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ABSTRACT

The location of the average generation region of auroral kilo-
metric radiation (AKR) is found by studying average electric field
strengths as & function of spacecraft position in narrow frequency
bands centered at 178 kHz, 100 kHz, and 56.2 kHz. A combined five
years of data from the University of Iowa plasma wave experimﬁnts on
satellites Hawkeye-l and IMP-6 provide the basis for determining the
average electric field strengths. Hawkeye-l was in a highly
elliptical, polar orbit with an apogee near 21 earth radii over the
northern polar region and IMP-6 was in a highly elliptical, near
equatorial orbit with an apogee of 33 earth radii. Together these
satellites provide extensive coverage from 3 R, to 21 HE in the
northern hemisphere and inside of 3 Re in the gouthern hemisphere.
Intense sources of AKR are found in the northern and southern hemi-
spheres. Their locations are near 65° invariant latitude in their
respective hemispheres, between 2o apa 24" magnetic locael time, and
near 2.5 earth radii. The total time-averaged power generation is
found to be about lDT watts, assuming a spectral bandwidth of 200 kHz.
Propagation effects limit the emission cone of AKR in a given hemi-
sphere to roughly 4.1 steradians at 178 kHz, 2.2 steradians at

100 kHz, and 1.5 steradians at 56.2 kHz. Evidence that the polar

iv



cusp region is illuminated at distances as close as four earth radii
suggests the possibility that previously observed polar cusp sources

are the result of scattering off of field-aligned scattering centers.
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I. INTRODUCTION

This study of electrie Tield intensities has been undertaken
to resolve uncertainties in the location of intense sources of earth
related kilometric radiation. TFrom the earliest observations by
Benediktov et al. [1965, 1968], evidence submitted by numerous
investigators has pointed to widely varying locations for the.urigin
of the very intense and gporadic kilometrie radiation which has a
sharply peaked spectrum between 100 and 300 kHz. The spectrum of this
radiation is shown in Figure 1 and compared with free and trapped con-
tinuum radiation and the galactic spectrum [Gurnett, 1975]. Benediktov
et al. [1965, 1968] correlated radio emissions between 0.725 and
2.3 MHz with geomagnetic activity and concluded that the source is
near the earth. Dunckel et al. [1970] reported that this intense
radiation is observed primarily in the loecal evening and is strongly
correlated with the auroral electrojet (AE) index. A source location
in the tail region of the magnetosphere Tor sporadic noise at 250 kHz
was observed by Stone [1973]. Gurnett [1974] presented a frequency
of occcurrence study of kilometric radistion showing a conical radi-
ation pattern centered at the earth, at high latitudes in the local
evening, and referred to this intense radiation as terrestrial
kilometric radiation (TEKR). Gurnett showed that the gqualitative

ray paths drawn in Figure 2 could explain the cbserved conieal



radiation pattern, if the source location of the radiation was on an
aurorael field line at = 3 R, (earth radii). The two-component source
model proposed by Kaiser and Stone [1975] described a less intense,
gueési-continuous dayside source in addition to the intense, sporadic
nightside source described by Gurnett. Using the direction finding
technique of analyzing spin modulated electric field intensities
from satellites Hewkeye-1 and IMP-8, Kurth et al. [1975] reported
the average source location of auroral kilometric radiation (AKR)
between 1 and 2 HE and at about Eﬁh magnetic loeal time. The satel-
lite's antenna orientation at a null in strongly spin-modulated
electric field intensities gives the direction to the source region.
Such measurements together with others were used to triangulate on
the centroid of the emitting region (Figure 3). In another experi-
ment, luner occultations of intense kilometric radistion cbserved
with RAE-2 were used by Kaiser and Alexander [1976] to locate apparent
source origins (Figure 4). The most intense source observed was the
AKR source described by Kurth et al. [1975]. Also observed were
emissions in the region of the polar cusp and ﬁgn& tosheath on the
dayside and associated with regions of the magnetotail in the night
hemisphere.

Such diverse observations of the source locations of this
intense kilometric radiation hawve produced the very difficult task
of finding a single mechanism for the generation of the radiation,
which will cperate under widely wvarying plasma conditions. Toward

resolving the dilemma, Alexander et al. [1978] have recently given



strong evidence that kilometric radiation generated near the earth at
guroral latitudes may be scattered at large distances in the magneto-
sheath and solar wind, thereby appearing to come from distant sources.
Following this explanation of the observation of distant kilometric
radiation sources, two types of TKR observations remain to be examined.
The strongest component is AKR, which is known to originate within

5 RE’ at auroral latitudes, and in the local evening. Other less
intense components discussed by Alexander et al. [1978] are observed
between 5 and 15 RE and appear to come from sources aligned ainng a
gpecific family of geomagnetic field lines. An example is the polar
cusp sources observed by Kaiser and Alexander [1976]. In summery,
thege studies have found source locations by lunar occultation
techniques and by examining spin-modulated electric field intensities.
The methods determine the instantaneous positions of apparent sources
of intense kilometrie radiation. 8Such an apparent source may
represent a generation region of the radiation or scattering off of

s localized inhomogeneity in plasma density.

