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SUMMARY 

The purpose of  t h e  OGO-IV r a d i o  astronomy experiment was 

t o  map t h e  b r i g h t n e s s  temperature  of t h e  sky a t  a  frequency 

of 2 . 5  MHz, us ing  a  s h o r t  monopole antenna on t h e  s p a c e c r a f t ,  

and depending upon t h e  i onosphe r i c  focuss ing  e f f e c t  t o  ach ieve  

angula r  r e s o l u t i o n .  The experiment opera ted  f o r  t h e  l i f e  of  

t h e  s p a c e c r a f t  (7 /67 - 10 /69 ) ,  r e t u r n i n g  d a t a  from rad iometers  

o p e r a t i n g  a t  2 .0  and 2 . 5  M H z ,  r e s p e c t i v e l y ,  and measurements 

of t h e  complex impedance of t h e  antenna a t  2 . 5  MHz as t h e  

s p a c e c r a f t  passed up and down through t h e  ionosphere .  

Radio frequency i n t e r f e r e n c e  genera ted  wi th in  t h e  

s p a c e c r a f t  makes t h e i n t e r p r e t a t i o n  of t h e  radiometer  d a t a  

very  d i f f i c u l t ,  and it appears  t o  be i m p r a c t i c a l  t o  e x t r a c t  

mapping in format ion .  The antenna impedance measurements 

a r e  n o t  a f f e c t e d  by t h e  i n t e r f e r e n c e  and r e p r e s e n t  a  use-  

f u l  body of d a t a  f o r  t h e  s tudy  of t h e  p r o p e r t i e s  of t h e  

ionosphere ,  and t h e  behavior  of  antennas  i n  plasma. 

I n  connect ion wi th  t h e  p r o j e c t ,  t h e o r e t i c a l  i n v e s t i g a t i o n s  

have been c a r r i e d  o u t  i n  such f i e l d s  a s  t h e  behavior  of 

antennas  i n  plasma, and t h e  propagat ion of e lec t ro-magnet ic  

waves i n  plasma. 
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I .  INTRODUCTION 

This  i s  t h e  f i n a l  s c i e n t i f i c  r e p o r t  on t h e  Un ive r s i t y  

of Michigan Radio Astronomy experiment c a r r i e d  aboard t h e  

OGO-IV s p a c e c r a f t .  The OGO-IV experiment was e s s e n t i a l l y  

i d e n t i c a l  w i t h  t h e  e a r l i e r  experiment c a r r i e d  aboard O G O - 1 1 ,  

and t h e  two have been developed,  ope ra t ed ,  and t h e  d a t a  analyzed 

under c o n t r a c t  NAS5-3099, from Goddard Space  light Cen te r ,  

NASA, and g r a n t  NGR-23-005-371, from NASA Headquarters.  Most 

of t he  d a t a  r educ t ion  e f f o r t ,  a s  w e l l  a s  t h e  engineer ing  of 

t h e  f l i g h t  ins t rument ,  was supported under t h e  c o n t r a c t .  

Work done under t h e  g r a n t  has c o n s i s t e d  l a r g e l y  of review and 

re-assessment of t h e  method of s c i e n t i f i c  a n a l y s i s ,  i n  an 

e f f o r t  t o  f i n d  a s a t i s f a c t o r y  way of e x t r a c t i n g  mapping i n f o r -  

mation. 

The Radio Astronomy Observatory of t h e  Un ive r s i t y  of 

Michigan has c a r r i e d  o u t  an  ex t ens ive  program of low frequency 

obse rva t ions  from s p a c e c r a f t .  Measurements of the  i n t e g r a t e d  

b r i g h t n e s s  temperature  of  t h e  c e l e s t i a l  sphere  were made from 

r o c k e t s ,  and low frequency rad iometers  have been c a r r i e d  

aboard each of t h e  f i r s t  f i v e  of t h e  OGO-series s p a c e c r a f t .  

Three of t h e s e ,  c a r r i e d  on O G O ' s  I ,  111, and V ,  were designed 

p r imar i ly  t o  s tudy  t h e  low frequency components of s o l a r  r a d i o  

b u r s t s .  Two, aboard O G O ' s  I1 and I V ,  were designed t o  u t i l i z e  

t h e  focusing e f f e c t  of t h e  ionosphere t o  o b t a i n  low-reso lu t ion  

maps of t h e  low-frequency b r i g h t n e s s  temperature  of t h e  

c e l e s t i a l  sphere .  

Except f o r  O G O - I ,  t h e  s o l a r  b u r s t  experiments have been 

q u i t e  s u c c e s s f u l .  The mapping experiments have encountered 

va r ious  problems, t he  most s e r i o u s  of which was t h e  extremely 

h igh  r a d i o  no i se  l e v e l  encountered on both s p a c e c r a f t .  It 

became obvious q u i t e  e a r l y  t h a t  no mapping in format ion  could 



be extracted from the OGO-I1 data, because of the high noise 

level, the failure of the spacecraft to stabilize, and the 

high orbit of OGO-I1 (Potter, 1968). It has been possible, 

however, to utilize OGO-I1 data to study the wake produced 

by the spacecraft as it moves through the ionosphere, an 

unexpected benefit (Yorks, Weil, and Potter, 1968, Yorks 

and Weil, 1970). 

OGO-IV experienced a lower noise level thas OGO-11, but 

higher than either OGO-111 or V. It was obvious that this 

noise level would make it difficult to extract useful mapping 

information. Subsequent analysis has shown that it is indeed 

extremely difficult to extract mapping information, and probably 

impossible to do so. The large body of experiment data should, 

however, be useful in analyzing the properties of the ionosphere, 

and the behavior of the radio antennas in it. 

Chapter I1 of this report covers the scientific background 

for the experiment. It includes discussions of the state 

of the art of low-frequency radio astronomy, the theory of 

ionospheric focusing, upon which the mapping experiment depends, 

and a discussion of the behavior of antennas in a plasma, 

such as the ionosphere. 

Chapter I11 describes briefly the experiment, the space- 

craft, and their history. A more complete report on this 

topic is the OGO-IV Final Engineering Report (Yorks and Cohen, 

Chapter IV describes the methods developed for the analysis 

of the data, the various kinds of data collected by the experiment, 

and the forms in which the data now exist. 

Chapter I 7  summarizes the conclusions which may be drawn from 

the OGO-IV experience. 



11. BACKGROUND 

A. LOW-FREQUENCY RADIO ASTRONOMY 

The portion of the radio spectrum which is observable 

from the surface of the earth extends from roughly five or 

ten MHz to a few hundred GHz. Higher frequencies are cut 

off by molecular absorption in the atmosphere, and lower 

frequencies by free electrons in the ionosphere. Frequencies 

of a few MHz and below can he observed only from rockets and 

spacecraft above the f-layer of the ionosphere, at heights 

at least a few hundred kilometers above the earth's surface. 

Radio astronomy observations at frequencies below the 

ionospheric cutoff are important for several reasons, mostly 

deriving from the fact that the generation, propagation, 

and absorption of these frequencies are strongly affected by 

the presence of free electrons. Low-frequency observations 

can give information about regions too tenuous, and events 

too violent, to be studied in any other way. Since electrons 

of different energies interact with magnetic fields in 

different ways, we can often determine the magnetic field 

strength and/or the electron energy. Thus low-frequencies 

are a useful probe to study such diverse regions as the solar 

corona, the interplanetary medium, the interstellar medium, 

and the various types of radio sources where synchrotron emission 

takes place, such as supernova remnants, radio galaxies, and 

quasars. 

1. Radio Spectra 

Most radio sources show very simple spectra, and fall 

into one of two classes: (1) the "thermal" sources, with black-body 

spectra, and ( 2 )  the "non-thermal" sources whose spectra can 



be described by the power law 

where S is the flux density, k a factor of proportionality, 

v the frequency of observation, and a is the parameter of 

the source, called the spectral index. The interest of 

low-frequency astronomers is confined primarily to the non- 

thermal sources. 

Non-thermal sources are a heterogeneous group of objects, 

and include quasars, pulsars, supernova remnants, radio 

galaxies, and normal galaxies (including our own). The common 

property of these objects is that their emission is believed 

to be synchrotron radiation, generated by relativistic electrons 

in a magnetic field. These objects include some of the most 

puzzling in the universe, and any observations which illuminate 

their nature are important. 

For many of the non-thermal sources, the spectral. index, 

a, lies between -0.5 and -1.0 over the range of frequencies 

presently observed. Thus Equation (11-1) indicates that the 

flux increases toward lower frequencies without limit, an 

obvious impossibility, first, because the source itself must 

have a low-frequency cutoff, and second, because the radiation 

must propagate through a medium which has a low-frequency cutoff. 

Determination of the frequency of maximum flux, fmax and of a 
at frequencies below fmax should tell us something of the nature 

of the source, the intervening medium, or both. 

The theory of synchrotron emission, as developed in 

recent years (see Scheuer and Williams, 1968, for a review 

of radio spectra) indicates that the intrinsic spectrum of 

a source should show a maximum at about the frequency at which 

the source becomes optically thick. Above f max ' ci should be 

a function of the energy distribution of the electrons, among 



o t h e r  t h i n g s .  Below fmax, a depends upon t h e  abso rp t ion  

mechanism. Some s t u d i e s  i n d i c a t e  t h a t  a should be about  

2 . 5 ,  i f  synchro t ron  s e l f - a b s o r p t i o n  i s  t h e  dominant mechanism. 

Any abso rp t ion  between t h e  e m i t t i n g  r eg ion  and t h e  o b s e r v e r ,  

whether it be a  p a r t  of t h e  source  o r  of t h e  i n t e r v e n i n g  

medium may be expected t o  show a  d i f f e r e n t  s l o p e  below fmax. 

Hence measurement of t h i s  s l o p e  w i l l  t e l l  us  whether t h e  

spectrum we s e e  i s  t h a t  of t h e  synchro t ron  e m i t t e r  i t s e l f ,  o r  

has been d i s t o r t e d  by o t h e r  abso rp t ion  mechanisms. The 

informat ion i s  v a l u a b l e ,  i n  e i t h e r  ca se .  

There a r e  f e w r a d i o  sou rces  f o r  which f  and a below max 

fmax have been w e l l  observed.  There a r e  s p e c t r a  which show 

evidence of a  turn-down, b u t  g e n e r a l l y  t h i s  evidence c o n s i s t s  

of one p o i n t ,  which cannot d e f i n e  t he  s lope  below fmax. A 

few sources  w i t h  i r r e g u l a r  s p e c t r a  show secondary maxima a t  

h igh  f r equenc ie s ,  which a r e  g e n e r a l l y  a t t r i b u t e d  t o  very  

compact c louds  of high energy e l e c t r o n s ,  w i th in  a  l a r g e r  source .  

These s p e c t r a  a r e  shown t o  be v a r i a b l e  on a  t ime s c a l e  of 

months, i n d i c a t i n g  t h a t  dynamic p roces ses  must be taken  i n t o  

account i n  e x p l a i n i n g  them. I n  any e v e n t ,  they  seem always 

t o  be superposed upon a  power law spectrum whose fmax i s  i n  

t h e  unobserved r eg ion .  Because of t h e s e  compl ica t ions ,  no 

one has y e t  succeeded i n  i n t e r p r e t i n g  t h e  i r r e g u l a r  s p e c t r a  

w i th  conf idence ,  though t h e o r e t i c a l  t r ea tmen t s  e x i s t  f o r  

s i m p l i f i e d  models (van d e r  Laan 1966, MacCray 1969) .  The 

i n t e r p r e t a t i o n  of t h e  s impler  synchro t ron  s p e c t r a  of t h e  

"s tandard"  non-var iable  sources  should be a  much s impler  

problem, i f  on ly  t h e  o b s e r v a t i o n a l  d a t a  could be extended 

toward lower f r equenc ie s  f a r  enough t o  r e v e a l  f and a max 
below fmax. 



2. Observations from the Earth's Surface 

Terrestrial radio telescopes can reliably observe 

only at frequencies that are substantially above the critical 

frequency of the ionosphere (the plasma frequency at the 

level of maximum electron density in the f-layer) at the time 

and place of the observations. Frequencies below the critical 

frequency are not propagated at all, and frequencies near the 

critical frequency are subject to uncertainties due to absorp- 

tion and scintillation in the ionosphere. 

The critical frequency varies with the time of day, 

time of year, geographic location, the eleven year solar 

cycle, and with other non-periodic parameters. The lowest 

values tend to occur during winter nights near sunspot 

minimum, at locations of moderately high geo-magnetic 

latitude. Under favorable conditions, the critical frequency 

will usually be below ten MHz, and may rarely go as low as 

one MHz. Under unfavorable conditions,values larger than 30 MHz 

are not unusual. 

Several observers have demonstrated the feasibility 

of making useful observations from the earth's surface at 10 

MHz and below. For example, Bridle and Purton (1968) cataloged 

124 sources at 10.03 MHz, with a resolution of better than 3O 

in both directions. Ellis and others in Tasmania (Ellis, 1957, 

1965; Ellis and Hamilton, 1964, 1966; Ellis, Waterworth, and 

Ressel 1962) report scans across the galactic plane at frequencies 

as low as 1.6 MHz and a partial survey at 4.7 MHz with a resolu- 

tion of 11° by 3 O ,  in which a few sources were isolated. Ellis 

and Hamilton (1966) publish spectra of four sources, using 

their data at 4.7 MHz, and other observations at higher frequen- 

cies. These spectra show evidence of turning down below 10 MHz, 

but the points are far too few to determine the slope of f 
max * 



Ground observations at low frequencies have, of course, 

been impossible during the current period of high solar 

activity. Presumably, low-frequency work will be resumed as 

the solar activity declines, so that we may expect new data 

to appear in a few years. It is important to be aware of the 

limitations of ground observations at low frequencies, however, 

so that we do not expect too much. Some of these limitations 

are : 

The absolute lower limit in frequency appears to be 

about 1.5 MHz. Even the most optimistic workers do 

not expect to reach lower frequencies. Any work 

below 3 or 4 MHz will consist of scattered observa- 

tions. Observations at least as low as 1 MHz have 

been required to establish the low-frequency slope 

of the integrated cosmic backqround. We expect that 

the spectra of several sources must be known in this 

region if we are to determine whether the low-frequency 

slopes of individual sources differ from the average. 

The correlation of the critical frequency with both 

time of day and time of year means that there is an 

observation1 selection effect in right ascension, 

as well as declination. For observatories in the 

southern hemisphere, the favored region i-ncludes the 

galactic center. For northern observatories, it is 

diametrically opposite. This correlation makes 

impossible,any homogeneous survey of the sky. 

3. The correlation of favorable observing conditions with 

the level of solar activity presents difficulties in 

interpreting any observations of phenomena which 

might be related to solar activity. Obviously, 

observations of the sun become impossible at the time 

when they become most interesting. Changes in the 

emission of Jupiter with the level of solar activity 

might be masked, as would be changes in the low- 



f r e q u e n c y  a b s o r p t i o n  of t h e  i n t e r p l a n e t a r y  medium. 

4 .  The r e s t r i c t i o n  t o  o b s e r v i n g  on w i n t e r  n i g h t s  d u r i n g  

s u n s p o t  minimum means t h a t  any v a r i a b l e  s o u r c e s  

w i t h  p e r i o d s  of t h e  o r d e r  of  e i t h e r  one y e a r  o r  

e l e v e n  y e a r s  would n o t  be d e t e c t e d .  

It i s  i n t e r e s t i n g  t o  s p e c u l a t e  on what might  be  ach ieved  

i n  low-frequency r a d i o  astronomy from t h e  ground d u r i n g  t h e  

n e x t  s u n s p o t  minimum, i f  a  v i g o r o u s  program w e r e  u n d e r t a k e n .  

I t  shou ld  b e  n o t e d  t h a t  no such  program i s  g e t t i n g  under  

way i n  t h i s  c o u n t r y ,  a t  l e a s t .  

We might  e x p e c t  f a i r l y  comple te ,  though n o t  uni form,  

s u r v e y s  of t h e  e n t i r e  sky a t  a b o u t  1 0  MHz, w i t h  a  r e s o l u t i o n  

of  pe rhaps  lo .  

F l u x e s  o f  pe rhaps  100 s o u r c e s  might  be  measured w i t h  

u s a b l e  a c c u r a c y  a t  a b o u t  5 MHz, and one o r  two dozen a t  3 MHz. 

A t  5 MHz, s u r v e y s  of  d i s c r e t e  s o u r c e s  might  be  r e a s o n a b l y  

complete t o  a b o u t  200 f l u x  u n i t s ,  o v e r  pe rhaps  25% o f  t h e  sky .  

Maps of  t h e  f l u x  d i s t r i b u t i o n  a t  5 MHz might  c o v e r  h a l f  

t h e  s k y ,  a t  a  r e s o l u t i o n  of  t h e  o r d e r  of 3 O .  

S c a t t e r e d  o b s e r v a t i o n s  w i l l  c o n t i n u e  a t  f r e q u e n c i e s  below 

3 MHz, i n c l u d i n g  s c a n s  a c r o s s  t h e  g a l a c t i c  p l a n e ,  and o t h e r  

r e g i o n s  of  s p e c i a l  i n t e r e s t .  

3 .  Low-Frequency O b s e r v a t i o n s  from Space 

D i r e c t i v i t y ,  r a t h e r  t h a n  s e n s i t i v i t y ,  i s  t h e  l i m i t i n g  

f a c t o r  i n  low-frequency r a d i o  astronomy from space .  A s i m p l e  

r a d i o m e t e r ,  u s i n g  an  antenna  t e n  t o  twenty  meters i n  l e n g t h  

o r b i t i n g  i n  a  r a d i o - q u i e t  s p a c e c r a f t ,  can  r e a c h  t h e  cosmic 

background. However, d i r e c t i v i t y  of any k ind i s  d i f f i c u l t  

t o  a t t a i n .  To d a t e ,  no o b s e r v a t i o n a l  d a t a  have been p u b l i s h e d  

( w i t h  t h e  p o s s i b l e  e x c e p t i o n  of  RAE) w i t h  an  a n g u l a r  r e s o l u t i o n  



much b e t t e r  t h a n  a  hemisphere.  A s t r u c t u r e  whose d imensions  

a r e  measured i n  hundredsof  meters i s  r e q u i r e d  t o  a c h i e v e  

s i g n i f i c a n t l y  b e t t e r  r e s o l u t i o n .  

C e r t a i n  r e s e a r c h e s  do  n o t  r e q u i r e  d i r e c t i v i t y .  S o l a r  

r a d i o  b u r s t s  are s u f f i c i e n t l y  s t r o n g  and s u f f i c i e n t l y  

un ique  i n  form t h a t  t h e y  may r e a d i l y  be  i d e n t i f i e d  and 

measured by n o n - d i r e c t i o n a l  i n s t r u m e n t s .  The i n t e g r a t e d  

cosmic background,  by d e f i n i t i o n ,  i s  t h a t  which i s  measured 

by a  n o n - d i r e c t i o n a l  i n s t r u m e n t .  The s o u r c e s  c o n t r i b u t i n g  

t o  t h e  cosmic background a r e  s u f f i c i e n t l y  he te rogeneous ,  

however, t h a t  o n l y  l i m i t e d  c o n c l u s i o n s  can be  drawn from 

t h e i r  i n t e g r a t e d  r a d i a t i o n .  

For o b s e r v a t i o n s  o t h e r  t h a n  t h e s e ,  some d i r e c t i v i t y  i s  

r e q u i r e d  t o  s e p a r a t e  one s o u r c e  from a n o t h e r .  An a n g u l a r  

r e s o l u t i o n  o f  a  few d e g r e e s  would p e r m i t  s e v e r a l  s o u r c e s  t o  

be  i d e n t i f i e d .  I n c r e a s i n g  r e s o l u t i o n  would i s o l a t e  more s o u r c e s ,  

seemingly  w i t h o u t  l i m i t .  Even s u r v e y s  of r a d i o  s o u r c e s  made 

a t  h i g h e r  f r e q u e n c i e s  w i t h  i n s t r u m e n t s  of  e x c e l l e n t  r e s o l u t i o n  

t e n d  t o  b e  l i m i t e d  more by r e s o l u t i o n  t h a n  s e n s i t i v i t y .  

Except  f o r  t h e  i o n o s p h e r i c  f o c u s s i n g  method, d i r e c t i v i t y  

c a n  be  a t t a i n e d  o n l y  from a n  an tenna  s t r u c t u r e  which is  l a r g e  

compared w i t h  t h e  wavelength  o f  o b s e r v a t i o n .  S e v e r a l  methods 

have been proposed f o r  e r e c t i n g  such  s t r u c t u r e s  i n  o r b i t .  

Rhomhic and v e e  a n t e n n a s  may be  composed o f  e i t h e r  r i g i d  or 

f l e x i b l e  c o n d u c t o r s .  Ar rays  of d i p o l e s  may be connected  by 

r i g i d  l i n k s  o r  f l e x i b l e  t e t h e r s ,  o r  t h e y  may be  " f lown i n  

f o r m a t i o n "  by s m a l l  r o c k e t s ,  w i t h o u t  mechanica l  c o n n e c t i o n s .  

A p e r t u r e  s y n t h e s i s  methods may be u s e d ,  r e q u i r i n g  o n l y  a  

few a n t e n n a  e l e m e n t s .  

The ~ a d i o  Astronomy E x p l o r e r  (Alexander ,  e t .  a l . ,  1969) 

a p p e a r s  t o  b e  t h e  o n l y  a t t e m p t  t o  d a t e  t o  o r b i t  a  d i r e c t i o n a l  

an tenna  f o r  low f r e q u e n c i e s .  The an tenna  c o n s i s t s  o f  a  p a i r  

of s e m i - r i g i d  v e e ' s  w i t h  l e g s  229 m long .  Radiometers  a r e  



provided t o  cover  t h e  frequency range from 0 . 2  t o  9.18 MHz. 

