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UPPER ATMOSPHERE AND SPACE EXPLORATION WITH
’ ARTIFICIAL SATELLITES

by ProrFEssor S. K. Mirra, F.N.I.,, F.R.S., President, National Institule
: of Sciences of India

I propose in my address to give a brief account of the progress that has been
made in our knowledge of the high regions of the atmosphere and of the space
beyond—hundreds and thousands of kilometres above the surface of the earth—with
the help of artificial satellites. T have chosen this subject, because for many years
the upper atmosphere has been my particular field of study, and it has been the
general practice for the President of the Institute to speak at the Anniversary meeting
on a subject in which he is specially interested.

The launching of the artificial satellites had, perhaps, been the most spectacular
item of the programme of the International Geophysical Year (st July, 1957, to
31st December, 1958). The first satellite Sputnik I was put into orbit round the earth
by the Russians on October 4, 1957 ; the latest, Discoverer VIII, has been launched by
the Americans on November 20, 1959. 1In between, there have been 12 other satellite
launchings. Of these five have crashed back to earth and nine (together with the
lannching rockets of some) are still in their orbits (see Table I). Besides, there had
been near-successful or successful launchings of lunar rockets. Of these two missed
the moon and have become instead man-made planets of the sun, two had reached
about one-third the distance to the moon, one has hit the moon and one has
orbited round it taking photograph of its unobserved face.

To many, the actual launching, putting a terrestrial object into an orbit round the
earth as a satellite, had been an end in itself satisfying the adventurous spirit of man.
To them further launchings since that of Sputnik I are of little interest. To others,
successful overcoming of gravity has been of special appeal as this is the first step
towards manned flight into space. To the man of science, however, the satellite
programme is of the profoundest interest for other reasons, Man’s vision of the sky
had hitherto been restricted by the screening effect of the atmosphere. He could use
only two narrow windows in the wide range of electromagnetic waves, one corres-
ponding tolight and another toradio. Now with an instrumented satellite stationed
above the dense atmosphere he is having a greatly increased view of the denizens of
heavens. The satellite programme is also supplying for the first time reliable data of
the physical conditions of the hitherto inaccessible remote regions of the atmosphere
and outer space, is helping in gaining new knowledge in the field of atomic physics
and will undoubtedly benefit two important applied sciences, Radio Communication
and Meteorology. Further, in no distant future, it will provide firm answer to the
question : Is there life in any of the planets? And, finally as has been proved
again and again in the field of pure researches, the satellite programme may yield,
in the long run, unexpected practical dividends.

The success of the satellite programme of upper atmosphere and space explora-
tion has been due to successful developments in instrumentation and remote control
techniques, as witnessed by the photography and transmission of the photograph line
by line by the instruments of Lunik III. The nose-cone of the satellite (or the

* At the Anniversary General Meeting:éf the National Institute of Sciences of India in
Bombay on January 2, 1960.
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TasLE 1

Earth-satellites in orbit

. . Launching date and . Perigee Apogee
Designation life Weight (kg.) | 1 eight (km.) height (km.)
Explorer I 1 February, 1958 14-0 304 1,937
4 years 21 March, 1959
Vanguard I} 17 March, 1958 1-5 568 3,428
100 years (?) 12 March, 1959
Sputnik II1| 15 May, 1958 1,346-4 190 1,214
19 months 2 March, 1959
Explorer IV 26 July, 1958 17-5 222 1,296
13 months (?) 21 March, 1959
Vanguard II| 17 February, 1959 9-8 485 2,282
50 years
Explorer VI 7 August, 1959 64-5 225 37,000
Explorer VII| 13 October, 1959 41-6

Discoverer VII

Discoverer VIII

7 November, 1959
20 November, 1959

Note:—The list exeludes the carrier rockets of some of the satellites which are still in orbit and
are also to be regarded as earth-satellites.

TasLe 1T

Moon rockets

Designation

Launching date

Remarks

Pioneer I
Pioneer III

Lunik 1
Pioneer IV
Lunik 11
Lunik III

11 October, 1958
6 December, 1958

2 January, 1959
3 March, 1959
13 September, 1959

3 October, 1959

Reached 114,100 km.,

Reached 108,700 km. Transmitted during
flight radiation belt data.

Passed the moon at 6,400 km. distance; is
an artificial planet of the sun.

Artificial planet of the sun.

Hit the moon. Transmitted during flight
magnetic field, cosmic rays, miero-
meteorite and interplanetary gas data.

Passed round the moon taking photograph
of its far side and transmitting the same
to earth.

rocket) is, in fact, a space laboratory. It is amazing how the variety of instruments
and apparatus, all working automatically and subject to vibrations, accelerations,
heating and extremes of low pressure have been ‘miniaturized’ within the strict limits

of weight and space available.

