooked if

trsre were fewer spacecraft. One difficulty is that the speed determined

from the time delay between IMP-8 and Voyager-1 is 418 km, whereas the

speed determined from the time delay between IMP-8 and Voyager-2 is 568

20 km/3 (the uncertainty is due to a data gap at Voyager-2 between 06:00

and 09:00 UT). This discrepancy is large, considering that Voyager-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 rpeeds is the speed determined

from the time delay between Voyager-1 and Voyager-2: 14 t 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 (An s -34° 1 en : -10°) and Vn a
302 km/s, respectively (see Table 4). Using these numbers, assuming that

the shock was plane between Voyager-1 and Voyager-2, and considering the

inertial solar ecliptic positions of Voyager-1 (r 1 = (2.280, -0.274, 0.115)

x 108km) and Voyager-2 (r2 = 2.285, -0.533, 0.267) x 10 80 , one finds that

the predicted time delay between Voyager-1 and Voyager-2 is 11 hrs, 13 mint

which is reasonably close to the observed delay, (15 & 1.5) hrs. (The f

1.5 hr uncertainty is due to a data gap.) The small discrepancy may be

attributed to uncertainties in the shock normal 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.

	

`	 Hel103-2 observed two shocks (A 1 and A2 , at 1610 UT on November 23 and

at 0611 UT on November 24 0 respectively; see Figures 7 and 11). However

	

.-	 IMP-89 which was at nearly the same latitude and longitude and which was

only 0.36 AU away from Hel103-2, observed only one shock (A 4 at 1213 UT on

November 25; see Figures 7 and 10). We cannot unambiguously determine why



P
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2 shocks passed Hel103-2 (several origins can be imagined), but we can

	

J	 suggest why only one shook was subsequently observed at IMP-8 and at

Voyager3-1 and -2. The radial speed of shock Al, determined from the local
r	

S plasma and magnetic field observations of the shock by [Method MD1 of

Ahraham-Shrauner and Yun ( 1976), was 353 km/a. The corresponding speed of

A was 467 km/s. Zhus, although 	 followed A (i.e., it was closer to the
t	 2	 A2	 1

sun, see Figure 7), it was moving faster than A 1 . Consequently, A2 should

have overtaken A l at some point; assuming constant speeds, this point was

at 1.08 AU on the Helio3-2-3un line. If the computed shock normals (Table

4 and Figure 7) are even approximately correct, the shooks should have

interacted along the earth-sun line before they reached IMP-8 near the

earth. The observation of only one shook 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 (Al ) by a following one (A2) leads

to a coalesced shock moving forward and a reverse rarefaction fan which,

because of its spreading, is difficult to observe. ( In HHD 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. Its

radial speed at V1, 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 1HP-8 and Voyager- 1, viz 427 km/s. Evidence

for shock-coalescence in Pioneer data has been reported * by Smit: At 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 shook

would still have to interact with the second shock.) This possibility is

ruled out by the following two arguments: A 2 cannot be the weakened shock

since it fits very nicely into the propagation diagram (Figure 9) in

contrast to shock AV We rule out a large weakening of shock A l since it

is followed by along-lasting region of increased momentum and energy flux
c^

as shown in Figure 7.

A remaining aspect which requires clarification is the observation of

one shock only at Helio3-1. A possiole explanation for this obsarvaticn

may be the presence of the stream interface and an interaction region

between He1iO3-1 and Helio3-2 (Burlaga and Scudder,  1975). If we

i
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approximate the interface as a tangential discontinuity, its interaction

with Al may lead to the latter's disappearance (see e.g., Neubauer, 1976).

4. THE DECEMBER SHOCK

During the Helios-Voyager-IMP Workshop, it was noted that a shook was

observed by He1103-1 and -2 on December 1 and by Voyagers-1 and -2 on

December 2, and it was decided to include this event in the point 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 SH flare at 324 9 E85 which

began in Ha 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 I& ja., 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 Hel103-1 was followed by ejects in

which the density and temperature were low. There is also evidence for

enhanced magnetic field intensities in the ejecta. Hel103-2 may also have

observed the eJacta (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 December 4 and a small

inorease 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 Hel103-1 so we do not identify it as ejec:;a.)