Obviously, t h e  d i r e c t i v i t y  a t  t h e  lowest  f r equenc ie s  i s  

van ish ing ly  s m a l l ,  b u t  a t  h igher  f r equenc ie s  t h e  RAE may 

provide s p e c t r a l  d a t a  wi th  s u f f i c e n t  angula r  r e s o l u t i o n  t o  

d i s t i n g u i s h  d i f f e r e n t  p a r t s  of t h e  galaxy.  It should a l s o  

provide an i n t e r e s t i n g  supplement t o  t h e  p a r t i a l  maps of low- 

frequency r a d i a t i o n  ob ta ined  by E l l i s  and h i s  a s s o c i a t e s  i n  

Tasmania ( E l l i s  and Hamilton, 1966) .  The RAE d a t a  should 

even tua l ly  provide a  more complete coverage of t h e  sky than 

t h e  ground obse rva t ions ,  b u t  w i l l  no t  approach t h e  r e s o l u t i o n .  

Proposals  have been made f o r  o r b i t i n g  l a r g e r  antenna 

a r r a y s ,  capable  of  r e s o l v i n g  s e v e r a l  d i s c r e t e  sources .  A 

s tudy  (Haddock, 1966) has i n d i c a t e d  t h e  f e a s i b i l i t y  of a  

rhombic a r r a y  capable  of r e s o l v i n g  s e v e r a l  sources  a t  1 MHz. 

Frequencies a t  l e a s t  t h i s  low appear t o  be r equ i r ed  t o  

determine t h e  n a t u r e  of t h e  low frequency c u t o f f  i n  va r ious  

sources .  However, t h e r e  does n o t  appear t o  be any such 

ins t rument  under cons t ruc t ion .  

4 .  I o n s o ~ h e r i c  Focussing E x ~ e r i m e n t  

The ionosphe r i c  focuss ing  experiment was f i r s t  proposed 

i n  1962 (Haddock, 1962a, 1962b).  A t  t h a t  t ime ,  few r a d i o  

astronomy obse rva t ions  of any kind had been made a t  f r equenc ie s  

below 20 M H z .  The o b j e c t i v e  of  t h e  OGO-IV experiment was 

t o  map t h e  c e l e s t i a l  sphere  a t  a  frequency of  2 . 5  MHz, wi th  

a  r e s o l u t i o n  of t h e  o rde r  of 20 ' .  I n  t h e  i n t e rven ing  y e a r s ,  

many low-frequency programs have been c a r r i e d  o u t ,  bu t  t h e  

b a s i c  o b j e c t i v e  of t h e  OGO-IV experiment remains e l u s i v e .  

Ground obse rva t ions  have achieved b e t t e r  r e s o l u t i o n ,  b u t  on ly  

a t  h igher  f r equenc ie s ,  and without  complete and homogeneous 

coverage.  The Radio Astronomy Explorer  may exceed t h e  20 '  

r e s o l u t i o n  f i g u r e  a t  h igher  f r equenc ie s ,  b u t  a t  2 . 5  M H z ,  i t s  



antenna elements a r e  only  1 .9  wavelengths long ,  s o  it i s  

u n l i k e l y  t h a t  i t s  r e s o l u t i o n  w i l l  approach 20'. 

The OGO-IV exper ience  has  f a i l e d  t o  demonstra te  t h e  

p r a c t i c a l i t y  of t h e  ionosphere  focuss ing  method, b u t ,  on t h e  

o t h e r  hand, it has  no t  revea led  any immovable o b s t a c l e s .  

An ionosphe r i c  focuss ing  experiment,  i f  flown i n  a  s u i t a b l e  

s p a c e c r a f t ,  s t i l l  appears  f e a s i b l e ,  and i s  t h e  only  a l t e r -  

n a t i v e  t o  o r b i t i n g  a  l a r g e  s t r u c t u r e ,  i f  t h e  low-frequency 

p o r t i o n  of t h e  spectrum i s  t o  be adequately  observed.  

B. IONOSPHERIC FOCUSSING 

I. General  

An i s o t r o p i c  antenna l o c a t e d  i n  t h e  upper ionosphere  

a t  a  l e v e l  j u s t  above t h e  cu to f f  l e v e l  f o r  t h e  ope ra t ing  

f requency,  w i l l  no t  r e c e i v e  r a d i a t i o n  from t h e  e n t i r e  

himisphere ,  bu t  on ly  from a  roughly c i r c u l a r  r eg ion  surround- 

i n d  t h e  l o c a l  z e n i t h ,  whose angula r  d iameter  dec reases  t o  

zero a s  t h e  antenna approaches t h e  c r i t i c a l  l e v e l  f o r  t h a t  

frequency.  This  i s  t h e  s o  c a l l e d  ionospher ic  focuss ing  

e f f e c t ,  upon which t h e  OGO-IV mapping experiment i s  based.  

The theory  of ionospher ic  focuss ing  has  been developed 

r a t h e r  e x t e n s i v e l y  a s  a  necessary background t o  t h e  i n t e r p r e -  

t a t i o n  of t h e  OGO-IV d a t a ,  and t h e  f i n a l  form of t h e  t heo ry  

has been publ i shed  by Walsh and Weil (1968) .  They d e r i v e  

a n a l y t i c  exp res s ions  f o r  t h e  antenna g a i n  a s  a  func t ion  of  

angula r  p o s i t i o n ,  n e g l e c t i n g  only  t h e  e f f e c t  of c o l l i s i o n s  

and radiometer  bandwidth. The e f f e c t  of t h e  magnetic f i e l d  

and t h e  c o n t r i b u t i o n  of t h e  g a i n  p a t t e r n  of t h e  antenna 

i t s e l f  a r e  inc luded .  I n  g e n e r a l ,  t h e  e f f e c t i v e  antenna g a i n  

p a t t e r n ,  a s  p r o j e c t e d  on t h e  c e l e s t i a l  sphe re ,  i s  c i r c u l a r  

o r  e l l i p t i c a l ,  wi th  a high e f f e c t i v e  ga in  n e a r  t h e  edges ,  



and a somewhat r educed  g a i n  i n  t h e  c e n t e r .  The e l o n g a t i o n  

of  t h e  e l l i p t i c a l  p a t t e r n s  i s  a  f u n c t i o n  o f  t h e  magnet ic  

f i e l d ,  and t h e  d i s t r i b u t i o n  of g a i n  w i t h i n  t h e  p a t t e r n  

i s  dependent  upon t h e  magnet ic  f i e l d  and i t s  o r i e n t a t i o n ,  

and upon t h e  g a i n  p a t t e r n  o f  t h e  an tenna  i t s e l f .  For  

z e r o  bandwidth and z e r o  c o l l i s i o n  f r e q u e n c y ,  a s  assumed 

by Walsh and Wei l ,  t h e  g a i n  a t  t h e  edge o f  t h e  p a t t e r n  i s  

i n f i n i t e .  However, b o t h  of t h e s e  e f f e c t s  t e n d  t o  smear t h e  

edges  of t h e  p a t t e r n ,  removing t h e  i n f i n i t y .  

2 .  Simple Theory 

While t h e  t h e o r y  o f  i o n s o p h e r i c  f o c u s s i n g  p r e s e n t e d  

by Walsh and W e i l  (1968) i s  g e n e r a l  and comple te ,  it i s  

n o t  ve ry  c o n v e n i e n t  f o r  i l l u s t r a t i v e  p u r p o s e s .  The numer ica l  

c a l c u l a t i o n s  a r e  l e n g t h y ,  and t h e  r e s u l t s  a r e  e x p r e s s e d  a s  

an tenna  g a i n  a s  a  f u n c t i o n  of a n g u l a r  c o o r d i n a t e s .  Thus beam 

wid th  may n o t  b e  r e a d i l y  deduced w i t h o u t  computing g a i n  a t  

many p o i n t s .  W e  s h a l l  deve lop  h e r e  a  s imple  t h e o r y  which 

g i v e s  t h e  beamwidth d i r e c t l y  f o r  b o t h  modes of  p r o p a g a t i o n ,  

and which i s  e x a c t  under  c o n d i t i o n s  o f  a  passage  through t h e  

ionosphere  n e a r  t h e  e a r t h ' s  e q u a t o r .  The t h e o r y  i s  based upon 

a p p l y i n g  S n e l l ' s  law t o  r e l a t e  t h e  a n q l e  of  t o t a l  r e f l e c t i o n  

t o  t h e  l o c a l  i n d e x  of  r e f r a c t i o n ,  and e v a l u a t i n g  t h e  index  o f  

r e f r a c t i o n  from a  s i m p l i f i e d  form of  t h e  Apple ton-Har t ree  

formula .  

a .  S n e l l ' s  Law 

When r a d i a t i o n  p a s s e s  from a  medium whose r e f r a c t i v e  

i n d e x  i s  u n i t y  ( f r e e  s p a c e )  t o  a n  i s o t r o p i c  medium whose 

r e f r a c t i v e  index  i s  n ,  i t s  a n g l e  of i n c i d e n c e  ( w i t h  r e s p e c t  

t o  t h e  d i r e c t i o n  o f  t h e  g r a d i e n t  of  n )  changes a c c o r d i n g  t o  

S n e l l ' s  law: 

1 s i n  i = -- s i n  i 2 n  I 



I n  a n  i o n i z e d  medium, such a s  t h e  i o n o s p h e r e ,  t h e  r e f r a c t i v e  

i n d e x  i s  g e n e r a l l y  l e s s  t h a n  1. Thus f o r  c e r t a i n  v a l u e s  

of  n  and il, 

- s i n i  > 1 ,  
n  1 

and t h e  r a d i a t i o n  c a n n o t  be r e f r a c t e d ,  b u t  i n s t e a d  it 

e x p e r i e n c e s  " t o t a l  i n t e r n a l  r e f l e c t i o n . "  Thus t h e  

c o n d i t i o n :  

I - s i n  i = 1 
n  1 

marks t h e  l o w e s t  l e v e l  i n  t h e  ionosphere  t o  which r a d i a t i o n  

i n c i d e n t  a t  i can p e n e t r a t e ,  and a l s o  marks t h e  g r e a t e s t  

a n g l e  of  i n c i d e n c e  which r a d i a t i o n  may have and s t i l l  p e n e t r a t e  

t o  a  g iven  l eve l  i n  t h e  ionosphere .  S p e c i f i c a l l y  

s i n  i = n ,  (11-3) 
C 

where ic i s  t h e  g r e a t e s t  a n g l e  o f  i n c i d e n c e .  Obvious ly ,  a n  

i s o t r o p i c  an tenna  l o c a t e d  a t  a  l e v e l  whose r e f r a c t i v e  i n d e x  

i s  n  w i l l  r e c e i v e  r a d i a t i o n  o n l y  from a  cone of  h a l f - a n g l e  

i c e n t e r e d  on t h e  z e n i t h .  I f  t h e  an tenna  descends  i n t o  c 
t h e  i o n o s p h e r e  s o  t h a t  n  + 0 ,  t h e n  ic + 0 ,  and t h e  beam 

narrows,  o n l y  t o  d i s a p p e a r  e n t i r e l y  a t  n  = 0.  No r a d i a t i o n  

from o u t s i d e  t h e  ionosphere  can  p e n e t r a t e  below t h i s  l e v e l .  

The r e f r a c t i v e  i n d e x  a t  any p o i n t  i n  t h e  upper i o n o s p h e r e  

may b e  found from t h e  Apple ton-Har t ree  fo rmula ,  d i s c u s s e d  

below. I n  g e n e r a l ,  n i s  complex, m u l t i - v a l u e d ,  and n o n - i o s t r o p i c .  

Walsh and W e i l  (1968) have t r e a t e d  t h e  m u l t i v a l u e d ,  n o n - i s o t r o p i c  

c a s e ,  and have shown t h a t  i n  t h e  r e g i o n  where OGO-IV f o c u s s i n g  

t a k e s  p l a c e ,  t h e  c o l l i s i o n  f requency  i s  s m a l l ,  hence t h e  

imaginary  t e r m s  i n  n  a r e  n e g l i g i b l e .  I n  t h e  t r e a t m e n t  below, 

we p r e s e n t  an  approximat ion  which i s  m u l t i - v a l u e d ,  b u t  i s o t r o p i c .  



b .  

The g e n e r a l  Apple ton-Har t ree  (A-H) formula  f o r  r e f r a c t i v e  

i n d e x  i n  a  magneto- ionic  medium i s :  

where 
2 x = f 2/f = (plasma f r e q .  ) / ( o p e r a t i n g  f r e q .  ) 

2 

P 

Y = f  / f  = ( e l e c t r o n  g y r o  f r e q .  ) / ( o p e r a t i n g  f r e q . )  
g  

Z = f / f  = ( e l e c t r o n  c o l l i s i o n  f r e q .  ) / ( o p e r a t i n g  f r e q .  ) 
C 

8 = Angle between magnet ic  f i e l d  and wave normal.  

I f  Z i s  v a n i s h i n g l y  s m a l l ,  we may n e g l e c t  a l l  t h e  imag inary  t e r m s ,  

and w r i t e  ( a s  do  Walsh and Wei l ,  1968) : 

2  n  = 1 -  X , where (11-5) 1 - nY 

Note,  however, t h a t  t o  n e g l e c t  te rms i Z ,  w e  must have 

The l a t t e r  condit : ion i s  somewhat t roub lesome,  s i n c e  l a t e r  

w e  w i l l  b e  concerned w i t h  what happens a s  X +l, By c o n v e n t i o n ,  

t h e  v a l u e  d e r i v e d  from t h e  upper s i g n :  t h e  + s i g n  i n  ( 1 1 - 4 )  and 

t h e  - s i g n  i n  ( 1 1 - 6 ) , r e f e r s  t o  t h e  " o r d i n a r y  mode'! (0-mode), and 



t h e  lower s i g n  r e f e r s  t o  t h e  "ex t ra -ord inary  mode" (E-mode). 

I f  Y = 0, i n d i c a t i n g  no magnetic f i e l d ,  then t h e  two modes 

converge. I f  Y > 0, t h e  two modes d i v e r g e ,  and t h e  medium 

i s  b i - r e f r i n g e n t .  We s h a l l  show below t h a t  t h e  r e f l e c t i o n  

l e v e l  f o r  t h e  0-mode, b u t  n o t  t h e  index of r e f r a c t i o n ,  i s  

independent of t h e  magnetic f i e l d ,  whi le  t h a t  of t h e  E-mode 

i s  dependent upon t h e  magnetic f i e l d .  

c .  R e f l e c t i o n  Levels 

The A-H formula may be solved d i r e c t l y  t o  determine t h e  

l e v e l s  i n  t he  ionosphere  where n=O, which r e p r e s e n t  r e f l e c t i o n  

l e v e l s ,  through which r a d i a t i o n  cannot  pas s .  The r eg ions  

j u s t  above t h e  r e f l e c t i o n  l e v e l s  a r e  t h e  focuss ing  r e g i o n s .  

We may s e t  n  = 0 i n  (11-5), and s o l v e  f o r  X ,  o b t a i n i n g :  

The s o l u t i o n  X = 1, which i s  i d e n t i c a l  t o  t h a t  ob ta ined  when 

Y = 0 ,  i s  t h e  r e f l e c t i o n  l e v e l  f o r  t h e  "ord inary  mode" of 

propagat ion i n  t h e  b i - r e f r i n g e n t  medium. The s o l u t i o n  X = 1 - Y 

i s  t h e  r e f l e c t i o n  l e v e l  f o r  t h e  ex t r a -o rd ina ry  mode of p ropaga t ion .  

The s o l u t i o n  X = 1 + Y r e p r e s e n t s  a  r e f l e c t i o n  l e v e l  t o  which 

r a d i a t i o n  o r i g i n a t i n g  o u t s i d e  t h e  ionosphere w i l l  never p e n e t r a t e ,  

because,  t o  r each  t h i s  l e v e l ,  it must pas s  through both X = 1 

and X = 1 - Y .  I t  may play a  r o l e  i n  r e f l e c t i n g  r a d i a t i o n  which 

i s  produced w i t h i n  t h e  ionosphere ,  though. 

We should expec t ,  t hen ,  a  focuss ing  r eg ion  f o r  t h e  e x t r a -  

o rd ina ry  mode j u s t  above t h e  l e v e l  where X = 1 - Y ,  and ano the r  

f o r  t h e  o rd ina ry  mode j u s t  above t h e  l e v e l  where X = 1. These 

r e s u l t s  i n d i c a t e  t h a t  t h e  l o c a t i o n  of t h e  r e f l e c t i o n  l e v e l s  

f o r  both  modes a r e  independent of 8- The r e f l e c t i o n  l e v e l  

f o r  t h e  E-mode depends on t h e  magnitude, b u t  no t  on t h e  

d i r e c t i o n , o f  t h e  magnetic f i e l d .  Thus t h e  ionosphere  a c t s  a s  

an i s o t r o p i c  medium a t  t h e  r e f l e c t i o n  l e v e l ,  b u t  no t  n e c e s s a r i l y  

i n  t h e  focuss ing  r eg ion  j u s t  above it. 



For a  s imple  t heo ry  of focuss ing ,  we wish t o  make use  

of Equation (11-3) t o  determine t h e  e f f e c t i v e  beamwidth, 

us ing  t h e  A-H formula t o  e v a l u a t e  n. However, f o r  (11-3) 

t o  be  v a l i d ,  n  must be independent of 8 ,  and t h e  A-H formula i n  

t h e  form of (11-5) and (11-6) con ta ins  8 .  We need an approxi-  

mation which i s  independent of 8 .  There a r e  t h r e e  s p e c i a l  

ca se s  of t h e  A-H formula t h a t  a r e  commonly developed a s  

approximations:  (1) t h e  ca se  of ze ro  magnetic f i e l d  ( Y = O ) ,  

( 2 )  t h e  case  of q u a s i - l o n g i t u d i n a l  propagat ion (QL) , and ( 3 )  

t h e  ca se  of quas i - t r ansve r se  propagat ion ( Q T ) .  

I f  Y = 0 ,  t h e  A-H forumla reduces  t o  : 

Obviously,  n  +- 0 a s  X + 1, hence ic, t h e  ha l f - ang le  of  t h e  

e f f e c t i v e  beam, approaches 0 a l s o , v a n i s h i n g  when X = 1. 

However, f o r  t y p i c a l  OGO-IV o r b i t s ,  0 . 2  < Y < 0 . 4 .  S ince  TI 

may be q u i t e  l a r g e ,  we can hard ly  assume t h a t  qY van i shes .  

The QL and QT approximations d e r i v e  from l e t t i n g  one 

o r  t h e  o t h e r  of t h e  two terms under t h e  r a d i c a l  i n  (11-6) 

van i sh .  QL cond i t i ons  apply i f  t h e  term i n  s i n  8 i s  n e g l i g i b l e ,  

a s  it w i l l  be i f  8 = 0 (p ropaga t ion  a long  t h e  magnetic f i e l d ) ,  

i f  Y i s  sma l l ,  o r  i f  X becomes very l a r g e .  QT cond i t i ons  

apply i f  t h e  term i n  cos 8 i s  n e g l i g i b l e ,  a s  it w i l l  be i f  

0 = 90 '  (propaga t ion  perpendicu la r  t o  t h e  magnetic f i e l d ) ,  

o r  i f  X + 1 f o r  i n t e r m e d i a t e  va lues  of 0 .  

For t y p i c a l  OGO-IV p a s s e s ,  QT cond i t i ons  a r e  more 

a p p r o p r i a t e  than QL. Since 0 . 2  < Y < 0 . 4  and X i s  never 

very l a r g e ,  t h e  s i n e  term i n  (11-6) can be neg lec ted  on ly  

i f  8 i s  very c l o s e  t o  0 .  On the  o t h e r  hand, when X approaches 

1, t h e  s i n e  term becomes much l a r g e r  t han  t h e  cos ine  term 

over a  s u b s t a n t i a l  range of 8. Thus QT cond i t i ons  hold  over  

a g r e a t e r  range of 0 than  QL, e s p e c i a l l y  i n  t h e  focuss ing  

r e g i o n  f o r  t h e  o rd ina ry  mode. 



Furthermore,  f o r  pas se s  near  t h e  magnetic equa to r ,  

where t h e  magnetic f i e l d  i s  h o r i z o n t a l ,  t h e  assumption t h a t  

8 = 90" i s  v a l i d  f o r  a l l  r ays  which come t o  focus  i n  a  

p lane  perpendicu la r  t o  t h e  magnetic f i e l d .  Thus f o r  

focuss ing  i n  t h i s  p l ane ,  t h e  QT cond i t i on  i s  s a t i s f i e d .  There 

i s  no corresponding p l ane  i n  which 8  = 0" f o r  a l l  r a y s .  

e. Approximations t o  n  Based on QT Condi t ions  

The QT assumption may be used i n  s e v e r a l  d i f f e r e n t  

ways t o  d e r i v e  d i f f e r e n t  approximations t o  t h e  A-H formula.  

We may: 

1. S e t  8 = 90°. 

2 .  S e t  s i n  8 = 1, bu t  r e t a i n  cos 8 .  

3. S e t  cos 8 = 0 ,  b u t  r e t a i n  s i n  8 .  

4 .  Expand t h e  r a d i c a l  us ing  t h e  binomial  theorem, 
assuming t h e  s i n e  t e r m  l a r g e r  t han  t h e  cos t e r m .  

