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ABSTRACT 

The electromagnetic i n t e r a c t i o n s of muons i n i r o n and lead have 

been studied, using cosmic ray muons, a t Durham, I98 f e e t above sea 

l e v e l , and a t London, 60 m.w.e. underground, r e s p e c t i v e l y . The 

energies of the secondary p a r t i c l e s from the i n t e r a c t i o n s were determined 

from the cascade showers which these p a r t i c l e s produced i n layers of 

absorber. 

As a r e s u l t of these studies i t has been shown t h a t , over the 

range of t r a n s f e r r e d energies from 0.1 GeV t o 30 GeV, there i s no 

discrepancybetween- the r e s u l t s p r e d i c t e d on the basis of quantum 

electrodynamics and the experimental r e s u l t s . Since the production of 

knock-on electrons i s the dominant process over most of t h i s t r a n s 

f e r r e d energy range, there i s thus no evidence f o r a breakdown of 

quantum e l e c t r o dynamical theory i n close c o l l i s i o n s between muons 

and e l e c t r o n s . 

By combining t h i s r e s u l t w i t h the r e s u l t of an accurate measure

ment of the anomalous magnetic moment of the muon i t i s f u r t h e r 

concluded t h a t , a t the present time, there i s no evidence f o r the 

muon d i f f e r i n g from a heavy e l e c t r o n . 
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PREFACE 

This t h e s i s describes i n v e s t i g a t i o n s of the electromagnetic 

i n t e r a c t i o n s of muons i n i r o n and lead and the analysis and i n t e r 

p r e t a t i o n of the r e s i i l t s obtained. 

Tne -whole of the work concerned w i t h the i n t e r a c t i o n s of muons 

i n i r o n was c a r r i e d out a t Durham under the supervision of 

Dr. A.W. Wolfendale. 

The data concerning the electromagnetic i n t e r a c t i o n s of muons 

i n l e a d were obtained from an experiment c a r r i e d out by Dr. J. C. Barton 

of the Northern Polytechnic, London, and analysed a t Durham. 

Both the operation of the experiment a t Durham and the analysis 

of the data from both t h i s and the London experiment were the sole 

r e s p o n s i b i l i t y of the author. Dr. M.G. Thompson c a r r i e d out the 

numerical c a l c u l a t i o n s of the d i r e c t p a i r production p r o b a b i l i t i e s 

used i n the determination of the expected r e s u l t s . 
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CHAPTER 1 

INTRODUCTION 

When i t was f i r s t discovered t h a t atomic n u c l e i were made up 

of a mixture of protons and neutrons i t was r e a l i s e d t h a t n e i t h e r 

of the f o r c e s known a t t h a t time i . e . the electromagnetic f o r c e , 

which acts through the electromagnetic f i e l d s of charged p a r t i c l e s , 

and the g r a v i t a t i o n a l f o r c e , which acts between the masses of two 

p a r t i c l e s , could be used t o e x p l a i n the b i n d i n g of these p a r t i c l e s 

i n the nucleus. For t h i s reason Yukawa (1955 )^ working by analogy 

w i t h the photon as the quantum of the electromagnetic f o r c e , pos

t u l a t e d t h a t the quantum of the nuclear f o r c e should be a p a r t i c l e 

of mass between 100 and 200 times the mass of the e l e c t r o n and t h a t 

t h i s p a r t i c l e should occur i n both p o s i t i v e and negative charge 

st a t e s . 

S h o r t l y a f t e r t h i s , Neddermeyer and Anderson (l957^ 1939} found 

evidence f o r the existance i n the cosmic r a d i a t i o n of charged 

p a r t i c l e s w i t h mass between t h a t of the proton and t h a t of the 

e l e c t r o n . When the mass and l i f e t i m e of these p a r t i c l e s , now 

known as "muons", were measured they were found t o be w i t h i n the 

l i m i t s p r e d i c t e d f o r the Yukawa p a r t i c l e . However, an experiment 

c a r r i e d out by Conversi e t a l . (1947); i n which muons were stopped 

i n absorbers of low atomic number, showed t h a t , i n carbon a t l e a s t , 

a l a r g e p r o p o r t i o n of negative muons decayed before i n t e r a c t i n g w i t h 

a nucleus. This r e s u l t was taken as i n d i c a t i n g t h a t the muoncould 
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not be id e n t i f i e d with the Yukawa p a r t i c l e , which was required to 
be strongly interacting, and. so the search for the l a t t e r was 
int e n s i f i e d . 

,A short time a f t e r the work of Conversl, Lattes et a l , ̂  (19^?)^ 

working with nuclear emulsions exposed at moxintain altitudes, found 

ah, event in •vdiich one charged p a r t i c l e decayed into a second one;!... 

On investigation i t was found that t h i s second charged p a r t i c l e was 

a muon. Further, a large number of tracks had been found i n emul

sions i n -vdaich charged p a r t i c l e s of the same type as the parent of 

the muon had interacted with the nuclei of the onulsion. Because of 

t h i s i t was thought that these incident charged p a r t i c l e s could be 

id e n t i f i e d with the Yukawa p a r t i c l e and that the muon was the decay 

product of the l a t t e r . Measurements of the masS;, and lifetime of 

these p a r t i c l e s , now known as "pions", confiimed that they f u l f i l l e d 

the requirements f o r the Yukawa p a r t i c l e . Thus i t was concluded that 

the pion, and not the muon, was to be id e n t i f i e d with the quantum of 

the nuclear force. 

Since.the discovery of the pion a large nimber of other ele

mentary p a r t i c l e s have been discovered using cosmic rays and beams 

of p a r t i c l e s from high, energy accelerators. The more common of 

these p a r t i c l e s and t h e i r a n t i p a r t i c l e s are l i s t e d i n table I . 



TABLE I 

Group TiTpe of P a r t i c l e 
1 
^rnbol Rest Mass, m ' e Spin Antiparticle 

Photon 7 0 1 -
Neutrino V 0 1 

2 V 
Leptons Electron e 1 1 

2 
+ 

e 
|i-meson H~ 206.9 1 

2 
^+ 

:t-mesons n+ 275.2 0 I t " 

264 it° 

Mesons I t " 275.2 i t + 

K-:mesons K"̂  966 0 K" 
K° 975+5 F 

Nucleons P 1856.1 1 
2 p 

n 1858.6 n 
A° hyperon A° 2182 1 

2 

Baryons Z hyperons £+ 2528 1 
2 

2" 2542+1 
£° 2550+2 

hyperons 2584+4 1 
2 

~2584 

Reproduced from C.F. Powell, P.H. Fowler and D.H. Perkins, 

'The Study of Elementary P a r t i c l e s by the Photographic Method', 

Pergamon Press L t d . , (l959)« 
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I n table I the p a r t i c l e s are divided into four groups according 
to t h e i r masses and spins, namely: 

1) The photon. 

2) L'eptons - p a r t i c l e s with spin 5 and mass l e s s thaniiie 

mass of the proton. 

5) Mesons - p a r t i c l e s with spin 0 and mass l e s s than the 

mass of the proton, and 

4) Baryons - p a r t i c l e s of proton mass or greater and with 

spin.-|. 

I t i s found that the interactions between the groups are as 

follows: 

a ) Between baryons and mesons the interactions are strong and 

proceed- through the short range, or nuclear, force. These interac

tions have l i f e t i m e s of the order of 10~̂ ^ sec and an example of such 

an interaction i s the proton-proton c o l l i s i o n i n .-vdaich pions are 

produced, i . e . p + p - * p + n + n"*". 

b) Between baryons and leptons and between mesons and- leptons the 

interactions are weak and have a lifetime of the order of 10~^° sees. 