The present study will determine which regions in the magne to-
sphere are strong sources of power at kilometric wavelengths. Time-
averaged spectral power flux will first be integrated over earth-
centered spherical shells. TFor shells of varying radius the integrals
will give the spectral power and geocentric radial distance of regions
of power generation. The latitudinal and local time dependences of
the averaged spectral power flux will be examined along with & con-

sequence of the l,fRE radial dependence of spectral power flux



observed by Gurnett [1974] for TKR. As postulated by Alexander et al.
[1978], previously observed polar cusp sources may result from field-
aligned scattering centers. This study is not sensitive to the
effects of the scattering or reflection of electromagnetic radiation.
Only regions of power generation at kilemetric wavelengths will be
observed. The dimensions of observed regions of power generation
will also be a measure of the variation in the locations of instan-
taneous intense sources of kilometric radiation. To the extent that
this study better defines those regions which contribute to tﬁe
energy produced at kilometric wavelengths, the generation mechanism
for intense kilometrie radiation may be sought using & more limited

range of plasma parameters than has been possible in the past.



II. INSTRUMENTATION

The Hawkeye-l and IMP-6 satellites have similar plasma wave
experiments which together have provided about five years of electric
field measurements. The combined orbital coverage of the satellites
is ghown in Figure 5. ILocations where measurements are made on the
nightside of the earth have been rotated in magnetic local tiﬁ& to
form the right side of the figure; all points on the dayside have
been rotated to form the left side of the figure. As shown, northern
hemisphere coverage is almost complete out to about 21 Ee' 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 -4O° magnetic latitude, except for
Hawkeye-1 coverage within 2 RE.

The Hewkeye-l satellite was launched into a highly elliptic
orbit in June, 1974 and re-entered the atmosphere in April, 1978.
Initial perigee and apogee in earth-centered radial distances were
6,847 and 130,856 lm respectively. The orbit was inclined 85.81°
with respect to the eqguatorial plane. The spacecraft was spin
stabilized with a spin period of about 11 seconds, oriented with
its spin axis approximately in the plane of the initial orbit.

The plasma wave experiment on Hawkeye-l consisted of & very

narrow band "step-frequency receiver" connected to an electric dipole



antenna. The electric dipole antenna was extended to a Eip-t.u-hip
length of 42.45 meters, perpendicular to the axis of rotation. The
16 parrow band channels ranged in center frequency from 1.78 Hz to
178 kHz. The system equivalent noise bandwidth was approximately 5%
of the center frequency for the upper eight channels of the receiver.
The output of each band pass filter was fed to a log compressor which
compressed an input dynsmiec range of 100 db into an output signal of
0 to 5 volts. This output voltage is approximately proportional to
the logarithm of the electric field intensity. A more cumpleke des-
cription of the plasme wave experiment was given by Kurth et al.
[1975].

The IMP-6 spacecraft was also launched into a highly elliptie
cal orbit and flew from March, 1971 until burn-up in the atmosphere
in October, 197h4. 1Initial perigee and apogee in earth-centered dis-
tances were 6,610 and 212,630 lm respectively. Orbital inclination
was 2B.7° with respect to the equatorisl plane. The spacecraft was
spin stabilized with a period of about 11 seconds, with its spin
axis oriented perpendicular to the ecliptic plane.

The plasma wave experiment on IMP-6 was described by Gurnett
and Shaw [1973] and is very similar to Hawkeye-l. The tip-to-tip
antenna length was 92.5 meters. The very low frequency receiver
consisted of 16 narrow freguency band filters covering the frequency
range from 35.5 Hz to 178 kHz. TFor the upper three channels, the
system equivalent noise bandwidth was approximately 10% of each

center frequency. Each receiver produced an output voltage of



0 to 5 volts, which is nearly proportional to the logarithm of the
input signal amplitude over a dynamic range in excess of 100 db.

The success of integrating spectral power flux over spherical
gshells to find regions of power generation, depends strongly upon the
completeness of the flux cbservations over each spherical surface.
auch observations cannot satisfactorily be provided by the data from
only one satellite. The orbital coverage of satellites Hawkeye-1
and TMP-6 are only pertially overlapping. When taken together, the
data from these satellites provide an extensive survey of electric
field strengths in the vicinity of the earth. Although not shown in
Figure 5, the combined orbital coverage extends uniformly throughout

all magnetic local times.



