IONOSPHERIC FOCUSSING
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REsumE. -— Une antenne placée dans Usonosphére ne peut recevoir de rayonnement extraterrestre qu’al’ intérieur d’un
cone déterminé. On résume bricvement les calculs théoriques utilisant des modéles tonosphériques variés qui donnent
les dimensions et la forme du céne et U'intensité du signal re¢u dans le cas d’un ciel uniformément brillant et d’une
source ponctuelle unique. On discute I’approvimation de I’optique géométrique, ainsi que Ueffet de la courbure de la

Terre et du champ magnétique terrestre.

ABSTRACT. — A radio antenna within the ionosphere can receive extraterresirial radiation incident only within a limited
cone of directions. A brief review is presented of the theoretical calculations, using various models, of the size and
shape of the cone, and the magnitude of the received signal, both from a uniformly bright sky and from a single point
source. The approximations of ray theory are discussed and the effects of the curvature of the earth and the inclusion

of the terrestial magnetic field are mentioned.

Pestome. — AHTeHHA IOMemEHHaA B HOHOCHEpY MOMeT I0JYYaTh BHE3EMHOC HBJIYYEHHE JHOIb BHYTPH
OTpeJeNeRHOT0 KoHyca. JaHa KpaTkad CBOLKA TEOPETHYECKUX BBIUMCIEHMH, MCIOJL3VIOMHX Pasiu-
IHBIE MOJENH HOHOC(epHl, faloloue pa3Mephl B OPMY KOHYCA M MHTEHCHBHOCThL CHTHAJA, IOJIYYEHHOTO
B clyyae paBHOMEPHO 0JeCTAMEro He0a M eJHHCTBEHHOTO TOUEYHOTO MCTOUHMKA. OOCYHIeH0 IPHOIH-
KCHHC TeOMeTPHYECKo# ONTHEM, KaX M H(P@PeKT KPHBHBHBL 3eMIAM H 3EMIIOTO MATHHTIOTO IOJA.

1. INTRODUCTION.

In recent years considerable interest has been
shown in the possibilities of extending radio-
astronomical observations to lower frequencies by
using a satellite or rocket borne receiver, above the
level of the maximum electron density in the
ionosphere. In this way measurements can be
extended to frequencies of the order of 1-5 MHz
which do not normally penetrate to the surface
of the earth. A useful value of the spectral index
of the radiation at these frequencies can be found
from measurements of the average brightness of
the whole sky. If some angular resolution can be
obtained, it is then possible to study individual
features of the radio emission [1]. Several me-
thods have been suggested for using the refracting
properties of the ionosphere to obtain directivity
(for example, the use of the Z mode proposed by
Errrs [2]). The simplest method uses the pro-
perty that, for radio waves, the refractive index of
the ionosphere is nearly always less than unity, so
that rays incident only within a limited cone can
reach a receiver. The object of this paper is to
give a brief review of this method.

The radioastronomer needs to know the overall
polar diagram of his aerial system, that is the com-

https://doi.org/10.1017/5S0074180900179835 Published online by Cambridge University Press

bined effect of the ionosphere and the antenna.
It can be assumed that the output of the receiver
can be related to the electric or magnetic fields
within the ionosphere, and this paper describes
the calculations relating these to the intensity of
the incoming radiation, for various ionospheric
models.

If the cone angle is small, the sky radiation may
be taken as uniform over the cone and the fields
produced under such conditions can be calculated
on thermodynamic grounds, as well as by integra-
tion of the fields of a single ray over all incident
ray directions. In Sections 2 and 3 the ionosphere
is assumed to be isotropic and horizontally stra-
tified. Section 2 reviews the ray theory treatment
and Section 3 the ¢ full wave ” analysis. Sec-
tion 4 discusses the effects of the receiver band-
width on observations using the focussing effect.
The complications introduced by the inclusion of
the curvature of the earth are reviewed in Section 5,
and some of the effects introduced by the terres-
trial magnetic field are mentioned in Section 6.

2. HORIZONTALLY
STRATIFIED ISOTROPIC IONOSPHERE.

If we assume for the moment that the iono-
sphere is a homogeneous, isotropic, horizontally
stratified medium whose refractive index decreases
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monotonically from a value n, at the receiver to
unity at great distances, then a ray incident on the
ionosphere at an inclination 6 to the vertical is
refracted so that it has an inclination ¢ at the
satellite given by Snell’s Law

(N n, sin ¢ = sin 6.

For a given 6 two ray paths to the receiver are
possible, one direct and the other reflected below
the level of the satellite. As 6 increases the two
rays become closer together until for a value of
0, 0, given by sin 6, = n,, the rays are both hori-
zontal at the receiver. Rays incident at angles
> 0, cannot reach the receiver, and hence a natu-
ral mechanism for producing directivity exists ;
moreover it will be shown below that the rays inci-
dent near the edge of the cone 6 = 6, produce a
large signal in the ionosphere, the so called * edge
focussing effect ’. The fields are easily found by
noting that, for the W. K. B. solutions of the equa-
tions for wave propagation in the ioncsphere, the
vertical component of the Poynting Flux is a cons-
tant, if the medium is loss free [3]. In a medium
of refractive index = this flux is proportional to
n'E|2 where E is the electric field of the wave, so
that

(2) n|B|% cos ¢ = |Ey|? cos 0,

E, being the electric field of the incident wave.
Using (1) the ¢ effective polar diagram >’ P(J)

can be written

|E]? cos 0
A ———

An important point is that no electron density
profile need be specified, a result which is not true
if the earth’s curvature is included.

