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PLATE 1 

FRONTISPIECE 

FRONT VIEW OF APPARATUS 

USED TO MEASURE THE NEUTRON SPECTRUM 
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ABSTRACT 

A measurement of the sea l eve l energy spectrum of cosmic ray 

neutrons i n the energy range 50-1000 GeV has been performed. The 

neutrons interacted i n a t h i ck i r o n absorber, the burst subsequently 

produced being detected by a s c i n t i l l a t i o n counter. The burst sizes 

were used to select events and to estimate the energy of the neutrons. 

The experimental resul ts show a neutron spectrumthat i s steeper 

( V = 2.95 + 0.1) than might normally be expected. This has been 

discussed i n terms of nucleon propagation i n the atmosphere. One 

possible explanation would be a decrease i n the nucleon attenuation 

length i n the atmosphere. An a l te rna t ive so lu t ion i s i n terms of 

the charge exchange p r o b a b i l i t y f o r nucleon in te rac t ions . I f , as 

has recently been postulated, the Aleph baryon i s produced i n high 

energy 1000 GeV) nucleon c o l l i s i o n s , t h i s would lead to a d e f i c i t 

i n the expected number of neutrons at sea l e v e l i n the energy range 

covered by th i s experiment. 

A search f o r high energy magnetic monopoles has been made 

using the same apparatus. No events s a t i s f y i n g the select ion 

requirements were observed and the upper l i m i t to the f l u x at the 
—11 —2 —1 — 1 90$ confidence l e v e l i s < 9-5- 10 cm sec" sterad . 

An inves t iga t ion of the character is t ics of long c y l i n d r i c a l 

proportional and sonic spark counters has also been carr ied out. 
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PREFACE 

This thesis describes the work performed by the author i n the 

Physics Department of the Univers i ty of Durham while he was a 

Research Student under the supervision of Dr. P. Ashton. 

An experiment to measure the sea l e v e l energy spectrum of 

cosmic ray neutrons has been performed. The construct ion, day-to-day 

running of the apparatus, analysis and i n t e rp re t a t i on of the data 

have been the sole r e s p o n s i b i l i t y of the author wi th the assistance 

i n some of the early work from Mr. J . King. 

Results of the experiment have been presented at the In te rna t iona l 

Conference on Cosmic Rays at Budapest by Ashton et a l (1969). 

The author,along wi th Mr. T, Takahashi,has invest igated the 

properties of long cylindrical proport ional counters and sonic spark 

counters. A paper g iv ing de ta i l s of the character is t ics of these 

counters has been reported by Ashton et a l (1967) at the Calgary 

Conference on Cosmic Rays. 
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CHAPTER 1 

INTRODUCTION 

1 .1 . General 

Over the past century or so i t has become increasingly 

obvious that the basic uni t s from which matter i s thought to be 

composed have grown smaller and smaller, and the various forces 

involved more complex. Around 1930 i t was believed that a l l the 

then known physical phenomena aould be explained on the basis of 

j u s t three elementary pa r t i c les - the proton, the e lec t ron and the 

photon - i n t e r ac t i ng through two basic types of force - e l ec t ro ­

magnetic and g r a v i t a t i o n a l . The electrons and protons were t rea ted 

as structureless poin ts , defined by t h e i r mass and charge w i t h both 

of the fundamental in teract ions - the g r av i t a t i ona l a t t r a c t i o n 

between masses and the Coulomb force between charges - being long 

range in te rac t ions , f a l l i n g o f f inversely as the square o f the 

distance. The strength of the Coulomb in t e r ac t i on between two protons 

i s characterised by the pure number e^/hc which i s known as the f i n e 

s tructure constant i t s value being 1/137. The corresponding number 

f o r the strength of the g r av i t a t i ona l force between protons i s 

1 0 " ^ so i t can be seen that th i s force plays no s i g n i f i c a n t part 

i n nuclear phenomena. 

I t soon became clear that phenomena i n the nucleus lay outside 

-12 
t h i s scheme. The t y p i c a l nuclear radius i s about 10 cm. and 
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consequently the Coulomb repulsion between a pa i r of protons is the 

nucleus i s about 10^ times as large as the a t t r a c t i o n between the 

nucleus and the atomic electrons. The g rav i t a t i ona l force has been 

shown to be neg l ig ib le on t h i s scale so i t became necessary to 

postulate a new type of force - the nuclear force - i n order to 

explain the observed s t a b i l i t y of nuc l e i . This force has a strength 

of about 1 on the above scale. I n 1932 the neutron had been 

discovered and i n order to account f o r the mass to charge r a t i o of 

nucle i i t was assumed they were composed of approximately equal 

numbers of protons and neutrons. I t seemed reasonable to assume that 

both types of p a r t i c l e , c o l l e c t i v e l y known as nucleons, were subject 

to t h i s nuclear fo rce . Observations on the nucleon number and 

nuclear binding energy indicated that the nuclear force operated 

only between nearest neighbours g iv ing i t a range of only about 

I0~ 1^cm. Wi th in t h i s radius i t operates very s t rongly but f a l l s o f f 

very r ap id ly at larger distances. 

I n the past t h i r t y years the nuclear force has been the subject 

of intensive study. Unlike the electromagnetic interaction, the 

Knowledge of which has become r e l a t i v e l y complete, the nuclear 

interaction i s s t i l l without a s a t i s f ac to ry descr ipt ion. The chief 

method of inves t iga t ion has been the study of co l l i s i ons between 

nucleons w i t h the a i d of accelerators and detectors such as bubble 

chambers. The re su l t ing nuclear model has developed from an o r i g i n a l 

idea of Yukawa (1935) . By analogy, w i t h the photon, which was the 



exchange p a r t i c l e involved i n the electromagnetic in t e rac t ion he 

postulated the pi-meson as intermediary i n a nuclear reaction. This 

p a r t i c l e was subsequently discovered i n cosmic rays and i t became 

clear that the protons and neutrons were not structureless points but 

clusters of sub-nuclear material of radius about I0~^cm. Essent ia l ly 

no i n t e r ac t i on occurred unless these clusters came in to contact 

when a very strong in t e rac t ion took place. This i n t e r ac t i on occurs 

i n a very short time - about 1 0 " ^ seconds - and i s best described 

by the exchange of mater ia l from one nucleon to the other. The 

l i g h t e s t of these fragments is the pi-meson. Since the discovery of 

t h i s p a r t i c l e a wide spectrum of sub-nuclear pa r t i c les has been 

revealed and the understanding and c l a s s i f i c a t i o n of these has become 

one of the major problems of fundamental physics. Considerable 

advances have been made i n t h i s f i e l d by studying the various 

conservation laws that apply i n the p a r t i c l e in te rac t ions . There are 

three such, laws that apply to strong in te rac t ions . The f i r s t , the 

conservation of e l e c t r i c charge C, i s thought to be an absolute 

conservation law. The second law i s that of baryonic charge B. This 

was f i r s t suggested by the abundance of protons i n the universe and 

was formulated to account f o r t h e i r s t a b i l i t y . This law is again 

thought to be absolute and un iversa l ly applicable. A t h i r d rule that 

applies only to the strong i n t e r a t i on i s the conservation of a 

quanti ty known as the hypercharge Y. This arose from the observation 

that when A or E baryons were produced i n pion-nucleon co l l i s i ons 
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they were always accompanied by an equal number of pos i t ive K mesons. 

The problem then arises as to what mechanism could most simply 

give r ise to these observed r e g u l a r i t i e s . One such scheme i s the 

proposal that the nuclear pa r t i c l e s can themselves be thought of as 

being made up of sub-nuclear p a r t i c l e s , ca l led quarks, which carry 

the d i f f e r a n t charges C,B,Y. The suggestion i s that there are three 

such quarks (charges +2/3, -1 /3 , -1/3) each wi th spin 1/2. The h a l f 

i n t eg ra l spin pa r t i c les are then a t i g h t l y bound combination of three 

quarks, and zero and i n t eg ra l spin pa r t i c les a t i g h t l y bound system of 

a quark and an anitquark. Under the theory of uni ta ry symmetry which 

accounts f o r the charges on the pa r t i c l e s but not f o r the conservation 

laws the quark content of any system has to be conserved. Under t h i s 

theory i t seems that the great m u l t i p l i c i t y of nuclear pa r t i c les 

has been brought in to some sort of order, the uni ta ry mul t ip le t s 

being closely analogous to the periods of the chemical elements i n 

the Periodic Table. 

The question can then be posed as to whether quarks ac tua l ly 

ex i s t as sub-nuclear elements or whether they are merely a convenient 

mathematical invent ion. Various experiments at accelerators and i n 

cosmic rays have been performed but although the search has been 

extremely extensive no quarks have been found. Thus the physical 

existence of quarks remains i n doubt and the search i s s t i l l f o r a 

simple basis to a complete understanding of the sub-nuclear wor ld . 
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1.2 Study of Nuclear Interact ions i n Cosmic Rays 

The important ro le of energy i n revealing new phenomena i n the 

in t e rac t ion of elementary par t ic les gives cosmic ray physicists the 

advantage, i n comparison w i t h accelerator physic is ts , of being 

pioneers i n th i s f i e l d of research because cosmic ray par t i c les 

are always available up to p r a c t i c a l l y i n f i n i t e energy. I n the 

past twenty years many fundamental phenomena have been observed and 

measured i n cosmic rays* For example the existence of TT and yui 

mesons and of several strange p a r t i c l e s , the average m u l t i p l i c i t i e s 

and the constancy of the average transverse momentum of secondaries 

have a l l been established. I t should be pointed out, however, that 

as proton accelerators have increased i n energy up to around 30 &eV 

they have yielded much more acourate knowledge than could ever 

hoped to be gained from cosmic ray studies. I n b r i e f i t would 

appear tha t cosmic ray research can lead to the discovery of 

phenomena which are of fundamental importance f o r the understanding 

of high energy interact ions but whenever accelerators can cover the 

same energy range the cosmic ray evidence i s q u a l i t a t i v e l y and 

quan t i t a t ive ly i n f e r i o r . 

Aa the accelerators reach higher energy the problem of 

studying high energy interact ions i n cosmic rays becomes progessively 

more d i f f i c u l t y since the f l u x levels are so small . Obviously the 

largest f l u x of protons is to be found i n the primary r ad i a t i on and i n 

recent years the use of s a t e l l i t e s has enabled measurements here to 
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be made over long periods of t ime. For example the "Proton" 
series of f l i g h t s have enabled the primary spectrum to be determined 
d i r e c t l y up to energies i n excess of 10 eV / nucleon and measurements 
of the elementary p-p ine las t i c cross-section have been made up to 
above 100 GeV. 

Experiments to study the various cosmic ray spectra at d i f f e r e n t 

depths i n the atmosphere enable the propagation of nucleons through 

the atmosphere t o be studied. I t i s possible, f o r example, to make an 

estimate of the attenuation length of nucleons i f the primary 

nucleon spectrum is known. This can lead to a value f o r the e l a s t i c i t y 

of nucleon-air nucleus co l l i s i ons assuming a r e l i a b l e estimate of 

the nucleon in t e rac t ion length i n a i r i s ava i lab le . I n the present 

work the spectrum of neutrons at sea-level has been measured i n an 

e f f o r t to detect any energy dependence of these parameters. 

1 . 3 . Measurement of the High Energy Neutron Spectrum 

Previous measurements of sea l eve l nucleon spectra above 1 &eV 

appear to have been confined almost e n t i r e l y to protons. The best 

measurement here i s that of Brooke et a l (1964) who used a magnetic 

spectrograph to estimate the proton spectrum up to about 80 &eV. No 

comparable studies of the neutron spectrum have been made. 

This thesis describes an experiment to measure the high energy 

neutron spectrum from a study of the cascades produced by neutron 

interact ions i n an i r o n ta rge t . A pa r t i cu l a r advantage of the experiment 
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l i e s in the fact that the neutrons are easi ly identified as there i s 

no background from other neutral part ic les . In the case of protons they 

have to be separated out from the pion and muon components. 

The apparatus which i s described i n detail in Chapter 6 consisted 

of an iron target in which incoming particles interacted. Situated 

below the iron were three large sc int i l la t ion counters whose pulse 

height information enabled the energy of the interacting particles to 

be estimated. Visual information about the cascade was obtained from 

crossed trays of f lash tubes above and below the sc int i l la tor and 

the nature of the incoming particle (charged or uncharged) was 

determined from a tray of f lash tubes above the iron target. 

In Chapter 2 a review of the primary spectrum measurements i s 

given together with an estimate of the primary nucleon spectrum. The 

propagation of nucleons through the atmosphere i s discussed in 

Chapter 3 &nd measurements of the nuclear active particle spectrum at 

various atmospheric depths in Chapter 4. The theory of burst production 

in iron i s given i n Chapter 5 while in Chapter 6 the details of the 

apparatus and experimental data are described. The measured sea 

leve l neutron spectrum is discussed in Chapter 7 and concluding remarks 

made in Chapter 8. 

Appendix A discusses the monopole f lux at sea level while i n 

Appendix B the development of large proportional counters and sonic 

spark counters i s described. 
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CHAPTER 2 

REVIEW OF PRIMARY SPECTRUM MEASUREMENTS 

2.1 Introduction 

A knowledge of the primary spectrum of cosmic rays i s important for 

the following two reasons: 

a) in the interpretation of the phenomena of high energy physics 

e.g. muon production, cross-sections and e las t ic i t ies of 

high energy nuclear interactions. 

b) in the study of the astrophysical and geophysical aspects 

of cosmic rays, e.g. their origin, acceleration and time 

variations. 

The techniques used in the measurement of the spectrum and the 

accuracy of i t s determination vary considerably according to the energy 

range involved. At energies of about 20 GeV and less where the 

influence of the earth's magnetic f i e l d i s noticeable the spectrum can 

be measured directly using geomagnetic techniques. These are usually 

performed with balloons or, as in more recent years, satel l i tes carrying 

emulsions or counters. I t i s at this low energy region that solar 

influences on the spectrum are most marked. This i s seen in the neutron 

monitor counting rates which are in anticorrelation with the 11-year 

cycle of sunspot act ivi ty . In the energy range lo' 1 to 10 1 i feV / nucleon 

measurements have been confined almost exclusively to studying 

interactions occurring in nuclear emulsions, although recently &rigorov 
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et a l (1967) have used sate l l i tes containing ionisation calorimeters. 
Above 101^ eV / nucleon the primary spectrum has to be derived from 
measurements on the siae of extensive a i r showers. This last indirect 
method enables the spectrum to be estimated up to an energy of about 
1 0 2 0 eV / nucleon although at these energies the errors are quite large 
as few events have been observed. 