A list of some of the instruments and apparatus,

as ordinarily carried, is as follows: Temperature and pressure gauges, magnetometer
for measuring the intensity of the terrestrial magnetic field, Geiger counters for
cosmic rays, instruments for registering photons in the same, photo-multipliers for

IB
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solar corpuscular radiation, ion traps for ionization measurements, devices to register
micrometeors, mass spectrometer for determining the nature of atmospheric ions,
and time programming and temperature regulating devices. The satellites also carry
radio transmitters with telemetering systems for sending the data recorded by the
instruments to the ground observing stations. The signals from the transmitters
also enable the stations to keep track of the satellite. A major problem has been
that of the batteries, sufficiently light and compact, which would supply power for a
long time to the transmitters and to the various recording instruments. This has
largely been solved by the development of special type of solar cells which are conti-
nually charged by solar energy. It has also been reported that small light-weight
atomic reactor, weighing no more than 220 lb., fuelled with enriched uranium may
soon be available for providing power to the satellite instruments and transmitters. -

DENSITY AND TEMPERATURE DISTRIBUTION
IN THE UPPER ATMOSPHERE

Density distribution is generally computed from the orbital data of the satellite.
The orbit of the satellite, even in its very early days, is not fixed (relatively to the
earth) but changes continnally. This is due firstly to the atmospheric drag effect
(specially at its perigee when it passes through the comparatively dense atmosphere)
and secondly to the irregular gravitational pull of the earth, the nature of which
differs significantly from the ideal central pull of a spherical earth. Fortunately,
the two effects can be separated. Hence, it is possible, on the one hand, to estimate
the density of the atmosphere in the region of the drag, and, on the other, to determine
accurately the distribution of the gravitational field of the earth. The results, as
deduced by the processing of the drag effect from the satellite tracking data, all
show that the density of the atmosphere in the highest regions studied—two hundred
kilometres and above——is more than one order higher than that of the various model
atmospheres proposed from time to time. Further, close analysis of the secular
variation of the drag shows that the variations are not smooth as they ought to
be if the atmospheric density distribution remained constant in time. They are
sometimes irregular and the irregularities are related to the occurrence of solar distur-
bances. The most conspicuous of the irregularities is the sudden increase in the
drag effect associated with solar flares (Jacchia, 1959). The interesting thing
about the increase is that it occurs not at the time of the flare, but about 24
hours later. This shows that the drag increase is caused by increased density
due to heating by absorption of solar corpuscular emissions which take about the
same time to reach the earth. Besides association with flares, association between
smaller irregularities in the drag effect and the variations in intensity of magnetic
disturbances (geomagnetic planetary indices Kp) has also been reported (Jacchia,
1959). There is close resemblance between the two variation curves even in details.
And, since the geomagnetic disturbance is known to be associated with solar
corpuscular emission, this again shows that the upper atmosphere density is
affected by heating due to absorption of such emissions. Finally, the drag effect
variations also generally confirm the results obtained with high altitude rockets
regarding diurnal, seasonal and latitudinal variations of the upper atmosphere
density (Groves, 1958; King-Hele and Walker, 1959).

It may be noted that the result of high density in the highest atmospheric regions
referred to above is not quite unexpected. It confirms the assumption of a rising
temperature in these regions as has always been made in constructing atmospheric
models, In Table IV are given the densities and temperatures at some selected
heights of such a model constructed some years ago on certain assumptions (Mitra,
1952). These may be compared with the corresponding figures in the model shown
in Table ITI proposed recently by A. P. Mitra and S. B. Mathur (1959) from
high altitude rocket and satellite data. In both the models there is significant
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TaBLE II1
A model upper atmosphere based on high altitude rocket and satellite data

Height Density Prossure Temperature
(km,) (gm./em 3) (mm. of Hg) (°K.)
800 6-00 x 10 -17 4-81 x 10-10 2068
500 1-54 x 10-18 9-46 x 10-9 1591
300 4-97 x 10-14 1-85 x 10-7 1023
130 274 x 10-13 346 x 10-5 462

density even at 800 km. height. It will presently be seen that ionospheric studies
with satellites and by other methods indicate that the atmosphere extends to much
greater heights and merges with the interstellar gas at a distance of several tens of
earth-radii.

TarrLe IV

An older model

Height Density Pressure Temperature
(km.) (gm. jem.3) (mm, of Hg) (°K).
800 367 x 10-17 213 x 10-10 3040
500 7:00 x 10-16 2:25 x 10-¢ 1840
300 2:11 x 10-34 3-83 x 10-8 1040
110 4-98 x 10-10 2-70 x 10-4 270
100 174 x 10-9 1-00 x 10-3 240

TOoNOSPHERE

The ionosphere produces a number of effects on the radio signals transmitted
through it from a fast-moving satellite. Careful measurements of these effects, com-
bined with the positional data of the satellite, enable one to estimate the electron
concentration in the ionosphere at great heights. These measurements are of con-
siderable importance, because ionospheric observations as carried out with the
transmitter located on the ground cannot give any information of electron concen.-
tration in regions above the level of maximum ionization of the F2 layer, that is,
above about 300 km. Measurements as made till now with satellite signals all show
that the electron concentration above this height decreases much more slowly than
hitherto supposed. For the region between 300 km. and 500 km. the satellite results
confirm the earlier results obtained with high flying rockets. The ionospheric effects
on satellite radio signals as have been recorded and analysed are: Faraday fading
effect, Doppler effect and refraction effects.

Faraday fading effect.—The ionosphere, so far as the propagation of radio waves
is concerned, acts as a doubly refracting medium due to the influence of the earth’s
magnetic field. At any level there are two characteristic waves (magneto-ionic
splitting) generally elliptically polarized. The plane of polarization of a plane
polarized wave is rotated as it travels through the ionosphere, and the amount of
rotation, as observed at the receiving station, alters as the satellite changes its
position (Faraday rotation). There is thus fading of the signal on a linearly polarized
aerial, its rate depending on the rate of change of the difference in phase between the
two characteristic waves (Faraday fading). Since this latter rate depends on the
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electron content of the path in the length between the satellite and the receiving
station, it is possible to compute the amount from an analysis of the records of
Faraday fading (Berning, 1959). Estimates have been made by this method by
observation of Sputnik I signals (Aitchison, Thomson and Weekes, 1959). The
results show that at night the ionization density above the maximum of the #2
region decreases slowly and that at 100 km. height above the same it did not decrease
by more than 20 per cent.