Thu., the evidence is that the shock had a wide longitudinal extent Q 40°;%ft

see 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,

density, temperature, and magnetic field strength behind 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

Helios-1 indicates teat this was probably not a blast wave; it was a driven

14



.	 shock. Voyager-2 saw the shock, but it did not encounter the ejects 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 shook gave.

This point was made previously by Ogilvie and 8urlaga'(1974) and by Aosenau

and Frankenthal (1978); it has recently been demonstrated very clearly by

Aouna Al Al. (1979). The concept of a broad shock driven by narrow ejecta
1

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,

showing 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 Hel103-1 was 19° east of the

Voyager-2-3un line and that Earth was 170 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 11 Al. (1977) and Dryer A jL1. (1976) .

However, examination of the local shock speeds and normals reveals a more

complicated picture. Since Voyager-2 and Helio3-2 were nearly radially

aligned, and since Figure 16 suggests a spherical shock, one expects that

Voyager-2 and Hel103-2 should have observed essentially the same shock

speed and direction, the radial component of velocity being close to 555

km/a. 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 Hel103-2 (in a -30 , On 
a 17°) was very different from that at Voyager-2

(An a 380 , O
n
 a -60 ). 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 	
P

uncertainty in speed to be S 20 km/3 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

place, 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

loeal•velocity at Hel103-2 (460 km/s) is substantially less than the

average value. Since Hel103-2 and Voyager-2 were nearly radially aligned,

this suggests that the radial component of the shock velocity may have

fluctuated as much as • f 100 km/s, and its direction may have fluctuated

as much as 3 400 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

Hel103-1, -2 and Voyager-1, -2 carried plasma wave instruments (see

Gurnett and Anderson, 1977; and Scarf and Gurnett, 19771, respectively for a

discussion of the instruments), which provided an extensive set of

observations of waves 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 havo been published

(Scarf, 1978; Scarf gI A1. 9 19799 and Gurnett &I Aj,., 1979a,b). Here we

shall present only a qualitative discussion stressing the remarkable

variety of signatures. A more comprehensive physical discussion is

deferred to another paper.

The wave data are given together with the plasm. and magnetic field

observations of the shocks in Figures 5, 10 0 11 9 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 iv V m 1 at the bottom of the

scale to 100 mV m 1 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.
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Let us consider the individual shook observations In the order in which

shocks were introduced above, beginning with shook H. This shook 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 save

radial distance 0.6 AU) and separated by 0.2 AU. The Voyager-1 plasma
wave observations show at least three different types of emissions:

1. turbulence extending downstream of the shook at
frequencies ( f , identified as whistler mode turbulence

2. waves extendfngpUpstream at frequencies from about 1.0 to
5.62 kHz, tentatively identified as ion acoustic waves,
and

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

These types of emissions have been discussed by Scarf j,jil. (1970)9
Gurnett and Frank (1978) , and Gurnett &t Al. (1979b) . Voyager-2 also
observed the whistler mode turbulence extending downstream from the shook,

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 shook at Helio3-2 and IMP-8, but they were observed

downstream of the shock at Voyager-1. The shook 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 shook (Gurnett and Frank, 1978). IMP-8 and Voyager-1 (Figure 10)
observed ion acoustic waves upstream of the shock between fD 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

s.	 a corresponding noise burst below f p+ , and Voyager-1 observed a noise burst

at the shock in the range 31 Hz to 1.78 kHz.
Shock C was observed by Hel103-1 and -2 and by Voyager-2 (Figures 12,

13, and 14). None of the spacecraft observed intense whistler mode

turbulence behind the shock. Hel103-1 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, probably due to Doppler-- shifted ion-::ccusLic uave;s
7
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(Gurnett and Frank, 1978). The waves extended both upstream and downstream

at Helios-1, but only downstream at Helios-2. Voyager saw only weak

emission of such waves, downstream of the shook. A sharp, intense (1 to 5

mV i .1 )  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-i.

We conclude that at least three types of emissions (in various

i	 combinations) may be observed at an interplanetary shook, viz., downstream

"whistler-mode turbulence", upstream "ion-acoustic" waves, and a brief

broadband noise burst coincident with the shook. In some oases, only one

or two of these is observed. In addition, the shook may be embedded in a

broad region of "ion-acoustic" waves not necessarily caused by the shook.

