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ABSTRACT
On a numbé&r of occasions during the 3,8-yr, operating lifetime
of RAE-2, we observed strong terrestrial kilometric radiation when the
spacecraft was over the far side of the moon and when the low altitude
terrestrial magnetosphere was completely obscured from view, If these
deep lunar occultation events are used to infer radic source locations,
then we find that the apparent source must sometimes be situated at
geocentric distances of 10 to 40 Rg or more. From an analysis of
these events, we show that they are probably due to propagation effects
rather than the actual generation of the emigsion at such large
distances, The kilometric radiation can be generated near the Earth
at auroral latitudes and subsequently strongly scattered in the magneto=
sheath and nearby solag wind to produce the large apparent distances,
The most likely scatterers are density inhomogenieties in the

magnetosheath plarma and ion plasma waves in the magnetosheath and

the upstream solar wind,
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SCATTERING OF TERRESTRIAL KILOMETRIC RADIATION
AT VERY HIGH ALTITUDES

INTRODUCTION

Abundant evidence now exists that one of the most common and
persistent manifestations of magnetospheric substorms 1é the genera-
tion of iIntense killometer wavelength radio emissions. Recent satellite
studles of these emissions have shown that in many cases the radiation
source must be located on "auroral" field lines at a geocentric radial
distance of about 2-4 RE, and that they oucur most frequently over the
evening local time sector in close agsociation with diserete avroral
arcéland enhancements in the auroral electrojet. Tor these reasons,

the emissions have been named "auroral kilometriec radiation' (AKR) by

Kurth et al. (1975). - In earlier papers we showed .that two~dimensional

S0UrCs; posit;on projections oﬁtained fgom lunar orbit indicated that -
there 4are also a significauﬁ number of cases with much larger source
altitudes (Kaiser and Alexander; 1976; Alexander and Kaiser, 1976).

In fact, some observatio#s of emissions emanating from the dayside
ﬂemisphere appeared to suggest that the radiation might even be
generated in the outer reglons of the dayside magnetosphere and perhaps -
even in the vicinity of the magnetosheath (Alexander and Kaiser, 1977}.
Until the conne¢tion or distimction between the emissions over such

an apparently ﬁide altitude range is understood we have continued to

use the more general term "terrestrial kilometric radiation (TKR);

The observations of kilometric emissions at such very large distances

from the Ea;th have presented a particularly perplexing problem; Dynamic

spectral measurements show that the distant emissions must be closely

related to the near-Earth AKR as part of the same radiation phenomenon.
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However, it is diffiecult to conceive of a single emission wechanism that
can account for the generation of radiation over such a wide distance
range, especially since the radiatien frequencies of the distant
"sources' are substantlally higher than the characteristic frequencies
of the plasma in the outer magnetosphere. An alternative to having
the radiation santually generated at the very large distances is to
suppose that this elass of events is due to radiation created iIn a
lower altitude source region which is subsequently scattered or reflected
off dinhomogeneities which occur in a limited vegion of space and which
iead to apparent sources in the ouker magnetosphere (Kailser and
Alexander, 1977).

In this paper we examine the latter hyopthesis in order to
interpret what may be the most rémarkable members of the group of
distont kilometric emissions - namely thrse events with apparent source
distances of greater than 10 Rp. The primary source'of data for this
study is the 3.5~yr, collection of lunar occultatilon measurements obtained
by the Radio=Astronomy-Explorer-2 satellite., We have reviewed the
entire series of RAE obseérvations in order to identify and analyze
those occultation events in which we detect significant TKR when the
Earth is more than 10° below the moon's limb corresponding to
projected geocentric radial distances of greater than 10 Ry
for the apparent radio gource. In subsequent sections we will 1llustrate
the characteristics that are common to this group of events and will
show how the radiation appears to come from near or beyond the outer
boundaries of the magnetosphere. Finally, we will examine the

plausability of irregulay refraction orscattering as an alternative
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to the generation of the emission in these regions and will discuss the
implications of this hyopthesis for studies of the solar wind-magnetosphere
interface,

OBSERVATIONS OF THE DISTANT RADIATION

The technique of using RAE~2 lunar occultations to determine sgource
positions has been described in detail by Alexander and Kaiser (1976),
Basically, the Earth is obscured from view on a portion of each 222-min
orBiE of tlie moon for A period of about 7 days évery two weeks, The
angular diameter of the moon as viewed from the 1190-km altitude of
RAE is 7603 and the maximum duration of deep (i.e., central) occulta-
tions of the Earth is 48 min. Since the angular size of the Earth
as seen from the lunar distance is about 2°, the entire magneto-
sphere inside a radial distance of 38 RE can be blocked from view when
RAE 18 on the opposite side of the moon from the Ea;th. Radio source
ﬁositions are generally determined by noting the times of disappearance
and reappearance of emlssions during an occultation and then calculating
the direction corresponding to the position of the intersectiqn of the
projection of the moon's limb at those two times. The ambiguity due
to the fact that two such intersection points always exist is resolved
by making the (usually) reasonable assumption that the limb inter- -
section point nearist to the Earth is the most probable source location.
When emission is observed even during very deep occultations this
assumption cannot necrissarily be made, and we can only put estimated
limits on the direction and radial distance of the source.

