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I, Introduction

o, ey v

A whistler 18 a VLF electromagnetic disturbance that :
ocecurs in a plasma on which 1s imposcd a magnetic fleld,

Naturally occurring whistler‘aignals are generated in the

troposphere and propagate through the upper jonospnere along
ray paths that follow vrather closely the magnetic field lines
of the earth., 3uch signals are strongly reflected in regions
of raplidly changing electron densities in the lonogphere; 1in
the case of whistlers reflection occurs from the D layer
111 the ionodgphere and occasionally from E layer patches,

It has recently been suggested that artificially gene-
rated whistler signals may be employed ac an active launch-
phage early warning syntem.“’ The basic idea 18 as follown:
(1) a whistler, generated by a VLF station located on &n
island in the Indian Ocean, travels along the magnetic fleld
lines of the earth to the magnetic conjugate point in the
USSR, (11) therc the whistler signal interacts (indirectly)
with a missile while 1t 48 still in powered rlight and (11%1)
the aignal returns to the transmitter along a magnetic llield

*Princeton Univerasity
*
**ea1ifornia Institute of Technology
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line, carrying information about the existence of the misslle
in powered rligfxt . )

In orderito examiﬁe such a suggestion several polnte
must be considered, We will divide the discussion into two
parts; (a) the baslc properties of whistlers and (b) their
pofslible use in detection devices,

In Bectlon II we will discuss the properties of whistlers.
In recent years it has bee#n argued thﬁt many of the detailed
sbaerved propérties of whistler propagation cannot be under-
stood 1f one maintains that the lonosphere contains only
smooth variations in the electron density above about 200 km,
and that, cbnsaquantly, colums or‘ohgeta of enhahced electron
denpity closely aligned with the magnetic field lines of the
earth must exiht.(a) Such conjectured regions of enhanced

electron density are called "ducts", It is by no means the

- pase that ducts are gpgaiaugx for the prbpuzltionzéf whistler

signals, and there seems to be amﬁle evidence for the exiatence
of non-ducted whistlera.(3) ‘However, those whistlers that

do propagate via ducts exhibit a number of special prdpcrtiau.
Por example, the energy carried by such "ducted whistlers”

18 oonfined tu the duct by total internal reflection at

the boundaries of the ducta, Sesondly, ducted whistlers

should be expected to show the sporadic behavior of whistler




’ 4
propagatien as actually observed at ground-based VLF stations.'

It should be stressed, though, that the existence of ducts
hay not been directly verified by experiment.

Two possible missile launch detection systems using
whintlers (as outlined above) will be considered in
Section III, System I and System II are distinguished by
their dependence on ducted end unducted whistler signals,
reépectively. . |

The sporadic behavior of ducted whistlers, as well as
the difficulty of aiming ground-based VLF signals along
ducts, leads us to the conclusion that System 1 1s of
hegligible interest as an early warning sytems, or for any
similar purpose, |

| System 1I, employing only unducted whistlers, io

considered further and the interaction between a whistler
signal and a missile in powered flight 1s examined. It has
been ﬂhOWn(5) that the rocket exhaust of a miseile will create
an expanding region behind the misaile in which the electron
density is reduced relative to the ambient electron density
by about an order of magnitude over a very short distance.
The feaslbility of the detection of missiles with whistlere
would seem to reside in the possidbility of detecting this

thin, moving "hole" in the electron density by means of it

effect on the whiastler signal. Two possibilivies have been

L)

L hse itk o by

e e v

- —— -

RN

TR AT




; : o ‘ Ht' E"T “' ‘

: A'consider‘edz Fit'st, one could attempt to measure the time~
delay between ﬁhe aisnal reflected Lrom- the hole and the

“ signal veflected I‘rom the b layer. This does not appesr

- t0o be feasible ’ smce thet’a is generally. almoat tctal rorlect:ion
’fr‘bm the D layer and the simal-tw-noise rauo as well as the
time dalay 18" Very nmall. Altemtivazx, one can wake use of
the fact. that the hole 1a axpandi.ng(s) nt abnut 1 km/lec to
'attempt 8 Dopplar ahitt mamemm .wm doea not appear
1mpoasible ror a reasm&bi& mngc of rnqmmiu a.ud bend-
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ITI. WHISTLERS
A, Basic Properties of Whistlers