Doppler effect.—There is Doppler shift in frequency of the transmitted signal due
to the motion of the satellite (Berning, 1959). The amount of the shift is determined
by the rate of change of phase path of the radio ray caused by the motion. The phase
path depends on the refractive index of the medium, that is, on the electron distribu-
tion in the path. As the satellite moves over the observing range of the station, the
slant of the phase path changes and there is time variation of the Doppler frequency
shift. If the satellite transmits on two different frequencies, then the time variation
curves of the two, which in the absence of the ionosphere would have been the
same, are different, though they may be parallel and lie close to one another. The
ionosphere effect on Doppler shift, and hence ionosphere electron content, can
be deduced with convenience from the observed frequency shifts of two signal
frequencies, one double that of the other, and the satellite positional data (Thomas and
Hibberd, 1959). If the Doppler shift frequency for the lower one be denoted by
D (1) and that for the double frequency by D (2) then the difference 2D (1)—D (2)
for two different positions of the satellite is associated with the electron content of
the phase path between the two positions. Accurate data of the Doppler shifts,
as also those of the satellite positions and the directions of reception of the trans-
mitted signals, are needed for ionospheric computation by this method. It has
been shown that results may be obtained more readily if the Doppler shift data are
used in conjunction with the Faraday fading data (Thomas and Hibberd, 1959).
The effect of the ionosphere on Doppler shift is illustrated in Fig. 1. The two curves
are plots of Doppler shift variation with time for the two frequencies 20 Mc/sec.
and 40 Mc/sec. transmitted from Sputnik I. They were taken in England at the
Post Office Radio Stations at Baldock and Banbury. The area PQR represents the
total number of cycles of Doppler shift frequency for the 40 Mc/sec. wave when the
satellite moves from one position to a contiguous one in the time interval between
the two ordinates, and the area XYZ represents twice that for the 20 Mc/sec. wave.
The difference of the two areas is proportional to the effect of the ionosphere.
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Fig. 1. Typical records of the variation with time of Doppler shifts in the two frequencies
20 Mc/seo. and 40 Mc/sec, transmitted from Sputnik I. The frequency scale of 40 Mc is
double that of 20 Mc. The difference of the two shaded areas is proportional to the
effect of the ionosphere. (After Aitchison, Thomson and Weekes),
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Refraction effect : Transmission Cone.—The path of radio waves entering an
ionospherie layer is bent by refraction. The refractive index being less than unity
the bending is away from the normal (Berning, 1959). Further, the waves can enter
only when the frequency is greater than the critical frequency (penetration frequency
for vertical incidence) of the densest top layer (F2 layer) and is also incident at an
angle less than the corresponding critical angle of incidence. Due to the bending
of the path, the apparent position of the satellite, as indicated by the direction of
arrival of the waves, is different from its true position (Fig. 2). If the frequency
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Fi1e. 2. Due to refraction effect, the apparent position of the satellite overhead, as indicated
olrac ; posit1 20,
by the direction of arrival of the waves, is different from the true position.
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The phenomenon of ‘ transmission cone’ arises when the frequency of the satellite trans-
mitter is not far removed from the critical frequency of the densest top layer of the iono-
sphere (F2 layer). In such case, waves incident obliquely at an angle greater than the
critical angle of incidence may be bent upwards by ‘total reflection’ effect and not
Penotrate into the layer. = A ‘transmission cone’ is thus formed and the signals from the
transmitter are received on the earth only when the satellite is within this cone.
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of the waves is not far removed from the critical frequency (e.g. 20 Mc/sec. of Sputnik
I), the obliquely incident waves may be bent upward by ° total reflection’ effect and
not penetrate into the ionosphere. In such case a ‘ transmission cone’ is produced
above the level of maximum electron density (Fig. 3). Signals from the satellite
can only be received when the satellite is within the cone. By observing the times
of appearance and disappearance within and beyond respectively of this transmission
cone, the nature of electron density distribution above the F2 layer may be deduced.
For example, if the path of the satellite above the observing station is not horizontal
and its height changes appreciably, then the time of its appearance within the cone
will not be symmetrical with that of its disappearance beyond the same. Analysis
of such asymmetry enables one to measure the slope of the cone at the satellite orbit
and hence also estimate the electron density at these heights.

Refraction effect: * Radio Rising’ and © Radio Setting’ of Satellite.—From Fig. 2
it is evident that the times of rising and setting of a satellite as observed visually (may
be through a telescope) are not the same as those ‘observed’ by the first detection
and the disappearance respectively of its radio signals. The ‘radio rise’ occurs
carlier and the ‘radio setting’ occurs later than the optical rising and setting respec-
tively. Now, as the refraction effect depends upon the electron concentration and its
variation in the path of travel of the signal, these quantities, for the high regions of
pass of the satellite, can be computed from records of the times of optical rising or
setting, the satellite positions and knowledge of the ionosphere in the lower region
(Al'pert, 1958). In Table V is given a set of results obtained by the above method
from radio rising and setting data of Sputnik I. The values of electron concentration
up to the altitude of 600 km. were obtained directly from experimental data ; those
beyond are extrapolated. It is to be noted that the values up to 500 km. are in good
agreement with those obtained from rocket exploration. The values at greater
heights are, however, underestimates, by more than one order, as compared with the
values determined from moon Radio-echoes and ‘Whistler’ data (vide infrq).