The dynamic spectra in Figure 1 illustrate the detection of TKR
when the Earth was more thgnil@o below the lunar horizon. Each of

the six panels display data obtained with a 32-channel receiver during




a 190-m1n, period centered on an occultation of the Earth, The pre-
dicted times of the geometrie occultation of the planetary disk}are
indiented by the arrows on top of each panel, Notice that in ﬁhe high
frequency channels above 4 MHz the noilse levels due to man-mnde signals
from the surface of the Earth are éﬁt of £ précisely ai the geometrical
occultation times. The dominant feaiure of all of these examples is the
strong TKR which often reaches recedver saturation level intensity at
frequepeles near ~ 250 kHz outside of the occultation period and which
persists to some extent even at mid-occultation at frequencles around
150 kHz. Un somé occdsions (such as 1506-1514 U,T, égqmarch 19, 1976)
there is a brief “bite" out of the emigsion igdiFating that the apparent
sourc¢e region Wasucompletely"obscuped for a short interval, bu; in other
cases relatively=3:rong emission was detected at all timgs.

. The_appearance of the dynamic spectra during these events provides
cemg?}%%ngreyidence that the noise bands that persist deep into the
qgcy;tation must have a terrestrial (;.e., magnegoapheric) 6rigin.
Alt@ough we have eunsidgred the possibility of alternative sources,
our ggevibus studiles with_the RAE aqd IMP-6 rgdio astronomy experiments
'have"iden;if?ed no othey comparabi%-squrgaa ingtpis frequency range.
Solar radio bursts g#ﬁib;t very distinctive and qpite different dynamic
Lpectral signépurea. ’He quetimesLdepecF strong plasma wave emissions
at the interplanetary electron plasma frequency and its first hérmonic,}
but Fﬁqge events apﬁear as very narrow lines. (For example, note
Jan, 11, 1976 at SOméndﬁ;OOHkHz ip'?igure 1.) The nonthermal continuum

radiation described by Gurnett (1975) is considerably weaker and also

has a different spectral shape. We see no alternative touconcluding

that these events correspond to the reception by RAE of low frequemcy TKR
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from geocentric distances that are so large as not to be occulted by

the moon.

The large distances implied by these events are illustrated in i
Bipure 2 where we show two examples of the average power flux density |
spectrum observed during the middle of an Earth occultation (left panel) . i
and the projection of the lunar limb relative to the position of the
Earth as a function of time (riglt pancl). For the case of Figure 2a
(corresponding to the top panel in Figure 1) there is a peak at 110 kHz
in the average spectrum between 0330 and 0340 U.T. A closer examination
of the detalled data at 110 kHz shows a sharp drop in the flux between
0337 and (342 U,T. that probably corresponds to occultation of the
110 kHz emission region. The apparent source location inferred from
those disappearance and reappearance times 1ls indicated in the right-
hand panel of Figure 2a, The corresponding projected radial distance
for the 110 kHz is ~ 22 Rp. On the other hand, the more intense 250
kHz emission in the center of the TKR frequency band disappears and
returns almost in coineldence with the disk of the Earth, and so the
250 killz source appears to be located very near the Earth at“a projected
altitude of leés than 1 Ry Therefore this event suggests that although
the most intense radiation at frequencies near 250 kHz probably came
from a source near the Earch, there was a significant fraction of the
radiation at frequencies néar 100 kHz that arrived along a line of.
sight that would not even intercept the nominal magnetosphere.

The example illustrated in Figure 2b gives a simllar result. An
intense 250 kHz source appeared to be sltuated relatively clese to the

Barth at a projected goecentric distance of 6.5 Rp. However strong




omdission centered near 110 klz persisted throughout the occultntioni
period so that there was no clear evidence of even a brief obscuratlon
of the low frequency source. As the right-hand panel of Figure 2b
Indicates, a porkion of the apparent 110 kHz source must be at a
projected geocentrie distance gf greater than 27 Rg.

On at least slx occaslons we obéerved strong TKR activity through-
out theléntire span of a central oécu;tation of the Earth, and the
eircumstances for those events are shown in Flgure 3. For each event
tﬁe shﬁded reglon denotes Eﬁe areé that was completely blocked from
viewiat the mid-point of the oceultation when TKR was stlll detected.
The frequency of peak flux density at that time is indicated by fo'
During these evénts the observed radiation had to arrvive from a
direction outside the shaded fans., For these special cases, the most
plausible gource location would appear to be a reglon relatively close
to RAD suchgas the nearby solar wind or magnetosheath. We have identified
at least B0 events of the type illustrated in Figure 1 and 2 between
June 1973 and April 1977 where clear (> 10 dB above background) TKR
was observed when the Earth was at least 10° below the lunar horizon.

