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c.~~ eONFlDENTIAt 

WHISTLERS AS A LAUNCH PHASE EARLY WARNlNO SYSTEM (:1'1 

by 

* * .... L. F. Cook I D. H. Sharp and F. Zachariasen 

I. IntI'oduction 

A whistler 15 a VLF eleotromagnetic disturbance that 

occurn 1n a plasma on which i3 imposed a magnetic field. 

Naturally occurring wh1stler signals are generated jn the 

troposphere and propagate thr~lgh the upper Ionosphere along 

ray pathr. that follow rather closely the magnetlc rteld l1neD 

of the earth. Such s1gnala are strongly refl.cted 1n regions 

of rapidly changing electron denSities 1n the ionosphere; in 

the OItRe or whlatlers rE!flectlon occurs from the D layer 

til the ionosphere and ocoadonal.ly from ! layer patches. 

It han recently b~en ouggested that artlf1cially gpne­

rated whiatler s1gnals may be employed at; an activo launr~h­

phaoe eal'ly warning By stem • ( 1) The baete Idea 18 a8 (ollo;ftH 

(1) a whistler, generated by a VLF .tatlo" located on 8n 

island 1n tho Indian Ooean, travclo along the !Mgnette:: n~l'l 

linen of tho earth to the magnetio conjugate pOInt In th~ 

uann, (11) there tho whl~tlor algnal 1nteracta (lndlrectl~) 

with a m1ssile while it 10 still 1n powered tllght And (111) 

the signal returns to the trannmitter along a magnetIc fIeld 

, 
rr1ncf~ton Unlvero1ty 

iI* Cnl1t'ol'nia Institute or T(~chnology 
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linE: I carrying 1nf'ormat1on about the exIstence of the mIsa11e 

in pOWel'ed flight. 

In order to examine such a suggestion several points 

mUf.lt 'be considered. We will d1 vide the dlscU8s1on tnto two 

PFl.rtlJj (a,) the basic pr'opeltlea of wh18tlers and (0) theIr 

ponsible use in detection dev1ces. 

In Sectlon II we will discUS8 the prope-rtles of whletler3. 

In recent years it has b06n argued that many ot the deta1led 

observed propertlea of whistler propagatloncannot be under­

stood if one ma1ntains that the lono.ph~re contains on~ 

omooth v~rlatlona in the elect~on density ,above about 200 km. 

and t~at, consequently, column8 or' _heet~ of enhanced eleotron 

density closely a11gnea with the' magnetIc field line. ot the 

earth muot ex1'l'It. (2) SUQh con.1ecture<l resion" ot enhanced 

electron density b.r'6 called "duet,". It 18 b)' no Dlean8 the 

case that ducts are nege .. aa tor the propagation or tfh1at.l*f' 

signals, and there seems to be ample evl.denee tor the elltatencto 

of non-ducted Wh1stlero.(3)aowever, thQ,e whlatler. that 

do prOlla.sate via ducts exhibit a number or lpeo1a1 P1'operU ..... 

For example, the energy carr1e4 by .uoh -ducted whlatl.ra" 

1s oonfined to the duct by total internal refleot1on at 

th~ boundar1eu of the ducta. Seoondly, duct.d whlatlera 

should be expected to thow the lpora41c behavior ot wh1ltl.r 

-2-
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'I.) 
pr'opagatlan aa actually observed at ground-based VIP stations. ~ 

It l$hould be atresoed, thOUgh, that the exIstence of ductl5 

haa not been directly verified by experiment. 

Two poss1ble missile launch detection ~stem9 us1ng 

whistlers (aa outlined above) will be cons1dered 1n 

Sectlon III. Syutem I ~nd System II are dIstInguished by 

the1r dependence on ducted end unducted whistler s1gnals, 

respectively. 

The sporadic behavlo~ of ducted wh1atler8, as well OJ! 

the dIfficulty of aim1ng ground-baaed VLP a1gnala along 

ducta, leadu us to the conclusion that By.tem 1 h of 

negligible intereat aD an early warning .,tema, or for any 

similar PUI'PQSe. 

System II, employ1nS only unducted whiatlera, 10 

oonsidered further and the interaction between a whlotler 

a1gnal and a m1Bst'le 1n powered tlight h exalllined. It haa 

been ahOWh(5) that the rocket .xhauat or • .ta.1Ie will creat. 

an exp~ndlns region behind the mlaille In whleh the electron 

density 10 reduoed relative to the ambient electron denelt, 

by about an order or macnltud~ ove~ I very ahort dl.tano~. 

The feaolb111ty ot the detection ot mia.ilea with whl.tlert 

would seem to ~ea1de tn the poaa1bllity or deteetln& thle 

thln, moving "hole" In ttle eleotron denllty bJ _anI or it. 

effeot on the whistler signal. Two pOG.lbl11~le8 have benn 
, 
" 



.. " 

, . 

t 
~' 

I 
t 
t 

, . 

~ CONfiDENTIAL 

· .. con.rd,de~ed::,.l'1t>st, onecPuld at~empt to iDea sure the tlfDe­

del!1~ ~etw'een 'the :~1~1, :.Pe:r.,i~t~dtrom ·~be hole and the 

" signal per'iected f1.'om theD layer. ?'hie doe~ nOt appear 

, to be ,fea41ble, sl,nee ther~ 1s"sen~ralli almo~t t~al reflection 

time dei~y ts,v'';l:7 emall.:Altemat1ve17, one (fan .ake use ot 

th~ tact '~hat· t'he bole 18 "'~,41l'l8f') At ab_ 1 _/eec to 
'", " . , " 

atten/pt "6 1?"PPler 'h1tt_.~.ent .. ,Th1e doe. not ·.~ar ' 
; -," /' 

lmpoaU51:ble .'fO":,4 ~.8onabkftnl. ot tftquenc1 .. &li4 ..,. .. 4';' 

~~ldt~s~: :',.~t~~te~ ,ot;~ ... :,,.eJ' 'Ai14, aenatt1v1t7 .,~1~~. ' 
" :r~le\;ab·t':t~~ ·tb1·~';'"t~ _H.tVen':b' 5eotUtJ XII. ;: . . 

