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I INTRODUCTI ON

In the years 1948—71, the Ballistic Research Laboratories (BRL )

developed several methods for the study of ionospheric characteristics

with the principal objective of understanding the effects of the ionospl crL ,

disturbed and undisturbed , upon the propagation of radio signals used for

V the tracking of objects emitting signals and in the transmission of in-

formation. The major efforts focused on the use of radio methods for the

diagnostic studies in the belief that the most direct access to propagation
V 

effects could thereby be obtained. This approach of necessity led to in-

ferential determination of ionospheric characteristics through the postu—
V lation of simple or complex models of ionospheric structure followed by

iterative modifications of the models to provide compatibility between

predicted and observed propagation effects. Sensitivity of the me thod was

provided through use of multiple coherent frequencies , careful attention

to antenna and polarization properties of the equipments and sophisticated

detection and recording of tile received signals .

The earlies t e f f o r t s  of the BRL to U SSI V S S  the effects of t h e  ionosp here

on rad io signa ls we re associa te d w i t h  t he mission of deve lop ing, i n s t a ll ing

and operating the missile tracking system known as Dopp ler Velocity and
V Position (DOVAP) at the White Sands Missile Range in the late i94Os . This

I 
- 

system, which will be described briefly in a following section , was capable

of real—world tracking accuracies equivalent to th e best of the ballistic

cameras and was not equaled in accuracy by microwave systems until the ad-

vent of sophisticated phased—array radars in the late l9bOs . A precursor H
to th e  DOVAP system was developed in Germany in the early l940s to

provide accurate velocity information for long range ballistic rockets (V—2)

since radar in those years was incapable of providing the needed data.

With the DOVAP system , basic trajectory information is derived by measur—

img, at the ground , the phase of radio signals transmitted to

and from the object being tracked. Distances , then , are related to 
V

S

V 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



phase through tile t r ansmi t t ed  frecju ency and velocity of p ropagat ion  (phase

ve loc i ty ) .  The phase ve loc ity  of propagat ion in the ionosphere is greater

t ha n t he v acuum veloc i t y of li ght so t hat  DOVAP range i n f o r m a t i o n  is f o r e —

sho r tened w i t h  respect  to t r ue  values fo r  objects  t racked in and above t h e

t ona sp her e . For the DOV AP system operat ing at White Sands Missi le  Range

V w i t h  f requencies  of 37 and 74 MHz , the range e r ror  could be as much us 2

k ilomete r s at an a l t i t u d e  of 1,000 k i lometers . E f f o r t s  at the BRL were

di rected to f ind ing  ionosphere  correc  Lions fo r  t h e  DOVAP data ; by a modeling

p rocess , t hese cor rec t ions  could be used to descr ibe  the a l t i t u de  p ro f i l e  of

to ta l electron content  in t u e  ionosphere . ’ The same basic me th od , b u t  ~ lth

much imp roved data  hand ling an d analysis , was deve loped fo r  de te rmin ing  the

ionosp he r i c  s t r u c t u r e s  of Mars and Venus dur ing  ti le Mariner  missions .~

In the late l95Os , the t w o — f r e q uency method of determining ionosp he r ic

prope r t ies , developed f i r s t  by Seddon , 6 W us adopted by the BRL to enable

mo re accura te  measurements of ionospheric proper ties  en d  to f ree  such

measurements from res t r i c t ion  to launch fa ci l it i e s  equipped w i t h  the i ) JVAI

t racking sy st e m .  The BRL u t i l i z ed  frequencies  of 3b/ .L43 MHz t a r  t I n  t Wo —

f r eque n cy expe r iment because o f lon g fw n i l i a r it v  w i t h  a p p r o p r i at .  eL 1u1~ 1~~flts ,

because data from f requencies  below app rox ima te ly  0 MHz become i n er e V 1s i i 1~~ly

d i f f i c u l t  to In t e r p r e t , be cause roc k et ant enn as are relatlv . Iv V V I O V  to d~’ei . n

t o r  511011 freq uencies , nub  because of minimum back ground l e t e r t e r e n o c .

This adopted method was applied in a series of e x p e r i m en t s , I d e n t I f i e d
IS ~i RuNCAt~ 1, carried out a t  Wa llops Isla n d , \V i in  .~°5 9— 60.  ~ ~i i o r t i y  a f t e r

these  expe r imen ts , a crash e f f o r t  was i n i t i a t e d  to p r e par e  and f ie ld  rock et  —

bo r ne mull i~~i r.~~ u cn cy  beacons for the hi gh al t i t u d e  nuc lear  t e s t s  at  J o h n s  t en

i sland  in 1962. 8 For th i s  program , a th i rd  coaeront f re q u en cy  st 888 >1h z
was added to provi . i e g rea te r  dynamic range in t i le u I e 1 h s ur em e nt s  t ak en .
n l gh t ce~ roc kets equipped w I t h  these m u l t i — f r e q l h . ’n. -v beacons w er e  f l own

dur ing  the  t e at  p r I ) ~~ r V 1 n .

* The f r equen c i es  noted  t h r n l g l t e I I t  t h i s  r e b I r t  are rou n ded  t o  t I l t  f l e - h r e~~t V

>0hz, ~~ier e f rtM Ut flay r , h  los h r  :V ;  \V , 11 , suc h I r . qu e i i  i . s  are phas — c o h e  ~~~~ . ‘V

—~~- ~~~~~~~~~~~~~~~~~~~ 
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Following the nuclear  t e s t s  at Johns ton  i 5 I V j I l U ~ t u e  BRL participated in

the Test Readiness  Program c a l l e d  f o r  under  Sa f e g u a r d  C of the  L i m i t e d

L Test Ban 1r u a tv . Suppo r t ed  by this p r ogr a m , t i l e  multi—frequenc y propa~ ution

exper iment  was greatl y imp roved in ground in st rumen t a t i on , data  p rocess ing

and analysis , antenna desi gn , and rocke t—borne  t r a n s m i t t i n g  eq u  i~~fleIlt.

Eve n t u a l l y , f ive coheren t  f requencies  were incorpora ted  i n t o  t i l e  e x p er i :~ e

des ign cover ing the  range 36—875 MH z. Under  t h e  Test Readiness P r o g r V h : . I , t I l~

B1i1 p ropaga t ion  experiment was b r o u g h t  to a high de~~ree of p e r t e c t iu l .

in the  years a f t e r  1962 , ionospher ic  measurements  by the BRL w e r e

a l w a y s  carr ied out  in suppor t  of f i e ld  programs wh ose ob jec t ives  w e r e  sub-

s t a n t i a lly broader than the i so la ted  measurement  of ionosp he r ic  p a r a m e t e r s .

Th us , the  BRL p r ovided ionospher ic da ta  fo r the ba r ium release p rog r ams

SECEDE II  and SECED E 1II~ 
10 and the coordinated geop hys ica l  s tudies  in

the po lar cap absorp t ion  (PCA) event in N ovember 1969 . ’’ 12 
~\ ll t i le  hi gh

a l t i t u d e  rocket experiments carried out  b y t ile l iE! ,  have been c V it l h l o gu e d ; ~~

howeve r , the more s ign i f icant  data  samples of ionospher ic  e l ec t ron  c o n t e n t

and dens i t ies  f rom rocket  exper inents  sr . l i s ted  in Tables 1.1 , 1.2 , cid 1.3.

In t lao , data  taken in the au roral  reg ions at  t imes of sunspo t  maximum

( inc lud i ng the data in Tables 1.1 and 1.2) may become increas ingly  impor tan t

if sunspo t activity is ente r ing a decl ining p hase .  Ce r t a i n l y  solar  a c t i v i t y

in the 1968—69 period )f sunspot maximum was considerably less t h an t i l e

1957—58 period , and it has been noted r e c e n t ly  t h a t  the 11—year solar

cycle may not be a cons tan t  cha rac t e r i s t i c  of the  sun and solar  a c t i v i t y  has been

very small for long periods of time in the past. ’4 Th us , des ign of cont r i iun ica —

tions systems for the relatively benign radio t r V h n e n l i e s i o n  e n v i r o nme n t

ac oni . l l h v i n g  t imes of low sunspot activity could yield marginal or disruptee

performance in the more vigorous ionospheric environment created by solar

or man—made disturbances in the high atmosphere .

In the late 1950s, the BRL, as well as others , became interested in

the  use of satellites as carriers for radio transmitters and the promise

of a major new capability for ionospheric studies using signals from such

V 
7
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t r ansmi t t e r s . Whcti t h e  - ‘1)U L n 1  I L i d . ’ 1.itiito h~ ii , t I C ,  BRL i4 id  d , -i - i gn4 d and
- .-. a already es.;ca~ l iIi ~~ ground r~- e ei\ in~ e q I I i ~ - -I~~. t ~ ~u r  use wi th  sotc i l ite

- 
t r cn s ml t lL e r s  an d was c 1uiJ- ~I - ~ a i - 1 ~ to i ni t i n c-  L I L i c ~~ i f lg  of u~ uLnik . This

- jr l~’ L i x p e r  _ n , ’ L .U -t d~ p o s s i bl e  a ~~~ Id dL’VL’le a4- -
~~~ u~ d at a  reduc t ion methods

V a~i~~ analys i s , and incorpor.it L U !  of t i l L  l C c L - - -~ - ) r \  ~ L’ a.~( 1 a’ aL r s  and antennas

in the  ground st a t  ~O ’i I1.V-
~~~u [or tLie i s i l t  — 1 r - q u ’ .~~~- rocket e x I ) c r i l I I I -  ~ l_ S .  Thus ,

• L on( sp l i e r i c -L - I V - - a : V - u r e h i I L i a L s  could be add-L i  us soon as the  t w o — i  r eq ue ncy  navy
V 