2.2 The Total Radiation Spectrum 

2.2.1 Latitude Sensitive Region 

The most direct measurements on the total radiation spectrum are 

those in the latitude sensitive region. These involve the use of 

counters or ionisation chambers at or near the top of the atmosphere and 

are dependent on a knowledge of the correct geomagnetic cut-off as a 

function of latitude. Measurements at the low energy end of the spectrum 

have been performed using the latitude effect by Neher (1961) using ion 

chambers and by L i n et a l (1963) using a single counter. The counter 

measurements were made in a sate l l i te at an altitude of about 1000 km. 

and the data was adjusted to the top of the atmosphere by taking into 

account the fraction of the intensity due to albedos. The accuracy of 

the absolute intensities in this energy region depends mainly on the 

albedo correction and this i s the chief source of disagreement between 

the various measurements. Albedo intensities have been studied by 

McDonald and Webber (1959) - the splash albedo - and by Perlow et a l 

(1952) - the re-entrant albedo. Using these corrections, Webber (19^7) 
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estimates the integral total radiation spectrum in this energy region 

(3.5 - 20 GeV / nucleon) at sunspot minimum and this i s shown in F i g . 2.1. 

2.2.2 Indirect Methods 

In the energy range 100-1000 GeV / nucleon the total radiation 

spectrum has been derived from the measured spectrum of JC-rays at 

high altitudes. Measurements on electromagnetic cascades produced 

high in the atmosphere have been performed by Duthie et a l (1962) and 

Kidd (1963) both using balloons. Since these cascades are thought to 

originate from secondary Y-rays, an estimate of the pion production 

spectrum is then possible. Assuming a model for the primary nucleon -

a i r nucleus col l is ion the integral spectrum of primary particles can then 

be derived. This method has been used by Miyake (1963) who found a 

spectrum of exponent -1.63 constant in the energy interval 500-1000 

GeV / nucleon (Pig. 2.1). Malholtra et a l (1965) have flown emulsion 

stacks in a balloon at an atmospheric depth of 22gm. cm~ .̂ The integral 

spectrum of cascades init iated by nuclear active particles was measured 

and this was used to derive the primary spectrum. They estimate that 

between 10 1 1 and 6.1 0 1 W nucleon the primary SDectrum of a l l nuclei 

can be represented by 

» 0 = ) - (3 .9 + .^8) . 1 0 1 4 E - 1 ' 6 C * 0 - 0 1 cm."2 sec." 1 sterad." 1 

where E i s in eV. This i s shown in Pig. 2.1. 

Brooke et a l (1964b) have also used an indirect method based on 
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Figure 2.1 Total Radiation Spectrum. 
1 . Webber (1967). 
2. Brooke et a l . (1964b). 
3. Malholtra et a l . (1965). 
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the measured sea level spectra of cosmic ray pro.toas and muons. 

Using these spectra, i t is possible to draw quantitative conclusions 

about the primary spectrum i f a model is assumed for the interaction 

between a primary nucleon and an a i r nucleus. I n this case the C.K.P, 

model for high energy riucleon-interactions was adopted and a constant 

value of the quantity (K-t -K^) was assumed where was the nucleon. 

ine last ic i ty and K^the fraction of energy passed on to pions. Taking 

into account geomagnetic measurements the integral spectrum in the 

range 1 0 ^ -3.10 1^ eV / nucleon was found to be given by the expression 

N(>E) = (0.87lo]3o) E " 1 ' 5 8 cm"2 sec" 1 sterad" 1 

with E in GeV. The spectrum i s shown in Pig 2.1.. 

I t can be seen from F i g . 2.1. that these indirect methods give agree­

ment on the exponent of the spectrum although there i s a discrepancy in 

the absolute intensit ies . The errors, however, are quite large and the 

spectra lie within each others uncertainties. 

2.3 The Primary Proton Spectrum 

2,3*1 Direct Measurements 

The singly charged particles (protons) are the most abundant present 

in the primary spectrum. I t i s , however, only i n the region up to 

about 10 GeV / nucleon that the energy of this component has been 

uniquely determined. Above this energy the spectrum i s measured as an 

integral intensity above some rigidity determined by the geomagnetic 
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cut-off of the particular location. At energies above the latitude 

sensitive region the integral spectrum is studied from interactions in 

emulsions. 

I n the energy region below 1 GeV / nucleon Webber (1967) gives 

a summary of the measurements made up to Must of these point to 

a di f ferent ial proton primary spectrum that is r is ing with increasing 

energy in the range 150-350 MeV / nucleon and reaches a peak at 

around 450 MeV / nucleon. There is some discrepancy, however, in 

the values of the absolute rates. This i s thought to be due to the 

fact that most of the measurements have been carried out at a depth 

of a few gm.cm.-'̂  into the earth's atmosphere. This makes i t d i f f i cu l t 

to identify the separate components as there i s a large background 

of secondaries produced in the overlying atmosphere as well as the 

contributions of the splash and re-entrant albedos. Of five 

measurements made in 19^3, four are in quite good agreement and they 

give a di f ferent ia l spectrum which exhibits the features mentioned 

above. Above 450 MeV the spectrum starts to f a l l with increasing energy. 

More recently Gloeckler and Jokipi i (1967) have collected together 

various balloon and sate l l i te data which refer to a time near a 

solar minimum of 1965 (Fig . 2 .2 . ) . The combined data shows a peak in 

the spectrum at an energy of just greater than 400 MeV / nucleon with 

a fa l l ing-off in intensity towards lower energies. They also indicate, 

however, that the spectrum reaches a minimum at about 30 MeV / nucleon 

and there i s some evidence that i t increases with decreasing energy 
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below this . 

In the latitude sensitive region above about 500 MeV / nucleon 

the data of Webber and of Gloeckler and Jokip i i show a fa l l ing spectrum 

whose exponent increases with increasing energy up to energies in 

excess of 10 GeV / nucleon. 

In these regions of quite low energies i t is not r e a l i s t i c to 

compare the absolute intensities of the two sets of data as they refer 

to s l ightly differing times and so may be affected differently by 

modulation. There i s , however, quite good agreement between the two 

especially with regard to the general shape of the spectram. 

2.3.2 Measurements in the range 10 1 1 - 10 1^ eV / nucleon 

The integral primary proton spectrum has been measured in this 

energy range almost exclusively from the study of interactions in 

emulsions. This method can lead to an uncertainty in the energy 

determination amounting to about a factor of two or three. The points 

of L a i (1953), Kaplon et a l (1952), Appa Rao et a l (19^3) and Teucher 

(1960) as shown in F i g . 2.3. a l l l i e on a straight line whose exponent 

i s -1.6, but the absolute intensities are a factor of three higher that 

the total radiation spectrum discussed in section 2.2. This discrepancy 

could be due to an overestimate of the primary energy and while i t 

should be remembered that the total radiation spectra at these energies 

were obtained in an indirect manner, they do agree quite well with the 

direct measurements of the proton spectra at lower energies. 
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Malholtra et a l (1965) have used their measured spectrum of 

nuclear active particles to estimate the primary proton spectrum. 

They estimated the charge composition of the primaries in two ways: 

(a) Most of the interactions took place in tungsten but a few 

did occur in the emulsion i t se l f and the composition was estimated 

from these, (b) I t was assumed that at high energies the charge 

composition at the top of the atmosphere is the same as at low energies 

The two estimates were found to be in good agreement and they thus 

conclude there is no evidence for a change in composition between 1 0 ^ 

and 101^ eV / nucleon. They obtain the following expression for 

12 

integral spectrum of primary protons, in the range 2.6. 10 to 

2.6. I 0 1 i f eV / nucleon. 

N ( > E ) = (1.67+0.06)10 1 2 E P - 1 - W - ± ° - ° 5 

where Ep is in eV. This is shown in F i g 2.3* 

Gloeckler and Jokip i i have extended their di f ferent ia l spectrum 

of primary protons up to 100 GeV from measured integral f lux values. 

(Fig . 2 . 2 . ) . I t i s interesting to note that at 100 GeV their spectrum 

agrees both in absolute intensity and exponent with the total 

radiation spectrum calculated by Brooke et a l . 

2.3.3 Primary Proton Spectrum at>lQ1**" eV / nucleon 

Above about 1 0 ^ eV / nucleon i t i s not real ly possible to 

measure the primary proton spectrum as the intensities become much too 

small. I n this energy region the primary spectrum i s derived from 



15 

extensive a i r shower measurements and refers to a spectrum of a l l 

particles although i t is possible, to make inferences regarding the 

composition. I t i s worthwhile pointing out here in connection with 

the intensity of protons measured in emulsion stacks that the 

intensities from a i r shower data seem to be more compatible with 

the derived total radiation spectrum. 

2.4 The Spectrum of Helium Nuclei. 

2.4.1 Energies <10 GeV / nucleon 

The spectrum of helium nuclei has been studied in detail by 

several groups in the low energy region. The helium nuclei are 

easi ly identified in the emulsions and counters since there is no 

contribution from albedos. The spectrum i s thus quite well defined 

and in fact i s known more precisely than that of the proton component 

even though the intensities are l ess . As with protons less 

experimental data is available at higher energies and there are no 

direct measurements above 10^ eV / nucleon. 

At the very low energy end of the spectrum Webber (1967) groups 

the experimental results from two different periods, 1954-56 and 1963, 

when the solar modulatioa effects were reasonably small. The results 

for the 1954-56 "period were taken from three emulsion and four 

counter experiments and the two sets of data (emulsion and counter) 

were found to be consistent over the energy range involved, 

200 -800 MeV / nucleon. The measurements show a spectrum that i s 
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fa l l ing with a constant exponent above about 400 MeV / nucleon but which 
belaw thjs energy has an ever decreasing slope and eventually appears 
to f latten out at around 200 MeV / nucleon. 

The information available from the 19^3 group of measurements i s 

much more extensive and also covers a wider energy range. Again 

emulsion and counter type experiments were performed and the shape of 

the spectrum was found to be very similar to that of protons in the 

same energy range. Up to about 150 MeV / nucleon the spectrum rises 

with increasing energy, reaches a maximum at around 150 MeV / nucleon 

and then starts to f a l l as the energy goes up further. The absolute 

intensities from the 1963 series of experiments are in agreement with 

the 1954-56 measurements. 

Gloeckler and Jokipi i (1967), F i g . 2.2, also give quite 

extensive data on the helium spectrum in this energy region and the 

shape i s in good agreement with the results previously discussed. 

I t shows a maximum at around 150 MeV / nucleon below which the spectrum 

f a l l s with decreasing energy. As in the case of the proton spectrum 

there i s evidence for a minimum at about 40 MeV / nucleon. 

I n the energy region 1.5 - 10 GeV / nucleon there are balloon 

measurements by Ormes and Webber (1966) and by Arnand et a l (1966). 

Both of these were carried out at a time near a solar minimum and they 

point to a fa l l ing spectrum whose slope i s increasing s l ightly with 

increasing energy up to about 10 GeV / nucleon. 
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2.4.2.,Energies >10 G-eV / nucleon 
11 15 

Over the range 10 - 10 eV / hucleon the only direct method 

of studying the primary spectrum of helium nuclei has "been to look at 

their interactions in emulsions. This can lead to inaccuracies in 

the energy determination a3 was seen in the case of proton 

measurements. There are measurements by Fowler et a l (1956), 

Lohrmann et al (1959) and by Jain et a l (1959) and these points are 

plotted in F i g . 2.4. I t can be seen that the three points do not 

l i e on a straight line but an average spectrum drawn through them 

gives an exponent of -1.6. The absolute intensities are more than a 

factor of ten down on the proton intensit ies . 

Following their calculation of the proton spectrum Gloeckler and 

Jokipi i have extended their di f ferent ia l helium spectrum up to an energy 

of 100 GeV / nucleon (Fig. 2 .2) . I f a constant slope of -1.65 i s 

assumed for the integral spectrum of helium nuclei above this energy 

then i t i s found to agree quite well with average spectrum of the three 

emulsion measurements described above (Fig. 2 .4) . This was not the 

case with the proton measurements where the intensities from emulsion 

data were a factor of three higher than the extrapolated spectrum of 

Gloeckler and Jok ip i i . 

There are no measurements available on the helium spectrum above 
1 5 

an energy of 10 eV / nucleon. 
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2.5 Spectrum of Nuclei with &>2 

These nuclei represent about two per cent of the total 

primary radiation intensity above a given r ig id i ty . There are often 

large differences in intensity of the different charge components 

and so i t has been found useful to divide the nuclei up into the 

following charge groups: 

a) The L nuclei : Lithium, Berylliuai and Boron, 34% < 5 

b) The M nuclei : Carbon, Nitrogen, Oxygen and Fluorine Z£ 9 

c) The H nuclei : Neon and heavier nuclei, ZJMO 

M and H nuclei are often grouped together and called S nuclei . 

This grouping i s based on the astrophysical evidence that carbon, 

nitrogen and oxygen are cosmically the most abundant heavy elements 

while there i s almost a total lack of lithium, beryllium and boron. 

There are a number of d i f f i cu l t i e s involved in the measurements of 

the spectra of these nuclei especially those using balloons. Being 

heavy nuclei they have short interaction lengths in the atmosphere 

and after an interaction w i l l produce elements of lower charge groups 

which w i l l be indistinguishable from the primaries. Thus i t is 

necessary to apply- corrections for fragmentation that occurs in any 

overlying atmosphere. I n the past the magnitude of these corrections 

has represented an important source of controversy on the estimate of 

the L nuclei f lux at the top of the atmosphere and many problems in 

connection with the interpretation of the abundances of the various 

H nuclei as well . 
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2.5.1 Spectrum of S nuclei 

Being the most abundant the S nucle i (M+H nuclei) are the easiest 

to measure. Fan et a l (1967) have made s a t e l l i t e measurements on 

carbon, oxygen and nitrogen i n the region 10-1000 MeV / nucleon 

(see F i g . 2 .2) . They f i n d a spectrum whose shape i s s imi l a r to 

that of protons and He nucle i but the i n t ens i t i e s are a f a c t o r of 

over one hundred times less than the proton i n t e n s i t y . Carbon and 

oxygen appear to have about the same i n t e n s i t y but that of ni trogen 

i s f o u r times less . Webber (1 967) summarises data which agrees wi th 

these spectral shapes although the spectra do not d i s t ingu ish 

between the separate elements. At higher energies there i s only one 

measurement on S nuc l e i . This i s by Ja in et a l (1959) who used 

emulsions f lown i n a bal loon. The i n t ens i t y re fers to an energy of 
11 

10 eV / nucleon (F ig . 2.6) and i s compatible w i t h an He : S r a t i o 

that does not change wi th energy over the range of experimental 

meas urements. 

2.5«2 Spectrum of L nuclei 

The spectrum of L nucle i i s less we l l known. Webber (1967) gives 

a spectrum which exhibi ts a maximum at around 150 MeV / nucleon s imi l a r 

to that described f o r the proton and helium spectra. The i n t ens i t i e s 

are a l o t less than those of S n u c l e i . Fan et a l . (1967) have 

measured the in tens i t i e s of the i nd iv idua l components of the L nucle i 

over a small energy range. These are shown i n F i g . 2.2 and i t can be 
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seen that the spectra of l i t h i u m , bery l l ium and boron are tending 

t o f a l l w i t h increasing energy at about 60 MeV /nucleon which i s 

contrary to the shapes of the proton, helium, carbon and oxygen 

spectra. Both Webber and Fan et a l give an L : S r a t i o of about 

0.23 at 100 MeV / nucleon and above while at lower energies the r a t i o s 

appears to increase. Above 1 GeV / nucleon there are no d i rec t 

measurements on L nuc le i . 