On at least 21 occasions included in the catalog of 80 peculiar
occultationis a brief, essentially complete bite in the TKR could be
detected, and for ‘those events we have been able to infer source
position estimates by the occultaﬁiaqﬂtiming/limﬁ interseétion technique
discussed above, The résulté of tha£ anaiysis are shown in Figure 4.
Each afrow £epre56nts thé line of sight from RAE-2 to the apparent

TKR source as derlved from the octultation data and rotated into the
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ecliptie plane, Also shown for reference are the average positions

of the bow shoek and the magnetopause as derived by Fafvfileld (1971).

The most interesting aspect of the results in Figure 4, when taken
together, is the fact that they provide strong evidence that the radiation
comes from the magnetosheath. When the source direction lines are ex-—
tended so that we can use trianguiation to estimate the most probable
source locatlon we find t.  [Intersections of sight lines highly concen-
trated in the region of the nominal magnetosheath. The region inside the
magnetopause tends to be a2 reglon of aveidance. The bow shock and the
upstream solar wind cannot be absolutely ruled out as source reglons,
and we shall return to this point shortly.

When we compare the catalog of 80 peculiar cccultation avents to
the average occurrence morphology of TKR there is no evidence to suggest
that these events correspond to particularly unusual radio storms. The
auroral clectrojet index was at substorm levels (AE > 200 7) for nore
than 80% of the cases, However, TKR is known to occur preferentially
during periods of high AE (Voots et al., 1977; Kalser and Alexander,
1977), and the average value of AE for these events was not significantly
greatar than the average AE for all TKR., Similarly, the North~South
component of the interplanctary magnetic fleld was southward (B, < 0)
for over 80% of the cases, but the general assoclation between southward
IMF and magnetospherie substorms is also well known.

On the other hand, we have found that at least two—thirds of the
distant emission events occurred at the time of solar wind density
enhancements associated with high“speed gtreams, sector boundariés or
noncompressive density enhancements (NCDE's). Gosling et al., (1977)

have pointed out that NCDE's are characterized by density enhancements




whigh are not afsaclakad wich comproasiond along tho xlelng poktlong
of high speed streams but which are observed when the solar wind
velocity:is relatively low and constant or s fuliing, for example,
at the end of a perlod of high speed £low. Roughly 50% of the periads
during which we observed the peculiar TKR oceultations occurred during
such conditions, Cosling et al., (1977) suggest that NODE's may be
highly structured velumes of gas due to slew-moving coronal mass
ajections which age being carrled along by the solar wind. Apparently
these density evénts can stimula’e the conditions in the magnetogheath
or idn the nearby solar wind which are necessary to cause the distant
TKR events,
? A second interesting pattern in the class of distant emissions
§ concerns the frequency, fa’ at whiclh we observe the peak power Elux
| density during the deepest (l.e., most distant) part of the oecultation,
In Figure 5 we plot the value of fo (as derived at mid-occcultation from
“dynamic gpectra similar to Figure 1 and £lux spectra as in Flgure 2) versus
the hourly uverage solar wind electron plasma frequency (King, 1977). There is

a direct relationshlp between the frequency range in which the distant TKR

emissions are observed and the interplanetary plasma frequency. A

i
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linear least aquaves fic to the data in Flgure 5 gilves a slope of 3,84,

I DISCUSSTON

; At this point we are presented with the following picture, There
are occaslons (roughiy estimated to be = 10% of the time) when a portion
of the TKR ubserveé by'ﬁAE42 in lunar orbit elearly arrives from a large

“ qngulaf distance from the“Earth. These events usually are obserwed in

the 1pﬁffrequency half of the ~ 400 kHz—wide TKR band and usually, but

"
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not alwoys, appear at a lewer power flux density than that measured when
the cntdre magnetospberie system is in the fleld of view, The lunar
occultation measurements suggest that ot times the relevant region must
be at a geocentrie distonze of 238 Ry and may cven be as far from the
Earth as the ».en at 60 Ry Tas wmajor questions still remain., TFirst,
i the radiacdon actunlly generated at these large distances or are
these events only due to "apparent sources' that arise from a pecullar
propagation effect? Seccond, what is the speeific physical mechanism
dnvolved? We will examine these questions in the light of several
lines of evidence bolow,
Generation In or Near the Magnetosheath

Plasma densitilea in the magnetosheath will tend to be enhanced
over the solar wind densities and, on the average, will respond directly
to “he temporval variations dn che solar wind depsity (and plasma frequency).
Magnetohydrodynamic models of the solar wind-magnetosphere interanction
(e.g., Spreiter and Rizzid, 1974) predict maximum enhancement in the
density of abeut o factor of 4 fmmediately behind the nose of the
bow shock and of factors of ~ 1 co 3 in the flanks of the magnetosheath.
The corrvesponding enhanced electron plasma frequencies in the regions
away from the subsclar point would tend to be 1 to 1.7 times the
interplanetary values. “%herefore if the distant TKR is due to radiation
actually genernneé in the sheath region,“theu the peak power must be
emitted at freguencles that are syskematdeally higher than twice the
plaszma frequency of the most dense plasma along the flanks of the
magnetosheath, Although it may be possible for such & mechanism to be

efFective at times, the fact that the dynamle spectra show that the




distant emissions form an intcegral part of a lavger band of emlsslon
whose centrul frequeéncles appedr te come from relatively close to the
Earch avgues against the generation of the low fréquency emission at
the distant locations.
Irregular Refraction Effects in the Mapnetosheath