I l L  idli L I Oil - a L t - l i  i L i~~~ ~l1 .C~~~~U L I L i C U C t i l e  i , u i s i  t P r o ~i r . 4 I I 1 , were  placed in

• ‘rb ,L L .  hhcn tii~ U . S .  hl ,4 11 a l t  it ud -: . I U C I c  ir  t e s ts  s~ ’re  - . r r i ’ .’u ‘u t  in the

Pa c it  Ic in l9ud , i t  U - a S  poss ib le  (U measure total electron con test in the

V ionosp here (below o p j - r O : - : i 1 i . t t  clv 900 k i l c i ~et e r s)  t a r  95 ~~d5 5 C S  U t  T r a n s i t
!~,- ari d i’ruiis i t 4B (Omi cron ,1 an d Alp ha .t.i 1) In tl~ pe r iod 17 > i d V  L i ~ r u u - e h

4 . LL- ~~Intne r 1962. FIte ground t r a c k i n ~; s L i t  ion ‘ V - I L  1ocat~ ii at J oh n s t u : i  1usd

and data w e r L  ob t a inc u s j t  lat it  U U C L  of ‘— 2 5  t i ed r e u S  n o r L h  and l ong i tudes

of I n O — lU dv~;r~-cs w e s t .  ~ The method s  d e v e l o p e d  a t  th e  BRL a nt i  by u t ~~er

I • P VV L  - --t i gato rs made possible iono sp her a , - a - r r t  e t  io ns to posi Lion ~aid vi le ’.  i t y
- i f li O r l I d i iOfl  fo r  t he many u crs of the fr insi I : I d Vi . J t i o f l  S Y S t c f l . .

Fu r  Li v i iety  ol r L -c - ,e l l s , a maj or out ’ IC, ing  ch.i lug rule s I f l O  P V t IS S I Of l S~

LIRL - i c t i v i  ties in rocket  moat — u re r t ent s  ri t I -  u pj - er  at m osph er e  were

‘ l i t r a t her  quickly at ~ ’.~r 1971. ‘Lie majo r  ui~~t r L - u t i o n  of the hi gh . . a t i t u d e

4 ’ckc_ i t mea su r ements and s at e l l i t e  t r c c k I  ag pro~;rdi’ - S of t u t  BRL was the

• development and perfection of methods for .- n u l v s i n g  and understanding the
- t ransmission of phase—coher ent , mU lti— irtque ncy signals through ujuturbed

l onuspheres.

“~-1
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As mentioned in the previous section , the thrus t of SRI-a e f f o r t s  to

determine ionospheric effects on radio signals changed f r o m  an emp h a s i s  on

correcting radio tracking data to the use of radio signals for diagnostic

measurements of disturbed ionospheres. This changing emphasis , together

with rapidly improving electronic and recording equipments , led to evolu—

tionary changes in instrumentation as well. The result was a better capa-

bility to assess ionospheric effects and provide a base of information to

- ‘ 
- predict these effects for a variety of ionospheric structures ari d other

frequency regimes.

In this section, the methods used by the BRL in assessing ionospheric

e f f e c t s  on radio signals are briefly reviewed; more detailed discussions are

found in various BRL reports. ’5 16 17 18

A. T rajectory Comparison Method

As ment ion ed in t he previous section , the earliest BRL efforts in
V investigation of ionospheric e f fec t s  were associated wi th  the operation of

: the DOVAP missile tracking system at the ‘Ihite Sands Missile range . The

V. 
ionospheric effects associated with the phase comparison tracking system were

- - later used for inferential determination of ionospheric structures of Mars

and Venus .2 3 ~

A portion of the DOVAP tracking system is represented schematically

in Figure 2.1. In operation , a radio signal from the transmitter is received

by the missile, doubled in frequency and retransmitted to three or more

ground receivers . The same transmitter signal is sent by ground link to the

same receiver sites, doubled in frequency and mixed with the signals re— - 
-

ceived via the rocket transmitter. Because phase coherence is retained

throughout the system, the resultant total signal phase , after mixing and

12 
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mu lt ip lica t ion by t he wa velength o f th e doub led f r e q u e n c y ,  provides  a

measu re of the distance from the  t r an s m i t t e r — t o  r o c k e t — t o  ground ret t’Ivor.

Knowledge of the total phase requires continuous reco rding of the ~ ixcd

signals from the time of missile lift—off. For the general cast’ of non—

coinciden t transmitter and rece iver , the measured d i s t an ce  gene rat e s  an

ellipsoid of revolution. T he inter sect ion o f th r ee such e l l ipsoids (r ’ . ’—

qul r ing three  receivers) locates the missile in sp a ce .  For the spec i t I  case

of coincident  t r a n s m i t t e r  and receiver , the ellipsoid beco mes a sp h e r e .

Becaus e rocket—borne an tennas  f r equen t ly  have dipole p a t t e r n s , g r o u n d

an tennas  have c i r cu la r , or qua s i—ci r cu l a r , po l a r i za t i on  to avoid signa l

d ropouts and abrupt phase s h i f t s .  As a consequence, the phase of r ece ived

signals is affected by missile spin and polarization rotation arising fr ci

the Faraday effect (earth ’s magnetic field interaction with the tile’ tric fi - 1 ~~

of th e radio signals). A c c o r din g ly , r educt  i o u  of ttciisured phase accumulation

L i )  dete rmine missi le  posi t ion  mus t consider .11 phasa - c i ; a I l g a - s  aris ing fio m

s— v t: t ur  r o t a ti o n .

In the reduct ion of l has data  acquired by the  l )U V ,tF  sys tem , t i ; ’ .

ass ump t i on is niade tha t  the wave l eng th  used i n  c o n v e r t i ng  p hase  to  d i S t a n c e

is t h a t  appropr ia te  to s igna l  p r u g Ig. ;  t ion in vacuo , I c . ,  ‘.f = C  W t i t ’t - -. n - . I

a re  t h e  U - ’ ; i V a ;t e n g t h t  and I r e q u e t t e ’-- of the t r . -k i n g  si gnal  used , and C is t i l L

v i e n t u n  speed of l i g h t .  In f ; i e t , however , in a dispers ive medium such as

t h e  ionosp here , t h e  propagat ion speed i s  not  C
0

; f or  a p i l ; i sc - — .;& - i - ~ur i ug

syst em the [liaise v e l o c i t y  of p ropaga t ion  in th e  ionosphere  is g r c , i t  c i  ( l a i n

C .  Thus , the  range measurements, S
D

, der ived  in t h e  l s !V. - ’il s y s t e m  arc g i -  - ii

by the relation , S
D
= ; 11 C / f  (where  ;~~ i _ s t he measured t o t a l  ph a se  at any [b u n

in the trajectory ) when in f a t  t t h e  t rue  range , S , is give n by , S . 1,

with C being the correct value for propagation speed in t he  d i s f er s iv ~-

medium . The r e l a t i o n s h i p  of C to th -  various p a r an t e t e re  l i e s e r ib i l I f  tile Ic

s p h e r e  ( e l ec t ron  and ion d e n s i ti  en , c o l l i s io n  f r e q u e n c i e s , el ect  4 on and i a i ;

gy r o f r e q u e n e  i us , i-t c.) has been known f o r  man ’: y e a r s  and d i scussed  - ‘s- - -

tens i vely. ~~ If t h e  basic sy s te m  f r e q u e ncy  is s u f f i c i a -~i t l y  hi gh , t h e  t rw .

Sj ) l Cd o f p ropagat ion  is almost tint i r e l y  a function of t h i t  Ha-a? I c  ‘ t F . u

1-i 
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d e n s i t y  in t h e  ionosp here and can be expressed by a very simp le r e l a t ionsh ip .

Further , for sufficiently high frequencies , the assumption of straight—

line propagat ion in the ionosphere introduces negligible error in derived

t r a j e c to r y  pa rame te r s . if the  ionosphere has h o r i z o n t a l  u n i f o r m i t y  in the

;;j )dC e  occ u pied by t he missi le an d t i l e  t r acki ng s y s t em , d i f fer e n c e s  in S
D

and S can be related s imp ly  to a l t i t u d e  d i f f e r e n c e s , hI D and h .  Thus , a

measurement  of the q u a n t i t i e s  S
D 

and 5, togethe r w i t h i  a simp le express ion

r e l a t i n g  t h e i r  d i f f e r e n c e  to ionospher ic  electron density, maktVs possible ,

t hrough an invers ion  process , t h e  measurement  of e le c t r o n  content  in the

ionosphere below the altitude of a tracked missile.

V 
In the absence of an independent  range measuring System , u n a f i e c t e d  by

the ionosphere , the quantities S or 11 a re  n o t  d i r ec t l y a va i lu h i e .  H a Is - t - v e r ,

th ie DOV AP sys tem is s u f f i c i e n t l y  a c c u r a t e  that a vacuum trajectory (or

orbit) may be computed using initial conditions from t h e  DOVAP trajeLtorl .-

after missile burnout and above the  effective drag region but bt-t or e t i l e  a

missi le ent er s the ionosphere . The quantities S or Ii ir e  g iven  b y t u e  v a c u u m

t ra jec tory  parameters .  In F igu re  2 . 2  is shown a t y p i c a l  p r o f i l e  of  e l e c t r o n

de nsi ty  versus a l t i t u d e  de r ived  through app lication of th c  m e t h o d  d e s c r i b e d .

The erro r bars are representative of the  accuracy of th u s m e t h o d .  A c c u r a c ie s

are poor for small electron densities and small  m i s s i l e  s pee d s .

V ‘ B. Faraday Rotation
V.