Whigtlers are electromagnetic waves of frequency arouni
1 - 30 kc/éec that propagate through an lonized medium in
the presence of a magneiic field, From the microscopic
point of view, whistler propagation takes place as a result
of é colleetive motion of the electrons along and around the
magnetic field lines, but in this discussion we will be con-
cerned only with the macroscopic aspeocets of whistler propagation,

Many of the basic properties of whistlers, which depesnd .
gtrongly on the dispersive and anisotropic characteristics of
the ionoaphere, were first explained by Storey.(6) These may
be summarized as followsi

(a) The whistler wave packets follow, to a certain
extend, the lines of force of the earth's magnetic fleld,

(b) As a result of strong refraction at the base of
the lonosphere and of the anisotropy of the ionosphere, wave
packetts entering the ilonosphere from below with a wide range
of incident angles will follow easentially the same path in
the ilonosphere a8 those incident vertically.

(c) The ray path followed by a whistler which enters
the lonosphere with a given incident angle at a given point
is indopendent of the frequency of the whistler (or of the

central frequency in the case of a wave packet).

«8e
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Many features of whistler propagation can be under-
ntood from the expression relating the index of refraction
of the 1lonouphere to the parameters of the wave (circular
frequency ®, direction of propagation specified by angle 6
with respéct to the direction of thevmagnetic 1line of force)
and of the medium (electron density Ne’ magnetic induction
B), ‘together with considerations of geometrical optics,

The dispersion relation for whistler propagation 1s
obtained from the well-known(7) expression of Appleton
and Hartree for the refractive index, n, of a monochromatic
wave, Because of the relative magnitudes of the frequencies
invelved (aee Figure I for typical values) tae

following inequalitles are satisfleds

2 4 (1a)

nisinhe << hw?(1 - 7)2cos
nism2 8 << J2a°(1 - )] (1)
|

w] << lnecos ol; ne 5> 1, (1c)
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O o ( ——) = plasua frequency

P W, ;
and

Y =7é6111510n ffequency

The collision frequency is much less than the wave fre-
quency at altitudes above 100 km where most of the whistler
propagation takes place, and the first two inequalities
allow usg to reduce the Applaton-ﬁartree oxmnion to

2w ;
( o mt._a. 903‘ o )
When Equation (10) 4s alro satisfied, we have further that
LR = 2 - ®
. E -]

for the propagating wave (which 18 right aircularly polarized).

Since we are mtoms'ced in nve paoml, .and &8 we are

-

in a disperaive and anuceropie mcdi.\m, the ‘direction of

R ..

propagation of the energy, the ray diucuon, will differ
from that of the wave propagation vector, ';. If we take
o' as the angle batween thﬁé two vectors, then one findst

tan o w - & tan o, : (%)
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KFurther, the group voloclity 1o glven by

C 2 {
vgsn,\ju-f—th 5 . '5)

Eguation (4) shows that the ray vector, which 13 in the
(E R g)-plane, lies between ; and g. |

It 13 of interest to know the maximum angle ¢ Letween
Vﬁ and B. A stralghtforward calculatio? leads to the
result ¥ = 19°29', for which cos 8 =~ J3 . Thus when
Eq. (3) "m0lds, the ray vectors are confined within a cone
about g with a half-angle of about 20°, and the whistler
canentlally follows a field line. Eq. (5), together with
Eq. (3), shows that the hlgh frequency components of the
whintler packet travel faster than the low frequency com-
ponento.

When a whistler 1o incident on the bage of the ionosphere,
part of the wave will be refracted up into the ilonoaphere,
the other part will be reflected back down to earth, The
qualltative description of thls effect will be a subject of

later dlscussion; here we only remark that Snetl's Law

applien and
n, oin B - n sln p, ()

where no and ﬂo are the index of refraction and the

ineldent angle (with respect to the vertical) at the btase
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of the lonosphere and n and P are the same guantities
in the ionosphere. For a typical whistler, the index of
refraction at an altitude of ~ 100 lm may be ~ 30, while
below the lonosphere we have n, ~ 1. Consequently,
whistlers inclident at the base of the 1onoapheré at
almost any angle will have their wave normals refracted
into a cone within about 1* of the vertical.