The figures in the last column—density of neutral particles at great heights—are
obtained from a consideration of the lifetime 7'(e) in these regions of a free electron.
This time is reckoned by the time that elapses between the production of the electron
by ionization and its disappearance by recombination. The time is of the order
105-108 seconds or more, that is, over 24 hours. If the time betwecn individual
ionizations be T'(n), then T'(n)/T(e) is of the same order as the ratio between the
number density of the neutral particles and that of the electrons. As T(n) and T(e)
can be estimated without difficulty, the data of the number density of the electrons
allow one to estimate also the number density of the neutral particles at the corres-
ponding heights. The number density of 107 at 600 km. in the table below may be
compared with the value 108 at 800 km. level as deduced from Table IV.

TaBLE V

Height distribution of electrons deduced from ‘radio rising’ and ‘radio setting’ of
satellite. Neutral particle densily is computed

Altitude Electron concentration Density of neutral particles
(km.) (N per cm.3) (N per cm.3)
200 1x 108
320 1-8 x 108
400 1-4 x 108 6% 108
600 7x 100 1% 107
1,150 1% 108 2% 108
1,800 1x 104 2x 103
2,450 1x103 20
3,100 1x 102 <1
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VAN ALLEN CORPUSCULAR RADIATION BELTS

_ Discovery and structure.—A major achievement of the satellite programme of the
IGY (to which also contributed the so-called moon-probes) is the discovery of the
existence round the earth of extensive regions or ‘belts’ of intense corpuscular
radiations extending to several earth-radii (Van Allen and Frank, 1959; Van Allen,
Mc Ilwain and Ludwig, 1959). The belts were discovered independently by the
American and the Russian scientists; but most of the systematic study is due to the
American group led by J. A. Van Allen of the State University of Iowa, U.S.A. The
patterns of the intensity variation of the corpuscular radiations—contours of equal
intensity—follow the configuration of the magnetic lines of force of the earth. Hence
it is inferred that the corpuscles are charged particles; because, magnetic field has
no effect on neutral particles. The corpuscles are distributed within doughnut
shaped belts round the earth, centred on its magnetic equator (Fig. 4). There are
two zones of high intensity with a gap of low intensity between them. The inner
zone is situated at a mean distance of 13,000 km. and the outer at about 25,000 km.
from the centre of the earth. The cross-sections of the belts are roughly of cres-
cent shape. The high latitude ends of the ‘horns’ are close to the low latitude edge of
the zones of the most frequent occurrence of aurora round the north and south
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Fic. 4. Tllustrating the intensity structure of the Van Allen corpuscular radiation belts in a
geomagnetic meridian plane. The structure as shown is the best that can be pictured
from the counting records of Geiger tubes carried by the earth-satellite Explorer IV
and the lunar rocket Pioneer III. The shape of the belts in space, like that of a dough-
nut, is obtained by rotating the figure round the geomsagnetic axis. The lines are
contours of equal intensity, the number associated with each line indicating the counts
per second. Within the two cross-hatched areas the counting rates exceed 10,000/sec.
The two high intensity regions are separated by a region of low intensity. A very
significant feature is that the high latitude ends of the contours approach close to the
low latitude edge of the auroral zone (25° from the magnetic poles).

The distances along the abscissa are in multiples of the earth radius p (6,368 km.).

The corpuscles in the inner belt have a soft and a hard component. The energy
of the soft ones is round 100,000 eV and of the hard ranges from 6 million eV up.
The low-energy particles are believed to be electrons and the high energy ones to be
protons of energy 100 million volts. Little is known about the nature or the energy
of outer belt particles, only there is some evidence of the presence of particles in the
energy range 650,000 eV,
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Trapped particles: Theoretical Considerations.—Theoretical considerations, as also
results of experiments carried out in laboratory and in the upper atmosphere,
show that the charged particles, by virtue of their momentum, may be trapped by the
magnetic field of the carth. The theoretical considerations arc more thaun half a
century old and are due to two very distinguished Norwegian physicists, K. Birke-
Jand and Carl Stormer (see Mitra, 1952). These authors, specially the latter, studied
in great detail the motion of a charged particle in the field of a dipole magnet to
which the configuration of the magnetic field of the earth closely approximates.
They showed that there exist, round the dipole, spaces ‘allowed® and ‘forbidden’ to
the charged particles. In Fig. 5 is depicted the cross-section in a meridian plane of
a special case of ‘allowed space’ (white) bounded all round by ‘forbidden space’
(black). The earth is shown by the circle at the centre. Particles trapped inside
the white allowed space can leave only by way of the ‘horns’ where they contact
the earth. The radiation belts discovered are evidently the Birkeland-Stérmer
allowed spaces in the magnetic field of the earth, and the particles found inside the

belts must have gained aceess across the forbidden regions by some special process
to be investigated.

Fig. 5. Cross-section in a meridian plane of ‘allowed’ (white) and ‘forbidden’ (black) spaces
round & dipole magnet, to the field configuration of which the terrestrial magnetic field
approximates. (The earth is represented by the circle at the centre). The shape of
the ‘space’ in three dimensions is obtained by rotating the figure round the vertical
axis passing through the centre. The configuration illustrated is that of a special case.
The ‘allowed space’ in this case is closed all round by the ‘forbidden space’. The Van
Allen belts (Fig. 4) are ‘allowed spaces’ within which the charged particles are trapped
by the magnetic field of the earth.