Because of the earth ’s magne tic field , the ionosphere is birefringent

so tha t  a linearly polarized wave propagating through the ionosphere is

broken into two counter—rotatin g circularly polarized waves traveling at slightly

different velocities . These are familiarly kn own as t h e  ordin irv and extra-

ordinary waves. The combination of these two wives , is seen b~- an antenna ,

as the waves propagate would appear to be a linearly p o l a r i z e d  wave w h o s e  p lane

of polarization is slowly rotating . This rotation is c~t1lcd Faraday rotation

af t e r  i t s  d i s c o v e r e r .  The sam e p henomenon o c c u r s  f o r  c i r c u la r l y  po l a r i zed

waves is w t - l l .  In e f f e c t , t h e  Far . idiy r o t a t i o n  a dv a nc e s  or  r a - t a r d s  t i n -

rotatin g vector as the wave procecds.2

15
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As mentioned earlier , missile Sp in and Faraday rotation introduce

phase contributions to the total measured phase, ;
~~

, whichi must be removed

in providing accurate trajectory information. To provide the  needed cur—

rections , each r e c e i v e r  s i te  acquires  phase data through two o p p o s i t e ly

circularly polarized an tennas . Mixing of the signals received through

the two antennas provides phase data proportional to  p o l a r i za t i on  r o t a t i o n

resulting from tile sum of missile spin and Faraday rotation . This phase

information permi ts the neces sa ry  corrections for accurate t r a j e c t o r v  de t e r -

m i n a t i o n.  Through  a s imp le ana l y t i c a l  p r o c e d u r e  i t  is pos s ib l e  to s e p a r a t e

the missile sp in and Faraday contributions to the total 1:—vector rotation.

I n fash ion  ana logous  to ( h u t ’  t r a j e c t o r y  comparison t e c h n i que , m i s s  i i t ’ s p u n

is d et er m i n e d  above the ~ltjtudti of appreciabl e d r . t g  hut prior t m i s -  I t -

entry into the ionosphere . Fi gu re  2 . 3  i l lu s tr a t e ’s the  r e t  I to , !  of  d e t e r —

minin g Faroa.iv r o t a t i o n  i n i o r m . a t  ion f r u m  t il t - r i - c o r d e d  i) I1VAP 5[lif l t i l t  a .

For f r e  r p l e  ci  en used in  t h e  t r aj  ect or - ;  camp a r I son flt’ thud , F.1 r a d . t y  r a t  it ion

is p r op o r t i o n a l  to lie t to I - - l t - c t r o n  c o n t e n t  b e t w e e n  t i l t  n I i V , V j ie cia

ground r a ce ivc rs . ) e tc r m i ; i s( i o a  of e l e c t r o n  ,Ou(i’;it i ron h t l t ,LV t5 t , I L io n

data is I t i ss  . l e c u l r a t e  t i t a n  information i ron trajea tory comparison ; however ,

t h e  da ta  are r e lat i v e ly c l- tv to obta in.

C. Dispersive Dopp ler

Referring to Fi gure  2 .1 , i t  is clear  that i f  t he  information desired

is the structure of the ionosphere , t h i - :  transmission o f  two or more fre—

quency—coherent signals from the missile will pr ovide data more simply and

accurately than the trajectory comparison method. Choosing a relatively

large frequency ratio (although th is is certainly not necessary) and the

lowest frequency such that differences in ray paths can be ignored , disper— 
V

Sive or differential phase differences are readily obtained by mixing the

signals received at the ground , after suitable multi plication of the

lowe r frequency by the frequency ratio. This dispersive phase can be

readily related to ionospheric parameters and the techniques have been

extens ively discussed. 6 16  11 2 8  All BRL activities after 1958 related to

ionospheric propagation measurements employed the dispersive doppler or

differential phase technique . 
a
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lonosp h ue r  1 c rte -:i suretaents  us ing  the  t e c h n i q ue ’ , of F ar a d ay r ot at  ion  ,nr , i

d i sp e r s i ve  dopp ler  h av a - been o b t ai n ed  with si gim_ 1 -~ t r . a t l s I i t t e a i  by ~ , i t i  I l it e s .

For sate 11 l t c~~, it  is no t  c~~ .s1 I v  possible t o  m a in t a i n  c o n t i n u o u s  si gn a l

r ecept ion  f rom l i i  t — o f f  of  t i n  sa te l l i te  so t h i t t  a p u m a  a : - i i g i i t v  of rt.1tt ~

c~y’o fe s  e X L V t t S  in the d i : , o e r a i  ye tjur’4er Q~~V l o r a u , c -  r~- a L o u  c i t , 1  fo r  any

gi v e n  pass  of the sat  - 1!  i to  O ’ ci a ; ; r o - r ad r , -a e i vi  ‘g s t a t i o n . i c r t i l e  case

o f Fa r ag ,t - - ’ ro t at  ion , t h e  .1:- d, i g a l  t~ t i a  hi ’ r emove d  a t I n  o r - , I or  a g i ven

s a t e ll i t e  pass if s i i  p r a p a . u t  ion i o t  :u~~l to  t i l e  ,‘u i r t u ’ s u c i g u l et i  e f I a  12

0 c c - i r s s can t i t a , - d u r i n g  L~ i - i ~ pas~~. i-o r S u c h  .1 t - i i u l t i u : , t h e  Fa r~i d a ;  r e L a t i o n

15 ze ro  so t u t o r  ; t t r , -u n h t  a L ~~ ,j .r , i  1.1 - cr’ c] e -s can ha: u c t c r m i n , . i  N v c o a st i n g

for-car , ai r - i backward : rot .  t i l e  u- r _ u a  I tv  eundi  t iot ;  . in p r a c t  a t  , i , cta ’ e v a  r

t !uc s l ro u ’a~- ,A t i o n  v0c t er  i~5 Set  ;to rra ,i t o t i i ’ ’ , t r t  a ’ s ~~~~ id , i l ~ ’rg ;  t h e  e n t i r e

p l o p a , t : t L  l o u t  p a t h  so at  h e , t  r at l i e  r t r z z y  rL ’g iu i ~ a ’ L urn in ,~ port f o r t  o

t r a c k  ‘—~l tt r - the I c -  p a t h  is c i ~~~e to  t t ’  p t - r p ~’ u a i i c u l r i r  c o n f ig u r a t i o n : and

t i t ~ — i ris - ; - ~, h ty  is n o t  ea s i ly  re-so lv ’s. :i , hove r ,-r , d IS j C i S  Ly e  ~I a i - p i er  a r i d

F’ar r ij av  r ot a t  t o i l  are r , - j - - -  r,icu s ;r’at l  i r i s ,  ous lv , it is a ssii’Ie , b y i i t y b :  t a !

me thod , to  r i-move t a t ’  - ,~ ,; i’ L o u  L t ;  and  d-_-r lic’ ,i,ita f o r  t o t a l  e 1 c i t _ ’ti C olt t e n t

be l ow the  s a t e l l i t e  i t i  t u d ,  •
1 5 L i  11 h i t ’  h t v h r i ; i  t a  c l i i t i a~~u a wti s used t o

develop d,a c :- : ten s vii t I rO  - a s e t  d u r i n g  t h e  hi~ - t t  a l t i  Hide f l a t ,  I , r t C S t  5 i n

Vs - s . r t ’ i cr r e d  to  sr i  j a r  i n  S e ct i o n  I (and - w e  F i g u r e  3. 1)

2 . St c01  , \ t  t - - nat . i Lj , - ’n V

V.

.-\i-t .1 F, f l ’ r . t l  St I t c’t , a a f l t , s i u ’n~~i i t  m a cj o n  dc- r i s e n  I t a rt s e v e r a l  d r —

I I i ;  t ‘ iVa C I I . I t t  -r n- - - I ic f ami l. j a r  and r at  t , r  Si - V i  ot is  O c i l t a l I l  Hi 15  1 :t a t  of

- , ; a h e r : a - , t i  ~- -: p , i i  - i o n  aa f a t ran s r t l t i ed  wat .’a - , w i t h  th e i c r ;’- , or - ‘n -’r , .m-—

e r e . a . u n g 1. ~ i5 I r e - - r n -  ~tj id t~ of  t i t a  - I i , t ;LHL, a (Ii L r a tm - r:uli te -r .

i f a t - i ]  s r  at ’  ~ ‘ a - r~~rr. l t i i ~~~ if l~~~h Ofl i t .  the ~1ts- orgtion of signal

cna :-r~~v t a t  r eu g i t i c ia l  I - j o i t  e r  e l i - c t - r u n s  01 ~~‘tt -.rltit eri ch ottie r c’ w i t h

LSt ’  i t ’ d ’ t~~t C’)~ t S t t  t d a  ~~~ ~n t t c ’  a t m a a ’~~ a - a -re durin g , ; - , ‘t~~~~~ 01 ti le ~i g u t a t 1. -

-
-

l i i  eq t . l t  ‘ n - ~ -- t e a t  g ov e r n  i h s n r p t i a ’ u i  re  St 11 k i t , - ’ -i t .  ~ ~~ii rt d,~ s not  imp ly

-a l . Lht a :  .i tmo ~~1 h i - t r i , - s i r -  ~, V - ~~~V~~i V  u u r a -~ t r a  l e i t ’ : ’t lv  w -  L kn o~~ L i i . i t  .ib - v i p —

I ti n can he a a t i l  u ’n U ’ , i ~~~~~~~~ i - i  •~~1 i r a-( 1 ,tt - ’ i a -v l a t h  i t S  1 ~~- r  , u l i  i e V e ’I S

- I t  a tm o sp h i er i 1  oi l - u : o r E - a i m - . Ti , - -  s i r t i  - -- o u t - c  0. ra t Lt’it -sm t o t -  art—s-s t ro t :

12
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a variety of propagation conditions which may amplitude— and p h a s e — m o d u l a t e

the passing signals (e.g., diffraction and multipath) or for which t h e  radius

of curvature of an expanding wave front is markedly changed (ii. ~ , ., f o c u s i n g

and defocusing). This last source of attenuation will be discussed more

fully in the following sections .