A somewhab more palatable explanation for the distant sources can
be Eashioned by considerirg ssatteving or refraction of low frequency
waves In the magretosheath, The iIndex of refraction for a wave frequency
of 100 kiz con differ significantly from unity in the magnetosheath,
and, indeed, total Inteérnal reflectlon can occur at the maghetopause
for incidence angles larger than about 60°, In order to estimate the
amount of scattering of the low frequency TKR that might be caused by
irregularities in the magnetosheath we use Chandrasekhar's (1957)
statistical theory of the angular spreading of rays. The root mean

square angular spread 1s given by

) “
rme B, ' (Nf) radians (1)

where 48 = the path length throupgh the secattering mediym, hg = the fp-
regularity scale slze, N = the average electron densgity, AN = the rms
fluctuation in electron density, fp-= the electron plasma freqiency,

f = the wave frequency, and ¥ = thé index of refractilon of the medium,
When RAE 's situated over the dusk meridian at 18 hr. loeal time the
path length, A5, through the magnetosheath is typically ~ 11 Ry = ‘."xlO‘!l

km, If we assume a density enhancement in the magnetosheath of 2x the

- solar wind density (Howe and Binsack, 1972) and recall from Figure 5
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that 'Eo ~1.8f ) then

p(sw

/2
and ¥ = 0,93,

fp(mﬁ) o (2)1
f 3.8

Then

. 3 g 5172
g = 2:7%107 (]

(AN/N), (2)

where ¢rm8 is 4n degrees and hB 1s in kilometers.

There is very little information available concerning the plasma
density structure of the magnetosheath, and 8o our knowledge of the
appropriate ranges for h, and AN/N 18 correspondingly vague. In a
scattering estimate very similar to ours, Vesecky and Frankel (1975)
ugsed values considered characteristic of the solar wind -- namely
h, = 300 km and AN/N = 0.05, Tor that case we get ¢rm8 = 7.8° in
agreement v 'esecky and Frankel who predicted that ¢rms would be
only a itew degrees at ~ 100 kHz. More importantly, they peinted out
that this would only be a lower limit estimate of the magnitude of the
scattering since the magnetosheath plasma is likely to be more dis-
turbed and inhomogeneous than tie solar wind,

A better pilcture of tihe relevant structure of the magnetosheath
might be derived from observations of large amplitude hydromagnetic
waves discussed by Kaufmann and Hovng (1971). They interpreted large
amplitude magnetic field fluctuations observed in the 0.0l to 0.1 Hz
frequency range as slow magnetoacoustic waves assoclated with plasma
condensations having a scale sdize of ~ 1000 km., Usding this scale

size and assuming density Fluctuations of 50%; we get ¢rms'g 42°. Such

11
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an wms scattering angle could easdly produce the kind of results we

have described ea?lier in this paper. We can not take the quantitative
predifetlon for ¢rms too litérally, because the expression in equatiéu

(1) only applies to the case of small angle scattering where individual
deflections of a ray are small so that a statistical approach can be
applied. The most important point is that if significant density
Eluctuations can occur in association with the magnetoacoustic waves
discussed by Kaufmann and Horng and if these structures ave common p
features in the disturbed magnetogheath, then we should éxpect strong

scattering to occur for frequeneies near 100 kHz: The magnetosheath

would then appear as a relatively bright halo of irregularly refracted

TKR in a manrer similar to patches of fog 1lluminated by a street light,
In order to get a quantitative estimate of the amplitude of
alectron density £luctuations in thae magnetosheath which might cause
Ehyn scattering of the low frequency TKR we have examined data from the
GSFC radio wave experiment on IMP-6. That experiment often detected
narrow spectral linesg at the amblent electron plésma frequency in
b?th‘the aolér wind qu mggnetnsheatbi Although ghése fp emissions
were less commonly observed when IMP~6 was in the magnetosheath than in
the solar wind, there were a number of very cilear cases when both the
abzsolute valug“of the maghetosheath électron plasma frequency and its
relative fluctu;tions:could be measuréd unambiguously on“time scales
longer than 5 sec. A“preliminary analysis of a sample of ‘these-data
hag shown a number of oc¢casiong in the dusk hemisphere magnetosheath

where the rins density fluctuations (AN/N) were are large as 30-40% and

. where the irregularity scale sizes (assuming-a flow velocity of -

12
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~ 300 km/sce) where 20000 km. Very recent divect measurements of
magnetosheath plasmn by ISEE-L agree with these estimates (J. Scudder,
private communication). These vesults confirm the occurrence

of the level of denslity fluctuations necessary Lo cause strong
gseattering of the TRR, bub the inferred scale silzes are somewhat
lavger than the sgeattering wodel weuld predict.