The motions of the particles in the trapping belts are not at random as those of
thermally agitated particles but follow definite patterns controlled by the magnetic
field of the earth. The dominant characteristic of the motion is a circular component
about the lines of force. Besides the circular component, the particles have three
other component motions: (a) a north-south, back and forth, travel in latitude along
helical paths guided by the curved lines of force, (b) a drift in longitude east or west
(according to the charge of the particle), and (c) a drift and diffusion in height. The
north-south motions are due to velocity components that the particles may possess
along the lines of force, the oscillations being caused by a sort of reflection effect at
points where the lines of force become crowded (Fig. 6). The east or west drift is
attributed to the magnetic field strength varying not only north-south but also in
height. The drift in height is caused by the presence of inhomogeneities of the
magnetic field, that is, it occurs when and where the field configuration is significantly
different from that of an ideal dipole. In such case there is variation of field intensity
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with change of longitude (which is absent in the case of the ideal dipole) and this
gives rise to the drift.

Fie. 6. Tllustrating north-south spiralling oscillations of particles trapped in the magnetic
field of the earth. There is a sort of reflection effect as a particle spirals down to low
altitude where the lines of force are crowded. It spirals back to the conjugate point in
the opposite hemisphere to be reflected again. The time period for these north-south
swings depends upon the energy of the particle and ranges from a fraction of a second
to a few seconds.

To obtain some idea of the magnitudes involved we note (Gold, 1959): A proton
of 10 million eV energy, at a height of 3,000 km. above the equator, will have approxi-
mately a circling radius of 3 km. The time period of the north-south oscillations,
depending upon the energy, ranges from a fraction of a second to a few seconds.
The time for drifting once round the earth, east or west, depends on the energy and
height of the particles and is within a few minutes to a few hours. The time for
drifts in height is difficult to estimate, but it must be much greater than those of the
other two components and is to be reckoned in tens of hours or days.

Laboratory and high altitude experiments: Project Argus—To demonstrate the
existence of ‘allowed’ and ‘forbidden’ spaces Birkeland carried out experiments as
early as 1896. He constructed a large vacuum chamber and placed in its centre
a magnetized iron sphere representing the earth which he called ‘ Terrella ’ (Fig. 7,
Plate VII). The sphere was exposed to cathode rays produced in the chamber.
Under appropriate conditions a dark toroidal region was formed surrounding the
sphere. This was the forbidden space. The space allowed to the cathode rays,
with the ‘horns’ contacting the sphere, is also seen in the figure (Birkeland, 1896).

The laboratory experiments of Birkeland were simulated on a grand global scale
62 years later by the American Navy by nuclear firings at high altitudes (Anon.,
1959a). The idea was to produce by the firings energetic electrons in the rarefied
upper atmosphere and to test if, as predicted by theory, the electrons would remain
trapped by the earth’s magnetic field for any considerable length of time. The
electrons would have remained indefinitely, if the allowed space were a perfect
vacuum. Actually the particles would lose energy by collision and escape, or dis-
appear by recombination. The lifetime under such condition is estimated to
range from a few seconds for altitudes of a few hundred kilometres to years for some
thousands of kilometres.

The nuclear firings (Project Argus) were done at an altitude of 300 miles from
the missile ship Norton Sound on the 27th and 30th of August and the 6th of
September, 1958, The site chosen was in the Southern Hemisphere over the Atlantic
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Fro. 7. Terrella’ exporiment of Birkeland. A magnetized sphere is exposed to cathode rays
m an evacuated glas< chamber. Norte the dark space round the sphere which is * for-
bidden’.  The eathode rays invade rheallowed * space only and strike the sphere neay
the north and south magnetic poles.
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Ocean, near the Falkland Islands, approximately 45°S. between the Greenwich
Meridian and 30°W. The high energy electrons produced by the explosion, instead
of dispersing all round, were trapped by the arching lines of force passing through
the site of the explosion. They travelled north and south spiralling about the lines
of force, those going south entered into the dense atmosphere not far from the missile
ship and caused artificial auroral glow; those that went north, climbing along the
lines of force, came down and re-entered the dense atmosphere near the Azore Islands
in the Northern Hemisphere producing bright auroral glow there also. The electrons
also drifted across the lines of force spreading round the giobe, within a doughnut
shaped shell, in about an hour’s time. How long they remained within the shell
is not exactly known, though traces of the shell persisted for many days, even
weeks. The monitoring of the effects of the explosion was done by the American
earth-satellite Explorer IV put into orbit on July 26, 1958, and by a number of high
altitude rockets specially launched for the purpose.

Two other atomic charges were also fired by the U.S.A. in the Northern Hem-
isphere over Johnston Island, south-west of Hawaii, in the Pacific Ocean at a much
lower altitude, 100 miles. The artificial aurora produced in the south across the
magnetic equator was observed from the Samoa Islands. As the electrons in this
low altitude explosion were produced in a region of insufficient vacuum, they were
quickly lost by collisions and the spread round the globe was negligible.

Origin of the belts.—The problems of the Van Allen belts are: What is the source
of the particles? Are they of solar, terrestrial or cosmic origin? How do the
particles, charged as they are, find their way into the trapping zones across the
‘forbidden space’? Further, why do not the two zones of high intensity merge into
one another by diffusion ?

It is now the general opinion that the source of the particles in the outer belt is
streams of charged particles emitted from the sun and that of the inner one is prob-
ably cosmic ray neutrons produced in the atmosphere. The argnments in favour of
these hypotheses may briefly be noted.