Examples of weak interactions are the p-decay of a nucleus and the 

decay of a muon. -> e* + v + v ) . 

Besides the two types of interactions described above charged 

p a r t i c l e s also undergo a t h i r d type of interaction, the electromag

netic interaction, lAilch takes place through "the. electromagnetic 

f i e l d s of the p a r t i c l e s . Such interactions have lifetimes of the 

order of lO""̂ -'- sees and are thus weaker than the nuclear interactions 

by a f a c t o r of approximately 10̂  but stronger than the weak interactions. 



Although the muon seems to f i t quite nicely into the scheme of 

elementaiy p a r t i c l e s given i n table I i t s t i l l presents a problem 

to p h y s i c i s t s working i n the f i e l d of elementary p a r t i c l e s . Although 

i t has been found possible, using quantum dynamics, to explain the 

existence of a l l other elementary p a r t i c l e s and i n many cases to 

predict the properties of p a r t i c l e s before they are discovered e.g. 

the no theory has yet been put forward to explain the existence 

of the muon. 

I t has been found experimentally that, apart frcm i t s decay, the 

muon behaves as a heavy electron within the l i m i t s set by the 

experimental conditions. However, attempts are s t i l l being made to 

f i n d deviations of the interactions of the muon frcm those of the 

electron. Such deviations, i f foimd, would indicate that either the 

muon was Interacting with a p a r t i c l e f i e l d which i s , as yet, undis

covered, or that the muon has a structure which would lead to a 

breakdown i n the theory of quantum electrodynamics. 

Since the muon belongs to the lepton group i t only undergoes 

two types of interactions, the weak and the electromagnetic inter

actions. Of these the electromagnetic interactions are most 

amenable to investigation.. This t h e s i s i s concerned with two 

experiments car r i e d out to study these interactions, Chapters 2 

and 5 describe the theories of the electromagnetic Interactions and 

past investigations of these. Chapters 4, 5 and 6r contain a 

description of an experiment carr i e d out to i n v e s t i ^ t e the 

electromagnetic interactions of muons i n iron and the results obtained 
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from i t . - Chapters J, 8 and 9 give the re s u l t s of an experiment using 
lead instead of iron for a target and Chapter 10 contains the conclu
sions which are drawn from the two experiments and compares them with 
those drawn from other experiments which have heen carried out to 
determine the properties of muons. 



CHAPTER 2 

THEORETICAL CONSIDEBATIONS OF THE ELECTROMGMETIC 

MTBRACTIOUS OF MUONS 

2»1 Introduction 

The electromagnetic interactions of muons, and of a l l charged 

p a r t i c l e s , are c l a s s i f i e d according to the results of the interactions, 

namely: 

i ) E x c i t a t i o n and ionisation of the atoms of the medium through -which 

the muon passes. I n t h i s type of interaction the muon passes at- . 

some distance fron the atom and interacts with the atom as a -v^ole. 

The energy transferred from the muon i s then j u s t s u f f i c i e n t to raise 

one of the electrons associated with t h i s atom to a higher energy 

state (excitation) or remove i t from the atom completely (ionisation). 

i i ) The knock-on process. This type of interaction i s similar to 

the ionisation process except that the muon passes muchcloser to the 

atom. The energy transferred to the electron in the knock-:on process 

i s so large compared with the ionisation potential that the interac

tion may be taken as being between the muon and a free electron. 

i i i ) Bremsstrahlung. Here the muon i s scattered by the electro

magnetic f i e l d of the nucleus and emits a photon. 

i v ) Direct pair production. This type of interaction i s similar 

to bremsstrahlung except that when the muon i s scattered by the 

electromagnetic f i e l d of the nucleus i t produces an'electron-positron 

p a i r rather than.emitting a photon. 
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As well as undergoing the electromagnetic interactions 
described above the muon also imdergoes vh&t are. commonly known as 
. ^nuclear' Interactions. Such interactions are not actuallytiie 
Interactions of the muons with nuclei, the muon being only weakly 
interacting, but are interactions between photons of the v i r t u a l 
photon cloud surrounding the muon, and the nucleus. Since, however, 
the cross-section f o r t h i s process i s small compared with those for 
interactions of types i l ) , i i x ) and i y ) f o r incident muon energies 
below 1000 GeV the effect of muon nuclear interactions on measurements 
of the electromagnetic interactions can be allowed,for. 

The electromagnetic interactions with which t h i s thesis i s 

concerned are types i i ) , i i i ) and i v ) . A b r i e f description of the 

th e o r e t i c a l r e s u l t s -vdiich have been obtained for these interactions 

i s given i n the following paragraphs. 

2.2 Knock-on Interactions 

The theoretical expression for the probability of a knock-on 

c o l l i s i o n for a primary p a r t i c l e of spin ^ has been derived by 

Ehabha (1958) and by Massey and Corben (l939)» In the derivation 

i t was assumed that the p a r t i c l e has a normal magnetic moment of 

unity. I t i s also assumed that the electromagnetic f i e l d of the 

p a r t i c l e can be described as being due to a point charge down to 

distances smaller than 10~̂ ^ cm from the centre of the p a r t i c l e . 

The r e s u l t of t h i s work i s given by equation 2.1: 



... 2.1 

where <l'^^^^(E,E»)dE' i s the probability/g cm~̂  that a p a r t i c l e of 

k i n e t i c energy E and r e s t mass mc^, w i l l produce-a knock-on electron 

with k i n e t i c energy between E' and E' + dE'. 

C = 0.15 I cm^g-i 

Z i s the atomic number of the absorber 

A i s the atomic weight of the absorber 

P i s the v e l o c i t y of the incident p a r t i c l e i n terms of the 

•i^ v e l o c i t y of l i g h t 

m c^ i s the r e s t mass of the electron 
e 

and E * i s the maximm energy -vrtiich can be transferred to the 
m 

secondaiy electron ajid i s given by 

\' = ^e""^ \m/c* + m'^c^'V2m^c^ (p̂ V'̂  + m'-̂ ĉ )'/' 

where p i s the momentimi of the incident p a r t i c l e . 

2.3 Bremsstrahlung 

•When a charged p a r t i c l e passes close to an atomic nucleus i t 

experiences a force -vriiich causes i t to undergo an acceleration 

r e s u l t i n g i n the emission of a photon. The d i f f e r e n t i a l probability 

f o r the emission of radiation by charged p a r t i c l e s of spin and normal 

magnetic moment has been calculated by Christy and Kusaka (l95l) on the 

assumptions that l ) the k i n e t i c energy of the incident p a r t i c l e i s much 
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larger than i t s r e s t energy, 2) the potential of a nucleus can be 
described as being that due to a point charge for distances from 

the centre of the nucleus larger than the nuclear radius, r ^ , and 
constant for distances l e s s than r^ , and 5) the screening of the 
outer electrons i s negligible. As a re s u l t of t h e i r analysis they 
obtained the following expression: 

- ! -e ' ( s f - ) W-^^-'-l • •• ^ 2 

where <t>^g^^(E,E')dE' i s the probabillty/g cm~̂  that a p a r t i c l e of rest 

massmcPand k i n e t i c energy E w i l l emit a photon with energy 

between E' and E* + dE' 