;" ....... :;:·,··~.:~:.;.:~:::c;:~o~#t:~~:~~~#~s,~'.~i:Uj~~~~~ .. ~t.·ft.:· '~: ':' 
' .. ~.ritinllf "~,e •• ~',rw.:··,,ot·.~ ".1:"",,17 tOP.~, ·,..or. 
.'Wh1~t i.~. In':{ari~~tr: ~':mit.& .~~ __ .. :.,., .... 'the' · .. ~ltt' 
. qf, . ~uoh ... 8v~t~II.' &pp.ar~ to \l~ .~~d.t.:CIU"t~bl." .. a.b a .. 

~N8~'~ ~1Sh~~~ ~Otit~,v.~~"'~U~\..~tUl.~t~· ..... t~· . 
. ' :wh~n ·:,u~e~f.1J;:,~'~I;G~on ~l~·;~~ .. ;,~tf.~:~~.:' :',*' :.,. . ... 

I, _ '. ~ '. •••• • ' , _ • _ _ • ". _; 

al~o .'po6.a1·~i. '.It&~ '-i.uOh , •.. .,~., ·oc.ild ." .... 4.,"' :· ... ~11.· .. 
. ,.mte811f':;~~,:,.~2.~"~11 .,,_.,,",,'1~ i~ •• ;.~ ,tcta 

" • _: " , t,.,: l:" (~ "_' •. '" ..' ' .'.,t. ,_,:' • -, • L _ ,," •• ~-'. '. /'" ,= '," • 

, ,·anattml·:tl'.e •• ,. .. "" '.' 
(; ~ ;.,' 

.... 4,. , 

'~eeNrI9ENTlAl 
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II. WHISTLERS 

A. Ba31c PropertIes of WhIstlers 

Whlatlers areeleCltromagnetlc waves of frequency aroun·-j 

1 - 30 kc/aec that propagate thra~gh an ionized medIuM 1n 

the presence of a magnetic field. From the microscupic 

po1nt of view, whistler propagat1on takes place as a result 

of a coll~ct1ve motion of the electrons along and around the 

magnetic field 11nes, but 1n thh discussIon we \,/111 be con­

cerned only with the macroscop1c aspects of whistler propagation. 

Many of the baoie propertiee of whistlers, whIch dep-e:ld 

strongly on the d18perBive and aniBotroplc charactel'18tJ.c n of 

the ionoaphere." were t1r.st explained by Storey. ( 6) These may 

be summarizod ae follows. 

(a) The wh1stler wave packete follOW, to a certain 

extend, the lines of fo~oe of the earth'u masnctle field. 

(11) Au a result of strong refract10n at the baa. of 

the lonoapherp and of the anlootro~ of the lon08ph~re, w~v~ 

packets entering the ionosphere t'rom below with a .ide r8.ng~ 

of inoident angleD will follow essent1ally the eame path 1n 

the ionosphere as those incident vert1cally. 

(c) The ray path followed by a wh18tler wh1ch cntero 

the, lonoophere w1th a given incident angle at a given poInt 

is independent of the frequency of the wh1stler (or or th~ 
central frequency 1n the oase of a wave packet). 

-5-
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Many featuY'es of whistler prOpagat1on can be under­

ntood from the expreos1on relatIng the index of refraction 

of the lonoBphere to the parameters of the wave (c1rcular 

frequency w, d1rr:ct1on of propa~ation specIfied by angle e 

with regpect to the dIrection of the magnet1c l1ne of force) 

and ot the medIum (electron den3ity Ne l magnet1c 1nductlo~ 

B), together with considerations of gf!ometrlcal optics. 

The disperaion relation for whIstler proJVigatlon Is 

obtained from the well-known(7) expression of Appleton 

and Ha~tree for the refractive 1ndex, n, or a monochromatIc 

wavo. Because of' the relat1ve magnitudes of the frequenelp.8 

1nvolVed (nne F1guI'e I for typlol\l value6) toe 

i'ollowing inequal1t1eD are eatlsfleCir 

n~81nl~e « 4<.02 ( 1 .. 7)2C062 e ( 13) 

n2s1n2 9 
':) 

... 7)1 (lb) « I 2W"( 1 e 

1<.0\ « Inacos 61; n2 » 1, (1c) 

where 

-6-
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and 

y = c ol1181on frequency 

The' collision frequency 1s much Ie 88 than the wave tre­

quencY·at altitudes above tOO km .he~e mestof the whistler 

propagation take$ place, and ~he tlrst two 1nequallties 

allow us to reduce the Appleton-Bartree Gpt"(usslon to 

2 ""7fJ) ," 
n - 1 .. m +.a 00. I· 

, .. -. -' -

(2) 

When !quatlon (10) i •• 1~~, .. tlat1ed, -weh.ve turther that 
CD 2 " 

2' - P n- .. + diS iR , ( 3) 
e 

tor the Pl"opasat1.ng wave -(w~OIl it 1'1Sht ~1i'OUlar17 polarized). 

S1noa we are int.re_teet'in wave paoket.~an4.' we are 
. -," -,' - ,,' 

in a d:1l!1perll1ve anc1anlaPt;z,O$)iolledlUm, the' U ... otion ot 

propagatIon ot ~h. eneI'll' "- tbe ft.., direotlon, will dlrt.%' ... 
from,that, or the-wave propaaatton ~.otOI', . k •. It .e take 

~' a8 the-angle b.etwe.n th ••• two veotor., then one find,. 

, ,-
tan 0. iii - r tan '. 