O f  t h e s e ,  only  t h e  f i r s t  y i e l d s  an exp res s ion  f o r  n  t h a t  i s  

independent of 8 ,  and t h e r e f o r e  i s  d i r e c t l y  u s e f u l  f o r  our  

purpose. The o t h e r s  a r e  u s e f u l  only  t o  e v a l u a t e  t h e  e r r o r  

in t roduced  i n  t h e  express ion  de r ived  from 1 when 8 d e p a r t s  

from 90° ,  and t o  i l l u s t r a t e  t h e  g e n e r a l  i n t r a c t i b i l i t y  of 

t h e  A-H formula.  

We o b t a i n :  

n = 2 ( 1 - X )  Y +  - 

Using t h e  - s i g n  f o r  t he  0-mode, 



Using t h e  + s i g n  f o r  t h e  E-mode, 

Amrox imat ion  2 :  S i n  8 = 1. 

T h i s  approximat ion  would b e  j u s t i f i e d  i f  a d e p a r t s  
2 somewhat from 90'. and Y / 4  ( 1 - X )  i s  of t h e  o r d e r  o f  1, o r  

s m a l l e r .  

T h i s  form seems t o  o f f e r  l i t t l e  u s e f u l  s i m p l i f i c a t i o n ,  a s  

compared w i t h  t h e  comple te  fo rmula .  

A ~ ~ r o x i m a t i o n  3 :  Cos 8 = 0 .  

T h i s  approx imat ion  would b e  j u s t i f i e d  i f  8 d e p a r t s  
2 2 somewhat from 90° ,  and Y / 4 ( 1 - X )  >>1. 

For  t h e  0-mode, use  t h e  - s i g n :  

n 2 = 1 - X  



For t he  E-mode, u se  t h e  + s ign :  

These exp res s ions  a r e  i d e n t i c a l  w i th  t h o s e  from Approx. 1, 

except  f o r  t h e  s i n 2  6 terms i n  t h e  E-mode. Theymust be  used 

wi th  c a r e ,  s i n c e  they  say  t h a t ,  f o r  t h e  E-mode, n = 0 a t  X = 

1-Y s i n  8 ,  whi le  w e  have a l r eady  shown t h a t  n = 0 a t  X = 1 - Y 

f o r  a l l  8. 

Approximation 4 :  Binomial Expansion. 

Using t h e  QT assumption t h a t  

2 Y s i n 4  0 2 
2 > >  cos  8 ,  

4 ( 1 - X )  

we may expand t h e  q u a n t i t y  under t h e  r a d i c a l  by t h e  binomial  

theorem. We w i l l  g e t  an express ion  f o r  n con ta in ing  an i n f i n i t e  

series, of which w e  can keep a s  many terms a s  d e s i r e d .  This  

approach would seem t o  o f f e r  a b e t t e r  approximation than  any 

of t h e  preceeding.  Unfor tuna te ly ,  it produces some p e c u l i a r  

r e s u l t s .  

I f  a  > b ,  t h e  binomial  theorem y i e l d s :  

S u b s t i t u t e  

2 Y s i n  8 + Y s i n 2  8 (1-X) cos2  0 - (1-X) cos4 8 + -  r l '  C ... 2 ( 1 - X )  - 2 ( I - X )  Y s i n 2  8 y3 s i n 6  8 



For t h e  0-mode, use  t h e  - s ign :  

2 
4 

1 + ( 1 - X )  c o t  O - (1-x15 cos e + ... 
y 2  s i n 6  e 

The term ( 1 - X J  c o t 2  0 i s  p e c u l i a r ,  because one would n o t  expec t  

t o  encounter  a term which depends upon t h e  d i r e c t i o n  of t h e  

magnetic f i e l d ,  b u t  n o t  on i t s  magnitude. Note, however, 

t h a t  t h e  QT assumption f a i l s  a s  Y approaches 0 ,  s o  w e  do n o t  

expec t  t h i s  express ion  t o  hold f o r  smal l  Y,a l though  perhaps it i s  

a v a l i d  approximation f o r  a c e r t a i n  range of Y.  I t  does  have 

t h e  encouraging proper ty  t h a t  n + 0 a s  X -+ 1. 

For t h e  E-mode, we use t h e  + s i g n ,  o b t a i n i n g  

n L  = 1 - K 

y2 s i n  
2 4 

1 - - (1-X) c o t 2  e + (1-x) cos  e + . * .  

(1-X) y2 s i n 6  

The f i r s t  two terms i n  t h e  denominator a r e  t h e  same a s  t h o s e  

ob ta ined  from Approximation 3 .  Again, however, we have t h e  

troublesome term ( 1 - X )  c o t 2  8 ,  which i s  more s i g n i f i c a n t  h e r e  

than f o r  t h e  0-mode, because we a r e  i n t e r e s t e d  i n  t h e  0-mode 

a s  X -+ 1, b u t  i n  t h e  E-mode a s  X+ 1 - Y .  Thus t h e  c o t  term 

i s  l a r g e r  i n  t h e  E-mode focuss ing  reg ion  than i n  t h e  0-mode 

reg ion .  



f .  Summary of Simple Theory of Ionsopher ic  Focussing 

L e t  us  now a s s e s s  t h e s e  approximations t o  choose t h e  

b e s t  one f o r  t h e  0-mode and E-mode focuss ing  r e g i o n s ,  

r e s p e c t i v e l y .  For t h e  0-mode, Approximation 2 i s  n o t  a p p l i c a b l e ,  

s i n c e  i n  t h e  0-mode focuss ing  r eg ion ,  X- 1 becomes very sma l l .  

The o t h e r  t h r e e  approximations should hold .  Approximations 

1 and 3 g i v e  i d e n t i c a l  r e s u l t s ,  and Approximation 4 ,  t h e  

binomial  expansion,  approaches t h e  same r e s u l t  i f  e i t h e r  X - 1  

goes t o  ze ro ,  o r  cos  8  goes t o  zero.  Thus w e  may use  t h e  

approximation 

2 
n  = 1 - X I  (11-7) 

w i th  some conf idence t h a t  it w i l l  hold over  t h e  0-mode 

focuss ing  r eg ion .  

For t h e  E-mode, on ly  Approximation 1 y i e l d s  an exp res s ion  

independent of 8 ,  which we must use:  

The o t h e r  approximations a r e  u s e f u l  only  t o  e s t i m a t e  t h e  

range of  8 over  which (11-9) i s  v a l i d .  

A t  t h e  E-mode r e f l e c t i o n  l e v e l ,  Y = 1 - X .  Hence t h e  

exp res s ion  Y / 2  ( 1 - X ) ,  which determines  t h e  v a l i d i t y  of 

Approximations 2 and 3 ,  must be  1 / 2 .  C l e a r l y ,  t h e n ,  

Approximation 3  i s  no longer  a p p l i c a b l e .  Approximation 2 

should be v a l i d ,  b u t  y i e l d s  an express ion  ha rd ly  s imp le r  t han  

the  f u l l  A-H formula.  Furthermore,  t h e  s e r i e s  ob ta ined  from 

Approximation 4 ,  t h e  binomial  expansion,  w i l l  no t  converge 

very r a p i d l y ,  except  f o r  8 very c l o s e  t o  90 ' .  



Thus (11-9) represents the best isotropic approximation 

to n that we can derive for the E-mode, and it may be expected 

to hold over a small range of 8 .  Hence any beam widths 

derived using (11-9) will be applicable only for rays which 

are brought to a focus in a plane very nearly perpendicular 

to the magnetic field. 

3. Beam Widths for Actual OGO-IV Passages 

Using the simple theory of ionospheric focussing, and 

data from selected passages through the ionosphere, we can 

compute the approximate beam widths as a function of time. 

The results of such a calculation are presented in figure 1. 

The observational data upon which these curves are based 

are presented in Appendix A. The beam widths presented 

here correspond to the short axis of the elliptical beam 

predicted by the complete theory (Walsh and Weil, 1968). Beam 

widths have been computed for both modes of propagation, 

and for both of the OGO-IV radiometer frequencies, even 

though only the E-mode for 2.5 MHz is used in the OGO-IV 

experiment. 

Figure 1 illustrates the time sequence of events, as 

the S/C moves down through the ionosphere. The differences 

between the two passages are attributable to the differences 

in magnetic field. For GI 3.the magnetic field is about 1.5 

times stronger than for GI 8. Hence the E-mode has diverged 

farther from the 0-mode. If the field were stronger yet, 

the 2.5 MHz E-mode cutoff would move earlier than the 2.0 MHz 

0-mode cutoff. 

The extreme rapidity with which the beam converges is 

well illustrated in Figure I. The E--mode converges from a 

half-width of 10" to 0" in less than 0.1 minute. Thus a 



s h o r t  i n t e g r a t i o n  t i m e  and a high sampling rate are r equ i r ed  

f o r  an ionospher ic  focuss ing  experiment t o  achieve a  narrow 

e f f e c t i v e  beam. 

In  t h e  OGO-IV experiment,  t h e  i n t e g r a t i o n  t i m e  is 0.5 

s e c ,  and t h e  sampling pe r iod  approximately 0.25 sec. There 

a r e  e f f e c t i v e l y  12 independent samples t aken  du r ing  t h e  

t i m e  when t h e  beam i n  converging from 10' h a l f  ang le  t o  

zero.  Thus w e  may say  t h a t  t h e r e  i s  an u n c e r t a i n t y  i n  

beam width due t o  t h e  t ime cons t an t  which i s  of  t h e  o rde r  

of <lo, which may s a f e l y  be neglected.  

4 .  E f f e c t  of C o l l i s i o n s  on Ionospher ic  Focussing 

The complete Appleton-Hartree formula f o r  r e f r a c t i v e  

index,  Eq. 1 1 - 4 ,  i nc ludes  terms i n  Z ,  t h e  normalized 

c o l l i s i o n  frequency,  a s  w e l l  a s  X and Y. A s  noted above 

( s e c t i o n  IIB-2b) , Z may be neg lec ted  only  i f  I z 1 << 1, and 

a l s o  I z ]  << I l -xI .  I n  both  focuss ing  r eg ions ,  t h e  l a t t e r  

cond i t i on  i s  t h e  more s t r i n g e n t  of t h e  two, s i n c e  1 - X  i s  

always less than  1. I n  t h e  0-mode focuss ing ,  X - 1  + 0. 

Hence w e  can no t  n e g l e c t  Z u n l e s s  Z + 0 .  I n  t h e  E-mode 

reg ion ,  ( X - 1 )  + Y .  For OGO-IV o r b i t s ,  Y ranges  from 0.2 t o  

0.3. For OGO-IV parameters , Z i s  of  t h e  o r d e r  of  l o m 5  , and 

i s  n e g l i g i b l e  f o r  focuss ing  i n  e i t h e r  mode, though t h e  

margin of  s a f e t y  i s  somewhat g r e a t e r  f o r  t h e  E-mode. 

The problem i s  g r e a t l y  s i m p l i f i e d  by t h e  f a c t  t h a t  

c o l l i s i o n s  may be neg lec ted .  I f  X i s  s i g n i f i c a n t ,  t h e  

r e f r a c t i v e  index becomes complex, and t h e  medium becomes 

absorbent ,  a s  w e l l  a s  r e f r a c t i n g .  The c a l c u l a t i o n  of 

antenna impedance becomes more d i f f i c u l t ,  a l s o .  



Our e a r l i e r  work on ionospher ic  f s c u s s i n g h a s  tended t o  

neg lec t  t h e  defocuss ing  e f f e c t  of t h e  f i n i t e  bandwidth of 

t h e  rad iometer ,  p a r t i c u l a r l y  i n  t h e  E-mode, which i s  t h e  

focuss ing  modeused i n  t h e  OGO-IV experiment.  An approximation 

by Walsh (1961) e v a l u a t e s  t h e  e f f e c t  on ly  f o r  t h e  0-mode. 

The t rea tment  of Walsh and Weil (1968) i s  g e n e r a l ,  i n  t h a t  

t h e i r  theory g i v e s  t h e  ga in  d i s t r i b u t i o n  over t h e  c e l e s t i a l  

sphere  f o r  bo th  modes, and f o r  any frequency.  However, 

t h e i r  numerical  examples d e a l  only  wi th  t h e  0-mode, and 

with  monochromatic r a d i a t i o n .  The Walsh and Weil t heo ry  

could be used t o  determine t h e  v a r i a t i o n  of beamwidth w i t h  

frequency,  b u t  t h e  computations a r e  l eng thy  and l abo r ious .  

I n s t e a d ,  we p r e s e n t  c a l c u l a t i o n s  of t h e  E-mode beamwidth 

a s  a  func t ion  of f requency,  based on t h e  s impler  exp res s ions  

de r ived  above. 

The r e s u l t s  of t h e s e  c a l c u l a t i o n s  show t h a t  t h e  E-mode 

focuss ing  issomewhat more s e n s i t i v e  t o  bandwidth defocuss ing  than  

t h e  0-mode, t h e  defocuss ing  i n c r e a s i n g  w i t h  t h e  s t r e n g t h  

of t h e  magnetic f i e l d .  For t y p i c a l  cond i t i ons  encountered 

i n  OGO-IV,  t h e  E-mode i s d e f o c u s s e d b y  about 1 .5  t imes  a s  much 

a s  t h e  0-mode. Bandwidth d e f o c u s s i n g w i l l  l i m i t  t h e  b e s t  

reso l ,u t ion  a t t a i n a b l e  by OGO-IV t o  about 2 0  t o  30' between 

half-power p o i n t s .  

The beamwidth has been c a l c u l a t e d ,  us ing  S n e l l ' s  law 

and t h e  Appleton-Hartree formula,  s u b j e c t  t o  t h e  assumptions:  

(1) C o l l i s i o n s  may be neg lec ted .  

( 2 )  The magnetic f i e l d  i s  everywhere perpendicu la r  t o  
t h e  d i r e c t i o n  of propagat ion of t h e  wave. 



Assumption (1) i s  v a l i d  f o r  OGO-IV c o n d i t i o n s ,  par-- 

t i c u l a r l y  f o r  E~mode focuss ing ,  a s  d i scussed  i n  Sec t ion  4 ,  above. 

Assumption ( 2 )  means t h a t  t h e  t r ea tmen t  i s  v a l i d  only  f o r  

focuss ing  which occurs  i n  a  p l ane  perpendicu la r  t o  t h e  

e a r t h ' s  magnetic f i e l d .  Thus it i s  a p p l i c a b l e  f o r  passages  

nea r  t h e  equa to r ,  where t h e  e a r t h ' s  magnetic f i e l d  i s  

h o r i z o n t a l ,  f o r  determining t h e  beamwidth i n  t h e  eas t -wes t  

d i r e c t i o n .  These cond i t i ons  happen t o  be  t h o s e  under which 

t h e  narrowest  beam i s  produced, s o  we a r e  e v a l u a t i n g  t h e  

b e s t  r e s o l u t i o n  which may be a t t a i n e d  by t h e  experiment.  

We must use  t h e  0-mode examples of Walsh and W e i l  (1968) t o  

e s t i m a t e  t h e  r e l a t i v e  beamwidth i n  o t h e r  p l a n e s ,  and under 

cond i t i ons  o t h e r  t han  h o r i z o n t a l  f i e l d .  

Equations (11-7) and ( 1 1 - 9 )  a r e  used t o  e v a l u a t e  t h e  

index of r e f r a c t i o n  f o r  t h e  0- and E-mode, r e s p e c t i v e l y ,  

and t h e  beam width determined by 

8 = 2 sin- '  n. 

F igures  2 ,  3 and 4 a r e  p l o t s  of c a l c u l a t e d  beamwidth 

a s  a  f u n c t i o n  of plasma frequency,  f  . Curves a r e  p l o t t e d  
P  

f o r  both t h e  upper and lower frequency l i m i t  of t h e  r ad io -  

meter ,  f o r  two va lues  of gyro f requency,  f corresponding 
g  ' 

t o  va lues  encountered dur ing  t h e  a c t u a l  passages  l a b l e d  G I  3 

and G I 8  f o r  bo th  modes of focuss ing .  It  i s  s i g n i f i c a n t  t o  

n o t e  t h a t  when t h e  lower frequency band edge of t h e  r a d i o -  

meter (2.47 MHz) i s  a t  t h e  E-mode r e f l e c t i o n  l e v e l ,  t h e  

upper band edge s e e s  an e f f e c t i v e  beam of 35 and 3 7 O ,  

r e s p e c t i v e l y ,  f o r  t h e  two va lues  of f  . 
4 



C. ANTENNA IMPEDANCE I N  A PLASMA 

The c h a r a c t e r i s t i c  impedance of  a n  an tenna  may be 

a f f e c t e d  by t h e  p r e s e n c e  o f  f r e e  e l e c t r o n s  i n  i t s  v i c i n i t y .  

S i n c e  i o n o s p h e r i c  g o c u s s i n g t a k e s  p l a c e  i n  a  r e g i o n  of  t h e  

i o n o s p h e r e  where f r e e  e l e c t r o n s  s t r o n g l y  a f f e c t  t h e  index  

of  r e f r a c t i o n ,  it f o l l o w s  t h a t  t h e y  a l s o  s t r o n g l y  a f f e c t  

t h e  impedance of  t h e  an tenna .  F u r t h e r ,  t h e  an tenna  impedance 

changes r a p i d l y  i n  t h e  f o c u s s i n g  r e g i o n .  

Radiometer d a t a  canno t  be  i n t e r p r e t e d  w i t h o u t  knowledge 

of  t h e  an tenna  impedance. The q u a n t i t y  measured by a  

r a d i o m e t e r  i s  a  mean s q u a r e  o f  t h e  n o i s e  v o l t a g e  a p p e a r i n g  

a c r o s s  t h e  i n p u t  impedance of  t h e  r a d i o m e t e r ,  which i s  

g i v e n  by : 

where : 

k  = Bol tzman 's  c o n s t a n t  

B = The r a d i o m e t e r  bandwidth 

T  = The a n t e n n a  t e m p e r a t u r e  
A 

R = The res is t ive  component of  t h e  an tenna  
A impedance 

Z = The complex an tenna  impedance A 

Z L =  
The complex impedance of  t h e  r a d i o m e t e r  i n p u t .  

I n  o r d e r  t o  deduce TA from VL, we must know b o t h  RA 

and t h e  q u a n t i t y  w i t h i n  t h e  a b s o l u t e  magnitude s i g n s ,  which 

accoun t s  f o r  t h e  impedance match between t h e  an tenna  and 

t h e  r a d i o m e t e r .  The OGO-IV exper iment  i s  c a p a b l e  of measur ing  

t h e  complex a n t e n n a  impedance, e x c e p t  t h a t  when t h e  r e s i s t i v e  



component i s  ve ry  smal l  compared wi th  t h e  r e a c t i v e  component, 

a s  i t  i s  under cond i t i ons  near  t hose  of f r e e  space,  t h e  

r e s i s t i v e  component i s  poorly  determined.  The procedure 

t h a t  has been adopted i s  t o  c o n s t r u c t  a  "model ionosphere"  

which f i t s  t h e  a v a i l a b l e  d a t a  and t o  c a l c u l a t e  t h e  r e s i s t i v e  

component from t h e  model. Thus we must have an a p p r o p r i a t e  

t heo ry  which d e s c r i b e s  a t  l e a s t  t h e  r e s i s t i v e  component 

of t h e  antenna impedance a s  a  func t ion  of e l e c t r o n  d e n s i t y ,  

over  t h e  a p p r o p r i a t e  range of  parameters .  The theory  

which has been inco rpo ra t ed  i n t o  t h e  OGO-IV d a t a  p roces s ing  

procedures  i s  t h a t  publ ished by W e i l  and Walsh (1964) . This  

theory  computes t h e  res i s t ivecomponent  on ly ,  and ho lds  w i th  

adequate accuracy f o r  t he  reg ion  of E-mode focuss ing .  

W e  have been i n t e r e s t e d  i n  an improved theory  of 

antenna impedance i n  a  plasma i n  o r d e r  t o  check t h e  adequacy 

of t h e  Weil and Walsh (1964) theory  i n  t h e  E-mode focuss ing  

r e g i o n ,  t o  provide a b e t t e r  means of e s t a b l i s h i n g  a  model 

ionosphere ,  and f o r  t h e  i n t r i n s i c  i n t e r e s t  of t h e  problem. 

The development of t h e  theory  by Weil (1970) ,  and Lafon and 

W e i l  (1970) r e p r e s e n t s  perhaps t h e  most complete t o  d a t e .  

C a l c u l a t i o n s  based upon t h i s  theory  and work by o t h e r  a u t h o r s  

( f o r  example, Balmain, 1964) have been compared w i t h  t h e  

experiment d a t a  t o  a  very l i m i t e d  e x t e n t .  



111. THE EXPERIMENT AND THE SPACECRAFT 

OGO-IV, t h e  f o u r t h  s p a c e c r a f t  of t h e  Orb i t i ng  Geophysical 

Observatory s e r i e s ,  was launched i n  J u l y ,  1967 and remained 

i n  f u l l  o p e r a t i o n  u n t i l  January ,  1969. I t  was t h e  second 

of t h e  p o l a r  o r b i t i n g  O G O ' s ,  and t h e  f i r s t  of t h e  s e r i e s  

t o  s t a b i l i z e  p rope r ly .  I t  c a r r i e d  e igh teen  exper iments ,  

measuring va r ious  parameters  of t h e  nea r - ea r th  environment, 

such a s  t h e  e n e r g i e s  and d e n s i t i e s  of va r ious  p a r t i c l e s ,  

and t h e  s t r e n g t h  and d i r e c t i o n  of va r ious  components of 

t h e  e l e c t r i c  and magnetic f i e l d s .  The s p a c e c r a f t  and many 

of  t h e  experiments opera ted  w e l l  f o r  a pe r iod  g r e a t l y  i n  

excess  of t h e  des ign  l i f e  of one y e a r ,  

The Un ive r s i t y  of Michigan r a d i o  astronomy experiment,  

des igna ted  experiment 0 1 ,  opera ted  e s s e n t i a l l y  f u l l  t i m e  

f o r  t h e  e n t i r e  l i f e  of  t h e  s p a c e c r a f t ,  measuring t h e  

e lec t romagnet ic  f l u x  a t  f r equenc ie s  of 2 . 0  and 2 . 5  MHz, 

and t h e  c h a r a c t e r i s t i c  impedance of t h e  antenna.  