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 ruedium. This is not surprising, since

it has men observed in the case of the earth's bow shock (Greenst.adt, It

,1. 9 1973). However, the basic types of Omissions are the same at 0.6 AU

as they are at 1.6 AU.

6.

In the interval November 22 to December 6, 1977, Helios and Voyager

instruments observed energetic protons Q 50 to 200 keV) produced by at

least two mechanisms: local 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.

Ahock Acceleration. Protons accelerated by a shook are seen most

clearly 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 ejeeta like those observed by Hel103-1. Figure 17 shows enhancements in

the counting rate of protons at Voyager-1 and -2 in the energy range -P 50

keV to 
r 

138 keV; the maximum intensity occured at or dust behind the

shock. At Voyager -2 the peak counting rate was $ 100 times the ambient

value, and at Voyager - 1 the enhancement was somewhat smaller. The

i
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enhancement began f 15 hr ahead of the shock at both Voyager-1 and -2. it
persisted for e 32 hr behind the shock at Voyager-1 and $ 28 hr behind the

shook 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, owever, they,	 proton enhancement at Voyager-1

was similar to that at Voyager-2. This may be due to the simple geometry
i

of the shook near Voyagers .-1 and -2 and to their relatively small

separation (0.2 AU).

The situation at Hel103-1 and -2 was quite different. Both spacecraft

observed an enhancement in counting rate of protons (Figure 17). The

maximum enhancement at Helios-2 was only $ 20 times the background counting

rate and it occurred at the shook. Two maxima were observed by Helios-1,

and the shock occurred between them. A compression wave was observed at

the time of the second maximum (Figure 12), but 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 ejects at

Helio3-1 and at Helios-2, which were not observed by Voyager3-1 and -2.

(There is no accepted signature for the boundary of effects, and we cannot

be certain that we have identified one. The vertical line labeled boundary

in Figure 17 oorresponds to an abrupt decrease in density observed behind

the shocks in Figure 12 and 13). The enhancement began $ 6 hr ahead of the

shock at Hel103-2 and a few hours ahead of the shook 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 Hel103-1, 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

shook arrived.

The 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

19



a

enhineement and a greater upstream extent than the Helios-1, -2 profiles.

One possible reason for this (but not the only one) is that voyager-1, -2

were farther from the sun than Helios-1, -2 0 so that the shook 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.

Flare-accelerated Particles. 	 Now let us discuss the low energy ($ 25 -
^' 200 keV) protons ejected by the flare of November 22 0 1977 (see 3eetion 3

for a discussion of the flare characteristics and the corresponding

interplanetary flows).	 Helios-1 and -2 observed very different

intensity-time profiles during the decay in intensity (Figure 18), even

though they were at nearly the one radial distance and were separated in

longitude by only 320 (see Figures 1 and 8). 	 At Hellos-1 9 the intensity
5

decreased smoothly and monotonically for at least 3 days ( Figure 18).	 The

. oorotating, stream discussed in Section 2 was east of Helios -1 at the

beginning of the event and the interface passed the spacecraft 4 . 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, so that the intensity versus longitude was nearly uniform

across the oorotating interface. 	 The-particles in the slow flow ahead of

the interface decayed freely (e.g., by diffusing to infinity, Kurt At A1.1

1978) for at least 16 hrs after the flare, and the particles in the

I
oorotating stream decayed similarly for at least three days after the

flare.	 In particular, particles in the oorotating stream were unaffected

by the flare associated shock wave ( shook A) and the post shook flow (see

Uc tion 3 and Figure 8).

The intensity-time profile at Helios-2 was quite different from that

at Helios-1, probably because it was influenced by the flare-associated

shock and post-shook flow.	 The early part of the decay seen by Helios-2

R.' was very similar to that observed by Helios-1 (Figure 18) 9 the flux
a

decreasing monotonically for at least 12 hrs. 	 As shock A l (produced by the

flare) approached Helios-2, the counting rate of energe t ic protons began to	 ^►

Increase, reaching a maximum at the time shock A2 reached Helios-2.	 The

maximum flux was 4 x 106 ionalcm2sea star MeV.	 'ire maximum counting rate

was $ 25 times that measured by Helios -i at the same time, i.e., comparable

to the increase which Hel103 -2 observed at shock C, as described above.
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This increase may t4 due to: 1) particles accelerated by the shook. 2)
flare particles trapped behind the shock, and/or 3) energetic storm

particles. Following the shook, the counting rate again decreased until
the interaction region of the eorotating stream arrived at Helios-2, at

which time there was slight increase in the counting rate, perhaps due to

compression in the interaction region. When the interface arrived, the

counting rate at Helios-2 dropped rapidly (exponentially with a time scale

of 3 hr) to approximately the same level that Helios-1 recorded.

