
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



U. of Iowa 70:2 
Dlltrlbut ..... Of thll cleculMftt II unll",lted. 

-
~lHRU) 

I 
~COOE) 

Q~ 

Department of Physics and Astronomy 

THE UNIVERSITY OF IO"V A 
. Iowa City, Iowa 



* 

VLF Measur ments of th Poynting Flux 

Along the Geomagnetic Fi ld With the 

Injun 5 Satellite 

Stephen R. Mosier 

Department of Physics and Astronomy 
The University of I owa 
I owa City, Iowa 52240 

January 1970 

u. 0 l ow '(O-? 

Research supported in part by the National Aeronautic8 and 
Space Administration under Contracts HAS5=Jo6~5, NAS -al 
NASl-8l44(f), NASl-8l50( f) , and NGR-~6-00l-043· aud by the 
Office of Naval Research under Contr~ct Nonr 1509(06). 

** Part of this work was conducted while the author was a Graduate 
Trainee of the National Aeronautics and Space Administration. 



A ~TRACT 

The d' rcc ion of t.h Poynting flux, up or dmvn thc eomn.g­

n ; c fi ld, h s b n de main d for v ral types of v ry- lmT­

fr quency (70 lIz to 10 kl z) rd' 0 noire phenom no. 0 s rved wi h 

th Injun 5 c-at'll'te , thercb~{ provi ing inforna ion about h 

ourc reg:on of the~e waves nnd their propaga .ion i~ he maBneto­

sph'r. Determin tiona of tho Poynting flux direction of short­

fract ional-hop whistlers and proton vlhistlers shov, that thcy are 

propagntin'T up he geoma netic ficld in accordance vii h thc 

nccep cd theoricG of theC'c hCllomen~. hereby providin a ood 

check on the expcrirr._ntal technique. t·lea~JUr ment::; ar presen ·d 

on the Poynting flux direction of subprotonosph ric whj~tlers, 

periodic emissions ELF hiSS, chorus, V F hiSS, D d a new type 

of cmissior called a saucer . A nev' propagation ph 'non,e non has 

been found in \·,l1ich ELF hiss may propagat acros::; the plasmapaus 

boundary to 10vlCr la ti tud.e sand becorn subsequently reflected and 

trapped within the plasmasphere. A new type of sub-auroral- zone 

VLF hiss has been found, and it is shm·m that the observations 

of VLF hiss are consistent with emission mechanisms proposed by 

other investigatorz in which hiss is generated by Cerenkov 

radiation. The saucer-shaped emissions are found to be propacating 



upwn d from a zourc b')ow A qw 1 it· v xplan -

tion of th fr~qu ncy-tim shape of t is n w yp of mission i~ 

pr s nt d. 
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sph r . ini ial r sult~ 01 h s m asur rn n a 
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Sci n i ic R io Jnion entitl ( "VLF as r rn n s 0 

of h Poynting Flux Alon th G omagn tic Fi Id ~ith 

h 

h 

on 1 

C mpon nt 

Injun 5 

a ellit "by St ph n R. Mosier and w r subs qu ntly publish d 

in wo pa rs in th Journal of Geophysical R s rch, ntitl d 

"Initial Observa ions of LF El ct ic and Ma netic Fi 1 s with 

the Injun 5 Sat lli "by Donald A. Gurn t, G. William Pf iff r 

Rog r R. Anderson, Stephen R. Mosi r and David P. Cauffman 

[Gurne t et al., 9 9] and "VLF M asurem nts 0 the Poynting Flux 

Along the Geornagn tic Field ... Ii th h Injun 5 Satellit ," by 

Stephen R. Mosi r and Donald A. Gurnett [Mosi rand Gurn tt 1969]. 

Additional results were presented in a paper d .liv red to he 1969 

National Fall Mee ing of the American Geophysical Union entitled 

"A Study of ELF Hiss Propagation Near the Plasmapause With the 

Injun 5 Satellite," by Stephen R. Mosier . 

vi 



bo 

Poyn 1 

oynt1n 

vio sly r por 

on 0 h 

sur m n 

sur rn n 

ults cr1 tot o r 

s w 1 

ch 1 u wh1 h h v no b n 

vii 



x on 1 1 

(V ) 0 

h eh r e nd " " r on 

n 0 

0 h [ 

nd Ii 1 1 t 

d r n h "0 oe i n .. 

ar u u1 n upon 1 SI 

r ion, i 0 

r gions 0 til .. no e. r 

at low al itu n 0 o . 

h1 her ul itud in the rra r . I ne 

sp etra] fort!1!> 0 1 ny VLF erni" s ' ons r 

propag 'on throu h h iotlosph r n t man 

of primary ir. er st to b abl to rm n th dir 

propa etion of h obs rv d waves. This r por pr 8 n s ,h 

r sults of measur m n s of the oyn in lux dir et'on, p or 

down th eorna n ic fi 1 , of VLF 1 e ro gnc ic , .. S i1 \;. ••. 

f r quency rang from -0 Hz 0 10 kHz usin 

of I owa Injun 5 sat llite . 

n 

eh 

... , 

.~ 



5 8 kIn 

0 

n r y 1 n 

rray 0 0 r d , 
nd c on A d 

0 '1 V n n t 

[ 9 9] d 0 ly 0 of l'i n n 0 h 

Poyn ~;'11 'h VT,.F 

01 1 c r'c , !'l .. C 

100 nna wo wi ! d ( Hz to 10 kHz) r c lV 1''3 

nd s p-fr 1 ncy r c: v .. d an 'mned nc m fSU m'nt ~'or 

11 ct ic ant nn' '111 

The s ac cra t is mag ticolly 0 i nt d y a bar ~~gne 

"uch that) '\orh n properly 0.1.' n r 'h x-wi hi 

axis 0 

h s c cra 

he spacecra is f.~rall _ to t.l11..! geo a. netic i ld with 

h posi iv x-axis dowmrard in the nor h rn h mlsph ~", }.('~.\.c J 

maximum alienmrn rrCd Cl betw ~ n he 

fi Id af er about mid-D cember 1968) when magnetic alignm nt was 

acb' ved) are about t n degr es, Wt·:~ ~tgn\tically o'i n el, 



th 

( z-

1 c rlc 

' s) r 

n nn xi (y-'xi) d t 

p r "ndicu ar to h 

om ry j::; 

m n t·c n ~ln x 

tic u'" well as 

. n Ji'i to uch oth r. This an enn 

and, S isc ss d in th , b s th f'a ure tha !-h 

dir 

can b 

ion 0 h oynt'n 

d rmined from th 

f) u I{, up or dmrn h omagn _ ic d 

roduct of 11 el c ric 

and m gn ic an nna si nals . 

1 ctric and mag ·tic wi -band r~c ' v r ach cons's 

of two and-pass rs rovidin a low- fr qu ncy band of -,0 Hz 

to 650 Hz and a hi h-fr quency b nd of )00 lIz to 10 kHz, which 

are ind p~nd~n of each 0 her . Til se frequency bands ar ~al]~d 

t e "low" nd "high" bancls, re 1) ctiv lye Followin 

pass filters, a compr ssor aIr. lifier compress s Ie dyna'c a~l 

of the broadband ac signals from th antenna (80 dB) GO a dy c 

range (?O dB) sui table for dire c t 1 metry to the ground. 1'he 

electric and magnetic el metry signals are synch onously 

d modulated at the ground station, hus preserving the relativ 

pha"'e between the electric and magnetic receiv r outputs. The 

electric receiver output is interrupted for 8 seconds in ev ry 

30 seconds for telemetry of the electric an enna impedanc 

measur ment. 



II. 5 

A. Th 

A m n ticully or' t d 'n elli~ r 'd ~ n id al pI fOl~ 

for h m~asur m no' 1 Poyt.;in flux or a s'ng 

plan wav propa a,ing in a C' Jd plu<"m ncy 1 t lun 

he el ctron plasma fre xwell ' s ua ions and h cold 

plasma quations of mot'on r th compor n s of th tlO-

magn tic fi ld in such a w .y t t the si n of hl~ oyn ing r x 
-t 

S c ned termined from the mea~ur m nt 0 a Sil 1 1 ctric 

field corn onf"nt and n or ho onal magnetic i Jd compon~nt . Thu", 

he direction of S, up or dOvlIl the g om gnelic fj 31d , C1.n be 

determin d under v .ry g n ral conditions using t it:: 

and on magnetic antenna. 

To prove th1~ result consider a wav propagating in th 

x-z plane at an angle e to th static magn tic fie ~ Let the 

z-axis be parallel to the static magnetic field. Using the 

eigenvalue equation for the el ctric field vector, 

S -
2 2 

-iD 
2 sin 0\ n cos e n cos e E x 

iD S -
2 

0 E 0 n = , y 

2 
cos e sin e 0 

2 2 
n p - n sin e E z 



wh , , and D ar tl di 1 <.!tric so lem 1 S d in d by 

S ix [19G?] and! axw 11' s "qua ion 

... ... ... 
n X E = cB , 

th fields in h x-y plan are 

E = cos ( - wt) B = b sin ( - /.ut ) x x x x 

E = sin ( - t) B = b cos (-w ) y y y Y 

E - e co~ (-wt) , B = b sin (- t) z z z z 

where 

b -n ~os e ( D 
n2 ) Eo e := E = , 

x 0 x 
S -

e = 
( S ~ n2 ) Eo ' 

n cos 9 ( P b ) E Y = 2 . 2 Y c o 0 p - n S1.n 

-( 
2 

e sin e ) E n sin 
ee 

D 
n2 ) Eo 

n cos b e = , = z 2 sin2 9 0 
z c 

P - n 

Since the wave normal dire~tion is, in general, unknown 

the satellite coordinates (primed) will be rotated from he above 

unprimed cuordinates by an arbitrary and unknown angle ~ around 



t sta ic rn netic ield (z-axis), re)at'v 0 h w v v c or 

in he x-y plan. In a dition, if th sa llit s not rf ctly 

ori nt d th x and y axe s Hill be dis )' c d by gl 

label d 0E for th x-axis and 0B or th y-axis. This geo e ry 

is illus rat d in Fi , 2. If 'VIe assurn ho. 0E and 0B are 

suffici ntly small so as o both be or ... ho onal to , hen the 

transformed fields in th sat !llite frarn of x'-y' refer nce are 

, + E sin 
y 

Thp. Poynting flux alone the z-axis is 

1 S ::: E H - E H ::: -( E B - E B) . z x y y x ~o x y y x 

Computing time averages, denoted by the symbol ( ), over one 

complete period of cos(-mt), the average Poynting flux along 

the z-axi s is 

(1) 



The ti av rag of t h cross pro uct 1 ,ll , w ich 
x y 

in th sa lli fram 0 ref r nc , 

(E ,H , ) E? n cos e [p p 2 
= 2 r cos 

x y 0 ~ c • t: e 0 - n ~n 

( S 

D 

n? f . 2 
nJ -i s~n , 

wh r 

? -n cos e sin 0 
I") • 2 

P - n- s~n 0 

p cos ~ sin ° 
2 . 2 E 

P - n s~. e 

+ ( 
8 

D_ n2 )? - sin 1 tan e sin 0B . 

