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ii.
ABSTRACT

The heavy primary cosmic rays and the charged particles in the
Van Allen Belts around the EBarth, were detected by a Cerenkov Counter
aboard the satellite Ariel I, during the period May-June, 1962, These
data have been utilised here to establish the heavy primary cosmic ray
spectrum for that particular period in the solar cycle. This spectrum
is then used along with two others at different times in the soler
cycley to examine the modulation of the heavy primaxry spectrum over
the solar cycle. The cut-off rigidities obtained by Quenby-Wenk's
analytical method are checked with the help of these cosmic ray data
and the change of rigidities with height are plotted at two representative
heights above the surface of the Earth.

The Van Allen belt particle data are analysed for their temporal
stability in temms of the diurnal variation, day to day variation, and
long=tem or solar cycle variation. In the light of the findings
here , the origin and loss mechanisms of the imner belt protons are
discussed.

The artificial rediation belt, produced by the 'starfish' nuclear
explosion of July 9th, 1962, is analysed to establish its spatial

distribution, decsy and loss mechanisms.
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GENERAL, INTRODUCTION 1.

The satellite Ariel I carried two detectors from Imperial College
Cosmic Ray group primarily for the determination of the heavy primary
cosmic ray spectrum in 1962, a time near the solar minimum. A Cerenkov
detector with a threshold energy of 50 MeV recorded particles with
z 2 6, over the latitude range + 54°. A Geiger Counter, 4nton 302
was used to exclude any contribution to the above data from the inner
radiation belt protons.

Durney et al. (1964) and Engel (1964) annlysed some of the data
from these two detectors and the following, very briefly, are their
main resultss ‘

(1) The heavy primery cosmic raoy rigidity spectrum has a slope
of = 1.5 * 0s15 in the rigidity range 8.5 GV to 16.5 GV and - 1.2
in the range 2.5<R<8.5 GV. This suggests that the modulation
mechanism was effective only below 8 GV at thet time of the solar
cycles.

(1i) The location, qualitative decay and the origin of the
ertificial belt produced bty the 'Starfish! muclezr explosion hrs been
established.

(iii) A study and estimate of the consequences of satellite
aspect hes bcen made.

(iv) The altitude vsriation of cosmic ray intensity (recorded
by the Geiger Counter) has been found and compored with the theoretical

results.



(v) The latitude spectrum of cosmic rgys recorded by the
Geiger Counter has been presented.

(v:L) Time veriations of lower boundary of the inmer belt
~and outer boundary of the outer belt have been studied in a rough
waye Some bursts of radistion have been detected below the lower
boundary of the trapping region and explained as the result of the
nuclesr bursts in the atmosphere.

The work in this thesis utilizes the rest of the data for an
addition to and extension of these results., The following, in brief,
are the main results obtained here.

(1) The heavy primary cosmic ray spectrum has finally been
shown, using the points from this analysis and Durney's (1964), to have
a slope of = 1.533+0.079 mbove 8¢5 GV and - 1.072+0.026 below it.

(ii) The solar cycle variation of the heavy primary cosmic ray
spectrum is fitted to Parker's simple solor wind model end the rigidity
dependence of the modulation function is given.

(iii) The cut-off rigidities of Quenby nnd Wenk hove been shown
to be correct within 1056 over the greater pert of the Earth's surface.

(iv) The stability of the irmer Van Allen belt (May~-June,1962)
has been shown andj%he some time, veriations in the Outer Belt have
been given.

(v) The solsr cycle variation of the intensity of the inner
Van Allen belt is suggested. Neutron albedo source and atmospheric
loss processes cre found to be inadequate to explain the long-term

variation.



3,

(vi) Extensive mapping of the quasi-stzblo crtificisl electron
belt has been done and the decay time has been calculated for specific
L and B values.

(vii) The softening of the spectrum towerds higher L-values is
confirmed, using the total number of data available.

(viii) Longitude dependence of the artificial electrons with
hin < 200 xm hes been shown.

(ix) The nuclear burst particles observcd below the inmer belt

are shown to have been electrons.



CEAPTER I

CUT-OFF RIGIDITIES AND HEAVY PRIMARY ENERGY
SPECTRUM FROM ARTEL I.

1.l. Introduction,

Galactic cosmic rays can only arrive at the surfage of the Farth
with a minimum momentum which is dependent on the position and the
direction of arrival of the particle. This is generally expressed in
terms of magnetic rigidity, defined as the ratio of the momentum
to the charge of the particle, and is known as the threshold or cute
off rigidity. Values of threshold rigidities must be kmown correctly
to obtain the primary spectrum from the intensity distribution of cosmic
rays over the surface of the earth. The rigorous way to evaluate these
threshold rigidities is to integrate particle trejectories in the Earth's
megnetic field. But this involves a forbidding amount of computation
even for a rezsonsble coverage of the BEarth's surface. Approximate
methods have therefore been developed by several people to calculate
these threshold rigidities.

Experimental surveys of cosmic ray intensities show that the simple
dipole and eccentric dipole pepresentation of the Earth's field are
inadequate to explain their distribution over the surface of the Iarth.
The effect of the non-dipole components of the Earth's field on the
partiole trajectories is to introduce important perturbations as shown by
Rothwell and Guenby (1958). Quenby and Webber (1959) took into account

in =zn approximate way, the non-dipole field up to snd including the



e
sixth-order texm in the spherical harmonic expansion of the magnetic
potential and produced a world map for the corrected threshold rigidities.
These were later modified by Quenby and Wonk (1962) who applied
different corrections to them at high and low latitudoa.

The accuracy of the Quenby-Wenk threshold rigidities was investigated
by using data from the latitude survey of heavy primary cosmic ray
intensities recorded by a Cerenkov detector on the satellite Ariel I.
Geographic contours of constant threshold rigidity, corresponding
to contours of equal counting rate, were constructed at two mean altitudes
over the surface of the Earth. These were then compared with the contours
of calculated values of Quenby~Wenk threshold rigidity.

The rigidity spectrum for heavy primery cosmic rays had been
obtained by Durney et al. (1964) with the data from the same detector
recorded in an altitude Tange of 400 km to 800 kme The data from 800 km
to 1200 km were used here to obtain the rigidity spectrum by a method

similar to that used by Durney et al. (1964).

1.2. Historical Development.

The motion of cosmic rays in the Earth's magnetic field ¥ms ¢
been treatcd by a method due to Stormer who investigated the nature of
the trajectories of electrons in the geomagnetic field during his
studies &f the aurora. His prediction of an east-west aéymmetry in
the intensity of coemic rgys was proved to be true by the experimental
observations of Johnson end Street (1933). Later on other experiments

proved that cosmic rays consist predominantly of positive particles.
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Stommer's theory when applied to & simple dipole representation

of the Earth's field ascribes 2 minimum rigidity to a cosmic ray
particle for arrival from infinity at a partiouler position on the
surface of the Barth. This cut~off rigidity varies with latitude,
azimuth, and zenith angles. At the equator, it is larger for arrival
from the sastorn horizon than from the western hdrizon.

| The intensity of particles arriving above such cut-offa wag
caloulated by Lemaitre and Vellarta (1933) who applied Liouville's
theorem to cosmic ray geomagnetic effects , assuming that the
distribution of cosmic rays at infinity is isotwvopic. After integrating
a large number of trajectories they deduced that the sky seen from a
point of obgervation can be divided ;!.nto the following four regions,

if the effect of the impenetrable Earth was taken into accounts

Qe St'émer cone, inside which particles with a given rigidity
are forbidden,

b. Main cone outside which particles with = given rigidity
are allowed,

‘¢e The perumbra which lies in between the above two cones and
within which some directions are allowed and some are
forbidden, for particles of a given rigidity,

de Shadow cone inside which particles cammot arrive as their
paths intersect the Earth at some other point (Vallarta, 103A,

Schwartz, 1959).
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The penumbrs is only important at low latitudes so that the high
latitude St8mmer ont-off values can be teken to be the true cut-off
rigiditics, except those at large zenith angles.

As experimentel measurements of the distribution of cosmic
ray flux at different points on the surface of the earth (Compton
1933; Corpton and Turner 1937; Bowen et al., 1958; Neher et al., 1953)
proceeded, it became more and more evident that large differences exist
between the flux contours and the geomagnetic surface field contours,
though in general, they follow each other. The 1955 survey of surface
field showed that the earth's mognetic field is better represented by
an eccentric dipole and the flux contours were then related to these
field contours (Kodama et al., 1957; Webber, 1958) and modified cut-off
rigidities were calculated. The theoretical flux contougs thus obtained
showed better agreement with the experimental values.

Joxy (1556) and Schwortz (1959) were the first to take into account
the effect on cut-off rigidities of some of the non-dipole terms in
the sphericel harmonic expansion of the field btut their geomagnetic
equator more or less corresponded with the line of meximum cut-off
rigidities. Simpson et al. (1956) and Kodame and Myazaki (1957)
concluded that the differences between the theoretical and experimental
flux contours could be explained as due to the longitude displacement

of the position of the eccentric dipole, However, the discrepancies



between the flux and field contours became more obvious as the
distributions of solar flare particles were studied (e.Z. Pfotzer, 1958;
Mapsden and Wilson, 1958). Disagreement between measured and predicted
velues of a-particle cut-off rigidities (McDoneld.. 1956; Waddington, 1956)
emphasized the need for an accurate theoretical representation of the
geomeagetic field. Rothwell and Quenby (1958), Sendstwem (1958) and
Storey (1959) measured the effects of geomagnetic field anomalies on the
flux distribution and the conclusion was that the non-dipole parts of

the field have to be taken into account for an accurate representation

of the geomagnefic field.:

One cen now try to integrate the trajectories of the particles, but
the equations become very complicated with the inclusion of non-dipole
terms in the field representation. Approximate methods were therefore
presented by several authors. Rothwell (1958) proposed a gimple
correction: to the threshold values by relating them with the local
goemagnotic field velucs and the dip angle. But Quenby and Webber (1959)
presented another method, more aécurate and general, in which they took
into consideration the magnetic field line geometry at high latitides

and the contribution of the spherical harmonic terms of order less than

o
six to the geomagnetic field, for latitudes less than 20 . They then

extrapolated the values at high and low latitudes to obtain the cut-off
rigidities at intermediate latitudes. Quenby ond Wenk (1962) made a
revision of these values using calculations by Hultquist (1958) of the

geometry of the field lines at high latitudes. In the low latitude



9.
region they took into account the penumbral effect. Using the intensity
data obtained At aeroplane altitude by Katz et al. (1958) they related
the low latitude thresholds at variocus positions to the calculated
thresholds at the equator where the penumbral effects are zero. They
illustrated the accuracy of their theoretical distribution with the
data from three major solar flares. Other experimenters (Pomerantz
and Agarwal, 1962; du Plooy et él., 1963) confirmed the general accuracy
of their values, and the validity of the method was checked by Bland (1962)
and Hedgecock (1964) by an anslogue computer techniques

Machine calculsntions of the threshold rigidities at specific positions
on the Earth's surface have been performed by seversl people (Schwertz,
1959; Kasper, 19593 Kellogg, 1960; Vallarta, 19613 McCracken, 1962), who
integrated the equations of motion of the particles in a simulated
geomegnetic field closely representing the actual one. The Quenby-Wenk
threshold rigidities were found to be closely similar to these values.

l.3. Annlysis of the date.
(2). Cut-off Rigidities.

