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ABSTRACT 

The primary cosmic ray electron flux has boon measured with 

a system composed of a cerenkov telescope and a scintillation detector 

separated by lead absorber. The sensitive energy range of the instrument 

was between 25 and 800 Mev.. A preliminary measurement with a modified 

detector has investigated the differential energy spectrum of the 

primary electrons. The results are taken from high altitude balloon 

flights which achieved a maximum altitude in excess of 5 gm/cm2. of 

residual atmosphere. Flights were made from Kiruna, Sweden (geomagnetic 

latitude 65°N) and Cardington, England (geomagnetic latitude 50°N) bet-

ween 1964 and 1966. The flights at the lower latitude were used to cor-

rect those at the higher latitude for the influence of atmospheric sec-

ondary electrons. The Kiruna flights were also corrected independently 

using a theoretical estimate of the secondary flux. 

The primary electron intensities measured at Kiruna were 275 
45 
85 and 320 ..1." gp particles/m2.sec.sr. in 1964 and 1965 respectively. 

The detector used for the latter measurement has a wider energy response 

than that used for the former. The results are consistent with a constant 

primary electron flux. Representing the energy spectrum as g = k E71r , 

the measurements are compatible with l'= 2 above 500 Mev. and Y< 0.6 

below 225 Mev.. A comparison is made with results obtained by other in-

vestigators. It is shown that the uncertainty in the geomagnetic cut - 

off rigidity at Kiruna is unlikely to influence the results. Reference 
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is made to theoretical equilibrium spectra of galactic nsecondary" 

electrons and to radio - astronomical data. 

The origin of the primary electron intensity is discussed. It 

is suggested that part of the primary flux below 100 Mev. may be of 

solar origin, and galactic "secondary" electrons are emphasized as a 

source of particles in the energy range 100 to 1000 Mev.. 
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CHAPTER 1. 

INTRODUCTION 

1.1. General Introduction 

The study of the electronic component of the primary cosmic 

radiation has made considerable progress in recent years following the 

development of sophisticated measuring instruments and the improvement 

of high altitude balloon technology. Since primary electrons were 

identified in 1961, serious attempts have been made with a wide variety 

of techniques to establish the absolute flux and energy spectrum of 

this component. Even so, regions of the energy spectrum are still un-

explored and there is considerable disagreement over the intensity in 

the region where results have been forthcoming. 

The primary electron component represents a very small fraction 

of the total cosmic ray flux in the energy range above 25 Nev., certainly 

amounting to not more than a few per cent. Any measurement of the electron 

intensity therefore depends on the efficient discrimination against an 

almost overwhelming background of other cosmic ray components. For this 

reason the collection of significant data has been slow. The primary 

flux present at balloon altitudes is inevitably contaminated with elect-

rons of atmospheric origin, which introduces a major complication to 

any data analysis. Some results are susceptible to geomagnetic influence 

which adds a further degree of uncertainty to these measurements. Thus 
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conclusions are likely to depend on the interpretation of the experim-

entalist and only by increasing the number of direct measurements can 

one hope to clarify the present position. Experiments conducted outside 

the magnetosphere are free from atmospheric and geomagnetic effects; 

therefore eccentric orbiting earth satellites are extremely useful 

vehicles for electron observations. Only one high energy electron 

experiment has been flown in a satellite. 

The study of primary electrons is important for a fuller 

understanding of the conditions that exist in interstellar space. A 

comparison of the electron flux with the intensity of emission of syn-

chrotron radiation from the galaxy is informative in this respect. It is 

probable that high energy electrons are either directly accelerated, for 

example in supernovae, or are the products of nuclear collisions in 

interstellar space. To resolve this problem of origin it is necessary 

to know the energy spectrum, intensity and charge ratio (positive / 

negative) of the incident electrons. Most of the reported measurements 

have been made at a period of minimum solar activity and are probably 

as representative as possible of the galactic flux. A more realistic 

measurement of the galactic flux is unlikely to be made without going 

to a region in space beyond the solar influence. Future observations of 

both the time variations of the intensity and the shape of the energy 

spectrum are useful in the study of solar modulation effects and solar 

flares. This is something to await in the coming period of enhanced 

solar activity. 
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1.2. Historical Background  

Looking back into the history of cosmic ray physics, one 

finds that electrons were once thought to be the main constituent of 

the primary radiation (e.g. Blackett, 1936; Compton, 1936). C.T.R. 

Wilson (1925) in fact postulated that the radiation consisted of 

electrons which were accelerated in the electric fields of thunderstorms. 

The discovery of the east-west effect (Johnson, 1933) showed that part 

of the radiation was positively charged, and attempts were made to 

describe cosmic ray phenomena on the assumption that positive electrons 

formed a part of the incident flux. Johnson (1938) proved from the 

east-west effect that the majority of the primary particles was pos-

itively charged and later measurements (e.g. Schein et al., 1941) were 

inclined to reject the primary electron hypothesis in favour of primary 

protons. At the same time other workers, notably Milliken and his 

collaborators (1943), wore still convinced that the primary radiation 

was electronic and proposed elaborate theories to explain the observed 

effects. For example, Millikan repeatedly argued that the primary flux 

was composed of electron-positron pairs of discrete energies, which 

were produced in interstellar space from the annihilation of atoms. 

However, when meson production had become universally recognized it 

was readily accepted that an explanation of cosmic ray phenomena no 

longer required an incident flux of electrons, and the primary electron 

hypothesis was discarded. Any electrons observed were now considered as 

secondary products of high energy interactions in the upper atmosphere, 



coming either directly or indirectly from meson decay. These conclusions 

now led to investigations into the apparent absence of energetic primary 

electrons and Feenburg and Primakoff (1948) explained that electrons 

were likely to lose a large fraction of their energy through Compton 

collisions with interstellar photons. 

At this time the first direct investigations into the primary 

electron flux at high altitudes were made (Hulsizer and Rossi, 1948; 

Critchfield et al., 1952). Hulsizer and Rossi gave an upper limit of 

1 % for the electron flux in terms of the total flux, while Critchfield 

et al. put the limit even lower at 0.6 %. These experiments were con-

ducted at altitudes corresponding to approximately 20 gm/cm2 of residual 

atmosphere where there are numerous secondary electrons. Therefore it 

would appear that the instruments were too crude to perform such a 

delicate analysis of the primary radiation. 

Fermi (1949) in his theory on the acceleration of cosmic rays 

pointed out that at all energies the loss of energy of an electron 

exceeds the gain and he therefore suggested that it was quite natural 

to find electrons absent from the incident radiation. This fact was 

disputed by Donahue (1951), who argued that electrons and protons should 

be accelerated with equal efficiency. He used the absence of primary 

electrons to substantiate the theory of local origin for cosmic rays. 

Radio astronomical evidence now indicated conclusively the 

presence of high energy electrons in the galaxy. Relativistic electrons 

betray their presence in a magnetic field by emitting synchrotron 
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radiation and the frequency spectrum of this emission is a function of 

both magnetic field and electron energy. Synch-rotron radiation varies 

inversely 	the fourth power of the particle mass; therefore only 

electrons are likely to be responsible for any emission. The radiation 

is polarized and is usually confined to the radio frequencies, but for 

very high energy electrons in relatively strong magnetic fields (0.001 

gauss) it can extend into the optical band. For example, electron 

energies of up to 1012 ev. are needed to account for the synchrotron 

radiation from the Crab Nebula. If such electrons are not present in 

the incident cosmic radiation, then they must either be trapped in the 

source or lose their energy before reaching the earth. 

It was suggested that electrons produced through the collisions 

of cosmic rays with interstellar matter should contribute to the incident 

flux (Hayakawa, 1952; Hayakawa and Kobayashi, 1953). The significance 

of this source depends on the number of interactions which take place, 

and these authors used the absence of primary electrons to set an upper 

limit on the amount of galactic material traversed by the cosmic rays 

before reaching the earth. When accelerator data on meson production 

became available and the cosmic ray energy spectrum was established, 

calculations were made to predict the intensity and energy spectrum of 

these "secondary" electrons (e.g. Hayakawa and Okuda, 1962; Jones, 1963). 

It.was emphasized that a determination of the charge ratio of the primary 

electrons might help to establish their origin. 

Improvements in balloon technology and instrument design 
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eventually led to the successful experiments of Earl (1961) and Meyer 

and Vogt (1961) who made the first positive identifications of the 

primary electron flux. Subsequent experiments have attempted to measure 

the energy spectrum of the incident electrons. It is the purpose of 

this thesis to report an initial detection of primary electrons and 

a further investigation into their energy spectrum in the region 25 to 

approximately 800 Mev.. 

1.3. Electron Sources 

It is informative at this point to consider the possible 

sources of energetic electrons. 

After the experiments of Hulsizer and Rossi, (1948) and 

Critchfield et al., (1952) had shown an almost complete absence of 

primary electrons at the earth, the main reason for suspecting an incident 

electron flux came from radio-astronomical studies. The observed spec-

trum of radio emission from the galaxy cannot be explained in terms of 

thermal emission from the interstellar medium and it has been suggested 

(Alfven and Herlofson, 1950; Kiepenhauer, 1950) that the emission might 

be synchrotron radiation from energetic electrons moving in the galactic 

magnetic field. It is difficult to relate directly the general back-

ground radio measurements to a specific source of electrons; radio-

astronomical data merely provide evidence that high energy electrons 

exist in the galaxy. The problem of origin thus involves the prediction 

of a source or sources of electrons and the subsequent correlation of 



these sources with observations. The extent of acceleration and modul-

ation mechanisms between the source and the point of detection may be 

judged from a comparison of the observed electron spectrum with the 

frequency spectrum of the radio emission. 

Four sources of electrons are likely to contribute to the 

primary flux in the vicinity of the earth. High energy "secondary" 

electrons are produced throughout the galaxy by the interaction of 

energetic cosmic ray particles with interstellar gas. The process may 

be summarized as follows: 

P + P 	N + N + 	+ mit 

-› 	- + 

e - + 2v 

where the symbols have their usual meanings This process is not rest-

ricted to proton - proton interactions, but other nuclear collisions 

yield similar secondary products. Charge conservation dictates that an 

excess of positive mesons is produced; therefore the ratio of positrons 

to electrons must always be greater than unity. Theoretically it is 

possible to have an excess of negative mesons from certain alpha part-

icle interactions; however, the contribution from this source is neg-

ligible on account of the low probability of the specific interaction 

occurring and the low. relative intensity of alpha partibles. 

"Secondary" electrons are also produced throughout the galaxy 

by knock - on processes. The energy transfer from a proton to an electron 

in a head on collision is less than a few Nev. unless the incident 
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proton energy is greater than 2211 Gev.; therefore this process is main-

ly a source of low energy electrons. The production of high energy 

electrons from neutron decay has been shown to be negligible(Abraham 

et al., 1966). 

Electrons may be directly accelerated in the galaxy; the most 

plausible accelerating regions are stellar atmospheres. It has been 

postulated (S4ovsky, 1953) that synchrotron radiation from electrons 

is responsible for part of the optical emission from the Crab Nebula. 

A flux of electrons with energies of 1011  to 1012  ev., moving in a 

relatively strong magnetic field of the order of 10-4  gauss, is needed 

to explain this phenomenon. However, these electrons are likely to be 

trapped in the stellar atmosphere, and there is little direct evidence 

that such particles are efficiently injected into space. Inevitably 

there is some escape from the trapping region, but the existence of 

radio emitting areas in space, unassociated with an optically visible 

object, suggests that electrons remain trapped almost indefinitely in 

a finite region of space. Trapping is more difficult for high energy 

particles, but the dimensions of the trapping region need only be of 

the order of 1011 cm. to contain a 100 Mev. electron if the magnetic 

field is 10-5 gauss. It is conceivable that injection into space is a 

relatively difficult process for electrons of these energies. 

The fourth source of electrons may be the sun. There is 

recent evidence for the arrival at the earth of solar electrons with 

energies above 100 Mev. (Meyer and Vogt, 1961b). Polarized radiation 
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has been observed at a frequency of 200 Mc/s., coming from a region 

which was moving away from the sun with a velocity of a few hundreds 

of km/sec. (Boischot, 1957). This is likely to be synchrotron radiation 

from relativistic electrons and it provides evidence that such particles 

can exist in the solar atmosphere. 

In general the flux of primary electrons incident at the 

earth is likely to consist of contributions from all four sources, 

although at any specific time the relative importance of a source may 

change. This is likely to be particularly relevant to high energy solar 

electrons and probably to solar electrons of all energies. 

The shape of the energy spectrum of the "secondary" component, 

including the knock - on contribution, may be calculated from data 

available from charged particle accelerators (Hayakawa and Okuda, 1962; 

Jones, 1963; Hayakawa and Obayashi, 1965; Ramaty and Lingenfelter, 1966). 

The proposed differential energy spectra given by the last two refer-

ences are shown in Fig. 1.3.1.. Both spectra are equilibrium distrib-

utions; i.e. they take account of possible loss mechanisms. The spectrum 

of Ramaty and Lingenfelter does not include the knock - on contribution. 

Ionization, synchrotron radiation, bremsstrahlung, inverse Compton and 

escape from the galaxy are the most important losses. Electron - pos-

itron annihilation may be neglected. In regions where the photon density 

is high the inverse Compton effect is likely to predominate. The knock - 

on spectrum calculated by Hayakawa and Obayashi is in agreement with 

that given by Abraham et al.,(1966) and a factor of two lower than that 
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calculated by Brunstein,(1965). It is now useful to consider which is 

the most probable origin of the primary flux incident at the earth. 