According tc (3) the electric field is infinite for
sin 0 = m,, but this is only a result of the failure
of the W. K. B. approximation. The exact full
wave treatment is discussed in the next section.
For the integrated fields prcduced by a uniformly
bright sky the ratio of the values of |E|2 within the
ionosphere and in the free space outside the earth is

o,
/ P(0) sin 0d0
0

72 cos Bsin 6  df
= / 5 5 dy = n,,
o (n—sinZ 0P dy

which agrees with the known result that the ther-
mal equilibrium radiation in a medium is propor-
tional to the refractive index.
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3. ISOTROPIC IONOSPHERE,
FuLL WAVE TREATMENT.

BUDDEN [4] has shown that if the electron den-
sity can be assumed to vary linearly with height
in the region of the satellite, then the electroma-
gnetic fields are given by Airy functions or their
derivatives. TFor example the electric field per-
pendicular to the plane of incidence is propor-
tional to

Arf (ng — +in2 0) (Ko)*/3 ),

where k is the free space wave number and « is
a measure of the electron density gradient defined
by n? = n} + «z. This shows that although the
signal islarge when 6 ~ 6, it remains finite, and also
that a small signal can reach the receiver for
angles > 6. The full wave analysis also shows
that interference effects occur between the direct
ray and the reflected ray so that the signal as a
function of 6 shows oscillations or fringes, the
envelope being given approximately by (3).

4. THE EFFECT OF THE BANDWIDTH
OF THE RECEIVER

The refractive index of the ionosphere is given by

= 1 — fE/f? where fx is the plasma frequency
and this may be a rapidly varying function of the
observing frequency f. All the previous results
apply only at a single frequency, whereas the out-
put of the receiver depends on the sum of the
fields at frequencies within the bandpass of the
receiver. Fcr the mcdel of Section 2 the modified
polar diagram is

/PO, 1 ah dr.

where g(f) is the shape of the receiver bandpass.
If we take g(f) = 1 for

[f—fo| < Ao
and g(f) = 0, otherwise, this is

/fo+A/n l) 0 d
WARRY.NA (0.1) df.

It is easily shown that the infinity in the received
signal is removed, the maximum signal still

1 —1/2
occurring for 6 ~ 6, but having value ~ (é A)

typically ~ 10.
The bandwidth effect will also tend to blur the
fringes described in 3. If the path difference
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between the direct and reflected rays varies by a
wavelength over the bandwidth of the receiver the
fringe system will vanish. This can be showa to

occur if — ~ 1.
&

5. EFFECTS OF THE EARTH’S CURVATURE.

As would be expected the general features of the
problem are not changed by the introduction of
this complication. The direct and reflected rays
now no longer reach the satellite at supplementary
angles, the extreme ray at the cone edge is not
horizontal at the satellite, and the polar diagram
now depends on the electron density profile.

Some calculations of the fields are given by
HASELGROVE et al. [56] for an experimentally
observed profile.

The full wave analysis has beeun discussed by
BuppEN [4] and further mathematical techniques
and numerical calculations for an expouential
profile are being studied.

The integrated fields from a uniformly bright
sky must, by thermodynamic reasoning, be the
same as for a flat earth.

6. E¥FECTS OF THE EARTH'S MAGNETIC FIELD.

The terrestrial magnetic field renders the iono-
sphere anisotropic and greatly complicates the
problem. Firstly the ray entering the ionosphere
is split into ordinary and extraordinary rays which
are reflected at different heights. Secondly, the
system no longer has rotational symmetry about
the vertical, and so the incident ray direction must
be specified by two parameters (0, ¢), % being the
azimuth. It can be shown however that the fields
produced by incident rays symmetric with respect
to the magnetic meridian plane are the same, as
also is the sum of the fields of the direct and reflec-

ted rays arising from rays symmetric about a plane
perpendicular to the magnetic meridian. It is
easily shown moreover that the inclination of the
extreme ordinary ray incident perpendicular to
the magnetic meridian is the same as in an isotro-
pic medium and that for incidence in the magnetic
meridian the inclination is greater.

In an isotropic medium the direction of the elec-
tric and magnetic vectors bears a simple relation
to the ray direction. If a magnetic field is pre-
sent however it is necessary to calculate three
components of the field vectors, as a function of
incident ray direction. Papaciannis and Hu-
GUENIN [6] have calculated the total intensity of
the radiation in W H;' Sterad—! on the assump-
tioun that the refractive index surfaces can be ap-
proximated by ellipsoids of revolution, which
enables the general behaviour to be discussed.

Considerably more is known about the integrated
fields ; BupprN and HuecirL [7] showed how the
field components vary with ionospheric para-
meters. Considerable deviations from the results
for an isotcopic medium occur.

7. CONCLUSION.

This paper has reviewed the applications and
limitations of ionospheric focussing in radioastro-
nomical observations. The behaviour of the iono-
sphere in a practical experiment will be much more
complex than in any of the models described here,
but although complications such as ionospheric
irregularities and absorption have been entirely
ignored the general features of the behaviour would
be unlikely to be greatly changed.

The author is indebted to Prof. F. G. SmiTH for
helpful discussion of the problem and to the
Department of Scientific and Industrial Research
for a maintenance graunt.

Manuscrit recu le 20 aoidt 1964,
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Discussion

R. C. JeNIssoN. — The information which we have
been given makes me more convinced that the tech-
nique of earth occultation is much to be preferred to
narrow angle focussing. It requires a satellite in a
distant orbit but lends itself to simple electronic
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techniques (e. g. frequency switching) for the removal
of the background. I shall be very interested to hear
if Prof. HADDOCK or Dr. STeINBERG have considered
using this technique in future vehicles.


https://doi.org/10.1017/S0074180900179835