In obtaining Eq. (3) above, it has been assumed hat cos 0E :::.. 

(3 ) 

(4 ) 

cos 0B :::.. 1. For small alignm nt errors, his is a good approxi­

mation. The error term ~ represents the deviation from magne ic 

alignment. For exact magnetic alignment , 0E = 0B = 0 and ~ = O. 

Consider first the cas of exact alignment . For ~ = 0, 

the sign of (8 ) will be the same as the sign of (E ,H , ), z x y 

independent of the unknown angle *, if the sign of the bracketed 

d 



8 

t in Eq. (' ) is posi v . Th si of tl r ck ed rm will 

be po i iv i < O. inc 1 - f2 / 2 this in 1i y = , qu i" p 

sa isfi d jf the wave fr q ncy in l ~ c ron 

fr qu ncy f a con ion lway'" satisf' d tVIF r q nci s or 
pe 

he Injun 5 orbi . Th s, fo ex ct magn tic li ron , h dir c-

ion of th Poynting flux fo nin 1 plan "VI ve can b d t rmined 

from the sign of he correlatjon (E ,B J)' I s10 ld b~ no cd from x y 

Eq. (3) t1at only two 'eld qua tities, E , ond II I, ar necessary x y 

o d t rmine he Poynting flux c ir ction (up or dmm th ~ ( omag-

ne i:! field), whereas the z-coTll} onent of re Poyn ing flux in 

Eq. (1) involves four field qlan 'iti s: t;' 
--' , 

x 
E If, and H 

y x Y 

However, the redlc ion from four 0 wo field mcasur0 nen s in 

Eq. (3) has been made at the xpenne of a detailed knowled e of 

the Poyntins v ctor since one can only determin the direction 

of t e Poynting flux along a field line from Eq. (3) and not the 

magnitude or absolute direction of the Poyn ing vector. 

If a superposition of many waves is observed, hen the 

above interpretation m st be qualified. For multiple waves, 

... ... -+ ... --(S) == (E X H) == (L: E , X l-: H,) , 
i ~ , J 

J 

... .... ... .... -+ 

or (S) == l-:(E. X H,) + L: (E. X H,) , (5 ) 
, ~ ~ ~ J 
~ i,j 

ifj 



wh r 1 "unun .., ons ar ov r t ind'vi ual lav.... I h se 

individual wav s are uncorr 10. t d th n the s cond stunma tion n 

Eq. (5) for' f j, wiJl z ro yi ldin 

Then 

... ... ... 
(€') - E(E. X H

1
.) 

. 1 
1 

~(Ex H - E H ) . . y. y. X. 
111 ~ 1 

:- E 'k (e) (E , H ,) 
'r X, y, 
1. n. .r.. 

incc the wave normal anBles 8k for "he indi viduC',l waves are in 

(6) 

general different, he proportionali~y constants a
k 

will also be 

different for different waves, and he ime ave rag (E , B ,) for 
x y 

a superposition of many waves is not necessarily proportional to 

the average Poynting flux (8 ) of all the waves . In other words , z 

a single proportional ity constant cannot be substituted fer the 

~ and taken outside the summation in Eq. (6) . Under these con­

ditions the interpretation 'vhich can be nade is as follows: if 

the sign of (E I B I ) is observed to be positive , then at least 
x y 



som of th w v " InUS t 1 v poyn in f uz in h_ pO"i ive z 

direction. 1Imv v r, h r nay also b waves wi h oynt n f ux .. 

in h n ga. ' ive z direct jon and h r 10. iv n _nsi y of 

way s canno b d t nnin d witnout furth r in orma ion on ttl way 

normal an 1 s involv d. S'mi1ar .. tatemen s ho~d wh n 11' si n of 

(E ,B ,) is negative. A m asuremen of (E ,B ,) h refore allows x y x y 

one to mak a posi 'iv <'tat In nt hat some wav ... nr propaGating 

in a certain direct'on, up or dovn the geom1.gn_tic fi ld; but it 

docs not d ny the possibility th't there may b W:1.ven propagating 

in the opposit direction. 

B. to -----------------------------

The case of an alignmen error will now b discuss d. For 

non- zero 6, the bracketed tenn in Eq. (3) will b pot ~ ,i ve if 

6/F > -1, 

where P 
F = ----~2~--~2~ 

P - n sin e 
2 cos 

)
2 . 2 I 

Sl.n 'V' 

A measurement of the local plasma electron density and ion concen­

trations would permit the evaluation of P, S, and D, and n2 in 6 and 

,. 

o 



F. HOI V .' n k 

v 1 on 0 (7 ) ic 1 s 

rob} m c n b vo d ow y in 

. _n s . or g'v n s of an n (1) 

of 11 will n s'n oF. and i 
B 

0 can 

be i 11 r osi iv' Th r " 'r r .u d-, 
rant " 'n which h. v ]:u of /F mu 

h r m s 11 Y at} st 0 of h s ror ant i wh'c 

is posi i and or lhich no error i h m as r m n can occur. 

'l'h r or, if i v r. yp of ph nom non C:J. b me surcd in all 

fo r rror uadrants he~: ". sul i obi n d for ch cas , 

it may b concluded h he l' su1 is corr ·ct. 

I is still d sirabl o rstand h. h vior of ~/F in 

ord r to es irnate he cha ces of .king an rror in any eiv n 

measur m r .. t . This can be accomplished by xaminins t:./r l or crain 

pecial cases. Ref rri g to (1), (() can be written as 

9 sin 9 
2 

sin 9 

sin 

cos 
Ci 

Ci -t f3 
{3 

< 1 

(8) 



w r o 2 

,. 
d in 

For tl C' ~ o TTl'?., ( ) h comes 

-tan e s 1 (9 ) 

S'nce (9) i for a "'ingl. pl ne 'lave , he wor.) can 1St b con-

t"iu r d, ho. of an ~ - 0B <" O. - OJ ct..n b..: <' •• O':m t .. ' to \ ~ ... 
\ .... I ....... 

s ti sid for all wa e nO:"Ill 1 

Tn ord r 0 d_ rmin ypic( 1 m xi n mi al:i mn'_tl _rrors con tin-

uous Injun 5 ma. n om rein. from the on- o'rd p cord .r w r 

s udied for sev ral orbit .. during tho mont. of January 1969. From 

revolutions 1907 thro h 1910 355 minutes of continuous magne 0-

meter data were xamined and from revolu ions '?07? hrou h 2079 

337 minutes 0 data were xamin d. Typical maximum misalignment 

angles (the angle b tw n he satellit x-axi~ and the oma n tic 

field) for both of these periods wer less than 10_12° , wi h a peak 

misalignmen of 1)" 25 ' for revolu jons 190'( through 1910, and 



';>.077 07 . 

.. in 

t of 

1 

n t, 

For h' c SOl - 0, (8) com s 

? 
n cos 0 sin 

2 
P - n'" sin e 

< 1 

Th worst cane ~~st again b cons'd r 

cos e sin 0 sil 0E O. For \ P \ > n 
. 

r 0 

01 75° 

n n wo d 

on h . W v 

0 Cl loop 

du • 0 

i n h WE. no. 

(10) 

j v/hich 

(10) wi11 ahlUYs 



1 Y n 0 bo J. x 10 

r n 07 
0 n 5 n y 0 

0 50 0 00. T u n w'll 

2 I p I 2 (lo n n . 0 I • I e 

( ) , 0 ion 

0 v ry 1 

0 occu or 1hi 1 I-mod 0\0 h 1 c ron yro-

fr :xc h n nci ,. Th 1S, (J 0) '11 b 

s je In 1 5 0 , 'th possi 1-- xc pions at the 

on encies. A ain t i 's what on migh in u iv ly 

'nc _ th plan of rotation 0 vlUV 1 c ri . ficIn 

near ~r, .OU()', .0 x'c", y , ,() . 1 

f' ld v or. tl , plan via V l.c tric 

fi ld is ln 'k_Iy 0 b l~_ndicl r 0 he (1 c ric djpol 

a nn nd, conGe 1 ntly no rror will occur in th way 1 c ric 

fi Id measur men , 

For valles of b twe~ 0 and n/2, (8) is mer ly a 

'11 ighted sum of th terms discussed above from (9) and (10) . 

Thus, (9) and (10) may be hought of as WOyst cas s for h 

behavior of 6/F and indicat that rrors in he Poynting flux 

m asur ment can occur only for way s propaeating nearly perpen-

dicular to the g omagne ic field . 



c. 

Th OOl for abov ux 

d r'v . ons d 2 W G 

with tha eo onJy 

s m as that u~ d on h'Inj 5 R l]i 

i a~'gned w'th h 

(s _ 1;'i . 1). How 

ta tio 1 of eool'di.n. 

, it is easily ~ en 

x , h' m asur . 

n to r.crl , )0 d 

Hot h 

at 11' 

d 

, t J 1 1 OU 1 • P rmu-

of o· (J!. 
Y Z 

\olli .L t: y and z ar no\! n th _ n,iun 5 fram of r f "r nee, i'" 

ufflcien o d t .nTJ.in he d~ r c 'on of ~h oyn flux alon 

e C oInllgn tie fi In (x- xis) . 