_--eiCO~NRlRD~E~MttTWIAl: 



1<'urth(~l"" the group vr.:loe1ty 1;1 g1ven ty 

v '" £. J 4 + tan
2 

6 • 
g n \J 

EqwJ..t1on (4) Bhows that the ray vector" which 1s 1n the 
, v, -I 

(k " H)-plane, lie:.! bet;wer;o k 11nd B. 

It 1~3 01' interent to know the maxlmum angle • tet· ... een 

-;; und 
g 

f!. A otra1ghtforward calculatIon l-::'lds to the 
1 

I'Q:Jult 1jI -" 19 0 29', for which COB e "" J3. Thus when 

Eq. (j) ',oldu" the ray vectors are confl!,\ed wIthIn a ('(:..n'· 
.... 

about B with a half-angle of about 20~" and the whlntler 

e£wontlnlly follows a field Hne. Eq. (5}J togeth~r with 

Eq. (J)" nhowfl that the high fr'equency components of the 

whllltler' pllckot travel rauter than the low fr(;quency COI!I-

ponento. 

Whr.n 11 whlotlcr 10 incident on the b'UH~ of the lonoBphf:ff>, 

part of the wave will be refracted up into the Iononpherc" 

the other pal't will be rof'lected back (lown to earth. The 

qUA.l1tatlv(! (\f'ocrlptlon of thln eI'!,cct will tJ.~ a 3ubJect of 

Intt"p dloculJulon; hE'l"C Wn only r('mll rk thfJt ;';0(' II III lAw 

npplle n I-md 

Wht'l'C and 

Ineldpnt; angh~ (w1th rnnpl'ct to the v('rtl('~ll) I'lt th!' bllnt: 



of' the ionosphere and n and ~ are the same qU'lnt1tlea 

in the ionosphere. For a typ1cal whistler, the index or 

refraction at an altitude of ~ 100 km may be ~ 30, wh1le 

below the ionosphere we have no '" 1. Consequently, 

whistlers incident at the base of the 1onosphere ~t 

almost any angle will have their wave normals refracted 

into a cone within about ,. of the vert1cal. 

Detailed numerical calculat10ns of the paths of whistlers 

1n the geometrical approx1mation have be.~ carried out by 

Yabroff • ( 8) AlthOUgh Yabl'ott. I calculation cOIJPUte tht" ray 

path starting at 300 km and thus do not deal with tht" pl'oblem 

of haw the whistler enterl or-leavel the lonolphere, there 

are several lntereatln, relults. 

( 1) The prediotion that the N1 path tor a ai yen eet 

of wh1stlere dltferins only 1n treq\t.encl, 18 the BAIne .. eaUl 

to be reasonably accurate 1n the' - eo ke/a.crance • 

( 11) The ray path ott,," CSepart. quite tar 1'1"Oltl the 

magnetio l1ne of toroe it 1, euppo .. d to tollow, and d(lle' 

not arr1ve at the _anetio oon3uaate point. Thh ~rrect 1. 

strongly dependent on the maanetl0 latitude oonlldered 

(henceforth "lat1tude." will be mapetia latitude. unl ••• 

the oontra~ is expllc1t~ .tated). At low lat1tu~. (~,.) 

the ray path overshoots the oonJuaate polnt. Aa the 1nitlal 

latitude 18 1ncreased the final latitude apprceohel t~. 

·9-
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conjugate pOint" passes through 1tl and for high latitudes 

(~ 60°) falls short of the conjugate poInt. The slgnal 

arrIves at the conjugate pOint for latitudes in the 40· to 

45° range (see Fig. 2). 

(111) The angle which the whiotler wav~ normal makes 

with roapect to ~ changes with pos1tion along the path. 

This fact is closely related to (11). From our pr~v10u8 

discussion we have seen that the initial wave normals are 

very nearly vertical for any latitude. For low latItudes, 

the wave normal malntalns its large angle wlth respect to 

B and the f1nal wave normal wlll make a very large angle 

with the local vertlcal. As the latitude is increased the 

final wave normal 1s rotated toward the vert1cal, passes 

through the vertIcal, and again makes a very large angle 

with the vert1cal at high lat1tudes. Again the latItude 

from 40° to 45° In the reglon whero the tinal wave normal. 

arc nearly vertlca!. (See Flg. 2) 

(lv) The ray path and the wave normal d1rection follow 

the magnetic field Une more closely if it 18 aaeumed that 

they are guided by ducts, i.e., by region. of enhanced electl":1 

d~n3ity Burrounding the magnetic field 11ne8. 

Thoso result are of importance to us and a few commente 

are pertinent here. For th~ moment lot us 19nore d~ct •• 

-10-
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(a) From (i)~ and the eXistence of very 8trong refraction 

at the base of the lonoephere~ it 1s clear that for d113Cusfllons 

of ray patha we do not have to concern ourselve8 particularly 

with the differences betwe'en wave packet and monochromatic 

whifltlera. (0) We see from (111) that at Dlost latitudes 

the final wave normal 1s not even close to be1ng vertical. 

Thin means, beoause ot the large change 1n the refractive 

index at the boundary of the 1ono.phere~ that total internal 

reflection will genet-ally ooeur and there w111 usually be no 

penetI'ation ot the signal into the troposphere. On.ly tor 

latitudes 1n tho range between ko· to ~,. w111 there be any 

penetration (let US call these the megle latitude.). Hote 

that we are here exoluding the poa.lbl11ty or larse trana­

mias10n coeffioients dUe to local l~relUlarltl •• 1n the 

electron density of the boundary of the tono.pheJOe. (See 

§ II B) (Q ) 'rom (11) we lee that the refleoted 811M 1 

will tollow a d1fferent ra1 path .lnce the new initial 

latitude difter8 trom the orlglnal latitude. Thul we ••• 

that once a whistler 111nal i •• enerated it Will bounc. 

