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2. 

ABSTRACT.  

A series of 12 latitude surveys of the cosmic ray intensity 

has been carried out between 1962 and 1965. The scintillatiOn 

telescope detector has been flown at an atmospheric depth of 145 gem-2. 

between 65°N 10°W and Kano, Nigeria. 

Two of the surveys were extended into the southern hemisphere 

to 3803 38°E. These allowed a comparison to be made of various cut-

off rigidity calculations. Cut-offs determined by trajectory 

computation are demonstrably better than cut-offs obtained from 

magnetic dipole approximations. Discrepancies found due to the 

method of interpolation between trajectory-computed cut-offs are 

discussed. After correcting for these discrepancies, a general 

lowering of the cut-off rigidities is found over South Africa relative 

to Western Europe. 

The latitude knee in the intensity variation enables an 

accurate cut-off determination to be made. The cut-off, 1.2 GV, 

at this position is lower than the value predicted for the Earth's 

internal magnetic field. Agreement is found with previous observations 

of reduced cut-offs. It is suggested that the reduction is about 

17% between geomagnetic latitudes 55°  and 61°. It is shown that 

reductions of this magnitude do not have their origin in the magnetic 

field of the quiet-time ring current. 

Experimentally corrected cut-off rigidities are derived 

which are shown to produce an improvement in the rigidity spectrum 

of the cosmic ray intensity at 145 g cm-2 



The surveys are grouped to represent the mean rigidity 

spectra at 145 g cm
-2 

for the years: 1962, 1963 and 1964. The 

rigidity dependence of the modulation is obtained for 1962 and 1963 

relative to 1964 and is observed to be similar for these two periods. 

A comparison is made of the 1963 modulation with that measured by 

balloon-borne proton/alpha detectors. Good agreement is found, 

though the data cannot be fitted by the simple form of modulation 

spectrum as has generally been used. A. modulation function is given 

which provides a close fit to the experimental data between 0.5 GV 

and 15 GV. 
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INTRODUCTION. 

One method of measuring the spectrum of the local cosmic 

radiation is through the use of the Earth's magnetic field. Particles 

in the magnetic rigidity range from about 0.5 GV to 60 GV can be 

measured by the spectrometer effect of the magnetic field. The 

accuracy of the spectrum determination is directly dependent on 

the accuracy with which the cut-off rigidities at locations within 

the field are defined. For this purpose a close definition of the 

magnetic field is required, involving not only the main core field 

generated within the Earth but also fields of external origin. The 

magnetic field at present is described by surface measurements 

which primarily define the main core field. Cut-off rigidities 

calculated in this field can be tested by cosmic ray measurements. 

The accuracy of geomagnetic theory can thereby be observed and 

the influence of fields of external origin inferred. 

Changes in the cosmic ray spectrum with time when measured 

in an accurate field can provide good definition of the rigidity 

dependence of these changes. Spectrum changes may then be related 

to the electro-magnetic state of interplanetary space, thus 

providing information on its extent and degree of turbulence. 

7. 
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CHAPTER 1. 	COSMIC RAYS AND THE GEOMAGNETIC FIELD.  

The discovery of the cosmic radiation at the beginning of this 

century was shortly followed by experimental evidence that the 

radiation was at least partly charged. The latitude dependence of 

the cosmic ray intensity was first observed by Clay (1927) and later 

emphasized by Compton (1933). Compton demonstrated that this was a 

geomagnetic phenomenon, rather than a geographic effect such as caused 

by atmospheric temperature, by the close correlation of the intensity 

to the goemagnetic latitude. The calculations of StOrmer (1955), 

originally applied to the motions of electrons in a dipole magnetic 

field, were applied to the cosmic radiation. Johnson and Street (1933) 

established that the cosmic ray intensity differed in the east and west 

directions. This asymmetry in the intensity was explained by an excess 

of positive particles in the cosmic radiation. 

1.1 	DIPOLE THEORY. 

1.1.1 	StOrmer Theory.  

The Earth's field to a first approximation resembles that of a 

geocentric point dipole. Analysis of the surface field elements for 

the 1955 epoch by Finch and Leaton (1957) gave the dipole moment as 8.1 X1025  

gauss cm-3. The dipole axis cut the Earth's surface in the northern 

hemisphere at 78.50N, 69.00W. 

In his work on auroras Stbimer considered the motion of charged 

particles in the field of a magnetic dipole. He solved the equation of 

motion in the meridian plane: the plane containing the particle and 
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the dipole axis. The solution divides the meridian plane into regions 

which are allowed or forbidden to the particles. In order to reach 

a point on the Earth's surface there must be an allowed path between 

that point and infinity. The dimensions of the allowed and forbidden 

regions depend upon the particle momentum, charge and its impact 

parameter when at infinity. A parameter particularly suited to charged 

particle motion in a magnetic field is the magnetic rigidity P which 

is given by : 

pc 	 1.1 
Ze 

where p is the particle momentum, c the velocity of light 

and Ze the particle charge. The dimensions of magnetic rigidity are 

those of voltage. Stnmer theory gives the minimum magnetic rigidity 

a particle coming from infinity requires in order to reach the Earth. 

This is the condition that the Earth's surface is just connected to 

infinity by an allowed path. The minimum threshold rigidity or out-off 

is given by; 

M 	 cos47\ 
gr 	 1.2 

4 re  
2 	

a 	1  2 
[ 1 + (1 - sinNcos0cos'c)i 

where X is the geomagnetic latitude. 

cif the azimuth angle of arrival measured from east. 

e the zenith angle of arrival measured from vertical. 

re the mean radius of the Earth. 

M the magnetic moment of the Earth. 



The out-off is thus a function of the direction of arrival at 

the Earth as well as the latitude. For vertical incidence there is 

only a latitude dependence : 

v = 14.9 cos4  A 	 1.3 

At a given geographic location the cut-off rigidity is commonly 

typified by the vertical cut-off, henceforth referred to simply as 

'cut-off' (p). 

The intensity of particles arriving at a point with magnetic 

rigidity greater than the cut-off can be related to the intensity 

which would have been recorded ha, there been no magnetic field to 

influence the particle motion. It is first assumed that the cosmic 

radiation is isotropic at infinity. Liouville's theorem is then 

applied. This states that at a iven momentum, the directional 

intensity of charged particles cm-2  sec-1  ster-1  is the same in all 

allowed regions and directions along a particle trajectory whether or 

not the magnetic field is present. 

1.1.2. Modifications to StOrmer Theory.  

Integration of individual particle trajectories in a dipole field 

by Lemaitre and Vallarta (1936) showed that in general there was not a 

sharp threshold in the Setirmer sense. Certain rigidities just above the 

Sfermer threshold were found to be forbidden. Trajectories in these 

regions would have intercepted the solid earth before arriving at the 

point considered. These additional forbidden trajectories were found to 

be of two general types: 

10. 
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a) Simple trajectories intercepting the Earth to form an 

opaque cone (shadow cone) near the horizon. This shadow cone is 

important only for large zenith angles of arrival. 

b) Complex trajectories with many loops turning towards 

and away from the Earth which produce a region of alternate allowed 

and forbidden bands (penumbra). 

Thus for any location on the Earth the sky may be divided into 

four regions : 

a) StOrmer cone - within which particles of a given 

rigidity are not allowed. 

b) Main cone - within which all particles of a given 

rigidity are allowed. 

c) Penumbral region between the StOrmer and main cones. 

d) Shadow cone. 

Schwartz (1959) calculated the penumbral corrections to the 

dipole threshold rigidities for latitudes up to 50°. The penumbral 

region was found to be completely opaque near the geomagnetic equator, 

becoming increasingly transparent towards higher latitudes. The 

transparency is about 50% at a latitude of 40°  geomagnetic. 

1.1.3. Experimental Observations.  

A variation of the cosmic ray intensity with geomagnetic 

longitude was observed by MilakAnand Nether (1936). By making a 

partial correction for the eccentricity of the dipole field Johnson (1938) 

demonstrated that a longitude variation would be produced. The small 
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latitude effect at sea level, combined with a large temperature 

effect, led to interpretative difficulties in early surveys. These 

difficulties were largely resolved with the advent of the neutron 

monitor. This reSponds to the nucleonic component of the sea level 

cosmic radiation produced by primary particles of lower mean energy. 

The neutron monitor combines a negligible temperature coefficient with 

a latitude effect five times that of a counter telescope or ionisation 

chamber at sea level. A sea level neutron monitor survey by Rose et 

al (1956) clearly revealed discrepancies between the observed Intensities 

and the predictions of the centre dipole theory. At about the same 

time Waddington (1956) compared high altitude balloon measurements of 

alpha particles at a similar geomagnetic latitude over England and North 

America. The measured intensities were compatible with geomagnetic 

latitudes over North America being about 3°  higher and 4-6°  lower over 

England than the conventional centre dipole latitudes. Simpson et al 

(1956) considered that the experimental observations could be reconciled 

by rotating the geomagnetic equator through 40°  to the west. The 

suggested mechanism producing this effect was the interaction of the 

dipole field and the highly conducting interplanetary plasma within which 

it rotated. Kodama and Miyazaki (1957) found that the neutron monitor 

intensity measured between Japan and the Antartic was in better 

agreement with the rotated centre dipole coordinates than with the 

eccentric dipole coordinates. 

An accurate determination of the locus of the cosmic ray 

intensity minimum was made by Katz et al (1958) with a neutron monitor during 
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a series of aircraft flights. The results were in disagreement with 

the almost identical predicted cosmic ray equators of the centre dipole 

and eccentric dipole theories. 

1.2. NON-DIPOLE FIELDS.  

Bothwell and Quenby (1958) proposed that the discrepancies 

between experiment and theory wore due to the non-dipole part of the 

Earth's field. During a sea level neutron monitor survey between 

England and South Africa they observed a close correlation between 

the measured intensity and the dip angle of the local magnetic field. 

By modifying the StOI.mor equation to include the surface 

horizontal field and the magnetic dip angle, Bothwell (1958) was able 

to improve upon the current geomagnetic theories. Discrepancies with 

dipole theory were therefore largely attributable to the local magnetic 

field rather than the effects of a distorted outer magnetosphere. 

Aeroplane surveys by Sandstrom (1958) and Storey et al (1958) correlated 

better with dip latitude than geomagnetic latitude. 

A sensitive test of geomagnetic theory was made by Marsden and 

Wilson (1958) who compared intensity increases recorded by the Leeds and 

Chicago neutron monitors during the isotropic phase of the solar flare 

event of 23 February 1956. The Chicago increase was about 30% greatir 

than that at Leeds while the Chicago cut-off is higher than that at 

Leeds by both centre and eccentric dipole calculations. The accuracy 

of this method of cut-off comparison is due to the steepness of the solar 

particle spectrum coupled with the possibility of a comparison being made 
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over a period of hours during which time variations affecting the 

•background' galactic Cosmic ray intensity can have little effect. 

Pfotzer (1958), considering the same solar flare increase at several 

cosmic ray stations, concluded that the rotated cut-offs of Simpson 

were inadequate. 

1.3 SIMULATIONS OF THE EARTH'S MAIN FIRLD.  

The correlation of the cosmic ray intensity data with the local 

surface field emphasises the requirement of an accurate definition of 

the surface field elements. 

The main field representation has generally been obtained by the 

construction of isomagnetic charts from the available magnetic data. 

These were usually hand-contoured from data which had been reduced to 

the epoch of the map by interpolation of the secular changes measured at 

magnetic observatories. A spherical harmonic analysis could then be 

carried out using equally spaced grid points. The fundamental analysis 

was thus in the map-making process. The field simulation was therefore 

limited by the poor world coverage of survey data, the limited coverage 

of fixed magnetic stations (mainly in the northern hemisphere) giving 

the secular changes, as well as the errors involved in the preparation 

of the magnetic charts. 

Such a technique was employed by Finch and Lenten (1957) in their 

evaluation of the Earth's main field for the epoch 1955 which gave the 

first 48 terms in the spherical harmonic expansion of the magnetic 

potential V. 



CO 

( re) n+1 
re 	Tn 

n 
where 	Tn 	(gm cosmw+hm sin mw) Pm  (0) 

m=o 

(rs0 a)) are the spherical coordinates: geocentric distances  

colatitude and longitude respectively. 

gnm  s  hnms  are the gauss coefficients and Pnm(0) are the 

normalized Schmidt coefficients. 

The coefficients gams  hn  m  are chosen so that the field F 	
V V 

gives the best fit to the surface field data. 

The 48 terms of the Finch and Leaton field were Obtained by considering 

fields up to the sixth order: n = 1 to n = 6 . 

Jensen and Cain (1962) developed a method in which the harmonic 

analysis was made to fit the magnetic data directly. This assumed 

the Finch and Leaton field as a first approximation from which a set of 

48 coeffiCients were derived for the epoch 1960. 	A more comprehensive 

quantity of data was used in the main field analysis of Cain et al (1965). 

Time derivatives of the main coefficients were also evaluated in their 

field of the epoch 1960. Cain (1966) observed that the data were still 

characterised more by their heterogeneity than their uniformity : 

notably there was little data available from Asia. This will be a source 

of error in any spherical harmonic analysis. A comparison of these three 

fields by Cain et al (1965) in table 1.1 gives the root mean 

square deviations from the measured field data. 

15. 
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TABLE' 1.1. RaLS. Field Deviations in 	,[ 205  gauss]. 

Year Cain et, a1.. Jensen & Cain Pinch and Lcaton. 

1962 

1963 

280 

250 

430 

420 

500 

520 
- 

The data used in this comparison are essentially those used in 

the simulation of the field and do not therefore represent the goodness 

of fit over the whole of the earth's surface. Cain (1966) estimated 

that the field of Cain et. al. (1965) was probably good to about 0.1 - 1% 

falling to about 10% at a few Earth radii. 

1.4. THRESHOLD CALCULATIONS INVOLVING NON-DIPOLEJTELDS.  

No simple analytic integral of the equations of motion of charged 

particles in the Earth's magnetic field exists when higher order terms 

are included. The most rigorous method of threshold computation involves 

the integration of a large number of trajectories from: each location 

at the Earth's surface. Even using present day computer techniques 

a large amount of computing time is required especially in following the 

trajectories of particles just above the threshold at high latitudes. 

As an alternative to this costly and time consuming method there have 

been a number of approximate calculations. 
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1.4.1.  Quenby and Webber Cut-Offs.  

A world grid of cut-offs was produced by Quenby and Webber (1959) 

in which no account of the penumberal region was taken. The particle 

motion was treated as being in the field of a dipole to the, first 

approximation, higher order field terms acting as a perturbation on 

this motion. Terms up to and including the 6th order in the magnetic 

field potential of Finch and Leaton were considered. 

Above 40°  latitude the trajectories of particles with rigidity 

just above the cut-off were assumed to be in close contact with the 

magnetic field lines. Calculation of the distortion of the dipole field 

line by the higher order field terms allowed the real field line to be 

approximated by the field line of a hypothetical tilted dipole with the 

same moment as that of the Earthts dipole. The latitude in this field 

could then be used in the StOrmer formula to determine the cut-off. 

The effective latitude 5", was determined to be  

 

1r
d 

+ 0.52 iNV 
[ 

2 
H + 0 .52 AH 

   

= tan 

   

  

1.5 

   

The weighting factor (0.52) of the differences AV and AH 

between the measured vertical and horizontal field strengths V and H 

from the dipole values Vd  and Hd  respectively, was determined from the 

world-averaged contributions of the higher order field terms. 

At the equator the StOrmer equation of motion was modified to 

include the magnetic potentials of the higher order field terms, considering 
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only their radial dependence. The solution was identical to the 

St8rmer expression with the dipole moment 11 replaced by M' where 

Mt is given by 

Mt = 0.6 Allird- 1 6 

  

The weighting factor 0.6 of the difference 	of the horizontal 

field strength H from that due to the dipole moment lid  was again 

found from the average contribution of the higher order terms. 

For low latitudes less than 20°  the particle motion was considered 

essentially perpendicular to the field lines. Correcting the radial 

dependence of the dipole field to the real field dependence led too -a 

relationship involving the effective latitude IX, which was identical to 

the high latitude expression. 

The cut-offs were given by 

20°  : 7 2 , 	411 I] + 	--- 	-cos:4  
4r e 	d 

7; 

M 
cos4  *7\ v 	

4re 

P 
2 

40° : 1.7 

Out-offs in the mid-latitude region between 20°  and 40°  were given 

as the mean of the values calculated by the high and low latitude 

approximations. 

Quenby and Webber showed that these cut-offs defined the cosmic ray 

equator more successfully than the dipole theory and improved the observed 
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rigidity distribution of intensity increases for the solar flare 

increase of 23 February 1956. Pomerantz et al (1960) 

observed that the cosmic ray equator measured with a sea level neutron 

monitor survey at 60°E differed by 4°  from the position predicted by 

Quenby and Webber. The first clear evidence of an area of discrepancy 

in the Quenby and Webber cut-offs mral given by Freon and McCracken (1962). 

Analysis of the solar flare events of 12 and 15 November 1961 revealed 

that the cut-off assigned to Port aux Francais in the Kerguelen Islands 

was too high. Trajectory computations to determine the out-off 

produced a value about 20% lower than the Quenby and Webber cut-off and 

in much better agreement with the flare data. 

1.4.2. Quenby and Wenk Cut-offs.  

Quenby and Wenk (1962) modified the method of Quenby and Webber 

to include the effects of the penumbra. 

Above 40°  latitude, effective latitudes .R were calculated using 

the results of field line calculations of Hultqvist (1958). The dipole 

penumbral corrections of Schwartz (1959) were applied in this high 

latitude region. 

In the low latitude region less than 20°, the penumbral corrections 

were empirically derived from the neutron monitor surveys of Katz et al 

(1958) together with the low latitude cut-off approximation of Quenby 

and Webber. The intensities recorded around the geomagnetic equator 

where the penumbral effect should be zero were plotted against the 

Quenby and Webber cut-offs. Locations away from the equator where the 
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intensity recorded was the same as that at a point on the geomagnetic 

equator were then assumed to have the same cut-off. The cut-off 

differences between the Quenby and Webber values and the values 

derived in this way were the penumbral corrections. 

Mid-latitude cut-offs were found from the arithmetic mean of 

the high and low latitude approximations. 

The cut-off assigned at Port aux Francais was in close agreement 

with the value calculated by Freon and McCracken (1962). In addition, 

the cut-offs were shown by Quenby and Wenk to be more consistent with 

the intensity increases observed during three solar flare events than 

previous cut-off calculations. 

1.4.3. Makino Cut-Offs.  

Makino (1963) modified the Quenby and Webber cut-offs to 

include a penumbral correction and a longitude correction. The penumbral 

corrections at all latitudes were taken to be the dipole values 

determined by Schwartz. Cosmic rays incident vertically at a given 

location arrive from a direction to the east. The longitude factor 

was introduced to represent the influence of fields to the east of the 

point of observation. Makino considered that the Quenby and Webber cut-offs 

would give a best fit to the cosmic ray equator if the cut-offs were 

rotated through 16°. The longitude correction factor was then assumed 

to fall off with latitude h as 16 (cosn'W. The empirically determined 

value of n was 3. 
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1.4.4. L Parameter Derived Cut-Offs.  

Ray (1963) introduced the L parameter of McIlwain (1961) in an 

attempt to restore dipole symmetry to the ordering of cosmic ray data. 

This parameter, constant to - 1% along lines of force, provides a goad 

demographic description of the trapped particle population [for example 

MoIlwain (1961) ] . It has also been demonstrated by Lin et al (1963) 

to be capable of organising the cosmic ray data obtained from the 

Explorer VII satellite. Ray found that the threshold rigidity could be 

approximated by I 

P = 14.9 L-2  for L >2 Re. 	1.8 

This is a Seermer threshold as no allowance was made for the 

penumbra. The inherent identity of this approach and the high latitude 

approximation of Quenby and Webber was demonstrated by Quenby (1964) . 

At low latitudes where the first adiabatic invariant of motion is 

violated, thresholds based upon the L parameter have no real significance. 

1.4.5. Experimental Results.  

The extensive Project Magnet neutron monitor surveys of 

Pomerantz and Agarwal (1962) at an atmospheric depth of 680 g cm-2  

demonstrated the superiority of the Quenby and Wenk cut-offs over those 

of Quenby and Webber and the eccentric dipole theory. Threshold 

discrepancies were noted in a region of the North Atlantic as well as an 

area to the west of the Iberian PeninsulaV. In the latter r-egion the 

Quenby and Wenk cut-offs can be as much as 2 GV low. The discrepancies in 
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the region of the Iberian Peninsula were confirmed by PoMerantz et al 

(1963) during ship-borne neutron monitor surveys between Scandinavia 

and Australia via South Africa. The latitude extent of the region 

was observed to be about 22°N to 40°N. 

The absorption of low energy cosmic rays im the atmosphere 

produces a knee in the spectrum measured within the atmosphere. The 

position of the knee is subject to a small degree of solar control 

as evidenced by the aircraft-borne neutron monitor surveys of.Meyer 

and Simpson (1957). The knee position moves to slightly lower latitudes 

during solar maximum when the primary intensity of low rigidity 

particles is considerably reduced. The position of the knee in the 

Capetown area measured by Kodama and Miyazaki (1957) on the survey ship 

Soya was at a StOrmer threshold of 6.4 GV. These data recorded near 

to solar maximum were corrected for Forbush decrease events occurring 

during the surveys. This is to be compared with the average value of 

2-3 GV observed in other regions by surveys such as Project Magnet. When 

plotted against Quenby and Wenk cut-offs the position of the Soya knee 

was 5.6 GV as determined by Shea et al (1965). 

1.5 INTEGRATED TRAJECTORY CUT-OFFS.  

The technique used is to trace the path of a negatively charged 

particle from a point at the Earth's surface through the magnetic field. 

The trajectory is then identical to that of an incoming positive particle 

moving along the same trajectory. 



The StOrmer threshold is found by increasing the rigidity until the 

particle can just escape to infinity. 

1.5.1. Calculation of the Penumbral Correction.  

The counting rate N(P) of a detector at a fixed atmospheric 

depth and cut-ioft rigidity P, ignoring time variations is given by : 

N(p) 
	Pm 	

j(P) S(P) dP 

.Ps 
j(P) S(P) dP 

where j(P) is the primary differential rigidity spectrum and j(P) S(P) DP 

is the number of secondary particles at the atmospheric depth considered, 

in the rigidity interval 	at a rigidity P. The first term is the 

counting rate due to the transparency of the penumbral region between 

the StOrmer threshold P and the main cone threshold Pm
. The penumbral 

region is investigated by making calculations at small rigidity intervals 

LP. This is thus the limit to which the penumbral detail may be 

observed. A band structure of alternate forbidden and allowed rigidities 

will result : 

N(P) = 
r 

	

irP1 	
P

3 
(P) S(P) dP + 

	

PS 
	P

2 

j(P) S(P) dP 

co 

	 + jr 	j(P) S(P) dP Pm  1.10 

One trajectory calculation at a rigidity P is used to represent the 

23. 

1.9 
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behaviour of a family of particles whose rigidities are within + ---- of 
— 2 

the rigidity P. 