The question of a "primary' (i.e. directly accelerated) or 

"secondary" origin of electrons has been frequently discussed. The 

conclusions reached shortly after the identification of primary elect-

rons were in favour of a nsecondariorigin (Ginzburg and Syrovatsky, 

1961; Hayakawa and Okuda, 1962). The emphasis has since changed in 

favour of a "primary" origin (Ginzburg and Syrovatsky, 1964, 1965; Lund 

et al., 1963; Hayakawa and Obayashi, 1965). The main arguments against 

the "secondary" production hypothesis are as follows: 

1) The production spectrum of "secondary" electrons above 1 Gov. 

has a value of y = 2.5. y is defined by the equation: 

dJ 
dE k E Y  

where J and E represent particle flux and energy respectively 

and k is a constant. The effect of synchrotron radiation is to 

modify the spectrum such that in a steady state y = 3.5. The 

observed electron spectrum at high energies has a value of 

which is not compatible with a "secondary" origin. 

2) The observed positron - electron ratio shows an excess of 

negative particles. The results of Do Shong et al.,(1964) show 

a negative excess at all energies above 50 Mev. and a large excess 

above 300 Mev.. Less statistically significant results (Hartman 

et al., 1965) show a slight positive excess below 200 Mev.. Pre-

liminary results of Agrinier et al.,(1965) show a slight negative 
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excess above 4.5 Gev. and the results of Bland et al.,(1966) 

show a large negative excess above 5.4 Gev.. The implication of 

these findings is that the observed electrons cannot all come 

from charged meson decay, which predicts a positive excess at 

all energies. 

3) Ginzburg and Syrovatsky (1964) point out that the galactic 

"secondary" electrons are unlikely to be able to provide the 

power of the non - thermal radio emission of the galaxy. This 

result is only significant if it can be demonstrated that the 

electrons reaching the earth have the same origin as those res-

ponsible for the observed radio emission. 

The main evidence in favour of a primary source of particles 

comes from the inadequacy of the secondary source to account for the 

observed flux. Ginzburg and Syrovatsky (1961) suggest that it is stat-

istically improbable that the two sources are of equal or comparable 

strength. It is felt here that the available evidence is contrary to 

this supposition. The secondary hypothesis adequately accounts for the 

observed flux in the low energy region around 50 Mev.. The results of 

Agrinier et al. (1965) show that approximately 30 % of the total electron 

Flux above 4.5 Gev. is positively charged. If the primary source is 

dominant at high energies and approximately equal to the secondary • 

source between 100 Mev. and 4 Gev., the predicted flux is comparable 

with the observed flux. At very low energies (10 Mev) the secondary 

source from knock - on processes is likely to account for most of the 
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observed particles. 

The spectra presented in Fig. 1.3.1. have not taken into 

account possible effects of solar modulation. Solar modulation is likely 

to depress the galactic flux in the low energy region by at least a 

factor of two, and probably three, even at a time of minimum solar 

activity (Quenby„ 1966). It is interesting to review the possibility of 

the sun as a source of low energy electrons (up to a few hundred Mev.). 

The only observations made outside solar minimum are those of Meyer and 

Vogt (1961) and Earl (1961). The latter measurement is statistically 

inconclusive, but the former indicates a considerably larger flux, in 

the region 25 to 100 Mev., than that recorded at solar minimum. One 

possibility, therefore, is that solar activity reduces the intensity of 

galactic electrons but at the same time supplies a flux of solar part-

icles. 

Recent evidence (Cline et al., 1964) shows that the 3 to 8 

Mev. electron flux rose by 50 % during a solar proton event which was 

accompanied by Type IV radio emission. The electron flux was modulated 

on some occasions by as much as 50 % without any appreciable modulation 

of the other cosmic ray components or any significant change in observ-

able solar phenomena. At other times enhancements occurred periodically 

and in phase with both solar rotation and a minimum in the interplanet-

ary magnetic /CID index. It is not obvious how such low energy electrons 

could penetrate the solar cavity (a heliocentric region of space influ-

enced by the solar wind) if a galactic origin is assumed. If electrons 
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are allowed into the solar cavity because of a temporary disturbance 

of the modulating mechanism, there is likely to be an increase in the 

proton flux. At low particle rigidities the modulation is believed to 

be velocity dependent (Parker, 1965). Solar radio emission indicates 

that high energy electrons may be present continuously in the solar 

corona. The slowly varying component of the emission changes in phase 

with the solar cycle (Covington, 1959) and it is observed to be part-

ially polarized at the higher frequencies (Gelfreich et al., 1959). 

Observations above 104 Mc/s. are not available. The polarized compon-

ent of the spectrum may conceivably be synchrotron radiation from 

electrons. Elliot (1964) has suggested that energetic protons may be 

present as trapped particles in the lower corona. An extension of this 

hypothesis is that electrons are also present in the corona and are 

continuously being scattered into weaker magnetic field regions from 

which they eventually escape into interplanetary space. These electrons 

may also fulfil the injection energy requirements for acceleration in 

solar flares; they would therefore account for the Type IV. 1.adio cminsion 

which often accompanies a solar flare. Type IV radio noise may be ob-

served as an isolated phenomenon (Smith and Smith, 1963), which suggests 

that electrons can be accelerated by agencies other than the solar flare 

mechanism. Solar protons reaching the earth are not necessarily accomp-

anied by solar electrons (Meyer and Vogt, 1962); therefore it is possible 

either that electrons are not always accelerated in solar flares or that 

they do not always escape from the accelerating region. 
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The preceding discussion indicates that the sun should not be 

discounted as a source of electrons, especially in the energy region 

below 100 Mev.. Galactic "secondary" electrons are likely to be an 

important source in the energy range 100 to 1000 Mev.. The measured 

positron/ electron ratio above 4.5 Gev. proves that the galactic "second—

ary" source is inadequate to explain the results at these energies. 
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CHAPTER 2 

THE ELECTRON DETECTORS 

g.l. General Description 

Electron detection may be achieved in a variety of ways. The 

method employed in the present work was chosen for its inherent simp-

licity. The energy range of the detector and the degree of confusion 

created by other types of charged particles have both influenced design. 

Three types of detector have been built, all using the same principle 

for electron detection, and they are referred to as detectors A, B and 

C. A and B were sensitive to electrons in different energy ranges and 

C was designed to give information on the electron energy spectrum. 

Detector A consisted of a three element cerenkov telescope 

and a scintillation detector, which were separated by approximately six 

radiation lengths (r.1.) of lead. The lead thickness was increased to 

ten radiation lengths in detector B; otherwise this detector was similar 

to A. Detector C included a liquid element in the cerenkov telescope, 

and this increased the velocity threshold. For practical purposes this 

modification only altered the detector response to charged particles 

with mass greater than that of an electron. In addition, the lead ab-

sorber was split into two parts, of five and six radiation lengths res-

pectively, and an additional scintillation detector was included between 

them. Schematic cross sections of detectors B and C are shown in Figs. 
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2.1.1. and 2.1.2. respectively, and they are shown in flight form in 

Figs. 2.1.3. and 2.1.4.. 

The principle of operation of detector C is as follows. The 

cerenkov telescope responds to the passage of a charged particle with 

velocity above the cerenkov threshold for the liquid medium used. The 

particle then passes into the lead absorber. An electron initiates an 

electron - photon cascade which develops to a maximum and may be finally 

totally absorbed. Only showers produced by electrons in a certain energy 

interval are completely absorbed in this way, and the detailed response 

of the detector to electrons is given in section 2.5.1.. The scintillation 

detectors indicate in which lead block the electron induced shower is 

stopped and this enables information to be gained on the form of the 

energy spectrum of the incident electrons. Other charged particles which 

are sufficiently energetic to trigger the cerenkov telescope also have 

enough energy to penetrate the absorber. The maximum thickness of lead 

which may be used is limited by this condition. The detector therefore 

responds with high efficiency to relativistic electrons and with low 

efficiency to atomic nuclei. The effect of nuclear interactions in the 

lead and the response to mesons are discussed in sections 2.5.2. and 

2.5.3., and the factors influencing the choice of lead as the absorber 

are given in section 2.4.. The responses of detectors A and B may be 

inferred from the response of C. Unless otherwise stated, all references 

are to detector C. All energies quoted are kinetic energies. 
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2.2. The Cerenkov Telescope  

One of the most useful means of selecting high energy elec-

trons from other charged particles is the cerenkov detector. Electrons 

with energies above 10 Mev. give the maximum response in all commonly 

used media, while protons below several hundred Mev. have zero response. 

The main disadvantage with this form of detector is that the light out-

put per cm. path length is very small compared with an organic scin-

tillator, even in a medium of high refractive index. A gas cerenkov 

detector can raise the lower energy limit for nuclei detection as high 

as 15 Gev. per nucleon. However, as the refractive index of the press-

urized gas is in general of the order of 1.002, the problem of light 

output in these detectors is acute. As they also present a considerable 

engineering problem, it was decided to use perspex as the cerenkov 

medium wherever possible. It is clearly an advantage to reject as many 

mesons and atomic nuclei as possible, and for this reason a liquid medium 

of low refractive index was used as one of the elements in detector C. 

Frank and Tam (1937) have derived the following expression 

for the production of photons per unit path length, 1, by a charged 

particle moving with a velocity greater than that of light in a medium 

of refractive index, n: 

2 1 2 [ 1 - () 	S d.0.2  dl - 137 	Pn 

is the particle velocity in units of the velocity of light. 

X is the wavelength of the emitted radiation. 

(1) 
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z is the charge of the incident particle in units of the 

electronic charge. 

If the limits of integration are defined by the spectral 

response of a photomultiplier tube, dispersion may be neglected. Equation 

(1) indicates that the maximum output for a given particle occurs when 

the particle is moving with the velocity of light, and that the maximum 

output is a function of n. The maximum angle of emission of the photons 

in porspex is 48°  relativo to the direction of motion of the particle. 

This directiopal property is used to discriminate between upward and 

downward moving particles. 

The most useful photon detector available is the photomult-

iplier tube, which suffers from the disadvantage of only detecting 

photons in a limited spectral range. For example, if a photomultiplier 

tube with a cathode sensitivity of 75 Vamp/lumen is used to detect the 

cerenkov light produced in perspex (refractive index 1.49) by a singly 

charged particle moving with the velocity of light, then the number of 

photoelectrons produced per cm. path length is 50.D (Jelley, 1957). D is 

the light collection efficiency at the photocathode. 

Particles are detected more efficiently if their path length 

the perspex is large. Unfortunately, to minimize nuclear interactions 

in the perspex its thickness must be kept as small as possible. A 

further requirement is that the physical dimensions and weight of the 

complete electron detector should be kept within reasonable limits. It 

is therefore advantageous to view the cerenkov detectors from the side, 
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wherever possible. This in turn imposes severe limitations on the value 

of D and consequently on the pulse height distribution from these det-

ectors. The photomultiplier tube signal from the cerenkov light produced 

by a relativistic singly charged particle which passes through half an 

inch of perspex is comparable with the noise level in the tube; therefore 

to reduce the number of accidental coincidence counts of the telescope 

to an acceptable level it is necessary to use three elements. There is 

an added advantage with a three element telescope in that the geometry 

factor is well defined; with a two element telescope coincidences can 

arise from particles passing through the photomultiplier tubes them-

selves. 

Perspex radiators of one inch thickness were used in detector 

A; these were reduced to half an inch in detectors B and C. Detector A 

was similar in most respects to detector B, and is not described further. 

All detectors had cylindrical geometry. Theb cerenkov telescope in B con-

sisted of two elements viewed from the side and one element viewed from 

underneath (Fig. 2.1.1.). The middle element was blackened in the centre 

part of the upper surface to reduce the sensitivity to upward moving 

particles. Approximately 80% of the upward moving flux was rejected by 

this element. The perspex surfaces were otherwise coated with white 

reflecting paint. The geometry factor of the telescope was 10.8 ± 0.6 

cm2. steradian (Courtier, 1964)•  The telescope was tested in an artific- 

ially accelerated beam of protons from the 147 Nev. synchrocyclotron 

at A.E.R.E., Harwell. The results verified that the residual scintillation 
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in the perspex discs was insufficient to cause the detection of slow 

protons, 

In detector C the middle element of the telescope was replaced 

by a perspex disc coupled to a 5" photomultiplier tube. The whole of the 

upper surface of the disc was blackened. There was good resolution (>98%) 

between upward and downward moving particles. The lower element was 

replaced by a liquid cerenkov detector which employed FC.75x  (refractive 

index 1.274) as the light producing medium. This element was thoroughly 

tested in both low pressure (1 mb.) and low temperature (-17°C) environ-

ments for periods in excess of twenty four hours. The geometry factor of 

this telescope was 9.8 : 0.5 cm2. steradian. The telescope was calibrated 

in a beam of artificially accelerated protons from the University of 

Birmingham 1 Gev. synchrotron. The results were limited by the uncertain-

ty in the composition and energy of the extracted accelerator beam. The 

data are presented in Fig. 2.2.1., where the telescope counting rate is 

plotted against proton energy. Also shown are the theoretical cerenkov 

light output curves for perspex and FC.75 as a function of proton energy. 

The accelerator data are normalized to the FC.75 curve at 1000 Mev. 

2.3. The Lead Absorber and the Scintillation Detectors 

Successful electron detection depends on the tbility of the 

scintillation detectors to respond reliably to the passage of a singly 

x A fluorochemical manufactured by the Minnesota Mining and Manufactur-

ing Company. 
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charged minimum ionizing particle. They must also act as guard counters 

to detect particles which undergo scattering in the lead. 

The lead blocks used were in the form of truncated cones, 

which were cast to lie exactly within the solid angle defined by the 

telescope. The absorber was positioned as closely as possible to the 

lower cerenkov element to keep the weight of lead to a minimum. Two 

conflicting requirements determine the depth of the absorber; on the one 

hand it must be thick to detect high energy electrons and on the other it 

must be thin to allow other particles to penetrate it. Table 2.3.1. gives 

the thicknesses of the absorbers for each detector. 