back and forth 1n the 1onolphere and onl1 ve'l'1 rarely 

penetrate into the troposphere. There W111 " no etrtk1na 

oorrelation in the transit time. tor th. ~ounce •• - (4) A 

speoial caee 1s afforded bJ 81anal. entertn& the ionolph.re 

-11-- CONFIDENTIAl 



at 'che magic latitudes. 'Here tbe signal w111 bounce back 

and forth on the same path. Since the wave not>tDals 1fill 

always be eSBent~ally vertIcal at the base of the 1ono~pherei 

there will 'he some penetratIon into the troposphere. Such 

echoing could take place many times and det1n1te cor.zoelat1ons 

w1ll exist In the time delays of theechcee. Such corre­

lat10ns in fact eXist.in nature(2), and it was pr,cisel1 

beoause of such. structure that ducta wereintrC)ducei1 into 

the study of Whistlers. POint (tv) above ~ow. that duct. 

will y1eld the same kind of·~orr.1at1on .a thO'. Present at 

the magic la.t1tudee, but at a vaXOlOtl of latitude. and there-' 

fore a ya.riety ()f f:'a1l p"tha.lt Vt"well a7 ~ that 4\act. 

are nec8ssar" t~underet~d eome1m.portant' 4etal1. ot 

wh1stler phenomena, .but conceivably sOllIe otth.esper1_fttal 

data Clan be underatooc1 in tel'llllllof: thea. mal10 latitude •• 

In any event, a d1,o~8.1on of the proi and o~. or d~t8 
and masio latitudell 11 out or plao. here. Wo' on. doubt. 

the -exisx!noe of.' unduoted whiatlere, and,it 1. th ... ,bat· 
- -. . . 

will form the baai. of.' a po •• 1b18 earl1,warn1na.,.t ... An 

early warning '7.t~m ba.ed on duoted whl.tler. w111 be Ihown 

not to be f.'eaa1ble. 

.• CONFIDENTIAL 
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B. ' Reflection and Transmission of Wh1etl~r Signala 

at, the Bounc!ary' of the Ionosphere 

. , The use of,whistlers an an early warning Sfstem of 

courae depends to a h1gh degree on the power and sens1tiv1ty 

requirements. of the transm1tter detector BJatem wh10h 1n 

turn dependa on the energy tran8ml~slon and reflection at 

1ono~pherlc boundaries. It 1s ev16ent thAt a quant1tative 

discuss1onof this rather compllcate4 wave propacat1on 

problem would require a numerioal solut1on ot Maxwell'. 

equations. Suoh a dl.cul.lon s, al.o involve . a IIOre 

deta1led knowledp of the eleotron dm81t7P1'Ot'11e th4n 1. 

presently available~ HOWever, it i8 pOB'ibls to live a 

o~de disoussion or this proble. _hieh 18 a4equate tor our 
. ' 

purpose. It 18 not expected that th... ",Bult. w111 oome 

as a surprise to experts, but ,we pra.ent them a. a baala 

for the remarks in Seotlon XII.W. tlnd, 1n brlet, that 

the refleotion and tran.ml.a1on ooeftioient. top wb!atler 

signals are rather sensitlve to looal lrrelUlarltlea 1n the 

eleotron den.lty protll •• 

We oons1der an atmosphel'e, plan, •• tfttltled in the 

z-d11'eot1on. It would ot oouroe be lnoorreot to u .. a 

plane ge~etry it we were to oaloulate tn. path. or whietler_, 

but it 1s l'$asonable tor the aaloulationa of rerleotion and 
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transmission at the boundary ot the ionosphere. We suppcse 

that theelect~omasnetic wave'ls linearly' polar1zedw1th 

its e'lectric V'ector perpendicular to the plane ot 1ncidence 

(y - z plane) and with a time dependence e1""'(TE wave). 

Following -Bot't} and \loU( 9) I for example, one finds for the 

only non-zero component of the electric f1eld, 

where n2 .... 1-'1, kg. UJ/c ~ 2~/)'o' _ tI 1& the ,_enetic 

permeability C.- 1 in OUr caae) and f 1. the-dielectric 

constant. It -w. & • .ume that tta. mvtion bat tlW -.. pa1'&b~­

torm Ex (" 'z) .' y(,)U(z)~ then one find. 

1ko4'1 
, y(y) • Ae I" ., n ain S • 

POl' U(z) we tind, Witb ~. l and 7 • 0 (fo~ 

oonvenienoe), the equation. 

w1 th JC( z) • kon 001 '. Th. oomsionellt. ot -the_petie field 

can be expreG~'d(9) 1n term. ot U(I), and the," wave oan be 

tr,ated 1n a .1milar wal_ 

Now let us turn to Iq. (2), and oonsider tir't the 

part ot the whistler path at altitude. well above the 

-14 •. 
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reflection reglo~ say above 300 km. Here the W.K.B. 

approximation can be shawn to apply.(10) As a re5~lt 
we c~n ae~, recalling that toe correct express10ns should 

actually be wr1tten 1n spherical coordinates, that the 

whistler wave in going from 300 km up along a magnetic 

line of force suffers a phase change, together with an 

amp11tude modulation which change, alow17 with position. 
(8) 

Thie solution includeD the results ot the raJ theor,. 

At each end ot the path~ thewh1stler goea through 

a region in whioh the W.K.B. solution tails badlY. In this 

region, therefore, we w111 solve 1'1. (2) diNctlJ. 'lrst 

we oonllidel" a wh11tler l01na up into the ionoaphere, 80 

we consider a transition from a rare to a denee .edlu.. 

Aloo we oonsider onl1'normal Inclde~e and we w111 eorrect 

the results tor general incident anales later. 