2.6 Primary Spectrum above 10 eV / Nucleon 

I n th is energy i t is only possible to invest igate the primary 

cosmic ray spectrum i n d i r e c t l y from extensive a i r shower information 

gained at or near sea l e v e l . A survey of these resul ts has been given 

by G-reisen (1 965) and t h i s i s shown i n F i g . 2.5. The main features 
10 15 

of the spectrum are: i n the region 10 -10 eV / nucleon the spectrum 
•J C A Q 

can be represented by a power law w i t h exponent -1.6. From 10 -10 
18 

eV / nucleon the slope steepens to about 2.2 and then above 10 ' ° e V / 

nucleon seems to f l a t t e n again to -1.6 although at these energies the 

informat ion i s very sparse as the rate of events i s very small . 

The change i n slope of the primary spectrum was o r i g i n a l l y propose 

to explain the observed a l t i t u d e v a r i a t i o n of the change i n slope of 

the density spectrum of a i r showers. This v a r i a t i o n might also be 

expected to show i t s e l f i n the number spectrum, but while i t seems 

we l l established that a change i n slope occurs, i t is by no means 

ce r t a in that the loca t ion of th i s change varies s i g n i f i c a n t l y w i t h 
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a l t i t u d e . N i k o l s k i i (1967) doubts whether th i s behaviour can be 

explained solely i n terms of a change i n the primary spectrum and iie 

proposes a new process which a f fec t s the in te rac t ion i n the atmosphere 

1 3 

leading to the shower. This process becomes important at about 4.10 

eV and transfers a large f r a c t i o n of energy in to the electron-photon 

component. While t h i s can be used to explain the observed features of 

a i r shower densities i t i s not proposed that i t i s the only f ac to r 

involved i n the steepening of the density spectrum. 

The primary spectrum one obtains from the a i r shower measurements 

depends to a large extent on the assumptions made regarding the 

in t e rac t ion of the primary par t ic les and the subsequent passage of the 

shower through the atmosphere. At the present time i t would appear 

that there is considerable disagreement regarding the composition 

of the primary spectrum i n these high energy regions. 

2.7 Summary of the d i f f e r e n t charge groups i n the energy range 

1 0 1 0 -10 1 / f eV / nucleon 

The r e l a t i ve abundance ra t ios of the d i f f e r e n t charge groups are 

best summarised i n the f o l l o w i n g table (Table 2.1.) given by Webber 

(1967). This gives the ra t ios of the various charge groups as a 
10 1 it-f unc t ion of r i g i d i t y etc. and refers to the energy range 10 -10 eV. 

I t i s possible that some of these rat ios stem from measurements 

that may be i n error but i t should be noted that they agree quite wel l 

wi th ra t ios measured i n the energy range 3-30 G-eV / nucleon. I t would 

therefore appear that there i s no reason to believe that i n the range 



22 

3.10 - 10 eV / nucleon any r e l a t ive change i n the spectra of the 
various groups occurs. 

Rigid i t y Energy/Nucleon Tota l Energy 
per Nucleus 

P/fce 6.4 + 0.3 17.6 + 1.2 4.4 + 0.3 

He/S 11.6 + 0.2 11.6 + 0.2 1.5 + 0.03 

L/S 0.26 + 0.02 0.25 + 0.02 0.08 + 0.01 

H/M 0.30 + 0.02 0.30 + 0.02 0.66 + 0.04 

P/Z»2 5.8 + 0.3 16.0 + 1.2 2.4 + 0.2 

Table 2.1 Relative abundance ra t ios of the 
d i f f e r e n t charge groups. 

2.8 Primary Nucleon Spectrum i n the energy range 10 -10 

eV / nucleon 

I n making comparisons between the primary spectrum and the hucleon 

spectra at various depths i n the atmosphere i t i s necessary to have a 

good estimate of the primary nucleon spectrum i n the region where the 

exponent i s constant. This i s so i n say the measurement of the nucleon 

at tenuation length on i t s passage through the atmosphere. Nucleons are 

present i n the primary pa r t i c l e s i n the form of single protons, and as 

protons and neutrons i n the nucle i of heavier elements. I n F i g . 2.6 

are shown what are thought to be the best estimates of the spectra of 
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the various charge components i n the primary r ad i a t i on . The r e su l t i ng 

spectra of protons and neutrons are shown i n F i g . 2.7. This shows that 

protons are the main component. 

I n evaluating the nucleon spectrum i t has been decided to adopt 

as the single proton spectrum an extension to the data of Gloeckler 

and J o k i p i i (1967) • This spectrum i s i n good agreement wi th the low 

energy data and also w i t h a l l the i nd i r ec t determinationsof the t o t a l 

r ad ia t ion spectrum including those from a i r shower measurements at 

higher energies. 

The helium spectrum used i s the average l ine drawn through the 
11 13 

three experimental points i n the range 10 - 10 eV / nucleon. This 

spectrum i s i n good agreement wi th the data of Gloeckler and J o k i p i i 

and also gives a P : He r a t i o consistent wi th that at lower energies. 

A l i n e of slope -1.6 drawn through the point at 10 eV / nucleon, 

Ja in et a l (1959)» has been adopted f o r the spectrum of S nuc le i . This 

gives i n t ens i t i e s s l i g h t l y lower than an extension to the data of 

Gloeckler and J o k i p i i but i s i n good agreement w i t h the r e l a t ive 

abundances of the various charge groups at lower energies. I n 

ca lcula t ing the con t r ibu t ion of S nucle i to the nucleon spectrum a 

mean Z of 8 has been used. This is the mean value of the M group 

which form the major part of the S nuc l e i . 

The L nucle i are assumed to have i n t ens i t i e s 0.23 times those 

of S nuc l e i . Their cont r ibu t ion to the nucleon spectrum i s very small . 
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2„9 Measurements from "Proton" S a t e l l i t e s 

Results have now been presented from the Proton 1, Proton 2 and 

Proton 3 f l i g h t s , Grigorov et a l (1969). On a l l three f l i g h t s the basic 

instrument was an ion i sa t ion calorimeter. The charge of incoming 

pa r t i c l e s was measured by propor t ional counters and these pa r t i c l e s then 

interacted i n a t h i c k target (carbon or polyethylene). The products 

of the interaction were absorbed i n the ion i sa t ion calorimeter (a series 

of s c i n t i l l a t o r s interleaved w i t h i r o n absorber) which enabled the 

energy of the primary pa r t i c l e to be estimated. 

Measurements were made of the spectrum of a l l pa r t i c l e s i r respect ive 

of charge and that of protons alone. The resul ts from each of the three 

f l i g h t s have been analysed independently. F i g . 2.8 shows the i n t eg ra l 

spectrum of a l l pa r t i c les i n the energy range 5»10 1 ^ - 101^ eV and t h i s 

can be approximated by a power law of the form I (>E) = A E v ' w i t h 

(Jf-1) = 1.73 ± 0.05. This l i ne i s a best f i t t o the experimental points 

from a l l three f l i g h t s which are i n good agreement w i t h each other. 

Single protons were selected using the propor t ional counters. An 

add i t iona l a id i n t h i s respect on the Proton 3 f l i g h t was the use of a 

Cerenkov d i r e c t i o n a l detector which enabled par t i c les moving backwards 

from the calorimeter to the propor t ional counters to be detected. The 

resu l t ing spectrum has an exponent t - 1.7 at E < 10 eV and X~ 2.5 
12 13 

i n the energy range 2.10 - 10 eV. The spectra obtained independently 

from the three f l i g h t s including the one employing the d i r e c t i o n a l 

detector are i n agreement ind ica t ing that the steepening of the spectrum 



10 t 1 

i •1 t I 

[ J ! -j 

i 
I ' " l i t 

i L-JJ L! i • 10 mi i -~r n 
t 

P ! I 

in i 
1 0 

1 J 
rr 

I i ' l ' l i " ; 

!- h ! A l l P/\RTI<!l.Es(Wl-73)-
i . i \ i i P R O T O H 5 

10 
I 

L; 
- i . 

L i . ! 

10 
' I ! I .11 if j 

CM I I 1.1 
\\\ t M i l ! 

! ill: 10 

i 
CO 

I I-

i 
8 10 t 

LED 
LJ LLi 

I i 
1 0 

10 10 10 10 1 0 
nergy (GeV / Nucleon) 

i ' ' i / -u rn P.O Pi vim/ivy P r o t o n and A l l P / i r t . i r l o f i n o n t r v i 
I'lMin l.lio " I ' i ' i > l.i h i " I . I i I.ii Mx.'i ;ni i*i >im<ii 



25 

12 
at 10 eV cannot be a t t r i bu t ed to backward moving pa r t i c l e s from the 
calorimeter, P ig . 2.8 shows a best f i t to the experimental points 
which i s represented by the f u n c t i o n . 

1 62 
i f c E ) = 3 .10 l f (±£2) ' x i _ _ cm"2 sec"1 sterad" 1 T E 2 l 0 , 5 5 

t 1 + O15UO) J 

w i t h E i n GeV. 

I t w i l l be noted that the spectrum of a l l pa r t i c l e s does not 

exh ib i t the change i n slope shown by the protons only spectrum. I t can 

be shown, however, by tak ing the above spectrum of protons together w i th 

a spectrum of bursts from nucle i w i t h Z^2 of the form 

I . ( > E ) = 3 . i o ^ ( i ° 2 ) 1 ' 6 2 

tha t the change i n exponent of the proton spectrum does not contradict 

the observed spectrum of a l l pa r t i c l e s i . e . the a l l p a r t i c l e i n t eg ra l 

spectrum can be represented by a s ingle power law w i t h exponent 

= 1.73. 

2.10 Conclusions 

The f l u x of primary cosmic ray protons and neutrons has been 

estimated from the spectra of the various charge components. The 

resul t i s shown i n F i g . 2.7 and t h i s data i s used f u r t h e r i n Chapter 7 

i n i n t e rp re t ing the measured sea l e v e l neutron spectrum. The nucleon 
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spectrum shown i n F i g . 2.7 i s believed to be correct despite the 

f a c t that the recent measurements of Grigorov et a l give a proton 

spectrum i n disagreement wi th a l l previous determinations. The reason 

f o r t h i s i s tha t the apparatus of Grigorov et a l contained no v i sua l 

detectors and i t is:believed that backward moving par t i c les could enter 

the charge measuring counters and cause protons t o be recorded as 

o t -par t ic les e tc . This e f f e c t could be responsible f o r the d e f i c i t 
12 

of protons above 10 eV. 
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CHAPTER 3 

PROPAGATION OF NUCLEONS IN THE ATMOSPHERE 

3.1 In t roduct ion 

Nucleons are known to exist i n the primary cosmic rays i n the 

form of single protons and as protons and neutrons i n the heavier 

nuc le i . The spectra of the various primary components have already 

been described i n the previous chapter. On passing through the 

atmosphere these primary par t i c les in t e rac t w i th the a i r nuc l e i . The 

heavier nucle i have r e l a t i v e l y short i n t e r ac t i on mean f r ee paths and 

i n t h e i r c o l l i s i o n s fragment i n to nuc le i of lower atomic number. 

Thus a f t e r a few interact ions they have completely s p l i t i n to t h e i r 

constituent nucleons. Following t h e i r interact ions w i t h a i r nuc le i 

the nucleons emerge wi th a cer ta in f r a c t i o n of t h e i r i n i t i a l energy, 

the major i ty of the remainder going i n t o the production of pions. 

Hence i n the sea l e v e l f l u x of cosmic rays there w i l l be a cer ta in 

cont r ibut ion from protons and from neutrons. The primary spectrum i s 
1 h. 

f a i r l y wel l established at least up to energies of the order of 10 eV 
while at sea l e v e l the muon spectrum has been measured to beyond 

12 11 10 eV and that of protons to around 10 eV. These primary and sea 

l e v e l spectra are in t e r r e l a t ed so that by adopting a propogation 

model i t i s possible to draw cer ta in conclusions r e l a t i n g to the 

interact ions of nucleons i n the atmosphere. For example, i t w i l l be 

seen that the neutron to proton r a t i o at sea l e v e l depends on the 
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value of the charge exchange p r o b a b i l i t y i n nucleon c o l l i s i o n s . 

3.2 In te rac t ion Cross-sections and Mean Free Paths of Nucleon3 

Measurements of the elementary nucleon-nucleon ine las t i c 

cross-section have been performed using accelerators up to energies 

of a few tens of GeV. Above these energies the cross-sections have 

to be determined i n cosmic ray experiments and these resul ts extend 

up to 100 G-eV and over. When, as i n the accelerator experiments, the 

measurements are performed using hydrogen bubble chamber targets 

the nucleon-nucleon cross-section can be obtained d i r e c t l y . I n cosmic 

ray experiments, however, the targets are usually composed of heavier 

elements such as i r o n or carbon so the parameter measured i s the 

nucleon-nucleus cross-section. Thus i t i s important to have a 

re la t ionship between the elementary part iole-nucleon and the p a r t i c l e -

nucleus cross-section. 

I n the f i r s t approximation th i s can be calculated as i n Rossi (1952). 

At high energies the in te rac t ion i s considered to be between the incident 

p a r t i c l e and the ind iv idua l nucleons of the target nucleus. According 

to th is descr ipt ion an ine las t i c c o l l i s i o n occurs when the incident 

p a r t i c l e , on t raversing the nucleus, in terac ts wi th at least one of i t s 

nucleons. The p r o b a b i l i t y of t h i s event occurring depends on the cross-

section erf or part icle-nucleon c o l l i s i o n s . I t i s assumed that the 

nucleons are d i s t r ibu ted at random i n a sphere of radius r . Considering 

a p a r t i c l e at a distance b from the centre of the nucleus there w i l l 
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be a ce r ta in volume swept out by i t s cross-section <r as i t traverses 

th i s nucleus. The size of th i s volume denoted by XI w i l l depend on 

the impact parameter b, the nuclear radius r and <r . According to 

Poissonian s t a t i s t i c s the p r o b a b i l i t y that no nucleons are present 

i n X I i s given by exp (-XIA/V) where A is the atomic weight and V 

the volume of the nucleus. Then the t o t a l cross-section f o r an 

ine l a s t i c c o l l i s i o n of the elementary pa r t i c l e w i t h the nucleus i s 

S-t = J 1 " " * 2 n [ l - e x p ( - ^ ) ] b d b 

where £l - e x p ( - A A / V)J i s the p r o b a b i l i t y that an in t e rac t ion occurs 

when the impact parameter i s b and r̂  i s the radius of i n t e r ac t i on of 
2 

the primary p a r t i c l e given by irr^ = <r . 

