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Abstract

Soviet OTH experiments have fcund that field-aligned joncepheric
slesma density stristions develop roughly 1 minute ufoy Luraca of
20 OTH radar with 50 dbw ERP, A theoeetical development of self
focusing izstabilities predicts a threshold of 37 dbw suder daytime
sonditions. Nighttime conditicns iead to appreciably higher threshcld
{2p to 120 dbw). Since the instability sxponentiation time i lag
{1-10 3¢c), shoet OTH echerent lutzgration timss can limit frowth to
1-2 e-foldings which should not degrade OTH :ignal processing,
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1 INTRODUCTION

Cne of the mexpoctad shenomena of high-power ncspheric modifi-
<stica revearch 'was the appesrance of atifical Spread-£12, This has come
‘o te undentood in terms of o wil-focwsing astability >3 which costes
isnciphere sriaticns deleterions 1o OTH signal processing, At the simplest
level, the instability results from tha conpling of three proceras, Firat, it is
well-known that radicwaves will te refracted into regions of relatively higher
index of refraction, In a plasma, the index of refraction 1 is relatad o the
tlecticn density n, via

w3 irn, el
At = R Pahis el
a ~1'-w42_..1 m.w" {1)

Thus regions of higher refractive index corrspond 4o ragicas of lower election
lensity, Second, the higher intensities produced by rafraction prefeventizily
“eat the high-index, low-density regions, T hird, the higher prensurs ssaci.
ded 7ith heating pushes plasma cut of tha low-density ragion, xmplifying
the refractive sfect.

The question aaturally arises: Is the power Sux of an OTH radar suig-
cient to trigger self-focusing instabilities? An unequivocal afirmative answer
is given by the experimental results of Novoghilov and Savel'yev®. Figure
1 sketches the geometry of their experiment. Figure 2, reproduced from
their paper, shows fast ampiitude scintillations develeping 2 minutes after
the OTH was turned on, Phige ductuations between recejvers spaced by
:everal hundred meters incraased in amplitude and became more rapid. Fur-
ther measurements® determined that the scale zize of ionoepheric striations
728 ¥ 300 m and that the spreed arrjval cngles =t the disgnostic recsiver
incremsed from & 0.3% 15 L), According to Novozhilov and Savel'yev, the
AF 2lectric field in the ionciphere wog Z, (D.1) B, whars 2, iy tha plazma
Zald defined Yy Guravich?

[T

Gy
H
w5

-~

w2 : n’nC :
‘:&, = "";3—-',/.0 N

dere § denctes the average Iractional energy lost Ly i slectron i

Azctron-ion collision. We zhall argue below (hat zelf-focusing instabilities 2ra
1
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et virulent when the electron collisipn frequency is high “rhich cceurs when
plasma density i high, electron temperature low, and election-icn oollisions
dominate electron-neutral collisions. For an O+ plasma, one hns

5 =17.10"% aad the power Jux thiouzh the oncspheric slosma for the
I‘s’ow:f:sidiev-Savel’yev experiment was

¢ ot {
Fo 2 (0.1) = BIm/1074 Witta/m? ()

where wa have sssumed T, =~ 1000°K |

;:nd 3 itequency v A 29 My for
laytime OTH operation, | '

i




2 OTHRAY TRAJECTORIES AMD IONO-
SPHERIC POWER FLUX

- Let us ernploy ra ~tracing to estimate the power fux of =n OTH radar
t2zed on a simple parsbolic madal of the electron density below the peak of
the F-region., Hence the plasma frequency proile s

. z
'w: = w:,mazll - (;;')2) (é)

vhere w, max denotes the maximum plasma frequency and z, 23 100 ko
From the simplified-but-adequate dispersion relation
W o= Wl (R + k) {5)

= w; + wicos’d + czﬁz,

e oin compute horfzontal and varicad sroup velocities
b
[ 2 f"'}gmaz 22 e 7
Ah=ccsd V,=e sin®f — 2022 - ‘ (5)

Here § denotes the initial elevation zngle of the ray. From the ray equation
in the lonosphere

Vidz w cos ddz

AR=-2" -
R
u’S!D"J /

“pmaz

(7

x

fs 1’ —
W';.'mu [;3' l +

one can compute the relation between range .2, ionospheric height z, and

Initial launch angle 4. For a rzy that is still 2scending, one can integrate (7)
to obtain

) <Eing
e 4 reosdu I 4 ==
it :=T'-7~r--—-—~wz ~ 3172 2)
Wing W maz 2 8in’s
7 =+ )P -1+ et
“ e mas

in 2 fat-carth spproximation which is adequate for cur estimate of the power
dux. ere, Uz 200 ¥m denotes the altitude of the lower boundary of the p-
regien {fe. 2 = —z)), The zeek F-region plasma density occurs 2t an ltitudes
d4 ..