Detalled numerical calculatibns of the paths of whistlers
in the geometrical approximation have been carried out by
Yabroff.(e) Although Yabroff's calculatlbn compute the ray
path starting at 300 km and thus do not deal with the problem
of how the whistler enters or leaves the ionosphere, there
are several interesting results:

(1) The prediction that the ray psth for a given set
of whistlers differing only in rfnquency, is the same seems
to be reasonably acourate in the 5 - 20 ko/sec range.

(11) The ray path often departs quite far from the
magnetic line of force it is supposed to follow, and dces
not arrive at the magnetid oonjugate point. This «{fect 18
strongly dependent on th& mngnccic‘lttseude gonsidered
(henceforth "lafibuden" will be magnetic latitudes unless
the contrary is explicitly stated). At low latitudes {(~23°)
the ray path overshoots the conjugate point. As the initial
latitude 18 increased the final latitude approaches the

-9-
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conjugate point, passes through 1t, and for high latitudes
(~ 60°) falls short of the conjugate point. The signal
arrives at the conjugate point for latitudes in the 40° to
45° range (see Fig. 2).

(111) The angle which the whistler wave normal makes
with respect to H changes with position along the path.
This fact 1s closely related to (11), From our previous
discussion we have seen that the initial wave normale are
very nearly vertical for any latitude, Por low latitudes,
the wave normal maintains 4its large angle with respect to
B and the final wave normal will make a very large angle
with the local vertical., As the latitude 1s increased the
Tinal wave normal 18 rotated toward the vertical, passes
through the vertical, and again makes a very large angle
with the vertical at high latitudes, Again the latitude
from 40° to 45* in the region where the final wave normals
are nearly vertical. (See Fig, 2)

(1v) The ray path and the wave normal direction follow
the magnetic fleld 1line more closely 4f it is assumed that
they are gulded by ducte, l.e., by regions of enhanced elect:.n
density surrounding the magnetic field linea,

These result are of importance to us and a few comments

are pertinent here., For the moment let us ignore ducts.

. - Foa T T
' RS T S R S
Y R I S R U X

o s

PN




sl R

N

(a) From (1), and the existence of very strong refraction
at the base of the ionoephere, it is clear that for discussions
of'ray paths we do not have to concern ocurselves particularly
with the differences between wave packet and monochromatic
whistlers. (b) We see from (1ii1) that at most latitudes
the final wave normal is not even close to being vertical,
This means, because of the large change in the refractive
index at the boundary of the ionosphere, that total internal
reflection will generally occur and there will usually be no
penetration of the mignal into the troposphere. Only for
latitudes in the range between k0 to 45 will there be any
penetration (let us call these the magic latitudes)., Note
that we are here excluding ﬁhe possibiiity of large trane-
mission coefficients due to local irregularities in the
electron density of the boundary of the ionosphere. (3ee

§ II B) (o) Prom (11) we see that the reflected signal
will follow a different ray path since the new initial
latitude differs from the original latitude. Thus we see
that once a whistler signal is generated it will bounce

baok and forth in the ionosphere and only very rarely
penetrate into the troposphere. There will be no striking
correlation in the transit times for the "bounces.”™ (d) A
speclial case is afforded by signals entering the lonosphere

-ll.
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at the maglc latitudes., Here the signal will bounce back
and forth on the nameApath. Since the wave novmals will
alwaye be essentially vertical at the base of the ionosphere,
there wili be some penetration 1n£o the troposphere. Such
echoiﬁg could take place many times and definite correlations
will ‘exist in the time delays of the echoes. Such corre-
lations in fact exist . in nature‘a), and 1t was precisely
because of such structure that ducts were introduced into

the study of whistlers. Point ({v) above shows that ducts
will yield the sﬁme kind of correlation as those present at
the magic’latitudqu, but at a variety of iabitudgs and there~’
‘fore a variety of ray paths, It very well way be that ducts
are ﬁecesbary to understand bome_importintf43t§11i of ‘
whistler phenomena, but conceivably some of the experimental
date can be underétpod in berms of these magic latitudes.