N = Avogadro*s number 

« i s the fine structure constant 

Z,A andftm^c^ are the same as i n ajiation 1.1 

.a . i s the c l a s s i c a l electron radius 

and F(U, V) i s a function of the t o t a l energy, u, of the incident 

p a r t i c l e and the f r a c t i o n of t h i s energy emitted in the foim 

of a photon, v. This function i s dependent upon the spin of 

the incident p a r t i c l e and for p a r t i c l e s of spin ^ i s given by: 

F(u,v) = k\l^ (l-vr - f (1-v)] [^n (1̂. ^ ^) - r 

1 
where r = 0.1*-9 r A^ and n e 

^ = X Planck's constant. 
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2,k Direct P a i r Production 

The o r i g i n a l work onihe theory of the direct production of 

electron-positron p a i r s by r e l a t i v i s t i c charged p a r t i c l e s passing 

close to atomic nuclei was that due to Bhabha (1955 A, B) who used 

quantum electrodynamics to derive the cross section f or the inter

action. In the derivation he assumed that the f i e l d s of the incident 

and target charged p a r t i c l e s could be described c l a s s i c a l l y , i . e . as 

being due to point charges,that the target nucleus was i n f i n i t e l y 

heavy and that the incident p a r t i c l e was not deflected during the 

Interaction. As a r e s u l t of the derivation he obtained the second 

order d i f f e r e n t i a l cross section for the process i . e . the cross 

section for the production by an electron of an electron-positron 

p a i r i n which the electron has an energy between e_ and e_+de_ and 

the positron has an energy between and e^+de^. For the region i n 

which m^c^ e.^e+j jm^c^ » e_,e^, \Aiere j i s the energy of the 

incident p a r t i c l e i n terms of the res t mass of that p a r t i c l e , and in 

the case of no screening the value of t h i s cross section i s given by 

o /^g2k2 e^^+e_^+|6^6 k €_e+ k'm^c^/ 

=«K^m) (e.+e>^c^ -^^-1^ d..d.^... 2.3 

where k and k' are both numbers of the order of unity but are not always 

the same. 

By integrating t h i s cross section Bhabha then obtained an expres

sion f o r the t o t a l cross section for direct pair production, namely. 
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This crosssection i s v a l i d over the region i n which the t o t a l 
energy of the pair i s greater than 2m c^ and l e s s than m c^/. 

About the time when Bhabha's re s u l t s appeared theoretical 

values for the t o t a l cross section were obtained independently by 

Nishina et a l . (1935) and Racah (195?) "v^ich were in good agreement 

with, each other but l e d to numerical values a factor of two lower 

than those of Bhabha, 

By carrying out- a more precise integration of the second order 

d i f f e r e n t i a l equations given by Bhabha, Davisson (see Rossi, 1952) 

obtained expressions f or the f i r s t order equations i n four different 

regions, 

1) the region -viiere alow e n e r ^ p a i r i s produced and where there 

i s no screening, 

2) the region where a low energy pair i s produced and there i s 

complete screening, 
5) the region where a high energy pair i s produced and there i s 

no screening, and 

k) the region where a high energy pair i s produced and there i s 

complete screening. 

The expressions obtained . and the regions i n which they can 

be taken as v a l i d (Rossi, 1952):are:-
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k m c^ E ' 
1 e o 
mc^ E^ 

6 ^ E ^ dE^ dx ,2.5 

where m c^ i s the res t mass of the electron, e 
res t mass of incident p a r t i c l e 

energy of incident p a r t i c l e 

t o t a l energy of created pair 

f i n e structure constant 

Avogadro's mmiber 

Atomic weight of absorber 
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r = c l a s s i c a l electron radius 
e 

k^,k^,k^,k3,k4 = • . . nvmibers of the order of unity. 
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2m̂ ĉ  E ^ 2.^0- _ E ^ (^a^cVE^) 

mc 

-^o 

% 
a 

N 

A 

Z 

E E mc 
E 

k'm c^ E^ 1 e o 
mc E, 'T 

X i n ( —r) dEjClx . . . 2.6 

Region 5. 

2m. c2 E, E„ 

mĉ  
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2m c\ 1 /E^ 

mc' 
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E 2 /ffl / k mc2 E x 

. . . 2.7 

Region k. 

2 2 

Following t h i s . Block et a l . (195^) further Improved the integra

tion of equation 1̂ 3 and obtained a t o t a l cross-section •v^ich i s i n 

good agreement with that due to Bacah (1937)« 

A more recent treatment of the theoiy of direct p a i r production 

i s that due to Murota et a l . (1956) 'vdio calculate the cross-section 

using the Feynmann-Eiyson method i n -(diich the incident charged p a r t i c l e 

i s treated quantum dynamically and the target charged p a r t i c l e i s 

taken as being a f i x e d Coulomb f i e l d . For the case of an incident 

charged p a r t i c l e of mass many times that of the electron they show 

that of the four lowest order Feynmann-diagrams for the process, 

shown below, only two,those la b e l l e d A and A', need be considered. 

Using these two diagrams they obtain an expression f o r the 

cross-section, a, for the production of an electron-positron p a i r i n 

which the electron has energr between e_ and e_ + d£_ and the posi

tron has energy between and + <iê .> given by: 
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S 

Fi g . 2.1. Lowest order Feynmann-Dyson diagrams for Direct Pair 

Production 

a = I (Ze^)^ (eVm^c2)2 de^ d£_ L 

X 
^^^^^ ^ 

I - e 
(1 + ^ x) log (1 +7) 3 

(1 + 2x) log (1 + 4 ) - 2 

1 2 
3 ^4 1 + X E^ 

, . . 2.9 

E , E are tie energies of the incident p a r t i c l e before and aft e r 
1 2 

the interaction 

MC2, m c^ are respectively the mass of the incident p a r t i c l e and 

the mass of the electron 
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x = (H^CVEE ) . ( 6 . € /m/c*) 

L i s a teim which depends upon the screening and i s given by 

L = log (2 cc e^eJeU.) - 1 f o r no screening and 

L = log («.157 Z"^ H/m^c^) for complete screening 
1 

M/T_ . e 
i s a constant.of the order of unity 

M i s the matrix. element for the two Feynmann-I^yson diagrams used 

and i s 

m/c^ + (e_^ejE^E^)^^c^. 

This expression for the cross section i s v a l i d -rfien 

[ic^ » nigC^> E^ - e » \xc^, e « E^ and e » m^c^ where e = + e_.-

When equation I.9.- i s integrated with respect to the fracti o n of 

the p a i r energy going to the electron;a second undefined constant, 
n m c^ 

a = — where n i s greater than one, appears as one l i m i t of the 
m c e 

integration. The minimum value of a i s a = — — i n which case the 

int e g r a l i s carri e d out from e_ = 0 to e = m^c^. However, since 

. equation 2.9 i s not v a l i d for very low energy secondary electrons i t 

i s usual to take n > 1. 
2.5 Comparison of the Energy Loss Probabilities 

Cxirves are drawn i n figures 2.2, 2.3, 2.h and 2.5 of the 

pro b a b i l i t i e s of producing a given energy transfer by each of the three 

processes described above for the cases of 10 GeV and 100 GeV muons 

incident upon iron and lead absorbers. These curves were calculated 

from equations 2.1, 2.2 and 2.9 with k^, k̂^ *, k^', k^ and k^ put equal 

to unity. Also shown are.the r e s u l t s obtained using'Bhabha*s formulae 

as presented by Davisson, equations 2.5, 2.6, 2.7 and 2.8. 
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From these figures i t i s apparent that by a suitable choice 

of incident energy and absorber material one may investigate either 

d i r e c t p a i r production or the knock-on process over a large range 

of transferred energies with very l i t t l e background due to the other 

two of. the three electromagnetic interactions. I t can also be seen 

that i n order to study the Bremsstrahlung process one must go to 

very high incident energies and large energy ^transfers before 

knock-on and dire c t p a i r production events can be ignored. 