In o test of the scatteving hypothesis, we have compared the occurrence sta~
tistice for the catalog of 80 peculiar occultation events with a phenomenological
modal for magnetosheath propagation effects in Figure G. The basic
hypothesis L8 that the detection of scatbered TKR when RAE was hehind
the moon would deépend on the amount of TKR power LIneident on the
mignetosheath and on the line of sight path length through the
magnetosheath, In tha upper panel in Fipure 6 we have plotted the
average power poattern for TKR at 1LL0 kllz derived from all RAE data
wvhen the Earth was not occulted, 'This should be vepreseitative of the
input power pattern to the proposed scattering medium as a functdon of
position: In Figure 6b we show the mindmum magnetosheath path length
(L.¢., along the divect line of sight to the Bavrth) fov an observer
in lunar ovbit. These data are taken from the average magnetopause
and bow shock loeations devived by Falrfield (1971). We have nultiplied
the two local time dilstributdlons together in Figure 6e to derlve a
"predicted” occurrence distribution based on those two factovs, This
simpLlified model can then be cowpar. 1 dirvectly with the actual observed
event occurrénce probability which is shown dn thée bottom panel of
the figure (6d). The agreement between the two curves is remarkably

good and lends support to the "propagation effect” hypothesis,
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Bragg Seattering by Ien Waves

In contrast to the case discussed above involving lrregular -
refraction by large scale Inhomogeneities in the magnetosheath, we now
consider the case of secattering by microscale structurés along the TKR
ray path., The observation of low frequency TKR when che Earth is ag
much as 38° below the lunar limb, implies that large angle scattering

must oceur to TKR waves, by at least 38° and sometimes through as much

~as 180° (back scattering). Such large deviations in propagation direction

—8suggest that the scattering cenkérs.must interact strongly, l.e.

coheréntly, with TKR waves. In such a scattering Interaction the
conservation relations & = Ei m'ﬁé and w = W, Wy
(1) and scattered {8) wave vectors and fréquenciles, with the scattering

apply. to the incident

center being characterized by k and . The scattering angle 6, measured
with respect to the ineident direction, is determined from the Bragg
scattering formula (where \Qil ﬂﬁlﬁ;‘) lﬁl =2 ki sin (8/2).

Thus, for large angle scattering \ﬁ! mrki or the wavelength A = Ai/E.
where 2m/A = k, For backscattering, A= 180° and ¥ = 2 ﬁ11 or )\ ="1,i/2u
The fraction of incident power that is scattered is proportional to the
spectrum of density fluctuatlons S(ﬁ, w), where [ and g refer to the
normal“modes of the plasma (Sheffield, 1975). iﬁ a stable plasma, the
normal modes are ordinarily Landau dﬂﬁped and so have amplitudes which
are consistent only with thermal fluctuations. Such waves are expected -
to have only minimal and random sca&tering interactions. However, in an
unstable plasma, such as occurs when energetic charged ﬁarticle beams
interact with the tharmai diéﬁribution, enhanced plasma wave ;mplitudes
are generated so that S(ﬁ,u:) can become very 1Arge5 Strong scatteriﬁg

I |
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1s then posaible when the Bragg condition is éatisfied by the plasma
waves and the ineldent electromagnetic waves,

Enhanced plasma wave turbulence eommonly occurs in a large volume
of the solar wind near the Eavth's bow shock. A study of the beam~
plasma interactlons that result from the emission of energetic lons and
electrons by the bow shock into the solar wind (Rodriguez, 1978Dh)
has shown that tha plasma waves required to produce strong scattéering
of TKR can occur in the solar wind and very likely alse in the magneto-
sheath. In particular, plasma waves correlated with energetic lons,
which we will eall fon waves, can have wavelengths on the order of (1-2)
km and are thus closely matched to the range of scattered TKR wavelengths
of (1.9-3.68) km, corresponding to the scattered TKR frequency band
(83-158) kHz. Electron plasma oscillations, which are correlated with
enargetic electrons, may have wavelengths on the order of 1 km also,
but appear to be less fmpotrtant for scattering, as will be discussed
below.