The orbits obtained in the period 27th. April to 8th. June, 1962,
were divided into two height groups, one for below 800 km another for
above 800 kme The total number of orbits in each group were then
clagsified according to their equatorisl crossing positions in longitude,
each class falling within 20° intervels. Latitude cruves were then
plottel for each of these classes of orbits, As the counting rates

from the Cerenkov detector were at two levels of attenuation, the
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attemated values were nomalized to unettomuated values for plotting
the latitude curves. From these curves, a representetive one being
shown in Fig.l, and the counting rate versus rigidity curves, shown
in Fig.2, one is able to find out, for each lstitude point along an
orbit, the counting rates corresponding to a particular rigidity. Thus
two world maps were produced for two mean altitudes with contours of
equal rigidity corresponding to contours of equal intensity, as shown
}n Fig.3 and Fig.4. Equal rigidity lines given by Quenby-Wenk velues
on the surface of the earth, as shown in Fig.5, were used as reference
lines, with which lines obtained at the two mean heights of 600 km
and 1000 km were compared. Rigidity values were read off nt every 10°
interval of longitude, and 10° interval of latitude from 0° to 50°N and
0° to SOOS. The region of 0° to -_i_-_'10o wag excluded due to lack of data
and low gtatistical accuracy. The root mean square percentage difference
between the high altitude (1000 lm) and low altitude (600 km) values,
and the low altitude and Quenby-Wenk's valucs were found to be about
10%. The differences were also found between low altitude and Kondo and
Kodama (1965) values and Kondo and Kodame (1965) and Quenby-Wenk values
which come out to be of the same order.

From this we conclude that the average values given by Ariel I data
only confirm Quenby-Wenk threshold model to 10%s 4s this is the order
of magnitude by which it differs from Kondo and Kodama's model, it is

not possible to prefer one to the other.
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. 13.
(). Energy Spectrum of Heavy Primary Cosmic Rayse

A Cerenkov counter detected the primarics with z > 6 and the
counting rate as a function of latitude was recorded. Quenby-Wenk's
threshold rigidities for particles vertically incident on the surface of
the Barth were used to sort out the data. A correction wes applied to
the Quenby-Wenk velues for the altitude of the satellite. It was
assumed that the threshold rigidity at the satellite, Rs, is related to

that at the ground level by

Te
R, = :
® o < e+ h )

where RMIN is the Quenby-Wenk threshold value appropriete to the latitude

2

and longitude of the satellite, rg is the radius of the earth and h the
satellite altitude. Except at low latitudes the threshold rigidity Ry
deoes not var& widely with the direotion of incidence and the wvalue
appropriate to vertically incident particles proves to be a:sufficiently
good approximation. Durney (1964) used for the equatorial region a mean
value of the threshold rigidity weighted over‘ all directions and this
value was never different from that for verticel incidence by more than
~ 1 GV.
In the preliminary analysis of the data Durney et al. (1964) chose
their entire number of orbits from below 800 km for reasons given below:
i. BEarth's shadowing effect is small at altitudes less than
800 km (espect effect),
ii. TUncertainty in the Quenby-Wenk threshold rigidity values is

more a8 altitude increases,
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iii. Altitude effect on the counting rato is leso in this
Tange.
The data analysed in this work werc all from the region between 800 km
and 1200 kme As a result the expected sources of error are the altitude
variations, uncertainty in Quenby-Wenk values and the aspect effect of
the satellite on the counting rates. All these were investigated in
addition to the corrections which were applied to the data by Durney (1964).

These investigations are listed belows

(a) The Fall-Off of Cerenkov Light for Slow Parbicles.

Vhen o charged particle passes through = medium the intensity of
Cerenkov light radiated is proportional to (1 = é"z—}lz ), where
n is the refractive index of the medium. The detector sensitivity is, '
therefore, expected to diminish with diminishing Rypy for particles with
e given zs Underestimation of the flux of low rigidity primaries, which
would result from the above effect, cen be avoided if the drop in the
detector sensitivity could be ccmpensated for, This could only be achieved
by making the gain of the phototube independent of the particle velocity
or, in other words, proportional to (1 - ﬁ )-1 « As this cannot
be done experimentally, 'in situ! detemmination of the counting rate as
e function of the gain, seemed to be the answer. Durney (1964) used his
data to plot the curves shown in Fig.6, The upper two curves are for

the period dsy 117 to dsy 138, for two levels of sttemiation, the lower

two curves are for the period when the sensitivity of the Cerenkov detector
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was at a diminished level (Durney, 1964; Engel,;1964). Points obtained
with the data used here were also plotted in Fige. 6. These curves were
utilised to get calibration at three levels of attemetion for various
rigidities, as shown in Fig. 7. From the relestion R = mpe’/zed 1 - 82,

B for a particular rigidity is calculated., Therefore from Fig.7, and
1l

the expression (1 - ey )-1 for a gain required for compensation,
n

one can obtain the corrected counting rates for that rigidity.

(v) Threshold Rigidity Corrections,

Quenby-Wenk's threshold rigidities give the values appropriate for
perticles arriving at the surface of the earth from the zenith. As the
detector was at a certain height above the surface and had a wide angle
of acceptance, the effect of both of these on the cut-off values had to
be taken into account. The first correction was made by using the

relation

Ry = Rymy <reieh>2

for the average height of 1000 km. The modification introducel by the
second effect was taken into account by accepting the effective,

equatorial cut-=off rigidity for = point on the surface of the earth
calculated by Durney (1964). This is 15.9 GV, vherecas the Quenby-Wenk
value for such a point is 14.9 GV, The deviation from the vertical cut-off
value is, therefore, the most at the equator, falling off as one goes

towards higher latitudes being zero at the poles. Thus the corrected
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volues at 1000 km came out to be Rg = 0.8 Ry1we

(c) Earth's Shadowing Effect.

The angle between the direction of spin axis of the satellite and
the local vertical, called the aspect angle, changes éontinuously as the
vehicle traces out its orbit. Becamse of this thore would be a variation
in the counting" rate due to the varying portion of the sensitive solid
angle that is blocked by the Earth and the body of the sgtellite. During
the period day 130 to day 140 the orbits of the satellite were.suachitthit
the agpect angle was verying from nearly 0° to nearly 1800, i.e.y, in some
parts of'.the orbits thé detector was pointing towards the earth and in
other parts, sway from the earth. This will produce a difference in
counting rate averaged separately over the northern and the southemm
hemisphere. The data from this period were used, in height and rigidity
groups, to investigate this effect, end the mean difference for counting

rates with the small rigidity velues come out to be 3

attenuated level difference ~ (2.97 + 1.44)%

unattermated level difference + (3.14 + 2.73)%

As the uncertainty remaining in the Quenby-Wenk values even after
corrections applied to them will introduce errors larger than this,

we can neglect here any correction due to the aspect effect.



(d) Second Altitude Bffect. 22.

Apart from the effect of gltitude on the rigidity of the particles,
there will be another effect of altitude on the counting rates. Ths
increage in altitude causes the solid angle subtended by the Earth at
the satellite, to decrease and this in turn increases the sensitive
solid angle of the detector. 4s a result the counting rate increases.
During day 155 to day 165 the azpogee and the perigee occurred at the
northern and southern extremities of the satellite orbits. In these
high latitude4regions there is no change of cut off rigidity due to
the first altitude effect, because the latitude spectrum has a plateau
in that region. The aversge counting rates in the northern and southern
hemispheres during this period, therefore, are expected to show a
difference which reflects the above effect. This difference came out
to bes

attemuated (5.8 + 245)%

unattenuated  (10.7 + 2.2)%

as estimated by Durney (1964). For unattenuated levels the difference
is rather high. In our case the effective height variation estimated”
for the extreme ends of the rigidity ranges, ieee, P = 3 to 4 GV and

P > 16 dV, is only 46 km, and ps such the correction is negligible.

le4s Discusgion of the Resgult.

After applying corrections (a) and (b) we get the rigidity spectrum

as shown in Fig.8. The counting rate at the highest rigidity point has
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been normalized to thet obtained from Durney!s (1964) curve.

It can be seen that analysis presented here gives an integral rigidity
. spectrum of the heavy primary cosmic rays which éhows a change of slope
around 8.5 GV. From the o -particle spectrum (2 to 5 GV) measurements

of McDonald and Webber (1962) during a period near the last soler minimum,
it ca.ﬁ be assumed that the slope of the unmodulated heavy primary spectrum
is also - 1.5 That is the slope given by the higher rigidity end of the
spectrun in Fig.8. The change of slope, at 8.5 GV, to = 1.07 can therefore
be used to give the rigidity dependence of the soler modulation in the

period considered (Mey & June, 1962). It may be represented by

R 0.43
I, = I( ) for 2.5 <R <R,

Ro
where
I, = intensity of primary cosmic rays with rigidities
greatcr than R at the earth,
I = intensity of cosmic rays at infinity,
R, = 8.5GV.

1.5. The Modulation of the Heavy Primaxy Cosmic Ray Spectrum ovexr
the Solar Cycle.

The heavy primary cosmic ray spectrum in the latitude sensitive
region has been established in the last section, for May-June, 1962, a
period near minimum in the 'sola.r cycle. This provided an inducement
to study the long-term variation in the heavy primary spectrum, as,

at least, one other very sctisfactory measurement was aveilable for the
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year 1960 (Pomerantz et al., 1960), a period neer maximum in the solar
cyclee Lpert from these two one could also take into account Webber's
(1965) balloon measurements, carried out in 1963 — 1965. All these
three measurements give the integral rigidity spectrum of primary cosmic
Tays with z 2 6. For comparison between these spectra, it was
necessary to consider a base spectrum representing the galactic spectrum.
This was difficult as the evidence from the recent solar minimum showed
that even =t the minimum there was some residual modulation present in
the recorded intensities. It was, therefore, decided that these spectrs
will be compared by normalizing them at some higher rigidity where the
modulation for all the three could be taken to be the same. 4 solar
ninimum integral spectrum, through this point, with a slope of - 1.5 was
accepted.