A. EXPERIMENT DESCRIPTION 

A complete d e s c r i p t i o n  of t h e  experiment i s  g iven  by 

Yorks and Cohen (1969) ,  and on ly  a summary i s  given here .  

A block diagram of  t h e  ins t rument  i s  shown i n  f i g u r e  

5. I t  c o n s i s t s  of  two radiometer channe ls ,  o p e r a t i n g  a t  2 .0  

and 2 . 5  MHz, r e s p e c t i v e l y ,  and an antenna impedance measuring 

c i r c u i t  o p e r a t i n g  a t  2 . 5  MHz.  The experiment package i s  

mounted a t  t h e  f a r  end of one of t h e  s o l a r  pane l s  of t h e  

OGO-IV s p a c e c r a f t ,  w i th  a 6 0  f t  (19.3 m) monopole antenna 

mounted d i r e c t l y  on t h e  experiment package, and ex tending  

outward from t h e  s p a c e c r a f t .  



The exper iment  o p e r a t e s  c o u n t i n u o u s l y ,  and h a s  o n l y  

one o p e r a t i n g  mode and one c a l i b r a t e  mode which i s  c o n t r o l l e d  

by ground command. I t  produces  f o u r  d a t a  o u t p u t s ,  each  o f  

which i s  sampled by t h e  s p a c e c r a f t  t e l e m e t r y  sys tem once 

d u r i n g  each main commutator f rame,  which i s  normal ly  e v e r y  

1 / 4  second.  

One of  t h e  p r i n c i p a l  d e s i g n  o b j e c t i v e s  of  t h e  exper iment  

was t o  measure t h e  impedance o f  t h e  an tenna  a t  t h e  c e n t e r  

f r equency  o f  t h e  2 .5  MHz r a d i o m e t e r  channe l  w i t h o u t  i n t e r -  

f e r i n g  w i t h  t h e  s imul taneous  o p e r a t i o n  o f  t h e  r a d i o m e t e r .  

The measurement of impedance r e q u i r e s  t h a t  a  t e s t  s i g n a l  

b e  i n j e c t e d  i n t o  t h e  a n t e n n a ,  and such  a  t e s t  s i g n a l  would 

normal ly  i n t e r f e r e  w i t h  t h e  r a d i o m e t e r .  The approach was 

t o  o p e r a t e  t h e  2.5 MHz r a d i o m e t e r  a s  a  z e r o  i n t e r m e d i a t e -  

f r equency  s u p e r h e t e r o d y n e  c i r c u i t ,  w i t h  a  narrow-band 

r e j e c t i o n  f i l t e r  c e n t e r e d  a t  2 .5  MHz. 

A s m a l l ,  c o n s t a n t - c u r r e n t  s i g n a l  i s  i n j e c t e d  i n t o  t h e  

a n t e n n a ,  of  such  ampl i tude  t h a t  t h e  induced v o l t a g e  never  

exceeds  a b o u t  1 mv. The advan tages  o f  t h e  s m a l l  s i g n a l  a r e  

two-fold :  (1) I t  i s  e a s y  t o  r e j e c t  i n  t h e  2.5 MHz r a d i o m e t e r ,  

and ( 2 )  it w i l l  n o t  d i s t u r b  t h e  s u r r o u n d i n g  i o n o s p h e r i c  

medium i n  any way. A s i g n a l  l a r g e  enough t o  e x c i t e  any non- 

l i n e a r  p r o c e s s  i n  t h e  medium would produce  m i s l e a d i n g  r e s u l t s  

i n  t h e  exper iment .  

The composi te  s i g n a l  i n  t h e  a n t e n n a ,  c o n s i s t i n g  of  t h e  

v o l t a g e s  induced by t h e  t e s t  s i g n a l  and by t h e  ambient  

e l e c t r o m a g n e t i c  f i e l d s ,  i s  a m p l i f i e d  by t h e  broad-band p r e -  

a m p l i f i e r ,  and t h e n  d i s t r i b u t e d  t o  t h e  a n t e n n a  impedance 

channe l  and t o  t h e  two r a d i o m e t e r  c h a n n e l s .  



The impedance channe l  c o n s i s t s  o f  a  narrow-band p a s s  

f i l t e r  c e n t e r e d  a t  2 .5  MHz, fo l lowed by a m p l i f i e r s  d r i v i n g  

two synchronous d e t e c t o r s ,  one  measuring t h e  in -phase  

component ( c o s i n e  c h a n n e l ,  co r respond ing  rough ly  t o  t h e  

r e s i s t i v e  component of  t h e  an tenna  impedance) ,  and t h e  o t h e r  

measuring t h e  q u a d r a t u r e  component ( s i n e  c h a n n e l ,  correspond-  

i n g  roughly  w i t h  t h e  r e a c t i v e  component of a n t e n n a  impedance) .  

The 2.5 MHz r a d i o m e t e r  channe l  c o n s i s t s  o f  a  narrow- 

band r e j e c t i o n  f i l t e r  c e n t e r e d  a t  2.5 MHz t o  reject  t h e  

a n t e n n a  impedance t e s t  s i g n a l ,  fo l lowed by a  mixer  t o  

i n j e c t  t h e  2.5 MHz l o c a l  o s c i l l a t o r  s i g n a l ,  which i s  

d e r i v e d  from t h e  same o s c i l l a t o r  a s  t h e  impedance t e s t  

s i g n a l .  T h i s  o p e r a t i o n  of  f i l t e r i n g  o u t  t h e  2.5 MHz s i g n a l  

and r e - i n j e c t i n g  it i s  n e c e s s a r y  t o  m a i n t a i n  a  c o n s t a n t  

ampl i tude  l o c a l  o s c i l l a t o r  s i g n a l  a t  t h e  mixer .  The ampli-  

t u d e  o f  t h e  t e s t  s i g n a l  which i s  p r e s e n t  a t  t h e  a n t e n n a  

t e r m i n a l  o b v i o u s l y  v a r i e s  w i t h  t h e  an tenna  impedance. The 

2.5 MHz mixer i s  fo l lowed  by a  zero-f requency I F  ( o r  "aud io" )  

a m p l i f i e r  w i t h  a u t o m a t i c  g a i n  c o n t r o l ,  t o  g i v e  it a n  

e s s e n t i a l l y  l o g a r i t h m i c  c h a r a c t e r i s t i c ,  and a  d e t e c t o r .  

The e f f e c t i v e  bandwidth of t h e  r a d i o m e t e r  i s  6 0  KHz. 

The 2.0 MHz r a d i o m e t e r  channe l  c o n s i s t s  o f  a band-pass 

f i l t e r  c e n t e r e d  a t  2 . 0  MHz which d e t e r m i n e s  t h e  f requency  

r e s p o n s e  of t h e  c h a n n e l ,  fo l lowed  by a n  a m p l i f i e r  w i t h  

a u t o m a t i c  g a i n  c o n t r o l ,  t o  g i v e  it an e s s e n t i a l l y  l o g a r t h m i c  

c h a r a c t e r i s t i c ,  and a  d e t e c t o r .  The e f f e c t i v e  bandwidth o f  

t h e  r a d i o m e t e r  i s  40  K H z .  

The i n - f l i g h t  c a l i b r a t i o n  sys tem c o n s i s t s  of  a c a p a c i t o r  

which i s  swi tched  a c r o s s  t h e  p r e - a m p l i f i e r  i n p u t  i n  p l a c e  s f  

t h e  an tenna  i n  r e s p o n s e  t o  a ground command. To t h e  an tenna  



impedance measuring channe l l  t h i s  c a p a c i t o r  r e p r e s e n t s  a 

known impedance and c o n s t i t u t e s  a s i n g l e  c a l i b r a t i o n  p o i n t  

t o  confirm t h e  proper  ope ra t ion  of  t h e  c i r c u i t .  To t h e  

rad iometers ,  t h i s  c a p a c i t o r  r e p r e s e n t s  a source  of 

e s s e n t i a l l y  zero emiss ion,  f o r  checking t h e  zero p o i n t .  

There i s  no i n - f l i g h t  check of t h e  rad iometer  ga in  c h a r a c t e r -  

i s t ics .  

HISTORY OF THE SPACECRAFT AND EXPERIMENT 

1. Summary 

OGO-IV w a s  launched on J u l y  28, 1967, and opera ted  

i n  t h e  s t a b i l i z e d  mode u n t i l  January 23, 1969, when it 

was necessary  t o  r e v e r t  t o  a s p i n  mode. I t  was opera ted  

i n  t h i s  mode u n t i l  October 23, 1969, when,due t o  cont inued 

degrada t ion  of components, it was tu rned  o f f .  Thus t h e  

s p a c e c r a f t ,  and most of t h e  exper iments ,  achieved almost  

e igh teen  months of e s s e n t i a l l y  normal o p e r a t i o n ,  followed 

by another  n i n e  months of reduced o p e r a t i o n .  I t  had 

exceeded t h e  des ign  o b j e c t i v e  of  one year  of o p e r a t i o n  by 

a comfortable margin. 

The r a d i o  astronomy experiment,  des igna ted  0 1 ,  ope ra t ed  

e s s e n t i a l l y  cont inuous ly  f o r  t h e  e n t i r e  pe r iod  of  s t a b i l i z e d  

o p e r a t i o n ,  and f o r  a l a r g e  p o r t i o n  of t h e  s p i n  mode p e r i o d ,  

wi th  no evidence of f a i l u r e s  o r  s i g n i f i c a n t  degrada t ion .  

Continuous d a t a  f o r  t h e  ~ . n t i r e  per iod  a r e  no t  a v a i l a b l e ,  

however, because of t e l eme t ry  l i m i t a t i o n s .  

2 .  Launch 

The OGO-IV launch took p l a c e  from Space Launch Complex 

2 of t h e  Western T e s t  Range, a t  l421 ,5  UT, on J u l y  28, 1967. 

The launch v e h i c l e  was a thrust-augmented Thor/Agena D .  The 



in tended  o r b i t ,  n e a r l y  c i r c u l a r  and nea r ly  p o l a r ,  was 

achieved w i t h i n  t h e  expected accuracy.  The s p a c e c r a f t  

was des igna ted  1967-73A (OGO-IV) . The sun and e a r t h  

s e n s o r s  locked on t o  t h e i r  t a r g e t s ,  and s t a b i l i z a t i o n  

was achieved w i t h i n  a  few r e v o l u t i o n s .  A f t e r  conf i rmat ion  

of t h e  proper  o p e r a t i o n  of t h e  s p a c e c r a f t ,  t h e  v a r i o u s  booms 

and appendages were deployed by ground command, t h e  r a d i o  

astronomy antenna being deployed on Revolution 31. 

3. O r b i t  

The o r b i t  of OGO-IV i s  r e l a t i v e l y  low, s l i g h t l y  e c c e n t r i c ,  

a n d - n e a r l y  p o l a r ,  s i m i l a r  t o  t h e  o r b i t s  of O G O ' s  I1 and V I ,  

These, t h e  p o l a r - o r b i t i n g  O G O ' s ,  have t h e  miss ion of exp lo r ing  

t h e  nea r - ea r th  environment and t h e  upper ionosphere ,  

i n  c o n t r a s t  w i th  t h e  e c c e n t r i c  O G O ' s  ( I ,  111, and V ) ,  which 

range almost  halfway t o  t h e  moon, exp lor ing  t h e  magneto- 

sphere  and t h e  c i s - luna r  environment. The approximate 

o r b i t a l  elements s h o r t l y  a f t e r  launch a r e  given i n  Table  1. 

Except f o r  a  r a p i d  p reces s ion  o f  t h e  p lane  of t h e  o r b i t  and 

t h e  p o s i t i o n  of  p e r i g e e ,  t h e s e  elements were e s s e n t i a l l y  

unchanged i n  January 1969. 

The o r b i t  has proven q u i t e  adequate f o r  t h e  r a d i o  

astronomy experiment.  On p r a c t i c a l l y  every r e v o l u t i o n ,  

t h e  s p a c e c r a f t  d i p s  i n t o  t h e  ionosphere ,  pass ing  through 

t h e  c r i t i c a l  focuss ing  r eg ion  once on t h e  way down, and 

once on t h e  way back up. Genera l ly ,  t h e s e  passages  a r e  

w e l l  s epa ra t ed .  

4 .  A t t i t u d e  O s c i l l a t i o n s  

I n  r e v o l u t i o n  4 2 ,  about e igh teen  hours a f t e r  t h e  60 

f o o t  r a d i o  astronomy antenna was e r e c t e d ,  smal l  o s c i l l a t i o n s  

were n o t i c e d  i n  t h e  p i t c h  ang le  of t h e  s p a c e c r a f t ,  These 

o s c i l l a t i o n s  i nc reased  i n  ampli tude u n t i l ,  by Rev 57,  t h e  

gas j e t s  began f i r i n g  t o  s t a b i l i z e  t h e  s p a c e c r a f t .  I t  

became apparen t  t h a t  i f  t h e  s p a c e c r a f t  cont inued t o  o p e r a t e  



i n  t h i s  manner, t h e  gas  supply would be r a p i d l y  d e p l e t e d ,  

s o  t h e  ope ra t ion  of t h e "  j e t s  was i n h i b i t e d  by ground command 

whi le  t h e  problem was s tud ied .  A mode of o p e r a t i o n  was 

evolved whereby t h e  gas  jets were normally i n h i b i t e d ,  

a l lowing t h e  o s c i l l a t i o n s  t o  b u i l d  up, c o n t r o l l e d  only  

by t h e  r e a c t i o n  wheels.  Then, a t  a  convenient  t i m e  when 

t h e  s p a c e c r a f t  w a s  i n  c o n t a c t  wi th  a ground s t a t i o n ,  

app rop r i a t e  commands were s e n t  t o  a l low t h e  j e t s  t o  f i r e  

and t o  "unload" t h e  r e a c t i o n  wheels. This  s t r a t e g y  w a s  s o  

s u c c e s s f u l  t h a t  a s  l a t e  a s  January,  1969, t h e r e  was s u f f i c i e n t  

gas  supply t o  j u s t i f y  a  p r e d i c t i o n  of ano ther  f u l l  yea r  o f  

s t a b i l i z e d  ope ra t ion ,  i f  t h e  r e s t  of t h e  s p a c e c r a f t  systems 

cont inued t o  func t ion .  Unfor turna te ly ,  they  d i d  n o t ,  though 

t h e  s p a c e c r a f t  exceeded i t s  design l i f e  by a  comfortable  

margin. 

The o s c i l l a t i o n s  i n  p i t c h  angle  have been a t t r i b u t e d  

t o  a  thermal ly  e x c i t e d  motion of t h e  60 f t  r a d i o  astronomy 

antenna,  l a r g e l y  on t h e  b a s i s  of  t h e  f a c t  t h a t  no o t h e r  

appendage on t h e  s p a c e c r a f t  appears  t o  have a  n a t u r a l  pe r iod  

of t h e  proper  d u r a t i o n  (approximately 34  s e c ) ,  and t h a t  

t h e  o s c i l l a t i o n s  d i sappear  du r ing  e c l i p s e ,  when s o l a r  

energy would no t  be a v a i l a b l e  t o  e x c i t e  t h e  antenna.  



5. Turn- Off 

The p r i n c i p a l  even t s  which l e d  t o  t h e  "death"  of t h e  

s p a c e c r a f t  were t h e  f a i l u r e  of  t h e  second t a p e  r eco rde r  i n  

January,  1969, and t h e  f a i l u r e  of  a  power supply c o n v e r t e r  

i n  September, 1969. The l o s s  of t h e  t a p e  r eco rde r  meant 

an end t o  s t a b i l i z e d  o p e r a t i o n ,  s i n c e  t h e  semi-manual 

s t a b i l i z a t i o n  procedure  which had been used s i n c e  s h o r t l y  

a f t e r  launch depended upon t h e  a v a i l a b i l i t y  of recorded d a t a .  

It  a l s o  meant t h a t  f u r t h e r  d a t a  from t h e  r a d i o  astronomy 

experiment was of  very l i m i t e d  va lue .  Proper i n t e r p r e t a t i o n  

of t h e s e  d a t a  depend upon t h e  s p a c e c r a f t  being s t a b i l i z e d ,  

s o  t h a t  t h e  d i r e c t i o n  of t h e  antenna i s  e s s e n t i a l l y  c o n s t a n t ,  

and upon having continuous d a t a  ex tending  f o r  per iods  of 

a t  l e a s t  30 minutes.  

A f t e r  t h e  f a i l u r e  of t h e  t a p e  r e c o r d e r ,  t h e  s p a c e c r a f t  

was commanded i n t o  t h e  s p i n  mode t o  conserve t h e  ~ e m a i n i n g  

gas ,  s o  t h a t  it could be r e s t o r e d  t o  s t a b i l i z e d  o p e r a t i o n  

f o r  a  s h o r t  pe r iod  a t  some f u t u r e  d a t e .  

The f a i l u r e  of  power supply conve r t e r  No. 2 on September 

13,  1969, c r i p p l e d  t h e  s p a c e c r a f t  c o n t r o l  system s e v e r e l y ,  

and on October 23, 1969, t h e  s p a c e c r a f t  was o f f i c i a l l y  

tu rned  o f f ,  and no more ope ra t ions  were contemplated.  



I V .  DATA REDUCTION 

I t  was recognized a t  t h e  o u t s e t  t h a t  u s ing  t h e  i onosphe r i c  

focuss ing  phenomenon t o  map t h e  c e l e s t i a l  sphere  posed a  

major t a s k  i n  d a t a  reduc t ion .  The problem has  t h r e e  c h a r a c t e r -  

is t ics ,  any one o f  which could make it a  l a r g e  t a s k .  The 

q u a n t i t y  of d a t a  t o  be processed i s  l a r g e ,  l eng thy  exp res s ions  

must be eva lua t ed ,  and c l o s e  i n t e r p l a y  i s  r equ i r ed  between 

t h e  computations and t h e  judgement of a  s c i e n t i s t .  The f i r s t  

two requirements  i n d i c a t e d  t h a t  t h e  c a l c u l a t i o n s  must be  

done by computer. The t h i r d  i n d i c a t e d  t h a t  t h e  computer must 

have an on - l i ne  g raph ic  d i s p l a y  c a p a b i l i t y .  

The f a c i l i t y  a v a i l a b l e  a t  t h e  t ime t h e  experiment was 

proposed inc luded  t h e  tape- to- f i lm conve r t e r  (TFC), capable  

of  o f f - l i n e  g raph ic  ou tpu t  on 35 mm f i l m  (McCreery and P o t t e r  

1969) ,  and t h e  u n i v e r s i t y  IBM 7090 computer, which was about  

t o  be  phased o u t  i n  f avo r  of  a  360/67. The 360 system w a s  

planned t o  have g raph ic  d i s p l a y  c a p a b i l i t y ,  b u t  n o t  i n  t i m e  

t o  suppor t  t h e  experiment.  The only workable a l t e r n a t i v e  

seemed t o  be  t o  i n s t a l l  a  computing system which inc luded  

a  medium scale computer, magnetic t a p e ,  and on - l i ne  CRT d i s p l a y .  

The TFC c a p a b i l i t y  would a l s o  be r equ i r ed .  

Approval t o  acqu i r e  t h e  computer w a s  sought ,  and des ign  

begun on a  CRT d i s p l a y  u n i t  t h a t  could be  adapted t o  e i t h e r  

on - l i ne  o r  o f f - l i n e  use .  The SDS 930 computer was s e l e c t e d ,  

and by e a r l y  1967 enough p o r t i o n s  of t h e  system were o p e r a t i o n a l  

t h a t  we could begin p a r t i a l  p rocess ing  of  d a t a  from OGO-11 .  

Programs t o  c a r r y  o u t  t h e  c a l c u l a t i o n s  were begun, but 

it was necessary  t o  move s lowly ,  because d e t a i l s  of t h e  

procedure  d i d  n o t  become c l e a r  u n t i l  some d a t a  w e r e  processed.  



A. GENERAL PLAN 

The d a t a  r educ t ion  p l an  f o r  OGO-IV i s  b u i l t  around 

t h e  primary o b j e c t i v e  of the . -exper iment ,  which i s  t h e  

gene ra t ion  o f  a  map showing t h e  d i s t r i b u t i o n  of cosmic 

r a d i o  n o i s e  a t  a  frequency of 2 . 5  MHz over  t h e  c e l e s t i a l  

sphere .  Data r educ t ion  procedures  f o r  t h e  secondary 

o b j e c t i v e s  u t i l i z e  t h e  primary procedure  a s  much a s  

p o s s i b l e .  

For convenience, t h e  procedure  i s  d iv ided  i n t o  f i v e  

p a r t s  : 

P a r t  1 P l o t  t h e  experiment o u t p u t  on f i lm .  Eva lua te  

t h e  d a t a  f o r  each o r b i t ,  and i d e n t i f y  " s e l e c t -  

ed i n t e r v a l s "  of t ime when focuss ing  may have 

occurred.  