2.6 Discussion 

The theories of both the knock-on process and Bremsstrahlung 

were calculated' on the b a s i s of quantum electrodynamics and assume 

that the magnetic moment of the incident p a r t i c l e i s normal. Thus 

any deviation from the theoretical values vftiich might be obtained 

experimentally would be evidence for the breakdown of quantum electro

dynamics or f o r the incident p a r t i c l e having.an anomalous magnetic 

moment. 

Whereas equations 2.1 and 2.2 lead to unique values for the 

cross-sections f o r the knock-on and Bremsstrahlung processes the 

dir e c t pair production cross-section obtained from equation 2.9 

contains the two indefinite parameters a and a .and thus does not 

give a unique value f o r the cross-section. By a suitable choice 

of experimental technique, however, i t i s possible to' ignore the effect 

of these parameters and obtain a direct comparison between theory and 

experiment. The following chapter i s a review of past experimental 
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work on direct p a i r production, knock-on electron production and 

the Bremsstralilung process. 
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CHAPTER 3 
SURVEY OF PAST EXFERIMM!]M. RESULTS 

$ « 1 Introduction 

Early investigations of the electromagnetic interactions of muons 

were carried out . t o determine the spin and magnetic moment of these 

p a r t i c l e s . The results of work done before 195^ are contained i n a 

review a r t i c l e by Fowler and Wolfendale (1958) . These results showed 

that the measured cross-sections agreed with the theoretical predic

tions f o r energy transfers of up to 1 GeV i n the case of the knock-on 

process and up to 100 GeV i n the case ofthe bremsstrahlung process. 

From the results i t was concluded that the muon has spin ^ and an 

anomalous magnetic moment of less than 0 .8 Bohr magnetons. I t was 

also concluded that there i s every reason to believe that, apart from 

i t s decay process, the muon i s i n a l l important respects simply a 

heavy electron. 

For the past f i v e or six years interest has centred on the 

investigation of the knock-on process f o r energy transfers of 

greater than 1 GeV i n order to determine •whether or not quantum 

electrodynamics i s vaid i n t h i s region. At the same time the direct 

production of electron-positron pairs has been studied i n an attempt 

to check the theories which have been put forward f o r t h i s process. 

The advantage of using muons i n t h i s work i s that the background due 

to bremsstrahlung followed by the conversion of the photon into a 

pa i r i s negligible (a factor of ~10^ down on that found with incident 

electrons). 
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In the following paragraphs b r i e f descriptions are given of 
some of the more recent experiments which have been carried out. 

3 .2 The Knock-on Process 

3.2.1 Deeiy (1960) 

Deery (see also Deery and Neddermeyer, I961) used a cloud 

chamber t o study the production of knock-on electrons with energies 

greater than 100 MeV by cosmic ray muons incident upon targets of 

carbon and p a r a f f i n . 

The cloud chamber, which was divided in t o three sections one 

above the other, was placed i n a magnetic f i e l d of 11,100 gauss. The 

target, consisting of 2 3 .1 g cm~̂  of carbon i n one experiment and 

17.0 g. cm~̂  of p a r a f f i n i n another, was placed above t h i s chamber. 

The chamber was triggered -whenever a coincidence occurred between 

two trays of geiger counters, one above the target and the second 

under Ik inches of lead below the cloud chamber, and a proportional 

counter, placed d i r e c t l y below the target, which was biassed at the 

l e v e l of 1^ p a r t i c l e s . In order to remove the electromagnetic com

ponent of the incident cosmic radiation a further Ik inches of lead 

was placed above the top geiger counter tray. 

The momenta of the incident muon and the secondary electron were 

deteimined from the radius of curvature of the tracks i n the magnetic 

f i e l d , the electron being i d e n t i f i e d by i t s catastrophic energy loss, 

or the production of a cascade shower, i n inch lead plates at the 

bottom of the top section of the cloud chamber and between the centre 

and bottom sections. 
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Events were accepted i n which the muon had an energr between 
5 and 50 GeV and the secondary electron had energy greater than 
100 MeV. Figure 3 . 1 shows a comparison between the theoretical 
curve, calculated using equation 2 . 1 and the Cornell v e r t i c a l muon 
spectrum (Pine et a l . , 1959) , and the experimental results obtained 
with the p a r a f f i n target, a r b i t r a r i l y normalised to provide the best 
f i t with the data i n the energy range 0,5 t o 0 .9 GeV vhere uncertainty 
i n the theory and corrections f o r efficiency were small. The upper 
and lower curves represent the l i m i t a t i o n s i n normalisation possible 
w i t h i n the uncertainty of an estimate of the absolute rate based on 
the Cornell spectrum. 

Figure $ 2 shows the combined results f o r the carbon and par a f f i n 

targets,- the results f o r carbon.alone being very similar to those f o r 

p a r a f f i n . From t h i s figure i t can be seen that there i s a discrepancy 

between theory and experiment f o r electron energies of greater than 

1 GeV. Although t h i s discrepancy i s not s t a t i s t i c a l l y s i g n i f i c a n t , 

as shown by the errors marked on the points, the experimental results 

are w e l l f i t t e d by a curve obtained by multiplying the theoretical 

values by a 'form factor' F = 1 + 'l-.q̂ ] ̂  where |q^| Is the invarisint 

of the four-momentum transfer i n units of h and-X^ i s the Sanpton 

wavelength of the muon. This result gave the f i r s t indication of 

the possible breakdown of standard quantum electrodynamics at 

distances of the order of lO""""̂  cm. 
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3 . 2 . 2 Stoker et a l . 

I n 1961 Stoker et a l . published the results of a cloud chamber 

investigation of the knock-on process. I n t h i s experiment they 

studied the knock-on electrons produced i n lead plates of thickness 

0,15 cm and 0.53,-cm, contained i n a miiltiplate cloud chamber, by muons 

i n the energy ranges ^̂ 50 to I7OO MeV. and greater than I7OO MeV. Events 

were chosen in.which a single electron accompanied the incident muon 

from one of the plates. The energies of the electrons were determined 

from, a previously obtained empirical range-energy relationship \ihen the 

electron did not interact. When the electron i n i t i a t e d a cascade shower 

i t s energy was estimated from the t r a n s i t i o n curves of Wilson (1951) 

which include multiple Coxilomb scattering. 

The energy spectrum of the knock-onelectrons obtained i n t h i s 

experiment-was compared with that calculated using equation 2 . 1 and 

the d i f f e r e n t i a l i n t e n s i t y spectrum of incident muons. In the incident 

energy range from ^50 to I7OO MeV the spectrum used was that due to 

Rossi (1948) , approximated by (-0.0011E + 3.5)dE. For energies above 

1700 MeV the spectruta of incident muons was described by the power 

law E~^*®^ dE (Allkofer, I 9 6 0 ) . 