Signal attenuation arising from the absorption of energy is ver y i:;apor—

tant for significant portions of the radio spectrum (HF frequenci es and

below in the ionized atmosphere , X—band and above in the f i 0 f l — j t ’ u t i~ r eai dt

mosphere). The method employed by the BRL was quite strai gh t—forward.

The zero—absorption level was defined as the signal level ( p r o p e r l y  c - i —

rected for antenna pat tern  e f f e c t s )  at the points  of e n t r y  in to  and exit.

from the ionosphere . A straight line joining these points , in a plot of

signal level (db below one mil l iwa t t)  as a f u n c t i o n  of s lant  r , i r t g c , es-

tablished the zero absorption signal level during the tine the tracked

vehicle was in or above the ionosphere . Signal level departures from t iuls

straight line interpolation were attributed to absorption of tile signal

energy . An example of measured absorption derived by this method is shown

in Figure 3.2, where slan t range has been converted to altitude of the

vehicle being tracked.

20

~~~~~~~~~~ _ _~~~~~~~~~~~~~~~~~~~~~~~~

_

~~ - --.-~~~~~~~~~~~~ - —~ -~~~~ 
V__i_

_ V _ _li



~~~~~~~~~~~~ _ , -w~~~~~~~~~~~~
’-V

~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~

III PROP~IGATION EFFECTS

In the  previous sections , reference was mad~ to effe ct- u of the ionosphere

on a particular radio tracking system (DOVAP ) used for t rajectory dete rmina-

tions. In point of fact there are ionospheric effects on such systems

which were not d e s c r i b e d; such e f f e c t s ar t :  i : :t po r tan t  t sr  r.i m uch b r o ad e r

1 -aniti’ of radio sy s tems used for c o m m u n i c , i t i - n - , p u r p o s e s .  F u r t h e r , i o :r o—

spheric effec ts are important for radio n a v i g t r  ion  - t v s t , - r i s  152 t h e  g r a - l t e r

I:he demand f u r  s yst e m  t c c a l r a i , : v  , t h e  i s le  i r i p er t  Sn I  N~ - ‘‘:~~ — t : ~~ know.I a  tIg~c

of rrop ,tgrtt ion l i e n - r u t  raiquir a-d for jOflos ;tila ri~ ca- Ip a -asat l o f i .  fE te s t a i c

methods described in Section II itt ’ t l a o s a _ ’ a t - - - d ad iv • l u l l  w i t h  : ; ,~ ~- -r  i r i u u r a t v , -—

ments in :)rc-cision , ac-cur -ic-- -t ad a l  a t - .a It ,ndli r - ~, - a .  . I n  t h i s  — , -ct i o r i ,

sev ,- r a l  p ropagat ion e f f e c t s  no t  t s - ; u  - - od or a . :  - ‘ — r m l y  i n  pr .-viess

sections will be discussed.

A . Ionosp her ic  T i l t s

For purposes of de t e rmin ing  p r ~’p a g l  l O u t  ef Li’ct in the a u i i a ’ L O, r ad io—

frequency systems , the ionosp here is f r e a i u i - n t  l v  a’ - - a L : a a to be ito ri n o ut t i 1 1-

stratified . Althoug h such an assumption siru p i ii ~ea c a l c u l a t i o n s  and c x —

pressions for propagation path refraction , marked h,’ri,- :ont ,i l gr;I i ients in

ionization occur on occasion eve rywhere on earth and \‘s’ry frequently for

a large portion of the ionosphere. The so—called ionospheric “tilts ” rake

difficult the prediction of usable frequencies for given point—to—point

• communications at high frequency (HF), are  responsible  fo r  anoma lous HF

propagation , and give rise to the phase and amplitude variation s of impor-

tance for VLF and ELF communications systems. In recent years , the burden

of radio communications has shifted to highe r capacity , highie r frequency

systems , but abundant interest remains in high frequency communications

on the part of many present and potential subscribers. Ionospheric tilts

can enhance as well as degrade the range of HF systems , and can give rise

to the irritating condition of non—reciprocal communications.

21
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An example of :utark eu i o n o sp h er i c  tilt is sitcscn in F i g u r e  3.1. f iae

data wer e ob ta ined  in 196 from the tracking of [ransit satellites using

the hybrid l-’araday—Dopp ler technique . ~ A twofold inc r ease in total electron

content oarcurred between t h a t  n o r t h  t a t i t ud o s  of 18°— d d ’ , or We s L  i O n~’ i L t i a : . ~

of l630_l550, or some combination of both . At the local time of satellit e-

passage , gradients in the w e s t — e a s t  d irect ion are normally small and t u e

observed gradient is probably indicative of a strong south—to—north increase

in c on t e n t .  i n  the summer n o r t h e r n  he t n is p har 5 , a rnaxlniui-.u in e l e c t r o n  c o n t e nt

usua lly occ ur s between 15 0_2 3 0
, artsirg _ a , most likely2 f r o m  subsidence of

> >
ionized c o n st i t u e n t s  convected to h i gh a l t lt u d t s  h F ri  B d r i f t  in t i t e

equatorial electrojet. The d a ta  showti  in Figure 3.1 indicate a h I - ic r—

th a n — u s u a l  maximum electron content. Fcc- rn the standpoint of HF p t ’o- ag st i e : r ,

the electron content profile shown would  i n d i - a t c  a s ub s t a n t i a l  i o n o s p h en i a

t i l t  and a d i f f i c u l t  s i t ua t ion  fo r  cS t i b l i S i a j  rig a north—south Cotnmuni a, s at i o n s

l i n k .

La . hadio  Si gnal  A b s o r p t i o n

In t h e  p revious section , sou rces UI  si gnal  , i t  t e r u u a t i o n  in L I S  icri ,a—

Sh s t e r c  were  b r i e fly  snu r r l ar i z ed .  The  a b s o r p t i o n  of s ignal  enc r gr a- cur:-- a t a d a -r

cond htions wiien t h e  s i gna l  frerquc ’nc I’ — are of t h e same order as t u e  - ; , l ~

u nion f r eq u e nc i e s  of t h e ionized part ie  ten  w i t h  t h e  ur ~~ut r a 1  atmo - -p - i e r i e

particles , and with each other. Absorption also t,ccurs wb j t -rt tt le si gnal

f r e q u e n c y  approaches the pla sma frequency of the i o n i z e d  mesia F r

the  latter case-, howev-rr , ionization gradients become very irrupc ’rt ant be, - , t us-

refr act ion of thi. s1 guu , t ls becomes very ’ large and the sigihils are essenti-til’--

r e fl e c t~ ’d a w i r- f r o m  t h t t ’ s t r ong ly  a b s o r b i n g  reg ions . Thus , V h f  and EIVF a t ~-

t r u p ; t a ’t :  in the so—called ionosp he r ic t a i v a - g a l i  F, w i t i t  r e l a t i vt - L v  1 i t t le  a r i a  rgs

r er t ov &-d  by electron collisions.

For ilk , and fe-r lower I r equencies  ma- w e l l , I cc i  ro t a  c-oh m 51 ona can

re-nave substantial energy , ari d ab s o r p t i o n  is am impor t t a t  Cofi51a~- r , t  don is ’ien

appreciable ionization exists at alti mta ai e s w u -  u v i a - c  t r - - u i  co l li ,s ion

cia- s approach signa l f: ’ ’i i-uu a - - . :1 Ii t~~~t t h ai 1ofivu~ p u t e r e S , in i - r n  i .  r t l t r

22
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thie aurorally disturbed ionosphere , h F  si gnal absorp t ion  is very s i g n i f i c a n t .

In a series of exper iments  d u r i n g  the polar cap absorp t ion  (PCA) event in

November 1969 , the BRL nc-zinc -re-U lIP and VHF absorption at in te rva l s  d u r i r u p

the event. One such record is sho~ rn in Fi gure 3 . 2 .  u ie ’ a u a a  c ol l i s  l a t h

f requency is strongly depe nden t on alt i t u d e , ob se rved absorp t ion  i s  Ve t V

sensitive to the a l t i tude  d i s t r ibu t ion  of f r ee  e lectrons as well j a the

f requency employed. Further, because of the earth ’s m.tgitc-tic field , t h t e

amount o f abso rp t ion depends on the po lar iza t ion  o f the t r a n s m i t t e d  signals .

C. Si gnal Re f r ac t ion

As mentioned above , si gnal r e fr u c t i o n , o r bending , becur ~tes u : u ,_ a rk~’d W i t ch

signal frequencies  approach the plasma f requency  of t h e  ted lain . bnder ci r-

cums t ances usual ly  encountered  in propagation problems , refraction occurs

with little loss in signal energy (i.e., co ll ision f r eque n cies ar e muc h sma ller

thian the signal f requency)  . Ion iza t ion  grad ien ts  de termine  t i le  radius of

curvature of th~ refra cted si gna l .  R e f r a c t i o n  is of g rea t  i mp or t a n c e  it

h F  -inch lowe r frequencies since i t  p rov ides  the mechanism for long—distance

p o i n t — t o — p o i n t  communication for earth terminals, he-fraction is of i mp o r t , in ce ,

also , for radio :- ;~~a L ms emp loy ing frequencies  greater  than  HF f u r  which

l ine—of—si ght  bea r ing is v e r y  im p o r t a n t .  Ta rge t  t r a c k i n g  radars  f a l l

into this important cl,t-sr; of systerria . Si g i t . t l rd r i a : t ion , -a lbe i t  sin-a ll , p ro— -
~~

duces s i g n i fi - a u t t  target p o s i t i o n  e r r o r s .  A t echni que , ana logous to the  d i e —

pa ’ ra i ye dopp ler t e c h n i q u e  d iscus :-acd in -a ’ct i o n  II , has been used to corr~-et

l i t u c — o f — c - i g i t t  ‘ rrors in t ir g t - t  t r ack ing  sy c t e m s . Two frequencies , with suf-

f i c i e n t  f r a - -p i e n c y  s e par at i on , Arc  used in the l i n e — o f — s i g h t  m e a s u r em e n t .