ITI. DATA ANALYSIS

Integrating average power flux over earth-centered spherical
shells will give an estimate of the geocentric radial distances of
the sources of the most intense kilometric radiation and the wvalue
of the total average power generation. Using simultaneous observa-
tions of electric and magnetic fields by IMP-6, Gurnett [1974]
showed that electric to megnetic 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 frqﬁ satellites
Hawkeye-1 and IMP-6. However, the 1}3? 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 dependence of l/'R2 that is
expected for free space propageting eleatrumagnetic radiation.

Measurements of electric field strength, by each satellite,
are logarithmically compressed and available in the form of a voltage
between O and 5 volts (Vﬂut). Using prelaunch calibration tables,
these measurements are converted to the actual voltages applied to
the satellite antennas {vin]- With effective antenna lengths and
filter bandwidths, the electric field strength and gpectral power

flux can be ecaleculated for each measurement using:
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correction factor for antenna capacitance voltage losses

K =

vin = antenna potential

ﬁfeff = gffective bandwidth

Leff = effective antenna length

Because Gurnett [197hk] found that voltage attemiation due
to antenna capacitance had & small effect on the measurement of
electric field strengths, K i1s assumed to be approximately equal
to one. Based on spin rates, the electric field data from Hawkeye-1
and TMP-6 are averaged over 3= 4° and 5° 28° intervals respectively,
and as a conseqguence, spin modulation is removed from the data. 1In
e study by Green et al. [1976], the calibrations on these two satel-
lite instruments were compared through simulitaneocus observations
of type—IIIlradio bursts. On the assumption that the satellites
WETE equidiatant from the source regions of type-III radio bursts,
the observations of electric field strengths were found to be in
cloge agreement; therefore, no normelization is reguired in averaging
measurements of spectral power flux by the two satellites. All data
are averaged into T2 five-degree increments of magnetiec local time
(MLT), 36 five-degree increments of megnetic latitude (am), and |
15 equal logarithmic inecrements in geocentric radigl distance. This

produces a picture of time-averaged spectrel power fluxes as & function
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of position in the vicinity of the earth. The resclution of the
picture is limited only by the amount of data available from Hawkeye-1
and IMP-6. For the chosen resolution, there are 10 to 50 measurements
of spectral power flux averaged into each wvolume element where satel-
lite coverage exists. The objective is for the average of spectral
power flux measurements within each volume element to be representa-
tive of the average kilometric radiation intensities at each corre-
sponding location. Bursts of TEKR last from tens of minutes to several
hours. As & result, some observations within a given vnlumelelemant
will be made when TKR cannot be observed. By requiring many measure-
ments within a volume element, oumerous observations of THR will

occur and the average of all measurements will approach the value

of the average intensity of TKR at the corresponding locations.

As described, electric field data from satellites Hawkeye-1
and TMP-6 are averaged over 3 4% and 5 28° intervals respectively.
These averages produce over 600,000 measurements of spectral power
flux. Because sources of radiation at kilometric wavelengths such
as conbinuum radiation and type-III radio bursts have been observed
by Gurnett [1974] to be a minor source of energy when compared to
TKR, no lower threshold oo measurements of spectral power flux will
be used to exclude these other forms of kilometric radiation from the
present study. An upper threshold can be established at respective
receiver channel saturations &nd results in the omission of only four

measurements.
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Alsc important is how well measurements of spectral power flux
represent the spectral components of the magnitude of the poynting
flux. How well an average across the spin-modulated dabta corre-
sponds to the magnitude of the poynting flux depends ideally on the
polarization of the radiation apd the orientation of the satellite's
axis of rotation. TFor radiation linearly polarized in the satellite's
plane of rotation, the observed electric field strenmgth will vary
with a peak-to-peak amplitude equal to that of the electric field
component of the radiation. An average of electric field meﬁsure-
ments will give a result which ig about 0.7 times the actual electrie
field strength. Electric field measurements will be equal to zero
for radiation linearly polarized in the direction of the satellite's
axis of rotation. The average of meagurements of circularly polarized
radiation will yield & result which varies spproximately from a
factor of 1 to 0.7 times the magnitude of the electric field compon-
ent of the radiation. The larger result occurs when the poynting
flux direction is along the satellite's axis of rotation. AKR is an
R-X mode propagating radiation as predicted by Green et al. [1976]
end observed by Gurnett and Green [1978] and by Kaiser et al. [1978].
Each electric field average will be in error by no more than a factor
of about 1.4 and, therefore, spectral power flux measurements will be
in error by no more than & factor of about two. However, the errors
are systematic in nature and should not influence the process of
locating the AKR source, which depends upon relative spectral flux

magnitudes.