P a r t  2 Reduce t h e  radiometer  d a t a  f o r  t h e  s e l e c t e d  

i n t e r v a l s  from t e l eme t ry  u n i t s  t o  mean squa re  

no i se  v o l t a g e  a t  t h e  radiometer  i n p u t ,  and 

t h e  antenna impedance d a t a  t o  r e s i s t a n c e  and 

r eac t ance .  

P a r t  3 F i t  a model ionosphere t o  t h e  observed d a t a  

f o r  a  s e l e c t e d  i n t e r v a l ,  and c a l c u l a t e  b e t t e r  

va lues  of t h e  antenna r e s i s t a n c e .  Cor rec t  

f o r  t h e  impedance match between t h e  antenna and 

rad iometer ,  and f o r  t h e  radiometer  i n t e r n a l  

no i se .  Separa te  t h e  o rd ina ry  and ex t r a -o rd ina ry  

modes. Determine t h e  t ime when focuss ing  

occurred i n  t h e  ex t r a -o rd ina ry  mode, and t h e  

va lue  of t h e  cosmic n o i s e  temperature  observed 

a t  t h a t  t ime ,  



P a r t  4 Determine t h e  e f f e c t i v e  r eg ion  of  t h e  

c e l e s t i a l  sphe re  from which t h e  antenna i s  

r e c e i v i n g  r a d i a t i o n  ( e f f e c t i v e  beam). 

P a r t  5 Combine many such measurements i n t o  a map 

of  t he  e f f e c t i v e  cosmic no i se  temperature  

over  t h e  c e l e s t i a l  sphere .  

B. PART 1 PROCEDURE 

I n  P a r t  1, t h e  unreduced experiment d a t a  i s  p l o t t e d  

a s  a func t ion  of  t ime,  on 35 mrn f i l m .  The r educ t ion  

procedure r e q u i r e s  a t  l e a s t  30 minutes of u n i n t e r r u p t e d  

d a t a ,  and p r e f e r a b l y  an e n t i r e  o r b i t .  Therefore  t h e  only  

d a t a  which i s  p l o t t e d  is  t h a t  from "playback t a p e s " :  t h o s e  

f o r  which d a t a  i s  accumulated i n  t h e  s p a c e c r a f t  t a p e  r e c o r d e r s  

f o r  an extended per iod  of t ime,  and then  te lemetered  t o  

t h e  ground. "Real time1' t a p e s ,  which con ta in  only  s h o r t  

i n t e r v a l s  of d a t a ,  a r e  n o t  used f o r  t h i s  purpose. 

The f i l m  format f o r  t h e  P a r t  1 ou tpu t  is  i l l u s t r a t e d  

i n  F igu re  6.  Wherever p o s s i b l e ,  an e n t i r e  o r b i t  i s  p l o t t e d ,  

preceded by a t i t l e  frame which inc ludes  t h e  r e f e r e n c e  

d a t a  necessary  t o  i n t e r p r e t  t h e  p l o t s ;  p r i n c i p a l l y  t h e  

d a t e  and t i m e .  The f o u r  p r i n c i p a l  experiment ou tpu t s  a r e  

p l o t t e d  a s  func t ions  t i m e :  2 . 0  MHz rad iometer ,  2 . 5  MHz 

rad iometer ,  and t h e  s i n e  and cos ine  channels of t h e  antenna 

impedance meter .  No housekeeping o r  s p a c e c r a f t  s t a t u s  d a t a  

i s  p l o t t e d .  The d a t a  a r e  p l o t t e d  i n  u n i t s  of v o l t a g e  a t  

t h e  experiment ou tpu t  t e r m i n a l s ,  which has  a range from 0 

t o  5 . 1  v o l t s ,  The p l o t s  a r e  d iv ided  i n t o  two p o r t i o n s ,  an  

upper p o r t i o n  wi th  a s c a l e  of 0 t o  5 .1  v o l t s ,  where t h e  2 . 0  

MHz radiometer  and t h e  s i n e  channel  a r e  p l o t t e d  and a lower 

p o r t i o n  wi th  a s c a l e  of  0 t o  5 - 1  v o l t s ,  where t h e  2 . 5  M H z  

radiometer  and t h e  cos ine  channel  a r e  p l o t t e d .  (The s i n e  



channel  can be  more o r  l e s s  i d e n t i f i e d  wi th  antenna 

r eac t ance ,  wh i l e  t h e  cos ine  channel  can be i d e n t i f i e d  

wi th  antenna r e s i s t a n c e ) .  Hor izonta l  g r i d  l i n e s  a r e  

drawn a t  0,  1, 2 ,  3 ,  4 ,  and 5 .1  v o l t s ,  

The t i m e  scale i s  marked by a  v e r t i c a l  g r i d  l i n e  

every t e n  minutes ,  wi th  a  break i n  t h e  s c a l e  a t  50 minutes 

where t h e  f i l m  w a s  advanced between f rames.  Thie two frames 

thus  r e p r e s e n t  a  p e r i o d  of 100 minutes ,  s l i g h t l y  longer  

t han  the  OGO-IV o r b i t  pe r iod .  No numbers appear on t h e  

t ime s c a l e .  I t  is  necessary t o  r e f e r  t o  t h e  s t a r t  t i m e  

g iven i n  t h e  t i t l e  frame, and count forward t o  determine 

t h e  a c t u a l  Universa l  Time. 

A t i t l e  frame i s  i n s e r t e d  a t  t h e  beginning of  every 

d a t a  f i l e ,  and every 9 8  minutes t h e r e a f t e r .  I t  c o n s i s t s  

o f :  

1. The s p a c e c r a f t  i d e n t i t y :  "D" f o r  OGO-IV,  "C" f o r  
O G O - 1 1 .  

2 .  A number i d e n t i f y i n g  t h e  t e l eme t ry  ground s t a t i o n  
which rece ived  t h e  d a t a .  

3 .  The UM/RAO number ass igned t o  t h e  experiment d a t a  
t a p e  ( n o t  t h e  TFC t a p e )  from which t h e  d a t a  came. 

4 .  The f i l e  number on t h e  experiment t a p e .  

5. The r eco rd  number on t h e  experiment t a p e  of t h e  
f i r s t  record  p l o t t e d .  

6 .  The month, day,  and yea r  of t h e  s t a r t  of t h e  p l o t t e d  
d a t a .  

7.  The Universa l  Time (hours and minutes)  of t h e  s t a r t  
of t h e  p l o t t e d  d a t a .  

8. The approximate number of minutes from t h e  beginning 
of t h e  p l o t  t o  t h e  pe r igee  time f o r  t h i s  o r b i t .  



Note t h a t  t h e  s t a r t  t i m e  f o r  a  p l o t  i s  n o t  n e c e s s a r i l y  

t h e  s t a r t  t i m e  f o r  an  o r b i t ,  a s  normal ly  d e f i n e d  i n  t h e  

o r b i t  d a t a  ( t h e  ascend ing  mode),  b u t  r a t h e r  depends upon 

t h e  s t a r t  t i m e  o f  a  d a t a  f i l l  on t h e  exper iment  t a p e .  

The P a r t  1 f i l m s  a r e  v i s u a l l y  i n s p e c t e d  w i t h  t h e  

f o l l o w i n g  o b j e c t i v e s :  

1. To p i c k  " s e l e c t e d  i n t e r v a l s "  f o r  t h e  P a r t  2 and 
subsequen t  p r o c e s s i n g .  

2 ,  T o  moni to r  t h e  performance of  t h e  exper iment  
and t h e  s p a c e c r a f t .  

3 .  To m o n i t o r  t h e  c h a r a c t e r i s t i c s  of  t h e  i o n o s p h e r e ,  
t o  t h e  e x t e n t  t h a t  i t s  c h a r a c t e r i s t i c s  a f f e c t  t h e  
s u c c e s s  o f  t h e  exper iment .  

4 .  To s e a r c h  f o r  e f f e c t s  which may b e a r  upon t h e  second- 
a r y  o b j e c t i v e s  of  t h e  exper iment .  

5. To s e a r c h  f o r  e f f e c t s  which may r e p r e s e n t  d i s c o v e r i e s  
o f  phenomena which were n o t  a n t i c i p a t e d .  

The s e l e c t e d  i n t e r v a l s  which a r e  c a r r i e d  th rough  t h e  

P a r t  2 and subsequen t  s t e p s  a r e  normal ly  t e n  minu tes  i n  

d u r a t i o n ,  and a r e  c e n t e r e d  upon t h e  t i m e  when t h e  space-  

c r a f t  p a s s e s  th rough  t h e  l e v e l  i n  t h e  i o n o s p h e r e  where 

f o c u s s i n g  s h o u l d  occur .  T h i s  l e v e l  i s  recogn ized  from t h e  

b e h a v i o r  o f  t h e  exper iment  d a t a .  F i g u r e s  A - 1  and A-3 ,  

Appendix A ,  show t h e  c h a r a c t e r i s t i c  e v e n t s  of t y p i c a l  " p a s s e s " ,  

d u r i n g  which t h e  s p a c e c r a f t  moved downward through t h e  

f o c u s s i n g  l eve l .  The most conspicuous  f e a t u r e  i s  t h e  r i s e  

o f  t h e  s i n e  c h a n n e l ,  fo l lowed  by a s h a r p  d r o p ,  and t h e n  

u s u a l l y  by a modest i n c r e a s e .  The c o s i n e  channe l  r ises,  

r e a c h i n g  a maximum a t  a b o u t  t h e  t i m e  t h e  s i n e  channe l  d r o p s  

s h a r p l y .  The 2 . 5  MHz r a d i o m e t e r  shows a minumum j u s t  

b e f o r e  t h e  s i n e  channel  d r o p ,  w h i l e  t h e  2 . 0  MHz r a d i o m e t e r  

shows a minimum somewhat e a r l i e r ,  and usuzklly less c l e a n  c u t ,  



A p a s s  upward thnough t h e  f o c u s s i n g  l eve l  shows t h e  same 

e v e n t s ,  i n  reverse o r d e r .  

Only " c l e a n "  p a s s e s  a r e  s e l e c t e d  f o r  f u r t h e r  p r o c e s s i n g .  

I f  t h e  e v e n t s  o f  a  p a s s  a r e  g r o s s l y  d i s t o r t e d ,  it  i s  p robab ly  

because  t h e  i o n o s p h e r e  i n  t h i s  r e g i o n  i s  d i s t u r b e d ,  and 

does  n o t  approach t h e  assumption of p l a n e - p a r a l l e l  s t r a t i f i -  

c a t i o n  which i s  r e q u i r e d  i n  P a r t  3. 

C .  PART 2 PROCEDURE 

P a r t  2 i s  a p r e p a r a t o r y  s t e p  f o r  P a r t  3 ,  performed on 

t h e  computer.  The P a r t  2 program a c c e p t s  s p e c i f i c a t i o n s  

f o r  s e l e c t e d  i n t e r v a l s  on punched c a r d s ,  s e a r c h e s  t h e  

exper iment  d a t a  t a p e s  f o r  t h e s e  i n t e r v a l s ,  c o n v e r t s  t h e  

d a t a  from t e l e m e t r y  u n i t s  t o  s c i e n t i f i c  u n i t s  by a p p l y i n g  

a c o r r e c t i o n  f o r  t h e  i n s t r u m e n t  c h a r a c t e r i s t i c s ,  and 

w r i t e s  t h e  d a t a  on a magnet ic  t a p e ,  r e a d y  f o r  i n p u t  t o  

P a r t  3. 

Data from b o t h  r a d i o m e t e r  channe l s  i s  c o n v e r t e d  from 

r a d i o m e t e r  o u t p u t  v o l t a g e  t o  mean s q u a r e  n o i s e  v o l t a g e  a t  

t h e  r a d i o m e t e r  i n p u t s .  The convers ion  i s  performed by 

i n t e r p o l a t i n g  i n  a  t a b l e  of  r a d i o m e t e r  o u t p u t  v s  i n p u t .  

T h i s  t a b l e  i s  based  upon t h e  p r e f l i g h t  c a l i b r a t i o n  o f  t h e  

r a d i o m e t e r s .  

Data from t h e  an tenna  impedance c h a n n e l s  i s  c o n v e r t e d  

from exper iment  o u t p u t  v o l t a g e  t o  r e s i s t a n c e  and r e a c t a n c e ,  

e x p r e s s e d  i n  ohms, u s i n g  a p a i r  o f  e q u a t i o n s  which d e s c r i b e  

t h e  c h a r a c t e r i s t i c s  o f  t h e  exper iment  package .  C e r t a i n  

c o n s t a n t s  i n  t h e s e  e q u a t i o n s  a r e  d e r i v e d  from p r e f l i g h t  

c a l i b r a t i o n .  



The P a r t  2 p rocedure  r e s u l t s  i n  a  c o n s i d e r a b l e  

c o n c e n t r a t i o n  o f  t h e  d a t a .  Data from s e v e r a l  exper iment  

d a t a  t a p e s  are c o n c e n t r a t e d  on a  s i n g l e  o u t p u t  t a p e .  

D .  PART 3 PROCEDURE 

P a r t  3 i s  t h e  key s t e p ,  which d e t e r m i n e s  t h e  a n t e n n a  

t e m p e r a t u r e  i n  t h e  f o c u s s i n g  r e g i o n ,  and t h e  i o n o s p h e r e  

p a r a m e t e r s  t h a t  a r e  n e c e s s a r y  t o  P a r t s  4 and 5 .  The i n p u t  

d a t a  f o r  a  P a r t  3 run  i s  a  s i n g l e  s e l e c t e d  i n t e r v a l ;  a  

ten-minute  p e r i o d  of d a t a  i n c l u d i n g  a  s i n g l e  passage  o f  

t h e  S/C th rough  t h e  f o c u s s i n g  l a y e r s  o f  t h e  i o n o s p h e r e .  

The a n t e n n a  t e m p e r a t u r e ,  o f  c o u r s e ,  i s  t o  h e  i d e n t i f i e d  

w i t h  t h e  b r i g h t n e s s  t e m p e r a t u r e  o f  t h e  p o r t i o n  o f  t h e  

c e l e s t i a l  s p h e r e  t h a t  i s  w i t h i n  t h e  "beam". To d e t e r m i n e  

t h e  an tenna  t e m p e r a t u r e ,  it i s  n e c e s s a r y  t o  know n o t  o n l y  

t h e  r a d i o m e t e r  i n p u t  v o l t a g e ,  b u t  a l s o  t h e  an tenna  r a d i a t i o n  

r e s i s t a n c e ,  and t h e  power t r a n s f e r  f a c t o r  between t h e  a n t e n n a  

and t h e  r a d i o m e t e r ,  which i s  a  f u n c t i o n  of  t h e  complex 

impedance of  t h e  an tenna .  The exper iment  i t s e l f  i n c l u d e s  

i n s t r u m e n t a t i o n  f o r  measur ing  t h e  r e s i s t i v e  and r e a c t i v e  

components o f  t h e  impedance, b u t  o v e r  a  p o r t i o n  of  t h e  

f o c u s s i n g  r e g i o n  t h e  r e s i s t a n c e  i s  s o  s m a l l  compared w i t h  

t h e  r e a c t a n c e  t h a t  it canno t  be  measured w i t h  s u f f i c i e n t  

a c c u r a c y .  The g e n e r a l  s t r a t e g y  i n  P a r t  3 i s  t o  f i n d  a  "model 

i o n o s p h e r e "  which f i t s  t h e  observed d a t a ,  and t h e n  t o  compute 

t h e  r a d i a t i o n  r e s i s t a n c e  o v e r t h e  f o c u s s i n g  r e g i o n  u s i n g  

t h i s  model .  

P a r t  3 makes r e p e a t e d  u s e  of a  computer-aided c u r v e  

f i t t i n g  p r o c e d u r e  which u s e s  t h e  SDS 930 computer and on- 

l i n e  d i s p l a y  f a c i l i t y  d e s c r i b e d  i n  Appendix C ,  En t h i s  



procedure ,  t h e  computer g e n e r a t e s  a  s y n t h e t i c  c u r v e ,  

u s i n g  a p p r o p r i a t e  e q u a t i o n s ,  which it p r e s e n t s  t o  t h e  

s c i e n t i s t  superposed upon t h e  observed p o i n t s .  The 

s c i e n t i s t  t h e n  a d j u s t s  a p p r o p r i a t e  p a r a m e t e r s  i n  t h e  e q u a t i o n  

u n t i l  t h e  s y n t h e t i c  c u r v e  i s  b rough t  i n t o  agreement  w i t h  

t h e  observed c u r v e .  

S t e p s  o f  t h e  P a r t  3 P rocedure :  

The f i r s t  s t e p  i n  t h e  P a r t  3 p r o c e d u r e  i s  t o  s e a r c h  

t h e  a t t i t u d e  o r b i t  t a p e s  f o r  t h e  s p a c e c r a f t  p o s i t i o n  d a t a  

and magnet ic  f i e l d  d a t a  f o r  t h e  s e l e c t e d  i n t e r v a l .  These 

d a t a  a r e  r e a d  from t a p e  and s t o r e d  i n  t h e  computer .  The 

exper iment  d a t a  f o r  t h e  s e l e c t e d  i n t e r v a l  a r e  t h e n  r e a d  

from t h e  t a p e  of  p r o c e s s e d  d a t a  which w a s  p r e p a r e d  by 

t h e  P a r t  2 programs. 

The computer t h e n  p r e s e n t s  on t h e  CRT d i s p l a y  a  p a i r  

of c u r v e s  r e p r e s e n t i n g  t h e  measured an tenna  r e s i s t a n c e  

and r e a c t a n c e ,  f o r  e v a l u a t i o n  by t h e  s c i e n t i s t .  Next ,  i t  

p r e s e n t s  t h e  d a t a  from t h e  two r a d i o m e t e r  c h a n n e l s ,  one 

a t  a  t ime.  For  each c h a n n e l ,  t h e  s c i e n t i s t  a t t e m p t s  t o  

i d e n t i f y  t h e  "E-mode c u t o f f "  p o i n t  -- t h e  l e v e l  i n  t h e  

i o n o s p h e r e  below which t h e  e x t r a - o r d i n a r y  mode canno t  propa-  

g a t e .  Knowing t h e  magne t i c  f i e l d ,  it i s  e a s y  t o  compute t h e  

e l e c t r o n  d e n s i t y  a t  t h i s  p o i n t .  Thus e a c h  r a d i o m e t e r  channe l  

y i e l d s  a  v a l u e  o f  t h e  ambient  e l e c t r o n  d e n s i t y  a t  a  

p o i n t  a l o n g  t h e  S/C p a t h .  W e  f i t  a  s i m p l e  e x p o n e n t i a l  

f u n c t i o n  t o  t h e s e  p o i n t s ,  which s e r v e s  a s  a n  i n i t i a l  

model i o n o s p h e r e .  

The model i o n o s p h e r e  i s  improved by s u c c e s s i v e  approx i -  

ma t ions .  Using t h e  model ionosphere  and t h e  magne t i c  f i e l d ,  

t h e  computer d e t e r m i n e s  t h e  t h e o r e t i c a l  r a d i a t i o n  r e s i s t a n c e ,  

t h e  power t r a n s f e r  f a c t o r  from t h e  an tenna  t o  t h e  r a d i o m e t e r ,  

and t h e  g e n e r a l  form o f  t h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  r a d i o -  

me te r  s i g n a l ,  f o r  each channe l .  T h i s  " s y n t h e t i c "  r a d i o m e t e r  



s i g n a l  i s  p r e s e n t e d  on t h e  CWT, t o g e t h e r  w i t h  t h e  obse rved  

r a d i o m e t e r  s i g n a l .  The s c i e n t i s t  compares t h e  two, and,  i f  t h e  

fit i s  nab s a t i s f a c t o r y ,  he  makes a d j u s t m e n t s  t o  t h e  model 

i o n o s p h e r e ,  and d i r e c t s  t h e  computer t o  g e n e r a t e  a  new s e t  

o f  s y n t h e t i c  r a d i o m e t e r  s i g n a l s .  

The n e x t  s t e p  i s  t h e  c o r r e c t i o n  f o r  t h e  n o i s e  which 

i s  g e n e r a t e d  i n t e r n a l l y  t o  t h e  r a d i o m e t e r .  T h i s  c o n t r i -  

b u t i o n  i s  computed, u s i n g  p a r a m e t e r s  which were de termined 

from t h e  p r e - f l i g h t  c a l i b r a t i o n  of  t h e  i n s t r u m e n t ,  and 

s u b t r a c t e d  from t h e  obse rved  s i g n a l .  T h i s  c o r r e c t i o n  i s  

always s m a l l .  

The n e x t  s t e p  i s  t o  s e p a r a t e  t h e  c o n t r i b u t i o n s  of t h e  

two modes o f  p r o p a g a t i o n  i n  t h e  b i - r e f r i n g e n t  medium. W e  

wish t o  r e t a i n  o n l y  t h e  c o n t r i b u t i o n  o f  t h e  e x t r a - o r d i n a r y  

mode ( o r  E-mode). W e  assume t h a t ,  i n  t h e  r e g i o n  o f  E-mode 

f o c u s s i n g ,  t h e  o r d i n a r y  mode (0-mode) s t i l l  "seesrr an  

e n t i r e  hemisphere ,  and hence i s  n o t  changing w i t h  t i m e .  W e  

e v a l u a t e  t h e  0-mode c o n t r i b u t i o n  by computing a  s y n t h e t i c  

r a d i o m e t e r  s i g n a l  f o r  0-mode o n l y ,  u s i n g  t h e  computer 0-mode 

component of t h e  r a d i a t i o n  r e s i s t a n c e ,  and u s i n g  an  assumed 

v a l u e  f o r  t h e  e f f e c t i v e  an tenna  t e m p e r a t u r e  i n  t h e  0-mode. 