'l'h ac un.l corr lation m asur·m n (. a 111 (1 n 11 round 

using the wid -bund an~ J 0 • 1 ~ c ric u.nd rna n ti c fi "J d ell 'll 

tran mitted from the sut l1i 'C . Th ne wi<i -band s gn Is arc 

filt red by un Ad-Yu 'Jlec ro ics Model 10,)4 u1 Chunn 1 Synchronous 

Filter to sel et the fr ~1 ncy ut wnich th correlation of the 

two :ignals is to be d t rmin d (see Fig. 3). 1'he pass bands of 

he two narrow-band filter channels are clc~e]y matched, the 

center frequency of the two filter channels being det rrni ~d by 

a single tuning o"'cillator and th~ bandwidth by p1 g-in units . 

A bandwidth of 50 Hz has been used for all measur ments pr sen ted 

in this thesis. The two narrow-band outputs from the synchr0nous 



h n 0 to a f Ii r ·,hi 1 r 

an out u ro ort'on lob 

n rrow-band r... and in ut v z put 

is th by -c tc t· n on-

st nv of 50 m llioeconds 0 i ooa ))1' Yo o t ' m 

P oduc (r B ), 
y z 

n he roc ss 0 ran mi tin and d du] h..: -1i 

band 1 c ic and a n c £i .Ld i als, riou" nc r_ 

depend nt phas shi ts oceur '1 ich mus b co .i h 

phase ":11if network prio to kin a corr 1 t'o 

(Th t; re ul s of he p 1 u ch pllase cali 'Or onr 0.1' P"s t dad 

discus",ed in h PPLndix,) I sed on the Ie odueabjli y 0 tlC 

pr launch calibrations he ove all uncer a.inty in tIl ].>hns shj f 

corree ions required is be li _ved 0 be less han ± iv degr _0. 

To stablish that errors of this magni ud d.o not ff c , th sign 

of the corrclation m asurement, i has be n r quir d for all dati:! 

presented that a phase ~hift of ± t n d_gr 's appl j d to one charm .1. 

not change the sign of the cOl'rela ion measurem nt. In most 0 th 

data, much larger phase shifts have been appli d 0 as rtain that 

such rrors are not affecting th- measur m nt. 

The determination of the Poynting flux direcLion of proton 

whistlers provides a good check on the Poynting flux sensing 

technique, since proton whistlers (at higher latitudes) are kno"m 



11 

to b prop g n ~E:!ard rom +le bas of h io osph r [ 

G rn et ala 1965J. Fi 4 ~llus ra es h d t on 

of he Poyn in flux dir c on for series of roto 

Th Poyntin f ux is observed JO b dir c d upw rd s x ec d . 

Identical resul s hav b n ob in d from h obs rv on 0 

prcton whistl'rs :n ap roximately 50 addi ional In:t olu-

tions. tho. (E ) di fc s f·o. a y z 
It should be not d her 

correlation coef'ici n in that i is not nOlm liz . h nc ~ 

correlation levels for he various pro on whistl'-l's in F' . 4 

depend on the int nsi ty of hf~ proton whistler signals. 

In ord r to fur her ascer a:i n :It . me ur rr.en j c· 

performing properl y, the Poyn in, flux 1 ' s be n cl crm·. ed for 

short f ract ional-hop whistlers (which are known tel be nropa atin 

up he geomagnetic field from below the ionospher ) from approxi-

mately 150 Injun 5 revol tions . In all cases, the short fractional -

hop whistlers ~lere observed to be upgoing . In addi ion, dovmgoing 

long-hop whistlers are often observed following the short-

fractional - hop whistlers, providing further support for the 

accuracy of the Poynting flux measurement tecrmique. 



III. THE RF. SULT. 0 " ~-IE 

OYNTl G FLUX 
1 TIl' MA 

A. a 

The Injun 5 data. pres n ed 'n this r or was cqu ' d by 

the Nort Liberty Data Acquisition Facility f the 

Iowa during the periods 51 Dec mber 1968 throu 11 25 

and 4 March 1909 hrough 12 

lutions during these p riods, VLF data. w r a quir d f 628 

revolutions and data. for the Poynting flux meas rements was 

y 0 

obtained from the study of .]29 rcvolutions, 'J.1h se X 9 r volutions 

give a. flood sampling of magnetic local tilnc (11.;'1') and lnjun ) 

altitudes and are distributed tnroughout the Decemb r through 

May time p riod. The data cov r the range of invariant latitud s 

(INVL) from approximately 35° to 75° , (MLT is he hour angl 

between the magnetic meridian through the satellite a.nd thc mag­

-~ netic meridian through the sun, and INVL is a ccos L 2 , where L 

is McIlwain's [1961J geomagnetic shell parameter.) 

The principJ.e object of the data analysis program was to 

detennine the Poyrting flux direction for as many different types 

of VLF emission and propagation phenomena as possibl , rather than 

to make statistical studies of any particular emission type, 



De ail studi s of som t~'P s of m ssions vI r r q ir } ~ ow r .. 

n c ssita ing a conc n ration of data in c rL in m nctic loc 1 

time and altituuc rang s. The esults of h Poynting fllX 

m asurem nts ar pres nt d below an ar classifi d by th t 

of mission or propagation ph nomena. 

B. 

The deterrnina ion of th Poyn ing flux by th me hods 

described above is an especia:ly good tool for he study of r c-

ion phenomena. Figure 5 i ' .lllstra es somc discre 'lLF emissions 

occurring in pairs, he two components uf each pair bein s pc..ra ~ =. 

by a fe·r ten hs of 3. s _co!1d. The co!'!'clation me .... :'~rc:i.~. t cl ~rl:\' 

shows that the fir t emission in each pair is dOioffigoi g an that 

the second emission is upgoin , indicating that the missions 

have been reflected below the satellite altitude of approxima ely 

1350 km. (The two intense, discrete tones occurring from 0140:15 

to 0140:23 UT are from the electric antenna impedance measure­

ment.) The dispersion of the emission gives further evidenc. of 

a reflection, the tim. delay between the two components of each 

pair being grea'~er at lower frequencies. These delay times are 

consistent with a reflection at the base of the ionosphere below 

the satellite. 



C. ubprovonos eric w'histl rs 

Illustrat d in Fig. 6 is an xampl of short frac ion 1 

hop whjstl rs followed by a subprotonosp ric (S ) wh'stl r 

an al i ude of 720 km. The correlation me sur m n indi a s 

ha the shor frac ional hop whistl rs arc up oing, ollow d 

by the alternate downgoing and u going hops of the SF whistl r 

(th second hop of the SF whis l~r was apparently noi int nse 

nough at th correlatior~ fr quency to obtain a ('orr lation), 

The s cond thro h the fifth SP whistl r traces in th 1 ctric 

and magnetic receiver spec rograms in Fig, 6 each conGisi of tvlO 

trac s, the first one upgoing and ihe s cond I:me ci.owneoing and 

are resolved by the correlation m asur m"nt . 
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SP whistlers were first reported by Carpenter ct aI, r1964J 

and w re explained by Smith [1964J in terms of muliipl reflec ions 

between the lower ionosphere and a region around ~OOO km. The 

reflection at low altitudes is due to periodi~ latitudinal gradi nis 

of the electron density in he lower ionosphere ; he mechanism a 

the higher altitude involves a refrac ion of the wave through the 

transverse region of propagation at the base of the protonosph re, 

~;he region where hydrogen ions begin to predominate [Smith, 1964 J, 

The close spacing in time of upgoing and subsequent down­

going waves in Fig . 6 indicates that the satellite was very near 



he u p r 1 ction al it o h SF vlhis 1 r. Th' s is in 

a rc wi h h abov h ory sinc h pro onosph r should 

d cr in al itud during loc 1 nig t, wh n th obs rva ion in 

Fig. 6 was rna 

D. ic Emissions 

Figur s ? and 8 illustra xa.mpl s of p riod: c missions 

in which all 0 he obs v d miss'on are down oing. For h 

non-dispersi eriodic mission shown in Fig. 7, in v1hich her 

is 1i tl or no observable syntematic change in period wi h 

fr qu ncy, it is eliev d hat an mi~sic,n is tri ered by 

trigger(:d emission propa l.tes to he conjugate cmisphere in the 

whi,'tler mode a. the appropriat fr quency, then the riggering 

process is repeated, giving rise to a set of periodic emissions 

in which the period is equal to th vlhistl r mod group delay at 

the triggering frequency. Such a process requires strong absorp­

tion of the whistler mode echo, coupled with strong emission in 

the triggering process [Hellivl ~ll, 1965J. On the o~her hand, 

weak absorption and weak emission will give rise to dispersive 

periodic emission in which there is a systematic variation with 

frequency of the period between the bursts. This type of emission 

is shown in Fig. 8. 



Th mis 0 s illu r in Fig . 7''11 obs or a. 

io 0 hr n Iti d o pp ox1m ly 

150 Jon nd ran n ic r m t r from L - 4. 2 to 

L = .6. Sinc h cho r'o s v ry n rly cons anl ov r his 

la.r ran of L valu ,i in conclud that h echoing must b 

v ry ~trongly uid d by h eo. netic fi l d bu tho. t h obs rv d 

missio s hay "1 ak d" 'roo th sh'll on which hc choin 

is akin pI c nd prop gat d 'r ctly 0 the so. 1 i Th 

obs rva ion in Fi . 7 st ongl. upports hi~ conclusion since no 

upgoin way s associa cd with this choing proc S6 ar obs rved. 