I n pract ice , however, electron-nucleus scat ter ing experiments 

[e .g . Hofstadter (1959)] have shown that the nuclei are not spheres 

of constant densi ty. These experiments y i e l d the charge d i s t r ibu t ions 

f o r d i f f e r e n t nuclei and i t has been shown by Brenner e.t a l (1957) 

and Abashian et a l . (1956) that the density of nucleons i n the nucleus 

is proport ional to the density of charge. Using the charge d i s t r i bu t ions 

obtained from these experiments i t i s possible to evaluate the nucleon-

nucleus cross-section as a funct ion of tr i n a more exact way. This has 

been done by Williams (1960), Brenner et a l (1957), Alexander et a l 

(1961) and Bozoki et a l (1961) f o r various materials . I n F i g . 3.1. 

are shown the calculated points f o r a i r nucle i as these are relevant 
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to nucleon interactions i n the atmosphere. The exact calculations can 

be compared w i t h the more approximate method i n which the points have 

been evaluated assuming that nuclei are spheres of constant density 

with radius 1.38. 10 ^ A ^ cms. There i s seen to be reasonable 

agreement between the two over the common region of a i.e. 20-60 mb. 

Hofstadter (1957) gives the radius of the equivalent sphere f o r 

oxygen as 1.35. 10~1^ and the closeness of 1.38 to 1.35 i s the 

reason f o r the agreement. 

Thus having established a means of determining the relationship 

between the nucleon-nucleus and elementary nucleon-nucleon cross-

section (T i t i s possible to measure <r from experiments using heavy 

targets. A summary of the experimental data up to energies i n excess 

of 100 GeV i s shown i n Fig. 3*2. I t w i l l be seen from t h i s that the 

elementary i n e l a s t i c cross-section rises from zero at a nucleon k i n e t i c 

energy of 350 MeV to about 30 mb at j u s t greater than 1 Gev". Above 

t h i s energy the points seem to l i e i n the region of 30 mb although 

there i s evidence f o r a rise i n the cross-section above 100 GeV from 

the "Proton" s a t e l l i t e measurements, Grigorov et a l (1969). 

Now that a reasonable estimate of the elementary nucleon-nucleon 

cross-section and the relationship between i t and the nucleon-nucleus 

cross-section have been established i t is possible to evaluate the 

l a t t e r quantity and hence the i n t e r a c t i o n length of nucleons i n 

various materials. The transparency curve for a i r which i s the relevant 

medium here has already been given i n Fig. 3.1. The int e r a c t i o n length 
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CAPTION TO FIGURE 3.2 

1. Experimental Measurements of the I n e l a s t i c M-N Cross-Section 

Alakoz et a l (1967) 

« Bozoki et a l (1961) 

• Bozoki et a l (1967) 

A Cocconi (1961) 

© Grigorov et a l (1967) 

D Jabs (1967) 

x Lindenbaum (1957) 

2. Experimental Measurements of the Total Cross-Section 

• PP]f 
_ J-Allaby et a l (1969) 

• p"n) 
+ PPj 
A pn) 

^ PP* 
o pn, 

Bugg et a l (1966) 

Galbraithet a l (1965) 

The Theoretical Curves 1 and 2 represent the t o t a l cross-sections 

f o r pp and pp respectively calculated from a Regge Pole Model, 

Barger et a l (1968). The curves f o r the pp and pp e l a s t i c cross-section 

are from the same authors. 

I t w i l l be seen the t o t a l and e l a s t i c pp cross-sections up to 

1000 GeV are consistent with an i n e l a s t i c p-p cross-section of 30 mb. 

This i s contrary to the findings of Grigorov et a l (19&9) but i n 

agreement w i t h the general trend of other experimental results. 
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can be evaluated from the expression Xj. nt = A/N ar± where A i s the 
atomic weight of the material, N i s Avagadro's number andffj. the 
i n e l a s t i c cross-section i n the given material. Thus f o r a i r t h i s 
becomes 

\ . , _ 14.4 , 2.4.10" 2 3 

A i n t - ~ n-i —~ 
6.10^. < r a i r o - a i r 

Hence i t i s possible to evaluate a relationship between the inte r a c t i o n 

length i n a i r and the elementary nucleon-nucleon cross-section <r . 

This i s shown i n Pig. 3-3. The results of d i f f e r e n t sets of 

calculations are again shown and there is seen to be a very good 

agreement. 

I t w i l l be seen from t h i s curve that an elementary nucleon-

nucleon cross-section of 30 mb (the value about which the experimental 

points on Fig.3.3 appear to l i e above an energy of 1 GeV) corresponds 

to a nucleon i n t e r a c t i o n length i n a i r of 96 gm.cm. . I n the past 

the attenuation length of nucleons i n the atmosphere has generally 

been accepted as being i n the region of 125 gm.cm. the difference 

between i t and the i n t e r a c t i o n length being due to the nucleon 

e l a s t i c i t y . However, a value of X.̂  i n the region of 90-1 OOgm.cm."2 

which seems reasonable from Fig.3*3 leads bo less e l a s t i c i t y than i s 

normally assumed. This arises from the fact that i n the past i t has 

been assumed that at very high energies the i n e l a s t i c nucleon-nucleon 

cross-section approaches the t o t a l cross-section but Pig. 3.2 shows 



160 i i 

140 

120 

100 
CNJ 

80 
8 

60 

9 <D 

40 
a) 

20 

i 50 60 10 2 n 30 n " 7 A 4 rt/"* 
Elementary Cross-Section or (mb) 

Figure 3.3 I n t e r a c t i o n Mean Free Path i n a i r as a 
function of the Elementary Cross-Section. 

Q Alexander et a l (1961). 
& Williams (1960). 

-1 3 -i 
© Constant density spheres, r=1.38.10 A 3 cm. 



32 

that t h i s is s t i l l f a l l i n g at 20 GeV so i t i s d i f f i c u l t to estimate 

at what value the.y would meet. There i s also no d e f i n i t e direct 

experimental evidence t o support t h i s . 

Where i t i s required i n the present work a value of 
••2 

\ ± = 96gm,cra. has been assumed. 

3.3 Energy Spectrum of Nucleons i n the Atmosphere 

I t is generally supposed that the primary d i f f e r e n t i a l nucleon 
-If 

spectrum can be expressed i n the form N(Ep)dEp = AE~ dEp at least i n 

the energy range 101^ - 1 0 ^ eV. On passing through the atmosphere 

the nucleons interact with the a i r nuclei and i n each i n t e r a c t i o n they 

w i l l on the average r e t a i n a certain f r a c t i o n |3 of t h e i r energy. Thus 

a f t e r r c o l l i s i o n s a nucleon of primary energy Ep w i l l have an energy 

E = |Jr Ep. I f the mean free path f o r int e r a c t i o n of the nucleons with 

a i r nuclei i s X then the average number of c o l l i s i o n s made by a 

nucleon i n an atmospheric thickness t i s m = V X • The p r o b a b i l i t y 

of a nucleon making r co l l i s i o n s i n t h i s depth i s P(r) = e" m mr/r[ 

Thus the d i f f e r e n t i a l energy spectrum of nucleons at a depth t i s 

given by 
N(E )dE = 

00 E dE P r 

Substituting f o r P(r) gives 
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N(E)dE = ? AE _ X A r* *| • 
rTo ^ r ' 

y SSL « r ( J -1) r 
= AE~ dE e" m JjP » 

r=0 r l 

Evaluating the summation and p u t t i n g m = */\ gives 

_v "(t/X ) ( l - ^ ( J r " l ) ) 
N(£)dE : MS dE e 

which can be w r i t t e n 

N(E)dE = Ae t V ( l - p ^ - 1 ) ) ^ E - t f a E , 

Thus under these conditions the d i f f e r e n t i a l energy spectrum of nucleons 

at a depth t i s the same as the primary spectrum except that the 

i n t e n s i t y i s reduced by a factor 

{x/d- p ( * - i ) J ̂  

The quantity ^ / ( l - i s called the attenuation length 

\p<> Values of Xp evaluated using t h i s r e l a t i o n are shown i n 

Table 3o1 assuming (8 -1) = 1.6. The value of X p can be estimated 

from the zenith angle d i s t r i b u t i o n s of nucleons and the i n t e r a c t i o n 

length X has been calculated i n 3*2 so the e l a s t i c i t y J3 can be 

determined. 
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p X = 70g.om'2 X = 80g.om~2 X = 90g.om"2 X = 100g.cm~2 

0.3 82 93 105 117 

0.4 91 104 116 130 

0.5 104 119 134 149 

0.6 125 143 160 179 

0.7 160 183 205 230 

Table 3.1 Attenuation length \ as a funotion of in t e r a c t i o n 
length X and nuoleon pelasticity p . 

3.4 Neutron ; Proton Ratio i n the Atmosphere 

The target nuolei i n the atmosphere oontain equal numbers of 

protons and neutrons. I f the inoident oosmio ray beam were also 

charge symmetric then a l l secondary components of oosmio radiation 

would have to exhibit oharge symmetry on any model of p a r t i c l e 

creation. I n aotual f a c t the primary oosmic ray particles bring a 

known amount of exoess positive charge and the manner i n which t h i s 

excess i s shared by the various secondary oomponents of cosmic 

radiation provides clues to the nature of high energy interactions* 

The neutron to proton r a t i o has been considered from a theoretical 

point of view by Yash Pal and Peters (1 964)- I f the p r o b a b i l i t y that 

a nucleon a f t e r o o l l i d i n g with a charge symmetric target and a f t e r 

possible e x c i t a t i o n and decay emerges i n a d i f f e r e n t oharge state i s 

represented by w then af t e r j c o l l i s i o n s the o r i g i n a l composition of 
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the nucleon beam <TQ w i l l be changed to 

p -n 
where 4Q -- ° n ° = 0.77 (from Fig. 2.7). 

"o o 

At any depth x 

1 - 1 

X " N 0 fSo L ^ J Ji 
-2x <P^- 1^w> 

= <f e ^ 

This quantity has been evaluated f o r various values of interaction 

length X and the re s u l t i n g neutron to proton ratios at sea l e v e l 

are shown as a function of the charge exchange p r o b a b i l i t y w i n 

Fig. 3.4 taking P = 0.5 and (ft -1) = 1.6. The expected fluxes of 

protons and neutrons at sea le v e l are then given by 

N (x,E) = N(0,E) e P,£l*Z) 

-VX 1-4" 
Nn(x,E) = N(0,E) e p. (—j±) 

Thus f o r small values of ̂ x which occur f o r values of w ̂  0. 

i t i s expected that the fluxes of neutrons and protons at sea l e v e l 

w i l l be the same. 
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An experimental determination of the neutron to proton ratio has 
been made by Lai et a l . (1963) at an atmospheric depth of 800 gin.cm 
The arrangement comprised a multiplate cloud chamber with an a i r 
Cerenkov counter above and a t o t a l absorption spectrometer below. 
The Cerenkov counter was used to distinguish pions from protons i n 
the energy range 20-40 G-eV and the accuracy of the energy determination 
from the t o t a l absorption spectrometer f o r individual events was 
estimated to be _+ 20$. I n the energy range 20-40 G-eV the value of 
the neutron to proton r a t i o was found to be 0.98 0.18. I n Table 3.2 
are shown t h e i r expected theoretical values of th i s parameter at 
800 gm.cm 2 f o r d i f f e r e n t values of X and w. 

w 
Expected r/P r a t i o at 800 gm.cm -2 

w 
X =72g.cm~ v -2 A=80g.cm X=85g.cm 2 X _2 

=90g.cm 

0.5 0.98 (q .99) 0.94 0.87 0.80 

0.4 0.94 (0.96) 0.88 0.80 0.71 

0.3 0.87 (0.89) 0.78 0.68 0.58 

0.2 0.71 (0.79) 0.60 0.50 0.43 

Table 3.2 Expected values of N/P r a t i o at 800 gm.cm" 
according to Lai et a l (1963) as a function 
of w and > . 

The figures i n brackets give the r a t i o calculated taking i n t o 

account the presence of heavy nuclei i n the primary radiation (86$ 

protons and 14?S neutrons). A l l other figures are f o r protons only. 
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The neutron to proton ratios at 800 gin. cm according to the 
expression given by Yash Pal and Peters are given i n Table 3.3. 
These assume a primary composition as given i n Fig. 2.7-

w 
Expeoted N/P r a t i o at 800 gm.cm" -2 • 

\=72g.cm' -2 X=80g.cm X=85g.cm 2 X _2 
=90g.cm 

0.5 

0.4 

0.3 

0.2 

0.96 

0.92 

0.83 

0.70 

0.94 

0.89 

0.80 

0.65 

0.93 

0.88 

0.79 

0.63 

0.92 

0.86 

0.76 

0.61 

Table 3.3 Expected values of N/P r a t i o of 800 gm.cm" 
according to expression of Yash Pal and Peters 
(1964) as a function of w and X . 

There can be seen to be some difference between the two sets of 

figures, one reason f o r t h i s being the f a c t that those i n Table 3.3 

are calculated taking into account the presence of neutrons i n 

the primary radiation while those of Table 3.2. are derived 

assuming protons only. 

Lai et a l conclude from t h e i r measured neutron to proton r a t i o 

of 0.98 _+ 0.18 that there i s an upper l i m i t of 80$ f o r the p r o b a b i l i t y 

of charge persistence of nucleons i n c o l l i s i o n with a i r nuclei at 

energies i n the region of 100 GeV. 
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3.5 Conclusions 
Results of measurements of the in e l a s t i c nucleon-nucleon 

cross-section show i t s value to be approximately 30 mb i n the 

energy range 1-100 G-eV. Using experimental determinations of the 

charge d i s t r i b u t i o n i n nuclei the nucleon-nucleus cross-section 

can then be evaluated. These y i e l d an in t e r a c t i o n length i n a i r 

f o r nucleons of 96 gm.cm 

Estimates of the neutron to proton r a t i o as a function of the 

charge exchange p r o b a b i l i t y w have been made and i t i s expected 

that there w i l l be approximately equal fluxes of both at sea l e v e l 

f o r w i n the range 0.4 - 0.5. 
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CHAPTER 4 

REVIEW OF MEASUREMENTS OF NUCLEAR ACTIVE PARTICLES 

IN THE ATMOSPHERE 

4.1 Introduction 

The majority of experiments to study the interactions of nuclear 

active particles i n the atmosphere have been performed at mountain 

altitudes although some measurements have been performed at sea l e v e l . 

The main reason f o r t h i s i s that the higher the a l t i t u d e of the 

apparatus the greater the f l u x of high energy p a r t i c l e s . 