At present the discussgions which are being cairied on, on the
modulation cre mainly based on particular models of the interplanetary
field adopted for convective modulation with anisotropic diffusion and
isotropic diffusion. In addition to the convective modulation here,
additional modulation due to energy losses have also been investigoted
(Quenby, 1966). Modulation by electrostatic fields has been the topic
of intense discussion by mfier and Waddington (1965) and Nagashima et al.
(1966). Here only the convective moduletion with isotropic diffusion

will be considered.
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If the magnetic conditions in the interplanetary space are such
that a regular spiral field cannot exist, then the diffusion coefficient
is isotropic. The density of particles in the vicinity of the earth

will then be given by

n_ = n e-3/Bfm dr (1)
R

—_—

NE)

e co

where n, is the particle density at the Earth, n_ is the particle
density at infinity or the unmodulated density, P is the particle
velocity in terms of the velocity of light, u is the solar wind veloeity,
r is the distance from the sun and N the mean free path of the particles.
N depends both on r and P, the particle rigidity. B is a constant
here as it is being assumed that the adiabatic deceleration in the
presence of a radially diverging solar wind is negligible. Eq. (1)

can be written as

3u (R -~ Ro)

e %) BN

P < 56V (2)

if it is assumed that the solar wind velocity u 1is independent of r

out to a point where 1/N is non-vanishing (Parker, 1963); R, is the
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distance to the boundary of the solar active region inside
which the modulation is effective. Eq. (2) is valid for
PS;S GV when certain values for the interplanetary magnetic
field B and scale size of the scattering centres are assumed

(Quenby, 1965). For a rigidity P 2> 5GV,

wvhere PM is the rigidity at which the radius of gyration of

the particles becomesequal to the scale-size of the scattering
centre. With the experimental values of the differential intensities
je at different times in the solar cycle and the solar minimum
intensity j_; , one can calculate u, N\, or R, in turn, using

some plausible values of the other parameters.
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Analysis of the Spectrae

As experimentally one slweys gets the modulated primery spectrum,
the least variation in modulation is expected at the highest rigidity
point in the spectrum . The highest rigidity point at which it was
possible to get a measurement was at a cut-off rigidity ~ 16.5 GV.
From the regression curve drawn by plotting the measurements at this
rigidity against the Mount Washington neutron monitor intensities, one
can get the intensity of heavy primary particles at 16.5 GV, corrected
to sunspot minimum point in the solar cycle. It was 1.35 + 0,08
particles /mz-ster-sec (Webber, 1962). All three spectra were, therefore,
nomealized to this value at ~ 16.5 GV. The reference spectrum (sunspot
minimum) was taken to be the one with o slope of = 1.5 through the
point at 16.5 GV. This was prompted by the suggestion of Webber (1965)
that the data between 4.5 GV and 16.5 GV for sunspot minimum indicate
an integral spectrum for S nuclei with this exponent. Fig.9 gives the
three measured integral spectra along with the reference spectrum, in
the range of rigidity 1.5 GV to 16.5 GV. The slopes of the different
spectTa were anslytically calculated in two cases (Ariel I and Webber, 1965)

with the third one given by Pomerantz et als. (1960).

Modulation Functione
This is generally defined as the ratio of the differential intensity
at e given rigidity at any time in the sunspot cycle, to that at sunspot

minimum. For computing these ratios the differential spectre were
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analytically caleulated from the three integrel spectra, along with

the errors on each point. It was then possible to calculate the ratios

J

1959/jmin' In Fig.1l0a one can see the variation of these ratios with
rigidity. The gradual decresse of the degree of modulation as sunspot
minimum is approached is quite smoothe The modulation is shown to be
effective down to lower and lower rigidity as the sunspot minimum is
approached. This is due to the assumed siope of = 1.5 for the sunspot
ninimum spectrum. TFor en unmodulated gelactic spectrum with a different
slope, of course, the picture will change.

The intensity reduction AJ /Jmin’ vwhere J is the integral intensity
at a perticular rigidity, showed a P"l dependence, as shown in Fig.10b,
during the solar minimm. But at solar maximum, the rigidity dependence
wes more like 1""0'7 at higher rigidities.

It was fhen possible to look for the parameters in Parker'!s simple
so0lar wind model which fit the experimental data at our disposal. In a
review article on time variations GQuenby (1965) has shown that Parker's
isotropic diffusion model can be fitted to the Ariel data if the solar
active region 1s taken to be extended out to 3 A.Us, at that particular
period. Using the values of different parameters chosen by Quenby (1965)
ancattempt wastmddé to Pit fhduiodel 13 all thecspectra.comsidered. It was
found that, from 1959-60 to 1965, en order of megnitude change of the
mean free path was needed, if the velocity of the solar wind was kept

constant at 4.107 om/sec ond R, at 3 A.U. On the other hand, keeping

the mean free path constant at en order of lollcm s & variation between
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the order of 107cm/sec to 108cm/sec of the solar wind velocity was

obtained over this periode. This could not be true in the light of the
present experimental evidence which give the variation in velocity by a
factor of 2 only. The calculation of the factor (RO-R)/'?\, however,
showed that with A= 1.2 .1011cm, the value of R, was ~8 AJU. at
golar meximum end ~ 4 A.U. at solar minimum. Taking N= 2.1012 cm at
solar minimum a value of R, of the order of 40 A.U. was obtained. Quenby
(1966), teking the point of belance between the solar wind pressure and
the galactic field as the termination point of the solar cavity, and
assuning spherical symmetry, obtained a value of the order cf 30-50 A.U.
He algo showed, taking into considerction all aveilable Q~particle and
proton measurements of 1963 and 1965, that between 1 GVLPK15 GV, Aa P,
throughout the solar cycle. But in this case, an anisotropic diffusion
model with A& r° was considered.

It is concluded, therefore, that Parker's convective isotropic
Qiffusion model with Nof the order of 10%2 cm explains the experimental
data on heavy primeries fairly well, in the rigidity range 1.5 GV to

16+ 5 GV, during the years 1960-to 1965.



CHAPTER II 34.

TIME VARIATIONS IN THE VAN ALLEN RADIATION BELTS.

2.1. Introduction.

The discovery of a high flux of charged particles trapped in the
geomagnetic field by Van Allen et el. (1958) opened up a new field of
investigation for the scientists who were engaged in the study of energetic
golar perticles and cosmic rays. Many theoretical and experimental
investigations have already been carried out but we are still far from
a completc understanding of the origin of these particles.

One of the most effective woys to attack the problem of the origin
of these particles is to observe and study systematically the time
variations of their intensity. Immediately after the discovery of
the trapped pearticles, Yoshida et al. (1960) and McIlwain (1961)
demonstrated the high degree of temporal stability of the inner belt,
for two separate periods in 1958. Hoffman et al. (1962) placed an
upper limit of about 10% on the time variations of the inner belt
proton components due to magnetic storms, for August and September 1959.
Freden snd White (1960) showed that the activity associated with the
large solar flares of May 10, 1959, had little or no effect on the
flux of trepped protons in the inner belt. With Sputnik 3, Vernov
and Chudakov (1960) noted that the absolute intensity of radiation in |
the inner zone remained constent with an accuracy up to VI% in 'the =~
course of o monthe Brown end Gabbe (1964) found no gross temporal

variations of the imner belt protons during July 19, 1962 to July 16,
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1963, McIlwain (1964) found that no change lorger than 10% occurred

at L €2,0 when the intensity of protons at L =~ 2.5 decreased by more
than o fector of 10 within a 7-hour period on September 23rd, 1963.
Pizella et ale. (1962) perfomed en extensive study of the inner zone
with Explorer VII datn for = period of October 13, 1959 to December 31,
1960, The detector, an inton 302 Geiger tube, was sensitive to electronms
with E> 1.1 MeV end to protons with E > 18 MeV. Significant time
variations in the count rate existed in the region 1.25 <L < 2,50,
and the changes appeared to occur in discrete steps which were temporally
correlated with major soler proton events o.nd/or geamagnetic stoms.
Dei;ending on the time increment or L-shell, the changes could be
increases or decrensea. However, the count ratvs on L-shells, at the
end of the period exceeded those for the beginning of the period by
a factor of 3 for 1.2 <L<1.8 and by a factor of 10 for most of the
remaining shells. Valerio (1964) studied protons of energy from 40 MeV
to 110 MeV observed on Injan 3. He found a time decay only at the lower
edges of the inner belt but found the intensity to be extremely stable
elsewhere. Zmuda et 5.1,(1965) studied the temporcl snd spatial
behevicur of protons in the inner zone in the region of the South
Atlantic idnomaly, during the peried July-Dec., 1961.

Study of the temporal fluctuations of intensity of the outer Van
Allen belt and its association with soler and geomagnetic disturbances
wes made by several suthors (Rothwell & McIlwain, 1960; irnoldy et al,

19603 Rosen & Farley, 1961; Fan et al, 1961; Van iAllen & Lin, 1960;
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Forbush et 2l., 1961; Forbush et al.,1962). The megnitude of the

intensity in the vicinity of 3.5 earth radii Izds been observed to vary
by nearly 2 orders of megnitude (Ven illen, 1961). The fluotuations
in the outor belt have boen divided into two classes by Rosen (1963).
Long term secular varistions and daily veriations in the structure of
the radiction belts may be grouped into one cless; intense unusual
fluctuntions, rising and falling a few orders of mognitude within a
fow mimites form the second cless. The former is & characteristic

of the structure of the outer radiation belt. The latter is associated
with geomognetic storms: O'Brien (1962) etudiéd the lifetimo of low
energy outer zone electrons and their precipitation in the atmosphere
to find any association of them with the aurorc.

The date obtained over a period of two =nd o holf months, from
26th. April, 1962 to 8th. July, 1962, recorded by on inton 302 Geiger
counter on bozrd the seatellite Ariel I, have been used to find any
temporsl varietions occurring in the two belts at that time. The
lover loyer of the inner zone wes chosen to investigate the relation
of eny variztion there with the exosphere density veriations and Ap

indices,

2.2, Motion of Chorged Perticles in the Geomogmetic Field,
Before procecding with a discussion on the origin of end the loss

processcs for the trapped particles, one must be clear about the

nature of the motion of charged particles in the geomognetic field.
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Stormer (1955) wza the first to derive an integral equation of motion

of charged particles in a dipole field. His treatment, however, is
not perticulcorly suitable for porticles which are trapped in the
geomagnetic fiold. Thoe complox trojectorios of such perticles cen be
dealt with by an approximate method due to .1fvén (1963), eand this
method can be applied directly to the particles trapped in the Baxrth's
fielde The motion of trapped psrticles in the geomcgnetic field can

be described in terms of the following three components.

a. 4 rapid gyration or rotation around the

field linese

be An oscillation of the 'guiding centre' along

the ficld lines.
Ce 4 drift in longitude around the Earth.

in adiabetic invariont can be associsted with each of these
components of motion and the above description is only applicable during

the time when these adiabatic conditions remain unviolzsted.

Mathemetical definition of the three invariants.

o]
e

The gyration of a charged porticle about a line of force generates

a current loop. The meognetic noment X of this loop can be shown to

be given by
2
U= (%snvl/B)Y

where B is the total megnetic field, including that generated by =11
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other particles, m, the particle rest mass, vy its velocity perpendicular
to the field line and + = (1 - E; )‘%. If the variztion of B is
slow enough so that the perticle motion is periodic, then K4 is an
adiebatic invariant of motion and is generally known 2s the first adia-
batic invariant.