The S m con lus'ons may e drawn from the dispersiv 

periodic e. "':"zsio .. s in l'~g . 8. AIle ''''h thece em' ~sio.~ \:ere 

obs rv d for a uch shorter im_ p riod han hos of Fig . 7, 

the echo period is again very early cons ant and only downgoi.g 

way s are observed. A 1225:7,0 UT in Fig. 8, th re is a single 

burst of upgoing noise which app ars to be an echo or reflection 

of a burst which occurred a fel t nths of a second before. This 

does not appear to be associated with the periodic emissions but 

rath r ~eems to be a discrete burst of noise which may have been 

reflected in the lower ionospher and propagated back to the 

satellite. 
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E. 

of tions 

111u ro. 

h no • non c 1 

1 u.1 

'n F' . 9 

hi [ 

n xam 1 of a gn to ph ric radio 

n tt , 1968] obs rv d a an altitud 

o pproxim ~ly ]200 kn. rOm h corr Ill. ion m asur m nt a 

600 Hz, h I h' ss is J. arly downgoing . Figur 9 alL'o illus-

t at s a corr Ja ion m anlrc nt at th sh rp l ow r cutoff fr qu ncy 

(510 HZ) of the hI 

and oin wa s 

hi band. In this m asur ment , both downgoing 

r ob rv d w'th th upgoing compon nt bing 

1 s int nse indica ing th t fl tion of the ELF hiss are 

b lml h pllit. 'l'h DC' o .c;(;..rvai.:ionc- 0.1' ('onsi nt 

with h xplanation of he lOI-frequ ncy cutoff of ELF hiss given 

by Gurnett and rns [1968] in t rrns of reflections near the two­

ion cutoff frequ ncy and ,,,iJ 1 be discussed in th! next section, 

Figure 10 illustrates a' oth r example of ELF hiss at an 

altitude of approximat ly 2500 kIn vThich is upgoing until 1418 UT 

and do~~going after 1419 UT . In order to further investigate 

this phenomenon of upgoing ELF hiss, a detailed study of ELF 

hiss correlation measurements from 140 Injun 5 revolutions was 

made . These measurements extended over the entire Injun 5 

altitude range , from 35 0 t o 75 0 INVL (a single observation was 

made between 80" and 90 0 INVL) , and for most magnetic local times. 



Th 'sults 0 th s m aGur m n s ar p I;S nted in Figs. 11 and 

12. In }'ig. 11, th In~'m 5 orbi is plott d, in alti d ve sus 

invarian latitud, for all im s at which do~ .going ELF h is s was 

observed. Figure 12 is a sim:Llar lot for ur10ing ELF hiss. As 

can b se n frum hese plots, down oing ELF hiss was observed 

over the entire region of altitude- invariant lati ude srace 

under study, whereas th highest latitude a which upgoing ELF 

hiss was observed is approxlinately 60 0 IlrvL. Furthermore, with 

the excep ion of three isolated observations of less than one 

minute duration, all observed cases of upgoing ELF hiss below 

1500 km occurred at local night, between 18: 00 and 6 :00 hours 

ML'l' • 

Sinc.., the high-latitude cutoff for upgoing ELF hiss coin­

cides with the approximate location of the plasmapause boundary 

[Carpenter, 1966J, data from the AFCRL electron density probe 

on Injun 5 were examin d for 16 cases in which a transition 

between .o~going and upgoing ELF hiss was observed. In five 

of these cases , the t ansition occurred on the low-latitude 

side of the plasmapause boundary, within the plasmasphere. In 

the remai~ilg 11 cases, the transition occurred within the 

plasmapause bou-"1dary, in the region of the "knee" in the electron 

density profile. A typical example of this transition within 



t plas paU3 boun ary (l D 1 tr n Fig. 10. A t r 

p ak in 1 c ron d nsity 4J ~: 0 UT, N b gins to d cr 

i h 

wi h 

h st i r~ t occ rring tw n 14~7 : 30 and 1418 UT , at 

approximately 56 .5 ° lNVL (L ::: ; . ) . Th transi ion rom up oing 

to downgoing EL h'ss oc urs a 1418:30 UTa all fr quenci s at 

which he micsion is obs rv d. Th corr lat10n m asur m n 

250 Hz in Fig. )0 in rcep s h_ lower requ ncy cu off 0 he 

ELF hiss (visible in th low-band el ctric and magn tic rec i r 

data) at 1413:30 UT. In this measurem nt , only upgoing waves are 

observed, in contrast 0 the ~o r lation measur ment at th l ower 

frequency cutoff in Fi . 9, wher both downgoing and upgoing waves 

were observed. 

~o other features ar 0 ten present in the high-band elec­

tric receiver data at plnsmapause crossings and can be seen in 

Fig. 10. First, a breakup in the low r hybr id Fe sonance (ilffi) 

noise band begins at 1417:40 UT, with the noise cont inui.ng until 

approximately 1420 UT. The LHR breakup at t he plasmapause has 

been i dentified and discussed by Carpenter e t al. [1968J. 

Secondly, t he electric antenna impedance increases sharply 

between 1418: 30 and 1419 UT . Since the impedance is a function 

of bot h the electron density and t he el ectron temper ature , it 

must be concluded that either t he denSity or temperature, or both, 



o ra h discon inuous ch a is tim Th plot of 

r u tim jn Fig. 10 d s not r·fl c this f atur_ sinc 

1 c ron d nsi y libra ion is function of lectron t mp ratur 

s c cr t po nti 1, n i .her of which w r available at th 

im h s pr lim:in ry el ctron density data le r pr par ed. For 

th plo in Fig. 0, a constant m ratur <:tnd pot ntial were 

assum d. N ver hel ss his nim lifica ion can only affect the 

magni ude of th "kn e" but not its g n ral location or f atur s . 

As a ch ck on th validity of th transition betwe n upgoing 

and downgoing hiss, large pha~e shi ts were introduc d in both the 

1 ctric and rna netic signals prior to making the correlation 
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m asur ment for a 1 rge number of cases i which a transition 

occurred. Sinc this transition often occurs at very nearly the 

same time that a large chang in the electric anten~a impedence is 

observ d (s e Fig. 10), it might be argued that the observed transi ­

tion in propagation direction is an instrumental effect caused by 

the high electric antenna impedance . However, in all of the cases 

checked, very l~rge phase shift s were required to change the sign 

of the correlation measurement for both downgoing and upgoing hiss. 

In addition, in a large number of observations of ELF hiss, short­

fractional-hop whistlers were observed Simultaneously and were 
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always foun 0 b upgoing as expec ed. Whenev r shor -fractional­

hop whi 1 rs w re simul an ously observed on both sides of a tran­

sivion b we n upgoing and downgoing hiss, iden ical phase shifts 

w r required 0 chang h signs of bot the ELF hiss correlation 

and he whistl r corr la ion ~ asurements, giving very good evid nce 

hat the change in the propa atio direction of ELF hiss as deter­

m;.ned by the Poynting flux mee.surement is indeed a real eff ct . 

It is there:ofor conclud d that larg electric antenna impedances 

are not affectin the correlation measurements of ELF hiss. 

No systematic dep ndenee of the correlation measurements 

on the sat llite orientation has be ,n observed for any of the ELF 

hiss cases studied and it is ~oncluded t11at errors in the magnetic 

alignment of the satellite did not affect the Poynting flux 

determinations for ELF hiss. 

, 
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2. ation 0 R sults 

Th ob rv ions of down oin ELF hi"'s 0 r h n i r 

rang of al i de nd i v r'ant 1 t:i ude und r study is in agr 

ment with previous vid nce on th i r ct"ion of propaga i on of 

ELF hiss, Kennel and P zchek [1966] sugges ed ha t h _ genera-

t i on of VLF whistl r-mode noise at high altitud s near h 

equatorial r lane might account for the wave ner gy ne cessary to 

dri v observed pitch-angl diffu"ion r esulting i n par i cle pr -

cipita ion into the ionospher . Russell tal. [1969] have observed 

he occurr~nc of steady ELF nois~ in t e r egion below L = 6 from 

0. 00 to 6 . 00 {LT and a magn tic latitudes around 45 ° above L = 6 

in the sunward hemisphere. 

Gur n tt and Bur ns [1968J explained the sharp 10wer cutoff 

frequency of ELF hiss L1 th ionospher in t erms of the reflection 

of downward- propagating wav s near the t wo-ion cutoff fr quency 

be tween the proton and helium gyrofr equenci es. The correlation 

measurement at the lower f r equency cutoff illustrated in Fig. 9 

provides the fir st dir ect experimental evidence to support the 

reflection meehanism proposed by Gurnett and Burns. The corre­

lation at 510 Hz i n Fig. 9 indicates tnat reflections of down­

going waves are occurring near the two-ion cutoff frequency. 

However, the correlation measurement at 600 Hz, showing only 



dmmgoing ",av s, sug s hat ELF hiss is no bing r fl cted 

below the sat lli al ida this fr qu ncy . This can occur 

if he w frequ ncy is above h maximum two-ion cutoff fr -

quency in the ionooph r _ at all ltitudes below the sa elli e. 

Th wo-ion cu off is seldom obrerved abov 600-650 Hz [Gurnett 

and Burnt), 1968J so tha the E:LF hiss at 600 Hz in Fig. 9 is 

very likely above he maximum wo-ion cutoff and is, th refore, 

able to propa a to he base of the ionospher , where s rong 

absorp ion can occur to at enll tc the refl cted wave. 

The 0 serva icns of upgojng ELF hiss can te explain d in 

terms of a propagation effect in which dO~1going waves may propa­

gate across t e plasmapause to l ower latitudes and be subsequently 

refracted upwards and trapped wi thin the plasloosph reo This 

explanation is able to account for (1) th high-latitude cutoff 

of upgoing ELF hiss, (2) the decrease , during local night, of 

the 1,_ "Own alti ude at which upgoing ELF hiss is observed, and 

(3) the observation of upgoing ELF hiss with a low-frequency 

cutoff (see Fig. 10). It should be mentioned here that for each 

case of upgoing ELF hiss presented in Fig. 12, the measurement 

was performed at the highest frequency at which the ELF hiss was 

observed. This was done in order to assure that reflections of 

downgoing waves near the two-ion cutoff frequency were not 
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contaminat ng he t , since r ctions n ar th . two-ion cutoff 

r qu ncy can ccur at any 1 ti , both insid nd oucsid of 

h plasmaspher. If th r w s a po sibility that th obs rv d 

u oin wa~ s w r du to such r lections, then th da a sample 

was discarded. 