Apparently particles accelerated by shock A could not penetrate the stream

interface and many ware trapped in a region bounded by the interface an one

side and the shock on another side. The ejects from the flare might hare

`	 provided the third boundary. The scenario that has been described is
I
`	 represented schematically in Figure 8.

Voyager-1, and -2 observed intensity-time profiles of protons in the

energy range f 50 MV - 138 keV (Figure 19) which resemble the profile
recorded by He1iO3-2. During the early stage of the decay, both spacecraft

observed a monotonic decrease in counting rate lasting f 16 hrs. (The
initial increase in counting ,rate and the first hour or two of the decay

includes an uncertain contribution to energetic, Omni-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 Mt Voyager-2 between 06:00 and 09:00 UT,

so 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 were 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 small, 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 Nev was

observed. At the time of the shock, Voyager-1 observed a strong anisotropy
the particles flowing away from the sun. Shortly after the shock

passed, the anisotropy direction reversed and particles were observed to be

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 intensity, 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 insignificant 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 Hel103-2 when it
encountered the interaction region ( Figure 18).

7.	 SUMMARY

We have presented a wealth of data obtained at "Ir 0 . 6 AU, 1 AU, and 1.6

AU, describing the evolution and interactions of particles, flows, 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 fbrward shock,

(shook B), was produced r-- 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

Hel103-1, 350 E of Helios 2. Apparently, the flow was corotating, but

non-stationary. The stream interface eorotated 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 III 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 observed

at 0.6 1U.

3. The shock produced by the flare of November 22 (shock A) was

non-spherical, pointing 340 to the E and 100 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

at radial distances from the sun ranging from 0.6 to 1.6 AU and with

longitudinal 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/3

in speed and 40° in direction.

r^r
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v	 am interfacedecline in intensity, on November 2Q, and the corotating stye

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 insignificant compared to the other

	

.	 shook-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 Hel103-2 when it

encountered the interaction region (Figure 18).

7. SUMMARY

We have presented a wealth of data obtained at a 0.6 AU, '1 AU, and 1.6

AU, describing the evolution and interactions of particles, flows, 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 by the stream and observed by Hel103-2 (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, 350 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 wa:. stable and its

structure remained essentially the same at all positions.

2. An exceptionally intense type III 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 observed

at 0.6 AU.

3. The shock produced by the flare of November 22 (shock A) was

non-spherical, pointing 34 0 to the E and 100 S of the radial direction at

1.6 AU. It ii..eracted with another shock beyond 0.6 R U, and they coalesced

forming a single shock that was observed at 1 AU ane . 1.6 AU.

4. A shock of uncertain origin (shock C) was observed by 5 spacecraft

n*_ radial distances from the sun ranging from 0.6 to 1.6 AU and with

longitudinal se;araticns up to 360 . The radial 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/3

in speed and 40° is direction.
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5• One or more of three types of electrostatic waves were observed at

;..
	 interplanetary shocks: upstream waves with fp ^ f < f *, downstream waves

with f < fp and broadband noise at the shock. These three types of

emissions were observed at 1.6 AU as well as 0.6 AU. The apeoifio pattern

varied greatly among the stocks observed, even for the same shook observed

at 0103e1y separated (^ 0.2 AU) spacecraft, indicating a strong dependence

on local shock and solar wind parameters.

6. Energetic protons (f 50 to 200 keV) were observed to be accelerated

at shocks. The maxim= and half widths of the flux profiles at a shook

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 to become broader and more intense with increasing

distance from the sun.

7. Energetic protons Q 50 keV; from the November 22 9 1977 flare were

observed. Helio3-1 observed that their intensity decayed monotonically in

the corotating stream, with little change across the stream interface.