The constancy of the magnetic moment leads immediately to the

second component of the motion: oscillation between two mirror points.

The magnetic field at either of these points iz given by

o= 2
sin &,
where B, and %, are field strength and the pitch-angle at some

reference point. The second adiabatic invariont can then be defined by

I = émvlldz

where vy; is the component of velocity parcllel to B and integration

is over a north-south cycle. Northrop and Teller (1960) show that I is

also conserved in the presence of slowly-verying electric fields.
Northrop and Teller (1960) also defined the third adisbatic

inverisnt, celled the flux invariant

g = f B.dk
where the integration is over a surface whose boundary is the line traced

out by one of the mirror points in its azimuthol drift.
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in elgborate discussian on the St:w.mor, Alf‘v&, end McIlwain
treatments of the movement of charged particles in the dipole and
near dipole fields is availeble in H. Elliot's (1963) rcview

article on Van Allen Belts.

2.3.a QOrigin,

The origin of trapped particles has not yet been established
conclusivelys There ore three possibilitics which hove been suggested
by & mumber of emthors. Singer (1958), Kellogg (1959) and Vernov et al.
(1959) suggested independently that the cosmic Tay flux which is
incident upon the Earth's atmosphere, and which generatcs neutron albedo,
leads to the trapping of both electrons and protons in the geomagnetic
fields & solar origin for the perticles was suggested by Gold (1959),
the particles acquiring energies in the solar atmosphere and then
escaping to the Earth where they eventually get trapped in the
geomagnetic field.

Lencheck's (1962) treatment shows thet solar flare generated
protons most probably give rise to neutron slbedo fror which trapped
protons are originated. But there still exdsts a contribution to the
trapped protons due to albedo arising from galactic cosmic rays
(Lencheck ond Singer, 1962; Pizella et al. 1962). Recently Valerio
(1964) showed that to = reasonsble approximation the neutron albedo
source strength given in the literature was capable of accounting
for the observed equilibrium distribtution at L £ 1.5 The neutron

albedo theory, however, cannot account for the large number of trepped
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electrons observed in the ocutor rediation zone. The solar origin

theory had to be discarded as Pioneer V failed to encounte; a lorge body
of radistion in interplanetary speace, which ought to exist to make the
theory tenable. Dessler (1958) tried to explain the existence of
trapped electrons in the radiction belts by a mechanism in which the
particles are accelerated in situ in the geomcgnotic field. The exact

mechonics of this process has not yet been established.

2.3b Losg Processcs.

Charged porticles may be removed from the trapped condition for
different reasons. They can be completely removed or they mgy lose
their energy so that they fall below the threshold of the detector.
The complets removal may occur due to scattering into the loss cone
by interazction with the atmosphere, breskdown of the adiabatic
invariance due to scattering ly hydromegnetic waves, and charge
exchenge. Collisions with atoms, electrons end ions will cause loss
of energy without a loss of the intensity of the trepped particles.
The importence of the different processes is entirely depencent on
the nature ond energy of the particles. Loss of energy by intercctions
with the atmosphere is important for protons, but scattering is more

important for electrons.

2.3c Time veriations from the Loss Processes in the ftmosphere.

The possibility of a deily variation in the inner zone proton
flux exists for the following reason. The geomngnetic field, becaunse

of its eccentricity has an anomslous region over the South Atlantic.



41.

Here the contours of constant field values como down to their lowest
level, compared to the other longitude regions. As the trapped protons
are moving along constent B-L lines, they come down into the densest
ctmosphere there, as they drift in longitude around the earth. Now,
there exists a daily veriation in the atmosphcric density, due to
solar EUV ond probably some corpuscular (source unknown) heating
(Herris ond Priester, 1962) as well. A so-called bulge of density is
fomed vhich will travel around in longitude. 4s the trapped psrticles
will be encountering this bulge the loss of perticles will be a
nmoximum ot one poarticuler time of the day. 4 diurnel veriation of
trapped proton flux will, thercfore, result. (This is clso true
for any other flux of particles which might encounter this bulge).
And this diurnel veriation will be most pronounced in the South
Atlentic Anomaly regione The idea here is to look for this by trying
to find eny correlation of the phese of the semi-diurnal variastion
in the upper cotmosphere pressure wave. One can also colculate the
helf-1ife of the lower layer of the inmer belt protons. In the later
cage one can expect to get a holf-life of less than o dey if the
predicted effect is present.

Apart from the diurmesl variation in exospheric density, some
day to day variations in density are slso observed, and it will,
therefore, be worthwhile to try to correlate these with the day to

dey verintion in intensity.
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One can also expect long-term or 1l yeoxr verintions in inner zone
intensity if the neutron albedo produced by golactic cosmic rays is the
nmain source of immer belt protons, and atmosphgric losses are the main
loss processes. This is due to the fact that changes in the upper
atmosphere density occur during the solar cycle, with a phase opposite
to it; One then expects an overall incerease in flux values towards the
soler minimum as the source strength incrcascs (ll-year change in cosmic
rey intensity) and the same time the density of the upper atmosphere
decreases. The effect will sgain be most pronounced in the B=L region
corresponding to the minimum altitudes,

The study of the long=term variation in the inner radiestion belt
requires flux values from two or more different periods in the solar
cycle. In this case it was possible to use Explorer IV deta (lcIlwain,
1961) beceumse the detector on it was similer to that on the Ariel. Both
the detectors were Anton 302 counters and the shigtding end encrgy
thresholds were as follows. In the direction in which the amount of
abgorbing material for the Ariel detector was o minimum, the counter
was effectively shielded by 0.73 gm/'cm2 Eccofoam, l.13 gm/bm2 lead,
1.01 gn/em® aluminium and Oed gm/cm2 iron. Electrons with energies of
7¢4 and 10,5 MeV had probabilitics of direct penetration of 105 end 50%
respectively. The corresponding threshold for protons was 50 MeV.

The response of the counter to electron bremsstrahlung was very low
and the efficiency for ¥ -ray detection was about 0.4%. The product

of counter efficiency for charged particles and the omnidirectional
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geometrictl factor was ~ 0.5 cmz. The proton threshnld for Explorer IV

detector was 43 MeV., The correction for this difference in threshold
has been made by using a differentirl energy spectrum of the fom g7

(Elliot, 1966). The correction turned out to be very small.

244+ Choice of Co-ordincte System.

To arrange the data in a readily comprehensiBle system of
coordinotes, McIlwain's L=values will be used here. The arrgy of date
points obtained by the .riel I detector have each been nssigned a
pa.rticuiar L-value, according to the geographic position represented
by latitude, longitude and cltitude. The concept of L-values was first
put forward by McIlwain (1961). The Earth's field differs from any
possible dipole representation by more than 20% ~t the surface, and
4% ot o geocentric distance of 3 Eanrth radii. Use of a pure dipole
coordinate system, therefore, gives a confused picture. The points in
space which hove the scme valucs of B and the longitudinel invarient, I,
form a ring in eech hemisphere. Thus particles mirroring at two points
with the same B-value will trace out a complete shell arcund the
Barth as they drift in longitude. This magnctic shell is labelled by
L end the paremeter L is defined in such a woy that if the megnetic
field of the Earth was a perfect dipole field, a megnetic shell would
be labelled by an L equal to its equotorisl radius. The orbit of any
trapped pcorticle can, therefore, be defined entirely by two quantities:
the L-value of the shell on which particles are drifting and the megnetic

field value B =t the mirror points.



2.5, Plan of Anal;!SiSo
With the coordinastes B end L we have the counting rote B = R(L,B,t),

and the rccorded data are reduced to o two-dimensionsl arrey in terms
"of the positionsl coordinates. In the erray we regard B as the
varieble end L as the perameter to clessify the datae

The analysis was plamned in the following wey

ae Particular msgnetic shells were selected, which have values
of L corresponding to the lower layer of the immer belt. The values

of L selected were L = 1.130 to L = 1.180 by steps of 0.Cl.

be The counting ratcs at those L-valucs were tabulated along

with the B=values at those points and the time t.

If the view that B and L are sufficient for describing the
distribution of the trapped particles is correct, we must find the
counting rrte R to be a single-valued well-defined function of B for
each value of L. Departures from such s relationship would be regarded

as due to the time varistion ot that ¥alue of L.

2.6. Analysis of Observational data.

Pizella et al. (1962) showed that it is quite valid to assume that
the time voriations in their case are of such & naturs as to simply
translate the curves of logR ogrinst B/Bcq verticolly, without change
of slope iees for a given Ly R chonges by the same factor irrespective

of B/Bed' This is assumed to hold in the present case. The sssumption
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mentioned obove can be cmployed explicitly to eliminate B as a

porameter ond thus to reveal long-term variotions, in which only one

parametcr, L, is retained.

The analysis was developed through the following steps:

LogR was plotted ngoinst B for each selected L, for the entire
period, o representative curve being shown in Fig. 1l. The
mumber of data points thus obtained in the plene (logR, B)
were fitted by polynomials such that the analytic expressions
were obtained for the rcfecrence curves

logk = £(B,L)
with L a5 a parameter having discreté volues for the various

members of the femily of curves.

Hnploying the assumption stoted above, all counting-rate data
for cech L for the entire pcriod of observation were 'reduced!
to o common value of B, specifically B = 0.214 gaunss, by means

of the following expression.

R(t,0.214,L)= exp [ 1ogR(t,B,L) - £(B,L) + £(0.214,L) ]

This procedure corresponds, from a grsphicnl point of view,
to moving, in the plzne (logR,B), the point logR(t,B,L)
parallel to the rcference curve R = £(B,L) until it comes
to the volue of B = 0.214 gauss. The quantity R(t,0.214,L)

is called the rcduced value of R(t,B,L).
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At the end of these vperntions #ll dnta werse reduoed to a commom

value of B and were thus only a function of t for each L.

Calculations necessary for the above annlysis were carried out
with an Elliott 803 computer. Counting rates obtained above B = 0,200
gauss were elimincted becaunse of the saturation of the Geiger Counter.
Also the counting rat.s at and below 16/26.9 sec. were ignored to
elimincte the cosmic ray background. The background rate ot each
L-velue, in this cszse, was obtained from the cosmic-ray latitude
spectrum given by i. Engel (1964) who used the data rccorded with the
same counters

The reduced count rates =t each hour of thc day were then tabulated.
Averages of these counts, obtained at the soeme hour on 211 days, were
taken, and 24 data points werc obteined in this way for the investige-
tion of the aversge daily variation in the period considered. Daily
averages of these counting rates were used to find any long-term
varietion in the same period.