In any event, a ¢1udﬁssion of the prqi‘ﬂnd ccni of ducte

and maglo latitudes is out of plaocvﬁeve. No one doudts

the -gxistence of unducted whistlers, and it 1» thoua that
will form the basis of a posaible vlfli,uqrnzns»tyitcﬁ. An
early warning system based on ducted vhihélara will be shown
not to be feasible, |




B. Reflection and PTransmission of Whistler Signals
at the Boundary of the Ionosphere

‘,The'use o' whistlers as an early warning system of

course depends to a high degree on the power and sensitivity

requirements of the transmitter detector system which in
turn depends on the energy transmission and reflection at ,
ionogpheric boundaries, It is evident that a quantitative
discussion of thié rather 6omplicatad wave propagation

problem would require a numerical solution of Maxwell's
equations. Suoh a discussion may also ;nvalve' 4 more
detailed knowledge of the electron density profile than is
presently available, However, it is possible to give a
orude discussion of this préblom which 1s adequate for our
purpose, It is not expected that these results will come
as a surprise to experts, but we present than'as a basia
for the remarks in Seotion III. We find, in brief, that
the refleotion and transmission coefficients for whistler

uignals are rather sensitive to looal irregularities in the
electron density profile.

We consider an atmosphere, plane-stratified in the
z-direction. It would of ocourse be incorrect to use a
plane geometry 1f we were to oaloulate the paths of whistlers,

but 1t is reascnable for the calculations of reflestion and
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transmission at the boundary of the ionosphere., We suppcse
that the;electromégnetlé'QaVe'ia 1inearly polarized with
its e'lectfic vector ﬁerpendicular to the plane of 1rvxcidence‘
(y - z plane) and with a time'dependence eiam(TE wave).,
Following Born and Wolf(g), for example, one tiﬁde for the

only non-zero component of the electric field, E_ :

X
e, "B, E |
e AT T T ()

where n° = W, k, = ©fe w 2xfr,, wu 18 thé,ﬁtgnetic
permeability (« 1 in our case) and ¢« 1s the dielectric
constant, If we agsume that the solution has the separable.
form Ex(y,'z) = Y(y)U(z), then one finds

ik ey
- 2y} = Ae ° 3} a=nosind .

For U(z) we find, witﬁ u=] and y =0 {(for
convenienae), the equations ‘
.7 a ) N
k2w ao, (2)
4z ‘ ‘
with K(z) = k, cos ¢, The components of the wagnetic rield
can be expressedt®) in terms of U(z), and the T™ wave can be
triated in a similar way.
_ Now let us turn to Eq. (2), and consider first the
part of the whistler path at altitudes well above the

-4-




reflection reglon, say above 300 km. Here the W.K.B.
approximation can be shokn to apply.(io) As a result
we can see, recalling that the correct'expresaions should
actually be written in spherical coordinates, that the
whigtler wave in goiné from 300 km up along a magnetic
line of force suffers a pﬁase change, together with an
amplitude modulation which changes slowly with position,
This sclution includes the results of the ray theory.(e)
At each end of the path, the whistler goes through
a reglon in which the W,K,B, solution fails badly. In this
reglon, therefore, we will solve Eq. (2) directly. Pirst
we conslder a whistler going up into the ionosphere, s0
we consider & transition from a rare to a dense medium.
Also we consider only normal incidence and we will correct
the results for general incident angles later,
We oonsider three regions (see Pig, 3). Por z < O
we assume that k(z) = Kys the free space value, Por
z> 0 we set k(z) « k w ny/o. In between we agsuse the

form,

k
(1)

k(z) = [‘ - (1*f an %] .

OQur final solutions in these three regions are as follows:

TN
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1k oz -ikoz

U=e + Re z <0

K
.~.[1-(1-—E‘i)%J“o<z<D (=)
= Telk? D <z

Onz f1inds for the parameter aj

—
a+=,»%4_- R ot
N kD N
&= TR

The general solution for U 4in the region 0< z <D
15 thus,
k a k a
Uz) Al - (1 =2 E Bl -0 =R F T ()

At the boundaries z = 0, D we require continuity of
U and dU/dz, This ylelds four algebrailc equations which

may be solved for A, B, R and T, 1ln particular we find

R - ! . ‘ , {7)
1~Q‘ ko 1=bA7 14Q 10 K V4R 1-Q’
(W)”(T) (m:) (W)-(R:;) (—‘-;-é-:-)




(8)

and
~1kD k | %y
T=~e ("'"") (T) T-Q P
e -\<-E-)J Wz ‘mr’
en k@ 1-Q
b o) () o =
(g -

where Q =0 /iA.