The present study could alsoc be influenced by seasonal and
long-term time variations in kilometric radiation intensities.
Seasonal changes are sought by studying separate summer and winter
averages of spectral power flux &s & function of position. When
plots along earth-centered radial vectors of spectral power flux
versus distance are made separately for the swmmer and winter, no
statistical differences are found. A possible source of long-term
variations is the ll-year solar sunspot cycle. Data are taken from
satellites IMP-6 and Hawkeye-l, which provide seven years of almost
non-overlapping temporal coverage. A solar minimum occurred midway
through those seven years, therefore, measurements from these two
satellites were made during similar phases of the solar cycle. The
effect iz expected to mask solar cycle related variations in kilo-
metric radiation intensities. Consequently, the data examined in
this study constitutes, as well as possible, an unbiased representa-
tion of spectral power flux intensities in the viecinity of the earth.

Assume initially that the picture proposed by Gurnett [197hk],
which is shown in Figure 2, is generally accurate in describing the
locations of the most intense sources of kilometric radiation. The
sources of intense kilometric radiation are shown in the figure to
be very close to the earth and at high latitudes on auroral field
lines. If these northern and southern sources of auroral kilometric
radiation (AKR), as termed by Kurth et al. [1975], are well confined

then an integration of the poynting flux over spherical shells
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which completely enclose the source regions should yield & constant
power result as shown in Figure 6. If both sources could always be
seen, this constant result would be equal to the total spectral
power generated at the frequency for which the date were chozen. As
the radius of these concentric, spherical, earth-centered shells
become small, a radius will be reached where they no longer com-
pletely enclose the generation regions. As this oecurs, the inte-
grated power will fall off at a rate which reflects how well, on
the average, the source is confined radially. 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. TInstead, measurements of

average spectral power flux are used to perform the integrations:

_faphemﬁ : dI:eIPﬂAz/:E_EET-]‘_E?M

Ea 1

o s
Ky 377

§ = Bpectral poynting vector

P = Bpectrel power flux

The effect of introducing this epproximation will be discussed later.
As described above, power flux is averaged within volume
elements of 5 degrees MLT, 5 degrees lm’ and 15 radial distanpce

inerements. To perform the integration, all volume elements must
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contain a measurement of spectral power flux. Orbitel coverage,
however, was not 100% complete, as shown in Figure 5. To compensate,
thogse volume elements for which there is no satellite data are
£illed with the average spectral power flux calculated from all
those volume elements which contain satellite data. As noted, incom-
plete orbltel coverage occurred primarily in the southern hemisphere.
The procedure for artificially filling volume elements with data,
therefore, depends mostly upon the symmetry between the northern and
gouthern hemispheres. This filling procedure is used becaus; symme try
is found between the northern and southern hemispheres when existing
spectral power flux measurements are examined. TFinally, volume
elements within each radial distance increment are treated as spheri-
cal shells with radii which are the average for all measurements
within each radial group.

The integration was then performed for 178, 100, and
56.2 kHz and the result is shown in Figure 7. Each of the radial
distances plotted represents an average of the radial distances of
the measuremenbts in each corresponding radial distance group. The
lower panel in Figure T shows the extent of satellite orbital cover-
age as a percentage of Um steradians., The error bars in the figure
represent the standard deviation [o(P)] of the integration for each
of 15 spherical shells at each freguency. This error was calculated
from the standard deviation of the measurements of spectral power
flux [o(p)] and of radial distance [o(r)] on each spherical surface

of integration, with the expression:
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2 2 1/2
_ P =112 25 =412
o(P) = {w] [o(5)) +[ﬁ,..) [o(F)]
P |

P = pah = /-2 5 [ Fa

gphere uo sphere

N
b=l = z Pi’;H

i=1

R,
T = I r. /N

=1 *
p; = average gpectral power flux in solid angle element ﬂAi
r; = average radius of solid angle element dﬁi
N = number of solid angle elements where satellite coverage

exiets
where o(T) and o(T) were calculated from the general expression:

5 ] L 1/2
o(A) =4 I I[Ai - A)7/mw(N-1)
i=1
An interpretation of Figure 7 will be made later in the discussion
section of this paper.