> I a - i - ; t i  r a P  ~ng 1e di f f a - r - n e a ’~ in the  lines — o f — s i g h t , t o g e t h e r  w i t h  an a p p r o x i —

lit e m  a l a - i  a f h a -  ra: I r i -  t I t u g  ha ’  al lu tu t , p i ’ - . t a l c  .i u z i -  t h u d  for es t i m a t  i i :  S i  i r a

- I  at c u r o - v  t i a ~ t ru e  h e ir  i : a g ,  - - r  11 t i e — o f — s i g h t , of a t a r g e t  be ing t r a c k e d .

As in  the t r aj ec t o r- ;  c o u r l - i r l  ton me t h od d c - s e t  ib e d  in h ec t i o n  11, the  use of

the ml f e -c  t e a l  SyStem to a I a - t e ~~~ fn e  self—inflicted i onosph e r i c  e f f e c t s  is a t

useful and - I fa ct iVc a., thod for i pragmatic dci c- r m i:u I t lou t aind subsequen t

c o r r e c t  ion - f  e r ro r s  c a m j : , , -d by such e f f e c t s . - ., -
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0. Focusing,  De focus ing ,  Mu l t ipath and D i f f r a c t i o n

Propagat ion problems fa l l ing under this general c lu s s i f i cat i o n  pr oduce -

d i f f i c u l t ie s  in all f requency  reg ime s. ionosp he r ic  a i s c on t in u i tt e - u-a or

s i g n i f ic an t  g r a d i e n t s  of s ize  comp-ir ab l e  to a few w,ivcla rrgths of t h e  t r rn1s —

m i t t e d  si gna ls produce large irrtp hittidc and ph z se f lu c ta i at  ions in recei’:~~d

signa l s .  L a r g e r  d i s c o n t i n u i t  Les c - i n  p ro d u ce  si gn i f i c a n t , b u t  s l ower  V i t V l t l ,-~

amp l i t u d e  changes ; bc -c , iu s e  accompany ing p art s : c :it ingcs tire , misc slow ,

V 
effects on phase  s en s i t i v e  sys t ems  are n u t  a rked unless  s~’ r ;t em  ; i a r g i r r e .  a re

small (the order of a few d b ) .

Ionosp h eric p e r t u r b a t i o n s  caused by r ap idly va rying particle precipi-

t a t i o n  (au r or . i 1 Fe ;ions and t iuc leLi r er- :piosions) , p l rm st r s i — p roduc in : ;  cit e t r i i ea i

re le - ,ises such as b a r i r i r : t , and - r u c l e , i r — g ~-ner at ed  plasm-as  give r ise to  t i le ’

p ropagat ion  problems d iscussed  in thU s S ect i o n .  In a d d i t i o n  to  measure-

ments of ionospher ic  p e r t u r b a t i o n s  caused by hi gl :— m l t i t u d e  n u c l e a r  exp losions,

the BRL has carried out numerous propagation studies in the auroral regions and

-associated with barium relc-ane s .~~ 
23 2~ For the latter , there nìrc many and

clear examples of the p r o p a gat i o n  e f f e c t s  r e lev a n t  to the problems ic -re

discussed . Some , but not all, of the relevant BRL exper imen t s  are  l i s t ed

in Tables 1.2 and 1.3.

The discussion here will be limited to i l l u s t r a t i o n  of t l tL  p ropag a—

-~~ d tion problems associated with ionized barium clouds. In Section lv , an

illustration of auroral disturbance will be discussed. In Figure - 3. 3

is shown , schematically , the effect of a plasma “b a l l ” ( a p p r o x i m a t i ng

a bari um ion cloud ) on radio signals transmitted in close proximity. The

reg ion indicated as “multipath ” is also a region of focusing and diffrac-

tion . In October 1967, die BRL participated in an Air Force—sponsored chemical

release program , HAVEN BARTER . The BRL experiment cons i s t ed  of a th ree—

frequency phase—coherent transmitter c-irried on the- s.c-n aid e from which

t he chemicals (bar ium ) were released.  The t r a n s m i t t e r  was ‘v hewe d ” b y two

ground stations such that signals transmitted through and -around the ~ev a -r a l

bar ium ion clouds we re observe-cl. Figure 3.-i is a record of the  72 Miln

26
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si gna l received by the ground s t a t i o n  covered by the “ f oo t p r i n t ” of the

ion clouds. 2 3  The several problems of propagation discussed in this

subsection are- ciearl,y iJ,lustr ,atod.

For each re-icc-rise , (F igure 3.4), thermal ionization in the exp loding

thermite charge caused immediate signal loss followed by signal re- cover’;

as the exp losion p roduc ts  coole d and expanded. The f i r s t r e l ea s e  W a 5  alt

such a low a lt i t u d e  tha t  the -  b a r ium  cloud was c o n f in e d  to  a small  vo luuut e-

and the “ f o o t p r i n t ” of t h e  cloud ra the r qu i c k l -~’ moveu iwa y f r o m  the g r o u n d

receiver due to rocke t motion . P l t o t o i o n i s , i t  ion of t i a e ’  barium atoms h i s

a t ime cons tan t  of appr o :-n i : . a t e l v  15 se con ds a u r d I r e  r c a - ca rd  sht ows the -  onse t

of inultipath for signals t e - a chain g t h e  t ea  a - h  v e r  a. m p ; - r o :~i r - t a t e 1 v  15 seconds

after the release and cont inuing fo r  approximate-Ic 30 seconds , by wi i c - i t

time the receive r viewed tim ’ dire- c t rays bi l e ’ Se con i re-la- isa’ eX~~. c - t U a

to a subs tant ia l ly  large r volume aut i the a a f o ot p r i . a t
l
~ b r  t h a m  rt ’l a - ìse a a a \ ’ re ar

a 
the ground receiver for  appro x iui ,ite iy 35 seconds . flte r- cord front 13 _ jt ,5

seconds i llu s t r a t e s  m u l t i p u t h i  (hi g he r f r e q u e u r c ’; o s c i l l a t i o ns)  and t hR si ;n il

attenuation ari sing from defocusing by the p l a n t  ‘ ba l l” . T h e  i n c r -  0-c

in attenuation with increasing t ine simp ly reflects thit ’ p hotoloni zation

time constant for  bar ium atoms . z-Paort ly aft er 165 seconds , th e - r ac k e t  t r .insmi t ie r

“comes out f r om be h in d ” the ion cloud and t h e re-ce-I v~-r obse rve-s strong

scintillation arising from diffraction and m u l t i p a t h  e f f i -c ts.  At  t h e -  same

time, the phase—lock tracking loops employed in the receivers lost lock

indicat ing phase changes too rapid for the receivers to follow. As a roug h

approximation , phase rates—of—change of at least 700 radians per second

were encountered.

Experiments similar to the h L ’-.VL~ BARTER experiment just d~’scribed w e r e -

conducted during the SECEDE II project in the winter of 1971 (se c Table 1.3).

Fur thia ’s e experiments , a rnult i—frequency transmitter was carried by a se- p a r - a t e

r - a K e t  , .tnd a a c c - i l  i i i  i - u t - , by I t e -  b ar i um  ion clouds occur re d  s u b s t in t  i - a l l y
h i ?  a r  th ou t uaa - h1A ~

’ a,g ,a~P TER n e c - t i  l i i i  i on s  - Again similar effects were ob-

se rved w i t h  , a v a ’ r a ’ phase and i r r p l i t u - h -  s c i n t i l l a t i o n  j u s t  p r i o r  to and

af t e r  o cc t i l  tat t - u i .  F a r  t he  SE Ck ~~E I I  r e ’l ea sca -  , f o u r  ra ’re ’ivirlg s t a t i o n s  w a - r e -

o p e r at e d  and i t  W A S  p o s s i b l a - , beca use of s p a t i a l  s -p ar a t i o n s , to model t h e

- -
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ion cloud as seen at radio frequencies . The i.ro dc ’l was cons tructed by asu,tint—

log an el1~ psoidal ion cloud d i s t r i bu t i on  wi th  s e l f — c o n s i s t e n t  cross sec t ions

as observed from the four  r e c e i v i r i p  ground st a t ions . 2 T h e  geo met r ica l and

ioniza t ion  parameters  of the ell ipsoid were t i c - - n  a d j u s t e d  to  r a t t c h  t h i e ’ dis-

pe rsive phase m ea sur ena ’u i t s  f o r  each of the s t a t i o n s .  Tnt - res u l t s  of t h i s

modeling proc edure  are sh i o wut  in h-’i gurcs 3.5 and 3 .6 .  The ~RL e- r-:pL t La3e tltS

in SECEDE II  i l l u st r a t e  a powe r f u l  n c - t h ud of u a - t e - r t s i a a i n ~ ; t h e -  e ’ i f i ’ c t c -  of

loca lized p lnis :-oi c o n c e n t r i t  iou - lut i d i s t r i b u t i o n  on r - -~io 51 ~u a . d  I r ,flasmis~ i O u u r .

The process of cons t ruc t  i r a ; .i r a d i o f r a - -~ c l i v c - -  - r  1 p rov  ida -s a r~~t it -ic

mechan i sm for  p r e d i c t  itig c - l i e - a  is of such d i s t r i b u t  I cc-a s I or oth- r I re’3ue’nc -V

regimes.