One can easily check these equations in various limiting

cases. For exemple, when D =~—> 0, A ——d 0 we have

T ~> 2/(n/n 1) o

An k ~#—>-k°, A =-> ®w and we have
| kD
R-—-—-}O‘ T amd> o .
Pinally, if k/k, ~~> « and D = 0,
R e «l, T =3 0,

(9a)

(9v)

we find

One oan include the effoct of nonevertical incidence

of the wave by replacing & in Eq. (5) by

k. cos a
5 = kD cos ﬂo/(1 - 1?- —3;~F—)a

-17-
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yher g ﬁo and B zre the initlial and {inal anzlel,
regpectively, We can expresy R in the gomewhat more

convenlent form.

1 P

Ra » \”}
o1r - DL
f1-v"]
where x =N1 = kAd, v =k, cos ﬁo/k cos B. A rough plot

of |RI? agatnat 4 for a ratio of wavelengths X /A ~ 55
in glven in Fig. 3.

We see from Eq. (9a) that at a sharp boundary, & —> 0,
the whistler slgnal 1s almost totally reflected. However,
as FLg. b shows, one can pags from a reglon of almost total
reflection to one of almost total tranamigssion a3 & varis o
f'rom npproximateiy zero to one or two, There are saveral
gources of variastions of A, and 1t 1a nof at all improbatle
that they can change A to such an extent that marked
changes in the reflectlon and trancsmission coefflcients will

occur from one local reglon to another, Two obvious ways

of changing A areg
1) Changes in the frequency of the wave (changing ko).
11) Changes in the angle of incidence (B.).

Jowever the most important conslderationa involve:

111) Local changes in the clectron denalty profile,

~18-




There is ample’evidence(11) for a day-night variation

in the electron density. It does not seem implausible on

the basis of this evidence t0 suppose that the distance D
over which the index of refraction can change from 1 to 30,
which we here nomlnally take as about 20 km, can increasc

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

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

¢ e ———— o -

almost total refleetion to almost total transmission (see Fig. &), :

There 1s aleo experimental evidence for horizontal
irregularitics in the electron density.(ia) Such 4rre-
gularities could result in whistlers penetrating the
lonoaphere at different points,

We remark that the possible importance of local irre-
gularities In the electron density on the propagation of

whistlers has been discussed by Budden.(13) We regard the

above as only a slight amplification of his remarks.

S0 far we have considerad the entry of a whistler into
the ionosphere, a transition from a rare to denae medium.
It 1s of course necessary to treat the oppoasite oase of a
tranpnition from a dense to a rare medium, The reflection

and transmission coefficlents for this caae can be obtained

from the above results by replacing & in Eq. (10) by
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The offect of local irregularities, etc, on the
refleetlion and transmisslon of the whistler siznal will be

equally marked in this situation.




III. WHISTLERS AS A LAUNCH PHASE
EARLY WARNIKG SYSTEM

In-this pection we remark briefly on a possible missile
detection system, utilizing an active ?IF source and re-
celving 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 rirnf,VSyatem I, is based
on ducted whistlera. We do not believe that such a system
16 feasible. In dismissing such systems, we have been
guided by the facts that (1) there 1s general agreement that
unduycted whistler propagation is a ccmmon phenomenon, .(11)
the ducted whistlers often show a very aporadié behavior
and finally (111) 1f ducted whistler.propagation in the
ionosphere 1s considered, then the signal would not be ex-
pected to enter the ionosphere from the aartheiunoopbcro
wave guide until 1t arrived at the end of & duct, so that
"aiming" at & missile site located at the magnetic com-
Jugate point to the VIP tranlﬁittar bacomes difficult,
though perﬁaps not impossible since one only has to aim
with an acouracy of perhaps 1000 milda. _ ‘

Even in assessing the value of System IX, dased on
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unducted whistlers, 1t 1s important to keep several large
uncertainties in mind. First, it may be that penetration
of both ducted and unducted whistlers into the iocnosphere
requiresrirregularities in the electron density of the
lower layers, whlch exist only at i1solated points in space,
thus reintroducing the "aiming”" problem mentioned above for
ducted whistlers. Second, even if the VLF signal can
renetrate the ionosphere directly over the transmitter,
the experimental erraticism of detectable reflected
whistlers makes 1t unlikely that one could expect the sys-
tem to function with 100% reliability. Third, there are
cqnsiderabig unoerté;nt;aa in the catimqtga of the strength
of the expected reflected éignal partly because, in the .
absence of ducts, 1t 1s difficult to be aur§ of how much
divergeﬁce of the VLF beam ohe may expect in the icnosphere
and partly because transmission into and out of the iono-
sphere depends bansitively'on the datalled shape of the
eleotron density profile. Fourth, there might on rare
occanions be natural irregularities in the ionocsphere.
whioch produge Doppler shifts comparable to the one ex-
pected from a missile, thus leading to false signals.