Another approach is to examine the data for l}'RE propagation.
Except for the plasmasphere propagation effects discussed by Green
et al. [1974], euroral kilometric radiation propagates away fram
the earth in free space. The radiation should, therefore, propa-

gete away from the source region with a 1/?? radianl dependence. A

plot of average power versus earth-centered radiel distances along
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a radial vector that passes through the source region in a given
hemisphere can easily be examined for the l[RE radial dependence.
Frior to selecting a radial vector direction for making this plot,
the southern and northern hemispheres are examined for symmetry.
As discussed, they are found to be roughly equivalent in structure,
therefore, the southern hemisphere date can be reflected sbout the
equetorial plane and averaged together with northern hemisphere
date to produce & single hemisphere of data with increased orbital
COVErage.

Because these data are organized in earth-centered coordin-
etes, average spectral power flux can not easily be examined for
JJH? radial dependence until a solid angle is chosen which passes
a5 near &s possible to the source region. For the selection of
such & sgolid angle, the dependence of spectral power flux on dig-
tance may be examined 1ln a single dimension along the corresponding
radiel vector. The solid angle direction is chosen by examining
the MLT and hm dependence of the intensity of the radiation.
Figure 8 shows intensity modulated, polar plots of power flux for
four radial distance groups. The logerithm of spectral power flux
ig used to determine the darkness of the plot. The more intense
fluxes correspond to the darker regions in each plot. The plots
eppear to show & cone of emission originating from pre-midnight
magnetic Llocal times and at intermediate magnetie latitudes. The
magnetic latitudes of the solid angle which must be determined, are

selected to range from 30° and 55°. This selection of magnetic
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latitudes is large enough to include the location of the source region,
and smell enough to avoid the areas of poor orbital coverage at high
latitudes.

The MLT depéndence is examined in two ways. For six radial
distance groups, the average power is integrated across the magnetic
latitudes chosen above for 24 magnetic local times. The resulting
plots for 178, 100, and 56.2 kHz are shown in Figures 9, 10,
and 11, respectively. In each plot, the logarithm of spectral power
is plotted against MLT for six radiel distance groups. The cone-
like emission of the radiation appears to originate between EEh end
ol VLT for the three frequencies. Also seen on these plots at small
redial distances are features which do not appear to follow the cone-
like emission pattern of the intense kilometric radiation under
study. These features are believed to represent other forms of
energy &t kilometric wavelengths such &s auroral hiss and electro-
gstatic plasma oscillations. They are not excluded from these obser-
vations because they do not effect this study of intense kilometric
radiation. Another approach to the selection of a MLT direction
is to directly plot average power versus earth-centered radial dis-
tances in various MLT directions. The MLT which best corresponds
t o that of the source region will show the most intense and most
sharply peaked plot because -measurements along & radial vector in
that MLT will pase closer to the source region than in any other
MLT. Plots made in four MLT groups for spectral power fluxes

averaged between 30° and 55° Lm are shown in Figure 12. On the
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basis of the above discussion, the plot between 20" ana 24" Mur
clearly represents the MLT direction of the source region. “The
peaks for plots in other magnetic local times are less intense and
flettened because those points on a flattened peak represent loca-
tions which are separated and approximately equidistant from the
source region. The golid angle has now been chosen to range from
EEh to Ehh MLT and from 30° to 55° hm. This selection best repre-
sents the direction of the source region from the center of the
earth end avoids the influence of poor orbital coverage &t High
magnebic laetitudes.

The plot in Figure 12 between 22" ana 24" MUT cen now be
examined for l/RE radial dependence. A straight line fit 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 rather than distances from the source region, thereby
increasing the slope of the straight line fit. The distance of the
actual source region from the center of the earth can indirectly be
found by re-plotting spectral power flux where the radial distances
uged are with respeet to various possible source locations. An
assumed source location which produces the expected slope of -2.0
when spectral power flux is plotted as a function of the distance
from this loeation 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 h—Re for the freguencies
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examined is shown in Figure 13. The dashed line in each plot
represents a 1fHE slope. As possible source locations are chosen
at consecutively larger distances from the center of the earth,
the slope reduces on these log-log plots. A uniform plot of slope
ag a function of source location is shown in Figure 14. The
horizontal dashed line representing a lfRE slope shows an inferred

actual source location which ranges from 2 to 3 RE.
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IV. DISCUSSION