I n theory cosmic rays can be studied at any depth i n the 

atmosphere and the energy spectra of the d i f f e r e n t components 

measured. These components can be divided i n t o two categories : 

(a) the nuclear active particles namely nucleons, pions, kaons and 

antinucleons and (b) muons. I t i s r e l a t i v e l y simple to separate the 

muons from the strongly interacting hadrons of the same momentum but 

i t i s much more d i f f i c u l t to distinguish between say charged pions and 

protons at energies above 100 GeV. I n the primary cosmic radiation 

protons represent about 85% of the particles the remainder being 

heavier nuclei so that the neutrons, pions and kaons must be 

secondaries produced i n the nuclear interactions of the primaries while 

protons may be surviving primaries or secondaries. The energy spectra 

of a l l the d i f f e r e n t components are thus i n t e r r e l a t e d and depend on 

the characteristics of hadronic interactions at high energy. Therefore 
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by measuring the in t e n s i t i e s of nuclear active particles at d i f f e r e n t 
depths i n the atmosphere i t i s possible to obtain information about 
the nature of t h e i r interactions. 

I n t h i s chapter measurements of the nuclear active spectrum at 

various depths i n the atmosphere are summarised and compared. 

Unfortunately experiments at similar altitudes but using d i f f e r e n t 

techniques often give d i f f e r i n g spectra with the result that comparisons 

are hard to make. 

4.2 Method of Measurement 

The techniques used vary widely i n d e t a i l but a l l u t i l i s e the 

characteristic strong absorption of the nuclear active particles to 

distinguish them from muons and soft components. The methods of 

energy measurement also d i f f e r considerably according to the range 

involved as does the accuracy of i t s determination. The established 

techniques can be divided i n t o three categories: 

a) d i r e c t measurements of parameters of the p a r t i c l e and i t s 

motion, f o r example i t s momentum or v e l o c i t y . 

b) measurements of some characteristic or characteristics of 

the nuclear in t e r a c t i o n of the particles which depend i n a 

known manner on i t s energy. 

c) calorimetric methods. 

Of these the f i r s t i s only applicable up to energies of the order 

of a few hundred G-eV. Typical examples wi t h i n t h i s category are the 
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measurement of energy from observations of the multiple scattering of 

a p a r t i c l e i n a nuclear emulsion or from the curvature of the p a r t i c l e 

t r a j e c t o r y i n a magnetic f i e l d . These methods are therefore only 

suitable f o r measurements of charged particles but f o r the energy 

range quoted e a r l i e r they can lead to r e l i a b l e estimates of the 

p a r t i c l e energy. 

The magnetic spectrometer technique gives a p a r t i c u l a r l y r e l i a b l e 

estimate of the p a r t i c l e momentum and i n principle i t should be possible 

with higher f i e l d s to measure higher energies. However, at larger 

energies larger apertures are required i n order to record a reasonable 

rate of particles and i t i s not economic to construct magnets of 

the required dimensions. 

Methods i n category (b) have been developed and used i n the 
1 0 

region of energies -̂1 0 eV and they apply equally well f o r charged 

and uncharged p a r t i c l e s . The method whioh has been used most 

frequently i n the past i s that developed by Castagnoli et a l (1953) 

i n which the kinematic characteristics of the interaction are employed. 

The method r e l i e s on a possible correlation between the angles of 

p a r t i c l e emission and the energy determination i s rather unreliable. 

A l t e r n a t i v e l y the electron-photon shower which eventually develops 

as the resul t of a high energy nuclear interaction can be studied and 

used as a basis f o r the determination of the primary energy. The 

straggling of the energy i n these methods i s quite considerable, 

however, f o r the r e l a t i v e proportions of energy transferred to photons 
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and to charged pions fluctuate strongly. This type of experiment 

is thus not very reliable for determining the energy of individual 

events but i t can be employed more usefully in the measurement of a 

spectrum where a large number of events are being dealt with. 

In general any characteristic of the elementary event which is 

energy dependent is subject to large fluctuations so that this 

category has only a limited application in the unique determination 

of particle energies. 

The third category is the ionisation calorimeter. This was 

originally developed by &rigorov et al (1958) and i n i t i a l l y i t was 

intended for use in measuring the energy of individual particles , 
11 

either charged or uncharged, in the energy range above 10 eV. 

Subsequently the instrument has found much wider application and .it 

has been used to study the processes and characteristics of high 

energy nuclear interactions, sometimes in combination with other 

apparatus such as the cloud chamber and nuclear emulsions. Brief ly 

the principle behind the measurement of energy in the ionisation 

calorimeter is as follows. At the top of the instrument there i s 

usually a large block of absorber in which the nuclear active particle 

interacts. Pions and hence photons are produced so an electron--photon 

cascade i s init iated. This shower is allowed to devel op in a series cf 

th in absorbers and detectors and a l l the energy of the primary 

particle is absorbed. The calorimeter gives an e lectr ica l signal which 

i s proportional to the energy absorbed. Generally these instruments 
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contain about sevan interaction lengths of iron absorber and the 
cascade is usually saupled at more than s ix depths with sc int i l la t ion 
counters or ionisation chambers. These devices can measure the 
energy of an individual particle to an accuracy of approximately 
309S and so are a very great asset in the measurement of the flux of 
nuclear active partic les . The measurement i t s e l f is sometimes 
complicated because of the presence of side showers. Also the 
instruments cannot be calibrated with a r t i f i c i a l l y produced particles 
of known energy at the energy at which they are to bt operated. 
Thus i t is necessary to rely on cascade theory in the energy 
determination. In general the accuracy with which the energy i s 
determined is dependent on: 

i ) the total thickness of the calorimeter 

i i ) the number of sampling counters. 

The resolution attained may be as poor as _+ 300$ or as good as 

1 s o obviously the instruments di f fer widely. The associated 

shower detecting arrays are also different from experiment to 

experiment and this i s another factor which makes the comparison of 

nuclear active energy spectrum from different atmospheric depths 

very d i f f i c u l t . 

-2 
4.3 Measurements at *w 550 gm.cm 

r 

4.3.1 Kamata et a l (1967) 

This experiment, performed at an altitude of 5200 metres above 
2 

sea leve l , consisted of a shielded 60m s c int i l la t ion counter detector 



in the centre of the 'C.haca'ltaya a i r shower array. I t was used to 

observe large bursts of size greater than 3000 particles which had. 

been produced mainly by the interactions of nuclear-active particles 
1 2 

of energy greater than 3-10 eV in the absorber above the sc in t i l la tor . 

The majority of these bursts were accompanied by extensive a ir showers 

vfhich were detected by the BASJE array but some of the events were 

unaccompanied and these were considered to be due to residual 

primary nucleons. 

Brief ly the experiment consisted of a large array of shielded 

sc int i l la t ion counters above which were f ive unshielded sc int i l la tors . 

The selection requirement was a coincidence between one of the unshielded 

counters and one of the shielded counters directly underneath i t . This 

system acted as a vert ica l telescope with an acceptance aperture of 

0.3 sterad. For unaccompanied events the selection requiraments were 

that only one particle passed through the top unshielded counter and 

produced a large burst in the shielding material which was subsequently 

detected by the shielded counters. The energy of the burst producing 

particle was estimated from Monte Carlo cal.culat.ions. I t was assumed 

that a l l these single particles were surviving primaries. However, 

i t is possible that they could already have produced a small shower 

in the upper atmosphere which had died out before i t reached the 

apparatus. Thus the observed intensity of single particles detected 

by this experiment i s understood to be an upper l imit to the f lux of 

residual primary nucleons at 5200 m. 

http://cal.culat.ions
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The experimental points are shown in Figure 4 . 1 . Assuming a 

primary nucleon spectrum of the form shown i t can be seen that the 

observed intensities are consistent with an interaction length in 
-2 -2 air of between 80 gm.cm and 90 gm.cm . 

Observations also showed that 99$ of a l l large bursts were 

accompanied by extensive a i r showers of various sizes and arr ival 

directions. Besides the shielded detectors there were 25 sc int i l la t ion 

counters and f ive Cerenkov counters located at various distances from 

the centre of the array. The single unaccompanied event was such that, 

except for the coincidence counter, a l l the unshielded detectors 

recorded no partic les . 

More recent results presented by this group at the Budapest 

Conference (1969) indicate that the spectrum of surviving primary 

protons at this depth cannot have an exponent which is less than 2„0. 

4.3.2 Akashi et al (1967) (Japanese and Brazi l ian Emulsion Chamber Group) 

This was an experiment performed to study extremely high energy 

nuclear interactions using an emulsion chamber. The apparatus was 

situated at Mount Chacaltaya (altitude 5200 metres above sea level) 

and consisted essentially of three sections, namely the upper chamber, 

producing layer, and lower chamber respectively. The upper chamber 

Yfhich was composed of 8-cm lead plates and four nuclear emulsion layers 

was used to observe particles (mainly high energy <f-rays and electrons) 

coming directly from the atmosphere. The centre section was the jet 
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producing layer and waB situated just below the upper chamber. This 

was made of 70 gm.cm"^ of petroleum pitch. The lower chamber consisted 

of 20-cm lead plates and 13 amulsion layers. 

Events detected in the lower chamber were selected for further 

measurement i f the incident interacting particles passed through the 

upper chamber. These events were mainly nuclear interactions caused 

either in the producing layers or in the chamber i t s e l f . The depth 

distribution of the starting points of Pb-jets (those from interactions 

in the chamber) enabled an estimate of the interaction length of nuclear 

active particles in lead to be made. A value of = (l91+29)gm.cin 

was found. 

The production rate of nuclear interations was obtained from 

the observed frequency of Pb-Jets after a correction for absorption in 

the upper chamber and producing layer had been made. The energy spectrum 

of nuclear active particles was then obtained using as the absolute value 

-10 o _ 1 _-| 
I N ( E ? > 3TeV) = (4.3 + 0 .5 ) . 10 cm * sec sterad 

where Ey was the total energy converted intoif-rays in the interaction. 

The exponent of the spectrum was 0jj = 1.9 + 0.3. 

The spectrum i s shown in Figure 4.1 and is consistent with the 

ear l i er results of Akashi et a l (19^5). 

The energy of the interacting particles was estimated by two 

methods: 

a) Ths number of shower tracks in a given c irc le was counted 

using a microscope and this was compared with the theoretical 
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value (NLshiraura 1965) and the energy determined from this , 

b) Opacity measurements were made on the dark spots on the 

emulsion and again by comparing with the theoretical values 

the energy was calculated. 

The correlation between the two methods was found to be f a i r l y good. 

The intensities given by' Akashi et a l and shown in Figure 4«1 are 

considerably lower than those of Kamata et a l . I t was pointed out that 

the latter results were expected to be an upper l imit to the spectrum 

but nevertheless those of Akashi do appear to be very low. 

4.3.3 Baradzei et a l (1963) 

These authors studied the nuclear aotive particle spectrum at an 
_2 

atmospheric depth of 455 gnu cm . The apparatus consisted of a series 

of ionisation chambers and absorbers the aperture of the arrangement 
2 

being approximately 1.5m sterad. The apparatus was flown in an 

airplane and the f lux of unaccompanied hadrons was measured. The 

energy range covered was 150 to 2000 G-eV and the measured spectrum 

i s shown in Figure 4.1 . 

-2 

4.4 Measurements at~700 gm. cm . 

4.4.1 Dobrotin et a l (1965) 

This group have carried out an experiment at the Tien-Shan high 

altitude station (3340 metres above sea l eve l ) . I t has been used to 

investigate the strong interactions of cosmic ray nucleons and pions 
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in the energy range 100-1000 G-eV. The apparatus consisted of a cloud 

chamber in a magnetic f i e l d (maximum detactable momentum of 25 G-eV/c), 

an ionisation calorimeter (500 ionisation chambers separated by lead 

and iron absorbers) and a lithium hydride (LiH) target. Counters 

were also present which enabled charged and neutral primary particles 

to be distinguished. (A proposed modification to the apparatus i s 

the construction of an upper cloud chamber which wi l l serve to 

measure the ionisation produced by a primary particle in xenon with 

a precision sufficient to distinguish between protons and pions in 

the energy range 100-1000 &eV. I t w i l l also serve to calibrate the 

ionisation calorimeter). 

The energy of the incoming nuclear active particles was measured 

by the ionisation calorimeter which contained a total of eight 

nuclear interaction lengths. The centre section of the calorimeter 

had an area of approximately 10 square metres and the electronic 

c ircuits enabled bursts within the range 6 - 12000 re latavist ic 

particles to be measured. The ionisation chambers in adjacent trays 

were mutually perpendicular so that the arr iva l direction of the 

primary particles could be calculated. I t was estimated that the 

root mean square error in determining the primary energy was about 

20$ . 

The vast majority of primary particles interacted in the absorber 

layers of the calorimeter and for these interactions th,e following 

information was obtained: 
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( i ) the cross-section of interactions of nucleons with nuclei 

of lead and iron in the energy range 10^ - iCp GeV„ 

( i i ) the energy spectra and fluxes of nucleons and pions at an 

altitude of 3240 metres above :*ea level , 

( i i i ) the average and individual characteristics of the 

development of nuclear cascades in iron (Denisov 

et a l (1965) )• 

The instal lat ion has been operated for about 1500 Hrs and for 

the data analysed an integral spectrum of nuclear active particles 

of the form N(> E) = A E - * with Y = 1.7 + 0.2 was found for E >300 GeV. 

The absolute flux was 

N(> 300) = (4.3 + 0.5) m' 2 hr" 1 sterad" 1 . 

The flux (Figure 4.2) i s in agreement with that of Alekseeva 

et a l (1963) but is only about j to i that given by Pal (1964). 

The cross-section measurements indicate that <T^ n e^(iron) = 

740 +110 mbn in the range 200-600 GeV and while the precision i s 

much worse there appears to be no significant increase of this value 

in the range 1200-3000 GeV. 

4.4.2 Alekseeva et a l (1963) 

Nuclear active particles were studied, with an ionisation 

calorimeter at an altitude of 3260 metres above sea level . The 

calorimeter consisted of twelve layers of ionisation chambers. Nine 
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of these layers were situated under uniform layers of iron (total 
thickness of iron being 670 gm.cnT ) . The upper three layers were 
separated by three layers of lead each having a thickness of 20 gm.cui 
A cloud chamber was situated above the calorimeter and used to study 
the angular distribution of the secondary particles produced in the 
f i l t e r s above the chamber. Also placed above the calorimeter were 
counters whrse purpose was f i r s t l y to measure the charge of the 
incoming particles and secondly to detect nuclear active particles 
which were accompanied by a i r showers. Events were recorded whenever 
an energy release of > 200 GeV occurred in the calorimeter. 