We oonsider three r.c1one (let '11_ ). 'or z < 0 

we aSBume that k(z). ko' the tr.e epeee value. 'or 

z > 0 we set k(z). k • n~/o. tn betw .. n we •• .,.... the 

form, 

Our 1'inal solutions 1n theee three realon. are ., tollow •• 

-15-
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1k z -1k z 
U ~ e 0 + R~ 0 z < 0 

r ( KCJ. ZJ(1-
U:; 1 - 1 - T) r; o < z < D 

U = Te1kZ D < z 

OnrJ f'1ndu I'or the parameter a.; 

f:o. = - kOlk • 

'l'hn [t,cnnt'al uolutlon for' U 1n the region 0 < 7. < D 

11l thun" 

r ~ '\ 
, .J ; 

ko a k a 
U(r.) , Af1 - (1 - k) ~J t t- H[' - (1 --f) ~J - (.:.) 

At the boundurlco z .. 0, 0 we require cont1nu1ty of 

U nnd dU/d~. This y1eldo four algt'bralc equat10ns wh1ch 

may be uolved fOl' A, B, R a.nd T. 1n particular we f1or! 

1 
H '" -----t==;;:--- -t. 

1 -Q k J 1 _1~I\'l l ... Q 
(1i1f'-( kO) (1'"t1f) 

I· -

, 

·lh-



and 

U';1'1'1PPI T a. 
I 
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-1kD koo. + 1-Q+ 1 
T ". e (k) . (~) "-;tr:OOQlJ--';k"':.J:~='::;S;;:-T.1 '4::1)- , 

+ (~) - <f-}'O 1.4b (~) 
+ -

where Qt = ~t/16. 

( 8) 

One oan easily check these equations 1n var10us limiting 

cases. For example, when ri --..;> 0, A ~ 0 we have 

n/no·1 
R -) ( ) 

n/no+1 

T ---? 2/(n/no+0 • 

Finally, it k/ko ~. and D ~ 0, we tina 

R ~ .1, T ~ o. 
One oan lnolude the ettoot ot non-vertical incidence 

of tho wave by replac1ng 0 1n Sq. (,) ~ 
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~Jh')f'(! Po anrJ p <..re th~ initial ~ri'l ~'lMl ;,n~lt;:J, 

r(.! u[Jf!r;tl V"! ly • We can eXpreB::l R 1t. thE= SO!':le'Ith;j,t r,',orB 

R 

A rough JJlot 

Of'IHI 2 agalnat t... for a ratio of wavelengths 

In given In Pig. 3. 

W(! (we from Kq. (9a) th~t at a sharp boundary, l\ -> 0, 

thn wtlllJtler' fJlgnal 1n almont tot$Jlly reflected. Howeve-r, 

no Pig. J. ohowo .. one can palJs ft'om a region of almost total 

ru[,l()ctlon to onf) of H Imotlt total tran3ml!HJion i'l3 6 '1lirh 0 

from approxlmat~ly zerO to one or two. There arc 5~veral 

oourcoa of var1utionu of' "'.. and it 1£1 not at all l!'!'probat,) ': 

t;h~l.t thoy can change r-. to :lueh an extent that marked 

changeD 1n the reflection and t ranomloll1on cocfflclE"nta will 

OCCUI' from one local l'cglon to another. Two ohvlous ways 

0(' changln~~ 1\ nrc. 

1) ChangeD 1n tho froqtll'nc:y of th!' WI) V(, (ctvlDgl ng 

11) Changeo 1n the /lngh' of In~ld,'ncp. (no)· 

nOWI~Ver' tho moat important cOll::lldpl'lltj on:! l.rtvolVf:: 

j 11) Loc[.ll changea 1n the ('l<'ctl'on den:tlty prof tIe • 
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There is amPleevldence(ll) for a ~y-nlght variat10n 

1n the electron densIty. It does not seem implausible on 

the basia of thIs eVidence to suppose that the d15tan~e D 

over wh1ch the In6ex of l"efractlon can change from 1 to 30# 

wh1ch we here n0mlnally take as about 20 kml can increase 

by a factor of two. If ~ ~ 1/2, for example# then an in-

crease of D by a factor of two can take us from a region of 

almont total reflection to almost total tranam13~lon (see F1g. 4). 

There 18 also experimental evIdence for horIzontal 

irregularitles In the eleotron den81ty.(t2) Such irre­

gularities could result In whIstlers penetrating the 

ionosphere at dlfferent points. 

We remark that the poaclble Importance of local Irre­

gularities 1n the electron densIty on the propasation ot 

whlatlers has been dloCU88~d by BUdden.(13) We regard the 

above as only a sllaht amplifIcatIon of hIe remarkS. 

So far we have con81der~d the entry of a wh1.tler Into 

the ionosphere, a transit10n from a rare to dense medium. 

It 1s of oourse necedea~ to treat the oppoa1t~ oase of a 

tranaIt10n from a denae to a rare mediUIII. The reflection 

and transmlas10n coeffto1ents tor this case can be obtaln~d 

1:'1"om the above t'e8ults by replacing t>. 1n Eq. (10) by 

2 OON~IDfNDAL 
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k ~03 n o "0 

'L't'1f~ (~r('e(Jt ot' local lrregular'ltlf':s, etc. on the 

rd'].f:etlon and tranomlaBion of' the whistler slgonl will [;~ 

(!qlJ/llly rnark()(j In thin situation. 
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III. Wl{ISTLERS AS A LAUNCH PHASE 

EARLY WA.'qNING SYSTF.)! 

In·this section we remark briefly on a possible m1ssile 

detection system, utilizing.an active VLF source and re­

ceiving Doppler-shifted reflected signals from a region of 

reduced electron density in the wake of a missile penetrating 

the F2 layer. 