W e  t h e n  compare t h e  s y n t h e t i c  0-mode c u r v e  w i t h  t h e  obse rved  

r a d i o m e t e r  o u t p u t  c u r v e ,  and a d j u s t  t h e  0-mode b r i g h t n e s s  

t e m p e r a t u r e  u n t i l  a  f i t  i s  o b t a i n e d  o v e r  t h a t  p o r t i o n  o f  

t h e  obse rved  c u r v e  t h a t  l i e s  below t h e  E-r2de c u t o f f ,  where 

o n l y  0-mode p r o p a g a t i o n  i s  r e c e i v e d .  T h i s  s y n t h e t i c  c u r v e  

i s  assumed t o  a d e q u a t e l y  r e p r e s e n t  t h e  0-mode c o n t r i b u t i o n  

i n  the r e g i o n  a-bove t h e  E-mode c u t o f f  a l s o ,  and i s  s u b t r a c t e d  

from t h e  t o t a l  observed s i g n a l  t o  o b t a i n  t h e  obse rved  

E-mode s i g n a l ,  



The l a s t  s t e p  i n  t h e  P a r t  3 p rocedure  i s  t o  r e c o r d  t h e  

E-mode b r i g h t n e s s  t e m p e r a t u r e  a t  s e l e c t e d  p o i n t s  i n  t i m e  

a s  t h e  s p a c e c r a f t  p a s s e d  th rough  t h e  f o c u s s i n g  r e g i o n .  A 

s y n t h e t i c  E-mode c u r v e  i s  g e n e r a t e d ,  u s i n g  t h e  E-mode 

an tenna  r e s i s t a n c e  which was computed from t h e  model 

i o n o s p h e r e ,  and an  assumed b r i g h t n e s s  t e m p e r a t u r e .  The 

t e m p e r a t u r e  i s  a d j u s t e d  u n t i l  t h e  s y n t h e t i c  E-mode c u r v e  f i t s  

t h e  obse rved  c u r v e  o v e r  some i n t e r v a l  of  t i m e .  Then b o t h  

t h e  E-mode an tenna  t e m p e r a t u r e  and t h e  t ime  a r e  r e c o r d e d .  

S u f f i c i e n t  p o i n t s  a r e  r e c o r d e d  t o  a d e q u a t e l y  d e f i n e  any 

v a r i a t i o n s  i n  E-mode t e m p e r a t u r e  t h a t  o c c u r  i n  t h e  

f o c u s s i n g  r e g i o n .  These p o i n t s  a r e  passed  on t o  P a r t  4 

of  t h e  p r o c e s s i n g  p r o c e d u r e ,  t o  b e  used i n  c o n s t r u c t i n g  a  

map of  t h e  cosmic background t e m p e r a t u r e .  

E .  PART 4 AND 5 PROCEDURE 

P a r t s  4 and 5 of  t h e  p rocedure  a r e  n o t  c o m p l e t e l y  

d e f i n e d ,  because  no d a t a  h a s  been p rocessed  th rough  t h e s e  

s t e p s .  The o b j e c t i v e  o f  P a r t  4 i s  t o  d e f i n e  t h e  a n g u l a r  

s i z e  and p o s i t i o n  of t h e  e f f e c t i v e  an tenna  beam upon t h e  

c e l e s t i a l  s p h e r e ,  and t h e  o b j e c t i v e  of  P a r t  5 i s  t o  combine 

many such  o b s e r v a t i o n s  i n t o  a map o f  t h e  d i s t r i b u t i o n  of 

cosmic n o i s e  t e m p e r a t u r e  a t  2 . 5  M H z .  

I n  p r e p a r a t i o n  f o r  P a r t  4 ,  methods have been developed 

f o r  computing t h e  e f f e c t i v e  beam p a t t e r n ,  g i v e n  t h e  model 

i o n o s p h e r e  and t h e  magnet ic  f i e l d .  (See S e c t i o n  11-B, a b o v e ) .  

The P a r t  4 p rocedure ,  t h e n ,  c o n s i s t s  of  c a r r y i n g  o u t  t h i s  

computa t ion  f o r  each o f  t h e  p o i n t s  r ecorded  i n  P a r t  3 .  

D e t a i l e d  beam c o n t o u r s  c a n  be  computed, b u t  it w i l l  p robab ly  

s u f f i c e  t o  compute t h e  c e l e s t i a l  c o o r d i n a t e s  of  t h e  e f f e c t i v e  

beam c e n t e r ,  and some measure of  t h e  e f f e c t i v e  beam d i a m e t e r .  

These p a r a m e t e r s ,  t o g e t h e r  w i t h  t h e  e f f e c t i v e  an tenna  

t e m p e r a t u r e ,  form t h e  i n p u t  d a t a  t o  P a r t  5 .  



Part 5 is a manual process, where each antenna 

temperature is recorded on a chart at the proper location, 

with some notation of the effective beam diameter. As 

data accumulate on the chart, it should be possible to 

check for internal consistency among the measurements 

which cover the same area, and to construct the contours 

of constant brightness temperature which are the objective 

of the experiment. 

F. IONOSPHERIC DATAAND ANTENNA IMPEDANCE 

A secondary objective of the experiment, and a necessary 

bi-product of the ionosphere focussing experiment, is the 

study of the ionosphere, and the behavior of antennas in it. 

The behavior of an antenna in a magneto-plasma, such 

as the earth's ionosphere, is very complex. There exists 

no theory which is complete, general, and exact. If such 

a theory did exist, it would, in all likelihood, be too 

cumbersome for practical computation. Available theories 

either neglect the effect of certain physical processes, 

such as collisions, make simplifying assumptions about the 

antenna geometry, or make simplifying assumptions about the 

current distribution in the antenna. 

Various laboratory experiments have been performed 

which, in general way, confirm the validity of some of 

these approximations under certain conditions. Unfortunately, 

it is impossible to duplicate in the laboratory the conditions 

encountered in the earth's ionosphere. Thus the experimental 

data are not applicable to the ionospheric focussing 

experiment, and the theory is inadequate to extrapolate 

from laboratory conditions to ionosphere conditions, 



The antenna impedance d a t a  from the  OGO-IV experiment 

c o n s t i t u t e s  a l a r g e  body of exper imental  d a t a ,  a g a i n s t  

which t h e  theory  can be t e s t e d .  The s i x  hundred s e l e c t e d  

i n t e r v a l s  which were e x t r a c t e d  and reduced f o r  t h e  

focuss ing  experiment a l s o  r e p r e s e n t  u s e f u l  pe r iods  f o r  

which t o  s tudy  t h e  antenna impedance, s i n c e  they  inc lude  

t h e  r eg ion  where t h e  antenna impedance i s  most s e n s i t i v e  

t o  t h e  i onosphe r i c  parameters .  The a p p l i c a b i l i t y  of any 

theory  t o  ionospher ic  c o n d i t i o n s ,  then ,  can be t e s t e d  by 

comparing it wi th  t h e  observed d a t a .  The theo ry  should 

reproduce,  a t  l e a s t  i n  a g e n e r a l  way, t he  form of t h e  

v a r i a t i o n  of antenna r e s i s t a n c e  and r eac t ance  which i s  

observed a s  t h e  s p a c e c r a f t  descends through t h e  c r i t i c a l  

l e v e l s  i n  t h e  ionosphere.  

G .  RESULTS 

1. Forms of Data 

OGO-IV d a t a  now e x i s t s  i n  t h e  fol lowing forms: 

(1) The experiment d a t a  t a p e s ,  rece ived  from GSFC. 

( 2 )  Unreduced d a t a  p l o t t e d  on 35 mm f i l m .  

( 3 )  A c a t a l o g  of over  600 s e l e c t e d  i n t e r v a l s .  

( 4 )  Magnetic t apes  con ta in ing  reduced d a t a  f o r  t h e  
s e l e c t e d  i n t e r v a l s .  

( 5 )  Reduced d a t a  f o r  36 very good s e l e c t e d  i n t e r v a l s ,  
p l o t t e d  i n  h igh - r e so lu t ion  form. 

(6 )  C o l l e c t i o n s  of p r i n t s  made from p o r t i o n s  of t h e  
unreduced f i l m s ,  s e l e c t e d  f o r  va r ious  s p e c i a l  
purposes .  

Approximately 7 0 0  experiment d a t a  t a p e s  were r ece ived  

from GSFC p r i o r  t o  October 1969. These t a p e s  con ta in  d a t a  

from t h e  launch d a t e  ( J u l y  3 0 ,  1 9 6 7 )  through May, 1969. 

The a t t i t u d e / o r b i t  t apes  g ive  reasonably complete coverage 

through r e v o l u t i o n  4 3 0 0 ,  on K a y  15 ,  1968. Data f o r  t h e  

l a t t e r  p a r t  of 1968, when t h e  s p a c e c r a f t  and t h e  experiment 



were s t i l l  o p e r a t i n g  w e l l ,  .is s t i l l  being processed by GSFC. 

A l l  1 . k i l o b i t  playbaclc d a t a  have been processed 

through t h e  P a r t  procedure ,  which gene ra t e s  a  p l o t  of 

t h e  experiment d a t a  on 35 mm f i l m ,  

The d a t a  t apes  were r e t a i n e d ,  because t h e  subsequent 

s t e p s  i n  t h e  p roces s ing  r e f e r  back t o  t h e  t a p e s .  

3 .  Film P l o t s  

A l l  1 k i l o b i t  playback d a t a  has been p l o t t e d  on 

35 mm f i l m ,  i n  unreduced form. F igure  6 i s  an example of 

t h e  format. Three frames of f i l m  a r e  a l l o t t e d  t o  each 

s p a c e c r a f t  o r b i t ,  t h e  f i r s t  frame contaif i ing t h e  i d e n t i f y i n g  

parameters ,  t h e  l a s t  two t h e  p l o t t e d  d a t a .  The t ime s c a l e  i s  

compressed s o  t h a t  an e n t i r e  o r b i t  ( 9 8  min) occupies  only  1 . 5  i n  

of f i l m .  The fou r  experiment ou tpu t  vo l t ages  a r e  p l o t t e d  a g a i n s t  

t i m e ,  wi th  no process ing  o r  c o r r e c t i o n s .  

4 .  Cata log of Se l ec t ed  I n t e r v a l s  

A c a t a l o g  of over  s i x  hundred s e l e c t e d  i n t e r v a ! ~  has  

been prepared.  A s e l e c t e d  i n t e r v a l  i s  a  t en  minute block 

of d a t a  con ta in ing  a  passage of t h e  s p a c e c r a f t  through 

t h e  c r i t i c a l  l e v e l s  of t h e  ionosphere ,  where focuss ing  

should have occur red .  The c a t a l o g  was prepared by i n s p e c t i n g  

t h e  f i l m  p l o t s ,  and hence inc ludes  only  passages  where t h e  

d a t a  i s  good enough, and t h e  ionosphere  i s  uniform enough, 

t h a t  t h e  phenomena which accompany such a  passage a r e  

recognizab le .  For each s e l e c t e d  i n t e r v a l ,  t h e  c a t a l o g  l i s t s  

t h e  d a t e  and t i m e ,  t h e  necessary in format ion  t o  r e t r i e v e  

t h e  o r i g i n a l  d a t a  from t h e  experiment d a t a  t a p e s ,  and some 

informat ion  on t h e  passage i t s e l f ,  i . e . ,  whether it i s  

upward o r  downward, and a crude eva lua t ion  of t h e  q u a l i t y  

of t h e  d a t a :  good, f a i r ,  o r  poor,  



5. 

Data f o r  each of t h e  s e l e c t e d  i n t e r v a l s  have been 

reduced t o  s c i e n t i f i c  u n i t s ,  and r e c o r d e d  on magne t i c  t a p e .  

Appendix B d e s c r i b e s  t h e  f o r m a t  of  t h e s e  t a p e s .  Eleven 

t a p e s  a r e  r e q u i r e d .  

The t a p e  i n c l u d e s  i d e n t i t y  and r e f e r e n c e  i n f o r m a t i o n  

f o r  each s e l e c t e d  i n t e r v a l ,  and reduced  exper iment  d a t a  

f o r  eve ry  t e l e m e t r y  sample d u r i n g  t h e  s e l e c t e d  i n t e r v a l .  

The r a d i o m e t e r  d a t a  a r e  reduced t o  mean s q u a r e  n o i s e  

v o l t a g e  a t  t h e  rad iomete r  t e r m i n a l s ,  and t h e  an tenna  impedance 

d a t a  a r e  reduced t o  an tenna  r e s i s t a n c e  and r e a c t a n c e ,  i n  ohms. 

These r e d u c t i o n s  a r e  performed u s i n g  v a l u e s  of t h e  i n s t r u m e n t  

pa ramete r s  which a r e  a p p r o p r i a t e  t o  t h e  env i ronmenta l  

c o n d i t i o n s  which e x i s t  i n  t h e  s p a c e c r a f t  most of t h e  t ime .  

For t h o s e  p e r i o d s  of  t ime when an  abnormal c o n d i t i o n  e x i s t s  

i n  t h e  s p a c e c r a f t ,  a  more a c c u r a t e  r e d u c t i o n  cou ld  b e  o b t a i n e d  

by u s i n g  d i f f e r e n t  v a l u e s  of t h e  exper iment  p a r a m e t e r s .  

Th i s  has  n o t  been done i n  p roduc ing  t h e s e  t a p e s .  

These p r o c e s s e d  d a t a  t a p e s  a r e  i n t e n d e d  p r i m a r i l y  t o  

s e r v e  as i n p u t  f o r  P a r t  3 o f  t h e  p r o c e s s i n g  p rocedure .  

However, t h e y  c o n t a i n  most of t h e  i n f o r m a t i o n  which would 

b e  u s e f u l  f o r  a n a l y z i n g  t h e  b e h a v i o r  o f  t h e  an tenna  impedance 

i n  t h e  g e n e r a l  v i c i n i t y  of  t h e  plasma f requency .  

6 .  High R e s o l u t i o n  P l o t s  of  Very Good I n t e r v a l s  

T h i r t y - s i x  of  t h e  s e l e c t e d  i n t e r v a l s  were c l a s s i f i e d  

a s  "very  good",  and w e r e  p l o t t e d  i n  h i g h  r e s o l u t i o n  form. 

These p l o t s  i l l u s t r a t e  t h e  sequence  o f  e v e n t s  obse rved  

a s  t h e  s p a c e c r a f t  p a s s e s  th rough  t h e  c r i t i c a l  l e v e l s  i n  

t h e  i o n o s p h e r e ,  i n  b o t h  t h e  r a d i o m e t e r s  and t h e  an tenna  

impedance mete r .  



7. S p e c i a l  C o l l e c t i o n  o f  P r i n t s  

S e v e r a l  sets  o f  p r i n t s  have been made from p o r t i o n s  

o f  t h e  unreduced f i l m  p l o t s ,  t o  answer s p e c i f i c  q u e s t i o n s .  

For  i n s t a n c e ,  sets of p r i n t s  have  been made which show 

OGO-IV d a t a  a t  t i m e s  when low f requency  s o l a r  b u r s t s  

w e r e  obse rved  by o t h e r  s p a c e  exper iments .  A se t  of  p r i n t s  

h a s  been made o f  s e l e c t e d  i n t e r v a l s  when t h e  f o c u s  p o i n t  

s h o u l d  b e  i n  t h e  r e g i o n  of  t h e  g a l a c t i c  p o l e ,  and a n o t h e r  

s e t  where t h e  f o c u s  p o i n t  shou ld  b e  i n  t h e  r e g i o n  of  t h e  

g a l a c t i c  p l a n e .  S e t s  of  p r i n t s  have been made t o  i l l u s t r a t e  

v a r i o u s  k i n d s  of i o n o s p h e r i c  anomal ies ,  such a s  t h e  r e g i o n s  

of  h i g h  e l e c t r o n  d e n s i t y  which show q u i t e  c o n s p i c o u s l y  i n  

t h e  f i l m  p l o t s .  



V. CONCLUSIONS 

A .  SUMMARY 

The p r imary  purpose  of t h e  OGO-IV r a d i o  astronomy 

exper iment  was t h e  mapping o f  t h e  b r i g h t n e s s  t e m p e r a t u r e  

of t h e  c e l e s t i a l  s p h e r e  a t  a  f r equency  o f  2 . 5  MHz u s i n g  t h e  

i o n o s p h e r i c  f o c u s s i n g e f f e c t .  Because o f  t h e  h i g h  l e v e l  

of  r ad io - f requency  i n t e r f e r e n c e  g e n e r a t e d  i n  t h e  s p a c e c r a f t ,  

it seems u n l i k e l y  t h a t  mapping i n f o r m a t i o n  can  b e  e x t r a c t e d  

from t h e  d a t a .  I n  any e v e n t ,  t h e  p r e s e n c e  of  t h e  i n t e r -  

f e r e n c e  would make t h e  e x t r a c t i o n  o f  mapping i n f o r m a t i o n  

more d i f f i c u l t  t h a n  a n t i c i p a t e d .  The d a t a  have been 

e x t e n s i v e l y  s t u d i e d ,  w i t h  n e g a t i v e  r e s u l t s  t o  d a t a .  

The a n t e n n a  impedance c h a n n e l s  of  t h e  i n s t r u m e n t  a r e  

n o t  a f f e c t e d  by t h e  i n t e r f e r e n c e ,  and p r e s e n t  a  w e a l t h  

o f  d a t a  on t h e  i o n o s p h e r e  and t h e  b e h a v i o r  o f  t h e  

an tenna  impedance. Some phenomena, such  a s  t h e  " t h i r d  

r e a c t a n c e  f l i p " ,  d i s c u s s e d  i n  s e c t i o n  C ,  below, s e e m  t o  

be  p r e v i o u s l y  u n r e p o r t e d .  T h e i r  s i g n i f i c a n c e  shou ld  b e  

i n v e s t i g a t e d .  The OGO-IV d a t a  i n c l u d e  s e v e r a l  hundred i n s t a n c e s  

where t h e  s p a c e c r a f t  passed  upward o r  downward th rough  t h e  

c r i t i c a l  l e v e l s  of  t h e  ionosphere  i n  r e g i o n s  t h a t  appear  

t o  b e  f r e e  o f  l o c a l  inhomogene i t i e s ,  s o  t h a t  t h e  ambient  

e l e c t r o n  d e n s t i y  was a  smooth, monotonic f u n c t i o n  o f  t i m e .  

Thus t h e  f u n c t i o n a l  dependence o f  t h e  an tenna  impedance 

on e l e c t r o n  d e n s i t y  i s  w e l l  e x h i b i t e d .  Any t h e o r y  o f  an tenna  

impedance i n  a plasma must b e  c o n s i s t e n t  w i t h  t h e s e  o b s e r v a t i o n s .  



B .  MAPPING THE COSMIC BACKGROUND 

Because o f  t h e  h i g h t l e v e l  o f  r ad io - f requency  i n t e r f e r e n c e  

g e n e r a t e d  i n  t h e  s p a c e c r a f t ,  w e  have  been unab le  t o  e x t r a c t  

t h e  n e c e s s a r y  i n f o r m a t i o n  t o  produce  t h e  i n t e n d e d  map o f  

t h e  b r i g h t n e s s  t e m p e r a t u r e  of  t h e  cosmic background a t  2 . 5  MHz. 

I t  i s  p o s s i b l e ,  though n o t  l i k e l y ,  t h a t  a  more complex and 

d e t a i l e d  p rocedure  o f  a n a l y s i s  c o u l d  b e  evo lved ,  which would 

make p o s s i b l e  t h e  e x t r a c t i o n  of  some mapping i n f o r m a t i o n .  

There i s  no r e a s o n  t o  q u e s t i o n  t h e  v a l i d i t y  o f  t h e  

o r i g i n a l  exper iment  c o n c e p t ,  n o r  t h e  d e s i g n  o f  t h e  exper iment  

i t s e l f .  The i n t e r f e r e n c e  g e n e r a t e d  i n  t h e  s p a c e c r a f t  seems 

t o  b e  t h e  o n l y  o b s t a c l e  t o  s u c c e s s .  

1. Level  o f  I n t e r f e r e n c e  

The l e v e l  o f  i n t e r f e r e n c e  e x p e r i e n c e d  on OGO-IV i s  

c o n s i d e r a b l y  less t h a n  t h a t  e x p e r i e n c e d  by t h e  i d e n t i c a l  

exper iment  on O G O - 1 1 .  Thus t h e  i n t e r f e r e n c e  s u p p r e s s i o n  

measures t a k e n  a s  t h e  r e s u l t  of  t h e  O G O - I 1  e x p e r i e n c e  w e r e  

a t  l e a s t  p a r t i a l l y  s u c c e s s f u l .  The OGO-IV r a d i o m e t e r s  a r e  

n o t  s a t u r a t e d  under normal c o n d i t i o n s ,  a s  w e r e  t h e s e  on 

O G O - 1 1 ,  though t h e y  a r e  always o p e r a t i n g  i n  t h e  upper p o r t i o n  

of  t h e i r  range .  The r a d i o m e t e r s  a r e  d e s i g n e d  t o  o p e r a t e  

o v e r  a  dynamic r a n g e  g r e a t e r  t h a n  t h r e e  o r d e r s  of  magnitude.  