The final results of the foregoing analysis cre given in Fig. 120 ,
Fig.12b, ond Fig.l2c and Fig.l3. The daily veriation curve is plotted
in terms of universal time and then transferred to the locel time of
Singapore, as shown in Fig. 14. This is done to correlate this
variation with the pressure-wave in the equatorisl region around the
height of observation. The only informntion obtainable about the
pressure=wave was that from wind-velocity measurements in the F=2
region over Singapore. In Fige 122 the 'reduced! and averaged
counting rates ore plotted as a function of days, for each of the values

of L, end Fige 13 gives the counting rates nommalized to the average
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value for 211 L'se In Fige 13 we also plot the daily aversged Ap values,
and the valuce of log0gz. Here Qg 1is the density ot a standard height
obtained from the satellite-drag data of the period of this inveastigation,
the date being supplied by King-Hele (private communication).

Correlation coefficients were calculated for counting rates
at each of the L-values, with jp and logQ;e The correlation coefficients
with density were found to vary from negative to positive =8 L increases
and the correlation coefficients with Ap-values veried the opposite
wey. However, when the coefficients were tested for their significance,
they had to be rejected as insignificant. This wns confirmed by the
fact that no correlation of .ip or logog with the Le-averaged values of
the_z counting rates (all normalized to the averpge counting rate at
L = 1.18) vas gpparent. The storm-time relation between p and Kp, as
given by Groves (1961) did not seem to give any significant correlation
between them at the period of our observation, even with higher group

of ZKp-values.

Quter Zone.

Counting rates at several L-valucs, corresponding to the regions
occupied by the outer zone, and in different intervals of B-vaolucs, were
plotted as a function of day numbers to find any time veristion in
the outer zone. Sterting at L = 3.5 exemination of data was carried
out up to L = 7 and at each L-value, several regions of B were chosen.
It was found that a definite pattern in the doy-to-day variation

comes out, this being most pronounced in the rcgion of the 'horn!
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which leads to the heart of the outer zone ( L ~ 4.5 e.g. Engel,1964).
The amplitude of the variations fall off as one goes towards the |
higher or lower value of I, from the above mecntioned value, but the
nature of the varietion remeins the same. The varistion at L = 4.55
and B = 0,400 gouss is shown in Fig.l5.

The region of maximum intensity of the inner zone was also exemined
to see whether any time variction of the intensity was apparent in
this region which could relate to that in the outer zone. To do this
a very smell range in L was selected (ee.ge I = 1¢5 to 1.6). It should
be possible to obtein a smooth curve for only aspatial variation of the
counting rate. A4s the data, when plotted agoinst B, showed quite o
large scatter, attempts were mnde to find any day-to-day variation there.
The counting ratcs corrected for B and reduced to the volucs at B = 0.25
gauss showed a day-to-day variation of ~ 40%, four times as much as in
the lower lecyer of the sgme zone. But the variation here had no
similarity with that in the outer zone, and no correlation with Ap
indices or density values could be found cither. The same analysis was
carried out further for L = 2.00, where the variation was again found
to be very small.

To verify that whatever varistion was obtained in the outer zone,
did exist; Bevalues were plotted against day numbers to find any
grouping in B which could give rise to spurioms time variations. But

the points indicated no correlation between B and dsy numbers.
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The Flux Contours.

Counting rates of 3/sec, :0/sec, 30/scc,end 50/sec.were plotted in
B-L coordinates to get the flux contours of the inner belt for the
period of observation.

To get tho timo-everaged curves, contours were drawn for two
different times in the total period and finsl contours for May & June,1962,
were obtained. These were compered with those obtained from the
unshielded Geiger counter on Explorer IV (McIlwain, 1961). The siriel
contours, as shown in Fig. 16, indicated that the inner belt proton flux
remained the same or even decressed from 1958 values. Fig. 17 shows

the same contours in R= N space.

2.7. Discussion of Results.

In the period of 27th. Mey to 8th. June, 1962, the intensity of
Van .llen particles in the inner zone was found to be reasonably stable.
The lower layer showed only a 10% variation while the heart of the
inner zone showed a 40% variation in day-to-dey aversgcs. A4s the !'slot!
rcgion showed such a small variation, the lerger variation in the
heart of the zone is perhaps because of the higher proton flux present
there. Nowhere in the imner zone is the variation in intensity related
in any way, to that of Ap indices or exospheric density.

In the outer zone also the intensity variation is uncorrelated
with the magnetic activities or density variations. The level of

intensity here decreased by nearly a factor of 2 from degy 117 %o 140 and
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showed en inercase by a factor of ~ 1.5 sround day 164, decreasing to
the previous level after thet. The initial decrcase from ¢ higher value
of intensity is possibly thc recovery from the enhanced intensity due
to the magnetic storm proceeding the flight of iriel (Engel, 1964).
But the leoter increase could not be explained by any processes connected
with solar flares or megnetic storms.

In the inner zone, the flux decrease from the value on 1958,
most possibly indicates that the neutron albedo source ié not the only
one for the inner zone protons. Any real veriation in intensity there,

could be a reflection of the variation in this source.
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ORIGIN .AND LOSS PROCESSES OF THE INNER VAN JLLEN BELT.

3e1. Introduction.

The genersl feectures of the stability of the imner rzdiation belt
over a period of two to three months (Chepter II) led us to investigate
the solar cycle variation, if any, in the inner belt. The objective
is to see whether from the omnidirectional end unidirectional flux
distribution of protons in the inner belt, one can obtain the trend and
character of the long=-term varistion of the high cnexrgy (> 50 MeV)
protons when compared with the data recorded at an earlier time in
the solar cycle (McIlwain, 1961) at comporable spatial positions. One
can then proceed, using the averaged atmosphere for trapped protons,
colculated from the proposed model atmospheres (Cornwall et al., 19653
Harris and Priester, 1962; Johnson, 1962), to estimate the source
strength of these protons and any variation over the solar cycle.
Effort was made to confirm or predict any dominent loss mechanism for
these protons,.

A8 the atmospheric density hos been found to vary with the solar
cycle, the mumber of protons lost from the inner belt should vary
accordingly if the estmospheric loss is the only loss mechenism active
in this region. uilso a voriation of thc source strength with the
solar cycle will be expected if the galactic cosmic ray neutron albedo

and the solcxy cosmic ray neutron ealbedo ere the two main sources.



€0.

The galactic cosmic ray flux has e very strong negative correlation with
the sunspot numbers. The source strength should, therefore, increase
towards the sunspot minimum and the loss of the protons should decrease
at the some time. 4n overnll increase of the flux towards the sunspot

minimum is, therefore, expected.

3.2+ Historical Decvelopment.

Measurements and mapping of the inner belt intensities ond its
energy spectra at different positions in space, hove attained increasing
precision since the discovery of the btelt in 1958 (Ven illen et al.,
1958). is soon as the neture of these porticles was established, their
origin, their lifctime ond thus th. processes by which they are lost from
the trapping conditions, beceme the main subjects of activity in this
field, Three source mechanisms have been advanced so far, to exploin
the origin of these trapped particles (see Chopter II). The first
sourcc mechenism, suggested by Singer (1958), postulated that the
trapped protons were the decsyw=products of the neutrons created at
the top of the atmosphere by the galactic cosmic reys. The cosmic roy
neutron elbedo decsy theory (Crand) wes quite successful in explaining
the errly measurements. 4As thc rockets (Beme ot al., 1963) and
satellites produced results from detectors of improved efficiency
and encrgy resolution, three distinct components of the proton belt
could be distinguished namely, the high cnergy, the medium energy ond

the low encrgy components (Kellogg 1963).
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The high energy component was found by some suthors {Blancherd
and Hess, 1964; Vernov et sl., 1964) to be oxplained by the Crand
source and others (Walt and McDonald, 1964; Pieper et al., 1965;
Fillius, 1966) found the source to be extremely wenk or inadequate.
in attempt was made to explain the medium energy component on the
solor proton albedo neutron decay (Spand) fheory, becanse, then, it
would hove been possible to find the cause for their different
spatial distribution. Lenchek and Singer's (1962) ccleulation showed
this source to be sgain too weak (a factor of ten) to account for
the part of the spectrum observed by Nougle cnd Kniffen (71961).

Davis and Williomson (1963), Bome et al.(1963) snd Fillius and McIlwain
(1964) have shown thet the spectrum rises steeply to very low energies
having an enommous nmumber of particles of 100 keV. This is not at o1l
possible for en eveporation spectrum with o temperature of 1.5 MeV
that would be expected of neutrons (Kellogg, 1963). Then the low
energy portion will be further reduced because their lifetime is
shorter. The calculetion of 'Spand! also showed thot no particles
could be trepped below L = 1.7, end mirroring on the equator below

L = 3.5 is not allowed, But both of these points werce found to be
untrue by Fillius (1966). Only the 10 MeV protons observed by Nerv
at low altitudes (Nomgle and Kniffon, 964, 1963) could be explained
by Spand.

Fillius (1966) examined all the data he obtained from Reley I

neasurements of the inner belt proton energy spectrum in the energy
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range 1.1l to 63 MeV. He concluded that Crand source is inadequate

by a factor of 104 at 1 McVe Walt and MoDonald (1964), after
exsmining the influence of the earth's atmosphere on trapped protons
ond using the experimental data of McIlwein et. ol. (1964), concluded
that in the energy range 18«35 MeV, at L = 1.5, cither the source
function is more complicated than the simple Crznd source or the
atmospheric collisions are not the only loss processes in this region.
Zmuda et 21.(1965), after a thorough study of the changes of the
immer belt proton events, concluded thet protons of energy 1 MeV< E <
15 MeV ond: E > 40 MeV are not affected. Pieper et al. (1965),
however, found that at low L-velues and high B=values their data

show o decrease over McIlwain!s (1961) proton flux, in contradiction
to the theory that the flux, ought in fact, to increase because of the
solar cycle decrease of the atmospheric density.

Injection of perticles at the boundary of the magnetosphere by
the soloar wind and their diffusion towards the earth, is the third
source mechenism suggested by several authors [ Kelloge (1960) and
Parker (1960)] + To accelerate these porticles to higher energy as
they move inwards, it was suggested [ Drvis and Cheong, 1962; Nokeda
et al. 1965'] that the diffusion takes place under a condition where
the first two invarients of particle motion remain constant but the
third is brokens. This hss obtained some experimentel support in that

the phase density of the perticles at the equator has been found to
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decrease ss the particles apnroach the ezrth., The interpretation here
is that the source of these perticles is outside the region of the
measurements [Mquwain, 1964, private communicection to Fillius, 1966 1.
Fillius (1966), when trying to explein their result, pointed out
that if the position of the peak of a profile is plotted against
the energy threshold of the individual detectors, a reguler and uniform
pettern is obtained over three orders of megnitude of energy. The
extrapolation of this curve to the boundary of the mrgnetosphere gives
the proper velue for the energy of protons in the soler wind. This
explained why they observed only high energy psrticles at the lower
L-values. To explain the decrcase of the density of particles as they
g0 inward, they hed to postulate that some protons diffuse inwards,
gaining encrgy until they reach thg atmosphere and =re lost; others
diffuse outward and arc lost again at the boundory of the magnetosphere.
The different losses which operceto in the innexr proton belt have
been briefly discussed in the previous chepter. Here the atmospheric
loss mechenism plays the most important perte The ionization is the main
process, nuclear collisions are importent only above 100 MeV; charge
exchenge is important below 1 MeV and elastic scattering is negligible
[ Cornwall et els, 1965] » Different authors have calculated the
average atmosphere 'ei‘i‘ective for the trapped proton population
eege Cornwall et el. (1965), Valerio (1964), Hossitt (1965). Blanchard

and Hess (1964) have computed the solar cycle variation of this
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averaged atmosphore and Cornwall et ale {1965) have computed 1959 and

1962 atmospheres and the mean stmosphere, by toking into account the

Harris and Priester {1962) model stmosphere encothed into the Johmson (1962)
atmosphere towards solar hinimun, Valerio (1964) has used the 4nderson

and Froncis (1964) nodel atmosphere to compute the:average. &tmospheTes

for two lines of force. Hassitt (1965) again used the inderson and

Froncis (1964) model and the Harris and Priester (1962) model.which

are the same except their hydrogen contente

3«3« Aversging the .dtmosphere.