The spectrum of solar wind plasma waves associated with energetic

electrons and fons emltted by the bow shock is similar to the spectrum

- datected even moreé often (*ssentiaily always) in the maghetosheath

(Rodriguez, 19784a). If fon waves in the magnetosheath can also be (1-2)
km in wavelength, then a very large, permanent scatéering region extends
around the Earth which is edsily within the radintiop puttgrns of TKR
from both north and south terrestrial polés. The source of plasma wave
turbulence in the magnetoshaath is not well established, but way bhe
associnted"with“energetie particies in the magnetqsheath,.éuch as the

such as the energetic lons observed by West and Buck (1976).
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The geometry that we hypothesize for large angle scatterdng of
TER by ploasma waves in the selar wind and magnetoshesth is depicted
in Figure 7. The average location of the magnetopause and bow shock
are shown along with a typilcal magnetic field divection In the ecliptic
plane. The figure Is similar to the actual geometry that occurred for
the central occultation of December 14, 1973 illustrated in Figure 3.
The shadow zone .for the central occultatlon is shown as the shaded
cone, The aveas (actually volumes) ddentified as reglons of plasma
wave turbulence are determined by the vectoral addition of the solar

wind convection velocdty and the vélocity vector of an energetic

particle (~ 1 kev) outwardly emitted along the magnetic fleld direction.

Typical boundary locations {(dashed lines) Eor electrons and lons are
diacqssed by Greenstadt (1976). As"depic;ed in the figure, the emission
coneufo; lon waves 1s generally symmetric about the magnetic fileld
diregticn and fairly bread; a simlliar emisaion cone occurg in the
magnetosheath (Rodriguez, 1978a). Electron plasma oscillations alse
digsplay a field-symmetric emisslon cone that is somewhat less broad
(Rodriguez and Guynett, 1975}, Thus, for a given diréction of an
incident (1) TKR ray, there is aVailable a broad range of plasma wave

k-vector directions to satisfy the Bragg relation and scatter the ray

(8) through a large enough angle 8 to be detected behind the moon. Two

rays are shown scattering simultaneously toward the moon; one from the
sorar wind and one fpom the magnetééheath. In fact, for the scattering
mechanism that we are proposing the solar wind and magnetoshéath are
probably indistinguishable and a givenappservation of scattered TKR_

may result from rays coming from many, a few, or only one scattering
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center. Seatterdng may actually be more probable From the magnetosheath
because the plasma wave turbulence 1s always present there, wh}le in the
solar wind the loeation of the reglon of plasma wave turbulence is
Influenced by the orientation of the magnetie field, “

A characteristic of the observation of scattered TKR is that only
a lower [requency portlon of the full TKR spectrum is scattered. The
TKR band 1s typiecally 83-500 kHz (Kaiser and Alexander, 1977), while
the scattered spectrum is about 83-155 kllz, This observation provides
supportive evidence for plasma wave scattering. Rodriguez (1978b)
has  shown that the wavelength spectrum of solar wind ion waves appears

to ba broad enough to include the 1-2 km rvangé: In Figure 8 we plot

the Bragg relation in terms of the wavelength ratio, A/Ain (2 sin 9/2)-1,

where A is the plasma wave denslty fluctuaﬁion wavelength and *1 1ls
the ingident TKR wave;oﬁgth. With a vange (1-2) km for A and (1.9~3.6)
km Efor Ay it is clear that the Bragg formpln predicts large angle
seattering, 8 = 60° to i80°, which we have shown is necessary to
egplain the observations. Tor shortef TKR wavelengths, i.e., fpr
frequenci¢s above 155 kHz, the ration A/A, becomes large and the pre-
dicted scattering angle is émall; thus high.irBQﬂency TKR cannot be
scatLered through a large epough angle to be detécted behind the moon.
The Bragg relatiop probably cannot apply strictly tﬁ large volumes
of the solar ﬁiqd cr_magnetosheath. The dimensions of a scattering

center are difficult to estimate. Certainly a mindnium size is on the

order of several kilometers; however, a more characteristic size which

can scatter apprecilable p&wer in a given direction would be determined.

by the distance and time scaled over which energetic particle beams can "
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drive“phase coherent, or approximately phase coherent, plasma waves.
Such dnformatlon iIs presently unknown.

The spectrum of electromagnetic waves scattered by plasma waves
is observed at a frequency w, nﬂwi;ttu, where @ 48 the frequency of the
plasma wave. VFor ion waves, w & 2 wpi therefore the lon wave frequency

1s fairly low since typleally, £ . = mpi/anUO.S kHz,  TRR

?
seattered by solar wind flon waves would thus show no

detectable frequency shift, consistent with our observations. If
electron plasma waves were strong scattering centers for TKR, a frequency

shift of F = wpe/2ﬂrVZ0-30 kMz, where w,. . is the electron plasma frequency,

pe
could be detected at TKR frequencies. We have no clear evidence of such
Efequency walfts in the scattered spectrum, and thus we conclude that
for plasma wave scattering of TKR, dlon waves must be the peincipal
scattering centers, This concluslon is consistent with theory (Bekefdi,
1966, p. 269), which shows thdat the cross seectdlon for lon wave scattering
is much larvger than for electron plasma oscillations.