The i n t e r f e r e n c e  l e v e l  i s  g r e a t e r  t h a n  t h e  expec ted  

cosmic background s i g n a l .  W e  may compute t h e  e x p e c t e d  

s i g n a l  from t h e  cosmic background by t h e  e q u a t i o n :  
9 



where v2 = Mean s q u a r e  n o i s e  v o l t a g e  a t  t h e  r a d i o -  
m e t e r  i n p u t  

k = Bol tzman ' s  c o n s t a n t  = 1 - 3 8  x  10 -23 j o u l e s / d e g  

B = The rad iomete r  bandwidth = 6 0  kHz, 

TA = The e f f e c t i v e  n o i s e  t e m p e r a t u r e  of  t h e  a n t e n n a  

RA = The r a d i a t i o n  r e s i s t a n c e  of t h e  an tenna  

RL = The rad iomete r  i n p u t  impedance = 2500f2 

X~ 
= The e f f e c t i v e  an tenna  r e a c t a n c e  

The e x p e c t e d  b r i g h t n e s s  t e m p e r a t u r e  f o r  t h e  cosmic back- 

ground a t  2.5 VHz i s  abou t  1 . 7  x l o 7  K .  RA and XA v a r y  

w i d e l y ,  a s  t h e  s p a c e c r a f t  moves down i n t o  t h e  ionosphere .  

I f  we s u b s t i t u t e  v a l u e  o f  RA and XA a p p r o p r i a t e  t o  f r e e  

s p a c e ,  we f i n d  t h a t  t h e  s i g n a l  expec ted  from t h e  cosmic 

background i s  more t h a n  two o r d e r s  o f  magnitude below t h e  

observed s i g n a l .  I f ,  however, w e  s u b s t i t u t e  v a l u e s  o f  

R~ 
and XA t h a t  a r e  measured i n  t h e  f o c u s s i n g  r e g i o n ,  w e  

f i n d  t h a t  t h e  expec ted  cosmic background i s  a b o u t  1 / 1 0  o f  

t h e  obse rved  s i g n a l .  Thus it may b e  p o s s i b l e  t o  e x t r a c t  t h e  

cosmic c o n t r i b u t i o n  from t h e  t o t a l  s i g n a l ,  b u t  o n l y  i f  t h e  

c o n t r i b u t i o n  due t o  s p a c e c r a f t  i n t e r f e r e n c e  can  be  e v a l u a t e d  

w i t h  an  accuracy  which i s  s i g n i f i c a n t l y  b e t t e r  t h a n  1 0 % .  

Most of  t h e  i n t e r f e r e n c e  a p p e a r s  t o  b e  r a d i a t e d  t o  

t h e  r a d i o  astronomy an tenna  from o t h e r  p a r t s  of  t h e  s p a c e c r a f t ,  

s i n c e  l i t t l e  i n t e r f e r e n c e  was obse rved  b e f o r e  t h e  a n t e n n a  

was e r e c t e d .  Obvious ly ,  t h e  p r o p e r t i e s  o f  t h e  ambient  

ionosphere  g r e a t l y  a f f e c t  t h e  l e v e l  o f  i n t e r f e r e n c e  r e a c h i n g  

t h e  an tenna ,  s i n c e  t h e  l e v e l  v a r i e s  by as much a s  two o r d e r s  

of magnitude a s  t h e  s p a c e c r a f t  p a s s e s  th rough  t h e  c r i t i c a l  



l e v e l s  i n  t h e  i o n o s p h e r e .  To a c c o u n t  f o r  t h i s  v a r i a t i o n  

would b e  d i f f i c u l t ,  s i n c e  it e n t a i l s  d e t e r m i n i n g  t h e  e f f e c t  

of  t h e  i o n o s p h e r e  on t h e  r a d i a t i o n  r e s i s t a n c e  of t h e  

u n i d e n t i f i e d  e m i t t i n g  s u r f a c e s  o f  t h e  s p a c e c r a f t ,  and 

d e t e r m i n i n g  t h e  n e a r - f i e l d  p r o p a g a t i o n  c h a r a c t e r i s t i c s  

of  t h e  i o n o s p h e r i c  plasma. 

2 .  A P o s s i b l e  Procedure  f o r  I n t e r p r e t a t i o n  

I t  i s  p o s s i b l e  a t  t h i s  p o i n t  t o  l i s t  some o f  t h e  

p r o p e r t i e s  r e q u i r e d  o f  a  s u c c e s s f u l  p rocedure  t o  deduce  

a  map o f  cosmic b r i g h t n e s s  t e m p e r a t u r e  a t  2 .5  MHz from t h e  

e x i s t i n g  OGO-IV d a t a ,  i n  t h e  f a c e  o f  t h e  h i g h  i n t e r f e r e n c e  

l e v e l s .  

( I )  Deduce a  model i o n o s p h e r e  p r i m a r i l y  from t h e  

measured an tenna  impedance d a t a .  The o r i g i n a l  

p l a n  was t o  deduce t h e  model i o n o s p h e r e  from t h e  

E-mode b r e a k o u t  p o i n t s  f o r  2.0 and 2.5 M H z ,  

r e s p e c t i v e l y ,  a s  observed i n  t h e  r a d i o m e t e r .  The 

b r e a k o u t  p o i n t s  a r e  obscured  by i n t e r f e r e n c e ,  so 

it is  n e c e s s a r y  t o  b a s e  t h e  model on t h e  impedance 

d a t a ,  which a r e  n o t  b o t h e r e d  by i n t e r f e r e n c e .  

( 2 )  E v a l u a t e  t h e  i n t e r f e r e n c e  l e v e l ,  and compute t h e  

c o n t r i b u t i o n  of  i n t e r f e r e n c e  a s  a  f u n c t i o n  o f  t i m e ,  

a s  t h e  s p a c e c r a f t  p a s s e s  th rough  t h e  f o c u s s i n g  

l e v e l .  T h i s  i s  t h e  d i f f i c u l t  s t e p  mentioned above,  

and may n o t  b e  p o s s i b l e .  

( 3 )  S u b t r a c t  t h e  i n t e r f e r e n c e  c o n t r i b u t i o n ,  l e a v i n g  

t h e  cosmic c o n t r i b u t i o n .  A t e s t  o f  t h e  v a l i d i t y  

o f  t h e  o p e r a t i o n  may b e  made a t  t h i s  p o i n t  by 

s e a r c h i n g  f o r  t h e  E- and 0-mode d r o p o u t s ,  I f  t h e y  

a p p e a r  a t  p o i n t s  c o n s i s t e n t  w i t h  t h e  an tenna  

impedance d a t a ,  t h e n  t h e  p rocedure  may b e  a s s u m e d  

t o  have  been c a r r i e d  o u t  i n  a  v a l i d  manner,  and 

s i g n i f i c a n t  cosmic r a d i a t i o n  h a s  been d e t e c t e d .  



I t  s h o u l d  t h e n  b e  p o s s i b l e  t o  e x t r a c t  t h e  mapping 

i n f o r m a t i o n  u s i n g  t h e  o r i g i n a l  p rocedure .  

C .  INVESTIGATION OF THE IONOSPHERE 

1. Genera l  

The s t u d y  o f  t h e  i o n o s p h e r e  was n o t ,  of  c o u r s e ,  t h e  

pr imary  o b j e c t i v e  o f  t h e  OGO-IV exper iment .  N e v e r t h e l e s s ,  

t h e  exper iment  h a s  y i e l d e d  a l a r g e  q u a n t i t y  o f  d a t a  a b o u t  

t h e  t o p - s i d e  ionosphere .  Very l i t t l e  r e d u c t i o n  and 

i n t e r p r e t a t i o n  h a s  been performed on t h i s  a s p e c t  of  t h e  

d a t a ,  however. 

The OGO-IV exper iment  p r o v i d e s  two independen t  means 

of  p r o b i n g  t h e  ambient  i o n o s p h e r e :  a  d i r e c t  probe  by t h e  

a n t e n n a  impedance measurement,  and a n  i n d i r e c t  probe  by 

t h e  r a d i o m e t e r  c h a n n e l s .  Both of  t h e s e  a r e  s e n s i t i v e  

i n d i c a t o r s  on ly  when t h e  e l e c t r o n  d e n s i t y  i s  such t h a t  

t h e  plasma f requency  i s  i n  t h e  g e n e r a l  v i c i n i t y  o f  2 .0  t o  

2 . 5  MHz,  b u t  a r e  ex t remely  s e n s i t i v e  w i t h i n  t h a t  r ange .  

There i s  some i n d i c a t i o n  t h a t  t h e  s o  c a l l e d  "second and 

t h i r d  r e a c t a n c e  f l i p s 1 '  which a r e  observed i n  t h e  d a t a  may 

b e  i n t e r p r e t e d  s o  a s  t o  y i e l d  a  measure o f  e l e c t r o n  d e n s i t y  

i n  a  r a n g e  c o n s i d e r a b l y  above t h e  plasma f r e q u e n c y ,  b u t  

t h e s e  phenomena a r e  n o t  s u f f i c i e n t l y  w e l l  unders tood  a t  

p r e s e n t .  

When an  a n t e n n a  i s  immersed i n  an  i o n i z e d  medium, such  

a s  t h e  e a r t h ' s  i o n o s p h e r e ,  i t s  c h a r a c t e r i s t i c  impedance 

may b e  d r a s t i c a l l y  a l t e r e d  from t h e  f r e e  s p a c e  v a l u e ,  because  

t h e  i n d e x  of r e f r a c t i o n  o f  t h e  medium may be  d r a s t i c a l l y  

a l t e r e d .  ( S e c t i o n  I V ,  D ,  below, g i v e s  a  b r i e f  accoun t  of 

t h e  b e h a v i o r  o f  t h e  an tenna  impedance, and S e c t i o n  11, B 

i s  a s h o r t  d e s c r i p t i o n  o f  t h e  b e h a v i o r  o f  t h e  index  of  

r e f r a c t i o n ) .  Even though t h e  t h e o r y  of  t h e  c h a r a c t e r i s t i c  



impedance of a n t e n n a s  immersed i n  p lasmas  i s  v e r y  complex 

and i s  s t i l l  an a c t i v e  a r e a  o f  r e s e a r c h  (see,  f o r  example,  

W e i l ,  1970,  and  Lafon and W e i l ,  1 9 7 0 ) ,  it i s  s t i l l  p o s s i b l e  

under  f a v o r a b l e  c o n d i t i o n s ,  t o  f i n d  u s e f u l  s o l u t i o n s  t o  

t h e  reverse problem o f  d e t e r m i n i n g  t h e  e l e c t r o n  d e n s i t y ,  

g i v e n  t h e  a n t e n n a  impedance. Thus a n t e n n a  impedance d a t a  

measured on O G O - I 1  have  been used t o  map t h e  wake o f  t h e  

s p a c e c r a f t  by u s i n g  t h e  f a c t  t h a t  t h e  a n t e n n a  sometimes 

p a s s e s  t h r o u g h  t h e  wake a s  t h e  s p a c e c r a f t  s p i n s  (Yorks,  

W e i l ,  and P o t t e r ,  1968; and W e i l  and Yorks,  1 9 6 9 ) .  

The impedance d a t a  from t h e  OGO-IV exper iment  c o u l d  b e  

used  t o  d e r i v e  f a i r l y  r e l i a b l e  f i g u r e s  f o r  t h e  ambient  

e l e c t r o n  d e n s i t y  a l o n g  segments of t h e  s p a c e c r a f t  o r b i t  

which t y p i c a l l y  e x t e n d  over  some 10 t o  20° of geograph ic  

l a t i t u d e .  Over 600 such i n t e r v a l s  have  been i d e n t i f i e d  

i n  t h e  d a t a  d u r i n g  which b o t h  t h e  a n t e n n a  impedance d a t a  

and t h e  r a d i o m e t e r  d a t a  appear  u s a b l e ,  and t h e r e  i s  no 

ev idence  of  s m a l l  s c a l e  i r r e g u l a r i t i e s  i n  t h e  i o n o s p h e r e .  

There  a r e  many o t h e r  c a s e s  where s m a l l  s c a l e  i r r e g u l a r i t i e s  

a r e  p r e s e n t ,  which may be  of  e q u a l  i n t e r e s t  i n  i o n o s p h e r e  

a n a l y s i s .  

The e l e c t r o n  d e n s i t y  which one d e r i v e s  from t h e  measured 

impedance of a  60 f t  an tenna  would b e  we igh ted  mean o v e r  a  

volume a t  l e a s t  a s  l o n g  a s  t h e  a n t e n n a ,  and a t  l e a s t  a  few 

meters i n  d i a m e t e r .  Thus t h e  measurement i s  n o t  l i k e l y  

t o  b e  a f f e c t e d  by l o c a l  d i s t u r b a n c e s  o f  t h e  medium by t h e  

p a s s a g e  of  t h e  s p a c e c r a f t  when t h e  a n t e n n a  i s  n o t  i n  t h e  

s p a c e c r a f t  wake. S i n c e  t h e  OGO-IV s p a c e c r a f t  was p r o p e r l y  

s t a b i l i z e d  d u r i n g  i t s  e n t i r e  u s e f u l  l i f e ,  t h e  o r i e n t a t i o n  

of t h e  an tenna  i s  known a t  all t i m e s ,  s o  t h e r e  need b e  no 

con tamina t ion  from this source. Thus t h e  an tenna  impedance 

method o f f e r s  some advan tages  o v e r  i n s t r u m e n t s  such a s  t h e  

Langmuir p r o b e ,  



The second method f o r  de te rmin ing  t h e  ambient e l e c t r o n  

d e n s i t y  from t h e  OGO-IV experiment is based upon t h e  c u t o f f  

p o i n t s  f o r  t h e  E-mode and 0-mode propaga t ion  i n  t h e  ionosphere .  

This  method has  a  s t r a igh t - fo rward  t h e o r e t i c a l  b a s i s ,  s i n c e  

i t  depends only  upon t h e  r e f r a c t i v e  index  of t h e  medium, 

and no t  upon the : i e f f ec t  of t h e  medium on t h e  antenna.  A s  

d i s cus sed  i n  Sec t ion  11, B ,  e l ec t romagne t i c  r a d i a t i o n  

impinging from o u t s i d e  t h e  ionosphere  cannot p e n e t r a t e  below 

t h e  l e v e l  where t h e  index of r e f r a c t i o n  reaches  zero .  The 

c u t o f f  l e v e l  d i f f e r s  f o r  t h e  two modes of p ropaga t ion ,  and 

a s  t h e  s p a c e c r a f t  moves down i n t o  t h e  ionosphere ,  w e  

would expect  h a l f  of t h e  r a d i a t i o n  from o u t s i d e  t h e  ionosphere  

t o  d i sappea r  a t  t h e  E-mode c u t o f f  l e v e l  (X = 1 - Y ) ,  and t h e  

o t h e r  h a l f  t o  d i sappea r  a t  t h e  0-mode c u t o f f  l e v e l  ( X  =1). 

I f  t h e s e  cu to f f  p o i n t s  can be  observed,  we can e s t a b l i s h  

t h e  e l e c t r o n  d e n s i t y  a t  f o u r  p o i n t s  i n  t h e  ionosphere  

(two modes a t  two f r e q u e n c i e s )  f o r  each passage of  t h e  

s p a c e c r a f t .  

I n  OGO-IV,  t h e  radiometer  channels  a r e  sub jec t ed  t o  a  

h igh  l e v e l  of i n t e r n a l l y - g e n e r a t e d  i n t e r f e r e n c e  which makes 

it imposs ib le  t o  s p e c i f i c a l l y  i d e n t i f y  t h e  two c u t o f f  

p o i n t s  w i th  p r e c i s i o n .  There i s  a  d i s t i n c t  and dramat ic  

r educ t ion  i n  t h e  s i g n a l  a t  t h e  radiometer  i n p u t s  as t h e  

s p a c e c r a f t  moves through t h e  c u t o f f  r eg ion ,  however, due 

p a r t l y  t o  t h e  change i n  antenna impedance, b u t  probably 

due a t  l e a s t  i n  p a r t  t o  t h e  f a i l u r e  of t h e  medium t o  propagate  

even i n t e r n a l l y  genera ted  r a d i a t i o n  from t h e  s p a c e c r a f t  

i t s e l f  t o  t h e  antenna,  a s  w e l l  a s  t h e  c u t o f f  of e x t e r n a l l y  

genera ted  r a d i a t i o n .  Comparison of t h e  2 . 5  MHz rad iometer  

w i th  t h e  2 . 5  MHz antenna impedance confirms t h i s  assumption.  

A t  2 . 5  MHz t h e  antenna impedance g i v e s  a  much b e t t e r  i n d i c a t i o n  

of  e l e c t r o n  d e n s i t y  than  t h e  radiometer  d a t a ,  b u t  we have 

no antenna impedance d a t a  a t  2-0 M H z ,  A t  2 . 0  M H z ,  t h e  

radiometer  d a t a  can be expected t o  y i e l d  e s t i m a t e s  o f  t h e  

t ime of cu to f f  t h a t  a r e  good t o  a t  l e a s t  a  minute ,  and 



perhaps  b e t t e r  . 
ANTENNA IMPEDANCE I N  A PLASMA 

1. Genera l  

The OGO-IV exper iment  h a s  g e n e r a t e d  many thousand 

measurements o f  t h e  c h a r a c t e r i s t i c  impedance of  t h e  

a n t e n n a ,  measured under  a r a n g e  o f  c o n d i t i o n s  which i s  

d i f f i c u l t  t o  r ep roduce  i n  t h e  l a b o r a t o r y .  These measurements 

s h o u l d ,  t h e r e f o r e ,  c o n s i t i t u t e  a v a l u a b l e  t e s t  o f  t h e  t h e o r y  

o f  an tenna  impedance i n  a plasma.  Direct i n t e r p r e t a t i o n  

of t h e  d a t a  i s  d i f f i c u l t ,  because  t h e  exper iment  was n o t  

d e s i g n e d  p r i m a r i l y  f o r  t h i s  purpose .  The exper iment  has  

demons t ra ted ,  however,  t h a t  e f f e c t i v e  measurements o f  t h e  

impedance o f  a n  e l e c t r i c a l l y  s h o r t  a n t e n n a  can b e  made 

i n  s p a c e ,  u s i n g  s i m p l e  and r e l i a b l e  equipment .  F u r t h e r ,  

t h e  impedance measurement can p roceed  s i m u l t a n e o u s l y ,  and 

a t  t h e  same f r e q u e n c y ,  a s  r a d i o m e t e r  o p e r a t i o n s .  

2 .  Comparison w i t h  Theory 

Some compar isons  have been made between t h e  OGO-IV 

a n t e n n a  impedance d a t a  and t h e o r y .  Yorks h a s  compared t h e  

t h e o r y  due  t o  Balmain (1964) w i t h  some OGO-IV d a t a .  H e  

f i n d s  g e n e r a l  agreement ,  b u t  i m p o r t a n t  d i f f e r e n c e  i n  d e t a i l .  

Comparison h a s  been made w i t h  t h e  development  by W e i l  (1970) , 
b u t  because  o f  t h e  l e n g t h  of  t h e  numer ica l  c a l c u l a t i o n s  

t h e s e  comparisons have n o t  been c a r r i e d  o u t  t o  a u s e f u l  

e x t e n t .  

Many OGO-IV p a s s a g e s  th rough  t h e  i o n o s p h e r e  e x h i b i t  

a p r e v i o u s l y  u n r e p o r t e d  phenomenon, which  we have r e f e r r e d  

t o  as t h e  " t h i r d  r e a c t a n c e  f l i p " ,  I n  t h e  exper iment  d a t a ,  



t h e  phenomenon h a s  t h e  appearance  o f  a  m i n i a t u r e  r e p l i c a  

of  p r i n c i p a l  r e a c t a n c e  f l i p  n e a r  X = 1, o n l y  o c c u r r i n g  

a t  a  much h i g h e r  e l e c t r o n  d e n s i t y .  An example i s  shown 

i n  F i g u r e  7 where t h e  p r i n c i p a l  f l i p  o c c u r s  a t  t h e  l e f t ,  

and t h e  t h i r d  f l i p  a  l i t t l e  l a t e r .  For  many p a s s a g e s ,  t h e  

e v e n t s  a r e  w e l l  d i s p l a y e d  i n  r e v e r s e  o r d e r  a t  t h e  s p a c e c r a f t  

moves back up th rough  t h e  ionosphere .  The phenomenon i s  

p r e s e n t  on a l l  p a s s a g e s  where t h e  d a t a  i s  c l e a n  and t h e  

i o n o s p h e r e  i s  uni form,  and where t h e  s p a c e c r a f t  p e n e t r a t e s  

f a r  enough i n t o  t h e  i o n o s p h e r e .  

The sequence o f  e v e n t s  i n  t h e  t h i r d  f l i p  i s  t h a t ,  a s  

e l e c t r o n  d e n s i t y  i n c r e a s e s ,  b o t h  t h e  r e s i s t i v e  and r e a c t i v e  

components of  t h e  an tenna  impedance i n c r e a s e  Bn magnitude 

u n t i l  t h e  r e s i s t a n c e  r e a c h e s  a  maximum. A t  a b o u t  t h i s  p o i n t ,  

t h e  r e a c t a n c e  a b r u p t l y  changes s i g n .  Then b o t h  components 

d e c r e a s e  i n  magnitude a g a i n .  On a Smith c h a r t ,  t h e  complex 

impedance t r a c e s  a  s p i r a l ,  a s  shown i n  F i g u r e  8 .  A "second 

r e a c t a n c e  f l i p "  o c c u r s  a s  t h e  r e a c t a n c e  changes from i n d u c t i v e  

t o  c a p a c i t i v e  between t h e  f i r s t  and t h i r d  f l i p s ,  b u t  t h e  

second f l i p  o c c u r s  g r a d u a l l y ,  and a t  a  t i m e  when t h e  r e s i s t a n c e  

i s  s m a l l ,  s o  t h i s  f l i p  Is n o t  consp icuous .  