In ord r to examine th propaga ion ff cts r sponsibl 

for th obs rvations of upgoing ELF hiss in the plasmaspher e , 

consid r a wave propagating down th geomagnetic fi ld in the 

low-d nsity region on the high-altitud side of the plasmapause 

boundary. The refractive index surface for this wave is shown in 

Fig. l3(c). Also shown in Fig . 13 is a plot of the perpendicular 

refracti~e index n~ ~ersus altitude in the plasmasphere (Fig . 13(a)) 

and a plo of h c ron d nstty N ve us a i ud at h e 

plasmapause Fig. l3(b)). If the downgoing wa~e is not propagating 

exactly pu,j:allel (e = 0) to the geomagnetic field, then can 

propagate across field lines to lower latitudes, thereby crossing 

the plasmapause boundary and entering a region of higher denSity. 

The denSity increase at the "knee" may be as nruch as a factor of 

10 to 20. As the wa~e propagates into the higher density region, 

nil will r emain nearly constant a('''~ss the horizontal gradient 

(see Fig. 13(c)) . However, n~ will increase with increasing 

electron denSity, thereby increasing the wave normal angle e. 



Sinc e i st'll 1 s h n TT/ 2, h will continu o 

propa a downward, , how ver, h w is abov h al i ude 

at which nJ. n t pl aon sph re is a minimum, nJ. will d cr as 

as the w s downward, causing e to finally b corn 

qu I to rr/2. A his point, n can no longer d creas and th J. 

wav will r frac upw rd" (e .' TT / '? ) • On h oth r hand, if the 

wa is at an al i ud below th mininrum in nJ. when it crosses 

th plasmap se boundary, the th wave will be able to propaga e 

into the lower ionosph re o 

In order to investigate the behavior of nJ. as a function 

of alti ude, nJ. was calculated in a computer program using several 

differ nt ionospheric models computed by Colin and Dufour [1968J 

for solar minimum conditions . Thp.se models provide a suitable 

indication of the behavior of nJ. as functions of both altitude 

and local time . For daytime ionospheric models at solar minimum, 

the minimum in n ranges from approximately 1500 krn to above J. 

3000 km. For nighttime models , however, this minimum can decrease 

by a factor of two to three, to well below 1000 krn. Thus, the 

propagation model described above can account for the fact that 

upgoing ELF hiss is observed below 1500 krn only during local 

night . In addition, th ionospheric model programs indicated 

that there was no sub s tantial dependence of the minimum nJ. alti­

tude upon frequency over the frequency range of ELF hiss. This 



i in agr m n wj th th I)bs rv tions which show th t th tr nsi-

ion w en up oin d down oi wa s occurs a v ry n nrly 

th s m im a all fr qu ci s (s Fi 10) . 

In ord r to expl in th low r fr qu ncy cu 0 of upgoin 

ELF hiss in the plasma ph r f , consid r again a wav propaga ing 

down h geomagne ic i ld just outside th plasmapaus boundary. 

Th wo-ion cutoff fr ql ncy in this region will d cr as with 

incr aSing al i ude. At some gi~ n altitude h , only waves with 

frequencies gr ater than or equal to th local two-ion cutoff 

frequency f may be observed; all waves with frequencies l Lss 

than f will have been reflected, outside the plasmasphere, at 
-1(. 

alti tudes gr eat r than h. The "Taves wi th frequencies reater 

than f which are able 0 propagat to altitudes belo"T h may 

cross the plasmapause boundary and be refracted upwards, as 

discussed above. If the satellite is at or near the altitude 

h , within the plasmasphere, these upgoing waves will be observed 

at the satellite. However , upgoing waves at frequencies less than 

* f will not be observed at the satellite since they are not able 

to enter the plasnmsphere below the satellite. Thus, a lower 

frequency cutoff of upgoing waves will be observed. But this 

* cutoff will be near t he two-ion cutoff frequency at altitude h 

outside the plasmasphere, rather than near the local two-ion 

cutoff frequency at the satellite as discussed by Gurnett and 

Burne [1968]. 



Th of downgoin w s the lower cutoff fr qu ncy 

in Fi s s th t i her (1) 11 wa. s which n r the 

plasma"ph r a.bov l ti ud h a r r frac cd for thcy reach 

lli , or (2 ) no wav n r th :.>la.smasph r abov al i -

tude h . Th la tcr migh occur if, for xrunpl , h way normal 

angl hay not deviated sufficiently from e = 0 (parallel 

propagation) in order 0 propagate across field lin s and into 

he plasmasphere by 'he ime th y reach altitude h . 

It should be pointe Olt h re ha the refl ction of down­

going .... LF hiss in the lOvler ionosph r might p ovide an additional 

source for upgoing way s wi h-Ln th plasmo.£.pher . It has been 

suggested by Heyborne et al. r1969] that the observed cutoff of 

VLF signals beyond the plasmapause in t i c ionosphere might be 

due to a sharp incr ase ~n absorp ion in the lower ionosphere 

beyond the plasmapa1J.se. Such an ab:;orption increase could 

explain the absence 0~ upgoing waves outside the plasmasphere 

while allowing reflected T.,aves to propagate u 'ward withj.n the 

plasmasphere. ~uch a m~chanism , however, cannot account for 

the diurnal variation of the mi nimum altitude at which upgoing 

waves are observed in the p . asmasphere. It is therefore concluded 

that such reflections in the lower ionosphere can only contribute 

in small part, if at all, to the observed behavior of ELF hiss 

propagation. Similarly, a source of ELF hiss at low altitudes in 

the plasmasphere (in addition to sources at high altitudes) might 



successfully xplain th obs rv tion of upgoing wav in th 

plasmasph r. How ver, such a m ch nism cannot xpl 'n h obs r­

vation of upgoing hiss with a low-frequency cu off. 

Onc a wav is within the plasmasphere, it is not a simpl 

mat er for it to propagat across he plasmapause boundary to the 

low density r gion. Conditions of total internal reflection could 

result in a trapping of waves and consequently, ner y, within 

the plasmasphere. Under these conditions, one would xp ct to 

obs rye higher intensities of ELF missions within the plasma~phere 

than without. It is proposed that this vrapping of wav s within 

the plasmasphere can account for the observations of much great r 

ELF hiss intensities below L values of 4 to 6 than at h'gher L 

vables by Russell et al. [1969J, using 000-3 data. It is further 

suggested that ELF hiss which is observed wIthin the plasma-

sphere might possibly be due to sources outside the plasmasphere. 

F. Chorus 

Illustrated in Figs. 14 and 15 are examples of VLF chorus 

at an altitude of 2;30 km. The correlation in Fig. 14 shows the 

chorus to be downgoing at 69.9 0 INVL and in Fig. 15 shows the 

chorus to be upgoing at 51.40 INVL. The results of these and 

15 additional measurements all indicate that chorus is propagating 

down the geomagnetic field lines from sources at altitudes above 

the satellite and that upgoing chorus occurs or:ly within the 

plasmasphere, just as for ELF hiss. 



Th ob rv ons 0 do ho l~ r s n d h r ar in 

app r n diso. r Ir._n with h th 0 y propos d by w'f [1968J 
in which chorus is g n ro. d a low 0.1 i ud s by 0. elec ros a c 

oss-cone instabil'ty o.ssocia .J w'th ring curren pro on .... The 

observations 0 u s 11 e al- [1 9J ar in ag ment wjth th 

observa ions descr'bed h r as concerns the source aJtitude for 

chorus, Howe r, a comparison of th ... S Ie do. a rais s a que"'tion 

concerning cho ~ propagation. Rus~ell et 0.1. [1969J observ d an 

incr ase in th fr quency of occurr nce of chorus a high altitudes 

for L-values abov 7 bu observed chorus infrequently for I.-values 

less han 5. Since chorus occurs in the same frequ ncy range as 

ELF hiss and is propaga ing in 'he sa e mode, then on lould . eCL 

a trapping of waves in the plasmaspher in the same manner as for 

ELF hiss' the Injun 5 observations would support such a resul . 

However, the results of Russell et al . [1969J are inconsistent 

with such a process. In addition, Burtis and Helliwell [1969J 

find that banded chorus is also mos common outside the plasma­

pause in the equatorial region. 

In order to l'esolve this inconSistency and to gain a be ter 

understanding of the propagation of chorus, additional examples 

must be studied using the Poynting flux measurement technique. 



G. VLF Hiss 

1. Results of Obs rvations 

Figures 16 th ough 21 jllustrat corr 'la ion m aeu!' 

for VLF hi s. In these six exampJ. ~s.\ and in )4 add' ti . 

which have b en studied, VLF hiss is observ d 0 be prop go. jng 

down th geoma netic fi 1 lines. In addition, in all but 5 of 

the 40 cases studied th re are also way s proprlgatin up ,lw 

geomagnetic field from below th sa llite . The upgoing w v s 

ar much less int, nse than ~h(~ dow1going waves and the impulc<ive 

burs ts whi~'l chp,J.'act. 'riz ma~~ of the VLF hiss v n s ar much 

Iee e frequent for the "pgoing '\'mve~ han for he dow .. 60in6 r~v _ c:. 

Sever al djstinct spectral forms of VLF hiss ave e n 

found in t he In~un 5 data , including wo types which have not 

been pr vi ously distinguished. Figure 16 illustrates th ost 

commonly-observed f orm of auroral-zone VLF hiss . This yp ~ of 

hiss has been discussed in detail by Gurnett [1966] , who r ferr d 

to it as impulsive hi ss, and is charact rized by slow spectra) 

variations on a time scale of t he orde r of a second and a ) weI Cl -

off frequency t hat t ends initially to decrease with incr_asi 19 

latitude, r eaching a mi nimum a t about 70° INVL, E.nd then ten OJ 

to increase with i ncreasing l ati t ude [Gur nett, 1966] . Thi~ 

latitudinal frequency dependence is dramatically illustra~ d jn 



Fig, rr, r n 't'o n ul iv 

a smoo h r Th 

Fig. 17 on 0 w c s only 

way s w r ob" rv d, 

8 and wo o V-

hiss . Thi (} mi • on s 

w 0 ound ha V- 'h d hiss 0 occur d n rocia 

int n" flux s 0 10 k V pr c1 t'n 'c on us'n 

data, - hap d d by nar ow bands 0 

which xhibi a mo t , s e v ri on fr qu n y w h 

may symm tr c in ~hap 's n 18 rom which h 

"V-snap d" nam is d , or ray m ly con"i t 0 s 

of nar ow miss'on b d 

accomp nied by a dif s 

a" in Fi, 9, V-st p d ,s is 0 t. n 

ro d of 1 1 tiv ly w ak VI~ h'ss, 

The yp _ 0 e i sion i ustra d in Fig, 20 ha no b e:l 

pr viously repor d and, 1 ho 1 simi1 r to V-sha d hiss , is 

unusu 1 n h t th bands r very int ns and w 11 d fin_d 

the w ve magnetic fi Id is r:y w uk . (Althou h no vis 'bl 

the spectro ram, the hi ensitivity of h corr Ill. ion m 

ment nabl s the wave nlQe1"'l~tic fi Id to b d ect d. 