As a result of the comparison i t was found that f o r the range 

of transferred energies from 1 to 1000 GeV there was good agreement 

between the theoretical and experimental results. 
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3i.2.3 McDiarmid and Wilson 

A t h i r d experiment on the production of high energy knock-on 

electrons was carried out by McDiaimid and Wilson (1962). These 

workers used a multiplate cloud chamber containing both lead and 

iro n plates. Below the target plates were seven thick lead 

converter plates and at two positions i n between these there was 

a p l a s t i c s c i n t i l l a t i o n counter. Above the cloud chamber there were 

two trays of geiger counters separated by 50 inches of lead and with 

a f u r t h e r 5 inches of lead above the top tray. The chamber was t r i g 

gered whenever a coincidence occurred between the top tray of geiger 

counters, one counter i n the bottom tray and one of the s c i n t i l l a t i o n 

counters, both of which were biassed to select ^9 p a r t i c l e s , i.e. 

cascade showers produced by incident muons were selected. The energy 

of the secondary p a r t i c l e was then determined from the t o t a l track 

length of the shower i n the chamber, using a value of 30 MeV per 

radiation length f o r the average energy dissipated by an electron. 

The energy spectrum of the cascade showers obtained was then 

compared with that predicted using the knock-on, bremsstrahlung and 

dir e c t pair production theories and the d i f f e r e n t i a l muon energy 

spectrum. 

The resixlt of t h i s comparison f o r the case of the iron target i s 

given i n figure 3 . 3 . Although i t i s not possible to say yhlch type 

of interaction has occurred i t can be seen from the graph that either 

the knock-on or the bremsstrahlung process i s dominant. From the 

figu r e i t can be seen that there i s reasonable agreement between 
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experiment and theoiy f o r energy transfers up to 7 GeV but that over 

the remainder of the range i n which the knock-on process i s dominant 

there i s an excess of experimental events. A similar discrepancy 

occurs f o r the case of the lead target. A possible explanation of 

the discrepancy i s the f a c t that there may be systematic errors i n 

the estimates of the shower energies. The results however do lend some 

support to those obtained by Deery (1960). 

3.2.14- Backenstoss et a l . 

The most recent investigation of the knock-on process iiss that 

of Backenstoss et a l . (1963b) who caused 8 GeV muons from the C.E.R.1T, 

proton synchrotron to h i t a t o t a l absorbtionspectrometer made up of 

twenty 1 cm th i c k sheets of iron interleaved with 1 cm sheets of 

p l a s t i c s c i n t i l l a t o r . The pulses from these s c i n t i l l a t i o n counters 

were added to give a single pulse which was proportioniL to the t o t a l 

p a r t i c l e track length i n theapparatus. Before the experiment was 

carried out the apparatus was calibrated using incident electrons of 

known energy (Backenstoss, et a l . 1965a) and so the experimental 

puilse height. d i s t r i b u t i o n could be easily converted to an energy 

spectrum f o r the knock-on electrons. 

The results of t h i s experiment showed that f o r knock-on electron 

energies from 1 GeV to J),k GeV, the maximum transferrable energy, 

there was no deviation from the predictions of quantum electrodynamics 

w i t h i n the experimental error of I t i s thus concluded that any 

small deviation fromgoantum electrodynamics must occur at distances of 

approach ^,6k,lQr'^^ cm. 
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3.3 Bremsstrahlung 

As was mentioned i n § 3 . 1 ^ investigation of bremsstrahlung produc

t i o n by muons which were carried out previous to 1958 showed good 

agreement between the measured and the predicted results. 

A more recent study of the bremsstrahlung process was that of 

McDiarmid and Wilson (1962) who found that t h e i r results, although 

s t a t i s t i c a l l y rather weak, were i n good agreement with the theoretical 

calculations f o r both the iron and lead targets (see § 3 . 2 ) . Their 

results f o r the i r o n target are shown i n Figure 3 .3» 

Other recent measurements which have included effects due to 

bremsstrahlung i.e. those due to Backenstoss et a l . (1963b) and 

Chaudhuri and Sinhar, (19^4), also gave good agreement with theory i n the 

energy ranges vdaere bremsstrahlung was important, ,so i t can be con

cluded that there i s no evidence up to now f o r any deviation from 

bremsstraJilung theory f o r energy transfers of up t o 100 GeV. 

3.̂ 4- Direct Pair Production 

3 . ^ . 1 Introduction / 

^y f a r the majority of recent work carried out to study the 

electromagnetic interact ions,? of muons has been aimed at the deter

mination of the cross-section f o r the direct production of electron-

positron pairs i n order to check the theory of t h i s interaction. 

One of the e a r l i e s t experiments was that due to Avan and Avan 

(1957) exposed nuclear emulsions at various depths underground. 

From a t o t a l of 6 I d i r e c t pairs they obtained results which were i n 

close agreement with those predicted by the formula of Block et a l . (iS^hj. 
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Since that experiment the results of measurements have been 
compared with the the o r e t i c a l treatment of Murota et a l . (1956). 

3 . 4 . 2 Roe and Gaaki 

The f i r s t of the post 1958 experiments was that due to Roe and 

Ozaki (1959) who used a multiplate cloud chamber containing nine 

1.06 radiation lengths t h i c k typemetal plates (essentially lead) 

below the Cornell magnetic spectrograph. The cloud chamber was 

expanded whenever a muon of energy greater than 8 GeV, as determined 

by trays of geiger counters i n the spectrograph, traversed i t . I n 

order t o remove the electromagnetic and strongly interacting compo

nents of the incident cosmic radiation a I . 5 inch thick lead block 

was placed d i r e c t l y above the cloud chamber. 

Out of 6,0k6 cloud chamber photographs k^l contained showers 

i n i t i a t e d by single incoming p a r t i c l e s . Of these only 98 were f i n a l l y 

used i n the analysis as f o r the others either the flash-tube trays used 

i n the determination of the momentum of the incident particles did not 

fvmction correctly or the energy transfers were so low that the data 

were d i f f i c u l t t o interpret. 

In order to determine the energies of the secondary particles from 

the cascade showers produced i n the plates of the cloud chanber 

extrapolations were made of Wilson's Monte Carlo results (Wilson, 1950) 

to obtain the o r e t i c a l shower curves f o r the energy region from 200 MeV 

to greater than 1 GeV. By using these shower curves, and assuming that 

the knock-on and Bremsstrahlung cross-sections were i n agreement with 

theoiy, i t was found that the r a t i o of the experimsaafeBkl direct pair 
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production cross-section t o the theoretical value, calculated from 

the formula of Murota et a l . with a = 2 (Equation 2.9},., was 

f = 0,1)5 _+ 0.11 by one method of analysis 

f = 0,63 + 0.17 by a second method. 

3 . i | . 5 Gaebler et a l . 

Following the work of Roe and Ozaki, Gaebler et a l . (1961) used 

a multiplate cloud chamber at a depth of 1,032 f t underground t o 

study the dir e c t pair production interactions.. This cloud chamber, 

which contained twelve •§•" lead plates, was triggered on v e r t i c a l muons 

by means of a coincidence arrangement between trays of geiger counters 

above and below i t and the pictures obtained were then scanned f o r 

cascade showers produced by energetic particles traversing the chamber. 

I n t h i s way 222 usable events were obtained. 

The energies of the cascade showers were determined by comparing 

the showers with those obtained using a Monte Carlo method (Wilson, 

1952). The energy spectrum of these showers was then compared with 

that calculated using equations 2.1 and 2.2 f o r the knock-on process 

and bremsstrahlung, equation 2.9 with a = 2 and a = 3iii c^/e f o r dire c t 

p a i r production and f o l d i n g i n a muon energy spectrum obtained from the 

results of Barrett., et a l . (1952). 