2- -

- -4-
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IV EXI~NPLE SELECTED FOR ANALYSI S]
In the previous section the several kinds of propagation problems

giving rise to communications degradation were discussed. Each of the

problems can be illustrated in the propagation experiments conducted by

the BRL ; the nature of the experiments provided data to permit a quantitative - -

estimate of effects on communications systems at rad iof requencie s  employed

during the experiments and at other frequencie s as we ll. In this section ,

one propagation problem is analyzed using results from the-  BRL e x p e r i m e n t s .

A second p roblem quite appropriate for analysis with the BRL data is that of

collision frequencies in the lower D—region. Collision frequencies are in

themselves not a problem but their proper value can become quite important

for estimation of signal absorption in the presence of high electron

densities in the lower D—region . Such high densities did occur in the polar

cap absorption (PCA) event in November l969~
’ (and see Figure 4.4). Using

signal absorption measured during the event ,
2 5  it was possible to compare

calculated and measured differential absorption , but the comparison was

carried out for just one frequency at one time and with an assumed electron—

na-utral collision frequency .V - 6 Othier work27 
suggests that collision fre-

quencies could v a r y  by a factor of three in the lower D—region ; in the pre-

sence of high electron densities , this variation can markedly alter signal

absorption . A considerable n umber of absorption measurements were made

by t i l e  BRL during PCA 69 and these data probably warrant furthe r analysis
— in the  Context of looking for collision frequency variability (if such exists)

and for the best numerical values corresponding to conditions during PCA 69.*

Focusing and Defocusing of Si~ nals

In the natural ionosphere , the focusing and defocusing of radio signals

result from propagation through p lasma “holes” or “blob s”, respectively .

The magnitude of the effect depends primarily on ionization gradients normal

to the direction of propagation . In the natural ionosphere , the stron~ e’st

* Since the p r e p a r at i o n  of t h i s  brief report , attention has been called to a
rec ent  r epor t  by W . Swider  and l.L. Chidseay in which the r a d i o f r e q u a - u u c v
absorption data were analyzed in context of the turther study su~;p~’sted ta re .

(“Calculated and ~1 t- ,as ured HF/VHF ~thsorption for the 2—5 November 19h9 Sol,ir
P r o t o n  Event , ” A i r  Fo r c e  Geophysics Laboritory TR—76—00 53, March 1976.)

33

5 -. ’ . ~~~~~~~~~~~ -
_

- - . - -- - - ~~~~~~
- - V  - — ---V —

--~~~~- --——- -S-~-



- ‘~~~~ - — ~~~~~~ ~~~~~~ —- —~~~~~~ — -—-—---- — ------- - - - - --
.-.—---- 5--

gradients most likely occur in th e  auror t i l  r egion sit e-re st r o n g  v a t i , t e i c : 1 u ~ ,

in time and piace , occu r in the deposi t ion of ionizing p a r t i c l es .

During the PC4\ 69 experiments it  F t .  Church i l l , Canada , signal f oc u s i n g

and defocusing was encoun tered on two occasions . Data from t i t e  propa~ia I ion

expe r iment  are- juiaivzed in this sect ion to provide a setniquantitative ~ah c—

t u r e  of pos tu la ted  plasma b lobs  in the  niu rur ,n~ i cano~~pHe-r-e . Sucii a 1i i c t u re

is us eful  only to ind ica te  the i o n i z a t i o n  Frud J~~:ata p ou- a s ib le  ac -d t h e -  Si -e l of

t he ionizat ion in h t o a u t o g e n o i t i e s .  The p i c t u r e-  dc-c-s provide a ut t u Je l fo r  esti—

mati ng e f f ec t s  on communica t ions  sys tems  ope ra t i ng  at freqaenci~- .~ c- tit e r tht ,t n

those used in the  BRL exp a - r im e n t s  and fo r  geometr ic-a  f o r  which t r u n s m i s s f e i u

t hrough a n umber of blobs may o c c u r .

As i n d i c a t e d  ear l ier , - -
~ r a y — t r u c e  ana l-~-s is  is r e q u i r e d  fo r  - i c - c u r a t e

repres e-~t at io n of s ignal  - i t t  t a u t a t i o n  under  condi t ions  of d e f o c u s i n iy  by a

complex plasma b lob .  Such  an analysis is beyond the scope of t h i s  r e h a c r t

in the context  of der iv ing  a semieccurat e p i ct u r e  o f the ’ i o n i z a t i o n  i n—

hor~~gone i t ies encountered in PCA 69. Rathe r , an app r o x i m a t e  ana ly s i s  method

is used which does p rovide a use fu l  insigh t t i L e -  t h e  condi t i  ens e t~

cou n t ar e d .  This simp le an alysis  p rovides auswerua in good agre’euu ie r at wilti

measured attenuations f or the HAV EN BART ER ba r ium release an d fo r  w hich  a

ray—trace analysis was carried out.

In the HA VE N BARTER experiment , the combined dispersive doppler and
a t t enua t i on  measurements gave the fol lowing der ived  parameters  fo r  the barium

p lasma cloud (gaussian d i st r ibu t ion  of Ba ions assumed) :2 3

T ime constan t , r , = 15 sec.

L imit ing Tota l Cloud Inven to ry,  TI LI M = 7.0  x io23 ions (or e l e c t r e u i c )

Sca le Radius squared , h~ = 4 . 1  + 0 . 03 1 ( t ) ,  ~~~~ 2

and 2

N = N
o 

exp~~~~ G ), e l e c t ron d i s t r i b u t i o n  in cloud as f u n c t i o n  of  r a d i u s

h~~ (h~,) + 4Dt 

—
T1 TL

LI\I (1 c xp t/ . ) = ion inven tory as tunct I CII 01 t ir t e

-4 - _ _ _ _- 
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- 
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peak e l e c t r o n  d c - n a i L -  a t  cen t e r  of  l oud
0

t t ime  . :ft e r  r e le as e  of t h e ’ h a r i u n u c loate t

D- ion dif fi a t -  ion coo L i  i c c -ti t ~‘~i’I ro:-al ItO I C

7 .3  x 10 ~c a,i se’c
1 

as &le -rhve u fro~t t i~-a e :- : ne - r i : .e  u t )

h~ rauius of a 10UU at  5 - h i l ,  a = - . Ic -

For t h e -  simplif he - c - i u i i l y u - a i - - , t~ te b a r i a~u plasma sat-a assumed to tic 0

s p h e r e  at unh ur t : ,  d e nsit y  ,~ ad c o it u s  h
a

V • r u e  d e n s i ty  is  g ivca t i  d v ,

TI ~(a - a) ( t i  h~)} 
~

l J s i t t g  t i l e - S e  s i m p l i fy  in~ aS-~at u u i p t i o f l s  n~t u d  the  s c - i a -  - i , e i t i c  shown  in Figure -~ .1 ,

a-In e - :- c - - re•ss t o u t  f o r  s k g l u . l  at  I c - O L i V e -  i 311 111 t rdnsmi ~ S 100 Li eeo c -at t i l e -  S p O e  r i  cal -1

plas ma can l i e -  de~r i v -  ‘1. kef- -rr iai c- to ~-‘igurc -  c - .  1, t h e  fo l - a s i  e- L i t  i O t 1 S l l i ~ )S

ic-id:

am = : ~~~~ - ) ;/ i-~ (~~.la

= s i n  - t  (Sneli ’s V :.W ~

— -, 1/2
of refr a t - t i  an [1— (du.5 N~ /f I

= elect  ron - i ~’a a i  Lv (m )

t r a n ~ r t t saion frc -q a l a ’-- a i v ( l i Z )

sir ~ sin [1—i ;~u.3 /i )] 1~ 2

— c-. -- u -

- 
= l -d-~~ ( a .4)