Illustra e'] in Fig. 21 is a n w typ of VLF hiss which 

occurs conunonly at sub-at~ .': ' al latitudes and which is c ] 1 d 

nd 

in 

e-



ti u s , i C 0.1 C ~r z d y nar OW and of 

on 1-2 lrJlz in wid h, nd exh bits 

1 y d _nd nc 
I th fr.quency d cr a ing 

W~ h ncr ail Jid-1a ,1 ud hiss has not ue n ob"'erv d 

65" NV on Inj 5, as a or 1-zon . VLF hiss it" s ldom 

1 ti uc s low 65 0 NVL [Gurn , 1966J, 

V hlSS uas b nob. lV d in all, four of the" rror qua.d­

r Ii s' d'acuss d 'n Chay r .. and no ori ntation dep.nd ncE' has 

n obs rv a, It is conclud.n crefnre , hat the misori nta.tion 

o th sat(llit is also no lffecting h Poynting flux dct r­

min t~ons of VTF hi a, 

2 iJlscussion of H sults 

Th oLs~rvations of downgoing VLF hiss clearly indica 

hat VLF hiss it n ra.t d abov thE' al ti tilde range 01 the Injun J 

sat lli e, The simultaneous 0 serYations of upgoing VLF hiss may 

be d e to the r fl etion of downgoing wa~ s below th satellite, 
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or additional mission of VLr hiss below the satelJite, or ~ 

combination ~f the two, It will be s gestp.d below that th results 

e,f the Poynting flux measurements of VLF hiss are consistent with 

(1) emission by Cere.lkov, and J,;ossibly cyclotron, radiation and 

(2) a refl ction of downgoir.g VLF hiss below the ",ltitude at which 

the way frequency is equal to the local LHR flequency, A entative 



xpla 1 io of mi -1 is is su d possibl 

a.n1sms for h g n r ion 0 V-ttl d his5 ar discus d. 

L1 mohn [1965 n el [1967] hav treated h_ 1 

of the radi ior from a par icl spir ling in magn ... 0-

p1asn . Th y '''cuse; hr yp. s 0 M' ssion which may prop 

in h whi s tIe r lode a v ry lou f-r'e que nci s: renkov radio. i01 

"norIne.l" cyclo lon radi ion a. 'anomolous' cyclotron radiation. 

C r nkov radio. ion i e e ntirely in he forw rd hemisphere 

,.,i h re p c t 0 the idi!g c.n er o'ion of th particle and is 

prod ced by he charg 's polarization field through construc ive 

interference w en the local hase velocity is less than the par­

icle veloci y, Doppl r-shi ted cyclotron radio. ion i~ produc d 

by the accelera ion d~~ 0 he orbit gyrations of the part'c 
} 

and consists of a "normal" emisfion in which he par icle moves 

slower than the local phase v locity and which is mitted entirely 

into t e backward hemisphe.re in the whis ..,ler mode, and an 

"anomolous" emission in which the particle moves faster than the 

local phase velocity and which is emitted entirely into the f 

ward hemisphere [Liemohn, 1965]. Liemohn [1965] concluded that 

t.he total energy produced by an incoherent Cerenkov radiation 

process was too low to explain the observed power densities of 

VLF hiss. However, J¢rgensen [1968] showed that Liemohn ' s [1965] 

3 

I 



.. 0 al 0 r c lculat'on w~r s V r lord rs of m gni ud tvo low, 

h r by r op ni t possjbjlity h t auroral-zon VLF hisn c n 

b g n rat d by incol rent C renkov radi t_on. 

Th r ~~ insuffici nt d. a available a. pr nt to stir, a 

th con ribu ion of "nomal" c .. rclo ron radia ion to VJ.F 11i::is 

emi. sion. Such radiatio woulct be m tt d in he backward hemi­

sphere from the particle motion and thus par icles precipitating 

down the geomagnetic field might account for th obs rvation of 

upgoing, as well as downgoing, VLF hiss. If mission does occur 

both above and below th sa elli e, it would be reasonabl to 

Xl)ect higher in en<"ities from dmmgo..i.ng waves than from upgoing 

waves, since there is A. much greater flux tube volume in which 

ra~iation can be generated above the satellite than below. Higher 

downgoing wave intensitjes are, in fact, observed ifi the Injun 5 

Poynting flux measurements. 

In addition to the possibility of emisSion below the satel­

lite, it j ) expected that reflections of downgoing waves below the 

satellite will contribute to the upgoing component of VLF h~ss. 

Such reflections will most likely occur near the altitude at which 

the wav-e frequency is equal to the local IRR frequency, since the 

lower hybrid reson~ce is the only resonance or cutoff in tht 

refractive index in the frequenc.y range of VLF hiss observed with 



Injun 5. The r fl ction ch n m at h 

and K nne) [19 7] un 

I..HH fr qu ncy as been 

by tor y and C risicr discus~ d by Th0rn 

[1968], who show hat downgoilg w~ves with way normal angl s 

near TTl? will r fl c cd wh n t _ local l.JIR fre uency exceeds 

the wav frequency. 
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A Cercnkov radiation mechu ism migh al 0 provide a plausible 

explanation for the mid-In itude iss observa ions, as illustrat d 

in Fig . 21. The pm er radjat'd by Cerenkov emission is very strongly 

peaked at the local lirn frequency with much large r powers mitted 

above the LHR frequency than below [Jprgensen , 1968] . Thus, at 

lower lati udes where much smaller precipitating par icle fl xes 

ar e available, one vlould expect int;ense emission to occur only 

over a narrow band of frequencies near the Jocal LHR frequency. 

Due to the altitude dependence of the llfR frequency, the frequency 

of most intense emission will increase as a radiating particle 

travels down a field line from high al itudes. However: since the 

emission will be generated near the local Il{R frequency with large 

wave normal angles, the downgoing waves will be reflected eoon 

after the lliR frequency exceeds the wave frequency. Thus, intense 

emission would be observed from the region j~~ above the satellit~ 

and would occur near th~ local llffi frequency . The frequency of 

the "band" .)f mid-latitude hiss ' llustrat d in Fig. 21 is consistent 



with det rminations of the local LHR fr quency at thes lati tudes 

with the Injun 5 VLF experimen [R. R. Anderson, personal communi­

c tion]. 
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ince the V-shaped hiss ey nts are often found in associa­

tio.1 wi h intense fluxes of pr ci ita ing particles [Gurnett , 1966] , 

and coince the correlation measurements 0 V-shaped hiss events 

yie ld similar re sults to the measur ements of normal VLF hiss, it 

is suggested that the same emission mechanism(s) may be r esponsible 

for the V-shaped hiss events . The characteristic shape might be 

produced by (1) a frequency-dependent limiting raJ' angle for 

propagation f rom the source to the satellite , or (2) some form 

of r esonancp. effect in which a source r adiate s at different fre­

quencies as it propaga es down the ge omagne tic field. The examples 

illustrated in Figs. 18 and 19 are suggestive of an explanation 

in terms of the first hypothesis, since the V-shaped emissions 

seem to be "filled-in" as might happen if a source radiates con­

tinuously along ~ field line, whereas the example illustrated in 

Fig. 20 is suggestive of the second hypothesis, since it is 

difficult to understand how a source could radiate continuously 

at all f.equencies and generate the extremely sharp spectral form 

of Fig. 20. An explanation in terms of a limiting ray angle for 

propagation is discussed in detail in the next section for 



~auc r-shap d emissions , which ar enerated below the satellite 

1 i ude, an will no be discussed her . I is possibl that 

such a propagation effect could also explain he V-shap d his 

events en r a t d a~ove he sa elljt altitude. Such an exp_ana­

tion is fur her s gested by he fact that V-shaped hiss ven s 

often hav v ry vle'~k Ida netj c fiel::ls , indica in that propagation 

with large wave-normal angles may be occurring just as for the 

saucer-shaped emissions. In order for an explanation of the 

V-shaped hiss events to be sat.isfactor y , however, it must also 

be able to account for the simul ar.eous generation of the rather 

diffuse, 1m., intensity baclqzr01.1nd his s, as ,.,ell as the intense , 

sharply-defined V- shaped emissions. 

In 1ummary, it is suggested that the Poynting flux measure­

ments of VLF hiss are consistent with radiation from precipitating 

particles (at altitudes up 0 several earth radii) by a Cerenkov, 

and possibly a cyclotron, mechanism. In addition, it is expected 

that the r eflecti ;1 'l' ,r vmgoing wave s below the altitude at which 

the wave frequency ~~ equal to the local LHR frequency can explain 

some, if not all, of the upgoing VLF hiss observed with Injun 5. 



II. 

1. Results of Obs rvations 

Illus tra ted in Figs. 22 hrough 2!~ are example s of a new 

type of' emission which is called a "sauc r" . following the 

terminology 0 sev ral investigators. In each of six xamples 

investigated to date, the Poynting flux of the saucer-shaped 

mission is direct d up the g omagnetic field line, indicating 

that the ~ource of the emission may be belm., the sa telli te. The 

six examples stu.died ranged in altitude from 1840 to 2530 kIn 

and in latitude from 69.4° to 74 . 5° , jndicating that the 

saucer-shaped emission is predominately an auroral-zone phenomenon . 
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CorreIa ion measurements for ~aucer-shaped emissions have been per·, 

formed in each of the four "error quadrants" of satellite misalign­

ment (see Chapter II) and no orientation depenuence has been observed 

in the measurement . 