Cornwall et als's celculerted average ctmospheres were chosen to
be used here beceuse they are suitable for Explorer IV (1959) and
ariel I (1962) datas In their caloulation they have used two different
fits to the Earth's mecgnetic field, the Jensen and Whiteker (1960)
with 512 2nd Jensen and Cain (1962) with 48 coefficients. The
trajectories of the perticles were computed in these magnetic fields
vith the constreints that the particles must stoy on shells of
constant L ond mirror at constant B as they drift around the Earth.
At a fixed L, the mcan atmospheric density wes computed for bounce

asths along o perticuler magnetic field line for severel different
values of Be The perticles were drifted a few degrees and the
process was repeated. A final average atmospheric density was obtained

at constant L~B for one drift orbit around the Eorth. S, the paremetex
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giving the solor activity level, was taken to be 200 for 1959 and
100 for 1962. The densities were given in elcctrons /bm3.

In the calculation for the unidirectionsl intensity with
assumcd neutron zlbedo spectrum, the average atmosphere (1959;1962)
calculated with o B fitted by 512 coefficients wos used. Although
Cornwall et alls calculation applies to protons with energy range
5 to 100 MeV, use of their calculztion in this case was justified,
beconse, essentinlly, the cdetector was detecting protons in the

renge of 50 to 100 MeV,

3e4e Evidence from Ariel dotn.

The sriel I Geiger Counter meagured the omnidirectional intensity
of the protons ( > 50 MeV) in the inner belt ot a number of L-shells,
starting from the lowest one (L = 0.981). Thcse omnidirectionel
coﬁnting rates were therefore used to determine the directional
intensitics on L~-shells 1.20 to 2, a2t different mirror points along
the megnetic ficld lines. All these field lines cut the surface at
or below lrotitude 150. The observations did not extend as fer as
the equator although a lorge region of space was explored.

Farley and Samnders (1962) give a simple but sufficiently
accurete method for calculating the unidirectional intensity at the
mirror point, perpendiculex to the field line, from the omnidirectional
intensity a2t variocus points clong a line of force. The expression used

is
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3/,

_ (8,) By @ (ﬂ)cua
W) = - S / ® 25 (1)
By (B - By)
vhere
3;(B)) = unidircctional intensity perpendiculer

to the megnetic field vector at the mirror

point By,

J(B) = omnidirectional intensity at a point

with field intensity 3B,

Bmax = field vclue ot which the particle intensity

drops to zeros

B, = field intensity at the mirror point.

For each L-vzlue, the omnidirectionel counting rates of the iriel Geiger
counter were fitted to a curve of J(B)/B versus Be A polynomial fit up

to the secdnd coefficient was used for a1l sets of data. The differentiated
formm of these equations was fed into equation (1), and finally the

equation was numerically integrated by using an IBI 7090 computer.

Values of %nax were obtained graphically by plotting counting rates

against By for each L-value. A small error was perhaps introduced in
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the caloulation, hy this proecess, but it was not estimnted. The errors
on the computed intensities wera not given either, because of the
difficulty of tracing them through the integral. The same operation
was carried out with McIlwain's data. As only a comperison between

the unidirectional intensities at fixed B and L values recorded at
different times in the solar cycle wes being meade, these errors would
not affect the interpretation and conclusions presented here,

The unidirectional intensities obtained both from the 4riel
date and from McIlwain's published data are shown in Fig. 18a to 18d.
The By's are the mirror-point fields; each curve corresponds to a
paxrticular velue of Le It can be seen that the unidirectional
intengitics ere consistently lower in 1962, at the same B=L space.
This has slready been observed in the case of omnidirectional count-
ratcse But in addition to that it can be seen here thet at lower
L-values, in the low B-region, the friel intensitics are actually
greater than 1958 intensities but gradually get lower than 1958 values
os the cut-off velues of B are approached. At higher L-values, 1962
intensities are lower than 1958 values throughout the Be=region
observeds But here again, near the equatorial region, the difference

gets smaller, without any actual crossover occurring.

* The unidirectional intensities in counts/sec.ster., were

convertcd to counts/bmz.sec.ster., after taking into consideration
the fact thet the Ariel Geiger Counter had a geometrical factor 300

higher then thet of the Geiger Counter on board the Explorer IV (Elliott,1966
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The lifetime of these particles may be obtcined by imegining that

the source is suddenly turned off and then calculating

-1 fe) .
T = - 33 (1°qg Jl? (2)

Now, the contimuity equation for proton distribution, with no source,
can be solved for j;. Inserting the expression (2) into that equation

gives (Dragt et al., 1966)

T = 6x10 p ~ E ° sec (3)

Lifetimes obtained by putting the sunspot minimum densitics and the
mean densitics into this equation and taking E to be 50 MeV, are given
in Table 1; the L and B values are indicated.

The pitch~angle distribution of different L-valuecs is given in Fig.l9.
This emphasizes the points made in a previous paragraophs 4t lower Le
velues the difference between the intensitics is more at lower pitche
anglcs then at higher pitch-anglese At higher L-values this difference
is morc or less constant throughout. This agrces qualitatively with the
lifetime calculation at higher B-values; the lifetime ot these B-values
(Table 1) is very short compered to the soler cycle.

Using Valerio's (1964) method for calculating the directional
intensity of protons we obtained proton intensitics perpendiculer to

the lines of force, &s a function of L and B, Cornwall et alds (1965)
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E%r?p Gouss elgctrons years elgctrons yeors elgctrons Yeers.

rodii cn cm o

1.200  .205 2.7x100 0.1  2xacP 1.52  1.3x107 0.24
210 5.0020  0.06  4.5:0°  0.66 2.23x107 0.14
215 1.05x10° 0,03 1.154107  0.27  5.0x107 0.06
220 2.6a08 0.0L  3.8x107 0.08 1.15x10P 0.03

1.300 .210  1.6x107 0.19 1.3x05  2.37 s8.0m0° 0.38
215 28007 011 2.6a05 1.8 1.0 0.22
.220  5.0x107 0.06  5.5x10° 0.56 2.8x107 0.11
.225  8.0x107 0.04 107 0.31  5.5x107 0.06
230 2.3a0° 0.00  6.0x107  0.05 1.6x10° 0.02

1.400 .210 - - 6omad® 513 3.200° 0.96
215 - -~ 9.500°  3.20 5.5xa0° 0.56
.220 - - 1.8a0° 171 107 0.31
.225 _ - 4.6x10° 0.67 1.9x107 0.16
.230 - - 107 0.31  3.6x10/ 0.08
.235 i} i} 3.2x107 0.10 8.0x107 0.04

e

=-continued-
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1.500 .220 - - 6.7:10°  4.60 4.2x10P 0.73
225 - - 1.200° 2,56 7.500° 0.41
230 - - 2.500°  1.23  1.45x107 0.21
235 - - 7.300° 0,42 2.40x107 0.13
240 - - 1.9:107 0.16  4.80x107 0.06
1.800 .210 - - 7.6x10%  40.60 3.030° 10.26
215 - - 8.3x10% 37.10 - -
220 - - 1.25¢10° 24,63 - -
225 - - 1.75x10°  17.58 - -
230 - - 2.50610°  12.31 - -
235 - - 3.80x10°  8.09 - i
240 - - 6.20x10°  4.95 - -
245 - - 1.20a0°  2.56 - -
250 - - 2,20x10°  1.40 - -
255 - - 4.80:10°  0.64 3.0x107 0.10




L 4 ¥
l
o
3
!
i
:
l
2
v IO -
v §
bt -
w0
J
(8] =
w0
N . 7
£ ) i
|8
3 | -
— b
Q n
— i
3 |
1\
o :
, \ 1 \
3 1of | '
O ¥ IX s‘ ‘ A , L b3
h’o . 7 Ve ZL"I\( &“\ﬂ "-\/7 .L T {
— 120 1225 1250 1,275°\%.30 135 1.40 1.50 ‘ =
e j _S
o
- 170 '
o
l A ] 1 1 ) ] ’ '_ [] () *, - ) ] . v [] ] é
g5 .20 A0 .5Q .60 70 RO Q00

Cos c¢.
Fig.19. Pitch Angle Distribution of Protons from

Ariel 1 & Explorer IV,



73.

avereged atmosphere for 1959 and 1962 were used for the above

LB)

calculstions. The ratio f (L,B) = _Ei_ébé can be considered
3, (L,B)

calc.

here to be the fraction of decsying neutrons from 50 to 110 MeV which
result in trapped protons. It is not identical to the neutron injection
coefficient as defined by Lenchek and Singer (1962). With Explorer IV
data these ratios for L upto 1.5, at all observed B-values show that

the observed intensities are higher theon those predicted by the neutron
elbedo source. Above L = 1.50 the ratios give quite reasonable values

in regions far awsy from %max and B The observed intensities

equator®
near the cut-off region zre much higher than the calculated ones

and near the equatorial Beregion (at higher altitudes) are much lower
then the calculated ones. On the other hand, the ratios of j-lobs(1962)
to the computed ones show, that the albedo source is in general weaker than
that required for the whole range of L and B values.