In order to d i f f e r e n t i a t e between showers produced by knock-on 

electrons and those produced by direct pairs they took showers with 

only one electron accompanying the muon from the plate i n which the 

inter a c t i o n took place t o be knock-on events andall others as being 

due t o di r e c t p a i r production ( f o r the incident muon spectrum considered 
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bremsstrahlung was negligible f o r energy transfers up to 5 GeV). 
When these results, corrected f o r the cases i n which a direct pair 
l o s t one electron i n the f i r s t plate or a knock-on electron gave rise 
to two or more electrons leaving the f i r s t plate, were compared with 
the t h e o r e t i c a l predictions i t was found that the events ^ i c h were 
taken as being knock-ons gave good agreement with theory while the 
pair production events agreed with the theoretical results up to 1 GeV 
when a cross-section of exactly half that given by equation 2.9 ŵas 
used (see figure 5»4)* Above 1 GeV the experimental points tended t o 
l i e above the theor e t i c a l curve and i t was thought that t h i s might 
have been due to a breakdown i n quantum electrodynamics. 

This experiment has since been repeated by Kearney (1962) who 

has obtained results which are i n good agreement with those of Gaebler 

et a l . up to 1 GeV but do not show any excess of experimental results 

above t h i s energy. 

3.k. k Stoker et a l . 

In 1963 Stoker et a l . carried out an experiment similar to those 

mentioned above using a multiplate cloud chamber containing four O.I5 cm 

th i c k lead plates as the target and a further f i v e 0.33 cm thick lead 

plates which were used to estimate the energy of the produced pairs 

from the path lengths of the electrons or from the cascade showers 

produced by these electrons. This cloud chamber was triggered on 

v e r t i c a l cosmic ray muons with energies greater than I7OO MeV using 

a three-fold geiger counter telescope with 135^ g cm~̂  of lead between 
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the bottom of the cloud chamber and the lowest geiger counter tray. 
From 12,082 traversals of the cloud chamber by muons of energy greater 
than 1700 MeV they obtained 2jk usable events. 

When the secondary par t i c l e s from the interactions produced a 

cascade shower the energr of t h i s shower was estimated using a semi-

empirical formula due tD Roe and Ozaki (1959). i f t h i s formula gave 

an energy of greater than ^ 0 MeV then the shower energy was re-

estimated by measuring the t o t a l track length, T = Znt where n i s the 

mean number of electrons entering and leaving a plate of thickness t 

radiation lengths, and then putting the energy E^ = KT where K = 2 9 + 3 

MeV per radiation length. I n the cases where the secondary electrons 

did not produce cascade showers t h e i r energies were o r i g i n a l l y estimated 

-from the multiple scattering \diich took place. The mean energies e s t i 

mated i n t h i s way were found t o f i t on the absorbtion curve found by 

Wilson (1951), including the scattering correction, and thus the f i n a l 

estimates of the electron energies were determined from t h i s curve. 

As a check on the energy estimates f o r the electrons the knock-on 

. enerQT spectrum was obtained from the 25O events i n which only a single 

electron accompanied the muon from the target plate i n -vdiich the 

interaction took place. When t h i s spectrum was compared with that 

calculated using equation 2.1 and the Durham v e r t i c a l muon spectrum 

(Brooke et a l . , I962) i t was found that there was good agreement between 

theory and experiment. I t -vreis thus concluded that the methods of 

estimating electron energies were correct. 
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The results obtained from the 2k p a i r production events are 

shown i n Table 5»1 in which the observed number of events in a given 

energy range sdiSB compared with the predicted number calculated using 

the Durham v e r t i c a l muon spectrum and a simplified version of the 

Murota et a l . formula as given by Stoker and Haarhoff (1960), In i^h'is: 

i t i s assumed that the energy of the produced pa i r i s very much l e s s 

than that of the incident muon and that each electron has a minimum 

energy of 10 m c^ -vdaere m c^ i s the rest energy of the electron, with 

a = 1, 2 and 5. 

TABLE 3,1 

Energy transfer 
(MeV) 

Theoretical predictions 
a = l a = 2 a = 5 

25-60 9.5 15.1 16.1̂  

60-150 5.7 7.6 8.h 

150-550 2,2 2.8 5.1 

550-800 0.81 0.95 1.15 

800-2000 0.27 0.5^ 0.59 

2000-10000 0.11 0.15 Ova5 

Observed Numbers 

15 

6 

5 

2 

0 

0 

Mien a t e s t was carried out for the agreement between the experi

mental and the o r e t i c a l numbers for a = 1,2 and 5 the values obtained for 

P(X^) were 55^, 89^ and 705̂  respectively vhen a l l events were considered 

and 66^, 76^ and 71/̂  when the transferred energy range from 25 to 60 MeV 

was neglected because of possible uncertainties in the energy estima

tions. 
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From t h i s experiment i t was concluded that the results were 
consistent with the theory f o r direct p a i r production obtained by a 
re-evaluation of the Murota, Ueda and Tahaka theory and that the best 
correspondance between theory aid experiment was obtained for the 
indef i n i t e constant a = 2. 

5.̂ 4-.5 Chaudhuri and Sinha 

The most recent investigation of the direct pair production process 

was that carried out by Chaudhuri and Sinha (1964) who used a multiplate 

cloud chamber containing, i n one case, twelve 1.6 cm thick iron plates-

and one 1.25 cm thick lead plate, and i n the second case nine O.'^k cm 

thi c k iron plates and one 1,^ cm. thick lead plate*. The chamber was 

triggered on v e r t i c a l cosmic ray muons using a coincidence arrangement 

between four geiger counter trays above the cloud chamber in the f i r s t 

case and between three geiger counter trays, two above the cloud chamber 

and one under 5 cm of lead below the cloud chamber, i n the second case. 

Those events were chosen i n -vdiich a single penetrating p a r t i c l e 

passed right through the chamber and i n which t h i s p a r t i c l e was 

accompanied by two or more electrons when i t l e f t one of the iron 

target plates. The energy transfer i n the interaction was then 

estimated as follows:-

l ) For energy transfers between kO MeV and 1 GeV the energy was 

determined using the relationship found by Hazen (1955) cascade 

showers in copper, i»e. 
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E t _ ^ c 

^o = 20 " ^ e ^ 

where E^ i s the shower energy 

E^ i s the c r i t i c a l energy of the material 

COS0 i s the i n c l i n a t i o n of the shower axis to the v e r t i c a l 

t i s the thickness of material traversed, and 

W i s the t o t a l number of tracks seen i n each gap. 

2) For energy transfers greater than 1 GeV conventional shower 

theory as given by Bhabha and Chakrabarty (19^) was used. 

5) Where the energr of the p a i r was l e s s than kO MeV the results 

of Wilson's Monte Carlo calculations (Wilson, 195l) were used. 

The values of the cross-sections obtained from 15519 traversals 

of the 0.514- cm thick iron plates and l|-5625 traversals of the 1.6 cm 

th i c k iron plates are given i n table 5*2 where they are compared with 

the values predicted by equation 2.9 with a = 2 and a = 5 °igĈ /̂ > 

using an incident muon spectrum given by 

W(E)dE = ^'^^-^^^ dE, 
(E + 52.6)^ 

where E i s in GeV and the mean energy of the muons was 52.6 GeV. 

I n obtaining the measured cross-sections the experimental results 

were coirected f o r events i n which an electron from the p a i r was 

absorbed i n the target plate. 
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TABLE 3 .2 

Energy Range Values of the cross section i n barns/ Theoretical 
i n MeV nucleus frcm set A and set B experiments values of cross 

section i n 
A (target thickness B(target thickness barns/nucleus 

= 1.6 cm) = 0.54 cm) 

35-100 0.0453 + 0.0027 0 .0377+0 .0074 0.0415 

100-500 0 .0195+0 .0018 0 .0203+0.0051 0.0196 

500-1000 0 .0015+0 .0005 0 . 0 0 2 9 + 0 . 0 0 2 0.0016 

Experimental values of the cross-section for the direct pair 

production process at three energies (N.B. in-ftie i n t e rval 5OO-IOOO MeV 

the cross-sections given contain almost equal contributions from brem-

sstralilung and direct p a i r production. The bremsstrahlung contribution was 

calculated frcan equation ^2.2). 