Detectors A and B used a -641  x 9" diameter disc of plastic 

scintillator NE 102A, viewed by a 2" photomultiplier tube via a conical 

light guide (Fig. 2.1.1.). A &in diameter disc was sufficient to cover 

the solid angle defined by the telescope; therefore there was an add—

itional li" outside the geometry which allowed a particle to pass 

obliquely through the telescope, to be scattered through 200, and still 

be detected. 

The scintillator discs in detector C were iv" thick and 7" and 

9" diameter respectively (Fig. 2.1.2.). They were optically coupled to 
11 photomultiplier tubes by perspex light guides. The thickness of the 

discs was increased to *" so that the photon yield would be high enough 

to perform a crude pulse height analysis of the scintillator outputs. 

The light gaides also helped to improve the pulse height distribution 

from these detectors. 



2.4. The Choice of Absorber  

When a high energy electron interacts with matter a large 

fraction of its energy is spent in the production of photons (brems-

strahlung). The photons then either undergo materialization to produce 

electron - positron pairs or interact with atomic electrons by the 

Compton process. These electrons in turn produce more photons, and an 

electron - photon shower propagates through the material. The mean 

energy of the electrons is gradually reduced and eventually losses due 

to multiple scattering and ionization predominate. At this point the 

shower may be assumed to be absorbed. 

The condition that a particle passing through the detector 

is recognized as an electron is that the associated shower must be com-

pletely absorbed before reaching the lower scintillator. The uncertainty 

caused by photons which pass undetected through the scintillator is 

neglected. The above condition is satisfied by an absorber that is eff-

icient both for photon production and for pair production. For such an 

absorber the shower quickly degenerates into low energy photons and 

electrons which in general are readily stopped. 

The radiation probability for electrons which are passing 

through a given material is a function of Z, vhere Z is the atomic number 

of the material. The efficiency of this process for a given substance is 

usually expressed as the radiation length, X0, which may be defined in 

units of ,.,m/orit 	fo'lc:  
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1 
	K Z(L±21 log (183 Z-1/3) 	/ [ 1 + 0.12 (Z/82)2  ] 
0 

A is the mass number of the absorber. 

K is a constant. 

Table 2.4.1. gives the radiation length in gm/cm2  for various substances 

(after Rossi, 1952). The probability of pair production per radiation 

length is almost independent of Z. A high Z material is therefore required 

to produce and stop a shower efficiently; the best readily available 

material is lead. 

It is very important that the chosen absorber is as inefficient 

as possible at stopping other particles, otherwise they may be wrongly 

interpreted as electrons. The majority of cosmic ray particles recorded 

by the detector at altitudes of approximately 4 gm/cm2. of atmospheric 

depth are atomic nuclei. Therefore it is essential to use an absorber 

that is as transparent as possible to nuclei. Table 2.4.1. lists the 

range of 325 and 600 Mev. protons in different absorbers, and it is 

evident from columns 5 and 7 that in terms of radiation lengths a proton 

has a greater range in lead than in any of the other substances listed. 

The collision loss and range of protons passing through lead are shown in 

lig. 2.4.1. as a function of proton energy. 

Lead was chosen as the most suitable material to use as absorber. 

2.5. Detector Response 

It is important to understand the nature of the interactions 



- 32 - 

likely to occur in the lead absorber if the detector response is to be 

established. These events may be divided into electron, nuclear, meson 

and neutral particle interactions. 

2,5.1. Electron Interactions in Lead 

The major energy loss process for high energy electrons which 

pass through lead is bremsstrahlung. Because of the uncertain nature of 

this process it follows that it is impossible to predict accurately that 

an electron of energy E will be completely absorbed by T radiation 

lengths of lead. However, it is useful to assess the probability that 

an electron of given energy is stopped in a given thickness of lead and 

this was established experimentally at DESY., Hamburg *. Electrons of 

energy 6.2 Gev. were artificially accelerated by the synchrotron. These 

particles were converted into a collimated beam of gamma rays, which 

were re - converted to electrons in a target at the centre of a pair 

spectrometer. Consequently electrons of all energies up to 6 Gev. wore 

available. The magnetic field of the pair spectrometer was manipulated 

to pass a range of monoenergetic electron beams through the detector. 

In practice, the finite opening angle of the detector resulted in an 

uncertainty in electron energy of ! 3%. Also there was a lower energy 

limit of 50 Mev. as the pair spectrometer was unstable at very low 

energies. 

± The Deutsches Elektronen - Synchrotron, Hamburg, West Germany. 
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The results for detector B are shown in Fig. 2.5.1.a, where 

the probability that an electron is stopped in the lead is plotted as a 

function of electron energy (Curve E. The interpolated curve B is for 
an absorber thickness equivalent to that used in detector A. Detector B 

was calibrated at several energies without the absorber and at low 

energies 0.1% of the counts were unaccompanied by a pulse from the 

scintillator. This value fell slowly as the energy was increased and it 

reached approximately 0.05% at 3 Gev.. As each perspex element in the 

telescope represents 3% of a radiation length, a loss of 0.1% of the beam 

is not unreasonable. 

The results for detector C are shown in Fig. 2.5.1.b. The curve 

marked "upper block" represents the probability that an electron is 

absorbed in this block. The curve marked "lower block" represents the 

probability that an electron passes through the upper block and is ab-

sorbed in the lower block. In this context the term "electron" includes 

the associated electron - photon shower. The detection efficiency of the 

upper block falls oarapidly with increasing energy; at approximately 

250 Mev. an electron may be stopped in either block with equal probab-

ility. The response flattens towards high energies, which emphasises the 

statistical nature of the electron energy loss process. 

Theoretical attempts have been made to estimate the electron 

range in lead as a function of energy (e.g. Wilson, 1952; Messel et al., 

1962). These treatments assume that electrons with energies below 10 Mev. 

have no range in lead, and may be neglected. The experimental results 
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are in good agreement with Mescel et al., but in disagreement with 

Wilson. The observed absorption is lower than that given by both ref-

erences at all comparable energies. 

2.5.2. Nuclear Interactions in Lead 

The condition that a nucleus is not mistaken for an electron 

is that it penetrates the lead absorber. If it undergoes a nuclear inter-

action, it is essential that not all of the secondary products of the 

event are absorbed before reaching the scintillator (Detector B), or the 

lower scintillator (Detector C). There is a finite probability that this 

condition is not fulfilled, as nuclear interactions occur on a statist- 

ical basis. 

The range of an atomic nucleus of type i and kinetic energy E 

in a given substance, if ionization loss alone is considered, is given 

by the following expression : 

Ri  (E) 	= Mi . Rp  (E/Mi) 

Zit 

Zi is the atomic number of the particle. 

Mi  is the particle mass in units of the proton mass. 

Rp  (E/Mi) is the range of a proton of kinetic energy B/Mi. 

The factor M./Z-12  is unity for protons and alpha particles of mass 4; 

consequently an alpha particle (Hey") with the same energy per nucleon as 

a proton has the same range if nuclear interactions are neglected. This 

is not true for heavier nuclei and Fig. 2.5.2. shows the relationship 
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between range in lead and atomic number. The curves are plotted for 

initial energies of 325 and 600 Mev4 per nucleon, which are the theoret-

ical cerenkov thresholds in perspex and FC 75 respectively (to the near-

est 25 Mev.). At the threshold for detectors B and 0 all nuclei heavier 

than beryllium and oxygen respectively are absorbed. The light output 

from a cerenkov detector is proportional to the square of the charge of 

the incident particle; therefore the detection efficiency is high for 

heavy nuclei even at energies just above the threshold. 

The interaction probability per unit length of absorber is 

an increasing function of the mass number of the incident particle. 

Therefore the probability that a heavy nucleus penetrates the lead with-

out interacting is low. For example, the amount of absorber present in 

detectors B and C represents approximately two interaction lengths for 

oxygen. If a heavy nucleus undergoes a nuclear interaction it is likely 

to break up, and once fragmentation has occurred the range of the second-

ary products increases, in general. The probability that one of the 

charged secondary particles escapes from the lead is therefore higher 

than the probability that the original nucleus penetrated the lead, 

assuming that it did not undergo a nuclear collision. The probability 

that a nucleus of given energy per nucleon is completely stopped in the 

lead is assumed to be either equal to or lower than that for a proton of 

similar energy. The error introduced by this assumption is negligible. 

An extensive study of nuclear interactions of cosmic rays has 

been made by Camorini et al. (1950, 1951) using the nuclear emulsion 
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technique. These authors provide data on tho onorgy and angular distrib-

ution of the secondary particles from interactions. For example, they 

show that interacting primary protons with energies between 300 and 600 

Mev. are likely' to produce secondary particles of mean energy 130 Mev.. 

The multiplicity of the interaction is energy dependent; it is 0.7 at 

300 Mev. and 1.2 at 600 Mev. (Secondary particles below 25 Mev. are not 

considered.). If the primary energy is above 600 Mev. the energy of the 

fastest secondary particle is likely to be approximately one third of the 

primary energy, or greater. The data also show that 80% of minimum ion-

izing secondary particles are scattered less than 20° from the direction 

of the incident particle and only 5% are scattered greater than 40°. At 

primary energies above 1.5 Lev., .rt meson production is probable; inter-

actions above this energy are likely to produce a shower of mesons and 

nucleons. 

Accelerator data (Riddiford, 1957) have shown that the probab-

ility of meson production at an energy, E, may be represented by the 

following empirical relation : 

P (E) 	1 — (E/Eo) 

where E0  is the energy threshold for meson production. This is consistent 

with the results of Camerini et al.. 

The percentage proton loss in the absorber has been calculated 

using these data. The loss at a given energy is multiplied by the cerenkov 

telescope efficiency shown in Fig. 2.2.1.. (The efficiency is taken as 
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unity when the cerenkov light output is half maximum.) The results are 

presented in Fig. 2.5.3. for detectors B and C and for absorber thick-

nesses of 66.4 and 75.2 gm/cm2. respectively. These values allow for the 

zenith angle dependence of the absorber thickness. Losses due to total 

absorption and scattering are shown seprately; above 1 Gev. the loss 

due to total absorption is negligible. These calculations have been 

checked with artificially accelerated protons, but unfortunately beam 

contamination prevented a precise correlation. 

2.5.3. The Response to Mesojs 

Pions and muons are the only mesons which do not have suffic-

ient energy to penetrate the absorber when they are at the cerenkov 

threshold in FC 75. Camerini et al., (1951) show that mainly pions are 

produced in nuclear interactions of cosmic rays. It is therefore assumed 

that these represent the only significant flux of strongly interacting 

mesons at high altitudes. 

At energies below 10 Gev. the muon loses energy almost exclus-

ively by ionization processes and its range in lead is determined to with-

in 3% (Sternheimer, 1960). The energy thresholds for production of 

cerenkov light in perspex and Fe 75 are given in Table 2.5.2. (page 38) 

for both pions and muons. The minimum energies required to penetrate the 

given thicknesses of lead are also shown, neglecting nuclear collisions 

of the pions. The cross sections for nuclear interactions of protons and 

pions in lead are approximately equal. The detector response to pions may 
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Table 2.5.2. Pion and muon energy thresholds. 

be deduced from the data given in section 2.5.2. and from Table 2.5.2.. 

However, it is shown in section 4.4. that the flux of pions with energies 

less than 250 Mev. is insignificant at the altitude reached by the 

detectors. All incident muons with energies between the relevant thresh-

olds given in Table 2.5.2. are absorbed. 

2.5.4. Interactions in the Detector Material 

Electrons are not produced directly in nuclear interactions. 

They may be produced in the detector material by the knock - on and 

Compton processes and by the materialization of photons. 

When a relativistic particle makes a close collision with an 

atomic electron, a considerable amount of energy may be transferred to 

the latter. This is known as a knock - on electron. At high altitudes 

protons are the most probable source of knock - on electrons. The max-

imum energy transfer from a proton to a knock - on electron is only comp-

arable to the proton energy if the following relation is satisfied : 
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m2c2 
2.1012  ev. 

E and M are the proton energy and mass respectively. 

m is the electron mass. 

c is the velocity of light. 

The maximum energy transfer from a 3 Gev. proton is only 15 Mev.. For a 

singly charged particle above 3 Gev. the theoretical collision probab-

ility of producing a knock - on electron of energy greater than 15 hey. 

is 0.005 per gm/cm2. (Bhablial  1938). This value is almost independent of 

both the atomic number of the absorber material and the incident energy, 

above 3 Gev.. 

An incident gamma ray may undergo Compton scattering and/or 

pair production either in the material above the telescope or in the 

upper part of the upper perspex disc. The thickness of detector material 

above the telescope is equivalent to 0.05 gm/cm2.; the gamma ray inter-

action probability in this thickness is negligible. The upper perspex 

disc is effectively less than 2% of a radiation length, as any electrons 

which materialize must have sufficient residual path length in the pars - 

pex to radiate a detectable amount of cerenkov light. Electrons from pair 

production are emitted in the forward direction; therefore only the down-

ward moving gamma ray flux can give rise to downward moving electrons by 

this process. The minimum photon energy that can cause an electron count 

is in the region of 25 Mev.. Therefore around 2% of the flux above this 
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energy will produce detectable electrons. The electron energy spectrum 

from this source reflects the spectrum of the incident photons. Energetic 

Compton electrons are negligible compared with pair production electrons. 

As detector C distinguishes between upward and downward moving 

particles, it is impossible for any interaction in the lower part of the 

detector to "fake" an electron event. In detector B interactions may 

occur in the absorber and send an upward moving particle through the 

telescope without causing a count in the scintillator. Such particles are 

registered as electrons and have a 20% probability of detection. Albedo 

neutrons and gamma rays are the most likely components of the radiation 

to initiate these events. The neutron energy threshold is over 325 Mev. 

for detector B. The absorber is approximately one third of an interaction 

length (Atkinson et al., 1959)and therefore less than 7% of the albedo 

neutron flux above 325 Mev. will produce detectable particles. 