As indicated in the Introduction, two alternative sys­

tems may be contemplated. The first/System I, is based 

on ducted whistlers. We do not believe that such a system 

is feasible. In d1smtssins such systems, we have been 

guided by the facts that (i) there .1s general agreement that 

unducted whistler propagat1ou 11 a cammon phenoaenon,.(1i) 

the ductec:1 whistlers otten show a very sporadic behavior 

and finally (iii) if duoted Whistler.pro.pasat10h in the 

ionosphere 18 oonsidered,' then the liSnal would not be ex­

pected to enter the ionosphere tr~ tbe .artb~1on08pbere 

wave guide until it arrived at the·and ot & duot, 80 that 

"aiming" at a mieaile lite looated at the-cnet1o oon­

jugate point to thr VLF tranlm1tter beoomes diffioult, 

though perhaps not impossible sinoe one on11 bas to a1m 

with an acouraoy ot perhaps 1000 mile •• 

Even in assessing the value'ot S1atem II, baaed on 

-21-
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unducted wh:1.stlers" it 113 1mportant to keep several large 

uncerta1nt1es 1n m1nd. F1rst, it may be that penetrat10n 

of both due'ted and unducted -whistlers 1nto the ionosphere 

requ1res irregularities in the eleotron density of the 

lower layers, which exist only at isolated pOints in space, 

thus rf.l1ntroducing the If aiming" problem ment1.oned above tor 

ducted whistlers. Second" even ,t the VLF s1gnal can 

penetrate the 10nosphere directly over the transmitter, 

the experimental erratic1sm of' detectable reflected . 

Whistlers makes it unl1kely that one could expect the 8Y8-

tem to function with 100~ reliabilit,. Third" there a.re 

considerable unoertaintie$ in the e.timat • ., of the atrenath 

of the expeoted retlected signal partly bee_us., in the ' 

absence of ducts, it 1s d1fficult to be sure ot how much 

d1 vergence of the VU' beaJl'l one may expect in the 1onoaphere 

and partly because transm18.1on tntoand out of the iono­

sphere depends sensitIvely on the detaIled shape ot the 

eleotron density pro1'ile. Jl'ourth, there m1ght 011 J"'aN 

occasions be natural 1rregular1tiea in the lonoephere, 

whioh produoe Doppltr shifts oomparable to the ~e eX· 
peoted 1'l'om a misslle, thus 18a«1111& to ralee elsnals. 

In view 01' all thiS, it a.ems unlikely that c~lote 

~e11anoe Gould be plaoed on suoh a deteotion or early 

warning system, even it it more or lel8 works. but it .ay 

-22-



perhaps still be ot some interest it used 1n conJunct1on 

with other deteot1on schemes. 

In the following analys1s, we shall a88~ ducts to 

be unneoessary and that penetrat10n ot the 1onospbe%'e at 

any desired po1nt 1, alwaY8 poss1ble. 

As an ascending m1ssile passes through the reg10n ot 

maximum electron density. at about 300 km alt1tude, one 

may expect that t~ere i. tormed behind it an exPAnd1ng 

hOle,(5) of decreased eleotron denaity. Roushl" thia 

hole will grow at a veloolty o~ about 1 km/8to unt1l 1t 

reaohes a B1~e of about 10 lane 1be .l.ectron 4ena1t)t _, 

be expeoted to be reduoed to about a factor ot 10 below 

ambient, and the d1stance 1n wh1ch this decreaae ocours 

is fairly small,.- perhape I ••• than J ~.(S) 
Qualitat1vely, then, one could envisase the tollowing 

system. A VU transmitter!. looated at the ocnJupte 

point to the %'1$1118 minUe. ' ,8111181. are eaStW, pene­

trate the ionosphere, pr~pasat.1n the WhittIer MOde 

roughly along t~e,t1eld line, retleot ott the hole in the 

eleotron density oau •• " by the m18s11e. r.turn along 

the field 11ne (Doppler .hitted by the expand1ns •• 11 ot 

the hole) and re-penetrate ,out ot the ionOlphere to the 

reoeiver looated near the transmitter. 

,:,:f;,l.:J 
·"~~t~ I~mt . . "";., I , 
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Let us try to examine the various stages of this 

proceDe in somewhat more detail. 

We shall first estimate the expected returned power 

from the miasile on the basis ot a ver" crude model which 

should give a. lower bound to the ~er returned. Let us 

follow the path ot a given ray as indicated in Fig. ,. 

If it leaves the transmitter at an angle 9 to the 

vert1cal, and 1t we take the refractive index to be a 

constant n in the ionosphere and no - 1 below it, then 

the ray, after penetrating the ionosphere, 1, at an angle 

to tho vertical. The transmis.ion coefflolent into the 

ionosphero 1s then apprOXimately 

• 

Tho total lateral c1iatanoe away trom the tJ't.nalD1tter when 

th'!l ray roaohes the hole behin4 the ml.811e 18 then 

n 
he + t- ,t, , 

where h is the height ot the ionosphere and L 1a th. 
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path length through to the conJugate point. (In contrast 

to the return signal, atter retlection, we do not assume 

here that the beam spreads over the u8ual 20· ~lt angle 

whistler aone, since the wave n~l8 atter transDds810n 

into the ionosphere are 80 well clustered around the 

vertical.) The maximwm allowed angle tor see1ng the hole 

is then 

Smax • R/ ( h + ~ L ) , 

where R is the radIUS or the hole, and tor 81Dpliclt7 we 

assume the hole exaotly "above" the tranaDdtter and that 

the earths magnetic field 1s vertical. Atter retlection 

from the hole (whIch we take to have a oonatant index of 

refraction n) with reflection coeftic1ent 

n _ , 
L0-
n. + 1 
ii 

we may ariaume the wave nOnMla 1n the l'etleote4 be... to 

be distributed roughly uniformly over an entire hemisphere. 