With the assumption that the slope of the primary spectrum j(P) 

and the rigidity dependent yield S(P) have little effect on the 

penumbral contribution to the cut-off: 

P

m 	co 

Jr  
N 	j(P) S(P) 	dP 	Ir  j(P)S(P)dP 	1.11 

F 	Pm  

P 

	

j(P) S(P) 
	

A AP +I P
m 
 j(P) S(P) dP 	1.12 

where A = 1 for allowed rigidities 

= 0 	for forbidden rigidities 	 1.13 

The cut-off rigidity P is therefore given by : 

Pm 
P = Ps + 	E 	A AP 	1.14 

P 

Shea et al (1965) investigated the detail existing in the penumbral regions. 

Calculations at intervals LP = 0.01 GV at 39.8°S, 22.5°4 yielded a 

cut-off of 3.72 GV. With AP = 0.02 GV there was no significant 

difference in the two possible cut-offs. With AP = 0.1 GV, the 10 

possible values varied from 3.60 GV to 4.03 GV, the latter differing by 

-,8% from the value obtained using the more detailed penumbral calculations 
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with 64P = 0.01 GV. A significant improvement at this location is 

obtained with 0.01 GV rigidity steps in the penumbral region. 

1.5.2. Threshold Dependence on the Primary Spectrum.  

The effect of varying the spectrum index of the primary radiation 

has been investigated by Kodama (1965) at 85 selected cosmic ray stations. 

The integral primary spectrum rwy be roprosented by 

N(;>P) oc p_y 
	

1.15 

Cut—offs were calculated for a galactic spectrum with Y= + 1.3 and 

for a solar flare spectrum with Y. +5 at 0.1 GV rigidity intervals. 

The greatest spectrum dependences are given in Table 1.2. 

TABLE 1.2.  

SPECTRUM DEPENDENCE OF CUT—OFFS. (GV)  

.. 

LOCATION  
Finch and Leaton Field. 

T= 1.3 Y. 5 % reduction 

Mexico City 9.42 9.33 1.0 
Mr. Norikura 11.47 11.22 2.5 

Hafelekar 4.44 4.40 0.9 
Irkutsk 3.94 3.39 1.3 

Itabashi 11.46 11.21 2.5 

The r.m.s. percentage reduction for the 85 stations was + 0.6%. 
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This difference is not significant as the field is known only to 

1%. The error involved irk assuming a P°  spectrum rather than P
-2.5 

differential rigidity primary cosmic ray spectrum in calculating 

penumbral contributions will be negligible. 

1.5.3. Threshold Dependence on Magnetic Field Simulation.  

The r.m.s. differences between the measured surface field and 

the simulation of Finch and Leaton (1957) and that of Jensen and Cain (1962) 

are 	The surface field, accurate to "'1% at points where the 

measured data is put into the field model is presumably less accurate in 

regions where no data is available. 

Cut-offs calculated by Shea et al (1965) for the Finch and Leaton 

and the Jensen and Cain fields have r.m.s. differences 	2%. Typical 

cut-offs are given in Table 1.3.. 

TABLE 1.3.  

CUT-OFF DEPENDENCE ON FIELD SIMULATION (1)  

Latitude 
North 

Longitude 
East 

4 

Finch 
and 

Leaton , 

Jensen 
and 

Cain 

Percentage 
Difference 

59.85 17.92 1.43 1.42 - 0.7 

46.10 282.50 1.02 1.04 + 2.0 

36.12 137.56 11.39 11.46 + 0.6 

32.78 263.20 4.35 4.30 - 1.2 

-1.00 190.00 15.59 15.53 - 0.4 

-12.03 283.12 13.49 13.36 - 1.0 
-39.80 22.50 3.72 3.61 - 2.4 

-42.92 147.24 1.89 1.85 - 2.1 
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The more accurate field of Cain of al (1965) was used by hodama 

(1965). An overall lowering of the cut-offs resulted from the lowering 

of the dipole term by 0.4% with respect to the Finch and Leaton field. 

Several large differences are apparent in the values given in Table 1.4. 

TABLE 1.4.. 

CUT-OFF DEPENDENCE ON FIELD SIMULATION (2)  

Latitude 
North 

Longitude 
East 

Finch 
and 

Leaton 

Cain 
et 
al 

Percentage 
Difference, 

' 46.10 282.50 1.05 1.15 . 	+ 9.5 

-34.42 19.22 5.05 4.64 - 8.0 

-12.03 283.12 13.45 13.35 4 - 0.7 

52.27 104.30 3.94 	. 3.74 - 5.0 

10.23 77.46 17.45 17.45 0 

19.33 260.82 9.42 9.24 - 1.9 

36.12 137.56 11.47 11.05 - 307 

-22.90 316.78 11.85 	, 11.65 - 1.7 

41.90 12.52 6.45 6.14 - - 4.8 

, 
62.02 129.72 

4 
1.74 1.75 + 0.6 1  

i 

1.5.4 Comparison with Experiment. 

Kellogg (1960) computed the position of the cosmic ray equator 

using trajectory computation in the field of Finch and Leaton. The 

experimental data of Katz et al (1958) showed a root mean square scatter 

>0.3 GV from this calculated equator. 
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After considering the effect of off-vertical incidence, Kellogg 

concluded that the differences between the observed and the calculated 

cosmic ray equators were due to the limitations of the geomagnetic 

field representation. 

A computer program developed by McCracken et al (1962) has 

found vide application in the calculation of cosmic ray cut-off 

rigidities. A negative particle is followed out from a position 20 km 

above the Earth's surface and is considered to have escaped when it 

reaches 25 earth radii. Shea et al (1965) used this program to 

calculate the cut-offs at the locations of the Project Magnet and the 

Soya data. An improvement was brought about in the region to the west 

of the Iberian Peninsula although discrepancies still remained. The 

Soya knee was found to be at a cut-off of —4 GV with both the Finch 

and Lcaton and the Jensen and Cain field simulations. This value is 

in bettor agreement with other observations but is ^41 GV higher. The 

Soya data wereobtained from a neutron monitor which is an omnidirectional 

detector and so records non-vertically incident particles. The maximum 

possible reduction of the effective cut-off due to off-vertical incidence 

was found to be-.0.6 GV. The position of the knee was considered to 

be in disagreement with the world-averaged value of 2 — 3 GV. 

The results of a comparison of the Quenby and Wenk and the 

Makino cut-offs with trajectory computed out-offs arc given in Table 1.5 

from Shea et al. 
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TABLE 1.5.  

R.M.S. DEVIATIONS FROM TRAJECTORY-DERIVED 

CUT-OFF RIGIDITIES.  

REGION QUENBY & WENK % MAKING % 

Equatorial 	P > 10.0 GV 3.0 1.1 

Mid-latitude 10.0>P>1.0 GV 9.7  18.6 
(Pm-Ps)>0.5 GV 

Mid-latitude 	10.0 2>P >1.0 GV 12.3 6.5 (Pm-Ps) <a.5 GV 

High latitude 	P <1.0 GV 16.5 45.8 

Soya and Project Magnet 
Locations 17.8 8.7 

, 

From these comparisons the following conclusions were drawn; 

a) Makino values superior in equatorial regions. 

b) Large differences in mid-latitude regions. 

c) Quenby and Wenk values better at high latitudes. 

d) Makino values successful in anomalous regions. 

1.5.5. Kondo and Kodama Cut-Offs. 

Combining the calculations of Kellogg (1960), and Shea et al (1965) 

with their own, which used a rigidity interval of 0.1 GV, Kondo and 

Kodama (1966) constructed a grid of cut-offs. Interpolation from this 

grid to the positions of the basic calculations produced an r.m.s. error 

of N  0.2 W. 
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1.5.5. Shea et al Cut-offs.  

A more comprehensive grid of cut-off rigidities has been constructed 

by Shea et al (1966). Rather than constructing grid points by interpolation 

between more or less randomly distributed points these authors have 

calculated the cut-offs at each 15x 15 degree grid point over the Earth. 

Additional calculations have led to large areas being covered with a finer 

5 x 15 degree (latitude xlongitude) mesh of calculated points. From the 

incomplete 5 x  15 degree grid an interpolation method based upon the L 

parameter has been used to produce a 2 x 2 degree grid. For each adjacent 

pair of points at the same longitude valuesfor A and V were determined 

from the equation : 

P = ACV 
	 1.16 

These coefficients A and indices V were then used to interpolate 

the cut-off at any location. 

1.6. EXPERIMENTAL CUT-OFF DETERMINATION.  

1.6.1. Neutron Monitor Measurements.  

A comparison of cut-offs can be made at the positions of the knee 

in the latitude intensity curve. As the yield functions for sea level 

neutrons are not known to a sufficient degree of accuracy an absolute 

cut-off cannot be given. Neutron monitor surveys by Van der Walt et al 

(1966) in the Cape Town region indicated that the cosmic ray knee was 

at a cut-off (Kondo and Kodama) of about 2GV. The discrepancy in this 

area previously noted in the Soya data is thus doubtful when consideration 

is given to the Forbush decreases which occurred during the recording of 
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that data for which inaccuvstc correction may have been made. 

1.6.2. Balloon Measurements.  

Cut-offs in the range N 1 - 2.5 GV can be measured directly 

by means of proton and alpha particle observations using detectors 

high in the atmosphere or above. Because the primary differential 

rigidity spectrum starts to decrease in this range there has been a 

degree of ambiguity in cut-offs determined by this means. The majority 

of such measurements have been made at Minneapolis where the effective 

vertical cut-off and StOrmer threshold are 1.39 GV and 1.32 GV respectively. 

A summary of the galactic cosmic'ray measurements at balloon 

altitudes of a few g cm-2 has been given by iilebbAt (1962). These suggest 

that during magnetically quiet times cut-offs<1. 	Grare"lower than 

the calculated values. The contributions of the various experimental 

errors to the apparent spread of particles below the cut-off have been 

esti.a,5ea by Webber and McDonald (1964). They found that the effective 

quiet-time cut-off at Minneapolis was 1.0 - 1.1 GV. This lowering 

is not explicable in terms of penumbral transparency as the effective 

cut-off is less than the calculated StOrmer cone value. Freier et al'(1959) 

observed a considerable lowering of the cut-off during magnetic storms. 

Solar protons of 75 MeV were detected showing thatthe out-off was at 

some very low valuer  in disagreement with the calculated Minneapolis cut-off. 

Cut-offs can most readily be measured during solar proton events 

when there are large fluxes of low rigidity particles. Freier (1962) 

made 6 balloon flights in the period following the solar flare of 10th 

July 1959. Four were at Minneapolis and two at Fort Churchill. The 
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geomagnetic cut-off ( < 0.21 GV) at Churchill was less than the 

instrument cut-off and so provided a primary spectrum measurement free 

from geomagnetic influence. 

This allowed details of the cut-off at the lower latitude to be 

observed. The quiet time main cone cut-off was determined to be 1.20 GV. 

The intensity below the main cone could be represented by : 

= 	e  -2.30(Pm  - P)/0.15 
0 	 9 PC Pm 	1.17 

This represents the effects of the penumbral transparency at 

cut-offs P below the main cone cut-off PM. 

:.-. 45% 	at 	1.15 GV 

▪ 10% at 1.05 GV 

▪ 1% at 0.9 GV 
	 1.18 

During the magnetic storm which followed the solar proton event, the 

cut-off at Minneapolis was observed to fall below 0.7 GV. 

1.6.3. Satellite Observations.  

An almost uniform flux of 1.5 MeV solar protons was observed by 

Stone (1964) over the polar region, terminating sharply at a geomagnetic 

latitude of about 65°  at local midnight and about 67°  at local noon. 

The cut-offs over this region must have been less than 0.05 GV. At 65°  

geomagnetic the StOrmer dipole cut-off is 0.48 GV. During the main 

phase of magnetic storms Pieper et al (1962) observed a marked equatorial 

shift of the cut-off latitude of 1.15 MeV protons. Particles were observed 
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down to L valued 3.5 correaponding to a geomagnetic latitude of -58°. 

Tha outer boundary of the stably trapped electron population is 

sharply defined both at low altitudes (for example O'Brien (1963)) and at 

high altitudes (for example Frank (1965)). Williams and Palmer (1965) 

measured a pronounced day-night asymmetry of the boundary field lines for 

electrons of energy Ee  .) 280 KeV. The latitudes from which the boundary 

field lines emerged depended upon geomagnetic activity, but at quiet 

times the night-side boundary was-68°  and the day-side -70°. An 

equatorial shift of the outer boundary of trapped electrons of energy 

e  40  KeV was observed by Maehlum and O'Brien (1963) to occur during 

magnetic storms. 

The high latitude outer boundary of the radiation belts is 

approximately coincident with the low latitude limit of the low energy solar 

proton observations. Both are observed to move to lower latitudes during 

storm times. 

1.6.4. Riometer.Observations.  

The increases in ionisation in the ionosphere caused by solar protons 

during several polar cap absorption (PCA) events measured by riometers 

at College (65°N) and Thule (88°N geomagnetic) were found by Leinbach et al 

(1965) to be very similar. This indicated a more or less uniform flux 

over the polar cap regions of those solar protons which contribute to the 

ionisation i.e. probably 1 MeV or less. The absorption at Farwell (61°) 

was only -10% of that at Thule indicating a cut-off of low energy protons. 

Riometers situated close to the boundary of PCA events observe a diurnal 

variation in the ionisation with a decrease at local noon, while those at 
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higher latitudes show no variation. This was interpreted by Leinbach (1961) 

as a variation of cut-off rigidity with local time. 

1.6.5. Summary.  

The experimental evidence for the reduction of high latitude cut-offs 

is conclusive. Cut-offs above 68°  - 70°  are probably reduced to a 

very small value. Reductions at lower latitudes occur up to cut-offs 

2.5 GV. Apart from the observations at Minneapolis (1.39 GV) the 

experimental data is rather sparse. The effective cut-off at Minneapolis 

during quiet times is probably 1.0 - 1.2 GV. 

1.7. THE ORIGIN OF HIGH LATITUDE CUT-OFF REDUCTIONS.  

The main theoretical approaches have been via a Westward flowing 

ring current, the superimposition of an interplanetary magnetic field 

and the effects of the confinement of the geomagnetic field through 

interaction with the solar wind. 

1.7.1. Ring Current Reductions.  

Singer (1957) first suggested that a ring current might 

have its origin in the drift motions and gyrations of geomagnetically 

trapped particles. The feasability of geomagnetically trapped particles 

was discovered by Stbimer (1907). SeCormer theory showed that particle 

trapping was possible within a region of limited radial extent 

r
1 	<r

2 given by : 

r
l 	cos2  7\ 

-Y/10 [W10)2  cos3?\t 
	1.19 



r2 	cos2 X 

b 	-)A (Y/10)2  cos3  

where "Xis the geomagnetic latitude 

1 

FMagnetic moment 12 
LlAagnetic rigidity 

Y is an arbitrary constant of integration. 

The currents due to a trapped particle population are such as 

to decrease the overall field close to the Earth and to increase the field 

external to the trapped particle circulation. The confinement of charged 

particles by the geomagnetic field was confirmed by Van Allen et al (1959). 

An approximate calculation by Kellogg and Winckler (1961) gave the 

threshold P at high latitudes in terms of the internal field threshold 

P
o as : 

P  
1.21 

1 tp/k 

where M' is the magnetic moment of the ring current and M the magnetic 

moment of the Earth's field. Akasofu and Lin (1963) calculated the 

magnetic moments of a number of possible ring currents and concluded that 

the moment Mt is probably never as great as M. The threshold reduction 

observed by Maehlum and O'Brien (1963) requires M' - 10M, while that 

observed by Pieper et al (1962) requires Mt -16 M. The maximum reduction 

of 50% cannot explain the storm-time threshold reductions although it 
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1.20 



could contribute to the quiet-time reductions. 

Dessler and Parker (1959) showed that the unperturbed dipole 

field B
o is increased to Bo 4-AB(o) at the Earth's centre (and also 

at the surface) by a particle belt confined to the equatorial plane 

where 
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AB(o) 
e 2 8  D _ 
- X  X 

3 8D  

1.22 
B 0 

ep  is a north-pointing unit vector, E is the total kinetic energy of 

the belt particles and 50  is the total energy in the dipole field 

( = 8.37 x1024 ergs). Hoffman and Bracken (1965) calculated the 

magnetic effects of the trapped proton population of energy E > 100 KeV 

as measured by Davis and Williamson (1963). The total energy in the 

belt was estimated to be 5.7 x1021 ergs. Detailed calculation gave a 

magnetic moment M' = 0.029 M and a surface field decrease of 9)r. 

This 9Ydecrease is in good agreement with the value obtained from the 

approximate equation 1.22. The maximum contribution to the magnetic field 

is from the lowest energy particles measured, whose directional intensity 

at L N  3.5 was observed to be -107  (cm2  sec ster)-1. The 

stability of this population as observed by Davis and Williamson (1963) 

suggested that only small storm-time enhancements occurred. 

The first important evidence of the storm-time enhancement of 

the ring current has recently been given. 

Cahill (1966) observed that during a magnetic storm on 17/18 April 

1966 there was a field depression of 217y near 3 earth radii 
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simultaneous with the main phase ground decrease of 150y. From 

observations of the asymmetric onset of the decrease, the effect was 

probably due to enhancement of the proton population. The drift 

times of protons suggested that the energy of these particles was 

probably <60 KeV. At quiet times there was little divergence from 

the Jensen and Cain main core field. 

Direct particle observation has been made by Frank (1966) 

during two magnetic storms. The detector was a Cd S total energy 

flux instrument. Large increases of electron flux ( 10 x) were recorded 

at the onset of these storms between L = 2.8 and L = 4.0. By comparing 

with the response of the other satellite particle detectors, Frank 

concluded that the increase was due to electrons of energy 100 eV<E<40 KoV. 

Omnidirectional fluxes of - 1000 ergs cm-1 sec
-1 
 were observed at 

L 	Integrating this density over the volume of space between 

L values 2.8 <L <4.0 and latitudes 35°N, 35°S, the estimates of 

the ground level field decreases in Table 1.6 were obtained from equation 

1.21 corresponding to two possible mean electron energies E0  

TABLE 1.6.  

SURFACE FIELD REDUCTION BY OUPER RADIATION 

BELT ELECTRONS.  

Field Reduction (y) 	Electron Energy. 

- B (o) E 

500 eV 

2 KeV. 

60 

30 
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The large energy densities of electrons observed suggest that they 

contribute appreciably to the main phase decrease but do not exclude 

the possibility of a principal contribution from protons. 

A surface field analysis by Cain (1965) included three constant 

orthogonal components. The analysis showed these to be non zero. 

The main component -20y was parallel to the rotational axis and 

directed southwards, with a standard error of -301r. The direction of 

this fieldwas the same as would be produced by a ring current. 

Although appreciable storm enhanced ring currents do exist, the 

field due to a quiet-time ring current is still uncertain. The probable 

limits on this ring current contribution to the surface field are -9y 
and - 50y . 

1.7.2. Uniform Interplanetary Fields.  

Quenby (1964) has calculated that the near-zero cut-offs observed 

at high latitudes could be explained by the superimposition of a southward 

pointing interplanetary magnetic field of 50y. The observed interplanetary 

field as measured by Ness and Wilcox (1964) has an average magnitude of 

3-6Y with only a small average component southwards. Following solar 

flares, large increases in the interplanetary magnetic fields have 

been observed (for example Fan et al (1960a)). Following a correlation 

of magnetic bays with southward interplanetary fields by Cahill and 

Fairfield (1965), Dungey (1966) suggested that the arrival of a field 

at the Earth whose orientation is different to the steady component would 

result in a dragging out of the geomagnetic field lines on the night side. 

The resulting magnetic depression would then affect the storm time arrival 
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of cosmic rays. 

1.7.3. Magnetosheath Currents*  

The continuous outfloW of the solar wind (section 2.4.1) 

confines the geomagnetic field to a region extending —10 Rarth 

radii in the solar direction according to magnetometer measurements 

of Cahill and Amazeen (1963). The interaction of the highly ionized 

wind and the magnetic field produces currents in the boundary region 

of the Earth's field. These cause the magnetic field just inside the 

interface to be doubled.: a condition given by Dungey (1958). From 

the Earth's surface the measured field increases monotonically over 

the main fields the magnetosheath currents contributing--10% at a few 

Earth radii to 50% near the magnetosheath. Makino and Kodama (1966) 

computed the effect of the compression of the field. Spherical harmonic 

terms due to the magnetosheath currents were added to the harmonic 

expansion of the Earth's internal field. The effect on the computed 

cut—offs was an increase rather than the observed decrease. This rules 

out magnetosheath currants alone as a source of threshold reduction. 

Akasofu et al (1963) considered the combined effects of a ring 

current and an azimuthally symmetric field termination. Low energy (-500eV) 

particles could just penetrate the boundary layer. They were then 

guided from this position along field lines to the Earth at some high 

latitude. Threshold reductions at high latitudes similar to those observed 

were anticipated from a qualitative discussion* 
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1.7.4. Neutral Sheet.  

The passage of the solar wind drags out the geomagnetic field in 

the anti-solar direction to form a tail to the 'magnetosphere'. The 

magnetometer measurements of Ness (1965) on the IMF 1 Satellite established 

the existence of the tail, extending to at least 30 Earth radii (apogee). 

Field lines in the tail region beyond -12 Earth radii were observed 

to be directed in either the solar or anti-solar direction (ignoring 

a small aberration angle ) depending upon whether the measurement was 

made north or south of the solar ecliptic plane. Between these opposed 

fields is a region in which the magnetic field is approximately zero. 

The so-called neutral sheet starts at about 12 earth radii. Just as the 

compression on the day side increases the field strength in the 

magnetosphere so the night-side expansion reduces the field strength. 

Reid and Sauer (1966) considered the influence of the neutral 

sheet on cosmic ray cut-offs. Lines of force loaded with trapped 

particles must be simply reconnected to the Earth. Lines above the 

outer trapping boundary are probably drawn back into the tail. The 

lowest latitude field line connected to the neutral sheet is probably 

just above the stably trapping boundary and likely to be the low latitude 

boundary of the auroral zone. Cosmic rays with more or less free access 

into the neutral sheet are injected into the inner magnetosphere from the 

tail region and therefore have free access to the auroral latitudes and the 

whole polar cap regions. Figure (1.7.1) shows the assumed variation of the 
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Fig. 1-7.1 The model magnetospheric field with the neutral sheet at 12 R
e: 
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Fig. 1-7.2 Proton threshold energies in the dipole field and•in the model 
field of Reid and Sauer (1966). 
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field in the anti-solar direction. Particles of a particular rigidity 

are injected at the neutral sheet terminations  then travel in circular 

orbits in the constant field of 401 which gives the minimum attainable 

radial position in the equatorial plane. The particles then attach 

themselves to the field line at this point and are guided to the Earth. 

The rigidity of these particles then defines the threshold rigidity 

at the arrival latitude. Longitude drift in which small angle scattering 

may produce a continual interchange from free to trapped modes is 

necessary to remove the anisotropy. The changes of the dipole thresholds 

calculated by the authors are given in figure (1.7.2). 

A model earth experiment by Roberts (1967) in which the cosmic 

rays are simulated by electrons from an electron guns  has shown that there 

is a general lowering of high latitude cut-offs when the model dipole 

field was distorted by a compression on one side and an extension on 

the opposite side. 