Albedo gamma rays initiate electron - photon showers in lead, 

which are attenuated in the manner described in sections 2.4 and 2.5.1.. 

The response to albedo gamma rays may be deduced from the data given in 

these sections. The contribution to the electron counting rate from other 

interactions is negligible. Showers which originate in the atmosphere may 

produce an accidental coincidence count in the telescope, but the rate 

of occurrence of this phenomenon is negligible. 
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2.6. The Gondola Electronics  

?.6.1. General Re to 	for Aiyborae Detectors  

All parts of the detectors were designed for lightness, 

compactness and low power consumption. The electronics for all flights 

were fully transistorized, with the exception of the transmitter for 

detector A. Temperature coefficients were minimized throughout and each 

flight unit was tested under the most extreme environmental conditions 

which could be expected at any time on the flight. The use of elect-

rolytic capacitors was minimized, but where essential each one was 

"potted" in epoxy resin. 1", 2" and 5" photomultiplier tubes from either 

E.M.I. or Twentieth Century Electronics were used and each one was 

selected for high cathode sensitivity and low thermal noise. All signal 

and power supply leads were screened and/or electrically decoupled 

wherever necessary. 

The exposed high tension points on the photomultiplier tubes 

were very carefully "potted" in both epoxy resin and expanded insulating 

foam to prevent electrical discharge at low pressures. The same technique 

was employed for protecting the high tension power supply for the photo-

multiplier tubes. The remaining exposed points on the high tension lines 

were "potted" in epoxy resin only. 

2.6.2. The Electronics for Detector B 

A block diagram of the electronics for detector B is shown in 



Fig. 2.6.1.. The photomultiplier tube outputs were fed into high input 

impedance linear pulse amplifiers and the outputs of these were passed 

into amplitude discriminators. The three channels driven by the cerenkov 

detectors operated a coincidence circuit, which had a resolving time of 

lusec.. The coincidence pulse was used to control a gate in such a way 

that the gate acted as an anticoincidence circuit between the scintill-

ation detector output and the three - fold telescope coincidence output. 

The output of the anticoincidence circuit only appeared if the three - 

fold coincidence pulse occurred without a scintillation detector pulse. 

These events corresponded to electrons. 

Both the coincidence and anticoincidence pulses were scaled 

by a factor of four, and the scaler outputs were used to gate audio 

frequency oscillators on and off; the frequencies used were 5.4 and 3.5 

kc/s.. The switching rates of the oscillators were a measure of the 

total counting rate and the electron counting rate. The outputs were 

finally mixed with the pressure and temperature sensor oscillator outputs 

(Section 2.7.) and used to modulate the transmitter, The frequencies of 

the four subcarrier oscillators were chosen as far removed from each 

other as possible to facilitate decoding. The upper and lower frequency 

limits were dictated by the tape recorder used. 

2.6.3. The Electronics for Detector C 

The electronics system for detector C was redesigned to trans-

mit the data in a semi - digitized form; this therefore required a pre- 
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liminary analysis of the data in the detector. A block diagram of the 

electronics is shown in Fig,2.6.2..A buffer store was incorporated in 

the system to reduce the dead time of the detector. Silicon transistors 

were used throughout and the circuits were built on "plug - in" boards 

to facilitate removal. 

Each photomultiplier tube carried a head unit which consisted 

of an emitter follower (E.F.) and either one or two pulse amplifiers. 

(See Fig. 2.6.2.) The pulses from the amplifiers were fed into amplitude 

discriminators. Eight channels were derived from the five photomultiplier 

tube outputs. The three cerenkov detectors provided channels 1 - 4; 1, 2 

and 3 operated the coincidence circuit, which had a resolving time of 

0.5 µsec.. The accidental coincidence rate was less than 10-5/sec. 2. 

Channel 4 was the second output from the directional cerenkov element. 

Each scintillation detector was connected to both high and low gain 

amplifiers, which all together provided channels 5 - 8. 
The gain of the amplifier in channel 4 was adjusted to disc-

riminate between upward and downward moving particles. The gains of the 

scintillator channel amplifiers were adjusted such that when the instru- 

The accidental coincidence rate, Na)  of a three element telescope is 

given by : 

N 	= 	3 Ni  N2  N3  t2  

where N1 , N2  and N3  are the single channel counting rates and t is the 

resolving time of the coincidence circuit. (e.g. Eckart and Shonka, 1938) 



ment was counting muons at sea level in the absence of any detector 

absorber a pulse was obtained in the high gain channels of both scint-

illation detectors. The gains of the other scintillator channel amplifiers 

were a factor of five lower than these. Thus only multiply charged part-

icles or showers are likely to trigger the discriminators in these 

channels. 

The pulse analysis performed in the detector is described in 

detail in the Appendix. Briefly, a 3 kc/s. output waveform, varying in 

length from 4 cycles to 128 cycles, modulates the transmitter. The length 

depends entirely on the combination of outputs in channels 4 - 8. The 

system is capable of holding information from a particle in a buffer 

store if the previous datum is still occupying the telemetry. Only 

information from one particle at a time may be stored in this way, and 

further pulses are inhibited while the buffer store is occupied. To 

facilitate data recovery the 3 kc/s. output pulses were separated in 

time by at least 50 msec.. The detector dead time is determined by this 

delay, and it is negligible for the counting rates experienced during 

the balloon flights. 

Each transmitted pulse train uniquely defines a particular 

type of event in the detector. Pulses produced by downward moving part-

icles vary in length from 4 to 64 cycles, while upward moving particles 

cover the remaining range from 68 to 128 cycles. For example, a downward 

moving minimum ionizing particle which passed through the absorber with-

out interacting would produce pulses in channels 1,2,3,4,5 and 7, which 
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correspond to an output pulse of 16 cycles. An electron which was comp-

letely absorbed in the upper lead block would produce pulses in channels 

1,2,3 and 4, thus transmitting a pulse of 64 cycles. An aibedo electron 

would probably give pulses in channels 1,2,3,5,6 and 7, which correspond 

to a pulse of 76 cycles. 

It is impossible to obtain pulses of certain lengths as some 

channels, e.g. 5 and 6, are not completely independent. Consequently 

there are only eighteen allowed pulse lengths out of a possible thirty 

two. This characteristic serves as a rapid check on the correct function-

ing of the electronics, both on the ground and in flight. 

2.6.4. Power Supplies  

Power for all flights was supplied by batteries. Detector A 

used low temperature primary cells, which have several disadvantages : 

1) The capacity of a cell cannot be checked, in general. 

2) The cell does not operate satisfactorily below -10°C. 

3) The detector cannot be tested thoroughly with the power supply 

to be used on the flight. 

Secondary cells can overcome these disadvantages, but in general they 

suffer from an adverse power/weight ratio when compared with primary 

cells of similar capacity. 

The flight made with detector A had a short lifetime owing to 

battery failure. Succeeding flights used a 12.6 volt battery pack of 1.6 

amp.hr. capacity, which consisted of re - chargeable nickel - cadmium 



cells, sufficient to power the flight for approximately eighteen hours. 

On all flights a separate battery operated the pressure sensor motor. 

The power supply to the electronics was stabilized on all 

flights. Detectors A and B used a form of series stabilization, and 

detector C used a DC - DC converter that provided 6.8 volts for the 

electronics and 15 volts for the transmitter. This converter had a temp-

erature coefficient of -0.07%/°C.. On all flights a separate DC - DC 

converter provided the high tension supply for the photomultiplier tubes. 

2.7. The Telemetry and Pressure and Temperature Sensors 

2.7.1. Telemetry 

A frequency modulated valve transmitter developed by Hedge cock. 

(1962) was used for the flight made with detector A and a modified 

transistorized version was employed for succeeding flights. Three sub-

carrier frequencies were present on detector A, two to transmit particle 

data and a third to give information about pressure and temperature. On 

detector B a fourth subcarrier was used for additional temperature inform-

ation. Detector C used one subcarrier for particle data and two more for 

pressure and temperature. 

The transmitter fed a quarter wave vertical radiator using a 

ground plane (Hedgecock, 1962). This antenna radiated a maximum tt 

approximately 8°  below the horizontal and gave an adequate signal at all 

elevations. between 30  and 900. The total power radiated was nominally 

120 mw. at a frequency in the range 136 - 138 Mc/s., and this was suff- 
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icient for good reception up to a range of 400 km.. 

A pair of portable six element Yagi antenna arrays were used 

to receive the transmission, which passed via a low noise pre - amp-

lifier into an Eddystone 770R receiver. The demodulated signal was 

recorded on magnetic tape and also analysed in situ. For the flights 

made by detectors A and B the particle data subcarriers were passed 

into tuned amplifiers and the switching rates were recorded by electronic 

counters. For the flights made with detector C the principal subcarrior 

was filtered out and fed into a Hewlett - Packard digital printer. This 

signal was also recorded on a second track of the tape recorder. The 

pressure signals were decoded and recorded manually for all flights. 

2.7.2. Pressure Measurement  

An accurate determination of the residual atmospheric pressure 

throughout a balloon flight is essential if the results of charged part-

icle measurements are to be interpreted, with any confidence. If the 

amount of atmosphere above the detector is unknown it is difficult to 

apply secondary particle corrections to the results. The pressure during 

all the flights was measured with a commercially built 011and cycle lc 

This device produces a morse coded signal which corresponds to a discrete 

pressure; these signals were used to gate a low frequency oscillator on 

and off. The instrument has two pressure sensitive elements in the form 

m Manufactured by the. Albin Sprenger Company, West Germany. 
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of aneroid barometers, the one operative between a pressure of one 

atmosphere and 4 mb. and the other operative at pressures below 200 mb.. 

At 4 mb. the sensitivity of the 011and cycle is nominally 0.2 

mb., but successive measurements in the laboratory indicate that the 

accuracy is unlikely to be better than two or three times this figure. 

The instrument was calibrated at pressures down to 2 mb., and the cal-

ibration was always checked a few hours before each flight. The temp.. 

erature coefficient is stated by the manufacturers to be + 0.03 mb./°C.. 

The cycling time of the device was chosen to give one complete set of 

pressure readings approximately every half minute. 

2.7.3. Temperature Measurement 

The 011and cycle measured temperatures between -50°C and +35°C 

to an accuracy of around 1°C., and the information was transmitted in the 

same manner as the pressure measurements. On detector A the battery temp-

erature was monitored by a thermistor which was used to vary the frequency 

of the 011and cycle oscillator. On detectors B and C the temperatures of 

the battery pack, E.H.T. converter and one of the photomultiplier tubes 

were monitored by thermistors. These were used in sequence to change the 

frequency of a nominally 400c/s. oscillator. This was used as a reference 

frequency, and a logic element was employed to switch from one thermistor 

to another at the rate of one complete cycle every two minutes. 
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Fig. 2.2.1. Theoretical cerenkov light output curves and the 
response of detector C to artificially accelerated protons. 

Substance Atomic 
Number 

Radiation 
Length 
grnicrni 

Range of 330 Mev 
Protons 

gm/cm" 	r. 1. 

Range of 600 Mev 
Protons 

gm/cm' 	r. I. 

Carbon 6 44.6 67.4 1.5 173.4 3.9 

Aluminium 1 3 2 4.4 76.9 3.2 19 6.7 8.1 

Copper 29 1 2.9 89.2 6.9 226.5 17.6 

Lead 82 6.52 120.0 18.4 300.4 46.1 

Air 7.37 37.7 68.7 1.8 176.3 4.7 

Table 2.4.1. Radiation length and proton range in various 
substances. 
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Fig. 2.4.1. Collision loss and range of protons in lead. 

Detector 
Thickness 	of 	Lead 

gm/cm' 	Radiation Lengths 

A 35.9 5.5 

B ' 	63.9 9.8 

C 
32.8 
39.3. 

5.0 
6.0 

Table 2.3.1. Absorber thicknesses. 
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CHAPTER 3 

THE BALLOON FLIGHTS AND DATA RECOVERY 

3.1. The Balloon Flights  

Details of all the balloon flights are given in Table 3.1.1. 

and they will be referred to below according to the notation used in this 

table. Pressure/altitude - time profiles for all flights except 2B are 

shown in Fig. 3.1.1.. 

Before each flight the detector was tested at low pressures 

over the telemetry system. In preparation for all flights except lA the 

battery pack was cycled to check the reliability of each individual cell. 

To achieve thermal balance throughout the flight the detector was en-

cased in an expanded polystyrene box which was blackened over approx-

imately 60% of its area. The box was covered with thin polythene sheet 

in order to reduce convective cooling during the ascent period. The 

temperature variation throughout flight 3A is presented in Fig. 3.1.2. 

for the four temperature sensors carried on that payload, and it is 

shown that the temperature difference between the sensors was less than 

.6°C. for the majority of the flight. This is representative of both 

flights from Kiruna. Of the payloads launched from Cardington, none was 

ever at a temperature below 3°C. or above 22°C.. It is important that 

the payload temperature should keep within about 20°C. of room temperature 

as photomultiplier tube noise becomes a serious problem above 400C. and 
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below -10°C. thermal stresses in the photomultiplier tube assemblies 

can cause failure. 

Hydrogen filled polythene balloons were used throughout the 

experiment. Flight lA used a 120,000 cu. ft. balloon of French manufact-

ure, 2A used a 250,000 cu. ft. balloon from Winzen Inc., U.S.A. and the 

remaining flights were achieved with 360,000 cu. ft. balloons from Raven 

Industries, U.S.A.. The failure of flight 2B was thought to have been 

caused by a small tear in the balloon fabric near the top of the balloon. 