Helios-2, 300 to the west of the interface, observed a very different

profile, with a second L-icrease to a maxim= at the time the shock produced
by the flare arrived. These "extra" particles apparently did not penetrate

the interface, for the intensity at Helios-2 dropped abruptly to the

intensity observed at Hel103- 1 when ;.he interface eorotated past Helios-2.
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	 TABLE 3

SHOCK D

iM1Los 2 SSC Voy. 1 Voy. 2

Shock ID 3 B2 B3 34

Data Nov. 25 Nov. 26 Nov. 29 Nov. 29

Hr: min. 01:47 17:04 02:04 07:21

r(108km) 0.944 1.476 2.373 2.390

Normal a 600 -- 9.10 14.90
n

Normal 140 -- -0.70 21.20

V(km/a) 300 -- 409 395

Vr(km/a) 540 -- 409 423

1
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FIGURE CAPT=

y

	

	 Ecliptic plane projection of the trajectories of Helios-1, -2

and Voyager- 1, -2 shown in the inertial solar ecliptic

coordinate system for the interval November 22 - December 6,

1977•

FIGURR 2

	

	 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 Earth

represents Earth's orbit. The position of shook B is also

shown, and its orientation, is illustrated in the bottom panel.

FIGURE A	 The corotating stream 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 so that the interfaces are aligned

vertically, allowing a comparison of the density, temperature,

and magnetic field intensity profiles (bottom).

FIGURE

	

	 Structure 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

min), its structure does not change appreciably over the

0.2 AO separation between Voyager- 1 and Voyager-2, and there

is no evidence of an instability that might produce waves

fP at Voyager-2.

Shock 8, showing the high-resolution magnetic field and plasma 	 041

data (top panel) and plasma wave observations (bcttc= panel)

near the shock. The flow and field parameter * are steady

before and after the shock front, allowing accurate

determination of its normal and speed. Whistler wave
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turbulence is observed at f < fp♦ behind the shook; a short

burst of broadband turbulence is observed at the shook; and

"ion-acoustic" waves are observed at fp '< f < fp ahead of

the shook.

110,03 6	 A type III burst (77 kHz to 3000 kHz) , the beast of eleotrons
120-65 kEY) which produced the burst, and plasma waves (at the 	 1

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 I 	 Shocks A11 A2 , 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 (A3) was approaching Helios-1

and arrived at Helios-1 late on November 24. Two shocks were

observed by Hel103-2. One (A2) arrived at Helios-2 at 0611 UT

on November 24, and another was a short distance ahead of it.

Al and A2 coalesced into 1 shock (A4 ) as they moved from

Hel403-1 to earth, where A4 was detected by IMP- 8.

Fj(',URE 8	 A sketch, approximately to scale, showing the position of

shock B, the stream interface, and shock A2 at 0600 UT, when

A2 was approaching Helios-2. T`.e 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 A2 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

shook-accelerated particles did not penetrate the stream

interface and were not observed by Helio3-1.
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Propagation of shook A. The radial position of the shook is

shown at the times that the shocks arrived at Helios-i (HI),
Helios-2 (H2), IMP-8, Voyager-1 01) and voyager-2 (V2). The

two shocks observed by H2 coalesced into the one shook

observed by IMP-8. Departures from spherical symmetry of

shook A are indicated by the scatter of the points about a

straight line.	 {

E'I`RE 10	 High resolution magnetic field and plasma data show that A4

(at IMP-8) and A6 (at Voyager-1) are shocks. A narrow,

broadband burst of electrostatic noise was observed at the

time of the shook by both spacecraft. "Ion-aooustio" waves

between fp- and fp+ were observed upstream by both spacecraft.

Voyager-1 also observed whistler mode turbulence at f < fp

behind the shook.

FIGURE 11	 Hiih resolution magnetic field and plasma data stowing that Al

and A2 are shocks (or steep compressive waves). Electrostatic

plasma wave data from Helio3-2 show that the shook was

imbedded in a broad region of doppler-shifted "ion-aooustie"

waves. A narrow spike was observed at 562 and 311 Ha at the

time of the shook.