In view of all this, it seems unlikely that complete

reliance aould be placed on such a detection or early

warning system, even if it more or less works, but 1t may

PETENENT SRR RO SV A 315 7% SEM
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perhaps st11l be of some interest 1i used in conjunction
" with other detection schemes.

In the following analysis, we shall assume ducts to
be unnecessary and that penetration of the ionosphere at
any desilred point 1s always posgsible. '

As an ascending missile passes through the region of
maximum electron density, at about 300 lon altitude, cne
may expect that there is formed behind 1t an expanding
hole,(S) of decreased electron denmsity. Roughly, this
hole will grow at a velocity of about 1 km/sec until 1t
reaches a size of about 10 km. The electron density may
be expected to be reduced to about a factor of 10 below
amblent, and the distance in which this decrease occurs
is fairly small -- perhaps less than 1 km.(S)

Qualitatively, then, one could envisage the following
systems A VLF transmitter is located at the conjugate
point to the rising mialilo."81¢ﬁala are emitted, pene-
trate the lonosphere, prqpagatoiin the whistler mode
roughly along the .field 1ine, refleot off the hole in the
eleotron density caused by the missile, return along
the field line (Doppler shifted by the expanding wall of
the hole) and re-penetrate out of the ioncsphere to the

receiver located near the transmitter.
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Iet us try to examine the various stages of this
process in somewhat more detall.

We shall first estimate the expected returned power
from the missile on the basis of a very orude model which
should give a lower bound to the power returned. Let us
follow the path of a given ray as indicated in Fig. 5.

If 1t leaves the transmitter at an angle € to the
vertical, and if we take the refractive index to be a
constant n in the ionosphere and n, =1 below it, then

the ray, after penetrating the ioncaphere, 1s at an angle

5‘03
L2

to the vertical. The transmission coefficient intc the

ionosphere 1s then approximately

(g2 WE
n ng
n + 1 ©

(o]

The total lateral distance away from the transmitter when
the ray reaches the hole behind the missile is then

nO

where h 18 the height of the ionosphere and L 18 the
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path length through to the conjugate point. (In contrast
to the veturn signal, after reflection, we do not assume
here that the beam spreads over the usual 20° half angle

whistler cone, since the wave normals after transmission

L A e ——— o Ao e+
e i

into the ionosphere are so well clustered around the
vertical.) The maximum allowed angle for seeing the hole
18 then ;

Ry
Opax = M/ \ b+ 5 L') ’

where R 1s the radius of the hole, and for simplicity we
apsume the hole exactly "above" the transmitter and that
the earths magnetic fleld is vertical. After reflection

from the hole (which we take to have & constant index of

o T o e wes

refraction h) with reflection coerficient

s
L
-

o
+

we may assume the wave normals in the refleoted beam to
be distributed roughly uniformly over an entire hemisphere.
The reflected rays then propagate back along the field )

line, but spread over a 70° expanding cone, and they there- §

fore arrive at the surface of the ionosphere above the
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transmitter spread out over an area of radius about

L tan 20°. Now 21l wave normals outside an acceptance
cone of half angle noln will be totally reflected. In-
side this cone, the wave will be transmitted with a trans-

mission coefficient

We may put all this together, asauming{the trans-
mitted power is radiated nearly isotropically. We then
. find the returned power per unit area to be the following:

1

x Lz ﬁane 20°

If we take n ~ 30, which corresponds to an olectron
density of 105 and a frequenoy of 5 ko, then f =~ 10,
We may assume h = 100 km, L w 2 x 10‘ km, and R « 10

km. Then




P 10720 P'ol(meter)2 .

This number 1s quite small. If we suppose that the

transmitter can put out 1 megawatt at 5 kc (a non~
trivial Job) we f4ind P ~ 10718 watts/m®, which may be
marginally visible with a very narrow bandwidth raceiver.
If we go to a higher frequency, 8o that the transmission
coefficients into and out of the ionosphere increase, :
these values improve somewhat. At 25 kc, for example,
we may assume n = 13,5, i = 4,5 and thus find

P a6 x 1072t Po/(mater)2 .