The payload from this flight was recovered due to the successful oper-

ation of the command cut - down mechanism developed by Hedgecock (1964). 

The maximum altitude of this flight corresponded to an atmospheric depth 

of 36 gm/cm2.. The exposure time at any one altitude was too short for 

any results from this flight to be statistically significant, and they 

have not been included in the detailed analysis. The short duration of 

flight 1A (four hours) was caused by failure)of the power supply and it 

was the only flight which did not employ secondary cells. 

It is advantageous for the balloon to sink slowly from altitude 

in order that a reliable measurement of the atmospheric depth dependence 

of the electron flux may be made. Flight 2C was the only one to descend 

at a suitable rate, and statistically significant data were recorded from 

3.2 to 25 gm/cm2. of residual atmospheric depth. This balloon attained 

the highest altitude of all the flights; it is probable that it overshot 

its floating altitude and thereby valved too much hydrogen to permit 

subsequent floating at a constant depth. Nono of tho. other flights fell 
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more than 5 gm/cm2. from its ceiling altitude before either cut - down 

or loss of useful data transmission. 

The geomagnetic co - ordinates and nominal threshold rigidit-

ies (Quenby and Wank, 1962) of the flight locations are : 

Kiruna 64.6°N 115.9°E 0.5 I* 0.05 GV. 

Cardington 50.0°N 79.2°E 2.5 	0.1 	GV. 

It is now certain that the threshold rigidity at Kiruna is considerably 

below the value calculated by Quenby and Wenk and this is discussed more 

fully in a later section. None of the flights drifted appreciably in 

geomagnetic latitude; the largest drift was 3°  northwards on 3A. 3B 

drifted eastwards at around 75 knots and it was necessary to employ two 

receiving stations, in London and Lindau, West Germany, to record the 

transmission. The flights were all made at periods of quiet solar activ-

ity and the weekly average of the Deep River neutron monitor at the date 

of each flight is given in Table 3.1.1.. Flights lA and 2B were used for 

comparison purposes only and the neutron monitor data show negligible 

changes for the dates covered by the remaining flights. Neutron monitors 

are insensitive to the primary flux below 2 Gev., and therefore neutron 

monitor data may only be used as a rough guide to the degree of solar 

modulation of the flux below 2 Gev.. 

Raw Data Recovery 

The experimental raw data on the charged particle fluxes from 

flights 1A, 2A, 2B and 2C were recovered from magnetic tape as described 
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in section 2.7.1.. A simultaneous comparison of the pressure record 

with the charged particle counting rates enabled the latter to be plotted 

as a function of altitude and these results are presented in the follow-

ing chapter. They were checked as accurately as possible with those 

obtained at the time of the flight. 

The data handling system for flights 3A and 3B was more complex 

than that for the preceding flights as it was necessary to measure the 

length of each pulse train before any estimate of the electron flux 

could be made. The large number of detected particles made it advant-

ageous to reduce the data into a form that could be accepted by an 

Elliott 803A computer, and a block diagram of the electronic circuitry 

built to achieve this is shown in Fig. 3.2.1.. The 3kc/s. pulse trains 

were fed into a scaler which was used to control a tape punch unit. 

Each number was punched in binary form and required three lines of five -

hole computer tape. A facility for introducing time markers onto the 

punched tape was included so that the data could later be correlated 

with altitude. The tape punch "dead - time" is over 200 msec. so  the 

magnetic tape speed was reduced by a factor of four to accommodate this 

limitation. The data printed out at the time of the flight could only 

be used as a general guide to the behaviour of the detector as the "dead 

time" of the Hewlett - Packard digital printer is of the order of 250 msec.. 

The temperature information from all flights was derived man-

ually from a measurement of the temperature subcarrier oscillator freq-

uencies as a function of time. All frequencies were compared with the 



reference frequency, which meant that these results were independent of 

the playback speed of the tape recorder. Temperature measurement was 

accurate to 100. which was more than adequate. 
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CHAPTER 4 

THE BALLOON FLIGHT RESULTS 

401. Introduction and Analysis Procedure 

When observations are made with identical detectors at differ-

ent geomagnetic latitudes it is essential to understand the composition 

of the cosmic ray beam at these latitudes before any deductions may be 

made concerning the nature of the incident primary flux. A balloon flight 

imposes a severe limitation in that the measurements are made at a finite 

depth in the earth's atmosphere, and consequently the primary flux is 

both attenuated and contaminated by secondary radiation before it is 

detected. 

The earth behaves as a magnetic spectrometer and only primary 

particles above the geomagnetic cut - off rigidity are allowed access 

to the earth at a given latitude. It therefore follows that at the same 

latitude any particles that are present in the atmosphere with rigidities 

below the cut - off rigidity are restricted from leaving the earth. For 

this reason atmospheric albedo particles produced in one hemisphere are 

trapped in the geomagnetic field in such a way that they can re - enter 

the atmosphere at or near the conjugate latitude. This component of the 

incident radiation is the re - entrant albedo. It is evident that to a 

first approximation primary particles and re - entrant albedo particles 

cannot have the same energies. In general it is necessary to correct the 
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measured flux for both atmospheric secondary and re - entrant albedo 

particles before the primary flux is established. At certain latitudes, 

however, the influence of the re - entrant albedo flux may be insig-

nificant. 

Let the total downward moving electron fluxes at an atmospheric 

depth of x gm/cm2. be  Ji(x) and J2(x) at Cardington and Kiruna respect-

ively. The total flux consists of the components outlined above; there-

fore : 

J1(x) = Jip(x) J1s(x) Jia(x) 	(1) 

J2(x) = J2p(x) J2s(x) J2a(x) 	(2) 

where the subscripts p, s and a represent primary, secondary and re -

entrant albedo. 

At Cardington the geomagnetic cut - off rigidity is 2.5 GV. 

(Quenby and Wenk, 1962) and consequently out of the electronic component 

of the cosmic radiation only primary particles above 2.5 Gev. are allowed 

entry. It is inferred from Fig. 2.5.1. that the detector response to 

electrons of these energies and above is negligible. The geomagnetic cut- 

e& rigidity at Kiruna is undotomined at the present time, but recent 
evidence (stone, 1964; Reid and Sauer, 1966) has shown that it is well 

below the Quenby Wenk value of 0.5 GV., and is likely to be below the 

combined air and instrument cut - off. The re - entrant albedo flux at 

Kiruna is therefore neglected for the purpose of making this analysis. 

Equations (1) and (2) now reduce to : 
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J1s(x) 	Jla(x)  

J2p(x) 	J20(x) 

 

(3)  

(4)  

 

 

The nucleonic component of the primary radiation is responsible 

for the production of a significant flux of secondary electrons in the 

first few gm/cm2. of atmosphere. Electrons are the indirect results of 

pion decay, so that only interactions of atomic nuclei with energies 

above the pion production threshold can give rise to the secondary 

component. (The intensity of secondary electrons arising from the prod—

uction and subsequent decay of K masons is a second order effect and need 

not be considered here.) Let the fluxes of such nuclei be N1  and N2  

at Cardington and Kiruna respectively. If it is assumed that secondary 

electrons are produced from nuclear interactions in identical ways at 

both latitudes, then the respective secondary fluxes may be related by 

the following equation : 

J2s(x) 	= 	f(N1, N2) . Jis(x) 	(5) 

where f(N1, N2) is a function of N1  and N2. Equations (3), (4) and (5) 

now reduce to : 

.72p(x) 	= 	J2(x) - f(Ni, N2). {.11(x) - Jia(x)] ..(6) 

The unknown factors in this equation are f(Ni, N2) and Jia(x). If an 

estimate of these can be made, the primary flux may be determined. 

Clearly the primary flux follows directly from (4) if the depth 
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dependence of the secondary component is known. Thic hau been calculated 

by Smorodin (1965) and the results of these computations are used as an 

additional method of analysis. 

4.2. The Measured Electron Flux 

The flight data were divided into either five minute or one 

thousand second intervals and plotted against the mean pressure for the 

interval. At the transition maximum± this procedure is inaccurate as the 

differential intensity is changing rapidly with altitude; consequently 

the position of the maximum cannot be determined precisely. The results 

for flights made with detectors A and B are shown together, although 

flight lA is given for comparison purposes only. The total measured 

intensity and electron intensity for these flights are presented in Figs. 

4.2.1. and 4.2.2. respectively and the "non electronic" intensity, which 

includes electrons sufficiently energetic to penetrate the absorber, is 

shown in Fig. 4.2.3.. The intensities shown in Figs. 4.2.1. to 4.2.8. are 

plotted against altitude, expressed in terms of atmospheric depth in 

units of gm/cm2.. Altitude will be referred to below only in these units. 

The altitude curves shown in Figs. 4.2.1. to 4.2.3. are not expected to 

be identical as the energy response of the different detectors is not 

uniform. The "non electronic" intensity measured on flight 1A, which 

carried only 35.9 gm/cm2. of absorber, is peaked at the transition max- 

3f Transition maximum is a general term used to describe the peak in 

the charged particle intensity - altitude curve. 
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imum. This is not observed on the other flights and illustrates that 

electrons in the high energy component form a significant part of the 

total flux at this altitude. This is consistent with the results from 

detector C. Conversly, as the "non electronic" intensities on the other 

flights do not exhibit this maximum, it appears that the absorber carried 

on these flights is effective in detecting the majority of electrons 

present at this depth. At ceiling altitude the "non electronic" component 

consists mainly of protons and helium nuclei. The results from flight 2A 

are in good agreement with a measurement made by Courtier and Linney 

(1966) with a flight from Kiruna on September 14th, 1964, only three days 

before 2A. 

The total intensity for flights 3A and 3B is presented in Fig. 

4.2.4.. The electron flux is measured in two parts, which are referred 

to here as the low and high energy components according to the lead 

block in which the electron and its associated shower are finally ab-

sorbed. The detector response to electrons (Fig. 2.5.1.) shows that at 

around 250 Mev. an electron has an equal probability of being absorbed 

in either lead block; therefore the term "high energy component" only 

implies that the mean energy of the detected electrons is higher than 

that of the low energy component. The high and low energy electron 

intensities are shown for both flights in Figs. 4.2.5. and 4.2.6. resp-

ectively. 

The amount of material between the cerenkov detectors is larger 

in detector C than in detector B; therefore the low energy thresholds 
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are not identical. This is illustrated by a slight additional electron 

enhancement towards large atmospheric depths seen by detector B at both 

flight locations, which verifies that at the transition maximum low 

energy electrons predominate, while at altitudes of only a few gm/cm2. 

this component is considerably reduced. This is discussed in more detail 

in section 5.4.. Meyer and Vogt (1961, 1962) report that the electron 

flux above the transition maximum exhibits a substantial time variation, 

with changes up to 40% between different flights. The intensity fluct-

uations observed in the present work may therefore be a combination of 

both a time variation and detector response. Meyer and Vogt (1961b) 

also show that the sun may contribute a significant flux of electrons. 

However, as neither of the high latitude flights was made within two 

weeks of a major solar flare, the probability that a large proportion 

of the measured flux is of solar origin is small. 

The flight borne electronics of detector C performed a crude 

pulse height analysis of the scintillator outputs. The discrimination 

was between pulses greater or less than approximately three times the 

pulse from a minimum ionizing singly charged particle. It was originally 

hoped to derive information on the differential electron energy spectrum 

from these data, but the instrument calibration demonstrated that this 

method was not sensitive enough to estimate the electron energy. Therefore 

all events which were recorded by the upper scintillation detector only 

were included in the high energy electron component. The flight data 

did show a slight excess of events in this category which produced a 
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small pulse in the upper scintillation detector; this is consistent 

with a differential energy spectrum that increases towards low energies. 

Fig. 4.2.7. shows the downward moving "non electronic" inten-

sity for flights 3A and 3B. These flights also measured the albedo 

intensity (Fig. 4.2.8.) and the resolution of 3A was sufficiently good 

to permit the division of the albedo into two categories : 

1) Particles which originate beneath the detector. 

2) Particles generated in the lead absorber. 

These events were recognized by the presence or absence respectively of 

a small pulse from the lower scintillation detector. Particles of type 

2 are likely to be electrons arising from gamma ray interactions. Two 

thirds of particles of type 1 produce a large pulse in the upper scin-

tillation detector; these are most likely to be energetic albedo elect-

rons. McDonald and Webber (1959) suggest that most of the relativistic 

albedo is electronic and they report a negligible intensity variation 

above 50 gm/cm2.. These data are consistent with the results presented 

in Fig. 4.2.8.. No albedo particles were detected below an altitude of 

approximately 500 gm/cm2. on either flight 3A or 3B. 

4.3. Corrections to the Experimental Electron Flux 

There are inevitably corrections to be applied to intensity 

measurements made with a charged particle detector which is designed to 

select a particular component from the cosmic ray beam. There is a cert-

ain confusion created by unwanted particles, e.g. protons, which produce 
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a response in the detector identical to that made by an electron. The 

detector material itself is a source of secondary electrons and there 

is also a systematic correction caused by the uncertainty in the geometry 

factor of the telescope. The latter correction will be applied only to 

the final intensities given at the end of section 4.4.. 
The detectors respond to the passage of any relativistic 

charged particle which is sufficiently energetic to penetrate the 

cerenkov telescope. The only particles which have a high enough velocity 

but are unable to pass through the telescope are electrons below 20 to 

30 Mev.. The range in the energy limit arises from the physical const-

ruction of the telescope which is such that particles incident from 

different directions penetrate different thicknesses of material. The 

detector responses to charged particles have been analysed in detail in 

section 2.5.. Corrections due to protons, helium nuclei, pions, muons 

and nuclei with Z > 2 are considered. The influence of neutrons and 

gamma rays (section 2.5.4.) is also allowed for. The correction for 

coincidences caused by side showers is negligible. 