Saucer-shaped emissions were first observed with the Alouette 

1 and 2 satellites. They typically have a duration of from one 

second to several tens of seconds and occur in the frequency range 

from about 2 kHz to above JO kHz. The outer "envelope" of the 

emission is often sharply defined, as for the ca~~ shmln in Fig. 22, 

and the electric field intensity is u~ually greater than the mag­

netic field intensity, relative to free space. Within the outer 



nvelop of th sauc r, the mission may be rather dif sc , tending 

to partially "fill in" the charac eristic parabola or hyperbola 

shape, as in Fig. 23, or th aucer may e a very distinct and 

well- defined line, as in the emissions in Fig . 21~. Figure 24 is 

a good xample of multiple so. .cer- shaped missions and indicates 

that several saucers, each ha\~ g different wid h, may be super­

imposed in time. The saucer-f:hapcd emissions are no t always 

symmetric in tim ; sharp chan€;es in intensity may occur, e.s well 

as frequency shifts from one half to th other, as illustrated 

in Fig. 23, and gaps may occur at the minimum frequency of emission. 

In addition, spectrograms of these emissions sometimes have atten­

uation bands at 11al'monics of the proton gyrofl'equency (see Fig , 14 

of Gurne t et al. [1969J) . 

As a result of the Poynting flux measur ements of saucer­

shaped emissions, they are considered to be distinctly dif ferent 

from the V-shaped hiss events , although they may possibly be 

generated by the same type of emission mechanist'} . The symmetry 

of the saucer en relope suggests that the source of this emission 

may lie along the symmetry axis of the emission, i.e., on the 

magnetic field line passin~ through the satellite at the time 

the minimum frequency is observed, much as for the V-shaped 

hiss events. Unfortunately, because of the limited number of 
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sauc r observation in th Injun 5 data 0 date, the r lationship 

be ween the saucer-shap d emissions and charged particle fluxes 

has not yet been investigated. 

A Quali ta tiV'e Explana ion of th . 
Sauc r Envelope 

(NOTE: TIle following discussion and explana ion of the 

saucer envelope is from Mosier and Gurnett [1969J an& was evolved 

jointly va th D. A. Gurnett.) 

When the anisotropic propagation of whistler-mode waves 

upward from a sour~c below th satellite is considered, a ready 

explanation arises for the characteristic frequency-time spectra 

of the saucer-shaped emissions. For a qUl:!.litativ8 model, the 

source is assumed 0 be of small extent in the north-south 

direction, such as a point source or a source dist~ibuted along 

an east-west line (an auroral arc, for example), and located 

below the satellite. The sharply defined frequency-time envelope 

of tlle saucer can then be explained by a frequency-dependent 

limiting ray angle for propagation from the source to the satellite . 

The noise intensity variacions observed at a given frequency are 

then completply due to the horizontal (north-south) motion of the 

satellite through the "team" of allowed ray paths from the source 

to the satellite, and the frequency dependence of the beam width 

accounts for the observed fre~uency-time envelope of the emission. 



For 1 e whis ler mode of ropag ion 'he r nre TO limi ing 

ay an 1 s which could possibly explain he observed beam wi dth . 

As shown by Smi h [1960], Hellhlell [1965], and 0 h r s) the angle 

" e ~le n the ray dir ction and he sta ic m ~ne .;ic field depends 

on t wave orma] angle 9, also measured elative 0 ie s a ic 

m~gne ic fiel , as shown in Fig . ?5(a) . (This angle * should not 

be confused wi h le azimuthal satellitc orienta ion angle I used 

in Chapter II.) he firs t lin' ting ray angl.e , ,I , occ rs a a max 

wave • orr al angle intermediate bet. een e = 0 and e = 9 . Thi s 
r e s 

first limiting ray angle was or iginally di scus sed by Storey r 195.3 J 

in connection with the guidinB of whistlers in the geomagnet.lc 

field. In the low frequency limit .1 is appr oxima ely 19 c 29 ' max 

[S ore 1953J. The second limiting ray angle , I occurs a s , 
r es' 

the refractive i dex goes to infinity at '" a wave normal angle 

equal to the reSOna.l.1Ce cone angl e , 9 
r es Since t he r ay direction 

is perpcndicular to the r efr active i ndex surface [Stix, 1962 J, 

the simple geometric construction in Fig . l O(b ) shows that 

Several fact or s s t rongly sugge st that it is this second 

limiti ng r ay angle , * ,for wave normal angles near the resonance r es 

cone angle, which accounts for the charac t eristic shape of the 

sauce r envel ope: 
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(1) Since he tempvral (spatial) width of th' env lop increas s 

wi h increasing frequency, he limiting ray angl must in-

crease with increas5ng fr quency. Only has r es h r qui red 

frequency dep ndence "inc ,It op,cr ases wi h incr asin Tmax 

fr quency [see Smith, 1960J. 

(2) ~e large observed ratio of lectric-to-magnetic field 

strengths for the saucer-shaped emissions suggests that 

the vlave nonnal angle is very clos to the l~esonance cone 

angle. 

(3) The proton cyclotron harmonic interaction observed apd the 

doppler shifting of the cyclotron harmonic fr quencies 

sometimes observed [Gurnett et al., 1969J SuggE'" that tile 

wavelengths involved may be as sho as ~Oo meters, corres-

ponding to a very large refractive index (~300). These 

very short wavelengths are possible only for wave normal 

angles near the resonance cone angle. 

Wave nonnal angles very near the resonance cone angle could 

occur because of several possible reasons. The emission mechanism 

may favor the production of waves with wave nonnal angles near the 

resonance cone angle. Also, even for wave normal angles not 

initially near the resonance cone angle the rapid decrease in the 

electron density and refractive index with increasing altitude by 



I l' t n 1 W C U W v no -I 1 to Ipro'to; 1 son nc 

cone an 1 rop a t iOl0 ph re. 

.1 qu ncy- in h p 

of th sau sio illus in Fi ,5 . 25(c) and 

25(d) hich show h 'a p ,;h'" h so rc to he 

sa elli a s veral requenci ~ s d h sulting fl'equ ncy-

tim spectrogram observ d by t so. elJi passing ov r 

sourc . For his quali ati i lustra ion, i is assurn _ hat 

he plasma pararne ers are independ n of alti ude so that -he r y 

paths are st~aight lines. A ~ore quanti ative model wOllid of 

cour~e require a d tailed ray path integra ion . 

The simple ray path model illustra d in Fig . ?5 quaIl ta-

tively explains the principal feat 

envelope: 

of th saucer ]nis sion 

(1) All waves with wave normal angles near the resonance cone 

angle result in ray paths which are inside the limiting 

ray path and, hence, inside the outer envelope of the 

emission . The large field intensity near the envelope 

i3 the result of the very small spread in ray directions 

for wave normal directions near the resonance cone angle. 

(2) The frequency-time shape of the outer envelope can be under­

stood in terms of the frequency dependence of the limiting 



y 1 I 

, r s URing h o a,ion n ~ ~ined by Stix [1962], 

th 1imjting ray a 1 is giv n by 

2 tan res == - SIp I (11) 

If x is th _ horizon al dis ance (also proportional 0 the 

time coordin te on the ~p ctro ram) from the syrom try axis 

of -he emission and h is the al 1tud of the sat llite above 

the soure.: , then 

2 
== tan , 

.. e s == - Sip (12) 

Th ml.nirr.urn frequency of the erdssion nvelope (x =- 0) can 

now be identified as the llfR frequency, where S = 0 [se 

Stix, 196?J. The shape of the emission nvelope near the 

IJ-IR frequency can be approximated by '. ·.panding S in a 

Taylor series abuut f == fLHR and neglecting higher order 

terms 
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which upon sub titut ing i nto Fq. (~ ~I ) b com 

(1 ) 

Equn on (13) above shows hat in the n ighborhood of the 

urn fr qu ncy, wh _re oStof and P can b regarded as c'on-

stant, the emi soion n're] ope is a parabola. 

At higher fr qu ncies t h nhape of the emin sion nvelop 

dep nds on th detailed plasma ar ameters. If the el ctron plasma 

frequency , f , is less than the elp.ctr on gyrofrequency, f , then 
p g 

he env _ op~ <:',.rmp .cd .. i~ally . :r)'rn3.ch~ the 1 c r on p (tsma fr~q'.v')n ('y 

as shown in Fig . 25, since P go s to ze r o at f = f . I f f is 
P p 

great~r than f , then the envelope: asymptotica11y approaches the 
g 

electr on gyrofr equency: since S become s i nf ini t e a t f = f g . Thus, 

t he upper f r equency limit i s either f or f , whichever i s smaller. p g 

Since the upper f requen<.:;{ l imi t of t he I njun 5 wide-band receiver 

is well below either the electron gyrofrequency or plasma frequency, 

the ~laring of the emission envelope at higher frequencies, as 

shown in F~ g. 25(d), has not yet been experimentally verified. 