1.8. 	SUMMARY. 

a) There is a large amount of data in support of the trajectory 

integration method of threshold determination. 

b) Within the accuracy of the available latitude survey data, 

the L parameter interpolation method between calculated cut-off locations 

has proved adequate. 

c) Systematic out-off errors in certain regions could be present 

due to inaccurate field representation in those areas. 
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d) High latitude threshold reductions are qualitatively explicable 

in terms of a combination of ring current and tail current although their 

relative importance is uncertain. 

e) Storm time reductions are duo to an enhanced ring current and a 

dragging out of field lines into the tail region. 
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CHAPTER 2. THE LONG TERM MODULATION OF COSMIC RMS.  

2.1 INTRODUCTION.  

2.1.1 Introductory Experimental Observations.  

Cosmic rays of all but the highest energies are thought to be of 

galactic origin (for example Ginzburg and Syrovataky (1964)), the Sun 

emitting energetic particles only during highly disturbed conditions 

at the solar surface. In addition to this sporadic emission of cosmic 

rays the Sun exerts a pronounced influence on the cosmic ray intensity 

observed at the Earth. Variations of atmospheric origin, particularly 

important in the early methods of measurement, had first of all to be 

understood and then removed from the data before time variations of 

external origin could properly be ctudiod. Major contributions to the 

understanding of the atmospheric influence on the cosmic ray intensity 

were made by Duperier (1949) and Chasson (1954). Time variations in 

the cosmic ray intensity were systemetised by Forbush (1954) into the 

11 year, 27 day, Forbush decrease and the diurnal variation. All but 

the last have been shown to be related to solar phenomena. The two 

most prominent intensity variations are the 11 year and Forbush 

decrease. 

The Forbush decrease is characterised by a sharp intensity decrease 

occuring generally within a period of hours followed by a slow recovery 

lasting from a few days to a fortnight. Lockwood and Razdan (1963) 

analysed a number of Forbush decreases, showing them to be essentially 

isotropic events. In about half of the events analysed the onsets were 

isotropic while the remainder were anisotropic. Those stations whose 
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asymptotic viewing directions were to the west of the Sun-Earth 

line recorded the decrease about 2 hours in advance of other stations. 

This was a result of a shift of the maximum of the diurnal variation 

to the morning hours. 

Forbush (1954) first demonstrated the negative correlation 

between solar activity as measured by the Sun-spot number and the cosmic 

ray intensity. The world-wide effect of the 11 year variation was 

observed by Neher and Forbush (1958) for the period 1951 - 1957. They 

found that the mean annual values of intensity recorded by a shielded ion 

chamber near the geomagnetic equator correlated well with the intensity 

measured by an unshielded ion chamber at an atmospheric depth of 

15 g cm-2 near the geomagnetic pole. 

2.1.2. The Rigidity Dependence of the 11 year Modulation.  

To specify the modulation, ideally re4uires comparative measurements 

of the local interstellar cosmic radiation and the local interplanetary 

cosmic radiation. The observations have been restricted to changes in the 

modulation near the Earth rather than the absolute modulation. 

The continual observation of the cosmic radiation intensity 

by a satellite detector through an appreciable fraction of the solar 

cycle is ruled out by the short mean life of a satellite experiment. 

Most of the measurements have been observations of the secondary particle 

intensity within the atmosphere. These observations are related to the 

primary radiation by the genetic yield functions (section 6.4). 
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The experimentally observed response for a detector at an 

atmospheric depth x, and time t, as a function of rigidity is given 

by the integral of equation 6.2k 

N (P,x,t) 	= SG (P,x) 
P 

dj(P,t) 
dP 	2.1 

dP 

In the latitude-sensitive region the yield function SG  is 

practically time independent. The change in counting rate AN for 

a detector at time t is related to the modulation AJ(P,t) of the 

primary spectrum J(13,to) by: 

2.2 

where J(P,t0) dJ 
(P t dP ` o' 

and 	AJ(P,t) 	= J (P, to) - J(P,t) 

Elliot et al (1960) calculated the modulation function AJ for 

the solar maximum period from results at six neutron monitor stations. 

Using a measured sea level (x0) differential response curve for a neutron 

monitor at solar minimum 17-, (Plxo  ,t o), the modulation function AJ 
was chosen so that the calculated sea level changes AN gave a best fit 

to the measured changes. The ratio of the solar maximum to the solar 

minimum differential rigidity spectrum found in this way is shown in 

figure 2.1.1. 
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Fig. 2-1.1 Change in the differential rigidity spectrum between 
solar minimum and solar maximum. 
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Fig. 2-4.1 Ratio of the logarithms, Ti.(p), of the proton and alpha-particle 
modulation between. two epochs as predicted by an electric field 
deceleration model and the solar wind convection model of Parker. 
Experimental values between 1963 and 1965 are given. (Diagram 
from Quenby: 1966). 
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Assuming that the rigidity dependence of the modulation 

is of the form : 

  

 

A j 
cc P—Y 2.3 

 

(p, to) 

then the best fit function required y <:2. 
From an analysis of data from a number of cosmic ray stations during 

the period 1956 - 1958 close to solar maximum, McCracken (1960) found 

that the 11 year modulation was of the form expressed in equFtion 2.3, 

with Y= 1.3. For short term Forbush decrease events, the spectral 

variation was observed to be flatter with y= 0.8. 

A simpler and more rigorous method giving the change in the 

primary spectrum and requiring no 'a priori' knowledge of the modulation 

has been used by Kodama and Matthews (1964). 

J(P)max (dN/dP) max 

(dN/dP) min 
2.4 

J(P)min 

dN The solar minimum spectrum ( -Ey min was obtained from the sea level 

neutron monitor surveys of Rose et al (1956) completed during 1954-1956. 
) dN 

The solar maximum curve --f, max was obtained from two of the Soya 

voyages during 1957-1958 by Kondo et al (1963). The modulation obtained 

is given in figure (2.1.1). 

Cut-offs used in the data of Rose et al (1956) were those of 

Quenby and Wenk. As the surveys were not conducted in regions where 

the Quenby and Wenk cut-offs are greatly in error, their use will probably 



50. 

not introduce significant errors. Trajectory computed cut-offs were 

used in the analysis of the solar maximum data. These have been shown 

in Section (1.5.4.) to be more accurate than the Quenby and Wenk cut-offs 

in the region of South Africa through which the Soya passed. The knee 

was shown to occur at - 4.0 GV so that the modulation function in 

the rigidity range <: 4.5 GV is doubtful. 

A different approach has been used by Durney et al (1964) 

who measured the integral rigidity spectrum for particles of charge;?. 6. 
During the period May/June 1962 this was found to be : 

N(P,t) a p-1.5 
	

P > 8.5 GV 	2.5 
N(P,t) m p-1.2 
	

P < 8.5 GV 

With a primary galactic spectrum of the form P-1.5  the modulation 

is given by : 

	

62(P) 	- 1 - 0.8 [1- 10.3  ; P <8.5 GV 

	

Jo (P) 	8.5 
2.6 

0 	P> 8.5 GV 

This modulation function has been used by Quenby (1964) to 

calculate the depression of counting rate below solar minimum level for 

a number of neutron monitor stations. Within the rather large errors 

the predicted depressions were in agreement with those measured. 
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2.1.3. The Charge Dependence of the Long Term Modulation.  

A crucial area of investigation is the relative modulation of 

protons and alpha particles of rigidity < 3 GV. It is in this range 

of the spectrum that the protons and alpha particles have appreciably 

different velocities (difference >10% ) at the same rigidity. 

Webber (1962) has summarised the available balloon measurements. He 

observed no systematic difference in the modulation of protons and alpha 

particles for P ;3;1.2 GV. This suggested that during the period 1955-

1959 the modulation was dependent only on rigidity above 1.2 GV. The 

statistics of this measurement were not good as there were no overlapping 

differential rigidity data from the two components. 

Fichtel et al (1964) and independently Balasubrahmanyan and McDonald 

(1964) showed that the proton and alpha particle spectra were not identical 

below -1.5 GV. The alpha spectrum in this region was observed to be 

depressed below the proton spectrum if the two were normalised at high 

rigidities to allow for the relative abundances. These observations did 

not prove a velocity dependence of the modulation because of the 

uncertainties of the form of the inter-stellar primary spectra prior 

to solar modulation. 

2.1.4. Solar Flare Data.  

While the cosmic rays at the orbit of the Earth have been subject 

to the modulating conditions beyond the Earth's orbit, solar proton 

observations essentially yield information on conditions within the 

Earth's orbit. The flare particles of the event of February 1956 were 
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observed by Meyer et al (1956) to decay with time as t-3/2. This 

was interpreted as a decay due to isotropic diffusion of particles 

in an infinite medium. It has subsequently been shown that solar 

proton events generally can be described by a diffusion process. 

2.2. BASIC MODULATION MECHANISMS. 

2.2.1. Introduction.  

The two methods by which the inter—stellar spectrum may be 

modulated are through a reduction of the number of cosmic rays or 

a moduction of their energy. It is probable that modulation occurs 

by both methods though the dominance of one or the other is not established, 

The early modulation theories (in this section) were concerned with the 

fundamental processes, while the more recent theories dealt with in the 

subsequent sections have been concerned with a sophistication of these 

ideas. 

2.2.2. Energy Loss Mechanisms. 

Alfven (1950) considered the interaction of particles with 

outward moving solar plasma streams. The high electrical conductivity 

of these streams resulted in the magnetic field lines being 'frozen' 

in the plasma. The relativistic transformations of the electric field E' 

and magnetic field H' to another frame of reference in which the plasma 

velocity is v are : 

Et 	
Y  [5- +  

YL 

v ALI I1 

v AE 

2.7 

2.8 
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The electric field E' 	0 and the Lorentz factor y -1 for the 

typical plasma velocity. 

E 	( VA H) c — — 

H' 	H 

2.9 

The electrostatic polarisation field E across the plasma stream 

can produce a deceleration of the particles. Within the frame of 

reference moving with the wind there is no electric field; the 

particles move in a static magnetic field. The correct energy loss 

treatment of Fermi (1949) considered the particle motion within this 

magnetic field. The maximum energy loss occurs for a tail-on collision 

with the plasma cloud when the change in energy t u for relativistic 

particles is given by : 

Au 	 2v 	 2.10 

This is an ineffective mechanism as for a typical plasma velocity 

of 3.107 cm sec-1 : 

A u. 	
2.10-3. 

A geocentric electric potential was proposed by Nagashima (1953) 

to account for changes in the cosmic ray intensity. This model is at 

variance with the observed high degree of correlation between the cosmic 

ray intensityywhich depends on the electro-magnetic fields in interplanetary 

• 
. • 

and 



space, and solar activity. A modification introduced by Ehmert (1960) 

considered a heliocentric potential. The electric potential V 

required at the position of the Earth's orbit was -4 GV 	9 volts) 

at solar minimum and -2 GV at solar maximum. According to Liouville's 

theorem the density of particles in phase space D is conserved: 

J 
D = 	

2 2.11 
P 13 

where j is the flux (ster sec) -1  and (3 is the particle velocity 

in units of the velocity of light. 

If j is measured as the differential kinetic energy spectrum 

j(E) then : 

j(E) 

2 
	const. 	2.12 

Putting joD(E) as the galactic spectrum of particles of charge z 

and mass number A then the spectrum at the Earth j(E) after 

passing through the.  potential field V is given by : 

(E-VZ) (E,Val-2A) 
j (E) = j (E) 	 

E(E+2A) 
2413. 

--where the kinetic energy E is in GeV and the potential V in GV. 

Modulation models toquiAoga potential field -1 GV seem implausible 

in view of the high conductivity of interplanetary space as suggested 

by the plasma probe observations of Snyder et al (1963). In addition 

54. 
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there has been no evidence of a high energy flux of electrons which 

presumably should be produced in such a field. 

Singer (1958) considered the statistical anti-Fermi mechanism 

as a modulation source. Solar streams ejected at supersonic speeds 

formed turbulent vortices at the boundary with the interplanetary medium. 

As the stream was expanding the net recessional velocity of the 

scattering centres produced a statistical energy loss for particles 

random walking through the stream. An additional energy loss mechanism 

was analysed by Laster et al (1963). The continual expansion of the 

magnetic field causes a Betatron decleration which cools the cosmic 

radiation when moving through these fields. 

2.2.3. Modulation by Regular Magnetic Fields.  

The screening effect of a uniform magnetic field carried by solar 

plasma to envelop the Earth has been studied by Dorman (1957). This 

analysis did not complete the field line topology and as observed by 

Quenby (1964), the screening effect was only considered for particles 

moving perpendicular to the field lines while the screening for 

particles moving along the field lines was undetermined. 

The solar dipole field was considered by Janosay (1937) to have a 

shielding effect on cosmic radiation reaching the Earth. The surface 

polar magnetic field strength on the Sun was thought to be some 10's of 

gauss. An accurate measurement by Babcock (1959) gave a value of 

about 1 gauss for the polar field strength. This dipole field is 

not capable of producing the observed modulation. In addition, the 

solar dipole moment seems to go through zero near solar maximum according 
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to the observations of Babcock (1961). This is compatible with 

the observed maximum modulation at this time only if the dipole moment 

is not the main modulating influence. 

Elliot (1960) suggested that shielding might be effected by a 

dipole magnetic field generated by an axially symmetric coronal ring 

current system of radius 5-15 solar radii. The current density was 

such as to produce a field at the Earth's orbit of about 10-4  gauss 

at Sun-spot maximum and 10-5  gauss at sun-spot minimum. Superimposed 

upon this regular field were scattering centres which allowed the 

entry of low rigidity particles by diffusion. The equilibrium condition 

was attained with a reduced intensity of those particles depending upon 

the competition between inward diffusion and a removal process whereby they 

were guided down field lines to the Sun. 

dj(P) 
The spectrum observed at the Earth 	was related to the 

djo(P) 	dP 
by 

dP 

dj 	di 	 4ka(P +P) o 	; 4.1  (P) 	45 Ms  1141  
(P) = 	

0 	o  ) 
dP 	dP [I re 	 P2 

	 2.14 

where re 
is the Sun - Earth distance, Ms 

is the solar dipole moment; 

ak is the probability per collision of being scattered into the loss cone 

to the Sun; Po is the magnetic rigidity of a particle whose Lameor 

radius in the scattering centre is equal to the scale size of the centre; 

and P is the particle rigidity. 

galactic spectrum 



on div F at 
div 	[Ik grad.] 	2.17 
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The 11 year intensity variation is produced by the variation 

of Mss ak and Po. 

2.2.4. Isotropic Diffusion Models. 

Morrison (1956) proposed that variations in cosmic ray intensity 

might be due to diffusion in tangled magnetic fields carried in clouds 

of corpuscular radiation ejected from the Sun. The highly ionised clouds, 

initially devoid of cosmic rays, were sufficiently turbulent to tangle 

the magnetic field lines. Cosmic rays could then diffuse into the 

cloud to remove the density gradient. The envelopment of the Earth 

by such a cloud whose diffusion time was longer than the cloud transit 

time to the Earth would cause a reduction in the observed cosmic ray 

intensity. 

Random walk of cosmic rays of speed co and mean free path 'X 

within the cloud produces the isotropic diffusion coefficient K where : 

, - co. 2.15 

The flux of particles F is proportional to the density gradient : 

F = 	-K grad n 	 2.16 

The increase of cosmic rays at any point is given by: 



— exp 

2 [ 	7k0.) t AJ(P) 

J(p) 2 3 ro  
2.18 

Solving this equation gives the modulation AJ (P) as : 

58. 

where ro is the cloud radius. 

Parker (1963) found that the characteristic diffusion times of 

this equation could not account for Forbush decreases whose recovery 

times were of the order of a week. 

The essentially heliocentric mechanism of Morrison was modified 

by Parker (1958a). Solar corpuscular clouds, thought to be emitted 

only in the equatorial region of the Sun would lead to easy access 

perpendicular to the equatorial plane. To account for the experimentally 

observed dearth of low energy [ E < 1 GeV ] cosmic rays required either 

isotropic cloud emission or a geocentric modulation mechanism . The 

occasional solar cloud containing tangled magnetic fields was supposed 

to be captured by the Earth's gravitational field. The cloud, extending 

to a few Earth radii had a decay time — 6 months. Variation of the 

ejection frequency of the solar clouds with solar activity led to a 

varying number of captured clouds, thereby producing the 11 year cosmic 

ray intensity variation. 

The values required for the magnetic field strength and mean 

free path between inhomogeneities were - 3 x10-2 
gauss and 2.5x 107 cm 

respectively. 
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2.3. SOLAR WIND MODULATION. 

2.3.1. Introduction. 

From observations of luminous comet tails Bierman. (1951) 

considered that the Sun must emit particles continuously, and not just 

during disturbed solar conditions. This led Parker (1958b) to consider 

the stability of the solar corona. He found that hydrodynamic equilibrium 

was not established s that the thermal energy of the coronal gas was 

greater than the combined restraining forces of the gravitational and 

magnetic fields. This imbalance of forces in the corona results in the 

continual outflow of material (completely ionized because of the high 

coronal temperatures) which constitutes the solar wind. Calculation 

showed that the flow was supersonic beyond a few solar radii with a 

quiet day speed V of 300 - 400 km/sec at the Earth's orbit. The solar 

wind continues to blow outwards, cooling through adiabatic expansion 

until the outward thermal pressure becomes balanced by the inward 

pressure of the local galactic magnetic field, the cosmic ray gas, 

and the interstellar gas. 

For a spherically symmetric expansion the wind density N' falls 

off as the square of the distance travelled. If N
e is the density 

at the Earth's orbit 	then N(r) is given by : 

N (r) = 	N
e x 

 (-2') 2 
	

2.19 

The impact pressure irENV2  therefore falls off as 
2 . The r  

thermal pressure at the boundary with the interstellar medium is : 



6o. 

re
2 

2 rI  
2.20 PI 

	(j- Nmv2)x 

Parker (1963) has equated this pressure to the inward forces 

on the solar cavity and found the position of the boundary to lie 

between 45 A.u. and 90 A.u. The general magnetic field over the 

whole solar surface is -.1 gauss according to the measurements of Babcock 

and Babcock (1955). Outward convection of the highly conducting 

solar plasma draws out the magnetic field lines radially. The rotation 

of the Sun twists the lines into an Archimedean Spiral. The angle 

between the field line and the Sun-Earth line is given by : 

SI r 

V 
2.21 

where SZ is the angular velocity of the Sun and V the solar wind 

speed. This gives a value for 0 of about 45°  at the Earth's 

orbit. The whole of interplanetary space is thus filled with solar 

magnetic field lines. 

Temperature variations in the corona will result in a region 

of enhanced thermal energy overtaking a slower region at a supersonic 

speed. Shock waves will result from the interactions of the two streams. 

These will distort the magnetic field lines producing kinks in the under-

lying smooth field configuration. These irregularities will become 

degraded with distance, and consequently less sharp. 
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The bulk velocity is greater than the random thermal velocities in 

the plasma and so the expansion is anisotropic. This anisotropic 

expansion eventually produces plasma instabilities. liydromagnetic 

waves are generated by these instabilities. Parker (1963) estimates 

/ 	. that their scale size will extend up to 00.06  ) Km. 

The expanding solar wind therefore carries a general Jrchimedean 

Spiral magnetic field upon which are superposed magnetic irregularities 

and hydromagnotic waves. 

2.3.2. Parker's Diffusion-Convection Theory.  

It is in the context of the above discussion that Parker (1963) 

formulated his theory. Magnetic irregularities and waves act as 

scattering centres which promote the diffusion of charged particles. 

The principle of the modulation in this model is the competition between 

the inward diffusion of cosmic rays through the interplanetary magnetic 

field and the outward convective removal by the solarivind. 

The isotropic diffusion equation (2.17) is modified by the 

addition of a term representing the bulk transport of the solar wind 

do _ 	1  — dt 	+ 2 dr (K r2 	) 
ar 

2.22 

Steady state conditions are assumed with the diffusion coefficient K 

and wind velocity V independent of radial distance to some value R. 

Integration of 2.22 gives the particle density at a radial distance 
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n(r) = n co  x exp 
V 

K 
dr 	2.23 

where n Qo  is the galactic particle density. Allowing the mean free 

path to become infinite beyond the radial distance R9  the density 

becomes: 

n(r) = n0   

co n 

exp 

exp 

[i 	V (R-r) 2.24 
K 

[
3V (R-r) 

?\60 

The mean free path ?between successive scatterings of cosmic rays 

is in general dependent on the rigidity of the particles and the 

distribution of scattering centres. In this treatment the centres 

are assumed to be isotropically distributed through the solar cavity. 

Parker (1958b) considered the diffusion Ito be via macnetic 

field line irregularities. This was done for the two extreme cases : 

where the gyro-radius in the scattering centre field is bigger than 

or smaller than the scale size of the centre. 

a) 	'Thin Centre' 

If the scattering centre size & is smaller than the gyroradius 

Rg there is small angle scattering through angle 0 --e/hg. Diffusion 

theory requires scattering through a large angle E)for a single Iscatterl 

This results after v collisions where v is given by : 



e = 

v 77. 2 
26 

2 (say) 
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2.25 

2.26 

With the scattering centres closely packed, the mean free path 'Xis 

given by: 

N = 
v- Rg 	2  

-67  
2. 

2.27 

The magnetic rigidity P is related to the gyroradius Rg by: 

P 	= 	300 B Rg 	 2.28 

where B is the magnetic field. 

The particle density becomes: 

n(r) = n co exp 
-3 V (R-r) /600 B 

X 	'e 
— w 

2.29 

In this rigidity range the modulation is strongly rigidity depend- 

entl with the scattering mean free path Na P2. 

b) 	'Thick' centres.  

A scattering centre of scale size .61R produces large 

angle scattering. If the scattering centres are again closely packed, 

the mean free path N - -6 and is independent of rigidity. 



The density then becomes: 
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n(r) = n o  exp - c 	• 
— 3V (R-r)--

1 
- coZ 

2.30 

This depends only on the velocity U) of the particle. 

The effectiveness of 'thick' scattering centres depends upon 

the particle pitch angle. Particles at small pitch angles will follow 

the field lines through the scattering centre and will suffer no 

scattering. At larger pitch angles, the particles will be reflected 

from the scattering centre. Parker (1964), in considering the 

effectiveness of scattering centres, found that the greatest scattering 

efficiency occurs when the gyroradius is equal to the scale size 

of the centre. The efficiency decreases at other rigidities. 

The diffusion-convection theory of Parker was modified by 

Dorman (1963) who introduced a hierachy of scattering centres to give 

a fit to the observational data. The scale size spectrum was limited 

so that between rigidities 1.5 GV and 60 GV some centres were 

smaller and some larger than the gyroradius. This produced a transition 

region between the low rigidity and high rigidity approximations. 

The mean free path would then be approximately proportional to 

rigidity. Below 1.5 GV Parker's 'thick' scattering centre approxima- 

tion was considered to hold while above 60 GV the 'thin' centre 

approximation held. 