In a recent paper Dragt et al. (1966) have given two quantities
defined as the !injection efficiency! X eand the 'omnidirectional
injection efficiency' X , for the cosmic rey albedo neutron decay source.
Their calculated values of X end X, could be used to compute the pitch-
sngle distribution and omnidirectional intensitics of protons, along
a line of force. The given spectrum in the expression for jl and J,
was integrated over the limits 50 to 100 MeV. The valucs are given
here in Table II at some prrticular L and B velucs where X and X,
were aveilable. It can be seen from Fige. 20 that both the solar

cycle mean and the solar minimum intensitics, computed in this wey,

are very much lower than the observed values.
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1.30  .205 7.0x10°  4.6x10° .42 ~ 36 ~ 5045  ~ 580
6 6
220 5.5000° 2.8x107 .31~ 3.36 ~ 0,66 ~ 80
230 6.0x107 1.62108 .28 ~ 0,28 ~ 0.10 ~ 20
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The decrease in intensity in the high cnergy proton population
towards the sunspot minimum can be secen more clearly, if one plots
the retio j (1962)/;;1 (1959) at constent L's ngninst By , ond also
at constant B;'s ageinst L; Fige 21 and Fige.22 give the respective
distributionse. It can be seen that at.lower L-values the decrease is
less, but the variation with B is quite steepe 4t higher L values
the decrecse is more, but the veriation with B is practically zero.
Fige22 emphasizes that at constent B-values the decrease is more at
higher L-values than at lower oness It also shows that, at constant
B, the decrease is going the same way with increasing L, whatever
the value of B« Thus keeping at a particuler height, if one moves
away from the equator, the decrease of jL from 1959 to 1962 increases and
ultimately goes to an asymptotic velue. |
A comperison between jl (1959), 3, (1962) ond jl'(1965)
at L = 1.8 is given in Fig. 24’5, where Relay I results dn protons with
E > 34 leV, in May to Sept., 1963, are plotted along with Ariel 1
and Explorer IV data. Teking the integral spectrum in this high
energy region to be a power spectrum with an exponent of 0,7 (Elliot,1966),
the later values were corrected for the different -energy thresholds of
the detectorss Although 1963 values shows an increase from 1959 values,
it is still quite small for a period of 4 years in the solexr cycle.
Keeping in mind thet the source strength J s(E)dE is proportional
to 3P E(E), j p's were calculated for both 1959 and 1962, Fig. 234 -
and Fige23b show that across the L-B region, j-;; varies by two orders of

megnitude, in both cases. The ratio of S(E) to JP is expected to be
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& constont in I-B space, if J is measurcd in o limited range of
energy. In this case it is the integral intensity which is measured,
and, therefore, it is difficult to soy whether this veriation in the j
values is due to a variation in the energy dependence term, f(E) or
note Apart from this it is also apparent that 5(1959) is one order
of mognitude higher then J ZX1962). Here, either the source strength
or the loss processes or both must heve contributed towards the varistion
of 3P in the solar cycle.

Attempt was, therefore, made to fit the source function s(E)
(which is proportional to jp), to o sinusoidel wave with a period of
11 years. The only information on S(E) available here is that the
ratio 35 (1962/55 (1959) is of the order of 107 . Thus, taking j P
to be 1 in 1959 and 10-l in 1962, and the appropriste constraint
(evge S(E) cen never be negetive), it is found thot the minimum in S(E)
is secn to fall in the year 1962. Putting on error of a factor of 2
on our point in 1962, it can be shown that the minimum year varies
between the niddle of 1961 to the middle of 1963. The maximum of
S(E) will thon fall between 1956 and 1958. This shows, at least,
some qualitative connection between the source strength and the solar
cycle,
3¢5« Discussion.

The decrease of proton belt intensity towards soler minimum
at L<2.,0 is likely to tazke place because of two reasons:

(i) the source strength of thecse protons decreases towards the
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soler minimum end/or (ii) the loss processes are more active near
solar mininum,.

The cosmic ray neutron albedo decay source stays nearly constant
throughout the solar cycle, being only 2%% stronger at solar minimum.
Thus, from the source strength point of view, the intensity, if anything,
ought to increase towards solar minimum. The main loss processes, on the
other hand, are assumed to be the atmospheric losses. The density of
the exosphere varies by a factor of 10 during the solar cycle, going
10 a minimum near solar minimum. If the lifetime of these protons is
long compered to the solar cycle, the effect of the variable atmosphere
will average out; if, on the other hand, the lifetime is short compared
to the soler cycle, the proton flux will follow the veriations of p ,
a:ssuming that the source strength st-ys nearly constant. For such a
situation, we ought to find again an increase in the proton intensity
in the regions where the varistion of 0 is not very noticeable, and a
decrease where the variation in p is most noticeable. This will give
rise to a B-dependence in the solsar cycle intensity variation, at a
constant L=value,

The data analysed here show an overall decrease in the proton
flux, from solor maximum to soler minimume The pitcheangle distribption
shows that at higher Be-valucs the decrease is more than at lovexr B-values.
A glight increase in source strength along with a large decrease in
atmospheric density should give an increase of the flux by a factor of

10 to 20 [ Blancherd end Hess (1964)] « Instead, we find a decrease,
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by a factor of fwo. Thus, even if one doos not take it to be a real
decrease, an increase by a factor of 10 con e ocampletely ruled out
by the evidence from our datae

As the atmospheric density is definitely known to vary with the
soler cycle and is actuslly the most effective ome for the loss of
protons in this region of the immer belt, we must oonclude that the
neutron albedo source is definitely not the main source of protons
here.

Two sources could provide the protons for the immer belt which
will have a similar solar cycle variation. First, the low=energy protons
in the soler wind could provide an ample supply of inner belt particles.
The idea was first advanced by Kellogg (1959), Parker (1960) and
Herlofsen (1960)e Presumably, the injection tekes place at the
bounderies of the megnetosphere and the particles diffuse inward. The
way this diffusion occurs hans been considercd by Davis and Chang (1962)
end Nakede et al. (1965.). It is assumed that the first two adiabatic
invoarients are conserved end the third is broken. This hes the effect
of accelerating the partieles to higher energics as they move inward
towards the Barth,

The second source is the ncutrons from the sun. At the moment there
are only ¢ fow estimatis and measurements of solar neutrons [ see

review by Biswas and Fichtel, 1965 ]. Hfoelof (1966) gives 1022 neutrons/
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gec. MeV in the energy range 20 -~ 75 MeV, as the highest limit for

the steady outflow from the sune If the future mensurcments show that
there are far more neutrons in the solar atmosphere than that predicted
by the prescnt estimatcs or shown by up-to-date mocosurements, then
golar neutrons can be seriously considered to be onc of the sources
sup»lying protons to the imnner belt. 4An experiment to measure the
neutron flux from the sun is being carried out at the moment by some
other members of the Cosmic Ray and Space Physics Group of the

Imperial Collcge.
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CHAPTER IV

IEE ARTIFICIAL R/ADIATION BELT FRQM THE "ST.RFISH" NUCLEAR EXPLOSIQN.

4.1, Introduction.

The high altitude nucleer explosion of July 9, 1962 produced a
temporary ertificial radiation belt of electrons, mainly from the decay
of fission fragments ond possibly involving other processes as well.
The exact time, longitude, latitude, and height of the explosion, and
the yield of the bomb were given in the literature (collected papers
on the artificial radiation belt from the July 9, 1962, muclear
detonation, J.G.R. 68, 1963). The creation of this electron belt
provided an opportunity to study the life‘tﬁme and assess the
importance of different loss processes operating at different positions
in space in the megnctosphere. As the rrtificial belt showed a
distribution and time behaviour which were expected theoretically,
the information obtained by studying this belt ought to be applicable
to the natural electron belt as well.

The observations on these newly created trapped particlcs were
made by a host of rediation detectors on the satellites, Injun, .
Telstar, Trasc, and Ariel. Among these, Telstar recorded particles
only after the burst, but the other three made both pre-~ and postburst
observations. Info?mation gothered by them on the intensity, spectrum,
spatiel distribution and decay of the artificizl belt are summarised

here. (i) Telstar's detector was sensitive to electrons of energy
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between 0.25 to 1.0 MeV. Brown and Gabbe (1963) produced flux
maps for day 193 to doy 212 inclusive. They showed that the
intensity decreased exponentially with 2 time constant of about 4.5
days between L values of 2,2 and 3.0, and with a time constant of
about 15 doys at L = 2.0 and 3.5, oreating a slot between inner and
outer electron belts that had become pronounced by the end of July.
At energies of about one MeV or more, a substential mmber of
electrons were detected. This, they emphasised, was consistent with
the fission /3 -spectrum above 400 keV, but at lower energies more
particles were observed then that expected from the 8 -spectrum.
They did not find any spectrel cheonges with either position or time.
(ii) Treac observations on the seme belt, as reported by Pieper
et al. (1963), showed that at L = 1.2 and B = 0.23 gauss, a decay
by & factor of 50 occurred in an interval of 8% hours after the
explosion., The flux contours prepared with the data taken between
July 10 and 18, showed a shift of particle mirror points to higher
values of B in the Leregion ~ 1.7 to ~ 2.0, on July 14, 1962. This,
they arguecd, could also be due to an increase in the flux from
an unknown source. (iii) The Injun data (O'Brien et al. (1962))
showed by direct observetion that a thin crescent centered on the
magnetic shell L = 1.2 earth radii was fomed by electrons of several
MeV. They suggested by extrapolation, that for these electrons the
intensity of the belt on the equator fell to about 1% at about L = 2.2.

(iv) Mozer et al. (1963) observed electrons with a fission-like
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gspectrum above 2Mev, in the region of the South Atlantic an-maly.
4 °life time of 2220 dgys was calculated. They found thet the life-
time and the observed deficiency of fission electrons below 2 MeV,
were consistent with the loss mechanism of atmospheric interactions.
4t higher L and B-values only natural electrons were seen by them.
Ariel was situated on the I = 3 shell when it detected the
explosion~produced radiation. Both Geigcr and Cerenkov counters
were saturated six minutes aftecr this. As shown by Durney et al.
(1964) the saturation of the Cerenkov Counter accompanied by a Geiger
counter rate 30/sec was en indication of the presence of fission
B=perticless In practice, two belts of artificial particles were
detected. One just on the L-shell which contained the point of
explosion, passing 400 km over Johnston Island. Using the data from
day 190 - 192, they presented the geogrsphical distritution of this
shell. The constent counting rate contours (only those which showed
an excess over the pre-Starfish rates) in B-L co-ordinetes were given
for a region over the Johnston Island shell and a region west of this
shell (east of the South itlantic anomaly). The two B-L maps showed
the heavy loss of particles in the lower L-shells in the South Atlantic
anomaly. Jind lastly, they reported on the chgnge of the electron
spectrum with L-values. Taking the rates of the Geiger Counter
corresponding to the point of saturation of the Cerenkov counter, and
plotting these in L, they showed that atI< 2, the Geiger-to-Cerenkov

counter retios were consistent with the spectrum obtained from fission
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fragment electrons. At higher Le-values the spectrum was different.
This, they interpreted, wes due to the softening of the fission
spectrun by the removal of electrons ~10 MeV, which were counted

by the Geiger Counter with high efficiency.

4.2, Present Work.

In this chapter the objective iss

(i) To study the longitude dependence of the particles with

hpin S 200 km,

(ii) To investigate the transition from the loss of electrons due mainly
to atnospheric. scattering, to.loss of clectrons due to mdgnetio-scattering
or other ‘causes, by plotting the decgy curves.

(iii) To calculate the decey constants for perticles with 200 m<

hpin < 400 km and to observe the change of these constents with
L-values.

(iv) To find out the dependence of the decay constents on B«values,

at constant L=values.