The conclusion drawn from t h i s experiment was that i n the range 

of transferred energies from 35-1000 MeV the results are s a t i s f a c t o r i l y 

explained by the theory of Murota et a l . 

3.5 Discussion 

From the r e s u l t s quoted in the preceding paragraphs i t can be seen 

that, except i n the case of bremsstrahlung, there i s conflicting evidence 

as regards the electromagnetic interactions of muonsin which there are 

"large energy transfers. I n the case of the production of knock-on 

electrons the two most important experiments, those due to Deery (1960) 

and Backenstoss et a l . (19653) are i n complete disagreement, with Deery 

finding an excess of events at energy transfers of greater than 1 GeV 
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while Backenstoss et a l . f i n d complete agreement with theory. Of 

the two experiments that r- j due to Backenstoss et a l . i s more accurate, 

the quoted error being +5̂ ; and so i t i s probable that Deery's res u l t 

i s due to a s t a t i s t i c a l fluctuation. The other experimental r e s u l t s in 

the energy transfer region above 1 GeV are s t a t i s t i c a l l y so poor that 

i t i s not possible to take any excess of experimental results asbelng 

evidence i n support of Deezy's res u l t . 

As i n the case of the knock-on process the experimental r e s u l t s 

for direct p a i r production are i n c o n f l i c t with each other. While 

Roe and Ozaki (1959) and Gaebler et a l . (1961) find cross-sections 

which are a factor of 2 down on the predicted values, Chaudhuri and 

Sinha obtain good agreement between theory and experiment. (As Stoker 

et a l . (1965) compared t h e i r experimental results with a modified version 

of the p a i r production theory the f a c t that they got good agreement 

between theory and experiment cannot be taken as evidence either for or 

agairist the unmodified theory). I t i s possible that the conflicting 

r e s u l t s are due to a difference i n calculating the theoretical values 

since both Roe and Ozaki and Gaebler et a l . used values for the 

t h e o r e t i c a l direct pair production cross-section evaluated by Roe 

(1959) while Chaudhuri- and Sinha {196k) did a separate calculation of 

the r e s u l t s . 

I n conclusion i t i s clear that much work remains to be done 

before the knock-on and direct pair production interactions can be 

sa i d to be f u l l y understood. 
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CHAPTER 4 
THE DURHAM EXPERIMENT 

ELECTROMAGNETIC IMERACTIONS OF MUONS IS IRON 

4.1 Introduction 

The electromagnetic interactions of muons i n iron were i n v e s t i 

gated a t Durham by selecting v e r t i c a l cosmic ray muons v*iich interac

ted i n an iron target. The electrons or photons which were produced 

i n these interactions then i n i t i a t e d cascade showers in a further 

amount of iron placed below the target. The energy of these secondary 

p a r t i c l e s was estimated by comparing the cascade showers produced with 

experimental r e s u l t s forlhe development of such showers i n iron. 

I n the experiment the v e r t i c a l muons were selected by coincidences 

between two trays of geiger counters and events i n \diich the muon 

interacted were selected by a further coincidence between the geiger 

counters and a s c i n t i l l a t i o n counter. 

The experiment was done in two parts. In the f i r s t the target 

consisted of two iron plates giving a t o t a l thickness of 22.04 g cm~̂  

of iron, see Figures 4.Land 4.2, and the converter was made up of 

eight plates giving a t o t a l of 8I.55 g cm~̂  (5.91 radiation lengths) 

of iron i n which the cascade shower could develop. In the second case 

the target was again made up of 22»04 g cm~* of iron but the converter 

was increased i n thickness by putting a further 2.545 radiation lengths 

Ox- iron i n place of one of the detecting l e v e l s , giving a t o t a l of 

8.455 radiation lengths of iron for the converter. 
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î olo Ffece Vlev of Buxtiam Ap^mtus 
a typiCBl c&scada shcr^ro 



10 ®mo 
1 I 

4o2 SM® 



56. 

I n both parts of the experiment the incident muon and the shower 
electrons were detected v i s u a l l y using trays of neon f l a s h tubes 
placed above the target and i n between the iron plates. 

4.2 The Selection System 

if. 2.1 The Geiger Counters 

The two trays of geiger counters, one above the target and the 

other below the converter, see figures 4.1 and 4.2, were 192 cm apart 

and selected penetrating p a r t i c l e s •vdiich traversed the apparatus at 

a small angle to the v e r t i c a l (l6°l6' in one plane and 13°12' i n the 

other). The top tray consisted of twelve, 26 cm long counters (20th 

Century, G26). and the bottom tray of twenty, 60 cm long counters 

(20th Centuiy;, G6o). The counters i n the top tray were connected 

together i n three groups of four counters each and those i n the bottom 

tray were connected together i n four groups of f i v e . Each group of 

counters wassconnected to a single electronic quenching unit -vdiich 

reduced the dead time of the counters i n the group. 

The outputs from the quenching units i n the top tray were mixed 

and fed into a two-fold Rossi coincidence c i r c u i t . Similarly the 

output pulses from the bottom tray were mixed and fed into the 

coincidence c i r c u i t . An output pulse was then obtained from t h i s 

c i r c u i t whenever a coincidence was obtained between the pulses from 

the two geiger counter trays. 
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k*2.2 The S c i n t i l l a t i o n Counter 

The s c i n t i l l a t i o n counter, which was situated between the target 

and the converter, see figures k,l and I*-. 2, consisted of a rectangular 

slab of p l a s t i c s c i n t i l l a t o r , Nel02A (Nuclear Enterprises (.G.B. ) Ltd., 

Edinburgh) of area 2k x 15 inches^ and thickness 1 inch. This had been 

coated, by Nuclear Enterprises (G.B, ) Ltd., with a special white paint 

-(Nuclear Enterprises type Ne56o) on a l l except the two smallest faces. 

I n o p t i c a l contact with each of these two faces was a perspex l i g h t 

guide through which the counter was viewed by a single photomultiplier 

tube { P h i l i p s type AVP55). The -vhole of the s c i n t i l l a t i o n counter was 

enclosed i n thin aluminium f o i l to make i t l i g h t tight while putting 

the minimum amount of absorbing material i n the path of p a r t i c l e s 

passing through the counter. 

The output pulses from each of the photomultiplier tubes were fed, 

by way of head amplifiers with a gain of imity, to a li n e a r adding 

c i r c u i t . The output pulses, from t h i s adding c i r c u i t were then attenua

ted before being fed into an amplifier with a gain of 10* (lynatron type 

114-50A), from which they went into a discriminator (l^natron type NlOl). 