However, at 25 ko 4t 1s easier to lose the whistler mode
of propagation at high latitudes,
The model used here is unrealistic in that the actual

index of refraction is not discontimious as one enters the
lonosphere. Any smoothing out of our atep function pro-
file will inorease the transmisgion into tha ionosphere,
perhaps ocohsiderably, since the transmizasion ocoefficlent
is a rather sensitive function of the ratio of the wave-
length to the diastance over whioch the electron density
changes appreoiably (see Seotion II b). In general,

higher frequencies should penetrate more easily.
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One could perhaps have the option of using several
different frequencies, between which one could switch
according to how well a particular frequency is getting
through. The ability to transmit could be continuously
monitored by sending out short pulses and listening for
the signal reflected from the other end of the fonosphere,
The transmission could consist therefore of a mixture of
such short (<< 1 sec) monitoring pulses and long (> 1 sec)
pulses for Doppler measurements, as described below,

Perhaps some improvement may alsoc come about if a
slightly directional transmitter could be used, though
with a 60 km free space wavelength this seems unlikely.
Again a higher frequency would be desirable; at 2% ke
the wavelength 18 only 12 km,

Summarizing then one may hope to have a sensitivity
in the receiver of perhaps 3 x 10'18 watta/bz ‘with a

-18 watts/m° estimate

slgnal to noise ratio of 10, Oﬁr 10
for the returned signal ai. % k¢ 18 thus not vieible,
without some enhancement in transmission due td & smoother
variation of electron density. At 25 kc, however, the
slgnal would be barely visible, ‘

Let us next turn to the Doppler shift to be ex-

pected. If' v 18 the velocity of the surface of the

Lo e cppdn B Tt R
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hole, along the ray direction, then the Doppler shift is

e

A(D-?-g-?y'-

g

N

. If we consider v o 1 km/sec(j) to be the maximum value

of Vv, we have

g% = 3 cps at % ke .

Here we have taken n ~ 100, which corresponds to 106

© s e e o men

electrons/cc at 5 ke, which 1s a reasonable F, layer

value.(11) Since n decreases with increasing frequency,

Aw  varies slowly with ., For o/2x = 25 ke, for example,
R , %% ~ 6 cps .,

Since the component of velocity in the desired direction
changes from O to 1 km/sec as we vary over the surface
of the hole, the return wil; contain shifte from 0 to
the values given above,

In order to distinguish this signal from the back-
ground produced by the nignn; returned by reflection at
the other end of the ionosphere, the receiver should
have a bandwldth of no more than about 1 cycle,

It is important to know what natural Doppler shifts

we may expect, due perhaps to motion of irregulariiics in
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ionosphere over the conjugate point to the transmitter,
There seems to be little inrormation available on this ;
point, Estimates however for the speed at which irregulari- :
tles in the ionosphere move range up to only 100 or 200 3
; meters/sec, so probably this background effect will not
be severe.

Geographically, most of the interesting conjugate points
to the USSR 1lie in the Southern Indian Ocean (see Fig. 6).

Parte of Western Australia may be of some value as obser-
vation points, but otherwise one is confined to only a few
islands. Of these, all are French except for Heard Island
(Australian) which 1s entirely covered with ice. It may
therefore be necessary to thihk in terms of a ship-based

system which will, of course, hardly lessen the difficulties,
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(Conclusions follow)
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IV, CONCLUSIONS

1. Systems relying on ducted whistlers are of neglizivle

2, Systems relying on non-ducted whistlers are of
marginal feasibility becauses
a, Power and sensitivity requirements seem,
according to our estimates, to be at the 1imit of what 13
presently possible,
b. Erratic operation must be expected because of
fluctuations in the electron density in the D layer.
¢. The geographical limitations are severe.
d. The model on which our numerical estimates
are based 1s very crude, and may possibly be misleading.
3. Even assuming that our numerical estimates are
pesslmistic we find it difficult to argue thst whistlers

could form the basis of a reliable early warning aystem,

4, However, there may be other applications of a whistler
aystem, possibly in connection with monitoring a miasile lest

freeze, but to assess the value of any such ute more detalled

study would be required.
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