The celeulation of spectral power emitted at kilometric wave-
lengths by means of integreting over earth-centered, spherical shells
wes performed so that the radial distance of the most intense sources
of kilometric radiation could be found. The result of the integration
in Figure 7 agrees remarkably well with the ideal result shown in
Tigure 6. In many respects, however, the result shown in Figure 7
is not the product of ideal conditions. TFirst, 2 - ak was approxi-
meted with the measured spectral power flux PdA or :—G ﬁdﬁ. As B
measurement of the spectral poynting flux magnitude |§T,ﬂ£he spectral
power flux has been shown to be no more than a factor of about two
too small. As & result of the approximation the magnitude of the
component of the poynting flux normal to the surface of integration
is not known. This means that the total observed spectral power flux
magnitude will be used in the integration at each surface element.
When the surface of integration has & large radius and completely
encloses the source regions, the approximation should produce little
effect and the result of the integration sghould be constant. As the
surfacees of integration no longer completely enclose the source

regions, the integral will become roughly proportional to the area

of the surface of integration. Of importance is that the value of
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the integral will dewiete from a constant value when the radlus of
the surface of integration becomes less than the distance of the
source positions from the center of the earth. This happens in
Figure 7 at approximately 4 EE. An additional reduction in the wvalue
ef the integral occcurs due to the proximity of the propagation cutoff
surface, described by Gurnett [1974], which is located at about 2 R,
for high latitudes. For the radiation to be free space propagating,
the source of intense kilometric radiation must be outside of the
propagation cutoff surface, while the integration of spectral poynt-
ing flux places the source region inside of L Re' The primary result
of the integrations, therefore, locates well confined, intense sources
of kilcmetric radiation, with apparent symmetry between the northern
and southern hemispheres, at a distance of 2 to b R, from the center
of the earth. These are the northern and southern hemisphere AKR

sources. HNo source of power at kilometric wavelengths is seen
between 5 and 15 HE.

A measurement of the totel power emitted as AXKR can also be
determined. The significance of various features of the curves in
Figure 7 must be exnmine§ before the power emitted as AKRE can be
obtained. Where orbital coverage becomes poor, the error in the
integration becomes very large. The error for radial distances less
than 3 Re does not significantly effect the determination of source
position because the reduction in the value of the integral remains

clearly indicated near b4 R,+ Due to the large errors at distances
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beyond 21 HE, the sharp rise in the value of the integral cannct be
reliably interpreted, It is possible that the sharp rise in the
integrated power at distances beyond 21 Re iz ecaused by both reduced
orbital coverage and the simultaneous cbeervation of both northern
and southern hemispherical sources on the nightside of the earth.

At this distence, the solid angle where both sources are cbservable
becomes a significant fraction of all solid angles where orbital
coverage exists. An observation of spectral power flux is twice as
large as that for the cbservation of only one source. Because the
average of spectral power flux from those volume elements where
coverage exists is used to fill those volume elements where orbital
coverage does not exist, the value of the integration of spectral
power flux aseross all solid angles may become larger than for the
case when both sources could not be simultaneously observed. The
glight dowoward slope of the curves in Figure 7 between U4 and 21 Re
appears to result from the procedure used to compensate for incom-
plete orbital coverage. As the radius of the spherical surface of
integration inereases, the satellite coverage in the southern hemi-
sphere changes from positions near the source at intermediate lati-
tudes to positions far from the source &t more eguatorial latitudes.
When dete from these southern hemisphere latitudes are averaged into
existing northern hemisphere date, the resulting average first over-
estimates and then underestimates the average of the spectral power
flux intensities where there is no orbital coverage. The value of

the integration is first above and then below the unbiased value.



23

That portion of the curves in Figure 7 between 4 and 20 RE has
been averaged to estimate the power produced by one of the sources
of AKR. The time-averaged spectral powers produced as AKR are
approximately 37 Watts/Hz at 178 kHz, 16 Watts/Hz at 100 kHz, and
2 Watts/Hz at 56.2 kHz. If a spectrum bandwidth of 200 kHz is
assumed for AKR emission, the total time-averaged power generation
by one source is nearly ldT watbte. Although these are order of
magnitude estimates, they agree with an estimate of average power
generation by Kaiser and Alexander [1977], and are cnmp&tiblelwith
an estimate of the peak power generation of 109 watts made by
Gurnett [1974].

Auroral kilometric radiation is a free escaping radiation
with a poynting flux magnitude which has been observed [Gurnett,
1974] to decrease as the inverse of the distance away from the
source sguered. The other approach to determining the AKR source
location is to examine the data for l/RE radial dependence. Because
available date are not based on an AKR source-centered coordinate
system, the most convenient way to examine spectral power flux for
l/'R2 dependence is to study only those data which occur within an
earth-centered solid angle that passes through the source region.