The correction to be made for proton interactions depends crit-

ically on the proton energy spectrum at altitudes close to 5 gm/cm2.. 

This has been established at latitude X = 55°N (geomagnetic) by Ormes 

and Webber (1964). The changes in shape of this spectrum with solar 

modulation over the period covered by the balloon flights are less than 

the errors in the spectrum itself. There is a latitude dependence assoc-

iated with the geomagnetic cut - off. The detector responses to protons 
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are shown in Fig. 2.5.3.; the corrections are derived from the product 

of these curves and the proton spectrum, integrated with respect to 

energy. As a check on the validity of Fir. 2.5.3. the expected proton 

fluxes were calculated using the proton spectrum and the telescope 

efficiency. The latter is a function of energy and is derived from the 

cerenkov light output curves shown in Fig. 2.2.1.. It is taken to be 

unity when the cerenkov light output is half maximum (section 2.5.). 

At X = 55°N the calculated proton fluxes are 1820 150 and 1480 ! 130 

protons/m2.sec.sr. for detectors B and C respectively; they are likely 

to be higher at Kiruna and lower at Cardington (Linney, 1965). 

The "non electronic" fluxes measured at ceiling altitude are 

given in Table 4.3.1.. These fluxes, which include helium nuclei, elect-

rons above 1 — 2 Gev., mesons and heavy nuclei, are compatible with the 

calculated fluxes. Consequently confidence may be placed in the correct-

ion calculated above. All corrections derived in this section are 

summarized in Table 4.3.2. 

Table 4.3.1. The measured "non electronic" fluxes. 
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The integral flux of helium nuclei above 600 Mev./nucleon is 

approximately thirteen times lower than the proton flux when the energy/ 

nucleon spectra are compared. The ratio decreases to twelve for energies 

above 330 Mev./nucleon (Webber and Ormes, 1965). It is certain, there-

fore, that the correction for helium nuclei is at least an order of 

magnitude lower than that for protons (Table 4.3.2.). 

The differential energy spectrum of pions, at production, has 

been studied by Camerini et al. (1950, 1952) using nuclear emulsions. A 

similar spectrum has been calculated for an altitude of 4 gm/cm2. by 

Smorodin (1965) using experimental data on muon fluxes (Sands, 1950). 

The spectrum shows a peak at 250 Mev., where the production rate is 

5 x 10-2  particles/m2.sec.sr.Mev.gm/cm2.4 The mean lifetime of a charg-

ed pion at rest is 2.55 x 10-8  sec.; therefore pions of energies 250 Mev. 

and 2 Gev. have decay lengths of 20 and 120 metres respectively. At an 

altitude of 5 gm/cm2.11 gm/cm2. of atmosphere extends over a distance 

of a kilometre; therefore the total flux of pions of energies less than 

250 Mev. incident on the detector is calculated at less than 10-1  

particles/m2.sec.sr.. It was shown in section 2.5. that pions above this 

energy are unlikely to be detected as electrons. 

The muon production spectrum mirrors the pion spectrum with 

the muon energy around 80%,  of that of the parent pion. Clark (1952) 

measured the altitude dependence of the muon flux at a latitude of 55°N 

and showed that it decreases rapidly towards the top of the atmosphere. 

The flux of muons stopped in the absorber has been calculated from the 
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energy spectrum and the detector response. The results for detector B 

show that at a depth of 20 gm/cm2.1  30 1: 4 particles/m2.sec. sr. are 

absorbed, while at 4 gm/cm2. the number absorbed is 10 ± 1.3 particles/ 

m2.sec.sr.. The corrections for detector C are approximately 40% of 

these values. 

The intensities of nuclei with Z > 2 at energies above 330 

and 600 Mev./nucleon are 20 3 and 15 ± 3 particles/m2.sec.sr. respect-

ively (Webber et al., 1965; Courtier, 1964), most of which are in the 

6 * Z 9 group. This enables an upper limit of 1 particle/m2.sec.sr. to 

be placed on the correction for heavy nuclei for detector B; the corr-

ection for detector C is negligible 

The incident gamma ray flux above 60 Mev. has been estimated 

to be 54 4.  7 photons/m2.sec.sr. (Cline, 1961). The response to downward 

moving gamma rays allows an upper limit of 1 particle/m2.sec.sr. to be 

set on the correction for such gamma rays in both detectors B and C. The 

upward moving flux of particles originating in the lead has been meas-

ured by detector C to be 70 ! 20 particles/m2.sec.sr.. It is reasonable 

to suppose that a similar flux of particles originates in the lead of 

detector B; therefore the correction for upward moving particles which 

originate in the lead is 14 ! 4 particles/m2.sec.sr. for this detector. 

(80% of the upward moving flux is rejected by detector B.) This correc-

tion is included in that for neutrons and gamma rays. 

In both detectors the correction for incident neutrons is 

negligible. The total correction is given in the final column of Table 
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4.3.2. for the flights with detectors B and C. 

4.4. The Derivation of the Primary Electron Flux 

The largest uncertainty in the derivation of the primary 

electron flux is the contribution of secondary electrons produced in the 

atmosphere above the detector. Knowledge of this secondary component at 

the present time is limited, as it is impossible to measure directly. A 

theoretical treatment of the problem has been made by Smorodin (1965) 

who considers that the electrons are produced in two ways : 

1) Pair production by gamma rays that result from neutral pion 

decay. 

2) The decay of muons. 

The treatment only extends to electrons with energies above 26 Mev. and 

in this range the contribution to the flux from Compton electrons is 

small. Smorodin calculates the results for a geomagnetic latitude of 55°U. 

The energy spectrum of electrons resulting from muon decay at rest is 

used to calculate the spectrum between 26 and 50 Mev.. The complete 

spectrum is shown in Fig. 4.4.1. for an altitude of 4 gm/cm2. and the 

altitude dependence of the integral secondary flux above 26 Mev. is shown 

in Fig. 4.4.2.. 

The other unknown factor in the electron component at high 

altitudes is the re - entrant albedo flux. This is also impossible to 

measure directly, but it is clear that electrons above the geomagnetic 

cut - off rigidity cannot contribute. Recent evidence (Stone, 1964; Reid 
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and Sauer, 1966) has indicated that at Kiruna the quiet time cut - off 

is very low and may be below the combined air and instrument cut - off 

of 30 to 40 Mev. for electrons. It is assumed that the latter is true 

for the purpose of deriving the primary electron intensity, but the imp- 

lications of a higher cut - off are discussed in section 5.3.. At Card- 

ington the only detectable non secondary electrons are re - entrant 

albedo "primaries". 

The differential energy spectrum of re - entrant albedo elect- 

rons is unlikely to be very dissimilar to the spectrum of downward moving 

secondaries. Therefore in the absence of any positive evidence to the 

contrary a spectrum of the form shown in Fig. 4.4.1. is assumed for the 

re - entrant albedo. There is an upper limit of 2.5 Gov. imposed by the 

geomagnetic cut - off at Cardington. One is now able to predict the alt- 

itude dependence of the electron flux at Cardington which originates 

from re - entrant albedo "primaries". The following assumptions are made : 

1) An electron radiates 90% of its energy per radiation length. 

2) A photon travels on average 9/7 of a radiation length before 

undergoing either pair production or Compton scattering. 

3) Compton scattering is negligible as a source of electrons of 

energies greater than 60 Mev.. 

4) In pair production the photon energy is divided equally between 

the electron - positron pair. 

The error inroduced by (4) is not important for the present calculations. 

The expected altitude dependence of the re - entrant albedo 
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flux, including its derivatives, is shown in Fig. 	 3 4.4•_ •• At high alt-

itudes this curve is sensitive to the shape of the spectrum at low ener-

gies (<100 Mev.). The results on the re - entrant albedo spectrum pre-

sented in section 5.5. lend support to the spectrum assumed here; however, 

the measurements are not detailed enough to arrive at a firm conclusion. 

Fig. 4.4.3. shows that below 150 gm/cm2. the contribution of the re - 

entrant albedo flux is small. 

The experimental altitude curves were corrected for unwanted 

events in the detectors using the results given in Table 4.3.2.. The 

corrections are not critically dependent on altitude with the exception 

of that for the muon component; the altitude dependence of the muon 

correction was indicated in section 4.3.. The corrected curves for the 

Cardington flights were extrapolated to the top of the atmosphere to 

obtain the re - entrant albedo fluxes. These are derived as 201 ± 40 and 

175 ! 25 particles/m2.sec.sr. for flights 3B and 2C respectively. 

McDonald and Webber (1959)  have reported an albedo flux, which 

they suggest is electronic, of around 90 particles/m2.sec.sr. from meas-

urements made in 1957 and Anderson (1957) measured an albedo flux of 120 

! 40 particles/m2.sec.sr. in 1953. Anderson has also shown that there is 

little latitude variation in the albedo flux; therefore it is reasonable 

to compare results from different latitudes. If the re - entrant albedo 

flux is assumed to be equal to the albedo flux (Treiman, 1953), then the 

present results support a solar cycle variation of this component. 

The re - entrant albedo flux was used together with Fig. 4.4.3. 
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to derive the atmospheric secondary flux at Cardington. This is shown in 

Figs. 4.4.4. and 4.4.5. for flights 2C and 3B respectively. The steep-

ness of these curves at high altitudes is a function of the re - entrant 

albedo flux. 

Equation 4.1.4. may now be used to determine the primary elect-

ron flux at Kiruna if the following assumptions are made : 

1) The altitude dependence of the atmospheric secondary flux is 

similar at both Kiruna and Cardington. 

2) Below an altitude of 150 gm/cm2. the electron flux is entirely 

of atmospheric origin. 

3) The secondary electron flux is directly proportional to the 

intensity of incident nuclei with energies above 1 Gev./nucleon. 

(Below 1 Gov. the crass section for pion production is small.) 

The ratio of the "non electronic" intensities, extrapolated to the top 

of the atmosphere, measured on flights 3A and 3B is 1.4 ± 0.05 which is 

in good agreement with the ratio of the total electron intensities at 

an altitude of 120 gm/cm2.. The value of f(N1, N2) may therefore be 

taken as 1.4, and direct substitution in equation 4.1.4. yields the 

primary electron flux at Kiruna for flights 3A and 2A. This flux is shown 

as "A" in Figs 4.4.6. and 4.4.7. 

The magnitude of the primary flux depends on the way the sec-

ondary correction is made. The following independent method was therefore 

used to check the results. 

The electron intensities were corrected for secondaries on the 
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basis of the flux calculated by Smorodin (Fig. 4.4.2.). An Elliott 803A 

computer was used to fit a smooth curve to the data points and the sec-

ondary electron curve was fitted to this line at an altitude of around 

120 gm/cm2.. The primary electron flux was then obtained by subtracting 

the fitted secondary electron curve from the original data points. This 

is shown as "B" in Figs. 4.4.6. and 4.4.7. for flights 3A and 2A respec-

tively. The same analysis procedure was applied to the low latitude 

measurements, and the re - entrant albedo flux at Cardington (Flight 3B) 

is shown in Fig. 4.4.8.. 

The secondary electron flux calculated by the computer method, 

using Smorodin's results, is approximately 20% higher than that derived 

by the re - entrant albedo method discussed earlier in this section. The 

latter flux is a factor of four higher than that originally postulated 

by Meyer and Vogt (1961). The data of L'Heureux and Meyer (1965), which 

are discussed in section 5.2., are corrected using Smorodin's results. A 

comparison of curves "A" and "B" in Figs. 4.4.6. and 4.4.7. shows that 

the primary flux is sensitive to the method of secondary correction. 

Any proposed secondary flux should fulfil the following cond-

itions : 

1) It should reach zero at the top of the atmosphere. 

2) It should vary smoothly with altitude. 

3) It must account for the majority of the electron flux at the 

transition maximum. 

A secondary flux that falls off less steeply with increasing altitude 
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than that postulated by Smorodin does not meet these stipulations. It is 

reasonable to suppose, therefore, that the Smorodin flux represents an 

upper limit to the secondary component. Thus the curves marked "B" (Figs. 

4.4.6. and 4.4.7.) are the lower limits to the primary electron flux at 

Kiruna. 

The secondary flux derived by the re - entrant albedo method 

is dependent on the re - entrant flux. The value for this flux was ob-

tained from an extrapolation to the top of the atmosphere of the altit- 

ude curves from the Cardington flights. The lower limit to the secondary 

flux derived from this method is clearly determined by the upper limit 

to the re - entrant albedo flux. The upper limit to the primary electron 

flux at Kiruna is established using this criterion. 

The results for detector B show an incident primary electron 

45 flux at Kiruna of 275 _ + 	particles/m2.sec.sr. at an atmospheric depth 85 

of 4.5 gm/cm2. The flux value has allowed for an uncertainty in the 

geometry factor of 5%. Detector C measured a primary electron flux of 

320 ± 92 particles/m2.sec.sr. at an atmospheric depth of 4.1 gin/cm2.. 

This flux value is composed of 178 ± 8 and 142 g particles/m2.sec.sr. 
for the low and high energy components respectively. The errors in these 

figures are largely systematic errors which affect both components in 

the same sense; therefore the ratio of the components has a much smaller 

percentage error than the flux values. 

The re - entrant albedo results for detector C at Cardington 

show that the flux at the top of the atmosphere is composed of 128 : 30 
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and 73 ! 15 particles/m2.sec.sr. for the low and high energy electron 

components respectively. On this flight a fluctuation is observed in the 

high energy component during the period the balloon is at altitude. This 

fluctuation is not exhibited in the low energy component to a statistic-

ally significant extent (Figs. 4.2.5. and 4.2.6.). As the "non electron-

ic" intensity also shows no correlation, the possibility of instrumental 

drift is eliminated. Therefore there is either a time variation or a 

longitudinal dependence in the electron flux above around 300 Mev. 