In laboratory and fonospheric observatiens the scattering ion waves
are identified as don acoustic waves (Bekefd, 1966; Farley, 1971;
SheEfleld, 1975). As discussed in Rodriguez (1978b), we have
refrained from identifying the ion waves we propose for TKR scattering
GEnEers as dion acoustic waves, although they may be similar.
I6n acoustic waves in the solar wind have been discussed by
Gurnett and Frank (1978), and shown to have a frequency spectrum
similar to the beam-generated dion waves, but the wavelengths of the

ion acoustic waves are about 0,1 km. Such waves cannot Bragg
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scatter TKR, as indieated on Figuée 8, It is posaibleiéhnt the ion waves
are Buneman waves, which tend to saturate at a frequency of 1.75 mpi
(Hamberger and Janearik, 1972). The important characteristic of the waves
for TKR scattering, however, is that they have the appropriate wave~
length, and this appears to be possible.

An additional bit of evidence that seems goEauéporp the ion wave
scattering hypothesis lles in the apparent asgociation of TKR geuttering
with noncompressive density enhancements (NCDE's), Gosling et al. (1977)
indicate that during NCDE events the electron and proton temperatures
tend to dedréase; the published exampieg_oﬁ_these events indicate however,
that the ratlo of the temperatures Te/Tp tends to inurease:. An increase
in Te/Tﬁ ip conducive to enhanced 1on wave turbulence, such as has been
shown to be the case for the bow éhock-(qufiguez and'Gurnett, 1976),
and we may cherefore expect that TKR scattering qff solar wind and
magnetosheath lon waves may become more probable during NCDE's. Since
the most“intense ion wave turbulence generally necurs at Fhe bow shock,

we do not exclude the possibility that the bow shock by itself is an

~important scatterer of TKR.

Lunar Wake Refraction

For some oceultations of the earth, RAE-2 passes through the lunar
wake. On these occasions, the spacecraft pnsseslphrough a reglon of
changing deﬁsity which can produce a substantial change in the index of -
réfractibn. The density variation across the lunar wake has been studied
by Whang (1969) and Ness et al. (1968), and they skow that the density
quickly decreases to-a uear-vold within about 0.5 Rm trans§erse to the

axis bfnthe wake, In crdar to estimate the anigle of deviation that a TKR
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tay would experience in the lutar wake, we shall asssume that the density
decreases to zero sharply at 1 Rm trangverse to the wake axis, TFor a

TKR frequency of 100 kHz and a typically high magnetosheath density of

N ~ 40 Cm-a, the dndex of refraction outside the wake is 0,82, Ingide, thae
wake, the index of vefraction is nearly 1,0, Since the refractive index
increasey in the wake, a ray will tend to be refracted inward toward the
wake axls, Assumlng an angle of incidence of 60° such that the incident

ray 18 within the shadow cone,'the angle of the refracted vay is 45°, Lhe
anglé of deviation ds therefore 15°. Such a deviation can make the ray
appear to come from outside the + 36° shadow cone, specifically, at an angle
of 90°-45° = 45°, Tor lower TKR frequencies the angle of deviation is
gfeaber, while For higher frequencies 1t is less. Thus it 1s of Interest

to determine what fractilon of the laxge angle avents might be dué to wake
refraction vather than scattering. Sinde the wake 1s aligned in the antdi-
sunward direction, RAE-2 must pass through some portien of the wake during
an occultation of the sun, and thils oceurred aon only 18 of our 80 events
(23%), Scattering events which are observed From dayside local time positions
of the moon between about G400-2000 hours will not be affected by wake re-
fraction since the spaceeraft does not cross the wake during the occultation.
The high inclination (60°) and precession of the RAE-2 orbital plane alse
means that even in the nightside local time range of 2000-0400 hours in-
cluding the magnetosheath some earth occultations will occur during whieh
the spacecraft will not enter the wake, Thus, the effects of lunar wake
refraction tend to be minimized and do not substantially reduce the

nuwber of true gcattering events.
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CONCLUSTIONS

In the preceding sceetion, we have prosented arguments in - favor of

an explanation of the observat@pnuof TKR during deep Earth occultations

that. 18 based on propagation efrects rather thkan on the actual generation

of the amisaion at very large geocentric ﬂigtnncea. Two alternative
scattering mechanisms appear to be plausible. In the fifst, we would
expect strong snattering or irregular refrzction to be occurring in the
magnatosheath due to large scale density inhomogeneities characterized
by electron density fluctuations, AN/, of ~ 50% and scale sizes of less
than a few RE. In the second alternative, we expect large angle Bragg .
scattering off fon plasma waves in tle magnetosheath and/ox

the‘solar wind which have wavelengths that are nearly equal to the
incident TKR wavelengths. At the present time, we cannot determine
which alternative mechanism i1s more ilmportant; they probably both con-
tribute at different times. There is already observational evidence
that both the macroscale structure and the microscale features raguired
to produce the scattering do occur in the reglon of the magnetoshaath,.
New information which will come from experiments on the ISEE-L and 2
apacecraft should provide a more detailed assessment of the existence of

the scatterérs we propose.