- Is- a— - - f ) - 
~~~~ 

( - — (~~.5)

Ii k s u i t  ~~/ V V Li i  ( c - . i )  
a

It  L a - u  i L  i on  - I i t o  r - i e  S I J ’ l - i l t r a n s i t i a - ~~ i u ~~ - s p h e r i c a l  plasm-i is ~~i l cei—

a l t e c -  by  n o t i n g  t O - i t  L i t  t i c - a l l  power a d ia t -~i in t h e  sutta l I u- a e a li d ar ia - .

rj V I u r e V , I u a u  cc- he- , ~ tV l r t - V ld  0’.- “- -1 l.a - t i-a n l u a t -  i so l i d  - l r ,;le r ep : - -~ - e  1 eel hx

i~~- - 0i- t i op  iii S 1V’a.il p o s - a  hv s to u t r e f  c- . L i o n  is , u a imp l e
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-a - - - - —

~ -, ( 2 —l
= 3(L+H) tan~~~ ~(i~~

’.H) ta rfl (4.7)

- 
- where A

1 
and VI ) are a r e- a s  on t i t e  c-c oa~~~ i l luminated by energy con ta ined  in

the solid ang les r ep r e sented by 0 -t~ e1 - - ;  P 1 a nd P~ - i r e  t i l e r ece ived

po wer per u n i t  area in tile abs~ nce aaid p resen Ce-  of the sp her ical p lasma ,

respectiv ely . T u e  signal aitte - O UVIt L a ’ui , t h e - la , is given by ,

V A t t e n u a t i o n  (db ) = 10 log ~ (L+h i)  t a a l - ~~ ~( Il+. i1) t an  3 (4 . 8 )

The resul t pre dicted by .- 1u at i on 4 . 8  may be se r ious ly q u e s t i o ned  in

l f b ; l a t  o f the  r ad ica l  :lea -a u : :u I t i o n  of uniform electron density distribution in

a refrcicting c-Ste-r e- rather than a qet:isi—gaussian distribution in a plasma

more close ly r esemb ling a prolate spheroid. Some compensation does occur

f r i  t ie-i t t he radius  of the real p l ,l s rad  is Sof l t c twtc - i t  g r e a t e r  than the  radius

assumed so t h a t  t o t a l  r e f r a c t i o n  of tile t r a n s i t i ng  radio signa l is approxi-

mately the  S ame ’ f o r  the  real and assumed plasma d i s t r i b u t i o n .  F u r t h e r , the

peak electron density , N =9xlO~~ ::t ~, derived from the ray—trace model is

reasonably close to thc - Y = i . 3 X 1 0 13m 3 used in t he app rox ima t ion .

I t t e  a t t e n u a t i o n  h r - a l  i c t e d  by Equ~it ion 4.8  is compared to  measured

da ta and t h e  r a y — f  r i t e l i t  i i  - - - s  en Table 4. 1. Me asured data , compa r ab le

V to those shown in F i c - a t r a  3 . 4 , a r e -  l v i i  i~~i a l e - for the 36 and 146 MH z t r a i n s —

missions .23 The compar i son  f o r  I o n  MHz is not v a l i d  in tha t  measured

attenuation wa-; a -li e - c t iv e -l y 2- -r e ’ it times corresponding to maximum attenua-

tion at 36 lil a 1 73 HILt . th e  maximum measured a t t e - n u  it  ion a t  146 MHz occurred

at approximately 10 -;econds - il t e r plasma r o le - i - a c at which t ime measured

aittenuations at lb - t u o t 7 1 M h z  w~-r e  approxim atel y half their maximum value.

In e f f e c t , t he - “ t - 1-t p r i n t ” of the p l a sma  c loud  f o r  the 146 MHz t ransmiss ion

did  not cove r the re- c a l v i n g  station at 30 seconds after plasma release’.

An examin ation of V i ttenu a tion predicted by Lquation 4.8, and with refer—

vne- c- to h - I ~ - a t r -  4.1, s h i o w - ~ that the most sensitive pardmeta - r , by f a r , is tile

I a,

—5-. —5-- - --~~~-.-- ~~TiT1T 
~~ ~~~~~~ 

- —--5--- -- .1



Table- 4.1

I -ILAS L I I<I -J) vs PRE DICT~~ :-L\A1I-uu~- u M’FLNlh~f I , L-~V~;d BARTER RELEASE dc - 2
(Approximately 30 Seconds A ftea m <a-h e - t ’~ c-)

V r egu e n cy ’ 
- —

N I L  73 MHz 14h di i~

— 1 2  ~ 2 ed~ 
— 2 . 5  ± I c- b -

i~a —  ir a c e  Ana1y si~ — 2 S  • - 1) — i < . 3 ) .  - - ~,i hj — —

P r e d i c t e d  by E q u a t i o n
.8 —33 c - u t  — 1 2  db — 5 db

Rounded to nearest MHz.
2 Measured alt approximately 10 seconds a f t e r  release.
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plasma e lec t ron  density. For the c e - i l 1  tic CeaSe -  in which a uni l orr.~ e l e c t  r e - u t

dens i ty  i- ;  r - . p lac~-d by a pla sma with dons t t y  , c - r , a d i e - ts , t h e -  i o n i z a t i o n

g rad i en t  be- COt tia S in impo rtr lua L t a _ a u~~ tZ l a -  I e r .  Se -ut t ov ing t 1i~a t r~lnsc , i  tt c--r tan c - r e  -~t~-r

d i s t ances f r om tile p la -an - a t cloud (p a r a a a a e  L er  L In Figure -1.1) is a i f e c t  i~
in re d u c i u i g  the  “ f o o t p r i n t ” of t h e  ci c-ac as Sane-Il j l O ,tt t a i c -  grOilulai . rime

effect 0 1 in e - r~~i a-a ed L in Equation 4.8 i-a conpensat~-d by a de c r c a .~a in

so t h a t  a t t e n u a t i o n  w i t h i n  t i l e - -  f o o t p r in t  r entains ap p r o x lu : t at a c l - a  t h i a -  ,ii:te

Attenuation data repreca-ra t ing pl aisu:ni dcfocusiaig f o r  iIAVLN hlA aJ ’ ld< ,

SECEDE I I I  and PCA 69 are shown in C i c - t i r e  ~+ .2. 11 0 alit . .L  t e - r o a L  iOn v a l u C .-

shown f o r  IL\VEN BARTER and t h e  (dP i and ELI -I— c - r e - l ea s e s  In Sc -CED E i l l  are-

r~:aAsonaI -aiy c O n -~iSt n t  in t h a t  c - a r c - cr  b a r i u m  eavlo ,ada wan rc used in L f l c

l-.i CEDE c x p cr i me nt s .  i’bac- a t t e n u a t i o n  for  c-LI - I—i 3ppear~ i ncons i s t en t  i n that

l i e ’  bar ium ion y ie l d s  f o r  ELM—i , a u t d  ELM— 2 w e r e  v e r y  s i m il i a . .  i lie - tat- e a t

l ike ly  exp linae - itt - ia f o r  the iun rka -d dil l  cr c -n c - e s  in t a t  LLM re leases d er iv ~
t r a m the different re iee ,ise a l t i tu d e - s .  a c--I— i was released at i-a t I-as-i i n c

confine- me-ag of the r e l e , l a-a e  by the- 1mb a - - a~ u atmosphere a s - .n a t a - a t  i -  it - -

gra - - i t e r  t h an  fea r the higher re-lease. I:ven so, the- a : a a i x l r i - t m  c - I c e - t r u e  c--n s. l t -

ind ica ted  fo r ELM— l was close t e -  10b , 0 a a l l t t e -  t c - r h a i~- t - L aa - e t 0 t e- :  c- I a  ~t t  a i

ion peak dens i t ie s  (most ly  i n t e r r e d )  in o t h e r  ba r ium cc - i  Ct3t tt- -

For a nat- o ral d i s turbance  in the nt a o r - i l  se c - i a - n a  - such i~ t h a t p r o e a a ; a  CCI

— 0 a - a p o l a r  cap abso rp t ion  (PcA ) ev e n t , the simple p ie - Lu re of a “p ’ .a e ce bail

g i v ing r i se  to a b n o r - : a i  a t  t en u a t i on  is ~ ec - a r c c - l v  lda ’c- at.i te’ . F i g u r e  ~

e a l t , aWs measured at t en u a t  ion dur ing  f l i ght  of ai:i earl y roc k et (It— ,’) in t h e

PC 1a - v a ’ n t  of Novemb er 1969 . The absence of appr eea i~a b l a -  - i t t e ’ u i e t i t  i ou  b e - l o t  -

125 seconds of f l i ght indicate’s a relative -ly i-nw e - one - e u itrt i ti an u a l l  a l i - ~~t u ~
be los 80 k i lu t e-f  era . Li c c - I t  O i l  dc - n e-t i  L i e s  de r ived  1 ro t -  d i : a p e -r~ iv 1 p hoise

C a , - a ure rn en t s  o t~ a ~~own i ,~ I-N n-l tr a ~ia .4 and su b s t i m i t  l i t  - - t, , a  low a t  t c - f l a t , a  • I - -e -

(oh  a r p t i o n  in t h j a a a i e - - - ; -  ut a e ’ - i a u r a -d era f l i ght 1— 2 .  h I- - c - i u l a a l n t  a l l  c - a c - r o t e -  -~~t I

123 u- - a - e - i a n a h - - ~ t ~ ) a ma rk ed anmCltinca ma ’nt (focuea t~~ g) - ‘1 lIla ’ SIc-no1 t i e - C u l l  -

t e l  i w n c i  a lt  140 sc- cc-na ! a (O n ) 1’ the onset at st r o : a g  , it t e n u a t  ion  (cc --b c- a -a it- c - )

of the -a I c - n - i l. ‘the period of d e - t n r u t , a  I i t  L e n u a t  ion ui iv he- j ot  a ‘ i r a - i a c 1  ji)-

r o c k e t  a t -j e - r f l  i c -l it i t  , a  t i l l  re-c-inn a - i  e - 3 1 i 1 1 0 e -d  e l e - c O  ron th~’ii 1 LY  a t  L S 1 1 I I<  V

I rom a a i r t  i - t i e  h - h u e - i t  t e ; t a  b e l o w  t ilt ’ r o c k e t .  :1 h i g h l y sct h~ t a i l  Ic L e e- I c - n - n e - a t  i c - i l

_ _ _ _ _  
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of the d i s tu rbance  cross section ( in  the t r a j e c t o r y  p l c -n e - , is shown in

Fi g a r es  4.5 and 4 . 6 .  Th e t imes t1, L~~~, e t c . ,  slian ~in in l i p u r u s  4 .3  and 4 .o

roug h a ly correspond . Ilie t el g h i t  o f the d i s t u r b an c e , h 0 , is const rai ned in

tha t i t  mus t be below tile rocket bu t  above- the  region (above 80 kin) of

large abso rp t ion ;  the s iz e-  is cons t rained by t h e  shor t  d u r a t i o n  or the  large

signal a t t e n u a t i o n .  If , f r  examp le , t bae  disco n t i n u i t y  (“ b lob ” ) we re it  an

a l t i tude  of 90 kin , t he ho r i zon t a l  motion of a r a y p a t h  at  t i t a t  a l t i t u d e  is

app roxh ai t ely 2 .5  km be tween 120 and 160 seconds of f l i g h t  time . There is

a n a j  - -r  cons t ra in t , also , on the e l ec t ron  d e n s i ty  in t t a e e  d i s c o n t i r a a i t y  in