The refleoted rays then prop~gato baok along the field 

line, but spread over a to· expanding oone, ~nd the7 ~\ere· 

fore arrive at the surfaoe of tho ionosphere ahove the 

2S-
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transmitter spread out over an area ot rad1us about 

L tan 20·. Now all wave normals outs1de an acceptance 

cone of halt angle noln will ~e totall, rerlected. In­

aide this cone, the w~ve will be transmitted w1th a trans­

miBDion ooeff1oient 

• 

We may put all this together, aeeum1ng the trans­

m1tted powe~ is radiated nearl, i8otropical11. We tben 

find the returned power per unit area to be the rollowing: 

n -, 2 
P . .l( R )2. (.......:-.2 _)2(n )(iL-) ~ 

p - o 2 no n + 1 no .!1 + 1 
h+n- L n; n 

If we take n - 30. whioh c~rre.pond. to an electron 

density of 105 and a frequenoy of 5 ko. then n - 10. 

We may aeewne h .. 100 lan, It .. 2 )( 10" lata, and ft .. 10 

lone Then 

-26-
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Thin number is quite small. It we suppose that the 

tranom1 tter can put out 1 megawatt at 5 kc (a non­

trivial Job) we rind t ~ 10- '8 watts/m2 , which may be 

marginally via1ble w1th a very narrow bandwidth rp.ce1ver. 

If we go to a higher frequency, 80 that the transm1ssion 

ooefficients into and out of the 1onosphere 1ncrease, 

these values 1mprove somewhat. At 25 ke, tor example, 

we may assume n. 13.5, n • 4., and thUs find 

• 

However, at 25 ko it 1s easier to 108e the whistler mode 

of propagation at high latitude •• 

The model used here 18 unreallst1c In that the Qctual 

1ndex of refraotlon 1s not d1.oont1~lOU' 88 one entera the 

ionosphere. Any smoothing out ot our atep tunct10n pro­

file will inorease the transm1ss1on into tho lcn08phere, 

perhaps oonsiderably, 81noe the transmi •• 1on oa.tt1clent 

1a B rather sensitive tunction ot the ratio or the wave­

length to the distanoe over whloh the eleotron denaity 

ohunges approoiably (see Section II b). Xn general, 

higher frequenoies should penetrate more ean11y. 

-27-
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One could perhaps have the optIon of using several 

d1fferent frequenc1es, between wh1ch one could sw1tch 

accordIng to how well a particular frequency 18 gettIng 

through. The ab1lity to transmit could be continuously 

monitored by sending out short pulses and 11stening for 

the oignal reflected from the other end of the Ionosphere. 

The tranamloolon could consint therefore of a mixture of 

auch short «< 1 sec) monltor!ng pulses and long C> 1 sec) 

pulsea for Doppler measurements, as descrIbed below. 

Perhaps some Improvement may a1ao come about if a 

slightly directional transmItter could be used, though 

with a 60 km free spaoe wavelength this 8eema un11kely. 

Again a h1gher frequency would be desirable; at 2, kc 

the wavelength 1s only 12 km. 

Summarizing then one may hope to have a sensitivity 

1n the receiVer of perhaps 3 x 10-18 watta/m2 ·wIth a 

Signal to noise ratIo of 10. Our 10.,8 watt.I.2 e8tlmat~ 
for the returned Signal a~ 'kc 18 thus not visible, 

without nome enhancement 1n transmis810n due to a amoother 

variation of electron dens1tY. At 25 kc, however, the 

algnal would be barely visible. 

Let ua next turn to the Doppler ahift to be ex­

pected. If v 1s the veloeity or tho surface of the 

-29-
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hOle, along the ray direction, then the Doppler Shift 1s 

If we consider v a 1 km/8ee(') to be the maximum value 

of v, we have 

fJJJ) 
~ - 3 epa at , kc • 

Here we have taken n ~ 100, 6 whlch corre,ponda to 10 

electrons/co at 'kc, whlch i8 a rea.onable P2 layer 

value.(11) Since n decreases wlth increa'ing trequency, 

AU) varies slowly wlth U). Por 0.>/2tl. 2~ lee, for examplf!, 

A(1) 6 li '" epa. 

Since the component of velocity 1n the desired d1rectlon 

changes from 0 to 1 km/eec aa we V8r.J over the surrace 

of the hole, the return wll1 contain shifts tr~ 0 to 

the values given above.· 

In order to distinguish th1s 8ignal from the back­

ground produoed by the aignal returned by reflection 8t 

the other end of the Ionosphere, the receIver ehould 

have a bandwidth of no more th8n about 1 oyc1e. 

It 1s important to know what natural Doppler shifta 

we may expect, due perhaps to motIon of lrregu18rl~lco In 

-29-
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lononphere over the conjugate polnt to the transmitter. 

ThQre neema to be little information aval1able on th1s 

point. E3t1mates however for the speed at which 1rregular1-

tlea 1n the 1onospheremove range up to only 100 or 200 

meters/sec, 80 probably th1s background effect w111 not 

be severe. 

Geograph1cally, most ot the 1nterest1ng conjugate ~olnt8 

to the USSR 11e 1n the Southern Indian Ocean (see Pig. 6). 

Part a 01' Western Australia may be of lOme value 8S obser­

vation pOints, but otherw1se one 1s conf1ned to only a few 

islands. Of these, all are French except for Heard Island 

(Australian) wh1ch 1e entirely covered wlth lce. It may 

thorefore be necesBsry to t~lnk ln terms of a sh1p-based 

system Which wl11, of course, hardly lessen the difflcultles. 
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IV. CONCLUSIONS 

1. Systems re lying on ducted whist lers are of negl1git Ie 

value. 

2. Systems relyIng on non-ducted whistlers are of 

marginal feasib1lity because: 

a. Power and sensit1vity requirements 8eem~ 

according to our estimates~ to be at the l1mit of what 13 

presently possIble. 

b. Erratic operation must be expected becau8~ of 

fluctuations 1n the electron density 1n the D layer. 

c. The 'goograph1cal limitat10ns are severe. 

d. The model on wh1ch ~r numerical estlmaten 

are baaed Is very crude, and may pos81bly be misleadIng. 