In equation 2.24 the isotropic diffusion coefficient dependence 
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on velocity and rigidity was given by: 

Kcr p 	 P <1.5 GV 

K cc .f3P 
	

1.5 GU' < P < 60 GAT 
	

2.31 

Ka P2  k(3z1) 	P> 60 GV 

2.3.2. Electric Field Modulation.  

Under the conditions of a continuously flowing solar wind, the 

electric field model has been re-evaluated by Freier and Waddington 

(1965). The principal cause of the energy loss is through particle 

interactions with plasma streams carrying 'frozen-in' magnetic field 

lines. The energy loss for a particle of charge Ze is given by: 

AE 
	Ze V 	 2.32 

where V is the potential difference across the stream boundaries 

induced by the plasma motion. The modulation produced is therefore 

mathematically equivalent to the electric potential field modulation 

obtained without recourse to large static electric fields. 

This electric field model was further developed by Nagashima 

et al (1966) who allowed a rigidity dependent sweeping of the cosmic 

rays. The energy loss arising from a decelerating potential V was 

given as: 

P  -v 
E 	 ) 
(
Z
11 x v, x  2.33 

where 	0 < v < 1. 
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Defining Rp (P) as the ratio of the differential proton fluxes at 

times t and t' 

Rp (p) 
	J (P2t) 	

2.34 
J (P,t') 

and similarly for Ra(P) ; a sensitive test of modulation theory 

could then be made by experimentally determining the function R (p) 

where : 

log Rp  (P) 	
2.35 

log R a (P) 

With the data available, Nagashima of al could not establish a preference 

for energy loss or diffusion-convection models. 

2.4. EXPERIMENTAL OBSERVATIONS OF INTERPLANETARY CONDITIONS.  

Plasma probe and magnetic field observations have been limited 

in spatial extent to a region near the Earth's orbit. Isolated 

observations in space are subject to both spatial and temporal 

variations which lead to uncertainties in interpretation. Complementing 

thoso measurements aro the studies of solar protons and cosmic rays. 

The solar protons give information on the inner solar system conditions 

while the cosmic rays have been subjected to the integrated effects of 

conditions throughout interplanetary space. 
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2.4A. Solar Plasma Velocity.  

Plasma probes have establishod tlae continued outflow of solar 

plasma. The measurements of Snyder and Nougebauer (1964) and 

Bridge et al (1965) establish a quiet-time plasma velocity of,‘,330 Kuaslac 

The plasma velocity is variable and Coon (1966) on the basis of Vela 

satellite electrostatic analyser measurements observed that there was 

better correlation of the Ap magnetic index with the Tate of change 

of plasma velocity than with the velocity. This suggests that 

magnetic disturbances are duo to transitional effects in the solar 

wind. 

2.4.2. Cosmic Ray Density Gradient.  

Early observations of cosmic rays in interplanetary space 

failed to establish the existence or otherwise of a radial gradient in the 

cosmic ray intensity (for example Fan et al (1960b)). The Mariner 11 

ionisation chamber of Neher and Anderson (1964) establiihed a gradient 

of 12 4 %. The uncertainty in this measurement is due to the 

necessity of removing time variations from the data. 

2.4.3. Interplanetary Magnetic Field.  

Magnetic field measurements on the IMP 1 satellite out to 30 

Earth radii by Ness and Wilcox (1965) established the general spiral 

form of the interplanetary field lines. The average magnitude of 

the field in the solar ecliptic plane was found to be 5y with a 

direction - 450  to the Sun-Earth line; thus confirming the 

theoretical predictions of Parker (1958b). 
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Parker (1965) produced a synthetic magnetic field line from 

the IMP 1 magnetometer data. Field line kinks and waves were apparent. 

The kink separations were of the order of the gyroradius of protons 

of enorgy 2 GeV - 10 GeV. A harmonic analysis of the field 

fluctuations from Mariner 11 during late 1962 was given by Gloeckler 

and Jokipii (1966). The power (Pf) in the fluctuations of the. 

field perpendioular to-the wind velocity was found to be : 

P
f 
	f < 5 1044 c.p.s. 

2.36 

f2 
	5 10-4 c.p.s. 

A similar analysis of the Mariner IV measurements in late 1964 showed. 

thei same low frequency distribution. The limit of the f-1 variation 

was reduced to -10-4 c.p.s. 

2.4.4. Solar Proton Events.  

a) Arrival of Solar Protons.  

Solar proton events are often characterized by a marked degree 

of anistropy in their arrival directions at the Earth. Those events 

in which the anisotropy is most marked are generally correlated with 

flares on the west limb of the Sun. 

McCracken (1962) observed the anisotropic arrival of solar 

protons from a direction 45°  to the west of the Sun-Earth line. 

This was consistent with their motion along the spiral magnetic field 
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lines from the sun The observed distribution of arrival directions 

was greater than would occur if the first adiabatic invariant were 

conserved in the magnetic field. McCracken concluded that scattering 

centres must be suporposod on the spiral field lines. The effect 

of scattering centres j:s to partially rGrnove the anisotropy. 

Of four solar proton events analysed by Bryant et al (1965), two 

could be explained by a velocity dependent diffusion. The intensities 

of protons of a given energy between 1.4 MeV and 500 MeV were plotted 

against the time elapsed after the visible flare responsible for the 

event. In two of the events the intensity—time profiles could be 

normalised to a common curve. The most probable distance travelled 

by these particles was found to be —10 A.u.1  showing that considerable 

scattering had occurred. At that time in the solar cycle and in this 

energy range, rigidity independent diffusion was established for 

the two events. Assuming isotropic diffusion,the scattering mean free 

paths lay in the range 0.04 —0.06 A.u. , 10
12 cm • 

Satellite measuretonts have observed the anisotropic arrival 

of solar protons following solar flares. Bartley et al. (1966) 

observed the field line streaming of 13 MeV protons. The field must 

have been relatively free of scattering centres of scale size —1010 ems 

to preserve the anisotropy. 

b) 	Decay of Solar Proton Event.  

The arrival and initial stages of the decay of solar protons 

are often consistent with isotropic diffusion in an infinite medium. 

— 3/2 The decay then proceeds as t 	. In the later stages, the decay is 
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more rapid and can usually be represented by an exponential time 

function. This was originally explained by the ad hoc assumption 

of a boundary to the diffusing region beyond which the particles 

escaped. 

A large number of events have been analysed by Webber (1964). 

The time dependence of the initial decay was best fitted by : 

n(t) cc t-77: -3- <77 <2 
2 
	 2.37 

The mean position of the boundary was found to be 1 - 3 A.u. while 

in some events the boundary was within 1 A.u. 

In4npri of these events the diffusion has been observed to 

be anisotropic at least in the inner solar system. Parker (1965) 

considered the anisotropic field line diffusion of solar protons. The 

diffusion coefficient K was allowed to be a function of the radial 

distance R 

K cc r
s 	 2.38 

The density of solar protons was found to decay as 

1 
n(t) 	a 	 2.39 

3  /(4-s) 

The observed initial decay rates therefore require 2,0 < 5 <2.5 

i.e. the diffusion must increase rapidly with distance. 

A number of mechanisms exist which can contribute to the decay 

without recourse to a boundary layer. 
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Convective removal by scattering centres in the solar wind 

results in a reduction of the intensity. For a spherically symmetric wind 

and a diffusion coefficient K independent of radial distancey Parker (1965) 

calculated a reduction of intensity of a factor 2 with RV— 1. 

The effect of particle deceleration in the solar wind due to adiabatic 

deceleration and the Inverse Fermi effect have been treated by Quenby (1964). 

This contribution to the decay can be large but its magnitude depends 

greatly on the mode of propagation of the solar protons. Energy loss alone 

cannot explain the very rapid decrease observed during some solar proton 

events. An increase of diffusion with radial distance is therefore 

required but probably not as great as that estimated by Parker (1965). 

2.4.5. Modulation of Protons and Alpha Particles.  

The results from individual experiments have often been conflicting. 

A number of attempts have been made to combine the experimental information 

obtained in particular periods in order to define the velocity and rigidity 

dependence of the modulation. The most noteable of these have been by 

Silberberg (1966) and Quenby (1966b). 

Silberberg has analysed balloon data from the years 1959, 1961 

and 1963. 

a) 	1959/1963 

The modulation over this period could be represented by either of 

two dependences of the diffusion coefficient K 

K a PP 	 2.40 

or K cc 
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to 
The 1959 alpha particle data extended down only41.2 GV so that 

the data was not extensive enough to show a velocity dependence. 

b) 	1961/1963. 

During this period the modulation was fitted by the following 

dependence of the diffusion coefficient : 

K a 	P >1.2 GV 	2.41 

P <1.2 GV 

The accuracy of this result was rather limited and applied to the 

available proton, alpha overlap region above 0.8 GV. 

Figure (2.4.1) from Nagashima et al (1965) gives the variation 

of R(p) (sub-section 2.3.2) with rigidity P for the electric field 

and solar wind modulation mechanisms. The bounded regions arise 

because of the uncertain rigidity dependence of the modulation in 

equation (2.33) together with the uncertain spectrum in local inter-

stellar space. 

Representing the local interstellar spectrum by : 

Jm(E) a E- 	2.42 

the predicted 17.i)7 is given for 3 cases : 

a) S
P 
 = S

a 
= S9  . 2<a< 2.45 ; J< 

	

s = 2.45 ; 	

0 <11 ; Band A 

S
P  

b) = 2.0 

	

	; o <1;4( 1 ; 	Band B 

: c) 6' = 2.0 5 	
P

= 2.45 ;  o <V< 1 ; Band C a  



73. 

Also included in the figure are the experimental data from 1963 and 1965 

given by Quenby (1966b), These.data indicate a clear preference for the 

solar wind modulation theory. 

In the low rigidity rerion, all modulation models based on diffusion 

convection theory produce a modulation of the form : 

- n
e 

- n —const. 
00 

7\f3— 

This  can be written 

   

log10 
J (ti) 

J (t2) 

const 
2.43 

X i3 

Measurements of the differential rigidity spectrum J(t) at two 

times t
1 

and t
2 

in the solar cycle will then give the rigidity dependence 

of the scattering mean free path X. The observed modulationsfor 

protons and alphas for 1963/1965 were fitted by the functions : 

3(65) 	0.0856 
log10 

    

P <1GV 

P >iGV 	2.44 

3(63) 	P 

0.0856 

     

PP 

In the rigidity range above 1 GV a P-2  dependence of the modulation 

was not ruled out because of the data accuracy and the limited rigidity 

range 1 GV — 4 GV. A similar analysis for the yearS1956 and 1959 

with rather limited data indicated that a rigidity—independent form of 

modulation as in 2.43 could not explain the modulation. 
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In the latitude sensitive region Quenby calculated the modulation 

at solar maximum from the latitude surveys of SandstrUm et al (1963) 

and Rose et al (1954). This was found to be in agreement with that 

obtained by Kodama and Matthews. The data were not sufficiently accurate 

to diStinguish between a modulation of the form 2.43 with 7\ cc-  P or 

')\ d P2. When these data were combined with the alpha particle data 

from 1957-1958 and the following solar minimum 1965, the rigidity 

dependence of the modulation favoured \ a P. 

2.4.6. Summary.  

a) A continuous flowing solar wind exists, dragging out the solar field 

lines into a spiral form. The quiet-time plasma velocity and magnetic 

field strength are -330 km sec-1  and 5Y respectively. 

b) Superposed on the spiral field lines are kinks and waves which 

lead to charged particle diffusion. 

c) Convective modulation in the solar wind is in better agreement 

with the observed cosmic ray intensity modulation than the electric 

field model. 

a) 	The diffusion coefficient for cosmic rays is probably purely 

velocity dependent for rigidities < 1 GV near to solar minimum. 

e) In the latitude sensitive region 1 GV <:P < 15 GV, the data 

suggest that the diffusion coefficient K a PP at solar max. although the 

observations are sparse and of limited accuracy. 

f) The diffusion of charged particles in the inner solar system is 

highly anisotropic with field line diffusion exceeding cross field line 

diffusion i.e. K11  > K 
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g) 
	

The observed decay of particle intensities following a solar 

proton event requires a combination of increase of diffusion with 

radial distance (i.e. K 	rs  with s > 1), and outward convention 

and energy lose in the expanding solar wind. 

2.5. MODULATION INVOLVING ANISOTROPIC DIFFUSION.  

Observations in local interplanetary space have established 

anisotropic diffusion of charged particles along the field lines. In 

other words the cyclotron frequencies of the particles are greater than 

the collision frequencies. Near the boundary of the solar wind where 

its velocity becomes subsonic, the shock waves set up will produce 

highly tangled magnetic field lines. Here the diffusion will be 

isotropic with scattering frequencies much larger than cyclotron frequencies. 

Between these two limiting regions of interplanetary space the diffusion 

will be intermediate between isotropic and anisotropic field line 

diffusion. Cosmic ray modulation occurs mainly beyond the Earth's orbit, 

while the parameters available to a theory of cosmic ray modulation apply 

only to the inner solar system. The early theories considered the simpler 

case of isotropic diffusion while the more recent theories have considered 

the diffusion to be primarily along the field lines. 

Parker (1965a) solved the equations of motion of the anisotropic 

diffusion of particles in a spiral magnetic field for the case with motion 

being entirely restricted to the field lines. The motion was therefore 

independent of the density of particles on other neighbouring lines. 

Parker showed that the effect of field line diffusion was analagous to 
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isotropic diffusion with a diffusion coefficient increasing with radial 

distance. 

An alternative treatment of anisotropic diffusion has been given 

by Axford (1965). This involved the solution of the Boltzmann equation, 

The interstellar cosmic rays were treated as a gas diffusing into a 

region containing a second 'gas', the 'particles' of which were the 

magnetic field irregularities. Assuming that the mean free path was 

proportional to the radial distance a large modulation resulted with the 

interstellar boundary at 30 A.u. The energy density of the cosmic 

rays in interstellar space was then required to be of similar magnitude 

to the energy density of the local interstellar magnetic field. 

A relativistic solution of Axfordts treatment has been given by 

Quenby (1966x). The diffusion coefficient Kid  was found to be : 

1 	0 
k.. = -3. 

1 
c 	o 10 	 v 2 

0)24.7.,? 	2 + v 2 to  

coV 	v2 
0 

CO
2
+V
2 

co
2 
+V
2 

where the Larmor angular velocity has been modified by the Lorentz 

factor : 

eB 	 2.46 
inc 

and v is the collision frequency. 

The diffusion equation has been solved for two radial distributions 

of the mean free path 7\  cc r and 'X a r2. 

0 

2.45 
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(i) 7\ix r (Quenby 1966a). Beyond the Earthts orbit the field is 

mainly azimuthal. The separation of scattering centres in the form 

of convected kinks in the field lines will be proportional to the radial 

distance. 

The density of a group of particles ne  in a given energy or 

rigidity range at the earth is given by : 

. 	2 2 1-V 
klw 7- 	0 2 2 	2 2 2 	e e ne [liar +w r V 	K e e 0 	e 

. 	11 n 	Si  r
s
2 	2 2 2 + co 7-  V .00 	 0 	a 

2.47 

where V is the solar wind velocity, SI the angular velocity of the Sun, 

we  the Larmor frequency of tho particles at the. Earth, To  is the 
2 collision period, and n cothe particle density at infinity, Ke 	p C2  Tel  

r 	is the boundary of the modulating region, re  the Earth's radial 

distance from the Sun. 

(ii) 7\ •a r2  (Quenby 1966 b) . This is a form of mean free path 

distribution which results in less modulation than the 7N,•ar case. 

If kinks are the principal scattering centres, this represents a reduction 

of their effectiveness with distance convectoed. 

The reduction in density is given by : 

ne  

no0 
= OXp 

	

( C+ B jar 	r 

	

1 	1 

\  
+ 	A 	(rB  —r 0)] 

 

  

2.48 
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(Were) 

B where (e TO )2  
2 re  

f 2 2 Si re  

3V re
2 
 

2 2 Tel p 0 7'0 

Applying numerical Values to these cases, the best fit to the 

experimental data with XCW was obtained with rs ,. 1.2 A.u. at 

solar minimum, ,6 A.u. at solar maximum and a scattering. centre mean 

free path 7\ =1012  ems. Larger values of rs  produced too much 

modulation so that n 'would be larger than is generally thought possible. 
OD 

For the second case with ? 101xPcm, r- = 0 A.u; then 
ri
--(2 	A a 
co 

value consistent with that expected. 

With 7\ ar and the boundary of the modulating region — 6-12 A.u. 

then the modulation is velocity dependent because of the rigidity 

independence of the scattering man free path. Thie is contrary to the 

experimental observations which indicate a rigidity dependence for 

rigidities above —1 GV at solar minimum. 

For ?oar t2  the modulation produced with the boundary of the 

modulating region coincident with the boundary of the interstellar 

medium, is in agreement with the anticipated modulation. 

Using the more realistic mean free path Cdr or Xa r2  in the 

isotropic diffusion equation 2.23, Quonby found that the resulting 

modulation was insufficient to explain the observed variations at tho 

Earth. 
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Anisotropic diffusion through waves in the interplanetary magnetic 

field has been calculated by Gloeckler and Jokipii (1966). In this 

calculation, the diffusion coefficient along the lines of force Kii  is 

related to the observed Fourier spectrum of magnetic field irregularities 

(Section 2.4.2). Scattering of particles whose cyclotron radius is rc  

in the average magnetic field is determined by the power in the field 

component fluctuations perpendicular to the wind velocity at frequencies : 

V 
f = 	 2.49 

c 

— 4 For the measured power spectrum at frequencies <10 c.p.s. where 

P(f) N r  tt the diffuSion coefficient parallel to the field lineS Kid  was 

given by : 

( c Bo 
	x  p p 	 2.50 

3/rcf 

If the conditions producing this form of modulation were to persist 

out to appreciable distances from the Sun then the modulation produced in the 

cosmic ray intensity would be : 

Je  (P) 	JSP) x exp (— 67Pp ) . 	2.51 

This form of the modulation is qualitatively in agreement with experiment 

in the latitude — sensitive region of the primary spectrum. Near solar 

minimum the change in the power spectrum at —10-4 c.p.s. to 
f
2 

produces pure velocity dependent diffusion for rigidities <1 GV. 
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2.6. RELATIVE IMPORTANCE OF ENERGY LOSS AND DIFFUSION-CONVECTION.  

Energy loss mechanisms Are duo to the Betatron deceleration in 

the expanding interplanetary field and the inversehmi effect due to 

the --cm'lual soPartItiois of sdarb;tering centres. 

The Betatron effect was given by Quonby (1966a) as s 

4 	v at 
41.i.oim••••••••• 

2.52 
with V the solar wind velocity and r the radial distance. 

The inverse Fermi effect on the cosmic rays random walking in 

the expanding solar wind scattering centres was given by Laster et al (1963) 
as : 

P 	
4 v  dt 
3 2.53 

For a power law primary spectrum J(p) given by : 

J(P) 	P 
Y 

J(P) 

The total flux change is therefore 

V dt 
a 

2.56 

Quenby (1966 b) has suggested that the Tight hand side of equation 2.56 

R 

2.54 

2.55 



Thy modulation produced by the onnrgy loss is then 
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ct" 

  

2.56 
PP 

Parker (1965b) has calculated the combined solar modulation effects 

of convection and energy loss for two cases where the diffusion is 

isotropic and the diffusion constant is not a function of radial distance: 

a) Large moductions acting on the interstellar cosmic 

ray spectrum in kinetic energy per nucleon and an 

energy independent diffusion coefficient K. 

b) Small modulations with K a; Ts, where T is the 

kinetic energy and a primary spectrum of arbitrary 

shape. 

Both Parker (1965b) and Quonby (1966b) have shown that the 

magnitude of the modulation produced by energy loss is comparable 

to that produced by convection. In the rigidity range <1 GV where 

the primary spectrum decreases towards lower rigiditiessan energy loss 

dominance in the modulation would produce an increase in the differential 

counting rate. Such an increase with increasing solar activity has not 

been observed. The energy loss contribution to the modulation in this 

rigidity range must therefore be less than that due to convection. 

Quenby has shown that all the energy loss models have a similar 

dependence on the diffusion coefficient which to the first approximation 

is the same as that given by equation 2.43 for the diffusion-convection 

models.. It is therefore not possible to distinguish easily between 

the convection and energy loss mechanisms in the solar wind, 
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2.7. DISCUSSION  

With realistic radial variations of the scattering mean free 

path rather than a constant valuoricht out to the interstellar boundary, 

the modulation predicted, by isotropic diffusion is too small. 

Anisotropic diffusion along the field lines must be invoked to lengthen 

the diffusing paths and so increase the modulation. Models with 

diffusion taking place entirely along the field lines are probably good 

approximations only in the inner solar system. Solar proton events 

for which this approximation holds require the diffusion to increase 

with radial distance to explain the observed decay rates. Energy 

loss in the solar wind is an important contribution to the modulation 

but at low rigidities at least it is smaller than the contribution 

from convection. The gross features of the modulation can be explained 

by anisotropic diffusion with the mean free path increasing as T a r2. 

The dependence of the mean free path on the rigidity of the incoming 

particles in the latitude sensitive region is not established with 

certainty. At solar minimum the mean free path is probably rigidity 

independent for rigidities < 1.0 V. The modulation is probably due 

to diffusion through magnetic field line kinks as well as through waves 

in the field lines. 
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CHAPTER 3. 	THE COSMIC RAY RECORDER.  

3.1 	RECORDER DESIGN REQUIREMENTS.  

3.1.1. Introduction to Design Reguiremonts.  

The recorder, designed, constructed and environmentally tested 

by A. Bewick, will be described to bring out its salient features. 

The principal factors determining the choice of the aircraft 

detector were the requirements of compactness coupled with maximum 

response to the secondary particle population at the flight altitude. 

The large intensity variations which occur at low magnetic rigidities 

make it desirable to extend the measurements to the lowest possible 

rigidity. The air above the detector acts as an absorber in which the 

cosmic ray energy is degraded through interactions with atmospheric 

atoms. The absorbed energy takes the form of atmospheric heating, 

electromagnetic radiation and the production of secondary particles. 

At low rigidities the primary particle energy becomes completely degraded 

at small atmospheric depths : the lower the rigidity the smaller the 

atmospheric depth to which the primary particle effects can be measured. 

The low rigidity limit of observation is thus dependent on the operational 

ceiling of the aircraft available. A Canberra jet bomber was to be used 

for which a suitable target altitude close to its operational ceiling wns 

45,000 ft. (atmospheric depth of 145 g cm-2). 

The geometric factor of the detector should be such that enough 

counts can be accummulated in a short time interval. Mile air—borne, 

the detector integrates the cosmic ray intensity over about 81  arc for each 
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minute of the basic counting interval. A short Counting interval 

will reduce the uncertainty in the cut-off applicable to a particular 

count. 

3.1.2. Relative Intensities of Particles at 145 g cm-2.  

The Pfotzer maximum of the secondary particle altitude distribution 

is located near an atmospheric depth of 145 g cm-2, and is latitude 

dependent. In this region particle production, absorption and decay are 

equally important in determining the particle population. A small 

number of primary protons (attenuation length= 120 g cm-2) reach this 

depth. Heavier primary particles with much larger interaction cross-

sections are reduced in intensity to correspondingly negligible 

proportions. The kinetic energy per nucleon being much larger than 

the nucleon binding energy, the heavy nuclei probably separate into 

individual nucleons at their first interaction with an atmospheric atom. 

p-mesons are predominantly the decay products °fir-. mesons[ 2.6 x10 8  secs 

half-life] with a smaller contribution from K- meson decay [1.2 x10-8secs]. 