In order to provide a rough quantitative verification of 

this explanat.i on of the ~mission envelope shape , Eq. (12) was fit 



to h nv 10 0 h sauc r shown in Fi . 22 usinG .ralu s 0 tt 

yrofr qu ncy n fr qu ncy compu R.t th so. IIi v n 

hou his d riv d und r he listic 

aSE;;ump ion of 0. compl n ous ionosph r wi h rai h -

lin ray paths. The 1 ct on ro r qu ncy at h sat 11ite 

durin hi~ yen was det rmin d 0 be = 602 ~{z from h 

Jens n and Cain [1962] xp nsjon for he ornagn tic fi Id, and 

th 1 ctron pla~ma. frequency was determined to be I = 200 kHz 
p 

from the AFCRL 1 c ron densi;y prob on Injun 5 [R. Sagalyn, 

per~onal communication]. For these rather low d nsity conditions, 

wi h r! « f2, S in Eq. (12) can to a v ry good approximation c 

writt n 

S 

Since P 

= 

? 
LHR 

1 - -r;­
fc; 

2 ? 
= 1 - f If [Stix, 1962], Eq. (12) becomes 

p 
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f 00 kHz nd fUIR 1.'( kHz ( s ,im tr>d ~ . e milimum 
p 

ncy of th mi ion nv ) (13) a ov was foun to pro-

vid n '"xc 1 f t to h 0 th sauce "hown in 

i . 22 if t e v s :ocat.d _ 1100 kIn b 1M h· 1i 

or a n oJ i tude of a ou 1400 kIn. nce tl,i s so c loca ion 

yp sis 0uld b I.:!nph siz d th this 

calc tion iv s a. "virtual sourc location' which may diff r 

som wh t f 0 h actu 1 sour location wh v rtical a . n s 

in th ionos 11 r ar consid cd. eve hel ss, t xc lIen 

agrc m nt between th_ obs rv~d shap of th mission nvclope 

and . (lJ ) and th physically asonab).e virtual source 0.1 ti t'll.d 

predicted ~hows ba nis propos d xplanation of th so. cer 

n lop is quant,itativcly r a~.)nable . For very narrow saucers, 

such as the xampl s in Fig. ?4, th virtual source altitude would 

be much hi her, nearer the sa ellite. 

When vertical gradients in -he ionosph re ar considered. 

the detaile shape of the emission env lop mus , in general, 

be d rmined by numerical .ntegration. If vhe electron plasma 

frequency and tlle IHR frequency d !crease monotonically with in-

c~easing altitude as shown in Fig. 26(a)} then the limiting ray 

paths and the corresponding ~mis~ion envelope will have the form 

illu~trated in Figs. 26(b) and 26(c) . The altitude dependence 



ncy c.. G t r y to di: r s 

i d n 2 (b) wi h in r sin r s 

nc 0 low rin th- source 

tud 10 c compu u n q. (17) • 

Th 10w-fr qu ncy cu of 
LHR ("0 c ) occurs b caus 

th 1i mi"in h ~ "an 2 is iv \ for al i-no r Y n ga r s I 

tud wh h ,. v r q ency is 1 ss than th IRR qu ncy. 

1 p in . sion nv lop a fIHR ( ourc ) occurs becaus m 

th t"'0 h" at h" s r q.u ncy div rg as h y 

prop a " upward in a c ionosphcr ~or fr quenci 5 h low 

th LHR fr qu ncy, ~ r y p hs ar a "nsitiv function of 

h in1 i 1 wav o 1 angl and no g nera statcment~ can be 

m d conc rning prop a ion a th s frequ ncics. 

ec s due to this "gap" in the mission n ~]ope are 

o en clearly evident in th sauc r-shap d missions observed 

with Injun 5· Near the minimum fr qu ncy uf the mission the 

r:relope often becomes very indistinct and poorly definei, 

as can be seen for the saucer shown in Fig. 22 . In some cases 

the emission almost completely disappears in the gap region as 

could be expected from tpe ray path model illustrated in Fig. 26. 

As might be expected, irregulartties in the symmetry of the saucer 

envelope are not as COmL10n in the extremely narrow saucers such 



th s 1l1u -4 ... . 24. 1 i s asswn d h v rti 1 

iono'" ric r di nt. r p nsibl fo s ch f ct,.. a 1 

p m nirn n r qu cy of mission 0.1 nt 

r on fOI ymn tr1 in th (wi r sp c to 

h 10 di. nc r j.m . xi ), n on would 

th efr ct r d' t:; 0 b minimiz d or sourc v ry 

n ar s t 1] j t c . Thus, h' v ry narro 1 sauc S shoul . b 

xp c d 0 fi h simpl' i <l nv lope of Fi . 25 mor cl s ly 

han h uc r o· nru h lon r dur ion. 

The prop .od 1 d scri d above accou for mos 

of th' g neral characv ristic3 of the coa ' c r-shape emissions, 

and . S • ~liev cl to b n illy co rec~. irow ver, many detail d 

ques ions r main o b investigated, including (1) actual 

sourc 0.1 itude, (~) the source geom try (point, line sh t, or 

ext nded source), ()) he 'mission m ch nism and _lated particl 

fluxes, and (4) he detail d orig~n of th pro on cyclotron har-

monic~ sometimes observed. 

NOTE: An xplanation of tt. sauc r - shaped emission similar 

to that present d above has been advanc d indep ndently by R. L. 

Smith rpersonal communication] . 



v ral conclusiv 

oyn in luc m ~ II . n t s rv' n 

Th r ul s or r ton wh'stl o , 
rio c miaoions, and r fl c , 'on 

r n th n pr s n ' h or's or as 

of h~ oyn in flux m sure n, 

y 

n ob ain d rum th 

h p.' vious chap rs. 

o onoaph ric W.i3 Irs, 

nom n m inly 

n indicator of th 

On th oth r hand 

r. 0 

vc.lidity 

the follm-l-

ing n w r sul s ha~/e b 'n ob i ed in h s udi s of LF his , 

VLF hiss and s uc r-sho.ped ;ni"'sions: 

(1) A n w propag tion phenomenon hus b observ ~ in vihich 

down oin ELF hiss, and.. pos"'ibly cho s propaga s across 

h plasmapo.us oundary and becom s subs '~quently r fl c ed 

and trapp d within he plo.smaspher . 

(2) Th observations of both downgoing and upgoin VLF hiss 

ar consisten wi h an emission m chanism in which hiss 
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is g n rated by C renkov, and possibly cyclotron, radia io~ 

and in which downgoing hiss is r ~ f~ cted below he altitude 

at which th wave frequency equals the lltR frequency, A 

new type of VLF hiss has been observed, called mid- latib de 

hiss, which occurs at sub- auroral-zone latitudes . 



(3) A n W yp 0 ph nom non c 1 d. a S 'lC ha b n ob rv 

nd qu 11 xplain d in of fr qu n-

d n 1imi in y or 0 tion from ourc a 

low a1 ids blow h . s t 111 c. 



Th ccur cy 0 th PO.':11 in f1 sur n 

in h s po d nd po th pr srr ion of 1 t v ph 

tw n h w ve 1 c ric nd n tic fi 1 du n h proc ss 

of r c 'Yin ranmni ti g nd d'modula :in th 1 c ic d 

rna n tic sj nal , inc r q ncy-d na nt phas s i OJ occur 

durin his roc s r launch calibration w p rform_d so 

h t th s ph s 

corr 1 ion rn a 

s 

-.-
s could b corr ct d prior to kin 

nts. Th P oc dur for per orming th s 

calibration is 'llustrated i h block dia ram of Fi . ?7. 

In h c libration~, an ac si al i appli d to h lectric 

dipol antenna and sirnultan ously, through a loop equival nt 

h 

circuit, to th magn tic receiv r input. The loop qu'valent 

circu't is sed in plac of the loop ant nna becaus 60 Hz power 

lin int rf renc makes i impossible to op ra e th loop antenna 

and preamplifier in the laboratory. Th ffec ive RMS magn tic 

field for th l,)op equivalent circuit is lin ar1y propm:·tiona1 

to th RMS input voltage to he circuit and the fr qu ncy response 

of th loop quivalent circuit rnat(aleS the frequency response of 

the actual loop ant nna to within ± 0.5 dB. With the 400 MHz 

satellite telemetry transmitter operating, the telerne ry signal 



r mo uJ t Th t w n h 

r c 0 of r i r 0 c n th n 

d n th .1 sh f h h 

'I'll r su a 0 hi' ons 

s. 8 nd 9· Fi UI' 28 ahow h on 

fo ow band (.::>0 lIz to 650 Hz) n Fig. 29 g~ . 

b n ( 00 Hz o 10 kHz) c l~b ion. Th arne su i 

d in t . pr 1 unch c l ... b tion is llS d or c ua 

n y s, so 11 th r t' tion wI ich ml .! t i 

in ac U 1 0 r ion from h c 1 b i h m ry 

r c iv r an ap r cord r. f h 

1 m ry r c iv r i ci n "Y 1 V r h s 

a 1'1 respors over th t 1 ry .., ~ :. bo. id h 11 n h r 

will be n gli ibl pha shi s wi hin th v This 

re uir ment is sati fi d for th t pr s in t is r por . 

A mor s rious probl m aris s wh n h 1 m try c iv r 

outpu is record d on magne ic tap· prior to bing d modulat d 

for th corr 1a ion measur ment. The Injwl 5 tIm ry system 

tra~smits tb hi h-band el c~ric rec iver da a on a sing 

sideband subcarrier. Wh n this single-sideband subcarri r is 

recorded on magn tic tap at the data acquisi ion B ation, the 

r 

tap recording systems in reduce a ime- depend nt and unpr dictabl 



n 0 d wh ell c 0 cc 

c n y y 

on n p or 

• try 0 0 1 

c on w 

on i 

y m in . In 11 r « 10 ) 

wbi c n c 1'1 r _m to I v r 

on y i h-l nd om n t 1 ry on c n b u d 

iv n m inc h d no ul to u U n t 

t'on. o th m t'lOd y wh' til · low-b nd da 

lodula d for t 1 m try transmjs~ion ( 

th abov robl m do s not ri u d the low-b nd data c 

r corded on magn tic tap prior 0 d~modulation, 

In r orrnin th ac ual correlation m asur m nts, 11 

phase ohift correction are appli d wi b ph - hi n two ks 

b fo p~oc sSing th Signals wIth th n 0 Fig, 3. 

Th s corr ciions inelud those required by th pr lunch ali­

hra ions illustra d in Figs. 28 and 29, as w 11 as he corr c­

ion r quir d by the FM subcarrier modulation of th hj h-band 

data at th telem try station. As discussed in Chapter I, 

additional phas shi ts ~re also introduced to asc~r ain ihai 



rror of th or of 5 d r in h pr 1 unch c libr ons 

o no f c h oynt n fl x t n tion. 
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upward from a sourc blow th . s t llitc. A qualitative xplana­

tion of the frcqucncy-tL~e shape of this new typ of emission is 

pr s nt d. 
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