The interpretation of the very distant kilometric emissions In terms "

of strong scattering effectémhns broader implications which m@? halp to

resolve a number of questions about the locations of the radio source(s). "

In our earlier studies of the source positions (e.g., Kailser and

Alexander, 1976; Alexander and Kalser, 1976) we found that most strong
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TKR emisslons were observed to oripinate fLrom within a geocentric
distance of 4 RE’ But that there were still a stgndficont number of
penssions when source components were obscrved at greater distances,
Some of the more distant gource positilon results could quite possibly
be-due to the same magnetosheath seattering effeets that wa have
disecussed above vo explaln the extreme lunar occultation events,

On the othér hand, a number of the TER source components obsecrved

at radial distances of ~ 5 to 15 R, appear to ba aligned along a specific

15
family of geomagnétlc field Lines ox flux tube. This effect 4s not
likely to be a consequence of scattering in the magnetosheath, but the
apparent’ source configuration might be due to discrete scattewdng reglons
which are constralned to a limited reglon in the magnetosphere., Indeéed,
the possibility of some special propagation effect as the explanation for
the apparent occurrence of TKR at large distances was suggested when we
first reported the lundr occuitatlon vesults (D. Gurnett, private communication),
and we have noted in an earlier paper (Kaiser and Alexander, 1977a) that
the plasma wave tutbulence observed on auroral field lines by Gurnett
and Trank (1977) may provide the necessary field-aligned scattering
centers, 'The present analysls tends to reinforee that hypothesis.
We conclude this discussion with a retrospective summary of the
present picture of the TKR source reglona. Mest of the emission ds
appatently generated insilde of 5 RE with a geocentric radial distance
of ~ 2 R, bedng our present best estimaté for the most commonly occurring
location. Determination of source size Ll Limited by the time resolution’
of the RAE-2 lunar occultabion méaéurements, by ddffractilon effects at

the luwiar limb, and by scattering., We can place an upper limit on the

22




* ;/:% PO

typleal source dimenaions of 1 RE. We do not completely rule out the

occurrence of kilometrie radio sources at distances of greater than

~5 R, or ovér arcas of several RE2 (such as a portion of the magnetosheath)-

E
but their radiated power levels and thelr frequency of occurrence are

probably much lower than the intense; lower altitude, auroral kilometric
radiation sources commonly observed during magnetospheric substorms,
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Examples of dynamic spectra obtained from RAE-2 during
deep lunar occultations of the Earth, Each strip displays
the vaviation of received signal level (with darkness
proportional to iIntensity) between 0,025 and 13,1 Miz over
a 100-min span of time. ™he period of lunar occultation
of the Earth's surface is denoted by the arrows,

Plots of projections of the moon's limb (right-hand
panels) and power flux density spectra (left-hand panels)
for two examples of RAE~2 reception of kilometric radiation
from large angular distances from the Earth, The right-
hand panels show the projection of the moon's limb oato

a plane through the Earth perpendicular to the line of
sight from RAE-2 to the Earth at 10-min. intervals of

U,T, The left-hand panels display the average flux
spectrum observed at kilometric wnvelengths during the
10=min. interval that included the deepest part of the
occultation, L, T. is the sub-lunar local time at the
Earth at the time of the occultation.

Ecliptic plané projections of the region blocked by the
moon (shaded areda) during central occultations of the
Earth that were not accompanied by an interuption of
reception of TKR at RAE-2., The heavy dot shows the
location of the satellite in lunar orbit with respect to

nominal bow shock and magnetopause locations,
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Flgure &4

Figure 5

Figure 6

Figure 7

Inferred directions of arrival of TKR during a number

of deep (> 100) lunar occultations of the Larth. Each
arrow ig drawn from the location of RAE-2 in lunar orbit
toward thé apparent source direction rotated Into the
ecliptic plane. A nominal bow shock and magnetopause
location (Fairfield, 1971) are shown for reference.

Plot of the variation of the frequency of peak TKR power
ﬁlux density,;fo, during deep lunar occultation events

versus the hourly average solaxr wind electron plasma

frequency, fpcsw),“for the occultation period.

(a) The. average power patterr of 110 kHz TKR as a function

of the obgerver's sub-satellite local time. (b) The minimum

path length through the average magnetosheath Lo the Earth
Eor an observer in lunar orbit, (ec) The normalized product
of the distributions shown in (a) and (by, (d) The observed
occurrence probability pattern for RAE-E detection of TKR
during deep luna¥® occultations.,

A model for the cbservation of TKR scattered £xom the

solar wind and/or magnetosheath during a central lunar
occultation, The shadow zone, indicated by the shading,
should be viewed as a three-dimensional cone, -TKR rays
which are incident (i) on a scat@erihg center (plasma
waves) with the apperriate wavelength become scattered
rays (s) at an angle 8, and thus appear to come from

outside the shadow zone, The boundary locations for
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Figure 8

plasma wave turbulence are variable, depending on the
orientation of the magnetic fleld,

The Bragg scattering rvelation, showing that for large
angle scattering (O 2_600) of incident TKR wavelengths
li’ the wavelengths )\ of the scattering centers must be
(1-2)km, The shaded intervals on the vertical axis give

the range of values of A/li for selected values of A
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