The major constituents in the upper atmosphere ( 50 g cm 	- 600 g cm 2) 

are the electron and photon components. Most are included in the non-

equilibrium cascade component which originates in the decay of the 

short lived 	mesons [1.9 x10-16 secs ] . There are also the 

equilibrium contributions from ionising collisions, bremmstrahlung and 

meson decay [ 2.2 x 10-6 
 sees]. Small numbers. of secondary protons 

and neutrons, the products of nuclear collisions, are also present. 
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The approximate relative omnidirectional intensities at 150 g cm
-2 

are given in Table (3.1). 

TABLE 3.1.  

RELATIVE OMBIDIRECTIONAL INTENSITIES AT 150 g cm 2.  

Particle 	Relative Intensity 	Energy 

Photon 	460 

Electron 	230 	 ip MeV 

Fast µIs 	60 	220 Ma 

Fast p's 	50 	';',;;. 3 BEN 
Slow p's 	25 0.4.<E <3 Bev  

Fast n I s 	20 	' 	:;.> 3 pa ... 
Slow µ I s 	17 	0.27 E220 MeV 
Heavies 	1.5 

The figures may be obtained from Puppi (1956). 

At a given atmospheric depth, the intensities depend upon the cut-

off rigidity and the:ineident primary spectrum. To a lesser degree the 

density structure of the overlying atmosphere determined by the temperature 

profile will influence the intensities. The temperature effect is 

discussed in sub-section (4.4.9). 

3.1.3. Type of Detector.  

The choice of detector lay between a neutron monitor and a 

charged particle detector. The surveys were to be carried out at a 

constant pressure altitude and consequently at a fixed depth within the 

atmosphere. The intensity would not therefore be subject to variations 



86. 

due to the amount of mass above the level of measurement. The remaining 

atmospheric effect is due to redistributions of mass caused by variations 

in temperature. The number of neutrons produced in nuclear interactions 

depends essentially on the mass of air and not upon its distribution. 

A neutron monitor therefore has the advantage of being practiCally 

independent of variations of atmospheric origin, when flown at a constant 

pressure altitude. An additional advantage of the neutron monitor ie 

its greater sensitivity to low energy primary perticles than a detector 

responding to charged particles or photons. Against those advantages 

are the following disadvantages : 

The small nucleon flux coupled with the insensitivity of the 

counter requires a large counter for good statistics. The consequent 

large mass of load is incompatible with the objective of high altitude 

surveys. 

b) The omnidirectional sensitivity of the neutron monitor adds 

complications to the study of cut-off rigidity through integrating the 

secondary particle contributions from the whole sky. This effect becomes 

increasingly important at high altitudes where the offi-vertical 

contribution is much enhanced. Difficulty is; then introduced in ascribing 

a cut-off rigidity to an intensity measurement. 

c) The omnidirectional nature of the detector leads to the possibility 

of contamination of the counting rates through the moderation of 

neutrons in the hydrogenous aviation fuel. 
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A charged particle detector was chosen and of the various typos 

it was decided upon a scintillation telescope. 

3.2. DESCRIPTION OF THE RECORDER. 

3.2.1. General Features.  

The detector consisted of two scintillator elements viewed in 

coincidence by two photomultiplior tubes. Each scintillator was a 

circular disc of plastic NE102 supplied by Nuclear Ehterprises Ltd. 

The response of this phosphor is about 60% that of anthracene, with 

a decay constant of 3.5 x 10-9  sec. Both scintillators were coated 

with a diffuse white paint to aid uniformity of response. The 

photomultiplier tubes, manufactured by E.M.I., were 5" tubes of type 9530 

with a photo-efficiency of 87 µA/lumen. 

The geometry of the detector was designed to obtain the maximum 

counting rate while retaining compactness of the overall dimensions. 

A block diagram of the detector is given in figure (3.2.1). Each 

scintillntor was 1" thick and 2' in diameter with a separation of 2'. 

The geometric factor for the telescope was 1575 cm2  ster. The photo-

multipliers were held firmly in optical contact with the scintillators. 

A basic counting interval of 4 minutes was chosen during which the 

position of the detector when air-borne would move through ,,, 32' arc. 

Passage of a charged particle through the scintillators produced 

an electrical pulse in both photomultiplier. head units. These pulses, 

having amplitudes greater than the threshold level of the discriminators, 

triggered an output from the coincidence unit. Coincidence pulses were 



Block Diagram of Scintillation Telescope 
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scaled by a factor of 128 or 256 depending upon the state of a binary 

gate control whose polarity was reversed every 4 minutes. The scaled 

coincidence pulses triggered an output circuit into driving 0.5 m sec 

pulses to the recording head of a magnetic tape recorder. The polarity 

of the output pulses depended upon the scaling factor introduced : 

either 'positive' pulses scaled by 128 or 'negative' pulses scaled 

by 256 were recorded. A slow speed tape drive of 0.4"/sec ensured 

adequate storage capacity for the complete survey data. 

The stored 'positive' and 'negatiVe' pulses were separated 

by a playback amplifier sensitive to the polarity of the tape output. 

Pulses were routed to one of two pulse counters depending upon their 

polarity. 

3.2.2. Electronic Circuitry.  

The circuitry was fully transistorised and was powered by a 

stabilized 9 volt supply. The total current required for the electronics 

and tape drive of 90 milliamps was provided by Ever Ready Bell 126 

batteries. 

a) E.H.T. Supply 

The 1560 volt E.H.T. supply to the photomultiplier tubes was 

originally provided by a 2,400 volt battery which fed into a 1600 

volt corona discharge tube. The supply was changed in 1963 between 

surveys .6 and 7 to a D.C./D.C. converter. The peak to peak ripple on the 

converter output was 0.05 volts. The E.H.T. battery was not removed 

from its housing in the recorder as it was positioned in the opening 
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angle of the telescope and its removal would have resulted in a change 

of sensitivity. 

b) Head Unit. 

The pulses from the photo-multiplier were negative with a length 

of about 112-sec. These Were fed by means of an emitter follower along 

coaxial cable to the discriminator unit. The voltage divider and 

emitter follower were potted into the head unit by moans of Caeca, 

forming a cellular structure of expanded polyurethane. This low 

density structure has good thermal insulation properties and so proteCts 

the sensitive head units from thermal changes. 

c) Discriminator Unit. 

The level of the pulse height discriminator was adjusted to 

eliminate part of the background noise from the photomultiplier 

proffered to the coincidence unit. The operating characteristics of the 

telescope were chosen to minimise the effect of a drift in discrimination 

level. The discrimination level was set at 140 mV, the output being 

positive with an amplitude of 0.4 V and a length of 0.1 psec. These 

pulses were square-formed to give a well-defined resolving time in the 

coincidence circuit. 

a) 	Coincidence Unit. 

The coincidence resolving time was about 10-7 sec. Coincident 

input signals triggered negative square-formed output pulses of 3.5V 

amplitude and 0.7 psec length. 
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3.2.3. Overall Characteristics.  

The variation of singles rates and coincidences with E.H.T. 

voltage in the laboratory are plotted in figure (3.2.2.). The counting 

rate coincidence plateau is dub mainly to sea level minimum ionising 

R mesons. The plateau slope is 5.5 % per 100 volts. 

Each circuit board was potted in Silastomer synthetic rubber 

for mechanical, thermal and electrical reliability. Heavy thermal 

insulation was provided by plastic foam which produced a thermal time 

constant of about one day. The telescope was enclosed in a metal box, 

providing a screen against external fields. The overall dimensions 

of the recorder were 62.5 x 62.5 x 69 cm; and the weight was 71 K gm. 

High latitude Counting rate at 45,000 ft: 30,000/min. 

Counting rate at sea level: 	900/min . 

3.3. ENVIRONMENTAL TESTS.  

The positioning of the detector in the fuselage of the Canberra 

meant that it was subjected to the ambient temperatures at altitude$. 

The temperature at 45,000 ft. is generally - 50°C to - 60°C. Bench 

testing of the recorder showed the counting rate to increase with 

temperature: 0.4 % per 10°C. This was done by observing the change 

of counting rate of y rays from a radioactive source as a function 

of the temperature. The increased slope of the coincidences counting 

rate plateau for y rays as compared to charged particles amplified 
the changes of sensitivity of the detector. 
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Durinz a test flizht *he counting rate plateau slope was 

monitored. This was done by observing the coincidende outputs produced 

by scintillator outputs of between N 90 mV and —140 mV. This provided 

a measure of the slope of the coincidence plateau at altitude. The 

slope as measured was similar to that at sea level. The observed 
C 

sensitivity change in the laboratory will therefore be representative 

of the temperature effects at altitude. 

3.4. LONG TERM STABILITY.  

The overall system has been checked at regular intervals by 

monitoring the counting rate of cosmic rays at a depth underground 

of 60 metres water equivalent in Holborn underground station. The 

secondary particles at this depth have their origin in primary cosmic rays 

of several hundred GeV. Solar cycle modulation of these energies 

and fluctuations of atmospheric origin are small. The greatest 

intensity variations at this depth are due to the very occasional large 

Forbush decrease. One such event recorded by Mathews (1963) at 

Holborn depressed the cosmic ray intensity by 0.5 %. The cosmic ray 

flux at this depth thus provides a check on the entire recorder sensitivitys 

optics, e.h.t. supply, pre—amplifier gain, discrimination levels and 

coincidence resolving time. The pressure coefficient, — 0.037%/Jormillibar, 

used to correct the data is that obtained for scintillation telescopes 

in Holborn by Dutt and Thambyahpillai (1965). 

Measurement of the plateau slope underground revealed that it was 

a factor 10 times that at ground level and consequently 10 times that at 
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altitude. This is due to the high proportion of counts produced by  the 

natural background ratio-activity. Changes in sensitivity are therefore 

amplified by a factor - 10. 

The calibration data are plotted against time in figure 3.4.1. 

together with the times of the aircraft surveys. A least squares fit 

gives a slope of - 0.02 % per year. The error bars are the r.m.s. 

counting rates. The data are not inconsistent with a gain change in 

the range - 2% to + 1.5% over the 5 year period from 1961 to 1966. 

Between the years 1962 and 1964 during which surveys 1 - 11 were made 

the gain change was probably within - 0.8% to + 0.6%. The maximum 

fluctuation from the mean curve is 3.8%. 

The sensitivity changes at altitude must therefore be small. 

The long term drift is - 0.04 % per year with a possible short term 

change- 0.4 %. 
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CHAPTER 4.  REDUCTION AND ANALYSIS OF EXPERIMENTAL DATA.  
The series of aircraft surveys has been carried out in a 

Canberra jet bomber of the Royal Aircraft Establishment, Farnborough. 

The detector was secured by brackets in the rear of the fuselage 

just aft of the camera hatch. This position was well removed from fuel 

tanks and the possible influence of the fuel levels on the recorded 

intensities. 

4.1. Survey Routes and Times.  

A total of 12 latitudes surveys have been made between 1962 

and 1965. Whenever possible the aircraft has followed the same 

route. At the same StOrmer threshold there can be considerable variations 

in the complexity of the penumbral region at different locations. 

Consequently the penumbral contribution to the effective threshold 

will vary. By following the same flight path it is possible to remove 

a contribution from the cut-off uncertainties in the study of time 

variations. The routes followed during the surveys are plotted in 

figure 4.1.1. and detailed in Table 4.1. together with the times 

of the surveys. Apart from survey 1 which followed path 6 via 60°N and 

Wildenrath to Idris, each survey followed a common course, path 2, to 

Idris. From Idris, all surveys with the exceptions of surveys 6 and 8 

followed path 4 to Kano. Surveys 6 and 8 were extended surveys following 

path 7 to 38°  South. The routes north of Farnborough show the greatest 

variability, but this is probably of little consequence. Penumbral 

corrections to the cut-off rigidities in this region are small and any 

Footnote. 
	1.•••••0 

Cut-offs referred to in this chapter are due to Shea et al. 
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SURVEY ROTBS  

SURVEY PATH 

No. Period of Survey 1 2 3 4 5 
1 26/2/62- 5/3/62 x x 

2 2/5/62 	-- 11/5/62 x x x x 

3 3/7/62 	-- 8/11/62 x x x x 

4 9/10/62 -- 11/10/62 x x 
5 1/11/62 -- 6/11/62 x x x 
6 1/3/63 	-- 18/3/63 x x x 
7 23/7/63 --8/8/63 x a 

8 7/10/63 --18/i0/63 x x x 
9 2/3/64 —6/V64 b x x 

10 3/6/64 — 8/6/64. c x x 

11 2/10/64 —  5/1064 x x x 

12 23/12/65- 23/12/65 a 

Route 

Farnborough to North Point: 65°N 10°W 

: 65°N 6°W 

59°N 1°W 

: 60°N 4.°501W 

2 	x 	Farnborough to: Idris 

a 	: Malta 

3 	x 	Idris to 25°N to Idris 

4 	x 	Idris to Kano 

5 	x 	Kano to 5°N to Kano 

6 	x 	Farnborough to Wildenrath to Idris 

7 	x 	El Adem to 38°S via Khartoum, Entebbe, 
Salisbury and Durban. 

Path 

1 	x 

a 

b 
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external contributions to the high latitude cut-offs are likely 

to be unique functions of the main field cut-off rigidity at a particular 

time over the limited longitude range covered by the surveys. 

4.2. DATA ANALYSIS  

Analysis of the survey data is based upon the navigator1 s flight 

log together with the times at which the cosmic ray recorder is switched 

on and off. The flight log includes altitude, times of reaching and 

leaving a specified altitude, and position fixes and times for each 

heading change. The data which are collected over 4 minute periods are 

considered to represent the counting rates for the aircraft positions 

at the mid-points of the time periods. These positions are determined 

by assuming that the aircraft flies at constant velocity between the 

successive positions given in the flight log. The flight path is 

plotted on a cartesian coordinate map. Also plotted on this map are 

lines of constant cut-off rigidity constructed from the available 

threshold grids. Cut-off-:rigiditios con thus be assigned to the 4-minute 

averaged data* 

4.3. REDUCTION OF DATA TO A COMMON ATMOSPHERIC DEPTH.  

Air traffic regulations do not always permit the use of the 

target pressure altitude of 45,000 ft. The variation of the secondary 

particle intensity with atmospheric depth requires that all data be 

reduced to a common atmospheric depth. The intensity depth variation 

depends upon the energy per nucleon of the primary particles and is 

therefore dependent upon the cut-off at the point of measurement. An 

empirically determined correction factor was obtained from the altitude 
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dependence of the recorder counting rate near Farnborough (at 3.1 GV), 

Idris (at 10.45 GV) and Kano (at 15.1 GV). The intensity versus 

altitude profiles were constructed from a combination of survey data 

recorded at various levels together with special altitude surveys at 

these positions. These special surveys seemed preferable as navigation 

errors would be,-.,,aerow Plights were made at different altitude 

levels, each of about 16 minutes duration. The flights were made, 

along the same path in the east-west directions so as to be approximately 

along isorigidity contours. As will be pointed out in section (4.6) 

large errors due to the non-vertical alignment of the cosmic ray 

telescope are expected in the east west directions. Considerable 

smoothing of these results was required at 10.45  GV and 15.1 GV and 

great weight was placed on the altitude dependence deduced from the 

essentially north-south survey data upon which the detector attitude 

has little effect. 

Figure (4.3.1) from Bewick (1963) shows the smoothed intensity-

altitude curves at 3.1 GV, 10.45 GV and 15.1 GV. In figure 

(4.3.2) the results of the altitude intensity surveys at 10.45 GV and 

15.1 GV are compared with the smoothed curves. The dashed Curves are the 

probable variations drawn after correcting data for the attitude error. 

For altitudes close to 45,000 feet, the differences in relative counting 

rates given by the two curves are small. This is therefore a second 

order correction and is not considered in the analysis. 
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Fig. 4-3..1 Altitude variation of the detector counting' rate at 3.1 GV, 
10.45 GV and 15.1 GV. (from Bewick: 1963). 
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Fig. 4-3.2 Altitude survey data collectedd_uringeast-bound and west-bound 
runs at 10.45 GV and 15.1 GV. The smooth lines are the same as 
in fig. 4-3.1. The dashed lines are drawn through the data after 
correcting for the attitude of the detector. 
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Fig. 4-3.3 Altitude correction factors constructed from fig. 4-3.1 (from.  
Bewick: 1963). 
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The altitude correction factor required (the inverse of 

the counting rate relative to 45,000 ft) can be determined at other 

cut-offs by interpolation. The variation of the altitude correction 

factor with altitude and cut-off as given by Dewick (1963) is shown 

in figure (4.3.3). 

The accuracy of the altitude correction factor is demonstrated 

through its ability to reduce the survey data obtained from different 

altitudes to a single-valued function of the cut-off rigidity. 

The Pfotzer maximum is located at -50,000 ft. at 3 GV and 

-41,000 ft. at 15 GV. The target altitude of 45,000 ft. therefore 

closely follows the maximum in the secondary particle altitude - intensity 

distribution. This will minimise any errors that might arise due to 

altitude inaccuracies. 

4.4. EXPERIMENTAL ERRORS.  

The various sources of error are considered and estimates 

made of their magnitudes. 

4.4.1. Statistical Errors.  

These are due to the finite counting intervals in which a 

Poissonian frequency distribution is assumed: 

Latitudos above knee - 0.3 % 
Equatorial latitudes 	0.5 % 



4.4.2. Navigation Errors 

There have been three methods of navigation employed on the 

Canberra: radio compass, magnetic compass and optical sighting. 

Navigation errors depend upon the method used to fix the position 

and additionally upon the position where that method is used. 

The flight path is divided into 6 areas where these errors are 

considered. The magnitudes of the errors in these regions have been 

estimated by Farnborough navigators. 

(i) Atlantic Ocean north of Scotland. 

The magnetic compass alone can be used but is least accurate 

at high latitudes where the horizontal component of the Earth's 

magnetic field is small. 

Errors - 25 n miles 23' arc 

(ii) Over Europe.. 

Both radio compass and optical sighting can be used. 

Errors - 10 n miles-  10,  arc 

(iii) Mediterranean area. 

The flight path passes a point about (35°N 13°E) which is 

about 130 n. miles from the coasts of Tunisia and Lybia. The 

accuracy of radio beacon fixes will be a minimum at this 

position. 

Errors -' 25 no miles 	23' arc. 

(iv) Sahara desert. 

The radio coverage along the flight route is good. 

Errors N 10 - 15 n. miles-121  arc. 

105. 



106. 

(v) South Africa. 

The errors will be similar to those in (ii  

(vi) Indian Ocean. 

Large navigation errors are likely near the south point; 

38°S 38°E. 

Errors e. 23' arc. 

4.4.3. Timing &tors. 

Times are given to the nearest minute. Errors in each 

reading = + 	min; therefore the error in the difference is +, 1 min, 

8' arc. An additional source is in the reading of the switch on 

and off times. This will produce a systematic error in each data 

point. 

Error — + 	min— 4' arc. 

4.4.4. Altitude'Variation.  

Both systematic and random errors can result from altitude 

inaccuracies. 

(±) 
	

While flying a level course, the altimeter reading can be 

maintained to (-50', On banking the height can change by N  500'. 

The effect of 50' variation is negligible while a sudden loss 

of altitude in a turn is immediately noticeable in the data. Data 

recorded during turns are therefore removed from the anaiyeizr 
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(ii) The recorder was flown in the same Canberra during. surveys 

1,11 but during the short survey 12 another Canberra was used. 

The same altimeter was used during the first 11 surveys and so each 

survey should have been similarly affected by any systematic errors. 

The comparison of surveys 1-11 should not be affected by altimeter 

inaccuracy. A more accurate altimeter was used for survey 12. 

Altimeter Acouracy (feet). 

Altitude ( x 1000 ft.) 

42 45 48 

Surveys 	1-11 +600 + 670 +675 

Survey 	12 +140 ± 150 + 160 

There is a possibility of a difference -,+ 600 feet when comparing 

altitudes given during survey 12 with surveys 1-11. This will produce 

the largest intensity changes for altitudes well away from the Pfotzer 

maximum: 

Cut-off 	1.5 GV 	8 GV 	15 GV 

Approx. Error 	1% 	0 	0.8 % 

4.4.5. Variation of Wind Speed.  

With a wind speed variation of 100 m.p.h. between nagivation 

Check points separated by 4.0  the errors introduced will vary from 

zero at position fixes to a maximum of -12' arc . 
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4.4.6. Cosmic Pay Anisotropy.  

The amplitude of the diurnal variation determined by Rao et al 

(1963) from neutron monitor analysis was: 

.4'04 cos f whereNis the geographic latitude. 

The maximum occurs at about 18O0 hours local time. This variation 

is of the same order as the statistical uncertainty at all latitudes. 

4.4.7. Interpolation of Cut-offRigidities.  

The error due to the interpolation will depend upon the coarseness 

of the cut-off grid fromwhich the cut-offs are being derived. 

_Estimates of the interpolation errors are given in Table 4.1. 

TABLE 4.1.  

ESTIMATED INTERPOLATION ERRORS 

Cut-offs. Grid Maximum Error 
4 

Quenby and Wenk 22 x5 degrees 54  arc. 
Makino 	_ 10:05 10' 

Kodama 5 x.10 8' 
Shea et al 2 X 2 5' 

Graphical interpolation by construction of smooth curves 

through the grid cut-offs was used for the first three cut-off 

calculations. In the fine 	2 x 2 degree grid of 'Shea et al. linear 

interpolation was used. 
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4.4.8. Change in Detector Sensitivity. 

The sensitivity of the detector may change due to I 

(i) Mechanical shock. 

(ii) Long term drift in characteristics of the electronics 

or scintillator. 

(iii) Temperature changea during flight. 

The first two possibilities can be observed from the long term 

calibration runs carried out underground. The fall in temperature 

inside the recorder is N 10°C per 3 hours. prom the discussion 

of chapter 3: 

Error 0.4 % 

4.4.9. Atmospheric Temperature Effect on the Secondary Cosmic  
Radiation.  

Changing temperatures in the stratosphere lead to redistributions 

of the atmosphere above the detector and so might influence the 

secondary particle intensities. Dorman (1963) has emphasised that 

there is a statistical correlation between temperatures at different 

atmospheric levels but that no direct functional relationship exists. 

The mass redistribution cannot therefore be represented by the 

temperature at a particular isobaric level, but requires information 

on the complete temperature structure in the stratosphere above the 

detector. The ambient air temperatures are recorded during flights 

but the intensity and temperature data are not sufficiently numerous 

to make a quantitative study of their statistical relationship. The 
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qualitative effects of temperate changes can be found by considering 

the effects on the individual particles. 

11 mesons. 

Varying the path length of low energy g mesons from their 

mean generation level to the detector level will lead to a variation 

in their intensity because of their short life-time (2.15 gsecs). 

(ii) Decay electrons. 

The decay products of g mesons will show similar variations 

to the parent gls. 

(iii) electrons. 

The 	electrons knocked out of atmospheric atoms by collisions 

with µ mesons will have a similar temperature effect to the µ mesons. 

(iv) Non-esuilibrium soft component. 