3. Even assuming that our numerical est1mates are 

peoolmiatlc we fInd it diff1cult to argue tn.t whistlers 

could form the baBls of a reliable early warning 818~~m. 

4. However, there may be other appl1cllt iona of Il whht IN' 

ayGtem~ p08albly 1n oonneotion w1th monItoring a mllU1llf? 1,('(!lt 

freeze. but to aasest} th,' value or any OUch unto lIIorp df'ta: ]rd 

tltudy would be t'equlred. 

-31-

17 In ••••• '-C{COJNNFt1FID~[NlNT~IA~l-



Ie, cY.>r-------.---...,....------....:::!"""""'--"'T'"----,..-------~--------

loae 
I 

E I 
..;t I 
.; I 

-0 
2 

>oJ .. .=: 
'j" 4( 

100 
I 
I 

• 1 
I , 
• 10 

103 

" ' .... " 

10· 

-----

10 5 106 

frequ.ncy. c;ycle/wc 

Je) /2'If 
p' 

-

-

.' 

r 
!, 
':-



i. 
." 

:{: . 
. ' 

. " 
" " 

,';Ii 

, ' 

" 

''\ 
J • 

\ 
. , 

" 

". 

f 

" '.,. 

:-:t: .. , . 
.', ,- ' < 

• " J' ,~ ~ 

,', ~, 

',:. 

','-".' 
, , -," 
'.' .. ' '. 

-,', . "':".-
~:: -: . ( 

-~ -, -: ~.,·r: ,-

', .. .. ,- " 

>"'ii.il'~~ 
"". _ -:'... • .. ._: ~ , ' ' ;" ',-:;~'~ . f, 

--
.....•. 

',; 

.,' 

-'1~. -

" ',J; .r, , 

; ~ " 

. ', .... ; 

~?~:f . 

,'~ - . 



~ 
I 

I ' 
f 

I 
i , 

I 
t 

6ONflBENfl1tL -

k(z) 

k 

o o 

FIGURE 3 Assumed FOIm for Ic(z) "I. Z CIt 8oundo;:. of .... I~. 

--eoNADENTJAl -

~>L .' "\ ~ , . 



1.0,...._;;:;;:;;:::::---------1:------------"-] 

O.8.J.---.....,.---:....~Ir_---_-----"t'_-tlt)t.~----------; 

A~ 11-~ ~ 01<0-_. I_----------~------~-----------;----- - ~ ________ ~ O.6r 
COS . 

:,. JRP 
~ 0.4~------~--------~--~~------~4_----~--------~----------------__1 

OIOL----------------------~ .. ~~I~· ------------------~~--~--~2 
A 

.J. , __ .. ___________ , _, ........ __ .. -.. ....... ' •• 1 ~ ................ _ .... _____ •• _11 ___ ,..61..-_111'._~_- .... '. """""1_.....__ .. ___ _ 

" ~.l.! l' ;. - - , 



~. , ............. , ... ·.:..J.~~ ...... Zd .. !-::.S....,. ... _ ..... ____________________________________________________ _ 

,.-y< • 
!""/: •• 

~~ "",_~,,,~ -...,.~·...,~ ........ ·.-_".~~ • ..,...i "'_._.-_'~ ~.----

fo--- h --~-------L-------~ 

TraMmitter 

; . 
Index ii 

Index n 

.... ---------,ol'101ph.rl"--------.. • ... f 

FIGURE S Sc"""otie Diagram of Syst~ II 

Hole behind 
missill" 

I r 
I 
r 



at 
• , , 

I 

."'_. · •• ~I •••••••• llnI7 .317 .r.ttliifl·/IIi.' !ittIlTMMI' •• HM.· tfi ••• · '>i;r.:;:. 

I : 

• • Heordh. (Aust.) 

... C,o.et It. (Fr.) (3 ',Ionelll, 5 10 10 I"" tIOth 

* . Am.tordal'll h., St. hul h. (fr.) " ? II1II 
00 

... eONADENfMt 

Thll magllfltlc IfIIOg8 (If the Tfftl)t.Slbellon ~lItOad It 0110 "-ft, 

FIGURE 6 Mgp of VLF Trommltt .... , Field StatiON, OM Appco" .... v.a,.. COft) .... 

-37-



~ : , 
I 
t , , 
I 
I , 
f 
I, 
~ 

1. 

--- -eGNflf>ENTb\( 

REFEReNCES 

D.O. Caldwell, A ~ossible Method for Detecting Missile 
Launches, IDA/Jason Research ~aper P-70, September 25 
(19635, (Secret). 

2. See for example; 
R.L. Smith, J.Geophy. Research 66, 3699 (1961). 

3. J.P. Leiphart, R.W. Zeek, L.S. Bearce and E. Toth, 
Proceedings of the IRE, January 1962, p. 6. 

4. 

5. 

6. L.R.O. Storey, Phil. Trans. ~y. Soc. (London), ~, 
115 (1953). 

7. See for example; 
T.H. Stix, The Theory of Plasma Waves, (McGraw Hill Book 
Co., New York, 196". 

8, I. Yabroff, J. Research N.S.S •• GSO, 485 (1961). 

9. M. Born and E. WOlf, Principles of Optics, (P.rgamon Pr.s~, 
New York, 1959). 

10. X.G. Budden, Radio Waves 1n the Ionosphere, (Ca~rid9. 
University Press, 1961). 

11. Handbook of Geophysics (Hacmillan ro., New York 1960', 

12. J.A. Ratcliffe, Reports of Progress in PhYSiCS, !!, 188 
(1956). 

13. X.G. Budden, J. Research N .B.S., !L!!, 13S (l9S9). 

-38. 

---60NAOCNTlAt 



,'" ,>', \-.;,,: . 

-. " 

, CONR&£NTMl 

CONFJDENnAt-

t 

. 1 

1 
j 

I 

, 1 . 

} I . 
. j 

! 
i 
t 

f 
~ 

t 

I 
; 