Regarding the outer belt there is strong observational evidence of its solar
origin. The radiation intensity in the outer belt was found to be greatly increased
during solar disturbances. The evidence was supplied by observations from the
American lunar rockets Pioneer III and Pioneer IV. Pioneer III flight was during
a quiet period of the sun and Pioneer IV ‘had followed directly on 5 days of conti-
nuous and unusually intense solar activity’. It was found that radiation intensity
during Pioneer IV flight was several times that during the Pioneer III flight. Tt is,
therefore, evident that particles of solar origin must have got into the belt. The
mechanism of the ingress of the particles is, however, ill understood. But it is fairly
certain that it is associated with the inhomogeneities produced in the earth’s magnetic
field by the approach of the stream of solar particles (Gold, 1959; Anon., 1959a).
The solar streams are known to carry with them magnetic field and they also cause
magnetic storms. The interaction of this field with earth’s field perturbs the latter
and allows the solar particles to drift across the ‘forbidden space’ and enter the
trapping zones. The time period of the drift is difficult to estimate, but it must be
much greater than those of the two other regular motions and is to be reckoned in
days. It is to be noted that the sun is now known to emit particles over a very
wide range of energy spectrum—from billions of eV cosmic rays to only a few electron
volts. It is very likely that the sun emits particles in the energy ranges as observed
in the belts not only during disturbed periods, but continuously.

The solar origin hypothesis of the outer radiation belt explains a long standing
difficulty of the auroras. 'The solar corpuscles, if they are to reach the auroral
latitudes (within 25° from the magnetic poles), must possess sufficient momentum
to overcome the lateral push of the magnetic lines of force. Simple calculations show
that for electron or for proton the speed required is too great. Their penetrating
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power would be so high that they will not be able to ionize the atmosphere at the
height of the most frequent occurrence of aurora (round 100 km.). The hypothesis
meets this difficulty, since the particles of requisite energy are not required to reach
the auroral belts directly, but via the trapping regions. The particles enter the
regions by slow drift motion in height and hence the delay of about a day between the
occurrence of a solar outburst accompanied by emission of energetic particles and that
of the corresponding auroral display is explained.

It is also to be mentioned in this connection that there are permanent inhomo-
geneities in the earth’s field. There are extensive regions on the earth where the
field differs from that of the best fitting dipole by more than 20 per cent. The
inhomogeneities resulting from such irregularity being due to internal cause decrease
rapidly with height. Nevertheless, they may allow particles to escape from the
trapped regions. Loss by this mode of motion has, in fact, been invoked to explain
the gap of depleted population between the two high intensity zones (Dessler, 1959).
It has been pointed out that the lines of force which touch the region of extensive
magnetic irregularity over South Africa pass through this gap between the two belts.

In the neutron hypothesis of the inner belt it is assumed that the particles have
their origin in the neutrons produced by interaction of cosmic rays with atmospheric
particles (Kellog, 1959; Singer, 1958; Vernov, 1959). The neutrons are produced
round 30 km. altitude and the upward moving ones escape from the dense atmosphere
and, being unaffected by the magnetic field (as they are unchanged), find their way
into the ‘forbidden’ belts. The mean life of a neutron at rest is 12 minutes and it
is found that the velocity of the slow ones is such that they would decay within the
belts producing fast electrons and protons. Though the rate of injection of electrons
by this mode is very slow, yet, as the lifetime of particles in the belts is very long,
there is ample time for the building up of a substantial population of particles. How-
ever, calculations show that the total energy that could be provided by this process
falls short of that required due to loss by auroral displays by a factor of 10,000.
The neutron hypothesis cannot, therefore, explain the outer belt which is closely
related to the auroral phenomena.

Ring current in outer space?—A remarkable announcement made recently
by the Russians seems to support the natural and tempting assumption that the
radiation belts may be the seat of a ring current round the earth (Anon., 19595).
The possibility of such a ring current, produced by deviation of charged solar cor-
puscles, had been suggested by Stérmer and also figures in the theories of magnetic
storms proposed from time to time. Measurements of the magnetic field intensity in
outer space by magnetometer carried in Lunik I show that there is a drop in the
intensity of the field between 15,000 km. and 30,000 km. from the centre of the earth.
The maximum of the drop occurs in the region of the outer Van Allen belt. In Fig. 8
the upper curve shows the theoretically calculated variation of intensity with distance.
The lower is the field intensity curve plotted from the Lunik magnetometer measure-
ments. There is a kink in the lower curve (position ringed) between 20,000 and
21,000 km. It is assumed that the Lunik passed through an electric current system
at this distance, which is not far from the central portion of the outer Van Allen belt.

Radiation hazard.—A question of vital importance in manned flights is radiation
hazard. Are the corpuscular radiations in space intense enough to be injurious to
the occupants of a space vehicle? The biological effects of radiation are due to the
ionization it produces. The capacity for ionization is measured in roentgens, one
roentgen being the quantity of radiation (X or gamma radiation) that would produce
ions carrying one electrostatic unit quantity of electricity of either sign in one
cm.3 of dry air at N-T.P. The exposure levels in the belts, as computed from
the counting rates of the particles, depend upon the assumption made regarding
the nature of the particles (Van Allen and Frank, 1959). It has been found that,
if the particles were electrons only, the maximum observed exposure level in the
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F1a. 8. Intensity of the earth’s magnetic field in outer space. The upper curve is the theo-
retically calculated variation of intensity with distance; the lower curve is the actual
intensity variation as measured by magnetometer carried by the Russian lunar rocket
Lunik I. Note the kink (circled) in the actual curve at 20-21,000 km. distance. It is
presumed that the rocket passed through an electric current system at this distance.

hearts of the two zones was in the range 5-10 roentgens/hr. 1If, on the other hand,
the particles are protons the level is 50-100 roentgens/hr. These are near lethal
doses, recalling that the maximum permissible amount thought safe for man is
100 roentgens every three hours received in his whole life.