The intensity of electrons and photons making up this component 

is determined predominantly by the amount of absorber and not by its 

distribution. Temperature effects will be negligible. 

(v) Nucleons. 

The absorption of nucleons shows negligible temperature effects. 

Dorman (1957) has given the following proportions of electrons at various 

atmospheric depths 



Decay 	N.E. 	(% ) 

sea level 	50 	40 	10 

650 cm-2 	29 	14 57 

300 g cm  72 	18 	4 	78 

The proportion of non-equilibrium electrons will be a maximum near 

the Pfotzer maximum. The temperature effect will be due to variations 

of decay electrons, e electrons and µ mesons which together probably 
contribute .010% of the total charged particle intensity at the 

Pfotzer maximum. It seems likely that the effect of atmospheric changes 

will be <0.3 % 2  the statistical errors of the counting rates. 

4.4.10. 	Magnitudes of the Experimental Errors.  

The sums of the errors from 4.4.1. to 4.4.9 are given in Table 4.2. 

TABLE 4.2  

ESTIMATED ERRORS DUE TO SOURCE 1-9  

Area, Equivalent Equivalent 
Position Error Counting rate 

tar-nnt... 

(i) Latitudes above the knee. 	24' arc. 	0.45%  

(ii) Europe 	 13' 	0.5 

(iii) Mediterranean 	24' 	0.55 

(iv) Sahara 	 14' 	0.6 

(v) Southern hemisphere over Afria. 	13' 	0.5 

(vi) South of Durban 	24' 	0.5 

In most regions the errors are largely navigational. 
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4.5. EFFECTIVE CUT-OFF RIGIDITY. 

4.5.1. Approximate Calculations. 

An additional error source especially in equatorial regions 

might result from a difference bet•reen the effective cut-off 

and the vertical cut-off. The cosmic ray recorder integrates the 

intensity of secondary particles arriving with zenith angles up 

to 45°. Assuming that the mass absorption law holds and the absorption 

curves for off-vertidal zenith angles are identical to the vertical 

curves, the effect of the finite opening angle of the telescope may 

be calculated. 

From simple Ste&mer theory, the zenith and azimuth dependence 

of the cut-off is a maximum at the geomagnetic equator. A calculation 

is made of the effective cut-off for the cosmic ray recorder at the 

equator for a simple dipolar magnetic field. 

The cut-off rigidity at the equator as obtained from equation 

(1.2) is given by If 

59.6 
	 1 2 cy. 	4.1 
[ 1 + (1 - sine cosV)2 ] 

The increase of atmospheric depth with increasing zenith angle e is 

approximated by : 

depth d sec 

From the altitude-intensity curves of figure (4.3.3) a graph 

of counting rate at different altitudes relative to the Pfotzer maximum 
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counting rate (for convenience ) can be constructed as in 

figure (4,5.1). The depth of the Pfotzer maximum is approximately 

proportional to rigidity in the latitude-sensitive region. From 

this observation, the data has been extrapolated to 23 GV, the 

maximum cut-off rigidity within a zenith angle of 45o at the equator* 

The calculated derivative of the telescope geometric factor 

	

(G.F.) with respect to the zenith angle.. 	 

	

( (i.e. 	)is plotted d e 

in figure (4.5.2). 

Numerical integration was then performed over the allowed solid 

angle, constructed graphically from equation (4.1)0  at 1 GV intervals 

from 11 GV to 23 GV. 

The resulting percentage transparency as a function of cut-off 

is plotted in figure (4,5.3). 

Assuming the primary spectrum (11 GV to 23 GV) to be 

represented by s 

dN cc P-2.5 dP 

the calculated effective threshold rigidity is equal to 14.9 GV. This 

is identical to the vertical cut-off rigidity. 

It is therefore concluded that the vertical cut-off rigidity 

is a good parameter for organising the recorder data. 

4.5.2. Trajectory Integration.  

This problem is difficult to analyse by computing individual 

particle orbits within the allowed solid angle. A compromise solution 

is to calculate the cut-off for a particular zenith angle in the north, 
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south, east and west directions an' to compare the mean value with the 

vertical cut-off. Two such calculations made by RprLds (1965) at a 

15°  zenith angle at locations on. the flight path are given. in Table 4:3. 

TABLE 4.3. 

IMECT OF OFF-VERTICAL INCIDENCE ON CUT-OFF RIGIDITY 

Location Azimuth 
-, 

Mean Vertical 

1---- 	T---- Lat. Long. N 	iE 	
1  
1S -  W Cut-off Cut-Off. 

16 S 32 E 11.15 1 13.15 	11.55 11.30 11.48 11.35 

33 N 13 E 9.35 	1 10.651 10.75 10.15 10.23 10.35 

The differences hero are - 1% which is the limit of the accuracy of the 

threshold using 0.1 GV rigidity intervals. 

4.60 DETECTOR ASPECT ANGLE.  

The consideration of- the experimental errors when applied to 

surveys 6 and 8 showed that the data for both flights separately 

could not be reduced to a single-valued function of the cut-off 

rigidity. The following sections are a treatment of the errors in 

surveys 6 and 8, and the correction needed to produce the required 

ordering of the data. 

4.6.1. Introduction  

The data obtained in the northern hemisphere from surveys 6 and 

8 are plotted against Shea et al cut-off rigidities in figures(4.6.1) and 
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(4.6.2). The data from each survey are obtained while travelling north-

wards and southwards over the same route. The spread of data points should 

indicate the magnitude of the errors involved. Most of the data points 

on the south-bound Farnborough to Idris log of survey 6 were lost due 

to the occurrence of spurious pulses. In the mid-latitude region and in 

the equatorial region there is a splitting of the counting rate against 

cut-off rigidity. The possibility of this splitting being due to 

navigation errors is explored in a discussion of errors applied to the 

whole survey region. 

(i) The flight path crosses the north coast of Scotland at about 

(58.6°N5°W) where the cut-off is 1.24 GV. The large navigation errors 

which can occur in the North Atlantic are in the region above the 

intensity knee and therefore unimportant. The knee occurs overland 

where the errors will be minimal. 

(ii) Durban (30°5$30.9°E) has a cut-off of 6.09 GV. From 

Durban the flight path is approximately south-cast over the Indian 

Ocean to a position (3805,38°E) where the cut-off is 3.84 GV. 

Navigation errors will be large for the southern hemisphere cut-offs 

< 6.09 GV with a maximum error at 3.84 GV of + 0.12 GV. 

(iii) Navigation errors over Africa are small. This will apply 

to data obtained between Idris (32.7NT, 13.2°E) where the cut-off is 

10.51 GV and Durban (6.09 GV). 

The errors are therefore small for : 

N. hemisphere 	P > 10.5 GV 

S. hemisphere 	P 	6.09 GV 
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(iv) 	The route through the Mediterranean area is shown 

in figure (4.6.3). The position fixes detailed in Table 4.4 for surveys 

6 and 8 are usually made close to coast-lines. During all surveys 

a change of course occurs 	100 - 150 miles to the north of the 

Lybian coast and 100 - 150 miles to the east of the Tunisian coast. 

Examination of table 4.4. shows that the most accurate position 

fixes will be at the coasts of Sardinia and France in addition to 

the coast of Libya (at take-offand landing). Position errors are 

likely to be greatest in the cut-off range 9.0 GV to 9.7 GV. 

Figure (4.6.4) shows a plot of the latitude gradient of the 

Shea et al cut-off rigidities 
dP against latitude along the 13°E 

meridian. The threshold gradient has a maximum value of 0046 GV 

per degree latitude at latitude 35°N which corresponds to the cut-

off of 9.5 GV. Navigation errors in this region are therefore 

particularly important. 

4.6.2. Aspect Angle Correction.  

The large spread of data in the equatorial regions cannot be 

explained by the error sources which have been discussed,due to 

dN 
the small differential rigidity response -11-5 and the small latitude 

derivative of the rigidity dPAIN. The data were obtained near 

Khartoum and represent a splitting of the north-bound and south-bound 

data. A more detailed plot is given in figure (4.6.5). The splitting, 

4% in intensity, cannot be statistical or due to change of sensitivity 

of the recorder. It must therefore be due to change of threshold rigidity, 
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TABLE 4.4.  

POSITION FIXES OVER THE MEDITERRANEAN 

SURVEY ROUTE DESCRIPTION 
(approximate) 

POSITION APPROXIMATE 
CUT—OFF oN  of 

* South coast of France 43°20' 4°55' 5.60 

Farnborough 150 miles from French 
coast 41°30' 5°  6.30 

to Sardinian coast 39°05'  90351  
7.45 

6 Idris 150 miles from Tunisia 35050'_12°50' 9.15 

150 miles from Lybian ., 
coast 34°50' 13'00' 9.55 

Idris 70 miles from Tunisia 
and Sicily 36°45' 12°001  8.65 

to 40 miles from Sardinia 38°40' 09°55' 7.65 

Farnborough Sardinian coast 39°10' 09°30' 7.45 

French coast 43°45104°50' 5.50 

South coast of France 43°29' 04°56' 5.50 

Farnborough 	' 30 miles from Sardinia 40°10' 07°40' 7.0 

to 40 miles from Tunisia 
and Sicily 

38°15' 11°25' 7.90 

Idris _ 	100 miles from Lybian 34°22' 13°20' 9.75 

8 coast . 
100 miles from Lybian 

Idris coast 35°231  12°41' 9.30 

to 70 miles from N.E.Tunisia 38°00' 11°30' 8.05 

Farnborough Coast of Sardinia 39°06' 09°31' 7.45 

Coast of France 43°36' 049491., 5.50 

No data available for this leg. 
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Fig. 4-6.5 Survey 8 data recorded between Khartoum and El Adem—
Correction is made for the aspect angle of the detector. 
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The difference corresponds to about 0.6 GV near 15.3 GV. This would 

require a navigation error of approximately 200 nautical miles. 

Inspection of the data revealed the existence of a course 

change at the precise position whore the latitude intensity curve becomes 

double-valued. This was, particularly noticeable when the-data was 

plotted against the cut-offs of Shea et al. Over the section of the 

route covering the threshold range 14.6 GV 15.6. GV the thresholds 

seemed to be lowered by a discreet amount when recorded in one direction 

and raised a similar amount when travelling in the opposite direction. 

The heading change at 14.6 GV was almost identical for both stages of 

the two surveys. Figure (4.6.6) indicates that the route changed from 

a N-S direction north of 14.6 GV (. i.e. for P <14.6 GV to a NW - SE 

direction south of 14.6 GV (:P > 14.6 GV). 

At small zenith angles in the N-S plane, St.ermer theory predicts 

that the cut-off varies little from the vertical value. The variation 

becomes marked in the D41 plane particularly at equatorial latitudes. 

The solution then appeared to be that the recorder was not truly vertical 

but was inclined so as to observe the Ep-W asymmetry. .The direction 

of inclination had to be forward so that the effective threshold was 

raised when travelling eastwards and lowered when travelling westwards. 

Calculation indicated that the threshold would change-0.15 GV 

for each degree off vertical in the NW - SE plane. A 2°  forward 

inclination would then explain the observed splitting. The normal 

flying attitude of an aircraft would be expected to produce a backward 

tilt. It was therefore anticipated that the attitude of the recorder 
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must bo far enough forward to obviate the effect of a backward tilt in 

flight. It was confirmed that with the wing horizontal in flight 

the recorder was inclined forward through an angle of 6°. During a 

3 hour flight, typical of most logs, the inclination of the,  wing to the 

horizontal varies from +4 °  with full fuel complement to + 32° at 

the end of the flight. The recorder therefore looks forward through 

le at the beginning and 2e near the end of a flight. This is then 

the explanation of the splitting; the observed effect agreeing with 

that predicted for the recorder aspect angle. The effect away from the 

equator at higher latitudes cannot be analysed simply because of the 

penumbra. All that can be said is that the Seermer threshold changes, 

due to the aspect of the recorder.will fall off with increasing 

latitude as obtained from equ.ation (4.1). There is only one other 

important region in which there is an appreciable E-W component in the 

flight direction and that is over the Mediterranean. The sudden 

splitting apparent in figure 4.9 for P > 6.2 GV coincides with a 

course change from N-S ( P 4.1:: 6.2 GV) to NW-SE (P >6.2 GV) and 

again the intensity changes are in the direction predicted by the 

simple StOrmer theory. 	In the absence of information on the 

penumbral correction variation with latitude, the correction applied 

has been that predicted by equation 4.1 for the change of vertical 

Stb.rmer cut-off. Inspection of figure 4„,6.2 shows that the splitting 

from the mean curve at 6.2 GV is approximately symmetrical, as the change 

in StOrmer cut-off would be. 
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Because of the symmetry of the aspect angle correction, the 

mean latitude curve will not be affected: the effect is to increase 

the confidence limit of the mean value. This correction has therefore 

been applied to all flight paths which have an east-west component. 

Additional evidence of the correction needed for the attitude 

of the detector was given in Section 4.3. 

The magnitude of the correction applied to the survey data and 

the altitude - intensity data in section 4.3. were the same 

apart from a factor cos20 required in the survey data due to the angle 

0 between the flight path and the E-W direction when plotted on a 

°artesian world map. 

4.7. FORBUSH DECREASE EVENTS.  

4.7.1. Forbush Decrease of March 1963. 

A small Forbush decrease occurred during survey 6. The decreases 

recorded by the Deep River and Mount Washington neutron monitors are 

plotted in figure (4.7.1). The decrease phase lasted ,., 	days, the 

intensity reaching a maximum depression of about 20 below the pre-

decrease level. The time constant of the recovery phase was-,  6 days. 

During the recovery phase the Deep River neutron monitor shows the 

presence of an enhanced daily variation. 

The onset occurred on 8 March. Data recorded subsequently 

would be subject to the superimposition of the Forbush decrease 

modulation mechanism and the pre-decrease long term modulation 

mechanism. Magnetic records showed only small disturbances implying 
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that there was little enhancement of the ring current at this time. 

The flight periods during this survey are also given in figure 

(4.7.1) together with the cut-off ranges observed. The effect of the 

Forbush decrease is considered in convenient rigidity intervals. 

(i) 4-10 GV 

Northern Hemisphere. 

Pre-decrease south-bound data from Farnborough to Idris is 

available only from ̂ '3.5  GV to 5 GV and is "1.2% higher than the north- 

bound data of 14th. March when Deep River was depressed 1.5%. 

Southern Hemisphere. 

Data south of Durban from ^' 4r6 GV were obtained just after 

the initial decrease when Deep River was depressed 0.7 GV. 

8-10 GV data obtained on 8th. March before the decrease and 11th. 

March (maximum depression) show no evidence of the decrease within 

the experimental uncertainties ( -0.5%). 
(ii) 11-15 GV 

Northern hemisphere pre-decrease data of 5th. March and 14th. 

March (1.6% Deep River depression) show no evidence of the Forbush 

event. 

Southern hemisphere data obtained on 11th. March (2.5% depression) 

were consistent with the pre-decrease data of 8th. March. 

(iii) 16 GV. 

The Khartoum-Ehtebbe and Nairobi-Khartoum legs lie within 0.5 GV 

of 16 GV and so the observation at 16 GV has good statistical accuracy 

together with negligible navigation errors. The routes are both 
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approximately north-south requiring no attitude correction. 

Deep River 	Date 	Intensity 

Predecreases 	6th. March 	362 + 2 .... 

2% decrease 	13th. March 	366.7 + 3 

The errors are due to altitude uncertainties primarily. 

(iv) 	P < 2.5 GV 

Relative Cosmic Ray 

Recorder Intensity at 2 GV 

Date Time (GMT) 
during which 
low rigidity 
results obtained 

Relative 
Deep River 
Intensity. 

1 1st. 
March 

1030-1100 1 

- 3.3% + 0.5% 18th. 
March 

1030-1100 

— 0.7% - 4.5% + 0.5% 18th. 
March 

1400-1600 

The results obtained on 18th. March are not in agreement. 

This must be due to the cosmic ray anisotropy although the neutron 

records examined show the daily variation maximum to have been 

!- 1800 hrs. local time. A more complete study of neutron monitor 

records of greater world coverage might reveal the maximum to be 

displaced to the morning hours on this day. 
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Summary. 

a) The decrease was not observed at cut-offs greater than 8 GV. 

b) In the region 4-8 GV the maximum effect was ", 1.2o at 4 GV 

when Deep River was depressed 1.5%. The modulation effect on the 

southern hemisphere data in this range, obtained during the decreasing 

phase with Deep River-0.7% depressed, will probably be <1.2%. 

c) The steep rigidity dependence of the modulation on 18th. March 

noted in (iv) above indicates that the high rigidity particles 

recovered more quickly than the low rigidity particles. 

Survey 6 has not been used in the study of the long term 

modulation. It has been used only in the study of cut-off rigidities 

which is restricted to P > 4.2 GV. The.  large. variations 

observed for P G 2.5 GV will not affect this study. 

A correction is needed only for the Farnborough to Idris leg of 

"" 1% at 4 GV to - zero at 8 GV. Without knowing the precise 

rigidity dependence of the modulation little error will result by 

assuming it to be linear. 

4.7.2. Forbush Decrease of September 1963.  

A Forbush decrease occurred on 17th. September 1963 prior 

to survey 8(which began on 7th. November with the northern leg 

measurement of the low rigidity ( P < 2.5 GV) end of the spectrum). 

The maximum depression recorded by the Deep River neutron monitor in 

figure 4.7.3. was •- 8% on 23rd. September. The recovery time 

constant was —3 days and the intensity reached the pre-decrease level on 
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4th. October, Evidence is given in Section (6.1) that the intensities 

at rigidities down to 1.2 GV had recovered to their pre—decrease 

level by 7th. October. 

The rigidity characteristics of the recovery phase of this 

decrease are quite different to the March event where the recovery 

times were strongly rigidity dependent. 
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CHAPTER 5. 	A COMPARISON OF VARIOUS CUT-OFF CALCULATIONS.  

5.1 	Introduction.  

Surveys 6 and 8,' extended into the southern hemisphere, 

provide a particularly exacting test of geomagnetic theory because of 

the proximity of the South African magnetic anomaly. Given an 

accurate definition of the magnetic field, it should be possible 

to order the cosmic ray data measured at a particular time as a 

single-valued function of the cut-off rigidity. The determination 

of cut-offs by the numerical integration of the cosmic ray trajectories 

attempts to define the behaviour of a family of trajectories by a 

single calculation. 

This can only be an approximation, as the penumbral regions 

at mid-latitudes have been shown to exhibit fine structure on the 

scale of the most detailed calculations. The errors involved in 

this method can be made small, however, and the experimental evidence 

for the validity of the method is undoubted. 

The limits to the accuracy of these cut-offs are the knowledge 

of the magnetic field (of both internal and external origin) 

and the uncertain penumbral corrections for detectors of finite solid 

angle. Because of the large amount of computer time required and 

the consequent expense involved in trajectory computations only 

limited regions have, until recently, been investigated by this 

technique. There still remain areas with few trajectory calculations 

and it is in these areas that the limitations of cut-offs found by 

interpolation should become apparent. Latitude surveys of cosmic ray 
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intensity provide a means of assessing the relative merits of these 

interpolated cut-offs and other metilods of cut--off calculation. 

Previously, surveys obtained over long periods of months or 

years have been compared and have necessitated uncertain corrections 

for both short term and long term intensity variations. The present 

analysis compares the consistency of threshold calculations in 

individual surveys each lasting about two weeks. The comparisons have 

been carried out close to solar minimum when there has been a marked 

absence of Forbush decrease events to complicate the analysis. The 

magnetic field simulations used in these calculations have been shown 

to be accurate to about 1%. This is therefore the limit to which the 

cut-off calculations can be compared. The cut off calculations to be 

compared are those of Quenby and Weak (1962), Makino (1963), Kondo and 

Kodama (1966) and Shea et al (1966). 

5.2. COSMIC RAY EQUATOR. 

The counting rates for the two surveys are plotted in figure (5.2.1) 

as a function of the geographic latitude. Following the method of 

Pomerantz et al (1960) the counting rate (y) may be represented by 

the power series expansion in the latitude (x) thus 

n 
a xn 

o n 5.1. 

Little difference in the position of the minimum was observed with 

n = 2 or n = 3. It was concluded that n=2 was a sufficiently good 

representation. 
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Using this as a basis the data was fitted by the simple parabolic 

form 

y = a
o 	

a2x2 
	

5.2. 

i.e. eliminating the asymmetric term a1x. 

The positions of the cosmic ray minimum determined from the two 

surveys are given in Table (5.1.) . 

TABLE (5.1)  

POSITION OF COSMIC RAY EQUATOR 

Survey Latitude Longitude 

6 9.1 4. 0.5 31.6 

8 9.1 + 0.4 31.7 

The present result is in good agreement with the data of Katz 

et al (1957) shown in figure (5.2.2). 

Shea et al (1966) have calculated the position of the cosmic 

ray equator using both the Finch and Keaton (1957) and the Jensen and 

Cain (1962) field simulations. 
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TABLE (5.2) 

CALCULATED POSITION OF COSMTC RAY EQUATOR 

Field Model Latitude Longitude 

Finch-Leaton 10.7°N 31.6°E 

Jensen-Cain 11.6°N 31.6oE 

The position of the equator given in Table (5.2) for the Finch 

and Leaton field is in better agreement with the experimental data 

in this region, the error being 1.6°. 

5.3. SURVEY DATA.  

The data from surveys 6 and 8 are plotted against the Quenby 

and Wenk cut-offs in figures (5.3.1) and (5.3.2) respectively. 

The gaps in the data are due to take-off and landing at Farnborough, 

Idris and Durban. Large differences in intensity occur at locations 

with the same cut-off in the northern and southern hemispheres. The 

maximum difference is observed at 9.0 GV whore the intensity is 18.6% 

higher in the southern hemisphere than in the nothern. The differences 

in cut-off for locations where the same cosmic ray intensity is recorded 

are plotted against the northern hemisphere cut-offs in figure (5.3.3). 

The good agreement between the cut-off differences for the two surveys 

supports the conclusion reached in 4.76 the effect of the Forbush 

decrease during survey 6 was shown to depress the northern hemisphere 

intensity by -1% at 4 GV and - 0 at 8 GV. This is equivalent to -0.07 GV 
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at 4 GV and-0 at 8 GV. The data are shown plotted against Kodama 

(1964) and Shea et al (1966) cut-offs in figures 5.3.4. to 5.3.7. 

A comparison of the cut-offs of Kodama (1964) and Kondo and Kodama (1966) 

has shown them to be almost identical in the survey regions. The 

analysis of the Kodama cut-offs is therefore also applicable to the 

Kondo and Kodama cut-offs. The Kodama cut-offs are subsequently referred 

to as Kondo and Kodama cut-offs. Differences in the cut-off rigiditieS 

of Kondo and Kodama, and Shea et al are plotted in figures 5.3.8. and 

5.3.9. The equPtorial cut-off differences, not plotted in these 

figures, are all zero within the experimental error of 0.2 GV. 

A more simplified and less rigorous approach was used for the 

cut-offs of Makino. Graphically interpolated cut-offs were compared 

with the cut-offs of Shea et al along the flight route. From this 

comparison, the cut-off differences curve in figure 5.3.10. was 

constructed with the aid of figure 5.3.9. This should not differ 

significantly from the curve given by a more detailed data analysis as 

used in the first three cut-off models. 