As described before, the latitudes for the solid angle
are chosen between 30° and 55° lm_or between 57° and 69° invar-
iant latitude. These latitudes are cempatible with the 65° to
70° invariant latitude, which have been found for the AKR

source location by Kurth et al. [1975]. Two approaches are



used to locate the source of AKR in MLT. In addition to finding
magnetic local times for the source position centered between Eeh
and Ehh, Figures 9, 10, and 11 show an increase in the size of the
cone of illumination for AKR with increasing frequency. This con-
firms the dependence of the size of the AKR cone of emission on
frequency that was cbserved by Green et al. [1976]. Once the solid
angle is chosen, the results of searching for the effective source

location are shown in Figures 13 and 14. Figure 1L shows that radi-
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ation from sources located at 2 to 3 Ry display the leE prnﬁagatinn.

The error bars in Figure 14 represent the standard deviation of
straight line fits to log-log plots such as those in Figure 13.

This error results from the statistical error in the plotted points
and kthe incorporation of electric fields in the data which are not
related to AKR. Although the errors are enough that no significance
can be drawn from the ordering of the curves in Figure 14, the AKR
source location is found to be very near the earth, between 2 and

3 R, in agreement with the result derived from integrations of

specktral power flux.

In addition to source strength and position, a striking feature

of AKR is the broad angular emission pattern. The intensity modulated

plots, like those in Figure 8, have been used to derive a sketch of

the emission cone at 178 kHz. Figure 15 shows the cone of emission

in the llh-ESh MLT plane overlayed on the Hawkeye magnetic field model

of Chen and Van Allen [1978]. The plasmesphere shown in the sketch

extends bo L = 4 and is intended to correspond to an average KP index
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of 3+. The borders of the emisesion pattern are defined by a drop of
two or more orders of magnitude in the cbserwved spectral power flux
for each spherical shell into which the data has been averaged. The
emission pattern is almost 180° wide in the dawn-dusk plane, crosses
the sgquatorial plane near 12 HE on the nightside of the earth, and

is a5 low as b45° hm at 10 R_ on the deyside. Ray tracing in a model
plasmasphere of L = 4 for a source at 2.3 RE and 178 kHz was performed
by Green [private communication, 1978] and confirms the sketch in
Figure 15. By examining spectral power flux also at 100 and 56.2 kHz,
the solid angles of the illuminstion patterns aere found to be about
L.l gteradians at 178 kHz, 2.2 steradians at 100 kHz, and 1.5
steradians at 56.2 kHz. These emission cone solid angles are com-
parable to those found by Green et al. [1977], who developed frequency
of occurrence pictures in MLT and hm for the observations of AIR.
Using & drop in the frequency of oceurrence to 509 to define emission
cone boundaries, Green found emission cone golid angles of 3.5 sr at
178 kHz, 1.8 sr at 100 kHz, and 1.l sr at 56.2 kHz.

Only the northern and southern hemisphere AKR sources are
clearly observed using these methods of analysis. They are well
confined near 65° invarient latitude in their respective hemispheres,
from 22" to 24" MLT, and between 2 and b R,» On average, instan-
taneous sources of AKR must also be confined within this region,
becanse it is the variation in the location of instanteous sources
of AKR which gives the appearance of an extended region of power

generation.
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o sources of power are evident in Figure 7 between 5 and
15 HE‘ As discussed, the downward slope in the figure results from
using the average of observed spectral power flux on & given shell
as & substitute for actual spectral power flux values where there

are no observations. The largest statistical error in the

integration between 5 and 15 R  for 178 kHz is approximately

+ 20%. To be observed in this region of Figure 7, a source of
electromagnetic radiation at 178 kHz would need to generate power
equel to or greater than 20% of the power generated as AKR. Obser-
vations of dayside sources abt distances greater than 5 Re by Keiser
and Stone [1975] show that the flux from these sources is much less
than that from AKR. These sources are too weak to be cbserved by
this study. A more detailed study of the cheracteristics of the
integration of spectral power flux is needed before the nmature of
TKR sources between 5 and 15 R_ can be determined. However, the
observed illumination of the polar cusp at distances as small as

Ly RE gllows observations of polar cusp sources, such as those by
Alexander and Kaiser [1976], to be explained by field-aligned

scattering centers.
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CONCLUSIONS

Intense sources of power radiating at kilemetric wavelengths
are found near 65° invariant latitude in the northern and
southern hemispheres, from 22" to 248 MLT, and between 2 and b R,
These dominant sources of power produce the electromagnetic radi-
ation that has been described by Kurth et al. [1976] as auroral
kilometric radiation (AKR). Each northern and southern hemisphere
AKR source is well confined and emits radiation into solid angles of
about 4.1 sr at 178 kHz, 2.2 sr at 100 kHz, and 1.5 sr at 56.2 kHz.
A lower limit for the spectral power generated by each source is
found to be 37 Watts/Hz at 178 kiz, 16 Watts/Hz at 100 kHz, and
2 Watts/Hz at 56.2 kHz. For a bandwidth of 200 kHz, the total

time-averaged power emitted by one source of AKR is found to be

gbout ldT Watts.
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Figure 1

31

The frequency spectrum of auroral kilometric radiation
is shown against the galactic spectrum and the spectrums
for trapped and free-escaping continuum radiation