CosMic RAY OBSERVATIONS

Cosmic ray observations with satellite borne instruments have given useful
information about the total flux of the rays at hitherto inaccessible heights, on the
variation of its intensity with latitude, and on intensity variation with time. The
last named one is of special importance, because it is the low-energy particles that
are most subject to variations and these are precisely the particles that do not reach
the vicinity of the earth due to atmospheric absorption. Study of these variations
is of considerable interest because it gives information about the origin of the
particles, about the solar emission of such particles and also helps to understand
the nature of magnetic storms known to be associated with such emissions.

The first cosmic ray studies were those made with data radio-telemetered
from Sputnik II. The satellite carried, amongst other instruments, two identical
charged particle counters (the shielding matter round the counters was 10 gm. Jem.2
in the mean), the readings of one serving to check those of the other. The informa-
tions obtained were as follows (Vernov, Grigorov, Logachev and Chudakov, 1958).

The latitude and longitude dependence of the cosmic rays showed that the lines
of equal intensity do not follow the geomagnetic parallels as expected from theory.
This confirms the view that the cosmic ray equator does not coincide with the geo-
magnetic equator.

Above 200 km. the intensity of the rays increased with height. At 700 km. it
was about 40 per cent more than that at 200km. The increase with height is ascribed
principally to two causes: First, decrease of intensity of the earth’s magnetic field
with height; this allows particles of lower energy to reach the high levels. Secondly,
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due to the reduction of the screening effect of the earth, more particles (isotropically
distributed) reach the instruments mounted in the satellite.

On one of the days of observations (November 7, 1957, 0436 hr. to 0449 hr.
Moscow time) sudden fluctuations of intensity were recorded over latitude 58°-65°N.
Occasionally the increase in intensity amounted to more than 50 per cent of the mean
intensity (Fig. 9). These fluctuations and increase of intensity occurred at a time
when cosmic ray recording instruments on the earth’s surface did not detect any
noticeable variation. The phenomenon may be ascribed to sudden emission of low-
energy particles from the sun, particles which were absorbed by the terrestrial at-
mosphere. The lower broken line curve in the figure is the mean variation of counting
rate with latitude as observed for all passages of the satellite (excluding that for the
day of the outburst).

I
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Fia. 9. Sudden increase and fluctuations in the counting rates (solid line) of instruments borne
in Sputnik II due to cosmic ray outbursts as observed on November 7, 1957. No
corresponding outburst at the time of observations (0436 hr. to 0449 hr. Moscow time)
was recorded at ground stations. The phenomenon may be ascribed to sudden emission
of low-energy particles from the sun, particles which were absorbed by the terrestrial
atmosphere, The broken line curve is the mean variation of counting rate with latitude
as observed for all passages of the satellite (excluding that for the day of the ‘ outburst’).

The American lunar rocket (unsuccessful) Pioneer 111, which carried two Geiger
counters, has yielded important information about the interplanetary value of cosmic
ray intensity (Van Allen and Frank, 1959). Beyond 10 earth-radii the counting rate
of the main counter was found to decline very slowly and appeared to have reached
an asymptotic value at 17 earth-radii, the outermost point of observation. At
this distance in interplanetary space, the counting gave the value of 3-6 cm.2/sec.,
as the absolute omnidirectional intensity, that is, the flux through a sphere of 1 cm.2
crosg-section.

OUTER ATMOSPHERE EXTENSION : TERRESTRIAL CORONA
WHERE DOES THE ATMOSPHERE END ?

Satellite and rocket studies of the high regions of the atmosphere, as described
in the preceding sections, all show that the outer atmosphere of negligible collisional
frequency, lying above the lower atmosphere of significant collisions, extends to great
heights. Further, the terrestrial atmosphere is crowned, as it were, by the regions of
trapped electrified particles extending to eight to nine earth-radii. In analogy with
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solar corona these regions may be called ‘terrestrial corona’. The fact of the great
extension of the outer atmosphere receives support from two other independent iono-
spheric investigations: Study of radio echoes from the moon and study of the
‘Whistler’ type of atmospherics. These are briefly noted below:

Echoes of radio waves returned from the moon were studied at the Jodrell Bank
Experimental Station of the University of Manchester, England, by directing radio
beams (frequencies 100 and 120 Mc/sec.) to moon’s surface (Evans, 1956-59). The
echo records showed long period fadings. This was ascribed to the magneto-ionic
effect of the ionosphere (Faraday fading). From analysis of the fading data on two
close spaced frequencies it was possible to compute the total electron content in a
vertical column of unit cross-section. The results showed that during day-time, for
most of the months, the number of electrons above the F2 layer maximum (that is,
above about 300 km.) was three times that below that level. This is possible if the
ionosphere extends to great heights above the 300 km. level.