W e  canno t  a t  t h i s  t i m e  comple te ly  r u l e  o u t  t h e  p o s s i b i l i t y  

t h a t  t h e  t h i r d  f l i p  i s  an  a r t i f a c t  of t h e  exper iment ,  due 

pe rhaps  t o  some s p u r i o u s  f requency  component i n  t h e  a n t e n n a  

impedance m e t e r .  S i n c e  t h e  r a d i o m e t e r  shows a f l u c t u a t i o n  

a t  t h e  t i m e  o f  t h e  t h i r d  f l i p ,  w e  must p o s t u l a t e  a  mechanism 

which produces  s p u r i o u s  r e s p o n s e s  i n  t h e  r a d i o m e t e r  a l s o .  

The c l o s e l y  i n t e g r a t e d  n a t u r e  of  t h e  r a d i o m e t e r  and t h e  

impedance mete r  opens t h e  door t o  such p o s s i b i l i t i e s ,  b u t  



we know of no mechanism that would produce a resonance in 

this range of plasma parameters X and Y, regardless of the 

length of the appendage. 

We know of no theory of antenna impedance in a plasma 

that is consistent with the observed third flip. It would be 

extremely valuable to have more precise information on the 

conditions where it occurs, and to have independent confir- 

mation of its existence, particularly with an antenna of simple 

geometry. 

4 .  
Experiments 

As a result of experience gained with OGO-IV, some 

recommendations can be made for any future experiments designed 

to measure antenna impedance in the ionosphere. 

The antenna geometry should be kept simple. A dipole 

is probably best, but a monopole with ground plane can 

be used, provided a true ground plane is available. The 

spacecraft body used on OGO-IV is too small to constitute 

a true ground plane. Hence the true geometry of the antenna 

is so complex as to be unmanageable. 

Several frequencies should be used. The design of the 

OGO-IVantenna impedance meter is such that it could readily 

be extended to switch between several frequencies, or to 

operate on several frequencies simultaneously. The use of 

several frequencies will permit exploration of a much broader 

range of parameters, and will provide a method of determining 

the parameters. A broad range of frequencies is particularly 

necessary to explore a broad range of the parameter Y = % / f .  
(3 



The e a r t h ' s  magnetic f i e l d  does no t  vary  over  a  wide range 

i n  t h e  ionosphere ,  and hence a wide range of  Y can be a t t a i n e d  

only by us ing  a  wide range of t h e  o p e r a t i n g  frequency,  f .  

Furthermore, i f  s e v e r a l  f requenc ies  a r e  used s imul taneous ly ,  

a t  l e a s t  one frequency should be i n  t h e  proper  range t o  

permit  c a l c u l a t i o n s  of t h e  l o c a l  plasma frequency.  

An e c c e n t r i c  o r b i t  would extend t h e  range of parameters .  

Some p rov i s ion  should be made f o r  measuring t h e  impedance 

wi th  t h e  antenna a t  va r ious  angles  wi th  r e s p e c t  t o  t h e  mag- 

n e t i c  f i e l d .  The angle  could be v a r i e d  by r o t a t i n g  t h e  space- 

c r a f t ,  b u t  a  p r e f e r a b l e  scheme might be  t o  provide three*,  

o r thogona l  d i p o l e s .  
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Aug 15, 1967 

F i g u r e  1. H a l f - a n g l e  o f  Beam a s  a  F u n c t i o n  of Time, f o r  
Two OGO-IV P a s s a g e s .  



P l a s m a  F r e q u e n c y  (MHz 1 

Figure 2. 

Beam width for the center frequency and passband edges 
for the 2.5 MHz radiometer, as a function of plasma 
frequency. 
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Figure 3, 

Beam width for the center frequency and passband edges for 
the 2.5 MHz radiometer, as a function of plasma frequency. 
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Plasma F r e q u e n c y  ( M H z )  

F i g u r e  4. 

Beam wid th  f o r  t h e  c e n t e r  f requency and passband edges f o r  t h e  
2 . 5  MHz  r a d i o m e t e r ,  as a  f u n c t i o n  of  plasma f requency .  
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F i g u r e  5 .  B l o c k  Diagram of t h e  Exper iment  Package.  
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F i g u r e  7 .  Measured Antenna Impedance a s  a Func t ion  
of T i m e .  

The p o i n t s  l a b e l e d  1, 2 ,  and 3 a r e  t h e  f i r s t ,  second,  
and t h i r d  s i g n  changes i n  t h e  r e a c t i v e  component, re- 
s p e c t i v e l y .  



Figure 8. Smith Chart - Trajectory of Antenna Impedance for 

a Typical OGO-IV Orbit. 

The points labeled 1, 2, and 3 are the first, second, and 
third sign changes in the reactive component, respectively. 



APPENDIX A 

ILLUSTRATIVE SAMPLES OF DATA 

Experiment d a t a  f o r  two t y p i c a l  "good" p a s s a g e s  

through t h e  i o n o s p h e r e  a r e  p r e s e n t e d  a s  i l l u s t r a t i v e  

examples.  "Good" p a s s a g e s  a r e  t h o s e  f o r  which t h e r e  

i s  no ev idence  o f  s i g n i f i c a n t  t e l e m e t r y  e r r o r s ,  no 

ev idence  of  unusua l  i n t e r f e r e n c e  t o  t h e  r a d i o m e t e r  

c h a n n e l s ,  and no ev idence  of  s m a l l - s c a l e  i r r e g u l a r i t i e s  

i n  t h e  i o n o s p h e r e ,  a s  evidenced by i r r e g u l a r i t i e s  i n  t h e  

an tenna  impedance c h a n n e l s .  

The two i n t e r v a l s  a r e  d e s i g n a t e d  G I  3 ,  where p a s s a g e  

th rough  t h e  f o c u s s i n g r e g i o n  o c c u r r e d  abou t  0608 UT,  August 

5 ,  1967,  and G I  8  a t  a b o u t  1859 UT, August 1 5 ,  1967. 

The obse rved  d a t a  which a r e  p a o t t e d  h e r e  i n c l u d e  

t h e  d a t a  from t h e  two r a d i o m e t e r  channe l s  a t  2 .0 and 2 . 5  MHz 

r e s p e c t i v e l y ,  reduced t o  u n i t s  of mean s q u a r e  n o i s e  v o l t a g e  

a t  t h e  r a d i o m e t e r  i n p u t ,  and t h e  r e s i s t i v e  and r e a c t i v e  

components o f  an tenna  impedance, reduced t o  u n i t s  of ohms. 

The geo-magnetic and geograph ic  l a t i t u d e s  o f  t h e  s u b - s a t e l l i t e  

p o i n t  a r e  a l s o  p l o t t e d .  

From t h e s e  observed d a t a  and from t h e  magnitude o f  t h e  

ambient  magne t i c  f i e l d  g i v e n  i n  t h e  a t t i t u d e - o r b i t  t a p e ,  

t h e  approximate  plasma f requency  and t h e  i o n o s p h e r i c  

p a r a m e t e r s  X = ( f  / f j a 2  and Y = f / f  a r e  computed and p l o t t e d .  
P  

The s c a l e s  f o r  X ,  Y ,  and y 2  a r e  s o  chosen t h a t  t h e  p o i n t s  
2 X = 1 - Y ,  X = 1 - Y  , X = 1, and X = 1 + Y a r e  a l l  r e a d i l y  

i d e n t i f i a b l e .  

I n  t h i s  example,  a c rude  method h a s  been used  t o  deduce 

t h e  plasma f r e q u e n c y ,  f , from t h e  observed d a t a .  The p o i n t  
P  

i n  t i m e  where t h e  an tenna  reacts-nce changes from c a p a c i t i v e  



2 
(nega t ive )  t o  i n d u c t i v e  ( p o s i t i v e )  i s  t h e  p o i n t  where X = 1 - Y . 
Knowing Y ,  we may compute X and f a t  t h i s  p o i n t .  Thus w e  

P 
have one r e l i a b l e  p o i n t  on t h e  curve f ( t ) .  The p o i n t  i n  

P 
t ime where t h e  E-mode propaga t ion  d i sappea r s  corresponds t o  

X = 1 - Y .  I f  w e  i d e n t i f y  t h e  E-mode d i sappearance  i n  each 

of t h e  radiometer  channe ls ,  we could determine two more 

p o i n t s  on t h e  f ( t )  curve.  Unfor tuna te ly ,  t h e  E-mode d i s -  
P 

appearance p o i n t s  a r e  no t  r e a d i l y  i d e n t i f i a b l e  i n  t h e  

radiometer d a t a .  But i f  we a r b i t r a r i l y  choose a p o i n t  

somewhere on t h e  s l o p e  of  t h e  2 . 5  MHz rad iometer  curve ,  and 

t h e  corresponding p o i n t  on t h e  2 . 0  MHz radiometer  curve ,  

we can perhaps o b t a i n  a reasonably good approximation t o  t h e  

s l o p e  of t h e  f (t) curve .  We then  draw a l i n e  through t h e  
P 

one r e l i a b l e  p o i n t ,  u s ing  t h e  s l o p e  determining from t h e  

two u n r e l i a b l e ,  b u t  hopefu l ly  c o n s i s t e n t ,  p o i n t s .  F igures  

A-2 and A-4 i l l u s t r a t e  t h i s  ope ra t ion .  Here, t h e  one 

r e l i a b l e  p o i n t ,  determined from t h e  2 . 5  MHz impedance channe l ,  

i s  p l o t t e d  as  a c i r c l e d  c r o s s ,  and the  two E-mode disappearance 

p o i n t s  a r e  p l o t t e d  a s  p l a i n  c r o s s e s .  A s t r a i g h t  l i n e  has 

been assumed f o r  f ( t ) ,  though perhaps an exponent ia l  would 
P 

be p r e f e r r e d .  I n  any e v e n t ,  i t  i s  n o t  s a f e  t o  e x t r a p o l a t e  

very f a r  from t h e  one r e l i a b l e  p o i n t .  



Radiometer  

2.5  MHz Radiometer 

0.01 

e2 

w o  -5) 

0 .oo 

Region at 

0 hms 

0 

2.5 MHz I 1 2 1 3 1 4 1  

2 . 5  MHz Antenna Impedance 

Figure A-1. Observed Data for OGO-IV Passage GI 3, 0608 UT, 
Aug 5, 1967. 
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Figure A-2. Deduced Ionospheric Parameters for OGO-IV 
Passage GI 3, 0608 UT, Aug 5 ,  1967. 
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F i g u r e  A-3 .  Observed Data for OGO-PV Passage  G I  8 ,  
1 8 5 8  U T ,  Aug 1 5 ,  1 9 6 7 .  
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F i g u r e  A-4 .  Deduced I o n o s p h e r i c  Pa ramete r s  f o r  OGO-IV 
Passage  G I  8 ,  1858  UT, Aug 1 5 ,  1 9 6 7 .  



APPENDIX B 

FORMAT FOR PROCESSED DATA TAPES 

The o u t p u t  from t h e  P a r t  2 program i s  s t o r e d  i n  b i n a r y  

form on magnetic t a p e .  The r eco rds  con ta in  bo th  i n t e g e r s  

and f l o a t i n g  p o i n t  numbers of t h e  fol lowing form: 

INTEGER - one 2 4  b i t  word 

FLOATING P O I N T  - two 2 4  b i t  words, m and m + l ,  where 

word m: b i t s  0 - 1 4 :  low o r d e r  b i t s  of t h e  f r a c t i o n  

b i t  15: s i g n  of t h e  exponent 

b i t  16 - 23: exponent. 

word m + l :  b i t  0 :  s i g n  of  t h e  f r a c t i o n  

b i t s  1 - 23: h igh  o rde r  b i t s  of t h e  
f r a c t i o n  

The ou tpu t  t a p e s  a r e  w r i t t e n  by a FORTRAN I1 c a l l i n g  program 

on an SDS 930 computer. 

Each f i l e  o f  d a t a  con ta ins  i d e n t i f y i n g  in format ion  as 

w e l l  a s  experiment words from t h e  POGO radiometer  and impedance 

channels .  Approximately twenty minutes of d a t a  i s  conta ined  

i n  each f i l e .  The records  w i t h i n  a f i l e  w i l l  now be desc r ibed .  

Record 1 - s i x  i n t e g e r s ;  

word 1 - s a t e l l i t e  I D ;  = 2 f o r  O G O - 1 1 ,  and = 4 f o r  OGO-IV 

word 2 - s t a t i o n  number 

word 3 - UM/RAO inpu t  t a p e  number 

word 4 - year  '1 
word 5 - month i of t h e  d a t a  which fol lows 

word 6 - day 1 



Record 2 - The l a b e l  r eco rd  from t h e  Goddard Space F l i g h t  

Center  (GSFC) d a t a  t a p e s  which c o n t a i n  120 6 - b i t  

BCD c h a r a c t e r s  i n  t h e  format shown below (even 

p a r i t y )  . 
Record 3 - 128 t i m e  words expressed a s  seconds of  t h e  ', 

day (TIMEi) 

Record 4 - 128 va lues  of  RA (Mi) 

Record 5 - 128 va lues  of  XA (XAi) 

a l l  f l o a t i n g  

p o i n t  words 

2 Record 6 - 128 va lues  of VL f o r  2.0 MHz (V2L20i) I 
Record 7 - 128 va lues  of V: f o r  2.5 MHz (V2L25i) 1 

The word TIMEl i s  t h e  t ime a s s o c i a t e d  wi th  MI, 

Record 8-end - r e p e a t s  r eco rds  3-7 f o r  each 31.232 seconds o f  

t i m e  u n t i l  t h e  end of  t h e  s e l e c t e d  i n t e r v a l .  

A f i l e  mark ends t h e  d a t a  f o r  one s e l e c t e d  i n t e r v a l .  



Label (ID) Record f o r  5-56, Master Binary Tape 

and A 1 1  Experimenters Decom Tapes 

The f i r s t  r eco rd  pe r  f i l e  i s  c a l l e d  t h e  Label  Record. 

I t  s e r v e s  a s  a  means t o  i d e n t i f y  t h e  d a t a  conta ined  on t h a t  

f i l e  of which it i s  a  p a r t .  Each record  w i l l  c o n t a i n  120 

s i x - b i t  c h a r a c t e r s  i n  a  form s u i t a b l e  f o r  d i r e c t  p r i n t i n g .  

The format of t h e  Label Record i s  a s  fo l lows:  

1 - 5  + Space S a t e l l i t e  I d e n t i f i c a t i o n  (ass igned  a f t e r  
launch)  
Example: 65021 
where: 65 = yea r  of  launch 

02 = Beta 
1 = o b j e c t  

- -- - 

7  - 8 + Space Year 

1 0  - 12 + Space S t a t i o n  Number 
Example 001 = Blossom P o i n t  

020 = Rosman 

1 4  - 15 + Space Analog F i l e  Number 

17 - 20 + Space Analog Tape Number 

- - - 

2 2  - 23 + Space Buffe r  F i l e  Number 

25 - 2 8  + Space Buffe r  Tape Number 
- - -  

30 - 32 + Space Date of d a t a  d i g i t i z a t i o n  (day o f  y e a r )  



CHAMCTER REPRESENTATION 

W i l l  be  i d e n t i c a l  t o  c h a r a c t e r s  1 - 3 3  u n l e s s  
an  e r r o r  was found i n  t h o s e  c h a r a c t e r s .  I f  
t h a t  i s  t h e  c a s e ,  t hen  t h i s  p o r t i o n  of  t h e  
r eco rd  w i l l  c o n t a i n  t h e  c o r r e c t e d  v a l u e s  o f  
t h a t  f i e l d .  

67  C Space Type of  d a t a  con ta ined  i n  f i l e  
0 = 4 k i l o b i t  r e a l  t i m e  
1 = 1 6  k i l o b i t  r e a l  t i m e  
2 = 6 4  k i l o b i t  r e a l  t i m e  
3 = command s t o r a g e  playback 

- - - 

69 - 7 1  i- Space 

73 - 77 + Space 

Day of  y e a r .  

Seconds o f  day 
s t a r t  t i m e  of  d a t a  

79 + Space Is F l e x i b l e  Format i n  use?  1 = y e s  
0 = no 

81 - 8 2  F l k x i b l e  Format Number 

83 - 88 Blank 
- 

89 + Space Equipment Group i n  u s e  (1 o r  2 )  

9 1  - 94 i- Space Master  Binary  Tape Number 

96 - 9 7  + Space Master  Binary  F i l e  Number 
- - -  

9 9  - 100 + Space A/D l i n e  o p e r a t o r  I D  

Blank 

1 1 4  - 11.5 R e e l  Sequence Number 

Run Number 
- 
1 1 9  - 1 2 0  Experiment Number 



APPENDIX C 

DESCRIPTION OF DATA FACILITY 

The d a t a  f a c i l i t y  of t h e  Univers i ty  of Michigan Radio 

Astronomy Observatory c o n s i s t s  of an SDS-930 computer, and a  

s p e c i a l  bu f f e r -d i sp l ay  system, designed and b u i l t  by t h e  s t a f f .  

Software i s  based upon t h e  SDS MONARCH system, supplemented 

by l o c a l l y  w r i t t e n  sub rou t ines  f o r  handl ing t h e  s p e c i a l  equip- 

ment. 

The computer has a  c o r e  memory capac i ty  of e i g h t  thousand 

words, of  twenty-four b i t s  each ,  backed up by a  d i s c  of 

250,000 words. I t  is  provided wi th  a  r e a l  t ime c lock ,  s i x t e e n  

p r i o r i t y  i n t e r r u p t s ,  twenty-four s p e c i a l  ou tpu t  l i n e s  ( s e t  

l i n e s ) ,  s e t a b l e  by program, and twenty-four s p e c i a l  i n p u t  l i n e s  

( s ense  l i n e s ) ,  whose s t a t e  can be  sensed by t h e  program. The 

1 / 0  dev ices  on t h e  computer a r e  a  t e l e t y p e ,  ca rd  r e a d e r ,  high- 

speed l i n e  p r i n t e r ,  and two seven-track magnetic u n i t s .  

The s p e c i a l  bu f f e r -d i sp l ay  system, designed and b u i l t  

by RAO personne l ,  inc ludes  a  b u f f e r  co re  memory of  fou r  thousand 

words of t h i r t y - s i x  b i t s  each ,  c o n t r o l l e d  by a  stored-program 

1 / 0  channel .  1/0 dev ices  p r e s e n t l y  connected t o  t h e  b u f f e r -  
\ 

d i s p l a y  system inc lude  a  d i rec t -v iew CRT d i s p l a y ,  a  photo- 

g raph ic  CRT d i s p l a y  w i t h  an automatic 35mm camera, an i n c r e -  

mental  p l o t t e r ,  an i n p u t  keyboard, an analog- to-digi  t a l  con- 

v e r t e r ,  and a  magnetic t a p e  u n i t .  The 1 / 0  channel  of  t h e  

bu f f e r -d i sp l ay  system can t r a n s f e r  d a t a  between t h e  b u f f e r  

c o r e  and t h e  computer, a s  w e l l  a s  between t h e  b u f f e r  c o r e  and 

i t s  own 1 / 0  d e v i c e s ,  s o  t h e  system can be used e i t h e r  i n  an 

on - l i ne  o r  o f f - l i n e  mode. 



A " u s e r ' s  conso le , "  a s s o c i a t e d  wi th  t h e  d i s p l a y  u n i t ,  

pe rmi t s  t h e  u s e r  t o  eornmunieate c o n t r o l  d e c i s i o n s  back t o  

t h e  computer. Thus t h e  system provides  f o r  complete i n t e r -  

a c t i o n  between t h e  u s e r  and t h e  computer, v i a  t h e  d i s p l a y  and 

u s e r ' s  console .  

S p e c i a l  so f tware ,  w r i t t e n  by t h e  UM/RAO s t a f f ,  permi t s  

t h e  e n t i r e  system t o  be used by t h e  FORTRAN programmer. 

L ibra ry  sub rou t ines  provide f o r  g raphic  o u t p u t  on t h e  d i r e c t  

view CRT, t h e  photographic  CRT, and t h e  incrementa l  p l o t t e r .  

Other sub rou t ines  permit  t h e  program t o  r e a c t  t o  t h e  push- 

bu t tons ,  sw i t ches ,  and t h e  " j o y s t i c k "  c o n t r o l  on t h e  u s e r ' s  

console .  

Two s p e c i a l  o f f - l i n e  d a t a  f a c i l i t i e s  designed and b u i l t  

by t h e  UM/RAO s t a f f  a r e  t h e  d a t a  logger  and t h e  tape- to- f i lm 

conve r t e r .  The d a t a  logger  i nc ludes  a  f o u r t e e n - b i t  analog-to- 

d i g i t a l  conve r t e r  and a  s i x t e e n  channel  mu l t i p l exe r .  I ts  

func t ion  i s  t o  conver t  analog v o l t a g e  s i g n a l s  t o  d i g i t a l  form, 

and record  them on computer-compatible magnetic t a p e .  The 

tape-to-fklm conve r t e r  inc ludes  a  smal l  CRT d i s p l a y  and a  35mm 

camera. I ts  f u n c t i o n  i s  t o  accep t  d a t a  on d i g i t a l  magnetic 

t a p e ,  and t o  gene ra t e  in tensi ty-modulated p l o t s  on f i l m .  Both 

of t h e s e  u n i t s  a r e  i n  t h e  process  of being absorbed i n t o  t h e  

main d a t a  system. 
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