FIGURE t2	 High resolution plasma and magnetic field data showing shook C

and a boundary behind it which might be the boundary of the

effects. (contact surface). Note the depression in magnetic

field intensity at the boundary. Electrostatic plasma waves

are observed between f  and fp+ at the shock, but no

significant waves are observed at the contact surface.

F1Gv UR1 3 	Sixteen-min. averages of the speed, density, temperature, and

magnetic field intensity, showing shook C, the pre- and

poet-shock conditions, and the post-shock conditions at

Helios-1, -2 and at Voyager- 1, -2. Note the drop in density

and temperature and the high magnetic field intensities behind

the shock at Hel103-1 and -2, suggesting entry into the
1i

Y,
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•

eJeata. The parameters slowly decrease behind the shook at

Voyager-2 9 to the pre-shook levels, indicating that this

spacecraft did not penetrate the effects.
a
t

'	 UQURRtb 	 High resolution magnetic field data showing shook C. The

plaaaa wave data show, a short broadband burst at Helios-2, but

not at Voyager-2. Electrostatic waves were observed behind

shook C at frequencies between 311 Hs - 17.8 kHz by Helios-20

and over a more limited frequency range (178 Hz - 5.62 kHz) by

Voyager-2.

FI UR1i 15

	

	 A sketch, drawn approximately `.; scale, illustrating the

position of shook B, corresponding stream interface, the

position of shook C and the corresponding ejects at hour 0 on

November 30, 1977. The positions of Helios-1, -2, Voyager -19

-2, and Earth at this time are also shown.

FIGuRE 16

	

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

the shook passed each of the spacecraft are shown. The

straight line fit suggests a uniform speed of 555 km/3 and

spherical symmetry. but local observations indicate

appreciable scatter about those values.

FIGURE 17

	

	 Counting rates of energetic protons near shook C, observed by

Helio3-1 9 -2 and Voyager-1, -2. The broad, intense fluxes of

particles at Voyager3-1 and -2 closely resemble one another,

but they differ appreciably from the narrower, less intense

fluxes observed by Hel103-1 and -2. The Helios-2 profile

differs appreciably from that of HeliO3-1. The abrupt

deoreaae in counting rates behind the shook observed by

Helios-1 and He1103-2 may be due to a flow boundary (e.g., a

piston) behina the shook.
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FIgU E 18	 Counting rates of energetic protons produced by the Novem-
ber 22 flare and by shook A, as observed by Helios-1 and -2.

The speed profiles are shorn as an aid in describing the

corresponding flows. Helios-1 and Helios-2 observed similar

Intensity-time profiles during the initial stage of the decay.

Helios- 1 9 which was in the oorotating stream continued to

observe an uninterrupted, monotonic decay to the background

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.

FIGURE 19 Counting rates of energetic protons observed by Voyager-1 and

-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 shook B.
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ABSTRACT

The volume emissivity has been calculated for thirty-six type III

solar radio bursts obtained from approximately 6.5 years of Its 8

and I8EE 1 satellite data. Although the emissivities for these events

vary over a large range, all the emissivities decrease rapidly with

increasing heliocentric radial distance. The best fit power law for the

emissivity, using the average power law index for all events analyzed,

is J = J0R 6 ' 0 , with J0 u 1.5 x 10
-24 

watts m73  ster 1 . This best fit

emissivity is used to estimate the expected radial variation of the

plasma oscillations responsible for the type III radio emission.



quency which 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 ,!asma frequency

encountered by the exciter electrons as they move outwara sway, from the

sun (Wild, 1950; Lin, 1970; Alvarez et al., 1972_'	 The -. r :,lion of

type III radio bursts is thought to be a two-step process J.: ,:nich

electrostatic electron plasma 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; Smith,

1974)• Fcr a review of low frequency type III bursts see, for example,

Fainberg and Stone (19741. Plasma oscillations associated with type III

bursts are described by Gurnett and Anderson [1976, 19771 and Gurnett

et al. (1976a1.

The volume emissivity, which is the power emitted per unit volume

per unit solid angle, is a fundamental quantity which characterizes all

radio emission processes, including type III radio bursts. 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

T	 +

t



k

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 radio bursts.

Particular attention will be given to the variation of the emissivity

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 (197+] and Gurnett

et al. [1978b], respectively.