The atmospherics are natural radio noise caused by highly damped electromag-
netic waves produced by lightning discharge. A special type of atmospherics known
as ‘Whistlers’ (from their peculiar descending tone)is caused by dispersive propaga-
tion of such very long waves (frequency only a few kilocycles/sec.) propagated over
very long paths. The long paths are provided by the magnetic lines of force of the
earth rising to great heights and guiding the waves by the action of free electrons
present in outer atmosphere (Storey, 1953, 1957). The waves originating in one
hemisphere (say northern) are led by the lines of force to the magnetic conjugate
point of the other hemisphere (southern) and, after reflection at the ground there,
travel back to the point of origin (Fig. 10). According to some recent analysis of
‘ whistler’ data made in New Zealand, the electron concentration needed in the outer
ionosphere for the guidance has been estimated (Alcock, 1959). The concentration
was found to decrease exponentially with height and, at a distance of 2,640 km.
from the earth’s surface, it was found to be of the order 2-1 X 104 per cm.3. This is
more than one order higher than the concentration at 2,450 km. level as given in

Table V.
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Fia. 10, Illustrating the paths of propagation of the ‘ Whistler’ type of ‘atmospherics’ or
natural radio noise. This type is caused by the dispersive propagstion of very long
radio waves (frequency of only a few kilocycles/sec.) produced by lightning discharges,
propagated over very long paths. The long paths are provided by the magnetic lines
of force of the earth which rise to great heights and guide the waves by the action of
free electrons present at such heights in the outer ionosphere.

The extension of atmosphere to such great heights demands high temperature,
rising to several thousand degrees K, in the outer atmosphere. This raises the im-
portant question of the source of heat energy and of the heat balance of these high
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regions. It is sometimes supposed that the main source of heating above 100 km.
level is the absorption of hard electromagnetic radiation from the sun. But, the
loss of energy by microwave radiation from the regions a little above 100 km., rich
in oxygen atoms, far exceeds the input (Krassovsky, 1959). Further, there is
continuous downflow of heat from the hotter upper regions to the cooler lower regions.
There mast, therefore, be source of energy other than solar electromagnetic radiations.
Various suggestions have been made in this regard: Absorption of infrasonic waves
from the troposphere, heating by the world-wide electric current systems (near
100 km. level) generated by the so-called ‘dynamo effect’, and also heating by
interplanetary gas which is a continuation of the solar corona having temperature
of several hundreds of thousand degrees K. Though no firm conclusion has yet
been reached, the last named suggestion due to Chapman (1959) has many
points in its favour as being the dominant source. According to this idea the earth
is immersed, as it were, in this hot interplanetary gas, and the downward flow of
heat by conduction heats and expands the outer atmosphere to great heights. The
extension, at a very modest estimate, is up to 20,000 km.; more likely it is ten times
greater. To the popular question: Where the earth’s atmosphere ends ? the answer
today is that it does so where the density of the outer atmosphere falls to that of
the interplanetary gas. And, this occurs only at distances of some tens of earth-
radii, perhaps at more than half the distance to the moon. The earth in its annual
course round the sun carries with it through space this extensive system of outer
atmosphere and the terrestrial corona.

ConcLupiNng REMARKS

India’s Puarticipation in Space Research Programme

Outer atmosphere and space exploration is at present pre-eminently in the
hands of U.S.S.R. and U.S.A. Perhaps this is inevitably so. Few nations of the
world can afford the men and money needed and can commandeer the necessary aids
of highly developed engineering industries in the various branches of the applied
sciences for a costly project like this., To give some idea of the cost: the U.S.A.
budget for the satellite programme of-the I.G.Y. was more than a hundred million
dollars; for & five-year programme of satellite research £20 million was considered
underestimate by Great Britain; and the design and construction of the solar-cell
alone of the American satellite Explorer VI has been a million dollars. Nevertheless,
the state of affaire in which satellite programme is the monopoly of two nations only
is undesirable. If allowed to continue, other nations will be in danger of being left
permanently behind in this most fruitful field of modern research. From the trends
of research efforts and developments, it may safely be predicted that manned flight,
though still fraught with grave difficulties, will be a practicable proposition within
foreseeable future. It has recently been announced that the U.S.A. proposes to
spend 700 million dollars on a research and development project with the object of
bringing & man safely down to earth from an orbiting satellite. And, when this is
successful problems affecting every nation will arise. The formation of the Committee
on Space Research (COSPAR), under the auspices of the International Council of
Scientific Unions, is therefore most welcome. The Committee’s function is to assist
in carrying out fundamental research on an international scale with the use of rockets
and rocket propelled vehicles. It has been reported that Great Britain is designing
and constructing instruments for her space research plan and that the instruments
will be carried by satellites launched by other nations. InIndia we have enthusiastic
groups of upper and outer atmosphere research workers. Such groups have
problems of their own. If they can formulate the research problems clearly and can
undertake the design and construction of the necessary instruments with the economy
of space and weight as demanded, it may perhaps be possible for India to reserve, on
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behalf of such groups, space in satellites of other nations. Further, though a pro-
gramme of satellite launching may be out of practical bounds for India, she can
undertake high altitude rocket research programme. Such rocket programmes have
been carried out successfully by countries other than U.S.A. and U.S.S.R. Expenses
are modest and will be commensurate with the results obtained—valuable experience
gained in the first step towards space exploration and collection of important research
data. Rocket research is also of considerable interest to our Defence Research and
Development Organization. It is to be hoped that the Defence Organization and
the Council of Scientific and Industrial Research will give serious consideration to
sponsoring in our universities and research institutions studies and research in some
of the more modest aspects at least of this fast developing field. Finally, it is
always open to our young research scientists to undertake theoretical work on the
many ill understood features of the space and outer atmosphere: There are still
gaps in our knowledge of the source of heat supply to the regions of high temperature
of the outer atmosphere; the Van Allen radiation belts have still many mysteries;
and an outstanding contribution will be a comprehensive theory co-ordinating the
various inter-related geophysical phenomena controlled by the sun and the magnetic
field of the earth, e.g. the auroras and their characteristic forms, the location of
the auroral zone, the magnetic storm characteristics and their relation to the radiation
belts.
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