The cut-off rigidity models involving trajectory integration 

are much more successful than the modified dipole calculations. Large 

differences still remain in the region of 9.5 GV. 

A measure of the self-consistency of the cut-off calculations 

in these regions is given in Table 5.3. by the root mean square of the 

percentage deviation of the cut-offs from the mean curve. 
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TABLE 5.3. 

R.M.S.  DEVIATION OF CUT-OFF PIGIDITIES 

Out-off Calculation 

1 

 Shea et al 
	Ydndo 

1 	and 
i 	Kodama 

 uoy Qull 
and 

 Wenk 

Merino 

R.M.S. % Deviation 2.8 
I 

I 
 3.1 11.2 6.5 

This is not a good comparative test when used in a region of limited 

extent asitgives no information as to where the errors occur. 

The cut-off rigidities of Shea et al are to be used in preference 

to those of Kondo and Kodama for the following reasons : 

(1) 	Improved ordering of the data, 

(ii) Convenience of the fine mesh 2x2 degree L 

interpolated grid. 

(iii) More detailed cut-off calculations using 

rigidity steps of 0.01 GV against 0.1 GV of 

Kondo and Kodama. 

5.4. 	L INTERPOLATED CUT-OFFS  

The availability of the locations of the trajectory computed 

cut-offs used as the basis for the 2x2 degree L interpolated grid 

allows a more detailed investigation. 
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Tho 2x2 degree grime is being oontinuously up-dated through the 

introduction of a greater number of trajectory computed cut-offs as 

the basis for the interpolation. Figure (5.4.1) shows plots of 2 X 2 

degree cut-off grid points against latitude for several longitudes 

near the Greenwich meridian. These curves constructed from a grid 

dated July1,1966 are compared to those from a previous 2x 2 grid of 

March 1st, 1966 . The later grid points are affected in this 

region only through the introduction of a machine computation at the 

location (35°N 0°E). The effect has been to produce a hump in the 

curves of + 5°  latitude extent. Figure(54,2) shows a plot through 

latitude 35°N of the differences in cut-off between the July 1st and 

March 1st grid points against geographic longitude. This reveals 

the longitude effect of the introduction of 3 trajectory calculations 

into the July 1st grid at longitudes 330°, 345
o 

and 0
o east. Similar 

longitude plots along the latitude parallels 30oN and 40oN do not 

show the effects of these three calculations. The threshold rigidity 

humps extend over + 5°  latitude, + 15°  longitude. The introduction 

of smoothing over such a limited region seems rather arbitrary with 

the result that the L interpolated points around trajectory computed 

cut-offs in this area would appear to be in error. 

The aircraft survey flight path passes close to the region 

represented in figure (5.4.1), crossing the 35°N latitude parallel 

at 12.5
o
E. This point can be seen to be unaffected by the inclusion 

of the neighbouring calculation at (35°N 0°E). Because of the 

arbitrary smoothing over + 15°  longitude it might be expected that the 
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L interpolated cut-off at (35°N 12.5°E) is low. In addition the cut- 

off differences in figure (5.3.9) are a maximum at the northern 

hemisphere cut-off of 9.5 GV (34.9°N 12.5°E) . Two cut-off 

computations were performed by Shea (1966) at the positions (34.9°N 12.5°E) 

and (20,5°S 30.0°E) both of which have a threshold of 9.50 GV as obtained 

from the 2x 2 degree grid of July 1st 1966. The results of these calcula- 

tions are given in Table (5.3). 

TABLE (5.3) 

COMPARISON OF L INTERPOLATED AND TRAJECTORY 
CALCULATED CUT-OliVS. 

Lat. Long. PM PC PL  

34.9 12.5 10.43 8.39 9.82 9.50 

-20.5 30.0 10.03 8.39 9.46 9.50 

The L interpolation would be expected to be more successful as an 

interpolation for the StOrmer cone threshold (PS) than for the effective 

cut-off (Pc) . As these two points have the same StOrmer cone threshold 

8.39 GV and the same L interpolated cut-off (PL) 9.50 GV, then the 

error must lie in the inaccurate interpolation of the penumbral 

contribution. 

The northern hemisphere calculation shows that the L interpolated 

value is low by 0.32 GV. From the previous discussion, the closer the 

L interpolated points are to trajectory computed points the less they will 
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be in error. 

Errors are likely to be largo in the northern hemisphere where 

the trajectory calculated points folem a o:)arse 15 x 15 degree grid 

in comparison to the finer 5 x 15 degree grid in the southern 

hemisphere. 

A longitude variation in figure (54c1) of the cut-off was 

noticed at 31°  S in the region of 20°& The grid points circled are 

close to the basic trajectory integrated grid points. This is to be 

compared with the variation along the 35°  S latitude parallel. This 

effect will probably be a product of the interpolation. The positions 

of the flight path are also indicated in the figure. The smooth 

latitude variation in this area obtained in figure (5.4.4) indicates 

that the + 5°  latitude separation of the computed cut-offs is 

close enough for successful interpolation by the L parameter. The 

large variation of cut-off rigidity with longitude in this region 

is probably the reason for the longitude variation in figure (5.4.3). 

SUMMARY. 

(1) 
	

L interpolated cut-offs in the region of (35°N 12.5°E) 

have been shown to be in error by — 0.3 GV. The magnitude of the error 

depends upon the proximity to a computed cut-off grid point. Greater 

accuracy in the cut-offs will result from a finer 5 x 15 degree 

computed threshold grid in the northern hemisphere area. 

(ii) 	The 15 degree longitude interval in the basic computed 

cut-off grid is too coarse in regions such as the South African area 

where there is a large longitude gradient in the cut-off rigidity. 
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Application of an interpolation based upon the L parameter will 

probably lead to inaccuracies. 

5.5. SOURCES OF CUT-OFF ERRORB4 

5.5.1. Correction for L Interpolation errors.  

Figure (5.5.1) shows the flight route in the neighbourhood of 

(35°N 12.5°E). The route passes close to a trajectory computed point 

at (30°N 15°E) where the cut-off rigidity is - 11.8 GV. The error 

due to interpolation near 11.8 GV in the northern hemisphere will 

therefore be small. From the observed variation of the north-south 

cut-off differences and the error in the northern cut-off at 9.5 GV 9 

the probable variation of these differences after allowing for the 

N.hemisphere L interpolation errors near 9.5 GV is given in 

figure (5.5.2). 

The symmetry of the threshold differences curve caused by the 

sag in the L interpolated cut-offs in the northern hemisphere suggests 

that the cut-off error is small at 7.1 GV. This corresponds to the 

position where the flight path crosses the 40°N latitude parallel as 

can be seen in figure 5.5.1. The corrections required for the flight 

path cut-offs therefore add a Ihumpt of approximately ± 5°  latitude 

extent to the cut-off versus latitude curve. This is similar to the 

effect of the addition of the calculation at (35°N 0°E) in figure 

5.4.1. The experimental evidence suggests that the 'hump' noted 

in figure 5.4.1. is probably a real effect in this region and that it 

extends to at least 12.5°E. A machine computation of Shea et al (1965) 

at Rome (41.9°N, 12.52o  E) gave the cut-off as 6.31 GV. This is precisely 
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the value obtained by interpolation from the 2x 2 degree grid. 

The L interpolation errors in that area do not therefore extend to 

41.9°N. 

A 'hump' in the latitude variation of the cut-off rigidity 

in the northern hemisphere at 1205°E has been observed experimentally. 

This is in qualitative agreement with the 'humps' apparent in the 

2 x 2 degree cut-offs at 35°N as calculated by Shea et al. The 'hump' 

peaks in the July 1st. 2x 2 degree L interpolated cut-off grid 

coincide with the additional trajectory computed cut-offs at the 

three locations along 35°N (figure (5.4.2)).  This could mean that the 

'humps' are even larger and that the peaks appear at 35°N because of 

the use of the L interpolation at surrounding positions. This would 

appear to be more plausible than the occurance of 'humps' in the cut-offs, 

all coinciding with the 35°N latitude parallel. Qualitatively this 

is supported by two facts: 

a) The 'hump' region should extend eastwards to 12.5°E 

whereas the L interpolated cut-offs have smoothed it out at this 

longitude. 

b) The 'hump' as mentioned in section 5.4. is probably 

a penumbral effect in which case the L interpolation would not 

reproduce the true shape. 

The actual shape of the 'hump' can only be measured by the use 

of trajectory integration to determine the cut-offs at points between 

30°N and 45°N. The completion of the 5 x 15 degree grid of trajectory 

computed cut-offs in this region will probably define the'humP more 
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accurately. 

The differences retaining in the north-south cut-offs are 

partly attributable to L interpolation errors in both the northern 

and southern hemispheres. That the differences cannot be wholly 

explained by the L interpolation is illustrated by the intensities 

recorded at the two locations given in Table 5.4. 

TABLE 5.4. 

COSMIC RAY INTENSITY AT POINTS WITH THE SAME L INTERPOLATED 

CUT-OP's'.  

Survey 8 Intensity. Lat. Long. L interpolated 
cut-off. 

808 	counts (4. 128) 45.8°N 2.3°E 4.48 GV 

828 35.1°S 34.75°E 4.49 GV 

These locations are close to the locations (45°N 0°E) and 

(350s  350- ,b\ ) where trajectory integrated cut-offs have been calculated. 

The interpolation errors should be small, yet the intensity recorded 

at the southern point is 2i% greater than that at the northern point. 

The remaining systematic difference must be due to the inaccurate 

definition of the magnetic field in the region of the surveys. If the 

magnetic field as defined by a field simulation is in error in a 

particular area then cut-off rigidities in this region will be affected. 
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If the representation is low (say) then the predicted thresholds 

in the immediate vicinity will be low. Penumbral particles oscillate 

from hemisphere to hemisphere before arriving at a particular point. 

The 'low' region will therefore influence the trajectories of these 

particles, having the greatest influence on those which will arrive 

at the opposite hemisphere just to the west of the iowt region. 

The computed trajectory of such a particle passes through the 'low' 

field then travels to the west and to the opposite hemisphere. 

The trajectory intersects the Barth at a higher latitude than it 

would in the real field. The effect is therefore to increase the 

rigidity required of a particle to penetrate the 'low' field region 

to reach the opposite hemisphere location. 

An inaccurate field definition will thus result in a systematic 

lowering of cut-offs in one hemisphere and a raising in the other. 

5.5.2. Neutron Monitor Survey  

An overland neutron monitor survey by Carmichael et al (1966) 

revealed several cut-off discrepancies over North America. It was 

observed that a smooth curve of intensity against cut-off rigidity 

could not be fitted to the data. The cut-offs were calculated using 

trajectory integration at steps of 0.1 GV. A smooth curve was drawn 

through the data and from this the corrected cut-offs were estimated. 

Several of the experimentally corrected cut-offs are given in Table 5.5. 

Added to these cut-offs are the L interpolated values. The latitude 

curve using the latter cut-offs is drawn in figure 5.5. These cut-offs 

provide a satisfactory fit to the experimental data. 
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TABLE 5.5  

A COMPARISON OF EXPERIMENTALLY SMOOTHED CUT-OFFS 

(CARMICHAEL et al : 1966) AND L INTERPOLATED CUT-OFFS. 

Location 	:Neutrons 
Relative Trajectory Integration 

( Carmichael et al) 
Experimentally 
Smoothed 

L Inter-
polated 
Cut-offs. 

Acapulco 0.659 10.55 10.58 10.97 

Mexico City 0.697 9.45 9.48 9.87 

San Luis 
Potosi 0.731 9.15 8.50 9.0 

Saltillo 0.792 7.25 7.15 7.52 

Climax 	0.961 3.15 3.08 3.11 
Denver 	0.966 3.15 2.93 2.97 

Mt.Washington 1.0 1.24 1.24 1.24 	, 

TABLE 5.6  

LATITUDE KNEE CUT-OFF RIGIDITY 

SURVEY KNEE 
CUT-OFF (GV) 

1 1.46 + 0.1 

2 1.30 + 0.1 

3 1.45 + 0.05 

4 1.43 + 0.05 

5 1.45 + 0.08 

6 _ 	1.40 + 0.01 

7 1.38 + 0.07 

8 1.40 + 0.08 

9 1.38 + 0.1 
11 1.43 + 0.1 
12 1.35 + 0.08 
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The cut-off rigidity for Mexico City, one of the locations 

for the survey data, was calculated by Shea et al (1965) to be 

9.53 GV while the L interpolated value is 9,90 GV. This does not 

produce a significant difference in the neutron intensity curve as 

the statistical accuracy of the data is 1%. Although the Mexico City 

L interpolated cut-off is in error by 5% the data used are not sufficientl3.,  

accurate or numerous to observe the error. 

5.5.3.The Latitude Knee.  

In figures 5.5.4 and 5.5.5, the high latitude data from 11 surveys 

are plotted against the cut-offs of Shea et al. The knee in the 

intensity distribution is sharply defined and its position did not vary 

during the period of the surveys. The positions of the cosmic ray 

knee determined from these surveys aro given in Table 5.6. The mean 

position of the latitude knee is (1.39 .05)GV, The geographic 

coordinates of this position are (57.7°N 5°V7) which corresponds to a 

geomagnetic latitude of -61°. 

The presence of low energy primary particles with rigidities 

below 1.4 GV during the periods of these surveys has been established 

by balloon observations [for example Courtier and Linney (1966) ] 

The knee must therefore be due to atmospheric absorption of the primary 

particles of rigidity 1.39 GV and less. The differential number 

spectrum of the secondaries at low rigidities is shown in section 6.3. 

to be almost entirely due to the incident proton flux. Protons in a 

given absorber have a definite range-energy relationship. The momentum 

of a proton which will penetrate 145 g cm-2 atmosphere and the recorder 
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to just record a coincidence is 1.2 GeV/c. Heavier primaries at 

this rigidity split up into separate nucleons after about their 

first collision. These nucleons, because of their slower velocity, 

are absorbed before reaching the recorder scintillators. The 

experimental spread of .05 GV in the mean cut-off at the position 

of the knee is probably greater than the inaccuracy of the Shea 

et al L interpolated cut-off for the following reasons : 

(i) The L interpolation becomes a better approximation at 

high latitudes. 

(ii) The penumbral contribution to the cut-off is small 

(- 0.05 - 0.1 GV). 

(iii) The longitude variation of cut-off is small ( N0.02 GV 

per degree) coupled with the fact that the knee location is only 1.3°  

of latitude from 60°N along which the basic integrated trajectory 

cut-off grid points are located. 

The cut-off at this point is thus (86%) 4% that due to the 

Earth's main core magnetic field. The penumbral width in this region 

is -0.15 GV, opacity-50% and the StOrmer threshold -1.32 GV. 

5.5.4.  Comparison of Threshold Reduction with Balloon Observations.  

The cut-off rigidity calculated by Shea et al (1965) for 

Minneapolis ( V=. 55.5°  geomagnetic) is 1.39 GV. aperimentally, 

the main cone quiet time threshold has been observed to be 1.20 GV 

by Freier (1962) during solar events. Webber and McDonald (1964) 

consider from observations of cosmic rays that the cut-off is 1.0 - 1.1 Glk 
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This implies a quiet time reduction of 30%. 

Both the ring current and geomagnetic tail models of threshold 

reduction would predict a smaller reduction at the lower geomagnetic 

latitude. The statistical accuracy of the present result is greater 

than the balloon cosmic ray observations of Webber and McDonald. 

It seems unlikely that the reduction at Minneapolis should exceed 

that at 61°  geomagnetic. Accepting the accuracy limit of the present 

measurement the reduction at Minneapolis is probably -17%. This would 

imply a quiet time cut-off at 1.15 GV. This cut-off is in good 

agreement with the penumbral transparencies given by 1.18. 

5.5.5. Comparison of Threshold Reductions with Theory.  

(a) The Magnetic Tail. 

The effect of the magnetic tail model at latitudes much below 

the auroral latitudes is uncertain although qualitatively there will 

be a lowering of tha cut-offs. 

The cut-off rigidity reduction given by Sauer and Reid in figure 

1.7.2. at 7\ = 61°  geomagnetic is -30%. This is in the extrapolated 

region beyond their auroral latitude calculations. However, from the 

magnitude of the estimated reduction this would appear to be a promising 

source of threshold reduction. 

(b) The quiet-Time Ring Current. 

The threshold reduction at high latitudes is given by equation 

1.21. .Assuming that this equation is applicable at a geomagnetic 

latitude of 61°, the ring current magnetic moment required to explain 
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the observed thresholds is s 

— 0.3 M 	 5.1 

The average contribution to the magnetic moment from a 

particle of energy e in the mean magnetic field B at the ring 

current position was given by Kellogg and Winckler (1961) as : 

Mi 
B  

If the total number of particles of mean energy E contributing 

to the moment is N then : 

2N 
B M' 

2W 
B 5.3 

where co is the total energy in the belt. For a ring current at 

L = 3.5 earth radii, the field B is related to the surface field 
B
o ( = 0.32 gauss at the equator) by : 

Bo 	L3 

1 	 5.4. 

B 	= 	7.4 x 10 3 gauss. 

The energy co required is : 

= 	3.7 xi°-3x .3x 8.1 x1025 
2 

= 9.0 x 1022  ergs. 	5.5. 

2 E 5.2 

 

BM' 
••••••••••• 
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The magnetic effect at the ground is given by equation (1.22) 

9 x1022 
B(o) = 	x  	x 0.32 gauss 

3 	8.4 x1024  

= 230 y 	 5.6 

If the ring current moment is due primarily to protons of energy Ep  

10 KO and these are approximately isotropically distributed in the volume 

of the ring, then their omnidirectional intensity may be calculated. 

If the ring occupies a volume (V) from L = 2.8 to L.4 and 7\ 

= 35°S to 35°N then the number density is given by : 

N = 
V E 

p 

9.0 x 1022 

v x 104 x 1.6 x 10-12  

9 x1022 

2.1020 x 1.6 

300 	cm-3  

The omnidirectional flux Nv is 

, 300 x 1.3 xio8 kern2  sec)-1  

4 x1010  (cm2Sec)-1  

cm 3 

cm-3 

5.7 

5.8 



From equations 1.21 and 1.22 

MI 	1 
—B-co) 	cc.  

Magnetometer observation has shown the enhanced ring current 

to be near L = 3.5 earth radii. In addition, the greatest particle 

intensities have been observed near this L value. The quiet-time 

ring current must therefore lie at L - 3.5 Re. The value of B in 

5.5 cannot therefore be varied very much. A ring current of moment 

0.3x M atL = 3.5 earth radii is incompatible with limitations on the 

surface field effects as discussed in section 1.7.1. 

The observed cut-off reductions are probably not due entirely 

to the quiet time ring current. A complete theory should involve 

a detailed magnetic mapping of the magnetosphere. This information 

could then be used in the trajectory integration computer program. 

5.6. CORRECTED CUT-OFF RIGIDITIES.  

In figure (5.6.1) are shown the three probable error sources in 

the Shea et al northern hemisphere cut-offs. Curve 1 is the probable 

variation of the error due to the L interpolation near 35 N 12.5 E. 

Curve 2 is the mean of the residual cut -off differences between the northern 

and southern hemispheres after removing the error of curve 1. The third 

source is the reduced cut-off at 1.39 GV due to magnetic fields having 

sources external to the earth. The experimental evidence suggests that 

the reduction in cut-offs occurs only at high latitudes. The curve 3 is 

drawn to join smoothly to curve 2 at 3-4 GV. The sum of these three error 

170., 

5.5 



sources, curve 4, represents the errors in the northern hemisphere 171.  

cut-offs. 

The removal of these errors brings about a not0able improvement 

to the northern hemisphere latitude curve of survey 6 plotted in 

figure (5.6.2). The resulting curve varies more smoothly than the 

curve obtained by plotting the data against the cut-offs of Shea et al. 

5.7 	COMPARISON OF CUT-OFF CALCULATIONS.  

Figures (5.7.1) to (5.7.3) have been constructed by comparing 

the various calculated cut-offs in the areas of the flight path with 

the experimentally corrected cut-offs. The root mean square percentage 

deviations from the corrected cut-offs arc given in Table (5.7) 

for cut-offs above 4.0 GV so as to exclude the effects of fields of 

external origin. 

TABLE (5.7)  

R.U.S. DEVILTIONS FROM EXPERIMENTALLY CORRECTED  

CUT-OFFS.  

REGION 
Quenby 
and 
Weak 

Makin° Rondo 
and 

Kodama 

Shea 
et 
al. 

Anomalous Magnetic Region 

(corrected cut-offs <10 GV). 
17.4 3.4 

3.5 2.4 
Non-anomalous region 4.09 7.04 
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(i) Kondo and Kodama.  

These cut-offs order the experimental data as well as those of Shea 

et al for cut-offs below --7 GV. The cut-off errors are increased above 

7 GV with a maximum error in the southern hemisphere near the grid 

point (20°S 30°E). The cut-off at this point is given as 10.05 GV 

while that interpolated from the Shea et al 2 x 2 degree grid is 

9.67 GV. The error in this region must be due to an insufficient 

number of cut-off calculations in the South African area resulting in 

interpolation errors. 

The Kondo and Kodama value for the cut-off calculated by Shea (1966) 

at (34.9°N 12.5°E) is 9.55 GV. The error here is therefore 0.27 GV. 

(ii) Quenby and Wenk.  

The Quenby and Wenk cut-offs are seen to be accurate to -4% 

along the survey route in the areas unaffected by the South African 

anomalous field. In the anomalous region, the deviations of the Quenby 

and Wenk cut-offs from the experimentally corrected cut-offs are large. 

This area of discrepancy is in the mid-latitude region where the Quenby 

and Wenk cut-offs were not well-defined. In addition, the anomalous 

field would be expected to produce errors in calculations in which the 

world average of higher order field effects was considered. 

(iii) Makin°. 

These cut-offs apply well in the anomalous region where their 

deviations are similar to those of the trajectory computed cut-offs. 

In the remaining region the cut-offs are systematically low in the northern 
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hemisphere and high in the southern hemisphere. The deviations 

in these areas are about twice those of the Quenby and Wenk cut-offs. 

The large equatorial errors apparent in these cut-offs are at first 

sight surprising in view of the kftwt that the equatorial cut-offs 

were adjusted to fit the observed cosmic ray minimum. However it 

was shown in section 5.2 that the experimental results differ most from 

the predicted minimum in the South African region. The differences 

in the equatorial regions will therefore be partly due to errors in 

the integrated trajectory cut-offs (and consequently in the experimentally 

smoothed cut-offs). 