U. MNHOD OF CA=I ATINO THE ENISSIYITX

The emissivity is calculated using the sua-centered coordinate

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

J s 
O ? 

watts m 3ster`1 ,	 Ala

where,AF is the power radiated in volume AV into a solid angle Am.

Since the angular distribution of the emitted radiation is not known.-we

will assume that the radiation is emitted isotropically (i.e., Am m La).

W determine J we measure the spectral power flux at the Earth and

compute dp 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, however, at

most a factor of two, which is small 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 dF the distance from the source to the Earth

must be determined. Since the source position 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 magnetic



V

b

field in the solar wind starting from the flare location at the sun.

The magnetic field model used is that of Parker (1958): in the solar

equatorial 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, #0 , gives the heliographic longitude of the source region, 0,

through the Archimedian spiral equation

0 ` Oo - (Vb
	

R	 (2)
sw

Here w is the rotational velocity of the sun, Ysw 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 (197+),

f- - 66.8 R-1-315  MHz	 (3)

where f is the observed frequency of the type III burst and R is the

heliocentric radial distance in solar radii. The position of 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
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AP = (4wr2 ) Idf 	 (4)

where r is the radial distanc* 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, 0, and the radial thickness

AR. Since the electrons which produce the radio emission closely follow

the interplanetary magnetic field 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, we have assumed a half-

angle for the source of 450 as viewed from the sun. The corresponding_

solid angle is A s 1.84 ster: This source size is comparable to the

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

[1978c], and is considered a reasonable estimate since both radio and

charged particle measurements indicate that the source must be quite

large. The relation of the radial thickness, AR, to the frequency

interval, Af, can be determined from Equation 3, Which gives dR/R =

1.315 ( af/f). Combining all of these factors, the volume of the source

becomes

AV	 QH AR = 1.31!W.R3 ( 
fl	

,	 ..	 ( 5)
	

:1

and the emissivity is given by

a

J=	
rf	

I	 (^)
1.315aR3



Since the emissivity is determined using average values for the

solar wind parameters and since significant deviations from the average

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-

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.
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III. RESULTS AND DISCUSSION

Approximately 5 years of IW 8 data and 1.5 years of ISEE 1 data

were surveyed for type III bursts suitable for analyzing the emissivity.

While type III bursts were frequently observed, two main factors limited

the number of events used in this study: 1) clear burst maximums needed

to be observed in at least three channels in order to give a reasonably

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 =

J0Ra . In most cases a power law provided a good least square fit to the

radial dependence, although in a few cares a substantial deviation

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 J o and a values.

The distribution of the power law indices obtained is shown by the



t
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histogram of Figure 2. 	 The highest frequency of czeurrence of a a falls

C in the interval from -4.0 to -6.0, and the average value of all the

r indices measured is a = -6.0 t 1.94	 The standard deviation of the mean

is 0.3.	 Figure 3 shows a composite summary of the emissivity for all

the events an	 zed.	 Points common to the same event are connectedeted 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 J R 6.0.
0

The best fit value for J O	 0is 1.5 x 1	
24 

watts m aster-1.

4 It is clear from these results that the emissivity of low frequency
I

type III radio bursts decreases very rapidly with increasing radial die-

{ tance from the sun, with an average power law index of about -6.0. 	 This

decrease in the emissivity must be related to a corresponding decrease

jin the plasma oscillation intensity with increasing radial distance from

the sun.	 From the currently available evidence on type III radio bursts

` the dominant emission at low frequencies is thought to be at the harmonic,

2fp, of the local electron plasma frequency (Feinberg et al., 1972;

Haddock and Alvarez, 1973; Kaiser, 1975; Gurnett et al., 1978c]. 	 In all

current theories for harmonic emission the essential dependence of the

emissivity on the electric field strength, E, of the plasma oscillations

is J ¢ E
4
. Neglecting for the moment other weaker radial dependences,

the R 6.0 dependence of J would imply a R -1.5 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

i
	 recently by Gurnett et al. (1978x]. However, the plasma oscillation

intensities given by Gurnett et al. (1978x) are based on so few points

it is probably not possible to make a meaningful quantitative comparison

until more plasma oscillation events are analyzed. Such a study is

,a

a
r { J

y

1 ?