(W 4




At 2 fixed range, Zquation (8) re

fates the ra

to lzunch elevation angle 4,
for descending ra)a that have reflectel

It is strafghtforwas

H from the

wd sin?9

height in the ioncsphere z
to generalize Equation (8)
cight where

3 7
=1} i3
(7) - (3)
[
The range formula for descending rayh is 3
¢ o L Xz wi &
—_— T + z, cc8 dw (1+ ‘&.,f::}f’ (;‘g -1+ zin ;)z‘,*]
i = l v
tan 9 Yo marp 1 %
;,m
| (10)
“When one sots z/z, = 1, one can o tetjtn e the totsl Lorizontal distancs
AR, travelled by the ray in the jon e phy
)
2,¢08%w (12‘4' :sml_ : .
ARy, = In Sr— {11)
=L Vrmar ] - 22817 817 14
; 2% J
1z, , wsind lusing
= (= ! (12)
Lan wp‘w‘ [r g ‘*”,M 4r
Zor most long- -range OTH operations, which utilize low rays, form (12)
valid, The range R at which the ray strikes the earth is
0 Pl S (13)
tang ~ens
Using the characteristic values H = 209 knj, %o % 100 km, one Ands that tha

contribution of A Rion
socd approximation

to (13) is small

i

tand =g :1—{

7.
Lot us nete that becayes ¢ the dencminator of
{11) diverges tain 9 —» Wp,mez /Wy therp zre two §
siven range, the low-ray which has {w ¢jn 3wy ez

:nd sz Ppmar W, independent of range
very

£
is negl

svhe

lizeble. Thus, va need to congids
¢ power density and Fquations (1

5

<5
ric

sl interval in slevation angle 2

when (wsin)

8/Womaz) € 1. Thus to s

——
s
i

he logerithm in Haquaticn

values cerresponding to a

e
'm
-

) the powe

-
3

X 1 and a high ray with

Since all high rays correspand to a

l2uncked onto high rays

(‘nij low rays in sstimateg of izno-

() and (14) lare £

ood approximation
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The power density in the icncaphere st a ranre . Wllows from the
p ¥ P Yion

formula . Ap i+ 15
Fo= 72— (357 ['Ldz I+ '}
1on m#:ﬂ/ﬁgcn
where (3?P/8439) s tke transmitter beam pattern in azimuthal angle $ and
clevation angle @ and

(15)

S Gk (19

with an evident generalizaticn for the contribution from descending rays,
Following our approximation for low rays, one finds

28~ 2sind cosd (w sin 9)
[

ErRRE

1 :
-1 ’0]1/2 (17)

° =3 omas

Wpmas

i
to
~
£
b =3
S
N
[
~
PN
e
oy
S

“Vithin the context of ray cptics, the power ux diverges at the reflection
height. Since we shall show that self-focusing instabilities are extended along
megaetic field lines for distances ~ 5 km [(see Equaticn (32)), it is meaningful
‘0 compute the average powsr Aux in the ionosphere. Ve define this s

1

Ty -2y

< Fy>=

/" dz F(2) (19)

where 7; = z,(1 ~ ?___fsin’i):/:

is the reflection height. Again using low ray
am
approximations, cne finds that '

- 4 3P 1 Pr 1
< by o= = Y I rv-tals (PTG) (30)
.w:?{m 2409 -?,?m AN [Z:?m

whete (PrG) is the effective radiated power (ERP) and AD estimates the
rolid angle of the transmitter beam. One can cormbine (15), (18) =nd (20) ‘0
sbtain an expressicn ‘or the altitude dependent power density,

lz) = L. JORN : - G 1 21)
27T - (e IR - (e
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 OTH radar with an ERP of 90 dbw. A

“ihera

Az x5 7,03

a2 bw-ray approximation.