5.8. CONCLUSIONS TO CUT-OFF ANALYSIS.  

a) The 2 x2 degree cut-off grid of Shea et al (1966) 

provides the best fit to the experimental data. The r.m.s. percentage 

deviation of these cut-offs from the experimentally corrected values is 

2.4%. 

b) The coarse 15 x 15 degree grid of computed cut-offs 

in the northern hemisphere leads to errors when an interpolation based 

upon the L parameter is used. The interpolation error at (34.9°N 12.5°E) 

was found to be 0.32 GV. 

c) The 15 degree longitude interval in the 5 x 15 degree 

computed cut-off coverage of South Africa is probably too big due to the 

large longitude variation of the cut-off rigidity near the magnetically 

anomalous region. 
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a) 	Apart from a limited region in the southern hemisphere 

near (20°S 30°E) the differences in the out-offs of Kondo and Kodama, 

and Shea et al are small. 

e) Quenby and Wenk cut-offs in non-anomalous regions are accurate 

to r4 4%, but are greatly in error in the region of the South African 

magnetic anomaly. 

f) Makin° cut-offs are accurate in the anomalous region to -31g% 

but elsewhere they are less accurate than the cut-offs of Quenby and 

Wenk. 

g) A reduction of the high latitude cut-offs has been observed 

which is consistent with previous observations if the percentage 

reduction at geomagnetic latitudes 56°  - 61°  is 17%. A ring current 

alone cannot produce this reduction. It is likely that magnetic fields 

from magnetosheath and magnetic tail currents as well as a trapped 

particle ring current contribute to the observed cut-offs. 



CHAPTER 6. 	EXPERIMENTAL OBSERVATION OF 
	 179. 

THE LONG TERM MODULATION OF COSMIC RAYS.  

6.1. 	SURVEY DATil 

The data obtained from the 12 surveys are given in figures (6.1.1) 

to (6.1.12) using the experimentally corrected cut►-off rigidities 

(the diagrams are given in an appendik to this chapter). Corrections 

to the data have been applied for altitude and recorder attitude. 

The period of the 11 year solar cycle covered by these surveys is shown 

in figure (6.1.13). relative to the Mount Washington neutron monitor. 

During the survey periods the neutron intensity recovered from a moan 

1962 level —11% below the maximum of 1954 to a mean 1964 level-4% 

below the 1954 maximum. All the surveys have been made during the 

slow recovery of the cosmic ray intensity towards its maximum level. 

This phase of the solar cycle is particularly suited- to the study of 

the long term modulation because of the relative inactivity of the Sun. 

The devrease phase on the other hand is a more rapid variation of 

intensity characterised by the occurrence of large short term Forbush 

decrease events. A more detailed plot of the neutron intensity during 

the period of the surveys is given in figure (6.1.14). The high latitude 

intensity recorded above the cosmic ray knee during survey 8 is at a similar 

level to the previous survey. Together with the neutron monitor data given 

in Section 4.7.2., this is evidence of the recovery of the cosmic ray 

intensity at this time after the September 1963 Forbush decrease. 

In figures 6.1.15 and 6.1.16 the intensities recorded above the 

latitude knee are plotted as a function of the mean daily counting rates 
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DATES OF THE COSMIC RAY SURVEYS 

Survey Period of Survey 
Year. 

Date of high 
Latitude Log 

High lat. 
Intensity 

Daily 2 hr.mean 
counting rate 

Deep River Ilt.Wash. 

1 12/2 - 5/3 26/2 927  5643 2157 

1 5/2 953 5675 2155 

2 2/5 - 11/5 2/5 1008 5843 2234 

2 1962 11/5 1962 990 5875 2239 

3 3/7 - 8/7 3/7 998  5911 2249 

4 9/10 - 11 /1o; 9/10 976 	' 5832 2213 

5 1/11 - 6/11 6/11 986 5929 2251 

6 0 - 18/3  1/3. 1042  6057 2280 

6 1963 18/3 1963 1005 6026 2268 

7 23/7 1030 6042 2313 	i 23/7,6/8- 
8 8 ' 

8 7/10 - 18/10 7/10 1040 6061 2323 	1  

9 2/3 - 6/3 2/3 1090 6212 2358 

11 2/10 -5/10 1964 30/9 1964 1105 6287 2430 	t 

12 23/12 1965 23/12 1965 1115 6412 2397 
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of the Deep River (1.08 GV) and Mount Washington (1.24. GV) neutron 

monitors respectively. Those data together with the survey dates 

are given in Table 6.1. 

The slopes of the regression lines obtained by least squares 

analysis are : 

Deep River 	1.40 +0.07 

Mount Washington : 
	

1.38 +0.09 

As the sea level yield function for neutron monitors is approximately 

zero for rigidities less than about 2 GV, the two regression slopes 

should be the same ( providing there is no long term drift in one 

of the recorders). The regression curves are therefore mutually 

consistent. 

The surveys fall conveniently into three time periods during 

which the intensity changes were small : 

Surveys 2-5 March — November 1962 

Surveys 7,8 July — october 1963 

Surveys 9-11 March--October 1964 

The high latitude intensities recorded during survey 3 at 

rigidities <2.5 GV were increased above those recorded during surveys 

2,4 and 5. In this rigidity range, the mean intensities of surveys 2, 

4- and 5 were taken as representative of the 1962 period while at 

lower latitudes all four surveys are considered. 
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The data grouped into these time periods are given in figures 

6.1.17 to 6.1.19. 

To construct the moan curves, the data were divided into rigidity 

intervals of 1 GV and the centroid of each group was calculated. Curves 

constructed through these positions are given in figure 6.1.20. 

A possibility of a systematic difference between survey 12 

and the other surveys duo to a change of altimeter was introduced in 

section 4.4.4. 

Relative 
Intensity at 45,000 ft 
recorded above knee 

Relative 
Neutrons 

Mt. 
Washington 

Deep 
River 

Survey 	12 1115 2425 6400 

Surveys 9-11 1100 2 396  6260 

Intensity increase 1.4% 1.2% 2.2% 

The possibility of a 1% systematic difference is not ruled out, 

but the observed change is not inconsistent with the Mt. Washington and 

Deep River neutron monitors. 

6.2. RIGIDITY DEPENDENCE OF THE INTEGRAL INTENSITY CHANGES.  

The percentage reductions in the integral intensities during 

1962 and 1963 relative to the 1964 level are plotted in figure 6.2.1. 

The consistency of the intensity changes is considered by 

comparing the observed changes to those recorded by ground level detectors 

at high and low latitudes. The high latitude integral intensity changes 
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recorded at 45,000 ft. have been shown to be consistent with high 

latitude neutron monitors through the regression curves of figures 

6.1.15 and 6.1.16. Figure 6.2.2. is taken from QUenby (1966a). 

The mean level of the Mt. Norikura (11.39 GV) and Mina Aguilar (12.51 GV) 

neutron monitor intensities was depressed -3% in 1962 relative to 1964. 

This is in agreement with the observed intensity changes at 45,000 ft. 

of 3.1- - 4% between 12 GV and 15 GV. The neutron monitors at Lae (15.50 GV) 

and Maketere (14.95 GV), while not showing such good agreement, confirm 

that intensity increases occurred throughout the latitude sensitive 

region of the cosmic ray spectrum for the years 1962-1964. The integral 

intensity variations are thus consistent with ground level detectors. 

6.3. YIELD FUNCTIONS.  

6.3.1. Gross Yield Function. 

The observed intensities of secondary particles inside the atmosphere 

must be related to the primary cosmic rays in order to make use of the Earthts 

magnetic field as a charged particle spectrometer. This relationship 

depends primarily upon the energy and charge of the primary particles 

as well as the atmospheric depth of measurement and detector response. 

Knowing this relationship, the primary spectrum may be determined at 

any time from data recorded within the atmosphere. 

The differential counting rate of a detector at atmospheric depth 

x, time t and a vertical cut-off P, duo to primaries of charge z is 

f.2 / 
dP jp9x,t). This may be related to the primary differential rigidity z 	djz  
spectrum --- 	(P,t) for that charge z by the specific yield function 

dP 
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The response due to contributions from all charged particles 

z is 
dN dj 
71.7 	(P,x,t) = 	z s (P,x) 	z (Pat) 

z 	dP 

dj z  
Webber (1962) observed that the spectra (IF  are similar above-1.2 GV 

for all z at solar minimum. In addition the differential rigidity 

spectra were observed to change in a similar manner throughout the 

solar cycle. 
djz 	 dj 

The spectrum 	(P9t) can thus be written as 741p7  (p,t). 
dP 

dj 
.°. •-•E 	

' 
(P-x9t) 	= 	z Sz (P ax) dP  

dj 
SG(P,x) dP  (pt) 6.2 

where SG(P,x) is the gross yield function and N(P,x,t) is the 

experimentally measured integral spectrum at depth x in the atmosphere. 
dj 

From a simultaneous measurement of the primary spectrum Tr, (Plt) 

and the secondary integral spectrum the gross yield function may be 

determined. Simultaneous measurements of the primary and secondary 

spectra were possible during the period of operation of the satellite 

Ariel 1. Durney et al (1964) measured the integral rigidity spectrum 

of cosmic rays of charge z 1 6. The differential rigidity spectrum 

calculated from this is approximately 	(P,t) because of the similarity dP 

6.1 
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LIJA. of all dP  z (Plt) in this rigidity range (3.5 GV - 15 GV), The 

data was accummulated during the period 26th. April 1962 to 9th July 

1962. In this period two latitude surveys, numbers 2 and 31were made. 

There was little change in the average level of the cosmic ray intensity 

in the period March-November 1962. The secondary particle spectrum 

during this period can therefore be represented by the mean of surveys 

2-5. 

The primary differential rigidity spectrum derived from the 

-2 cm are 

compared in figure (6.3,1). The gross yield function obtained from 

these spectra is given in figure (6.3.2). 

6.3.2. Cut-off Rigidities used in Yield Function Calculation.  

Ariel 1 was launched on 26th. April 1962 into .a 54°  inclination 

orbit with perigee390 km and apogee 1215 km. The data used in the 

analysis were collected between 390 km and 800 km altitude and were 

organised by the Quenby and Wenk cat-offs. These cut-offs show large 

errors in certain regions. A complete world collection of data over 

the 54°  latitude range would probably have smoothed out these areal 

inaccuracies. This is evidenced by the observation that the mean curve 

through the extensive latitude surveys of Project Magnet is similar 

for both Quenby and Wenk cut-offs and the more accurate L interpolated 

cut-offs. Figure (6.3.3) is taken from the data of Shea et al 

(1966). Because of the altitude limitation on the acceptance of data 

there was not a uniform coverage of the world. Data obtained in areas 

where there are large errors in the Quenby and Wenk cut-offs were omitted. 

Ariel data and the differential counting rate at 145 g 
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The error involved in the spectrum measured against Quenby and Wenk 

cut-offs is probably small. 

6.3.3. Specific Yield Function.  

Following the method of Webber and Quenby (1959) we can 

derive the specific yield function clue to the primary protons from the 

measurement of the gross yield function. About 50% of the incident 

nucleons are protons and the rest make up the heavier ( z>1) 

cosmic ray nuclei. The average charge to mass ratio z of the heavy 
A 

particles is le. At the same velocity the rigidity of a proton 

= 1) will be half that of a heavy nucleus. Once inside the 

atmosphere it is assumed that the nucleons act independently. The 

specific yield function Sz(P,x) will be equal to that due to a proton 

with rigidity P/2. 

From equation 6.2. : 	SG  = 	 Sz(P,x) 

	

= 	Kp Sp(P) + z  K z  A zSp2  (E) 

Where Kz is the isotopic abundance of charge z, and Az  the mass 

number of the nucleus. 

• 
• • SG = p  p 

+ 	( 13/2, x) 	 6.4 

The specific yield function is found by an iterative process in which 

the first trial solution is : 



(P,x) 

SG  (P,x) 	(P1x) 
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then: S 2  (P,x) 

 

6.5. 

Successive iterations gave S3 (P,x) as a close fit to 

equation (6.4). The specific yield function is plotted in figure 

(6.3.2) It is apparent that the yield at low rigidities is due 

mainly to the proton contribution. 

6.3.3. Concluding Remark.  

Subsequent measurements dP (Plx,t') at different times -0 

in the solar cycle may be used to determine the form of the incident 

cosmic ray spectrum. A measurement during the sun-spot minimum period 

is particularly useful as this might lead to information on the 

modulation existing at that time. 

6.4. RIGIDITY DEPENDENCE OF THE MODULATION.  

The differential rigidity spectra from the 3 data periods are 

given in figures (6.4.1), (6.4.2) and (6.4.3) for 1962, 1963 and 1964 

respectively. The superimposition of these spectra in figure (6.4.4) 

shows the variation with time of the differential response. 

The gross yield function is not needed explicitly to determine 

the rigidity dependence of the modulation. This can be obtained 

from the ratio of the differential counting rates at two times ti  and t2. 
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Fig. 6-6.4 The logarithm of tho ratio of the differential response 	0 N 
functions for 1964 and 1962 is plotted. Tho solid curve 
has the form: 

• 

	LI 	1 1 I I 	1 1  1 t  
4 	10 IS 

Cut-off (GV) 

0•0I 

1 

1 
1 	1 	1 	1 1 i I \.1 Ill  
4 	10 	15 

Cut-off (GV) 

in meg 

um•. 

0.4 

0.2 

0•I 

0.02 

t I ny- 

••••••IC 



1 	11111111 

O 

N 
• 

-2 

Proton/Alpha cicsto. 
(Quanbij :19660 

O 

• 

ONO 

0.4 

0-2 

(1) 
CD 

0'1 

co 
ri  
0  

O 
-10.04 

0.02 

0-01 
2 	4 	10 15 	I 	2 4 	 10 15 

Cut-off (GV) 	 Cut-off (GV) 
Fig. 6-4.6 The logarithm of the ratio of the differential response 

functions for 1964 and 1963 is plotted. Straight linos 
of slope -i and -2 are constructed through the data. _ 

Fig. 6-6.2 The modulation function fitted to the proton/alpha data 
in- fig. 6-6.1 is plotted (light curve) together with the 
preSent results for 1963 relative to 1961. Also plotted 	0 
is an ompirical modulation function (heavy curve): 	• 

J(61)P(63) = 1-1i(VP.c" 5 
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Fig. 6-6.3- The proton/alpha data given by Quenby (1966b) is fitted 
by the empirical modulation function: 

J(64)/J(63) = -1 -0 .76 	
P<1 GV 

= i-ip P 	P>1 GV 



Similarly at t2 

dN 
dP t i 

 

dJ 
dP t

1 
J
1 
(P) 

J
2
(P) 

 

  

6.7 
dN 
dP 

  

dJ 
dP t

2 
t
2 

  

    

From equation (6.2) 
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dN 
dP 

_ dJ 

1 	dP s (P9x) t1 z z 6.6 

  

  

It has been shown in Section 2 that the modulation produced by all the 

convective models is of the form : 

1 
cc 

N 

From this we can write : 

J(ti) 	1 
log 	cc 	 6.8 

10 J(t2) 

Expressing the rigidity dependence of X as X a Pn a 
Jet ) 

log x log plot of loglo J(t

1

) against rigidity P will reveal 
2 

the rigidity dependence of the mean free path. 

Plots of log10 J(6 2) 	
J6,  and log10 J~63)  	 are given in 

figures 6.4.5 and 6.4.6. together with the best fit to the data for the 

index n = 1 and n = 2. In both periods there is a clear preference 

for n = 1. The agreement is good though it is more significant 

statistically for T6/2 



207. 

This implies that the diffusion mean free path is directly 

proportional to rigidity in the range 1.2 GV < P< 15 GV during 

the period of measurement 1962-1964. 

6.5. SUN-SPOT MINIMUM MODULATION. 

The observed modulation function 1962 - 1964 has been used to 

determine the 1964 primary spectrum by means of equation 6.7. This 

spectrum is plotted in figure 6.5.1. together with the 1962 spectrum 

obtained from the Ariel 1 measurements. This procedure is justified 

by the analysis of Webber (1966) of the relative behaviour of the 

various charged particles. Above 2-3 GV the ratios of the differential 

rigidity spectra of the various components were found to be approximately 

constant. These results suggested that the galactic spectra were 

similar rigidity spectra rather than energy per nucleon spectra. 

From the observed modulation function 1962-1964 and the Ariel 1 

spectrum, it is possible to obtain an estimate of the modulation existing 

at solar minimum. This involves the following assumptions: 

a) The modulation at sun-spot minimum has the same rigidity 

dependence between 3 GV and 15 GV as that determined for 1962 relative 

to 1964. 

b) All components of the galactic spectrum have the same rigidity 

power low spectrum between 3 GV and 15 GV. 

The normalization factor is then found for the 1962: 1964 

modulation function so as to generate a simple power law primary 
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galactic spectrum from the 1962 speCtrum. The best fit spectrum 

for a normalization factor of 5 is also plotted in figure 6.5.1. 

The modulation existing in 1964 is therefore ,̂4 times the modulation 

1962-1964. Comparing this figure with the variation of the modulation 

over a complete solar cycles the sun-spot minimum modulation is about 

1.5 times the modulation at solar maximum relative to solar minimum. 

This is a reasonable figure in viewbflhe balance of energy 

between the galactic magnetic field and the cosmic ray energy density. 

To produce isotropy of the cosmic radiation 	it is probable that 

the galactic magnetic energy density will be N the galactic cosmic ray 

energy density. Using the observed cosmic ray density as given by 

Komori (1962) and the factor 1.5 for the ratio of galactic cosmic 

ray energy density to observed energy density, then the galactic 

magnetic field must be 	6 x  10-6 gauss. This is to be compared 

with the estimate of the mean galactic disc magnetic field of N 10-5 gauss. 

The slope of the galactic spectrum found in this way is 2.5. 
6.6 	COMPARISON OF RESULTS WITH BALLOON OBSERVATIONS.  

T4) The observed modulation function j 63)  can be compared 

to the proton and alpha particle balloon data given by Quenby (1966 b) 

for 1963 and 1965. These results are plotted in figure 6.6.1. The 

solid lines are given by equation 2.43. The mean bihourly counting 

rates of the Mt. Washington neutron monitor are given in Table (6.1) 

for the various data used in the analysis. 



TABLE (6.1) 

1963/1965 PROTON AND ALPHA MEASUREMENT  

M. Washington neutrons. 

Alpha Particles 1963 1965 

Orucs and Webber (1966) 2320 2420 

BalasUbrahmanyan et al - 2420 

Freier and Waddington (1964) 2323 - 

Protons 

Ormes and Webber (1966) 2320 2420 

Balasubrahmanyan et al (1966) - 2420 

The mean Mt. Washington counting rates during the measurement of 

J(63)/J(64) from the aircraft surveys are : 

1963 : 	2306 
	 6.9 

1964 : 	2396 

The mean Mt. Washington levels in the analysis of quenby table (6.1)] 

are 

1963 : 	2320 
	 6.10 

1965 : 	2420 

The two analyses are thus directly comparable. If the 1965 

integral spectrum is N(P), then 

209. 
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is due to protons and " a! to heavies. The fractional change at 2 ap 

- 145 gem,2  f145(P),is related to the proton change fp( P) and the heavies 

changeyfh(P) 	( . fa
(P)) by 

1 	aN 
aP 

f

P 
 (p) 	fH(P) = f145(13)21 

	
6.11 

this becomes : 

f (P) 	fa(P) 
	

f
145

(P) 
	

6.12. 

From figure (6.6.1) the predicted modulations at 145 g cm-2  at two 

points where the proton and alpha particle spectra overlap are 

plotted in figure (6.4.6). These points are in good agreement 

with the modulation obtained from the surveys. 

A good fit cannot be obtained with equation (2.43) as this 

modulation function falls off too quickly at the high rigidities. 

The function is compared tp the experimental results in figure 6.6.2. 

A possible way of reconciling the two sets of data can be 

found with the following conditions 

3(65) 

1°610 j(63)  - 0.11 p-1 	P < 1.0 GV 6.13 

P1  = 0.11 	g P .> 1.0 GV 

In view of the fact that diffusion theories introduce the 

particle velocity it seems implausible that above 1.0 GV the velocity 

should not influence the modulation. 



A good fit can be obtained by allowing the modulation in 

the rigidity range above 1.0 GV to be represented by : 

i) 
log10 

J(.---- 	A p 1  P -a  
J(t

2
) 

This function is drawn in figure (6.6.2) for tho host fit 

values of m = 0.75 and A = 0.11. The modulation is thus best 

represented by 

log10 

J(65) 

J(63) 
P <1.0 GV 6.15 

-1 0.75 = 	0.11 f3 P 	IP> 1.0 GV 

The proton/alpha measurements fitted to these conditions are plotted 

in figure (6.6.3). 

Introducing the velocity dependence of the modulation to 

the 1962 spectrum, it is found that the data in figure 6.6.4 is 

well fitted by : 

	

J(1964) 	1 -0.75 x 10 1  log10 	"=. 1.9 x P >c P 
J(1962) 

	

for 
	P > 1.0 GV 	6.16 

211. 

6.14 
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6.7 	DISCUSSION 

It is to be stressed that a number of rigidity functions 

can be fitted to these data above 1.0 GV by varying the upper 

rigidity limit to the rigidity range where the modulation le 

purely velocity dependent. The 1.0 GV limit in 6.15 for 1963 

is based on proton/alpha measurements which are able to separate 

the effects of velocity and rigidity. Experimental evidence has 

suggested that the limit of pure velocity dependence is reduced 

towards solar maximum. The modulation in 1962 in the region 

measured (P > 1.2 GV)must then be represented by a function such 

as (6.16). 

It is possible that the rigidity dependence of the modulation 

changes gradually from a rigidity independent form to a P-1 

dependence. This dependence of the modulation could be made to 

fit the data but would not result in simple expressions such as 

6.15 and 6.16. The data above a few GV rigidity could then be 

represented by the form : 

J(t ) 
1 

J(t2) 

In view of the complicated imeteorologicalt conditions in 

interplanetary space it is not surprising that the modulation should 

not have a simple integer index for the rigidity dependence but 

rather it would be surprising if it were so. If the diffusion 

is mainly via hydromagnetic waves then the generation spectrum of waves 

1 
exp 
	 6.17 

13P 
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can probably be defined analytically, but the spatial density 

of sources of hydromagnetic waves and consequently the radial 

dependence of the power spectrum is not known. Similarly, if 

the scattering ware mainly via shearing of the lines of force caused 

by anisotropic solar plasma emission then it is equally unlikely 

that an analytic expression would exist for the scattering centre 

scale sizes and their radial dependence. 

The features of the modulation can only be described in terms 

of the general conditions. Cosmic ray modulation in the latitude— 

sensitive region in the years 1962 and 1963 is better represented 

by a scattering moan free path )\ cr P than by 'Xa.  P2. A spectrum 

of scattering centre scale sizes must exist in any diffusion — convection 

model. If the scattering centres re sharp kinks as in the Dorman 

model then the range of scattering centre dimensions is at least 8.10 cm 

to 1012cm (scattering centre fields of 50. This observed form of 

the modulation is anticipated in the work of Quenby (1966b) and 

Gloeckler and Jokipii (1966). 

As solar minimum conditions correspond to a generally smooth 

interplanetary magnetic field near the Earth's orbit, the modulating 

conditions will change towards the solar maximum period as the 

interplanetary field becomes more turbulent. The modulation process 

may then change from one in which waves and kinks in the field 

lines contribute equivalent amounts to a process which is dominated 

by scattering in magnetic kinks. Subsequent latitude surveys nearer 

to solar maximum may well observe a rigidity dependence to the 

modulation which differs from that appropriate to solar minimum conditions. 



Appendix to Chapter 6.  

The data obtained in the 12 surveys are plotted against the 

experimentally corrected cut-offs in the following figures 6.1.1 

to 6.1.12. 
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