[Gurnett, 1975].
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Figure 2

This is a qualitative model by Gurnett [1974] of auroral
kilometric radiation and of ray paths of electromegnetic
radiation emitted at low altitudes and fixed frequency

along an auroral field line.
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Figure 3

35

Direction-finding measurements in the northern hemi-
sphere of auroral kilometric radiation at 178 kHz by
Kurth et al. [1975). These directions (lines) are found
from the spin modulation in the data obtained by the

IMP-8 spacecraft.
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Figure L

37

Source centers viewed from over the dawn and dusk ter-
minators projected onto the noon-midnight meridian plane
(with +Z the sunlit geomagnetic pole). The overlay is
selected field lines from the Mead and Fairfield [1975]

magnetic field model MF73D [Alexander and Kaiser, 1976].
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Figure 5

39

Combined orbital coverage of Hawkeye-1 and IMP-G.
A1l points on the nightside have been rotated in MLT
to Torm the right side of the figure and all points
on the dayside have been rotated in MLT to form the

left side of the Tigure.
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Figure 6

L1

The integration of poynting flux over concentric,
earth-centered, spheriecal shells for model AKR sources
is shown. Poynbting flux magnitudes must be approximated
by measurements of spectral power flux. P, corresponds
to the total power generated by the sources and R,

approximately marks the radial distance of the sources

from the center of the earth.
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Figure T
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The integration of observed spectral power flux across
concentric, earth-centered, spheriecal 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 orbital coverage for each spherical surface of

integration.
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Figure 8

b5

These are intensity modulated polar plots of the average
spechral power flux observed in four cﬂnsecutive; con-
centric, hemispherical shells at 178 kHz. Dark boarders
interior and exterior to each plot mark the limits of
orbital coverage. Plotted intensities are derived from

the logarithm of spectral power flux.
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Figure 9

k7

Spectral power at 178 kHz which has been integrated
from 30° to 55° hm is plotted logerithmically against
magaetic local time. The baseline for each plot

0 .
2 watts/Hz. The shaded regions

corresponds to 1.7 x 10
roughly describe those maghetic local times inbo which

auroral kilometric radistion is beamesd.
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Figure 10

kg

Spectral power at 100 kHz which has been integrated
from 30° to 55° 1m is plotted logarithmically against
magnetic local time. The baseline for each plot

20 watts/Hz. The shaded

corresponds to 1.9 x 107
regions roughly describe those magnetic local times

inte which auroral kilometric radiation is beamed.
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Figure 11

iR

Spectral power at 56.2 kHz which has been integrated
from 30° to 55° Em is plotted logarithmically against
magnetic local time. The baseline for each plot

0
€ Watts/Hz. The shaded

corresponds to 2.2 x 10~
regions roughly describe those magnetic local times

into which auroral kilometric rediation is beamed.
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Figure 12

23

Average spectral power flux is plotted against
geocentric radial distance in four magnetic leocal
time groups. Spectral power has been averaged
between 30° and 55° ?"m in each magnetic local
time group. The graph from Eeh to Ellh MLT best
corresponds to the MLT of the source region of

guroral kilometric radiation.
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Figure 13

2%

Average spectral power flux is plotted against the
distances from selected possible source locabions.
411 four plots are for spectral power flux which
has been averaged between EEh and 24" MLT and between
30% and 55° hm' Data in the upper left panel is
plotted against geocentric radial distances. Points
in the other three panels are plotted as a function
of the distances away from model source locations at
2, 3, and b R,. The dotted lines which indicate a
lfRE slope show that data plotted for a source loca-
tion at 3 R, mogt nearly follows bthe 1{32 functional

dependence.
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Figure 13



Figure 1lh
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The slopes of straight line fits bto the data are plotted
against the geccentrie distances of model source posi-
tions. Spectral power flux Talls off as leE for a

model source positioned between 2 and 3 He'
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Figure 15
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The btime average exbtent of the cone-like emission of AKR
is shown against the Hawkeye magnetic field model of Chen
[1978]. O©On the average, both sources are cbservable in
the equatorial plane on the nightside of the earth at a
distance of 12 R, and beyond. The polar cusp is illu-

minated by AKR at radial distances as close &s 4 RE.
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