Suppose 2 nominal OTY anteg

A% 24 10° and has sn A ~ 45® ben;
Ands

- uwatt

in?3/ 2

na raciats
m width ig

into 2n szithumal sector
elevaiion angle. One then

im,,

< F,>= (304

irom this one deduces that the
W to agree with (3). The zain of
ix/AQ ~ 100. Hences the ERP of the
o be 50 dbw. MITRE's preposed E]
2195 dbw giving it a power flux of 3 .
Our.thecretical development below pl4
<t asout 1074 watta/m? during daytir
higher ut night),

el

Jm‘r%et tran

) () |
W) R’

(29)

¥

tmitter nower was P 13
! OTH transmitter is (7 =

>1j ominal
Qi :
.‘z?e‘O

'B transmi
10—+ watls,
ces the thre
he conditic

e conclude this zection by notig that OT

stabilities have been ohserved by Sovief
=stimated from their paper agree with

73 95 dbw and a full-capability AOTH
Thus, sxperimentally, sne shoyld £XPp1
srise in ETB and AOTH gystems,

reséarcher
these prod
h ETBis p
ystem =

i
|

{

{

i

I instailation is estimated
ting zateana has an ERP
/m? at a range of 1500 km.
2shold Aux for relf-focusing
ne. (4 7l be significantly

H-induced self-focusing in-
8 and that the power fluxes
iced by a'nominal 10 MW
roposed to have an ERP of
7 dbw per transmit beam,

bt that seif—focusing striations could

PUEER 2y su
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3 SELF-FOCUSING P“I‘STABHATY AMAL-
SIS

A detailed theorcticsl analysis of the self-focusing instabilily has besa
ublished by Perkins :nd Coldman®. We shall shstract the czsent ial physics
from this paper. 1t suifices to consider a strong e!xtm*“.agr@mc WAVS pIop-
~gating horizontally in 2n underdense, uniform plaema with w > ﬁJ,. The

cometry of seif-focusing sznat}ons is feld- »ixg:zﬂ-d sheets c«f t-mtty frregu-
arities with a wave vector ¢ which lies | in the direction l‘, X 3, where k.
qenotes the wave vector of the strong évtmm&@ctlc wave and 3 the earth's
magnetic field,' The' denmy !mgulantxea grow expenentially both spatinlly
“long the directicn of k, and *'smporaily Figure 3 gives the coordinate sys-
t=m {or cur computation. We assume that density perturbations in und
- sther dependent varisbles take the form

.’ in -::. ;;é(f)elgp’ru{tuq".&ﬁﬁ}#ﬁ
where
= zecad — zain 3
§ = zsind+zcosf

»nd 3 denotes the angle of the geomagnetic feld with rezpect to vertical, Ve
make the assumption, readily justified a posteriori, that g » £

230 3z°

T

ae squations governing self-focusing instabilities are

- wlA 7z = 2')
Fo=- F 2 / o emalz=s) 2ot 2
(027 [ S
iy @B e
= ‘qc{e)ql - ( 1)
Zwgex ] +e
u .3 J r P
v = 9J + 02 ..,é’ {25)
;32 3‘,. R A
qﬁz w,cr =1 {8

Here e e the definitien ¢ = 7 YT, A = 3/n, und

2
i ? rr . ~r1y . .,7-; "
¢ :.Qkoag N = 3.]2)7 N/ﬂ’!i/,' D = /‘%'{V;'?l' (2‘)

3
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Ture 3. Coordinate System for seif-focusing

rFrooagates n the x rection,

>3
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Toa good spproximatica w, = ke, since wy >l

Let us briefly describe the physics conteat of cach cquation. Faustion
{24) zives the intensity fuctuations & st z regulting from phase pertusbaticns
czused by index of refraction Auctuations at =, Equation (1) links the index
oA refraction to density. Equaticn (26) goveres clectron tamperature ductu-
stions resulting from differential Leating dus to intensity Juctuations. The
“‘ominaat Hmitatica ca tempersture Ructuations comes irom clectron heat
conduction along megnetic feld lines to a constant temperature bath, This
makes sense if the strong beam 7,(¢) is spatizlly limited zlong the magnetic
Seld. Equations (25) states that plavma dencity ductuaticns arise because
ions diffuse through neutrals 2long the geometric 3eld, tha diffusica Leing
iriven by electron temperature Auctuations.

Straightforward algebra combines Equations (24) - (28) into (he sigen-
“aive aquation

e = Ag(@da (29)
~y

where from (15)-(13)

wivlxe? < 7y > ( e ) ,
MV 1w3(3.16)TaC? ‘3 1 1 '
&) b= e<t
L 14 )t/2 o
3= b (30)
9 §>6

?, wlsin®f 10
_ % wisn Az 20 ¥m (* ?Okm), (31)
Ton

Foo= = o I8
-] 0
! 2 Wi .cos8 cosf
22d the electron density is ta be evaluated =f 4 peint whers 02 = w2ing

ored

(R T

Tet =3 rescale the zovarizble rccording 4o

U, ,__:(?_2)1/3 = Tk ( T \.m(33—1;%\,;.2(zhz.}/,.
¥

Sote that £, Is ppreciably anger than 1, 5 (33) 2on e wdequatsly ap-
crovimated by