In the range 200 GeV up to approximately 3000 GeV the nuclear 

active spectrum was found to be of the general form N(>E) = AE~ 

whe re, 

y = 1.92 + 0 . 1 0 for accompanied particles 

y = 2.10 + 0.15 for unaccompanied single particles 

The absolute intensity of particles above 450 GeV was 

H( > 450 GeV) = (6.0 + 1.0). 10" 8 cm"2 sec"1 sterad" 1 

Measurements of the cross-section of nuclear active particle 

interactions in iron were made, these being estimated from the 

distribution of interaction points in the calorimeter. I t was found 

that 

X i a t (iron) = (138 + 1 \ ) gm-cm"2 

Cross-section measurements for interactions in the carbon and 

lead f i l t er s were also made with the following results 
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\ n t ' P b ) = ( 1 7 6 I 3 2 ^ 8 m - c m " 2 

c . f . Dobrotin et a l (1965): X i n t ( F e ) = (127 + 19) gm.cm' 

AkashL et a l (1967) : X. ^ (Pb) = (191 + 29) gm.cnT 
int — 

4.4.3 G-rigorov et a l (1967) 

A measurement was made of the spectrum of nuclear active particles 

at an altitude of 3200 metres above sea level using an ionisation 
12 14 

calorimeter. The energy range covered was 10 eV to 10 eV and 

two installations each of area 10 sq. metres were used in the 

experiment. One consisted of s ix trays of ionisation chambers and 

combined f i l t e r s of lead and graphite while the other had twelve 

trays of ionisation chambers and f i l t e r s of lead, graphite and iron. 

The apparatus was operated for a total of 1108 hours and the integral 

spectrum from each of the two sections calculated. These two spectra 

were then averaged to give the spectrum of bursts which had an exponent 

of 1.86 + 0.04. The cascade curves of Ivanenko and Samosudov were 

then used to convert this burst spectrum into the energy spectrum of 

nuclear active particles at 3200 metres. This spectrum is shown in 

Figure 4.2 and is seen to be in good agreement with the fluxes 

obtained by Alekseeva and Dobrotin. 
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4.4 .4 Erligkin et a l (1967) 

This group have been using a calorimeter telescope primarily to 

check the hypothesis of the existence of the passive baryon state 

but also to look at the energy spectrum of nuclear active part ic les . 

The apparatus was situated at the Tien-Shan mountain station an 

altitude of 3200 metres above sea level . I t was estimated that 

individual particle energies could be determined to an accuracy of 

+ JCjfe and the preliminary results indicate a spectrum with exponent 

1.68 + 0.15 in the energy range 5 .10 1 1 eV to 101"3 eV. 

4.4.5 Akashi et a l (1965) 

In section 4.3.2 the results of an experiment at Mount Chacaltaya 

were described. A similar experiment has been performed at Mount 

Norikura, an altitude of 2800 metres above sea level . The nuclear 

active spectrum measured here is shown in Figure 4.2 and as with the 

higher altitude results the intensities are considerably lower than 

those of other experiments. 

4=5 Measurements at Sea Level 

4.5.1 Cowan and Moe (1967) 

A calorimeter experiment, 250 metres above sea level , was 

performed to look at single nuclear active particles above an energy 

of 140GeV. The apparatus consisted of 12 f l a t cloud chambers and 8 f l a t 

ionisation chambers which could be interleaved with various combinations 
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of absorbers. The top cloud chamber located the track of the single 

incoming charged particle . Below this was a carbon target of 
-2 

thickness 111 gm.cm and the showers produced in i t were looked at 

in the following ten cloud chambers and then in the ionisation 

calorimeter. A f ina l cloud chamber below the calorimeter served to 

identify particles which had penetrated the whole stack. The 
2 

aperture of the instrument was 0.22 m sterad. The cloud chamber 

information and the pulse heights from the ionisation chambers were 

a l l recorded photographically. 

Results show that the f lux of nuclear active particles with 

energy greater than 140 G-eV i s 
—4 —2 —1 ~"1 (1.3 + 0.1) 10 m~ sec" sterad" . 

This value i s lower than the estimated flux probably because 

of the requirement that there must be no accompanying particles 
2 

within the 0.22 m sterad. 

A separate experiment has been performed to estimate the relative 

proportions of protons and pions. A total of 138 charged (protons 

and pions) and 47 neutrals (neutrons) have been recorded. Baradzei 

(1963) gives a T T : N(n+p) ratio of 0.29. Combining that wjth the 

result of the experiment described here gives 70$ protons and 300? 

pions for the relative proportions at sea-level with energy ^ 1 4 0 G-eV. 

The ratio of protons to neutrons under these conditions, however, 

would be about 2 : 1 . 
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4.5.2 Brooke and Wolfendale (1964a) 

A magnetic spectrometer has been used to measure the sea level 

momentum spectrum of cosmic ray protons in the range 0.6 to 150 GeV/ c. 

The protons were deflected in a region of high magnetic f i e ld produced 

by an electromagnet and their positions measured at four levels - two 

above and two below the magnet. The protons can be identified in two 

ways: (a) by their absorption, either through ionisation loss or 

catastrophic interaction, in local obsorbers, or (b) through their 

production of evaporation neutrons using a neutron monitor. Both 

techniques were used in the low energy region but only method (b) was 

used at higher energies as the absorption technique becomes unreliable 

since the probability of a secondary emerging from the absorber 

becomes higher. 

The spectrometer was run for a total of 2420 hours and the 

measured differential momentum spectrum of protons i s shown i n 

Figure 4 .3 . The only other sea level measurement of the proton 

spectrum to compare with this is that given by Mylroi and Wilson (1 95"1)« 

This agrees with the measurement of Brooke and Wolfendale up to about 

2 GeV/c above which the intensities of the former become lower. 

An estimate of the proton to muon ratio has also been made. 

The resultsshowed that this ratio f e l l as the momentum increased, 

being about 6% at 0.7 GeV/c and 0.4% over the momentum range 

50 - 150 GeV/c. 
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4 .5 .3 Kellermann and S i l k (1965) 

These authors operated a small nuclear calorimeter consisting of 
2 

f i v e trays of proportional counters, each tray having an area 0.73ni , 

i n a matrix of lead and s t e e l absorber. The apparatus WPS situated 

at sea l e v e l and nuclear active p a r t i c l e s i n the energy range 
10 12 

5.10 - 5.10 eV were selected. A t o t a l of 2437 events were 
-2 -1 

recorded at the rate of (8 .1 _+ 0 . 1) m. nr. and the exponent of 

th i s burst spectrum was found to be - ( 2 . 1 5 .+ 0 . 1 0 ) . 

After separating out the muon induced bursts the spectrum of 

bursts produced by nuclear active p a r t i c l e s was found to have an 
exponent of - 1 . 8 _+ 0.1 up to a burst s i z e of 1600 p a r t i c l e s (about 

12 

10 eV). The rate of events as well as the slope of the spectrum 

are compatible with the proton spectrum given by Brooke and 

Wolfendale (1964) and that of nucleons of comparable energies 

entering emulsion stacks, Fowler and Perkins (1964) . Results also 

indicate that the r a t i o of muon to nuclear active p a r t i c l e i n i t i a t e d 

bursts at a burst s i z e of around 100 p a r t i c l e s i s of the order of 

4:5 t h i s being i n agreement with Tanaka (1961.):. 

F i n a l l y investigations also showed that there was no obvious 

re l a t i o n between the burst s i z e produced by a nuclear active p a r t i c l e 

and the s i z e of an accompanying a i r shower. 

4.6 Conclusions 

A summary of the various experimental r e s u l t s on the nuclear 
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active p a r t i c l e f l u x at different atmospheric depths i s given i n 

Table 4 « 1. The measurements have also been summarised i n Figure 4 ° 4 . 

Each inten s i t y has been multiplied by a factor e ^ ^ ®® and i t can be 

compared with the primary nucleon spectrum. I t w i l l be seen that the 

different experiments y i e l d an exponent between 1.6 and 2 .0 for the 

integral spectrum and there seems to be reasonable agreement with 

regard to absolute i n t e n s i t i e s apart from one measurement, that of 

Akashi et a l (1967)-

A great many of these experiments determine simply the f l u x of 

hadrons making no d i s t i n c t i o n between the individual components. I t 

would appear that further progress i n studying the nucleon propagation 

i n the atmosphere can most e f f e c t i v e l y be made by performing i d e n t i c a l 

experiments at different atmospheric depths, these experiments being 

so designed that the spectrum of one of the nuclear active components i s 

measured, as i t i s p r a c t i c a l l y very d i f f i c u l t to measure more than one 

indi v i d u a l l y at the same time. 
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TABLE 4 . 1 SUMMARY OF EXPERIMENTS 

Experiment Exponent of Spectrum. Depth Further D e t a i l s 

Kamata 
et a l 

for surviving 
primary protons. 530g.cnT 2 cr(N-air) 270mb, i . e . 

(T(N-N)>27mb at l 0 weV 

Akaahi 
et a l 1.9 + 0.3 530g.om"2 \ ( N u c l . I n t . in Pb) 

= 191 + 29 g.cm"2 

Baradzei 
et a l ~ 2 . 0 

_? 
455g* cm 

Grigorov 
et a l 1 .86 + 0.04 

-2 
700g.cm 

Dobrotin 
et a l 1.7 + 0.2 -2 

700g. cm 
«T (M-Fe) 740 + 110mb 

( f o r 200-3000 GeV) 

Alekseeva 
et a l 

1.92 + 0.10 (acc.) 
2.10 + 0.15 (unaoc.) 

-2 
700g.cm ^. ( N - F e J ^ ^ S + ^ g . a n - 2 

E r l y k i n 
et a l 1.68 + 0.15 - 2 

700g.cm 

Cowan and 
" Moe 

-2 
1OOOg.cm 

l(>140&eV) ^ d . 3 , 1 0 - 8 ) 
(cnT^ sec s t ). 

Brooke and 
Wolfendale 1.6 lOOOg.cm"2 Sea Level Proton 

Spectrum 

Ke Hermann 
and S i l k . 

1.8 + 0.1 
(Burst Spectrum) 10OOg.cm"2 M bursts = ^ 

N.A. 5 
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CHAPTER 5 

THEORY OF BURST PRODUCTION IN A THICK IRON ABSORBER 

5.1 Introduction 

Experiments to measure the spectra and study the interactions 

of high energy nuclear active p a r t i c l e s i n the atmosphere usually 

employ some type of calorimeter experiment. I n the main these 

consist of a thick high der.sity target material i n which the nuclear 

active p a r t i c l e i s required to interact and below which are a se r i e s 

of thin detectors and absorbers enabling the development of the cascade 

produced i n the nuclear interaction to be studied. The energy of the 

interacting p a r t i c l e i s normally estimated from the ionisation 

produced by the p a r t i c l e s i n the cascade. I t i s necessary, therefore, 

i n the analysis of the r e s u l t s of these experiments to adopt some 

model f o r the interaction of the high energy nuclear active p a r t i c l e 

i n the absorber as well as for the cascade subsequently produced so 

that a r e l i a b l e estimate of the p a r t i c l e energy can be made. 

I n t h i s p a r t i c u l a r experiment i n which a study has been made of 

high energy neutrons i n the sea l e v e l cosmic radiation the target 

was 1.35 nuclear interaction lengths of iron and the burst was 

detected and measured by a l i q u i d paraffin s c i n t i l l a t i o n counter. The 

generally accepted picture of a high energy nucleon interacting i n 

such a target i s as follows. On entering the absorber the probability 

that the nucleon undergoes an interaction follows the exponential 
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-xA 
law e~^ where X i s the thickness of the target and X the interaction 

length. After a c o l l i s i o n the nucleon retains a certain f r a c t i o n of 

i t s i n i t i a l energy the majority of the energy l o s t going i n t o the 

production of pions. I t i s assumed that the number of charged pions 

i s twice the number of neutrals. The neutral pions immediately 

decay in t o two gamma rays which can then i n i t i a t e an electron-photon 

cascade either by materialising i n t o an electron-position pair or 

by undergoing Compton scattering. The charged pions interact deeper 

i n the absorbing medium producing more pions the neutral ones again 

decaying into two gamma rays. The electrons which are produced i n 

the pair production and Compton scattering of these photons can then 

produce more photons by radiation loss (bremsstrahlung), assuming 

the c r i t i c a l energy of the medium ( E q ) i s much less than the electron 

energy, and these photons i n turn produce further electrons. Thus 

an electron-photon shower i s b u i l t up i n the medium. I n a substance 

such as ir o n where the radiation length and c r i t i c a l energy are 

r e l a t i v e l y small t h i s process occurs quite quickly. After a certain 

distance the average energy of the electrons w i l l f a l l to a value 

below that of the c r i t i c a l energy and the cascade w i l l die out, 

a l l the energy being l o s t to excitation and io n i s a t i o n i n the target 

The theoretical treatment of electron-photon showers i n various 

media has been studied extensively by many workers. Broadly speaking 

there have been two lines of approach: 

a) The Analytical Method. The development of the shower at a 
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given depth i s represented by a series of d i f f u s i o n 
equations. These are solved by introducing simplifying 
assumptions. 

b) The Monte-Carlo Method. Different primary particles and 

t h e i r secondaries are followed through the absorbing 

medium, the fat e of each being determined by a "wheel of 

chanc;". 

I n t h i s chapter a b r i e f discussion of the various solutions to 

the problem of the electron-photon shower development w i l l be given. 

The model used f o r the i n t e r a c t i o n of nucleons i n the i r o n target 

w i l l be discussed and a relationship established between the energy 

of the interacting nucleon and the burst size detected by the 

s c i n t i l l a t i o n counter. This result w i l l then be compared with the 

cascade curves f o r nuclear interactions i n i r o n given by Pinkau 

and Thompson (1966) . 

5.2 The Electron-Photon Shower and i t s Treatment 

5.2 .1 General 

The problem of deriving the number of electrons and photons at 

a given depth i n a substance produced by a primary electron or 

photon of energy E Q i s mathematically very d i f f i c u l t . Many problems 

concerned with electron-photon showers require only a knowledge of 

t h e i r average behaviour and these average quantities are much easier 

to derive than say the p r o b a b i l i t y f o r the number of par t i c l e s to 



60 

have a predetermined value. Most calculations on shower theory 

just refer to the average behaviour, the pr o b a b i l i t y of f i n d i n g 

specific numbers being treated as a f l u c t u a t i o n problem; that i s 

the p r o b a b i l i t y of a given deviation from t h i s average behaviour is 

estimated. However, the f l u c t u a t i o n problem i s also extremely 

d i f f i c u l t and again several simplifying assumptions have to be made. 

5.2 .2 The Analytical Method 

The problem of dealing mathematically with electron-photon 

showers has been discussed i n d e t a i l by Rossi ( 1952) . The various 

processes such as pair production and Compton scattering by photons 

and bremsstrahlung and ionisation losses by electrons, which occur 

during the development of the cascade, are a l l dealt with. I n the 

analy t i c a l method the procedure has been to derive a set of equations 

which describe the v a r i a t i o n with thickness i n the numbers of 

electrons and photons of each energy i n t e r v a l . At any thickness t 

the number of electrons and photons with energies between E and 

E+dE can be represented respectively by -rr(E,t) dE and if(E,t) dE. 