Y
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1	 currently under way. Nevertheless, it is interesting to note that the

R-1 ' 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, E2/8nnkT, which reaches an approximately constant asymptotic

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

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

temperature varies approximately as T a R-0.28 [Hundhausen, 19721, the

saturation electric field strength should vary approximately as E a R 1.1

if E2/8nnkT is constant, which is very close to the radial dependence

estimated from the emissivity.

..r
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TABLE 1

DATE ONSET TIME FLARE COORDONATE'S Jo 0
(UT) (Heliographic) W

ate-- ster

Dec. 23, 73 0800 816 W35 6.84 x 10-^5 -5.8
Jan.18, 74 0230 A4 W65 3.22 x 10.25 4.5
Apr. 5, 74 1800 Sll W35 5.73 x 10-^5 -4.4
Maur 8, 74 0100 816 E3 2.57 x 10-26 -4.5
MV 9. 74 2300 S5 W45 1.41 x 10-26 -5.3
Sept. 18, 74 0530 A9 W37 2.17 x 10-^5 -5.4
Sept. 18, 74 1130 x10 W42 2.16 x 10-^5 -5.2
Jan- 4, 77 1720 822 W72 1.47 x 10-^3 ..6.2
Oct. 10, TT 2035 A6 Elo 9.51 x 10-^5 -6.8
Nov. 22, T7 1000 A23 W41 3.25 x 10-24 -8.7
Dec. 7, 7T 0330 822 W16 7.42 x 10-23 -5.3
Dec * 9, TT 0650 824 W41 2.48 x 10-26 -9.8
Dec. 23, T7 0630 x23 E6 8.93 x 10-28 -1100
Dec. 24, 7T 1840 x22 W12 2.10 x 10-^5 -7.6
Jan. 6, 78 0730 x35 W4 3.52 x 1044 -3•T
Jan. 8, 78 OT10 S12 W85 2.92 x 10-25 -5.6
Feb. 11, 78 1430 x14 E6 5.12 x lo-^3 -8.5
Mar. 4 9 78 1200 x18 E39 4.88 x 10-24 -9.3
Mar. 12, 78 0210 W20 W69 9.15 x 10-24 -4.7
Apr. 11, 78 1410 x22 W56 5.06 x 10-23 -4.4
Apr. 18, T8 0100 x14 W45 6.10 x 10`22 -5.6
May 6, 78 1635 x19 W53 2.20 x 10-24 -5.1
May 13, 78 0750 828 W70 1.90 x 10-23 -5.6
May 22, 78 0200 827 W44 1.96 x 10-21 -2.8
May 31, 78 1620 x21 W56 4.21 x 10-24 -8.4
Jun. 1, 78 1330 x21 W17 1.81 x 10-22 -3.8
Jul. 1, 78 1145 x121 E65 1.35 x 10-^5 -4.3
Jul. 11, T8 1050 820 W28 2.95 x 10-24 -5.9
Sept. 8, 78 1815 A15 W64 2.39 x 10-24 -4.7
Sept. 23, 78 1010 x34 W50 5.01 x 10-23 -4.6
Oct. 5, 78 1405 818 E4 1.31 x 10-26 -7.5
Oct. 13, T8 1235 818 Wi T.29 x 10-25 -6.5
Oct. 31, 78 0915 A20 W36 2.70 x 10-26 -7.3
Dec. 18, 78 1630 xll E17 2.62 x 10-24 -5.4
Feb. 18, 79 0650 A19 E16 7.5T x 10-27 -7.8
Feb. 18, 79 1640 x18 W16 5.77 x 10-24 -6.6

I
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FIGURE CAPTIONS

Figure 1	 A perspective drawing showing the geometry used to

calculate the emissivity of a type III burst source

region. The spectral power flux at the Earth gives the

power radiated out of the source region and this together

with the volume of the source region gives the emis-

sivity.

Figure 2	 A histogram of the power law indexes obtained from the

36 events analyzed. The highest frequency of occurrence

is in the interval -4.0 to -6.0, and the average index

is -6.0 + 1.9. The standard deviation of the mean is 0.3.

Figure 3	 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 ^av is shown

by a dashed line. This plot shove that the emissivity

decreases rapidly with increasing radial distance from

the sun.
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