Flight 3B drifted approximately one degree east per hour. 

These results positively indicate the existence of a signif-

icant intensity of primary cosmic ray electrons, and demonstrate that 

the primary flux is several times larger than the secondary electron 

flux at the altitudes reached by the detectors. The measurements also 

show that at altitudes below 20 gm/cm2. the major part of the electron 

flux is of secondary origin, which emphasises the importance of flying 

the detectors as high as possible in the atmosphere. A comparison of the 

measurements made with detectors B and C shows no significant change in 

the primary flux between 1964 and 1965. (It should be remembered that 

detector C carried more absorber than detector B.) However, the constancy 

of the flux cannot be concluded from observations made on two isolated 

days. 
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Flight 
Correction — particles/ma. sec. sr. 

Protons Helium 
Nuclei 

Tr 
Mesons 

it,,  
Mesons 

Nuclei 
Z> 2 

Neutrons 
X-Rays Total 

2A 
2C 
3A 
3B 

301 4 
29±3 
141 1 
10± 1 

4 I 1 
3 / 1 
1±0.2 

0.740.1 

<0.1 
<0.1 
< 0.1 
<0.1 

7±2 
7 ± 2 
3 2 1 
3 ± 1 

<0.1 
<0.1 
<0.1 
<0.1 

15_4 
15¢4 

1 ± 1 
1 ± 1 

64/11 
53/10 
19± 3 
15 ::: 	3 

Table 4.3.2. .)ummary of the corrections applied to the raw data. 
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Fig. 4.4.3. The calculated altitude dependence of the re - entrant 
albedo flux. 
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Fig. 4.4.6. The primary electron intensity measured on flight 3A, 
at Kiruna. The dashed lines are estimated extrapolations 
to the top of the atmosphere. 



300 

200 

E 100 

ir. 
oc 300 

200 

100 

- 95 - 

Flight 2A 

Flight 2A 

fi 

0 	2 	4 	6 	8 	10 	12 	14 
Atmospheric Depth gm/cma  

Fig. 4.4.7. The primary electron intensity measured on flight 2A, 
at Kiruna. The dashed lines are estimated extrapolations 
to the top of the atmosphere. 
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Fig. 4.4.8. The re - entrant albedo intensity measured on flight 36, 
at Cardington. The dashed lines are estimated extrapol-
ations to the top of the atmosphere. 
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CHAPTER 5 

THE ELECTRON ENERGY SPECTRUM 

5.1. The Experimental Results  

It is necessary to have results from at least two separate 

energy intervals in order to postulate a differential energy spectrum. 

Detector C measures the electron flux in two parts which may be treated 

as coming from two separate, although overlapping, energy intervals. The 

ratio, R, of the fluxes measured in these intervals is therefore direct-

ly related to the form of the spectrum for the energy region in which 

the detector is most sensitive. It is now possible to show, with the use 

of the electron energy calibration given in Fig. 2.5.1.b, that the res-

ults obtained here are consistent with certain forms of spectra and 

inconsistent with others. Clearly a precise spectrum cannot be proposed 

with measurements from only two energy intervals; also the results from 

flights made with detector B do not provide any significant information 

in this respect. 

Suppose that in any given energy interval, n, the differential 

energy spectrum is a power law spectrum of the form : 

dJ 
k E -Yn dE Ent < E< En2 

(1) 

where kri  is a constant and the other symbols have their usual meaning. 
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Let the electron detection efficiency, shown in Fig. 2.5.1.b, be repres-

ented by F1(E) and F2(E) for the low and high energy components respect-

ively. The measured intensities of these components, Ji and 4, are there-

fore given by : 

n En2 
J1 

 E 	f 	k E -1.11  . F1  (E) dE 	(2) 
1 E  n 

n1 

n En2 

	

and J2 	E f 	kn  E -Yn . F2(E) dE 	(3) 
1 Ent 

If the spectrum is known, .11/.1 may be calculated. Furthermore, if the 

spectrum is to be represented by a single power law at all energies for 

which the detector is sensitive, then the division of (2) by (3) simp- 

lifies to : 

E2 
E -Y  . F1  (E) dE 

	

1 	1 
E2 J2 	-y 
S 	E 	. F1  (E) dE 

y is now uniquely determined by the value of R. El  and E2 are taken as 

25 and 3000 Mev. respectively, although the result is insensitive to the 

upper energy limit chosen. Table 5.1.1. gives the relationship between R 

andy, derived from (4). 

R (4) 

E1  
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The experimentally determined value for R is 1.3 ± 0.1, which 

leads to a value of y = 0.7. This is inconsistent with recent measure-

ments in the energy range between 300 Mev. and 5 Gev. (Table 5.2.1.) 

which suggest that at these energies y = 2. It therefore appears unlikely 

that the differential energy spectrum is represented by a single power 

law for all energies above 25 Nev.. A more plausible explanation is that 

the spectrum is steep at high energies and flattens considerably towards 

low energies. If this is assumed as a working hypothesis it is convenient 

to perform a further analysis using the following assumptions : 

1) Above an energy E0  the spectrum is represented by a value of 

y = 2. 

2) Between 25 Nev. and E0  the spectrum is represented by Y = m, 

where m may take the values of 0, 0.2, 0.4 and 0.6. 

Thus any proposed spectrum may be considered strictly as a "two line" 

spectrum. R may now be calculated from equations (2) and (3) for differ-

ent values of Bo  and m. The results are given in Table 5.1.2. for values 

of R close to the measured one of 1.3. 

It is felt that the experimental flux measurements are not 

detailed enough to justify a more precise prediction of the spectrum. It 

is clear, however, that the analysis procedure outlined above is capable 

of being used to predict a smooth spectrum if y is varied incrementally 

with energy. Although it has not been finally established that the diff-

erential spectrum has a negative slope at all energies, recent satellite 

results (Cline et al., 1964) in the energy interval 3 to 12 Nev. provide 



convincing evidence that the spectrum is unlikely to peak in the energy 

region covered by detector C. On account of these results no attempt is 

made to predict a spectrum which has a positive slope at any energy. 

5.2. A Comparison With Other Experimental Data 

A summary of the recent experimental methods used for the 

observation of primary cosmic ray electrons is given in Table 5.2.1. and 

they are referred to below as references 1 to 10. The energy interval 

covered by each experiment is also given. The results of these studies 

are presented in Fig. 5.2.1. for all measurements which provide inform-

ation on the differential energy spectrum. Results reported by Bleeker 

et al. (reference 8) do not give an absolute flux value, but they show 

that in the energy range between 2 Gev. and 15 Gev. the primary spectrum 

is consistent with a power law E-1.9±O.4.  Their provisional flux value 

is a factor of two higher than that reported by L'Heureux and Meyer (ref-

erence 7) in the energy interval 2 to 3 Gev.. 

The majority of electrons detected by the present experiment 

undoubtedly have energies below 250 Mev.; it is therefore not possible 

to infer with confidence the shape of the spectrum at high energies from 

the results. Nevertheless, whatever the form of the primary spectrum, it 

must fulfil two requirements to be consistent with the data. Firstly it 

must give the observed ratio of the low and high energy components, as 

outlined in the previous section, and secondly it must give the observed 

total intensity. Clearly any spectrum which fulfils the first requirement 
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can be made to fulfil the second by the simple expedient of adjusting 

the value of k (Equation 5.1.1.). This method, if applied indiscrimin-

ately, leads to inconsistencies with the reported results at high ener-

gies. A further condition is therefore imposed which demands that the 

proposed spectrum in the energy range not covered by the detector shall 

be compatible with other results. 

The "two line" spectrum which fulfils these conditions best is 

represented by : 

dJ 
dE 25‹  E< 225 

0.84 

dJ 
dE E>225 

= 	4.2 x 104  E -2  

where flux values are given in particles/m2.sec.sr.Mev. and E is measured 

in Mev.. This spectrum is shown in Fig. 5.2.1. as spectrum A. The remain-

ing spectra proposed in the previous section yield a flux value which is 

too large at high energies to be consistent with the results of L'Heureux 

and Meyer. To illustrate this, spectrum B is plotted in Fig. 5.2.1.. This 

is represented by : 

dJ 

	

	12 E-0.6 
dE  25 < E< 500 

dAT 7.2 x 104 E-2  
dE E>500 
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It is probable that the true spectrum lies between the two extremes post-

ulated here. 

The available experimental data on the primary electron energy 

spectrum at the present time are far from being comprehensive. The only 

authors to measure, as distinct from infer, a differential spectrum are 

references 4,6,7 and 8; all except reference 4 cover the energy range 

around a few Gev. (Table 5.2.1.). All the available results were gained 

from different detectors flown at different times and generally from 

different locations; therefore any comparisons must be made with extreme 

caution. It has not yet been established that the results should necess-

arily be comparable. 

References 6, 7 and 8 are consistent with respect to the slope 

of the spectrum, but they differ in the measurement of the absolute flux. 

The results of L'Heureux and Meyer, which statistically are the most 

reliable, are corrected for secondary contamination by the method out-

lined by Smorodin. If this correction is applied to their measured flux 

at energies below 250 Mev., the resultant primary flux is zero (or "neg-

ative"). These authors therefore restrict their conclusions to electrons 

above 500 Mev. and their resultant flux is shown to be considerably 

lower than that obtained by either references 6 or 8. Their detector has 

an absorber thickness of 15 radiation lengths and is quoted as having 

efficiencies of 32% at 700 Mev. and 21% at 1300 Mev.. These figures 

compare with 43% and 13% respectively for detector C, which has an 

absorber thickness of 11 radiation lengths. Greison and Thom (see ref- 
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erence 1) have shown that for 11 radiation lengths of lead on average 

all ionizing tracks from a shower produced by a 730 Mev. electron have 

disappeared. It should therefore not be ruled out that the disagreement 

in the absolute flux value between references 6, 7, 8 and 10 arises from 

the apparent discrepancy in detector efficiency. 

Measurements made by Freier and Waddington (reference 6) yield 

an electron flux which is four times higher than reference 7 but is in 

good agreement with the proposed spectrum in the region 1 to 3 Gev.. 

The balloon flight reported by Bleaker et al. (reference 8) 

was made within six weeks of flight 3A. This is the only reported meas-

urement, to date, of a flight carried out in 1965, and it is in good 

agreement with the proposed spectrum above 2.5 Gev.. 

The observation of Schmoker and Earl (reference 9) gives the 

most probable value of the primary flux in the energy region 45 to 150 

Mev. as zero, with an upper limit of 35 particles/m2.sec.sr.. Their 

results are based on a total of four electron events, including second-

aries, out of 234 detected particles, and are therefore not of large 

statistical weight. These authors have reported the only latitude survey 

made to date and they have shown that the uncorrected electron flux at 

low latitudes is higher than that at Fort Churchill, Manitoba (x= 71°11"). 

This is in disagreement with the results for both detectors B and C which 

show a decrease in the raw electron flux between Kiruna and Cardington. 

The experimental technique used by Meyer and Vogt (reference 

1) for measuring electron energy is similar to that used for detector C. 
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The uncorrected data of reference 1 exhibit a ratio of approximately 

four between the low and high energy components when the data are split 

into energy intervals directly comparable with the present experiment. 

Both the ratio and the absolute flux are at variance with those deter-

mined by detector C. The secondary correction applied to these results 

is considerably lower than that proposed by Smorodin, which may account 

for part of the discrFTancy. 

The satellite observation of Cline et al. (reference 4) supp-

orts the hypothesis that the electron differential energy spectrum 

flattens towards low energies in that their results do not fit on to a 

continuation of the established high energy spectrum. It is evident 

that to be consistent with their present results the spectrum must steep-

en again towards very low energies of the order of 10 Mev.. 

Other results do not contribute to the energy interval under 

discussion. The conclusions of Agrinier et al. and Daniel and Stephens 

(references 3 and 5) are compatible with a spectrum with y = 2 above 4.5 

Gev.. The results of Earl (reference 2) report a peak in the raw electron 

intensity between 0.5 and 1 Gev.. The energy resolution and statistical 

weight of the results do not justify inclusion in Fig. 5.2.1.. 

The preceding discussion has adopted as a working hypothesis 

the assumption that results of different experiments are directly comp- 

arable. There are several factors concerning the primary electron flux 

which have still to be established before this assumption can be verif-

ied; namely the extent of the solar modulation, the contribution of solar 
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electrons to the incident flux and the time dependence of the galactic 

electron intensity. Evidence for a solar source of electrons has been 

provided by reyer and Vogt (1962) who detected solar flare electrons 

with energies well in excess of 100 Mev.. Meyer and Vogt (1961b) have 

separately observed solar modulation of the primary electron flux. Meas-

urements made during a Forbush decrease show a 9% fall in the primary 

proton intensity and a 40% fall in the electron intensity. On the basis 

of these observations it is concluded that electrons are emitted from 

some solar flares but not from others and that the galactic flux reaching 

the earth is likely to undergo solar modulation over the 11 year cycle. 

To summarize, the results obtained here show that the differ-

ential energy spectrum of primary cosmic ray electrons flattens consid-

erably at an energy between 225 and 500 Mev.. The measurements are not 

incompatible with a constant differential flux in the energy region 25 

to 225 Mev.. However, to acknowledge the satellite results it is felt 

that the spectrum below 500 Mev. is more likely to be represented by : 

dJ 	12 E 0.6 

Although the measurements reported by other workers are not always con-

sistent it must be remembered that such measurements are not necessarily 

directly comparable. At the present state of knowledge, therefore, 

apparent observational discrepancies in the absolute flux may not be 

serious. 
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5.3. Cut - off Variations at Kiruna 

The preceeding analysis has assumed that the geomagnetic cut - 

off at Kiruna is below 20 to 30 MV., which implies that all primary 

cosmic ray electrons above the instrument cut - off are allowed at Kiruna 

and all re - entrant albedo electrons of similar rigidities are rejected. 