These numbers vary as the radiation traverses an additional thickness 

dt because of the pair production etc. mentioned above and t h i s 

v a r i a t i o n is described by the following set of d i f f u s i o n equations. 
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^ t r ( E , t ) = = + 

oo oo 
r r 

2T(Bft) 0p(E,E')dE' + fr(E't)^ E(E',E-E)dE / 

E E 

- f 7T(E,t)rf(E,lf)dEy-€(E) - i h l & t l 
J E dE 

OO 

• J •nr(E/,t)0E(E;E)dE/- &(E,t)0 (E,E')dE' 

where, 

€ ( E ) represents the average ionisation loss per radiation 

length. 

/ _ ( E , E ' ) i s the d i f f e r e n t i a l p r o b a b i l i t y per radiation length 

f o r an electron of energy E to produce a photon of energy E ! 

0 p ( E , E ' ) i s the d i f f e r e n t i a l p r o b a b i l i t y per radiation length 

f o r a photon energy E to produce an electron energy E either by pair 

production or Compton scattering. 

5.2.3 Solutions by Approximation A and Approximation B 

I t has been stated e a r l i e r that i n order t o solve these d i f f u s i o n 

equations certain simplifying assumptions have to be made. Two methods 

which introduce two d i f f e r e n t sets of these assumptions are known as 
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Approximation A and Approximation B resepctively. 

I n Approximation A only those energies large compared with the 

c r i t i c a l energy are considered so the theory of showers can be 

developed by dealing only with radiation phenomena and pair production. 

Furthermore, i t has been shown by Rossi (1952) that i f the energies 

under consideration are r e s t r i c t e d to those large compared with the 
2 1 

f a c t o r 137m c Z 3, radiation phenomena and pair production can be 

described by the asymptotic formulae f o r complete screening. Thus 

the assumptions under Approximation A are to neglect the Compton 

effect and c o l l i s i o n losses and to describe the pr o b a b i l i t i e s f o r 

radiation processes and pair production by t h e i r asymptotic formulae. 

I t i s interesting to note that under Approximation A shower theory 

yields i d e n t i c a l results f o r a l l materials provided thicknesses are 

measured i n radiation lengths. 

When the energies involved become comparable with the c r i t i c a l 

energy the Compton effect can s t i l l be disregarded but c o l l i s i o n 

processes must be taken in t o account. These, however, do not 

contribute appreciably to the production of secondary electrons and 

the e f f e c t need only be considered i n terms of i t s influence on the 

energy loss of electrons. Under Approximation B, therefore, i t i s 

assumed that the Compton effect can be neglected, c o l l i s i o n loss i s 

described as a constant energy dissipation and the asymptotic 

formulae f o r radiation loss and pair production are used. Approximation 

B gives i d e n t i c a l results f o r a l l elements provided the thicknesses 
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are measured i n units of radiation length and energies i n terms of 

the c r i t i c a l energy. I t should be noted that the basic assumptions 

of Approximation B make i t more suited to l i g h t as opposed to 

heavy elements. 

The solutions of the d i f f u s i o n equations under Approximation A 

and Approximation B are described i n d e t a i l by Rossi (1952) and examples 

of the cascade curves which result are shown i n Figure 5 - 1 • 

A comprehensive survey of the d i f f e r e n t attempts which have been 

made to solve the problem of electron-photon showers has been given 

by Belenkii et a l (1959)• The various solutions t o the d i f f u s i o n 

equations are discussed together w i t h the assumptions under which they 

are v a l i d . 

5 . 2 . 4 Method of Moments : Cascades i a I r o n 

The methods of Approximation A and Approximation B which u t i l i s e 

what are known as functional transformations t o solve the d i f f u s i o n 

equations give a f a i r l y complete solution to the problem of 

describing one-dimensional cascades i n l i g h t elements. The method 

of functional transforms, however, breaks down i n l i g h t elements 

when the energy of the p a r t i c l e which i n i t i a t e s the cascade becomes 

comparable with the c r i t i c a l energy of the medium i n which the 

shower develops. This method i s also i n v a l i d i n heavy elements f o r 

the following two reasons: 

a) the scattering of the shower par t i c l e s i n heavy elements 

i s large. 



i 
1 

I 

1 0 
.1 

v to* 

A 

t-l 

I 

r 
r 

\ 

i 
10 

i 1 1 

0 8 1 6 1 2 2 0 2 4 

(Radiation Lencths) 

Figure 5 . 1 Shower development curves of Approximation B 
(broken l i n e s ) and Ivanenko et a l ( f u l l l i n e s ) 
for cascades i n i t i a t e d i n iron by electrons of 
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the c r i t i c a l energy i n iron. The points ©oo® 
are from the Monte Carlo calculations of Crawford 
et a l ( 1 9 6 5 ) f o r an energy of 2 0 / £ 0 = 9 5 . 
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b) the t o t a l photon absorption coefficient depends strongly 

on the energy. 

An alternative method i n the solution of t h i s problem and one 

which has been applied to heavy absorbers (Belenkii et a l (1959)) i s 

known as the method of moments. This has been described by 

Ivanenko (1957) • The method makes use of the fact that the d i s t r i b u t i o n 

f u c t i o n of shower p a r t i c l e s can be described by i t s moments which are 

calculated sucessively from an "equilibrium" spectrum of electrons 

and photons. 

I n the neutron spectrum experiment the shower i s developed i n an 

iron.absorber and bursts are induced by photons with average energies 

i n the range 1 GeV to 30 GeV. Thus an the calculation of expected 

burst sizes the electron-photon shower curves employed must be 

applicable to iron and cover the relevant energy range. Ivanenko 

and Samosudov (1959) have produced a series of shower curves which 

apply to copper but which can also be used f o r iron since the Z f o r 

copper is only about 10$ d i f f e r e n t from that of i r o n . The curves 

have been calculated f o r primary electron and photon energies i n the 
7 12 

range 10 £ E ^ 10 eV which includes the range required f o r t h i s 

experiment. The method of moments was used to calculate the t o t a l 

number of electrons and photons and account was taken of the 

scattering of charged p a r t i c l e s and also of the energy dependence of 

the t o t a l photon absorption c o e f f i c i e n t . As these curves are d i r e c t l y 

applicable to an i r o n absorber i t has been decided t o adopt them i n 
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calculating the burst sizes expected i n the s c i n t i a l l a t i o n counter. 

The curves are shown i n Figure 5*1 and a comparison with the results 

of Approximation B can be made. Shower development curves are 

p l o t t e d f o r cascades i n i t i a t e d i n i r o n by primary electrons of energies 

E 0 given by Eo/€0 = 10^, 10^ and 10^ where € 0 (the c r i t i c a l energy 

i n iron) = 21 MeV. These curves give the t o t a l number of electrons 

at any depth t measured i n radiation lengths. The results of 

Ivanenko et a l can be seen to d i f f e r from those of Approximation B 

i n the region a f t e r shower maximum. This arises because of the 

approximations involving the use of asymptotic values introduced i n the 

l a t t e r method. I n Figure 5.2 and Figure 5*3 are displayed the 

cascade curves f o r electron and photon i n i t i a t e d showers. Loci of 

constant age parameter s are also shown. 

5 .2 .5 Comparison of Theory with Experiment 

Coats (1967) has surveyed the experimental information on 

electron-photon showers. An accelerator experiment by Backenstoss 

et a l (1963) looked at average showers i n i r o n up to energies of 

10 GeV. Good agreement was found between the measured number of 

electrons and the theory of Ivanenko f o r showers of energy < 4 GeV 

but at 10 GeV theory predicted about 2Gpb more electrons at shower 

maximum than were observed. There are also two calorimeter type 

experiments one by Takbaev et a l (1965) and one by Murzin et a l (1963) 

which looked at electromagnetic cascades produced i n i r o n absorbers. 
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Figure 5.2 Shower development curves '-giving the t o t a l number 
of electrons as a function of depth for cascades 
i n i t i a t e d in iron bv electrons with energy li0/60

=^ 
61 ,2.45.102, 6 . 1 . 1 0 2 , 6 . 1 .10^, and 3.23.104., 
according to Ivanenko et a l ( 1 5 5 8 ) . The straight 
l i n e s are l o c i of constant ape parameter s. 
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The events i n both experiments were normalised to an energy of 100 GeV 

and the curves and experimental points are shown i n Figure 5 .4 . I t 

can be seen that the experimental measurements agree quite well with 

the t h e o r e t i c a l curve i n both oases although i t should be noted 

that the absolute numbers of electrons measured by the two experiments 

are d i f f e r e n t despite both being normalised to 100 GeV. 

5 .2 .6 Monte Carlo Calculations 

Although several Monte-Carlo calculations have been performed on 

the development of electron-photon showers there i s only one set 

that applied to an ir o n absorber and t h i s i s r e s t r i c t e d i n i t s 

energy range. The calculations were performed by Crawford et a l (1965) 

and were f o r a three-dimensional cascade i n copper. The l i m i t e d 

energy range of these tables means that they cannot usefully be 

applied to the present problem but they can be used to make a 

comparison with the curves of Ivanenko et a l i n the region of over­

lapping energies. I n doing t h i s i t should be remembered that Crawford 

et a l give the f l u x of electrons with energy >lOMeV while Ivanenko 

gives the f l u x of a l l electrons. The curve f o r an energy of 

E Q/6 0 = 95 i s shown i n Figure 5-1 f o r comparison with Ivanenko et a l 

and Approximation B. 
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5.3 Burst Size Measured i n the S c i n t i l l a t o r 

5«3»1 General 

The purpose of t h i s experiment has been to make an estimate of 

the high energy sea level neutron spectrum by measuring the spectrum 

of bursts produced by neutrons i n t e r a c t i n g i n an ir o n target. The 

bursts have been detected and measured i n a l i q u i d p a r a f f i n 

s c i n t i l l a t i o n counter the size of a burst being measured i n terms of 

an equivalent number of particles where one equivalent p a r t i c l e is 

defined as the average energy l o s t by a single r e l a t a v i s t i c p a r t i c l e 

traversing the centre of the s c i n t i l l a t o r . A s c i n t i l l a t i o n counter 

essentially measures the track length of an ionising p a r t i c l e i n 

the phosphor and i n order to completely traverse the counter such a 

pa r t i c l e requires a certain minimum energy. The minimum energy 

f o r the s c i n t i l l a t o r s i n t h i s experiment was 28 MeV. 

The electrons i n a shower emerging from the iron target w i l l 

have a spectrum of energies, those with greater than 28 MeV w i l l 

completely penetrate the counter and each be recorded as one 

equivalent p a r t i c l e while those with less than 28 MeV w i l l have 

varying track lengths i n the phosphor and each w i l l give a contribution 

which i s some f r a c t i o n of an equivalent p a r t i c l e . The curves given 

e a r l i e r of the t o t a l number of electrons as a function of depth i n 

a given element cannot therefore be applied d i r e c t l y t o the measure­

ment of burst size i n equivalent p a r t i c l e s . They have to be modified 

so that they represent the burst size measured by the s c i n t i l l a t i o n 
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counter as a funotion of depth and i n order to do t h i s i t i s 

necessary to know the energy spectrum of electrons i n a cascade 

shower. Another factor to be taken into account i s the contribution 

photons make to the burst size. A cascade oonsists of both 

electrons and photons and the photons can interact i n the phosphor 

to produce electrons by the processes of pair production and 

Compton Scattering. These electrons w i l l then contribute t o the 

measured burst size. 

5.3.2 Energy Spectrum of Kleotrons i n a Burst 

Various attempts to formulate expressions to represent the 

energy spectrum of electrons i n a shower have been made. These have 

been reviewed by Coats (1967) where a comparison has been made with 

some experimental measurements on the problem. The best expression 
— V 

appears to be one of the form N(> E) ot (E + £ Q) where can be 

varied. I n Figure 5-5 are shown the experimental points of Massar 

et a l (1946) together with various theo r e t i c a l predictions. These 

give the energy d i s t r i b u t i o n of electrons at shower maximum i n a 

2 GeV cascade i n i t i a t e d by a primary electrons The experimental 

points were obtained using a counter controlled cloud chamber operated 

in. a magnetic f i e l d and the showers measured were produced i n lead by 

a single electron. The points have been normalised to the Ivanenko 

curve at an electron energy E given by E/€Q = 0.45 and have been 

corrected so as to apply to an ir o n absorber. 
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The expression used to caluclate the energy spectrum from the 

Ivanenko curves was the following 

This appears to give good agreement with the experimental data 

and so has been adopted f o r the purposes of the present work. 

5.3.3 Photon Contribution to a Burst 

Following Coats (1967) the photon contribution to the burst size 

has been taken as 22$>. I n calculating t h i s value the curves giving 

the number of photons as a function of depth were those interpolated 

from Approximation A described e a r l i e r . These were used i n conjuction 

with the p r o b a b i l i t i e s f o r pair production and Compton scattering 

given by Rossi (1952) to evaluate the t o t a l track length of electrons 

produced i n the phosphor. The energy spectrum of photons was 

assumed to be the same as that of electrons. 

-5.3.4 Conclusions 

As the theorectical cascade curves of Ivanenko et a l appear to 

be i n agreement with the available experimental data these have been 

adopted f o r use i n the present calculation. The energy spectrum of 

electrons i n a shower are best described by 

N( > E) = N(> 0) (1 + -s 

N(>E) = N(>0) (1 + | - ) s 
o 
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where € Q i s the c r i t i c a l energy of the medium and s the age parameter. 
By integrating t h i s spectrum of electrons over the thickness of the 

phosphor i t can be shown that the burst size measured by the s c i n t i l l a t o r 

as an equivalent number of particles i s represented by the number 

of electrons i n a shower with energy > 1 5 MeV. The curves r e l a t i n g 

burst size measured i n equivalent particles as a function of depth 

i n radiation lengths are shown i n Jf'igure 5-6 and these include 

the 24?b contribution from photon interactions i n the phosphor. These 

curves have been used i n the evaluation of burst sizes produced by 

nucleons int e r a c t i n g i n the iron absorber. 

5.4 Nucleon Interactions i n Ir o n 

5 .4 .1 General 

Any experiment performed to measure the energy spectrum of 

neutrons r e l i e s on a knowledge of t h e i r interactions i n both t h e i r 

detection and energy measurement. I n t h i s p a r t i c u l a r case t h i s i s 

achieved by studying the products of neutron interactions i n an i r o n 

absorber. The energy of the interacting neutrons has t o be estimated 

from the burst size that i s measured by the s c i n t i l l a t i o n counter and 

i n order to do t h i s a model f o r t h e i r interactions with i r o n nuclei 

has to be adopted. The various features of t h i s model such as 

i n e l a s t i c i t y and m u l t i p l i c i t y values w i l l now be described. 