(v) To establish constant counting rate contours in L-B regions

using the data up to day 228,

(iv) To study the change of the energy spectrum with L-values

and to study the altitude dependence of the spectrum, teking all

the available dats into considerstion.
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4.3« Analysig and Interpretation of the data.

The background or pre-'Starfish! count rate.

From the Ariel measurements of pre-!'Starfish' radistion in
the region of investigation, the following count ratcs were obtained

in the given L ond B values.

L B Counts/26.9sec
in earth radii in Geuss '

1.55 .236 ~ 1345

0242 ~ 807

«247 ~ 269

253 ~ 8l

1.90 «239 ~ 269

.260 ~ 8l

2.20 .230 ~ 8l
2,055L<£2,.30 0.25<B<0.32 ~ 40
3.5<L <3.8 0.31 B <0.43 ~ 50
4.3<L <47 0.37 <BK0.42 ~ 60
4.3<L 4T 0438 ~ 50
4,81 <5.2 0.32<BK0.36 ~ 70
4.8KLK5.2 0.37< B 0,42 ~ 55
4.8<L <5.2 0.43 <B ~ 50
5,28 5L<6.0 0.32 <BS 0.42 ~ 55
5.2€L 6.0 0.42<3B ~ 48

6,081£7.0 ~ 48
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Frcm the compilation of Graphic Displays of Geomegnetic Geometry
(G.E.C., Senta Barbara, California, 1965), the altitude lines hoin
were obtained in the given B-L space. The counting rates relevent
to these altitudes were chosen at the L-valuecs considered further on.

Fig. 25a and 25d give the count rates (above the beckground
rate) versus B west and east of the South Altantic magnetic anomaly.
411 deta with by ;. <200 km were used, from day 190 to doy 228
inclusive. The 360D longitudé region was divided into four equal
rcgions of 90o width each. The difference in the distribution of
points in Bercgions, bcfore end after the anomely, con be seen quite
clearly. The lerge spread of points in one particuler region is due
to the lerge width chosen for the longitude intervel. This wes
unavoidable because of the non-availability of a sufficiently laxge
body of data. However, the domincnce of atmosph.ric scatturing is
quite clear here. The interesting thing is, of course, the gradual
change in the two distributions as one gocs to higher L-values.

From losses dve mainly to the atmospheric collisions one comes to

a situation, where a sort of equilibrium situation between loss by
atmospheric scattering and filling up of the shell by mrgnetic
scattering, occurs. This cen be seen more clearly in Fig. 26 where
at two L-valuecs the data have been plotted aogoinst day numbers. For
region III (before the anomaly) and region II (after the anomaly)e
The decay curvcs in these two regions are differcnt for L = 2, but
at L = 3 , the leakage due to atmospheric scatticring for these

relativistic perticles bec-mes less and less important and ultimately
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they are dominsnted by a2 loss due to some other process or processes.‘

The deta which represented particles mirroring at an altitude
of 200 kng hmln< 400 km were chosen next. Taking different values
of B at each L-value, it is shown in Fig. 27a and 27b that the
character of the decay is always exponentisl, except on dey 190.

The decay is very rapid on that day and has a non-exponential
choracter, The decay constant changecs with B, at a constant L, the
rate getting quicker as higher B-value is approached.

Particles which were mirroring with hmin>400 km, were considered
in a separate group. 48 enough data were not available, time decay
plots at different L-values were made using all available data
hoving wide distribution in B. Only in limited B-regions at L = 3.0
to0 5.0 enough data could be gathered to plot meaningful curves
(Fig.28a to 28c). The difficulty which was faced here was the
apperently high counting ratcs at L 23 on day 205 onwards. After
exemining the data for any correlation with latitude, longitude,
and altitude, it was evident that all thesc data were rccorded neaxr
the apogee and in the longitude renge east of the anomelye. The
geogrephical latitudes of this region was slways above SOOS which
corrcasponds to thc geomegnetic latitudes 500 - 600, over the longitude
region covered, It &s known that the outer belt electrons do come
down to this height (1100 - 1200 km), in this region of geomsgnetic
latitudes. These counting rat.s were, thercfore, ignored when

caleulating the decay rates at 3 KL< 5. Fige 29a shows the
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dependence of 7 on L-values, for particles at and above L = 1.55.
Fige 29b gives the dependence of T on B-values at L = 2.2 and
L =2.6.

In Fige 31 the cwmstant counting reate contours are plotted
by using the data of the first five days ofter the burst. This
was obtained from the counting rate versus B diocgrams, given in
Fig. 302 to 30j using the dnta of the same five days. Day 190
was a specinl case. As the intensity of the artificial belt
was decgying away very rapidly on that day, the eye~estimated
curves were accepted through the points of dey 191 - 195, to obtain
the p@ints in L~-B space for the contours in Fige3l. Most of the
particlcs beyond L = 3.0 decayed away very rapidly by day 195. TFig.3l,
therefore, represents the quasi-static artificial electron belt
distribution in L=B space on July 10 to 13.

The change of the energy spectrum with Levalucs has been
demonstrated by Durney et al. (1964) using those counting rates of
the Geiger Counter at which the Cerenkov Counter scturatcd. These
data were plotted ageinst L-values, after dividing the data into two
groups, with hy;, <200 km .and h ;> 200 km. The same investigation
wzs carried out here with the deta of the total period. Fige32
shows the distribution of thcse rates in L, the open circles and open
triangles being the counting rates at hmin$;200 km. It can be seen

that the veriation of the retes with L-valucs is ti.e same for open
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circles and triangles as for closed circles and trisngles; the
triangles represent the data after day 192 and the circles the data
before that. The encrgy spectrum changes with L-values, only for
those particles which have hmin>200 km. The data recorded after
dey 192 show the time decay behavinur of the quasi-permanent belt,
but the character of the energy spectrum or the trend to softening
of the spectrum toward higher Ii~-values remains the ssme.

Particles which have trajectories such that st some point
during their drift, they approsch within 200 km zbove the earth's
surface, show a distribution (again using a range of Geiger Counter
ratcs corresponding to the saturation of Cerenkov Counter) other than
that expected from a fission B ~spectrum. This was first pointed
out by Durney et al. (1964) and is now confimmed here by a plot of
the additionnl number of data available. Softening of the spectrum
by ionization loss is the most probable explanation. One would then
expect a progressive change of the spectrum with altitude. This can
be demonstrated, as shown in Fig. 33, by plotting Geiger Counter
rate corresponding to Cerenkov Counter saturation, sgainst the ratio
of B a2t the point of ohservation to the lowest value of B occurring
anywhere at an altitude of 300 km on the same mognetic shell. The
particles moving on shells with the velues of this ratio greater than
unity, epproach within 300 km of the surface at some stage in their
orbit. The magnitude of this ratic is, therefore, a measure of the

closeness of their approach. Fige 33 shows the total number of points
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obtained by using all the detn in the Tenge L =1 to L = 2.5 (dey
190 to dny 228).

4.4 Conelusgions.

The following conclusions are drawn on the qussi=permenent
artificial belt detected by iriel I after the 'Starfish! nucleer
explosiont

(1) The trapped electrons with h_; < 200 km show a
definite longituce dependence. This supports the idea that for
tropped particles, which. dip very low into the atmosphere, the

intensity depends on three parameters, L, B,and longitude.

(ii) The decay characteristics of the trapped electrons
nost probably change with hosn tut the difference in 7T =values
at by, 2 400 kn and k. < 400km comnot be cstablished beyond the

experimental uncertainty.

(1i1) The decay constents are decreasing with increasing
L tending to an asymptotic value beyohd L = 3.5 This is inconsistent
with the calculnted values of 7T considering stmospheric losses only.
But the T ~values of the order of days as obtained here dWeconsistent

with the 7T =values obtained by othor workers in the same L-region.

(iv) The dependence, if any, of decasy constants on B, at

L2 2.0, is not very clear.
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(v) It is confirmed here that the trapped electron
spectrum becomes softer with increcesing Levelucs. The energetic
clectrons detected bty Ariel I Geiger Counter were, therefore, being
renoved by some loss processes, most possibly by interaction with

hydromegnetic waves (Darney ct al. 1964), beyond L & 2.0.

450 Jdxrtificigl Rpdistion from Nuclear Detonations on Johnston Island.

Engel (1964) noted that on several days in May and June, 1963,
the Geiger Counter rates were above the background rate at some
positions in space not occupied by the natural radiation belts. These
were shown by him to be the radioactive fission products of the nuclear
detonations on Johnston Island, but the nature of these products was
not apparent.

The data recorded from the 27th May to 8th July, 1962, were
examined thoroughly for eny perticles giving counts sbove the background
rate but no additional dates were located, other then those given by
Engel (1964). Keeping within the limits L = 1.00 and L = 1.10,
and plotting the counting rates against day mumbers, one can see in
Fige 34 the detonation perticles standing out prominently against the
background rate.

To determine the nature of these perticles, high counting rates
as well as the rates at the seme geographic positions, on the dgy

following these high counting rates, were plotteds It con be seen
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from Fig. 35, that all the particles detected are on longitudes

east of Johmston Island. This can happen only if they are electrons.
Gomma reys or noutrsl pertiecles will show an uniform distribution on

2ll longitudes, on both sides of Johnston Island, and positive

perticles will be distributed west of Johnston Islands It can, therefore,
be safely concluded that the particles detected immediately after

the muclear bursts on Johnston Island, are electrons.
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The main conclusions arrived =t in this thesis ore the
following:

l. Primary Cosmic Rays.

(1) The heavy primary cosmic ray rigidity spectrum as seen
by Ariel has a slope of =1.072+0.026 below 8.5 GV (2.5 <R.< 8.5 GV) and
=1.533+0.079 above this (8.,5<R <16.5 GV).

(i1) The solar cycle veriation of the modulation of the heavy
primary spectrum is fitted to Parker's simple soler wind model snd the
rigidity dependence of the modulation function is given.

(iii) The Quenby-Wenk cut-off rigidities represent the true cut-

offs within + 10% ovcr most of the world.

2. Natural Radiotion Belts.

(1) Temporal stability of the proton belt (L<2) for two and a
holf month's period (May-June, 1962) is shown. At the srme time the
time veriations present in the ocuter radiction belt is given.

(i1i) Long-tem or soler cycle variction in the inner radiation
belt is suggested and the origin of and loss processes for the innex
belt is studied in the context of this, Neutron albedo source and
atmospheric loss processes are found to be inadeguate to explain the

long-term variation.
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3¢ Artificisl Radiction Belt.

The quasi~stable artificiel electron belt produced by the 'starfish!
explosion is extensively mappeds Decay time caloculations at different
B and L locations give values of the order of days, beyond I=2, in
agreement with other observers.

(ii) The softening of the electron spectrum towards higher
L=values is confirmed.

(iii) Particles with hminS;ZOO km have been shown to depend
on longitude as well as on L and B.

(iv) The muclear burst particles observed below the inner belt

are shown:to be electrons.
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