=2 )

ZA_ AL 2 33)

:‘31‘2 ;/‘!/" [
11




Wnere ) < L 29, and |
= (iU {34)
‘s 5 dgenvalue of order unity. The|bommdary onditions for (32) 2z

A
I
A

r|Ew

Thus the eritieal Jux Sor 1sif-focusidy istabilitfes iy

q oo (318 M B T (U [
"1: 1’0 >::: .lqg E 4 v - . . i‘j?)
Wil £ Ze
i

x

Une can c2st (37) into practical units and chtain

7= (0.3 A ‘zmtta) (:;M')z Fem=2\ 7P 5Bl 109km\ 72
EN e . J"ﬂz . e 3 ﬂ;s,}u a"l :O

( T (438 - I gy \I (e )P 23 4 oy
wx) (=) (@) S @

%

F
R S P R M e [ T SR | Iz Ty RTINS S p—
crace e Lave wed wodad = e, Jor repressiative OTH sperstions, oas

ain § j 2.2
1 Mg 0.5.

Azsuming all other factors are unity, one obtains

Dt

39)

watly
md |

(40)

F.a 15107

in good 2ccord with chservations. A spitial gowth rate of @ 2 (25km)!
I3 22eded to attain nonlinear stristichs for reprasentative paths in the iono-
sphere. Further note that the critical Aux s minimum for striation wave-
vsngths given by € = 1, correaponding fo My = 21/q 4 1.2%m{a~ /28 m) Y2,

Again thers is rgreement Novozhilov]and Savel'yey,

0 cvaluating (38), we wosumed wa exponestistica timae of 1) fse b
:tain & modestly larze number of -foldings in one nfaute in sgroemen
ith the experimental data of Figure|2. Similerly, the spatial qrowth length
o 25 km Is moderntely mmell compadad o tha {itones o rry rpends in the
‘mmosphers ‘

TTGEDT '
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1 DiSCUSSION

Vheawill 2f-locusing instabilition cfect OTH sparaticns? OTH radass
atisvousdly travsmit power into in zngulsr szcter with FIM medulitica
shich provide raage resclution upea procozding. The FM asture of thas
“gnal plays no role in relf-focuming lntebilities. Oze 2ozt fem {20) that
2 ZRP b 8T dbw s sequired to snoced thresheld calue {23,20) during
Sigh-density, low-Ts Jaytime coaditions, Joting that, for OTH cperstions,
F} % A it follows from (37) that & x f~% T ciber words, the fnsta
tility bacomss rpprecisbly lass impertant st aight. 1 %s 2lio abiliced by
nigh electron temperatures; often, but uot <lways, a Dature of daytime fzno-
rpheres. High temperatures reduca the dictron-ica ecllisica {requency which
diminithes resistiva heating »nd increzes Jectroa thormel conduciivity, both
-tabilizing efects. Lastly, cae notes that growth times are near 1) cec, come
cursble to the planned OTH coherent integration times. Oze cin certainly
tolerate one efolding of ductuations, to ropid Lesm switehing il lefent
sibfecusing lustablilitior soar theashelds The Advacesd Qver-sha Hovlzon
s2dar (AGTH) plans sxceed the threshold dux by s factor of 19, raducing the
srowth time to ~ 1 sec under daytime sonditions, In cperational tormg, 2eif
Dscussing instabilities il lmit the coherent integration tims vy of 22 OTH
radar. A reazonable supposition that 5 (or l228) o-foldings of ambient density
luctuations can be tolerated. The ERP st which seif-focussing i3 predictad
‘0 degrade OTH performance can be sstimated by using 7 = 5/ ia (38)
»nd then using (20).

The planned ERP of 95 dbw for the Evperimental Teat 2ed radar (ETB)
chould be well into the regime where self-focusing arizes In Jlaytims sondi-
tions. ETB chould be sble 4o investigate ssif-focusing instabilitics, Mom 1
sractical point-of-visw, one inay not sied the full ERP +f 97 dbw far 5 ia-
;2 AOTH Leam in Jaytime conditions Secausa trrget croos-vectisng inerense
th frequency in the 5-20 MHs segion, M the frequency falls Zrom 50 Mg
‘0 3 MHz, the threshold 2P Incrazces fom 57 v 45 100 ibw, oo AOTH

" e

* . 1 - 1 L] - AT . 3 1 . - o o
s pradicted to be froe of caif-ocusing instabilitics ia nihitines =hon berogat
: Kl

g
sy ' - vy e S P R Ty o e b nle
oss-sections tre low, Sxperiments are needed 2n on RT3 rador to validata

L ek
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