I n the calculations i t has been assumed that a f t e r the nucleon-

iron nucleus i n t e r a c t i o n the nucleon emerges wi t h h a l f i t s i n i t i a l 
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5.6 Shower development curves giving the burst 
size i n equivalent p a r t i c l e s recorded by 
the s c i n t i l l a t o r as a function of depth f o r 
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and photons (broken l i n e s ) of energies 1.-28 
2.1 , 12.8 , 68, 1 28, and 680 GeV. 
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energy E Q GeV. The other E Q /2 i s assumed to go into the production 

of pions. The number of pions produced has been calculated from 
n s = 3 E 0

4 with E 0 i n GeV and equal numbers of p o s i t i v e , negative and 

neutral pions are assumed to be produced. Eq u i p a r t i t i o n of energy 

among the produced pions i s also assumed. The neutral pions decay 

in t o two gamma rays, the charged pions either i n t e r a c t i n g deeper 

i n the i r o n or emerging from i t without int e r a c t i o n . Those that do 

interact produce more pions the m u l t i p l i c i t y being given by 
l 

rig = 3 E i r
 4 with E^ i n GeV. E q u i p a r t i t i o n of energy i s again assumed 

and the i n e l a s t i c i t y f o r IT* interactions has been taken as unity. 

The elementary i n e l a s t i c cross-sections f o r p-p and ir-p 

interactions have been given by Morrison (1963) as 30 mb and 22 mb 

respectively. The r e s u l t i n g cross-sections f o r pion and proton 

interactions with an i r o n nucleus are 631 mb and 715 m D respectively, 

so the respective mean free paths f o r pions and protons i n iron are 
—2 —2 146 gm cm" and 129 gm cm taking the density of i r o n as 7.6 gm/cc. 

Two methods have been used i n the calculation of burst sizes 

produced by nucleons of various energies. I n the f i r s t r e l a t i v e l y 

simple method the nucleons were considered to interact at one level 

calculated as an average depth i n the iron and the charged pions then 

interacted at a greater depth also calculated as an average. I n the 

second more detailed method d i f f e r e n t points of i n t e r a c t i o n were 

considered i n the case of nucleons but the pions were s t i l l allowed 

to interact at an average depth. I n both cases i t was assumed that one 
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o' 
t h i r d of the pions produced i n the interactions were yt s and that 
these decayed into photons to i n i t i a t e the cascade. 

The processes i n which the secondary particles from the i n t e r ­

actions are generated are of a s t a t i s t i c a l nature so i t would be 

expected that there w i l l be large fluctuations i n the measured 

energy loss. This i s p a r t i c u l a r l y true i n an experiment such as 

the present where only a f r a c t i o n of the energy i s deposited i n the 

detector. However, while the energy determination of an individual 

event may be unreliable i t i s s t i l l possible to measure a nucleon 

spectrum i f the d i s t r i b u t i o n function of these fluctuations i s known. 

5 .4 .2 Simple Treatment 

Consider a high energy nucleon incident on an i r o n target of 

thickness X gm.cm™ . Let represent the i n t e r a c t i o n length of 

nucleons i n the i r o n . The probability that a nucleon interacts i n 

the i r o n target i s given by pi - exp ( — x ~ ) l • I n t h i s simpler 

treatment i t has been assumed that a l l the nucleons which interact 

do so at one average depth. Calculation shows that on the average 

the distance a f t e r which the nucleons interact i s given by 

Photon i n i t i a t e d cascades have been assumed to originate from 

t h i s point and the curves of Figure 5*6 have been used to evaluate 

N 

X 
N 
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the contribution to the burst size detected by the s c i n t i l l a t o r . 
The charged pions produced i n the nucieon-iron nucleus c o l l i s i o n 

either interacted deeper i n the i r o n or emerge from i t without 

inte r a c t i o n . The number that do interact i s given by 

where I Q y x i s the number of charged pions produced i n the nucleon 

interaction and the mean free path f o r pion interactions i n 

i r o n . I t has again been assumed that the 1 ^ pions interact at an 

average depth given by 

One t h i r d of the piona produced i n these secondary interations are 

again assumed t o be TT S and the curves of Figure 5.6 are used to 

evaluate the contribution to the burst size. No f u r t h e r nucleon 

c o l l i s i o n s have been considered. 

The r e l a t i o n between the energy of the interacting nucleon and 

the burst size detected by the s c i n t i l l a t o r has been evaluated i n t h i s 

way f o r several values of nuoleon zenith angle. These curves are 

shown i n Figure $.7. 

5.4.3 A More Detailed Treatment 

I n t h i s method various points of int e r a c t i o n of the incident 

nucleons were considered. The charged pions which interacted deeper 
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i n the i r o n were again considered to do so at some average depth 

which depended on the point of inte r a c t i o n of the nucleon. The 

va r i a t i o n of burst size recorded by the s c i n t i l l a t i o n counter as 

a function of the point of inte r a c t i o n of the nucleon was thus 

obtained. These curves were then used t o evaluate the p r o b a b i l i t y 

per unit burst size of a nucleon of a given energy producing a 

given burst size. The mean values of these p r o b a b i l i t y d i s t r i b u t i o n s 

were calculated. This procedure was carried out f o r a series of nucleo 

energies and zenith angles. These mean values were used i n the 

p l o t t i n g of the burst size energy relationship shown i n f i g u r e 5-8-

A comparison i s made with the results of the simpler treatment and 

i t can be seen that i n the more detailed calculation a given burst 

size corresponds to a nucleon of higher energy than i n the case of 

the simpler method. Thus using t h i s second method to convert burst 

size to energy w i l l move the spectrum of nucleons to s l i g h t l y 

higher energies. 

5 . 4 . 4 'Probability Distributions 

I n t h i s experiment the burst size detected by the s c i n t i l l a t o r 

and which has been produced by a nucleon of a given energy depends 

on the point of interaction of the nucleon. The probability that a 

nucleon of a given energy produces a burst i n a given burst size 

range can be evaluated. An example i s shown i n Figure 5«9 f o r the 

burst size range 130 to 260 equivalent p a r t i c l e s . This has been 
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calculated using the cascade theory described e a r l i e r taking into 

account the varying p r o b a b i l i t y of nucleons interacting at d i f f e r e n t 

points i n the i r o n absorber and the fact that the nucleon spectrum 

is a rapidly f a l l i n g one. For the purposes of t h i s calculation the 

spectrum was assumed to have a d i f f e r e n t i a l exponent of - 3 . 0 

(that measured i n the experiment). 

5.5 Calculations of Pinkau and Thompson (1966) 

I n these calculations a series of curves have been produced 

which give the t o t a l number of electrons as a function of depth i n 

various absorbers, one of which i s iron. They used the nuclear 

int e r a c t i o n model described by Cocconi, Koester and Perkins (1961) 

(C.K.P. Model). Total electron numbers were calculated f o r d i f f e r e n t 

values of the nucleon i n e l a s t i c i t y and m u l t i p l i c i t y and i t was found 

that the electron number at the shower maximum depended very l i t t l e 

on the m u l t i p l i c i t y . The curves have been adapted to apply to the 

present apparatus using a value of the nucleon i n e l a s t i c i t y of 0.45 

and 10 f o r the m u l t i p l i c i t y . Account has been taken of the large 

reduction i n electron number due to the t r a n s i t i o n effect when the 

electron cascade leaves the iron and enters the s c i n t i l l a t o r 

(Pinkau ( 1 9 6 5 ) ) , and a 2ltf> contribution from photon interactions i n the 

phosphor has also been added. The relationship between bur3t size 

and nucleon energy calculated i n t h i s way is shown i n Figure 5 .10. 

The curves calculated from the shower theory of Ivanenko et a l are 
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shown f o r comparison and i t can be seen that tht;re is quite good 

agreement between the two even though the conversion of Pinkau's 

data to apply to the present experiment was performed very simply. 

I t w i l l be seen l a t e r that there i s l i t t l e or no di f ference between 

the nucleon spectra calculated using these two sets of curves. 

5.6 Experimental Studies Jones et a l (19^9) • 

This group have assembled an ion isa t ion spectrometer to study high 

energy cosmic rays at large a l t i t u d e s . An experiment has been performed 

at the Brookhaven A.G.S. to ca l ibra te the instrument wi th protons of 

momenta 10, 20.5* and 28 GeV/c. Normally i on i sa t ion calorimeters 

contain about ten i n t e r ac t i on lengths of absorber which converts 

about 9Q& of the energy of the in te rac t ing pa r t i c l e in to i on i sa t i on . 

The apparatus used by Jones et a l contained only three i n t e r ac t i on 

lengths mainly because i t was f lown i n a balloon which set a l i m i t 

on the weight that could be car r ied . This makes t h e i r resul ts 

in te res t ing to study wi th reference to the present apparatus as i t 

contained only 1.35 i n t e r ac t i on lengths. These show that over the 

momentum range covered there i s an approximately l inear re la t ionship 

between the measured p a r t i c l e number and the energy of the in te rac t ing 

nucleon. The d i s t r i b u t i o n of pa r t i c l e numbers f o r a given primary 

energy, however, i s quite broad ind ica t ing tha t the errors involved 

are large. At the depth relevant to the neutron spectrum experiment 

the value of c r / f t . , where a i s the standard devia t ion and the 
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mean pa r t i c l e number, i s about 5Q&« 

5.7 Conclusions 

The burst size t o energy conversions evaluated using the 

cascade curves of Ivanenko et a l have been used i n the estimation 

of the sea l e v e l neutron spectrum. The resul ts of Pinkau et a l 

have also been used f o r the same purpose and a comparison of the 

two spectra w i l l be made. 
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CHAPTER 6 

THE EXPERIMENTAL ARRANGEMENT AND BASIC DATA 

6 .1 In t roduct ion 

The object of the present experiment has been to study burst 

production by neutral and charged nuclear active pa r t i c les i n the near 

v e r t i c a l (zeni th angles £ 60°) f l u x of the sea level cosmic rad ia t ion . 

A scale diagram of the apparatus is shown in. Figure 6 .1 . I t i s a 

larger modified' version of a preliminary experiment, car r ied out by 

Ashton and Coats (1968) and consists of the fo l lowing from top to 

bottom: eight layers of neon f l a s h tubes (external diameter 1.8 cms), 

22.9 cms of i ron absorber, two layers of f l a s h tubes i n the f r o n t and 

two i n the side e levat ion, three large, adjacent 17 cm deep l i q u i d 

p a r a f f i n s c i n t i l l a t i o n counters and f i n a l l y two more layers of crossed 

f l a s h tubes. The major di f ference from the apparatus used by 

Ashton and Coats i s the in t roduct ion of the f l a s h tube trays i n the 

side elevat ion which enables neutral induced bursts to be i d e n t i f i e d 

unambiguously; the area covered has also been increased three f o l d to 

3.9 m . The i r o n absorber contains 1.35 i n te rac t ion lengths (usiiig 

X j = 129 gm cm ) so the p robab i l i t y of an incident v e r t i c a l nucleon 

undergoing an in te rac t ion i s 0.74. The burst produced as the result of 

the in te rac t ion of such a rucleon i n the i r on i s detected by the 

s c i n t i l l a t i o n counter. The pulse from the s c i n t i l l a t o r is used to 

select events above a predetermined leve l and also to calculate the 
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size of the burst while the f l a s h tubes give v isual information about 

the evento I n the in te rac t ion of the nucleons, pions are predominantly 

produced. The neutral pions decay in to two gamma rays which then 

produce an electron-photon shower while the charged pions in terac t 

deeper i n the i ron to produce more charged and neutral pions. The 

burst detected by the s c i n t i l l a t i o n counter thus consists cf photons, 

electrons and pions. 

6.2 The S c i n t i l l a t i o n Counters 

Three of these were employed and each consisted of a l i q u i d 

phosphor, medicinal p a r a f f i n plus 0.5 gm. per l i t r e of p-terphenyl 

and 0.005 gm. p e r . l i t r e of P0P0P, contained i n a rectangular perspex 

box of dimensions 130 x 90 x 17°8 cm and a wa l l thickness of | i n . 

This box was placed i n a larger l i g h t - t i g h t wooden box being mounted 

on wooden rods so that the l i g h t t ransmitted through the phosphor to 

the photomult ipl iers was from t o t a l i n t e rna l r e f l e c t i o n . One of these 

counters i s drawn to scale i n Figure 6 .2 . Plane mirrors were placed 

along the sides AB, BC, DE, and EP of the wooden box and i n a l i k e 

manner at i t s other end. The phosphor was viewed by two 5 i n . 

photomult ipl iers (E.MJ type 9583 B) , one at each end of the box and 

and the a i r B]_acs enclosed by the plane mirrors acted as a l i g h t guide. 

A pos i t ive supply voltage was applied to the photomult ipl iers and the 

output pulse taken from the anode - t h i s pulse being a negative one 

wi th a decay time cf l ^ i s e c 
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I n t h i s type of experiment i t is important that the response, i . e . 

the va r i a t ion of pulse height w i t h distance of the ion i s ing pa r t i c l e 

from the photomul t ip l ie r , of the s c i n t i l l a t o r be f a i r l y uniform. 

S c i n t i l l a t o r s of the type used i n th is experiment and i n p a r t i c u l a r 

t h e i r response character is t ics have been investigated by A ant on ..et a l 

(1965). These results give a measure of the attenuation of the 

l i g h t i n the phosphor. The experimental response curves show that 

w i t h both photomult ipl iers i n operation an ion is ing pa r t i c l e passing 

v e r t i c a l l y through the centre of phosphor w i l l on the average produce 

a pulse height which i s lEJfa greater than that produced by a s imi l a r 

p a r t i c l e passing close to one end of the phosphor. 

When the s c i n t i l l a t o r s are operating under experimental cordi t ions 

i t i s required that the two photomult ipl iers be matched, i . e . that 

t h e i r gains should be the same. Any mismatching leads to a broadening 

of the single p a r t i c l e d i s t r ibu t ions from the s c i n t i l l a t i o n counter. 

I n i t i a l l y the matching of the gains of the photomult ipl iers was 

car r ied out as f o l l o w s . Each photomul t ip l ier was placed i n tu rn i n 

a l i g h t - t i g h t box. Inside t h i s box l i g h t pulses were produced by the 

arc-discharge of a mercury-wetted relay (Kerns et a l (1959))- The 

va r i a t i on of pulse height, wi th supply voltage was measured f o r each 

tube and these resul ts are shown i n Figure 6 .3 . The photomult ipl iers 

were paired o f f as fo l lows : I and E i n s c i n t i l l a t o r , A and C i n 

S2 and H and G i n 3 - j . Figure 6,3 shows that while each photomul t ip l ier 

had a d i f f e r e n t absolute gain the va r i a t ion of th i s gain was of the 
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With the values of 6KV f o r the constant H,V. and 2KV f o r the pulse 
the e f f i c i e n c y of the counter was almost 100$ f o r a time delay of the 
pulse of under 2^*sec. For delays greater than 2jj.se c the e f f i c i e n c y 
f e l l o f f r ap id ly because the negative ions produced by the ion i s ing 
p a r t i c l e were col lected at the central wire before the appl ica t ion 
of the high voltage pulse. 

B.3 Concluding Remarks 

Several of the long proport ional counters have been constructed 

and incorporated in to the burst experiment described i n t h i s thesis . 

They are at present being used to determine the electr ic charge 

of incident charged par t ic les that produce bursts . 
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