It is now convenient to consider the implications of a higher cut - off 

rigidity of 60 MV., accompanied by either a negligible or a significant 

flux of re - entrant albedo electrons. In the former instance, to comply 

with conditions imposed by the measured fluxes, the spectrum must be 

fractionally steeper than predicted in the low energy region below either 

500 or 225 Mev.. Alternatively, in the latter instance, it is highly 

plausible that the loss of primary electrons is balanced to a first 

approximation by the gain of re - entrant albedo electrons. Therefore 

the elettronic flux incident on the detector is unlikely to change by 

more than a few particles/m2.sec.sr., in which case the conclusions 

reached concerning the nature of the primary spectrum remain. unaltered. 

The lower energy limit of the proposed spectrum moves to 60 Mev. for 

both cases. 

Recent measurements made from a polar orbiting satellite 

(Pieper et al., 1962; Zmuda et al., 1963; Stone, 1964) have shown that 

the cut - off latitude for 1.5 Mev. protons, rigidity 53.2 MV., is bet-

ween 65°N and 67°N (geomagnetic). Stone's observations were made during 

a magnetically quiet period which was not immediately preceded by mag-

netic storm activity. In addition, Reid and Sauer (1966) show that the 
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cut - off may be expected to fall to around zero at X = 65°N even at 

magnetically quiet times, while during disturbed periods the zero cut - 

off latitude is likely to fall. Pieper et al. report that after a mag-

netic storm the cut - off is likely to take up to a day to recover its 

quiet time value. Flight 2A was preceded by a magnetic storm a few hours 

before launch; qualitatively it appears plausible that the cut - off was 

depressed during this flight. Flight 3A drifted approximately 3° north-

wards; therefore even if the cut - off rigidity was finite at the begin-

ning of the flight, the balloon was later likely to have moved through 

the zero cut - off latitude. No time variation of the electron flux was 

associated with this flight, within the statistical limits. 

The satellite observations referred to above illustrate that 

the cut - off rigidity pertinent to both flights from Kiruna is less 

than 60 MV.. The preceding discussion shows that any uncertainty in the 

cut - off below this value is likely to have an insignificant effect on 

the results. 

5.1.. The Altitude Variation of the Electron Spectrum 

It is of interest to consider the change in the ratio of the 

low to high energy components (R) as a function of altitude. This is 

presented in Fig. 5.4.1. for flights 3A and 3B. R is a measure of the 

steepness of the differential energy spectrum at low energies; the higher 

the value of R, the steeper the spectrum. The differential electron 

energy spectrum has been measured at sea level (Carmichael, 1957) and 
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the sea level response of detector C has been calculated from this 

spectrum. This yields a value of R of 2.84 I 0.10, which compares fav- 

ourably with values of 2.95 4.  0.05 and 2.7C ± 0.08 observed on the ground 

at Cardington and Kiruna respectively. The calculated total counting rate 

from Carmichael's spectrum is within 10$ of that measured at Cardington. 

Results from flight 3A suggest that R remains constant with 

altitude up to the region of the transition maximum, and then gradually 

falls towards higher altitudes. The apparent drop in R at low altitudes 

is not considered significant, as Barker (1955) has shown that the shape 

of the electron spectrum remains constant at least up to 600 gm/cm2.. 

Results from flight 3B exhibit greater variations in R, but are never- 

theless consistent with a fall in this quantity at high altitudes. The 

The depth dependence of R is not expected to be identical at both flight 

locations. 

These results illustrate how the dominant component of the 

electron flux changes with altitude. Below the transition maximum the 

electrons are predominantly shower particles; most of these particles 

have low energies (Richards and Nordheim, 1948). Towards the top of the 

atmosphere the composition of the flux changes until it is almost wholly 

representative of the incident primary intensity. 

5.5., The Re - entrant Albedo Spectrum 

The value of R measured on flight 3B, from Cardington, was 1.7 

I 0.1. The substitution of this number in equation 5.1.4. results in a 
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value of y = 1.0. Very few experimental data are available on albedo 

electrons; therefore a direct comparison with other results is not poss-

ible. The best estimate of the re - entrant albedo spectrum that can be 

made from the results of flight 3B is : 

dJ 	= 	k E
- 1.0 .*0.1 

•dE 25< E< 600 

where E is in Mev.. The nature of the results does not justify the prop-

osal of a more detailed spectrum. Bland (1965) has made a semi - quant-

itative study of albedo and re - entrant albedo electrons which is comp-

atible with the results of flight 3B except in the absolute magnitude of 

the flux. 

5.6. Radio - astronomical Data 

Recent measurements of the radio frequency spectrum suggest 

that the galactic electron differential energy spectrum has an index y = 

1.85 at energies between 1 and 5 Gev. (Andrew, 1966). This is in good 

agreement with the observed electron energy spectrum in this region. 

Ellis (1965) shows that the radio spectrum falls at frequencies below 5 

Mc/s., after correction for atmospheric effects. These findings suggest 

that the galactic electron energy spectrum flattens towards low energies; 

a maximum at 150 Mev. is predicted if the magnetic field in the galactic 

halo is 5 x 10 —6 gauss. This is a tentative suggestion as the fall in 

the radio frequency spectrum can be attributed to absorption in the 

interstellar medium. However, if the fall in the radio spectrum is 
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representative of the source, it lends strong support to the theory of 

a local origin of low energy electrons. 

The magnetic field in the galactic halo has recently been 

calculated, from the measured electron spectrum, to be 5 x 10 
-6  gauss 

(Pollack and Fazio, 1965; Sironi, 1965). These authors assume that the 

electrons seen at the earth and those responsible for the emission of 

synchrotron radiation in the galaxy have identical spectra at high ener-

gies. If the intensity of the observed spectrum is lower than the galac-

tic intensity, then the estimated value of the magnetic field decreases. 

The distribution of spectral indices of non - thermal radio 

sources in the galactic halo has a median value of - 0.76 ± 0.14 

(Kellermann, 1964). This suggests a value of Y = 2.5 1 0.3 for the spect-

rum of the electrons responsible for the emission. This value may rep-

resent the source spectrum of "primary" galactic electrons,which is 

modified in interstellar space by acceleration and loss processes. The 

equilibrium spectrum is likely to exhibit a flattening at low energies 

(< 250 Mev.) and a steepening at high energies (> 2.5 Gev.)(Tumner, 1959; 

Hoyle, 1960). Such a spectrum is consistent with that required to supp-

lement the galactic "secondary" spectrum to give the spectrum observed 

at the earth. These spectra do not satisfactorily explain the experiment-

al results from the high energy region, but measurements at these energies 

are sparse and direct comparisons are difficult to make. 
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?f R 

1.6 2.68 ± 0.04 

1.0 1.68 ± 0.03 

0.8 1.43 ± 0.03 

0.6 1.21 ± 0.03 

Table 5.1.1. Values of R and 3  , derived from equation 5.1.4.. 

m Eo  (Mev) R 

225 1.31 
0 

250 1.25 

250 1.34 
0.2 

275 1.26 

325 1.33 
0.4 

350 1.29 

500 1.32 
0.6 

550 1.28 

Table 5.1.2. Values of R derived from different values of E0  
and m (see text). 
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REFERENCE EXPERIMENTER DATE ENERGY METHOD 

1 Meyer & Vogt 1961 
... 

> 25 Mev 
Scintillator 
Telescope 

2 Earl 1961 0.5-3 Gev Cloud Chamber 

3 Agrinier et al. 1964 >4.5 Gev Spark Chamber 

4 Cline 	et al. 1964 3-12 Mev 
Scintillator 
Telescope 

5 Daniel & Stephens 1965 >15 Gev Nuclear Emulsion 

6 Freier & Waddington 1965 0.3-2.5Gev Nuclear Emulsion 

7 L'Heureux & Meyer 1965 0.6 —3 Gev 
Total Absorption 

Spectrometer 

8 Bleeker 	et al. 1965 2-15 Gev 
Total 	Absorption 

Spectrometer 

9 Schmotker & Earl 1965 45-150 Mev Cloud Chamber 

10 Present work 1966 25-600 Mev 
Cerenkov 
Telescope 

Table ,5.2.1. Summary of recent experimental work. 
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CHAPTER 6 

CONCLUSIONS AND COROLLARY 

6.1. Conclusions 

The results of the balloon flights establish the presence of 

a significant flux of primary cosmic ray electrons at Kiruna. The tech-

nique employed to recognize primary electrons is a valuable one if the 

detectors can be flown above an altitude of 5 gm/cm2. of residual atmos-

pheric depth, where the contribution from atmospheric secondary elect-

rons is small in comparison with the primary intensity. The primary 

45 	+ 40 ,o  electron fluxes measured at Kiruna are 275 - + 85  and 320 	particles/ 

m2.sec.sr. for detectors B and C respectively. The differential energy 

spectrum of the electrons which constitute the flux measured by detector 

C has been determined in the energy range 30 Nev. to approximately 800 

Mev. (Fig. 5.2.1.). The measured spectrum is compatible with the galact-

ic secondary electron equilibrium spectra presented in Fig. 1.3‘1. 

Although the flux of atmospheric secondary electrons is small 

at the altitudes reached by the balloons, it is nevertheless significant 

and represents the largest correction to the experimental data. Two 

methods have been used to derive the secondary contribution to the elec-

tron flux, one based on theoretical studies and the other on an estimate 

of the re - entrant albedo flux. If the electron albedo flux were accur-

ately known an indopondent estimate of the re - entrant albJdo flux could 
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be made, as the magnitudes of both these components are believed to be 

similar (Treiman, 1953). It may then be possible to verify the theoret-

ical derivation of the secondary flux. If this can be achieved it would 

be plausible to dispense with the low latitude flights. A better deter-

mination of the secondary correction leads to a more accurate value of 

the primary flux, which is important if future measurements are to 

resolve small time variations of the primary electron intensity. 

The probable sources of cosmic ray electrons are outlined in 

section 1.3. and some radio - astronomical data are presented in section 

5.6.. It is sensible to retain the possibility of a solar source of 

electrons, with energies up to 100 Mev., to account for part of the 

intensity observed at the earth. Otherwise the evidence suggests that 

galactic "secondary" electrons are important in the energy range 50 to 

1000 Mev.; this is supported by the results of the present work. An 

explanation of the origin of electrons of energies greater than 1000 

Mev. must await further experimental evidence. 

6.2. Corollary 

The balloon flights reported in this thesis represent the 

beginning of a more ambitious programme to investigate the primary cos-

mic ray electron flux. It is intended to continue the measurements both 

with the present detector and with a more sophisticated instrument 

which will analyse the spectrum in greater detail. Of the future flights 

at least one will measure the altitude dependence of the electron albedo 
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flux, and it is hoped from these results to make an independent estimate 

of the re - entrant albedo contribution. The geomagnetic threshold rig-

idity at Kiruna might be investigated in more detail if the lower energy 

limit of the detector could be sharply defined and if low energy electrons 

(< 60 Mev.) could be unambiguously identified. 

Finally, it is of great interest to extend these measurements 

into the coming period of enhanced solar activity. It should be possible 

to establish the extent of a solar source of electrons and to observe 

how the galactic electron flux is modulated over the solar cycle. In 

addition, simultaneous measurements of the proton and electron fluxes 

in similar rigidity/energy intervals can provide useful information on 

the nature of the solar modulation. 
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APPENDIX 

The pulse analysis in detector C is performed in the following 

way. The channel numbers are defined in section 2.6.3. and all other 

references are to Fig. 2.6.2.. :oppose the gate following the coincid-

ence circuit (hereafter called the coincidence gate) is open and the 

binary is in a "1" state. A "1" state indicates that the next input 

pulse produces an output pulse which can be accepted by the following 

circuit. If the binary is in a "0" state, two input pulses are required 

to produce a suitable output signal. 

1) The first coincidence pulse to arrive passes through the gate 

and switches the binary to a "0" state. The binary output triggers 

the following univibrator which activates a 1[1 sec. delay. The 

coincidence pulse also triggers a univibrator which (a) opens the 

gates to the buffer store and (b) closes the coincidence gate. Any 

pulses in channels 4 to 8 are now held in the buffer store, which 

has a capacity of 32. 

2) The output from the delay transfers the contents of the buffer 

store into the main store, opens the coincidence gate, re - sets the 

buffer store and opens the gates following the 3 kc/s. oscillator. 

This output also re - sets the scaler which by . passes the coincid-

ence gate. The function of the scaler is explained later. The osc-

illator modulates the transmitter and also feeds into the main 

store through a scale of four circuit. The capacity of the main 

store is 32, and when this is filled the oscillator gates are closed. 
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Simultaneously a 50 msec. delay is activated via an univibrator; 

the output of the delay switches the binary into a "1" state. The 

length of the telemetered pulse is 4.(32 N) cycles, where N is the 

number transferred from the buffer store. The circuits are now in 

their original states. 

Suppose a second coincidence pulse arrives while the oscillator 

is filling the main store. The binary switches from a MO" to a "1" state. 

The pulses from channels 4 to 8 are stored as before and the coincidence 

gate is closed. Any further coincidence pulses are inhibited by this gate. 

When the main store is full, the 50 msec. delay is activated and the del-

ayed pulse switches the binary into a "0" state. The binary outuut activ-

ates the 1µ sec. delay and the sequence now follows that described in 

(2) above. 

If the pulse from the 50 msec. delay and a coincidence pulse 

arrive at the binary simultaneously, the system is blocked with all the 

gates closed. To guard against this possibility the coincidence gate is 

by - passed with a scaler which changes the state of the binary if more 

than three coincidence pulses are inhibited. Under normal conditions 

this facility is not required and the scaler is re - set after each 

pulse. When the supply voltage is switched on this device sets the cir-

cuits in their initial states. 
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