v iew of the  da t a  shown in Figu re 4 . 4 .  ic-t i isc several c o n s t r a i n t s  aactke ’ it

possib le to es t imate  L i l a  s ize and character  of the d i scon t inu i ty  despite

t a t e  h i g l-:ly f i c e - I t  ious r e p r e s -. - - L o t i o n  shown in Fi ga r o  4 .1 and I - a c - e a l t  a f l a l a i —

t ion  c- a-c-)ress~~on derived therefroua~.

From ic-q uation 4.~~. the ratio (taira -)/(t an
2 ) c l e a r ly  ,ian r : i - t-a t e  in

da - t e n u s i t a i n g  the attenuation. Front Lt rt;ite- u~a-, 4 . 1 , 4.2 , -4.5 , 4.8

and the m ea -a : i r a . 11 itt  a t i t u a t l o n  ci ’ — 2 6 db IJ igure  s . 3 )  te ar 36 1-i ll , ’ , a ‘‘ : a - -c - ”

dc- na; i t - : of :—i:-:Ii)~~ electrons a and a ‘ i-lo b ” dia nt~-te r ‘f  2 1 1  rn icr. - a t

10 15 b i a a , eta r ;  h-clew the r e c t a - n t p r a : v l e l e s  ati  al - u - r o : - . u e - a t e -  f I t  L a ’  l l a - a i e a e - a .

t u e c - a l c r a t- - i t c u  at  L e ’ u a e t i t  t a n  f o r  t i t i s  r c ’p r a  - c -n t a l t i e a n  of t i l e  d i - a~~o n t i t u i t y  is

c a-a t ut -- L a-Ic- sensitive to a : l a c t r o n  den sj t i ~ a’ au n a u t - a i c e l  and tan ’ -t i z c  of t i l e  eu l s—

c o n t i n u i ty . Large r electron densities are osse-ull ially e r e - h i i b i l c J  by the

very  h i c- i a  Iuui Iz it:ioui rates required; a den-  it y of I J a 1 
r e q u i r eS  ;~ ig h t i y

— 
- . . - - - 1 0 .  —3 — 1loca l ized  i o n i z a t io n  rc t e-- s of t I l e order  ‘1 it) ion - a i r t a  an se-c , a

val a :c ip~ rc-a -~ipaa tu- 1~y 5 tijoca s c - r a i l e r  thiten auu ~t t s - t r - -d b y r a t t l e r  ex;’ e ’ r i , ’ac - n t ’ a  ,h atr u ag

t ht- PCA ~~~) event. 52  At. a l t i t u d e s  c-c : ow- 9 a - a , h — c i a a c r e -~a - i n g  r~~c, -:aa t a i t a a t i o n

r a t  a ; WOIII;, require still h i i ; h ie r  i o n i za t l on  r a tes for give -n e l e c t r o n  eleuis i  t y . ’1

t u e  tlarus t, c - i  t h e  - c-u Ve ’ a iul - e c-1t ia a u l  ar gu m e n t  at ad t a v re c. n e - c - t i~a’n - - f t h e

i c - n i ; ’  a i i c - t i  - ij e a c o n t  i nu i t V  is not  th a t  t h a -  : u e a s u r e - d  ~i t  - - n u a t i a ’n i — ’ i n provide a

piclur - a l tIj~ i - i l l  z - I l  i o n  structure dur i aa - ;  the, ii c- 1i i u- disturbed c o n d it  o n u l a

c i t e - n un t a - r e -c - i n  t he  a l u m  r~s I regions b u t  r~ t h o r  i t - it t P a - r - t - is a physi c-t i

b i ~ is f o r  L i i , ’ oh u a ’r v a i t i o n s  . Front Lit ’ : e a t  i n et pe a I ut ol e-nuta niunic -ition t h e  a

e - x i - t ~ -to - e- of h i l o b a n -  s t r a t a Lu r e s  p r o v i d e - s i - ti  — - t usm for s c - a o l  L o s —  in
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addition to t i l e  more commonly observed a b s o r p t i o n  c - I  u i g a , 1 1  en e r g y  a r i s i n g

f rom re la t i v e l y  h igh  ion iza t ion  at low- r a i l t j L u d a  s and - t t t e n d e n t  e’!e-ct r o u a —

neut ral co l lj u i cn a a . Coiis i t~~-r i r a g t h e  f a c t  t h a t  anoma lous  ~it L a n n u a I L i a a u t  W~~,4

observed on two rocket  f l i g h t s  at F t .  ; I h a u r c h i i ll and pr o ha ib ly  occurr~ d on

one of the  f l i c - t i t a - ;  dur ing  t h t e  1969 SECEDE I i i  exp a r i t u t e - n t  ~~ j a c - ,, , r F l t ,

Al aska , ~~ t h e  occurrence of s i c-nail eta- f ocusing in , a a i r o m a  I reg ions wo uld a

appear statistically significant.

The presence of sharp  d i s c o n t i a u t !t ~~ees in ion i z a t i o n  g ives r i se  t a

another p o t e n t  i 1  prob l e u i  f o r  p h i a a a ’  coherent co a n m un i ca i t i o n s  a - v stem’;. For

t i te  HAVI~ 4 BAR T~~ plasma rel~-a ~- a t S , thu - n phase—lock loop a c - c r a t i n g  alt 36 MHz

ca n t i d  not t rack  at the t i m e  t h e  r e h i ~’ signals passed the  ed ge- o f the h~i r i i i r a

ion cloud ( approximate ly 170 a-t ac e:, a t LL’a  i n  Fi gu re  3 . 4 ) .  Th i s  l-n~;s of p ha s e

coh erence ir i s e s  mainly f rom m u l t i p a t h  fo r  si gnals g r a z i n g  the r e - c -  ac--eu of

high ionization. A similar  a ituation arose during flight of the :c-—2 rocke t

in the PC~\ 69 experiments.  For this f l i gh t , dispe r s i v e -  phase was o b t a t i t a ~ d

f ron the coherent pairs of frequencies , Jh ,!l45 >11-hz and 145/553 MHz. Starting

at app rox imately 130 seconds (see Figure 4 . 3 ) ,  phase lock was lost f e r  t i e

36 >f l-l z signal , most l ikely fr e a r . i  s e -y e .  m u l t i p a t i a .  w i t h  an a e : cu n tu ia i i - ’d p h - i - ’e
loss of approximately 30 radians which was never r ccover cei .

Certainly the most spectacular example of a highly disturbed natai mal

ionosp here d u r i n g  any per iod of observations by the tt< L g r e a l i a  o c c u r r e d  
*

during the IGY . At that  t i m e , i o n o s p h e r i c  e f f e c t s  - c -re d e t e m m i - a a -~ by t h e

r e l a t ive ly  crude t r aj e c t or y  comparison m e t h od and F i r i a !  a -  r - t  it ion - ‘t 11w’

two— way DOVAP signal~~. The DOVAP sys t e m  w I —  tracking i u ~ A cr ~ ’ ; - - e- i , t -

r oe - a~~-t launched at 0025 CST f r o m  F t .  C h u r c h i l l  ‘n ~.4 :- av e -rnt -- er  1)58. Thc

vehicle flew into a weak a l a a r a - t  a bait t b -  e f f e c t  on t i n  t r a e - k i n g  s y s t t - u u .  a

d r amat ic .  Rapid  phase s h i f t’  ,‘iU fading of t i l e  37 ~ uL ’ - i gn s L  a- L a S  - a

t r a c k i n g  accuracies  to the  , - x t e n t  t i l t  t u e  I r~ c-c t a l l  - a - ap i  r i - - c - t a  tIl e t a i aa-

could not he u sed .  F a r , i t h iy ro t  it i o n  dat a I f l a t i a - a t  ed - n - a c t  and ~‘v~’ r f i i c J t c - i

r ’ - g i o n u a  of - x r r e - r n a - l v  a_- n l a i u c - - al e l e c tron - h e - n a ; i t ,  (both at —l e g and de’wt—fl’ g )

w i t h  v e r y  sharp d e n s it  v g r a d t a  u t  s.  An e s t i t a  - c ‘i 2xl0 1 
e1c-~ Irons  Ut

3

in a Very small vo l ume , and a t  it  a l t i t u d e  less t t t , i e  I 2 a )  kuta , g iv es  ~a 1n, - ~( t  C I t

L a  - t h e  oh- - ’ rv~ 1 d a t a .  1 8  
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l - l u o w I a - d ge of  the  existence and some q u a n t i t a t i v e  measure of a t t e u i u a —

t i e f l a  . a an  mU~~L i l a i t b t  associated wi th  b lobby  plasma s t ruc tu res  in the-  natural

i o l i e a sp h i e re -  uaukc-s possible  compensat ions in communica t ions  systems ope ra t ing

in t h a t  e n v i r o n m e n t .  loch more d i f f i c u l t  and ot ent i a l l y  serious are the-sc-

same ~f f ects on sIgnal strength and signal phase  in the severe environment

produced by high al t i t ude  nuclear e v e n t s .
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V SUMMARY AND CONCLUS ION S

Previous sections have given a most cursory review of efforts at the

Ballistic Research Laboratories in their studies of radio propagation

through the ionosphere. Following rocket experiments ira Ecauai in 1971 ,

personnel and work reassignments together with a aisappearing mission led

to termination of upper atmosphere- research with rocket sounding techniques.

A vigorous laboratory program for studying atmospheric chemistry reactions

relevant to altitudes of interest to the BMD program was continued and
complex balloon—borne experiments were initiated. However , a capability

for atmospheric research with rockets by the BRL is probably beyond recall.

There have been many contributions by the BRL in propagation research

not touched upon or referenced in this report. Work in antenna theory and

design together with the development of equipments for the reception and

processing of extremely weak signals was found in the vanguard of these

technologies. The development of digital ray tracing techniques was an

importan t contribution. The use of dispersive doppler information from

spaced ground receivers to describe plasma structure was an unusual applica-

tion of the BRI propagation studies .

In the long run , BRL measurements of propagation effects in the auroral

and nuclear disturbed ionosp he res will cons t i tute  an importan t if not

major part  of the available data base for  such d is turbances .  Nuclear  t e s t s

in the atmosphere are not foreseeable in the near future , and there is no

assurance that natural disturbances of the magnitude seen in IGY will be

available agains t which to test communications systems of the future.
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