The output pulses from t h i s discriminator were then delayed for 2.5 |is 

before being taken into a second Rossi coincidence c i r c u i t . Pulses 

from the geiger counter coincidence c i r c u i t were also fed into t h i s 

second coincidence c i r c u i t and an output pulse was obtained -vAienever a 

coincidence occurred between the delayed s c i n t i l l a t i o n counter pulse 

and the two-fold geiger counter pulse. 
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4.2.3 Calibration of the S c i n t i l l a t i o n Counter 
The s c i n t i l l a t i o n counter was calibrated in i t s experimental 

position by feeding the output pulses from the adding c i r c u i t into 
a 100 channel pulse h e i ^ t analyser (Marshall, type H.S. 100) \ihlch. 
was gated on the output pulses from the geiger counter coincidence 
c i r c u i t . I n t h i s way the d i f f e r e n t i a l pulse height distribution for 
single p a r t i c l e s traversing the counter was obtained. Since the 
s c i n t i l l a t i o n counter was below the target of 22.04 g cm~̂  of iron 
sane of the counts obtained i n t h i s single p a r t i c l e distribution were 
due to p a i r s of p a r t i c l e s e.g. the muon plus a knock-on electron -vdiich 
had been produced i n the target. I n order to correct the distribution 
f o r t h i s effect the pulse height distribution for pairs of p a r t i c l e s 
was calculated from that f o r single pai-ticles. The two p a r t i c l e dis
t r i b u t i o n was then normalised to be 5^ of the single p a r t i c l e distribu
t i o n and subtracted from t h i s to obtain a good estimate of the tnie 
single p a r t i c l e distribution (5^ being the value given by Lloyd and 
Wolfendale (1959) for the percentage of muons leaving a block of 
absorber accompanied by knock-on electrons). From t h i s new distribu
tion the f i n a l d i s t r i b u t i o n for pairs of p a r t i c l e s was calculated as 
before. This l a t t e r distribution did not d i f f e r noticeably from that 
obtained i n i t i a l l y . 

F i n a l l y curves were drawn of the percentage of events i n the 

single and two p a r t i c l e distributions which gave pulses -vdiich would 

be registered by the pulse height analyser as being larger than those 

required to count i n a certain channel as a function of channel number/ 



(Figure 4.5). These curves give the e f f i c i e n c i e s for the detection 

of single p a r t i c l e s and pairs of p a r t i c l e s as a function of channel 

number. 

Immediately a f t e r the pulse height distribution for single 

p a r t i c l e s had been obtained the pulses from the adding c i r c u i t were 

fed into the pulse height analyser without the gate and thus the t o t a l 

counting rate of the s c i n t i l l a t i o n coxinter was obtained. A curve, 

corrected for the dead time of the P.H.A., was then plotted of the 

counting rate of pulses which would give a count i n a channel higher 

than a chosen one as a function of the chosen charmel number (the 

I n t e g r a l counting r a t e ) , figure 4.5» 

From figure 4.5 i t can be seen that by measuring the counting 

rate of the s c i n t i l l a t i o n counter with, a given discriminator bias i t 

i s possible to determine the e f f i c i e n c y of the counter for the detec

tion of single p a r t i c l e s and of pairs of p a r t i c l e s . 

k, 2.k The Anticoincidence Tray 

I n order to r e j e c t some of the events i n which a showerof p a r t i c l e s 

was incident upon the apparatus a tray of eight 6o cm long geiger coun

t e r s was placed one metre away from the tray of 26 cm long counters. 

These counters were connected i n pairs, each p a i r having i t s own 

quenching unit. The output pulses from the four quenching units were 

mixed and then fed into an anticoincidence c i r c u i t together with the 

output pulse from the second Rossi coincidence c i r c u i t . This a n t i 

coincidence c i r c u i t only transmitted the pulse from the second Rossi 

coincidence c i r c u i t -when there was no coincident pulse from the a n t i 

coincidence tray of geiger counters. 
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4.2.5 Summary of Selection C r i t e r i a 

For an event to be selected there had to be a coincidence 

between the geiger counter trays above and below the apparatus and 

the s c i n t i l l a t i o n counter, and no coincidence between these coimters 

and the anticoincidence tray. 

4.5 The Flash Tube Trays 

The neon f l a s h tube, o r i g i n a l l y developed by Conversi et a l . 

'(1955 )^ consists of a glass tube f i l l e d with neon. When a high voltage 

pulse i s applied across the tube a short time aft e r the passage of an 

ionising p a r t i c l e the gas i n the tube glows stafficiently brightly to 

be photographed. I n order to prevent the photoionisation of adjacent 

tubes by the discharge, which would cause these tubes to glow spuriously, 

the tubes are painted black over the -vdaole of th e i r surfaces apart from 

a plane window a t one end through -vdilch the discharge i s viewed. 

The f l a s h tubes used i n t h i s experiment were of the type developed 

by Coxell (Ph.D. t h e s i s - I961). for the investiga,tion of ^Extensive A i r 

Showers. These tubes have an internal diameter of I.5 cm, external 

diameter 1.8 cm, and are greater than 80 cm long. They are f i l l e d with 

Commercial Neon (98^ Ne, 2% He, <200 v.p.m. A, 0̂  and N^) to-a pressure 

of 60 cm Hg and have a sensitive time (the time between the'^passage of 

the p a r t i c l e and the application of the high voltage pulse i n which the 

ef f i c i e n c y drops to 60^): of 120 \is with no applied d. c, clearing f i e l d . 
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Each of the twelve trays of f l a s h tubes used in the experiment 
consisted of two layers of txibes placed one on top of the other, see 
Fig. k,k. The bottom layer of tubes rested upon a sheet of thin 
aluminium -vdiich acted as one electrode and the second electrode, a l s o 
a sheet of thin aluminium, was placed on top of the upper layer. 

Since the sensitive region of a f l a s h tube i s dependent upon the 

length of the tube covered by the smaller of the Iwo electrodes the top 

electrode of each tray was made 80 cm long. Thus the sensitive area 

of any one layer of tubes i s given by N x I.5 x SO cm^, idaere N i s the 

number of f l a s h tubes i n the layer. 

Of the twelve f l a s h tube trays ten were placed with the axes of 

the tubes p a r a l l e l to the axes of the geiger counters \7hile the tubes 

i n the other two, namely those between the target plates and above 

the s c i n t i l l a t i o n counter, had t h e i r axes perpendicular to the axes 

of the geiger counters. These l a t t e r two trays were used to give an 

indication as to -vdiether a shower might have l e f t the front or back 

of the apparatus. 

Since the l i g h t output from f l a s h txjbes i s highly collimated 

along the axis of the tube, see Coxell et a l . (1961), the f l a s h tube 

trays were t i l t e d i n such a way that the camera used to record the 

events looked along the axes of the tubes. Fig. 4.2. 

The high®:: voltage pulse for the f l a s h tubes was obtained by 

triggering a small hydrogen thyratron, CV797, with the output pulse 

from the anticoincidence c i r c u i t . The output pulse from t h i s thyratron 

was then applied, through a Ferrox cube pulse transformer, to the grid 
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of a large hydrogen thyratron, XH8-100, which in turn was used to 

trigger a trigatron, CV85 (see Fig. 4.5). The output pulse from the 

trigatron was then applied, by way of a pulse transformer and r e s i s 

tance chain, across the electrodes of each of the flash tube trays. 

The values of the trigatron anode voltage and the tapping on the 

resistance chain for maximum tray efficiency, with the minimum of 

spurious flashes, were determined emperically and are shown in Fig. h.'^. 

k.k The Recording System 

The selected events were recorded photographically on I l f o r d HPS 

f i l m using a camera with an f / l . 9 lens situated at a distance of 11+ feet 

from the front of the apparatus. This camera viewed the ten main trays 

d i r e c t l y and the two trays a t right angles to these through a mirror 

which was inclined so that the camera looked along the axes of the tubes. 

Since i t was not practicable to open a camera shutter in the time, 5 HS, 

between the selection of an event and the application of the high voltage 

pulse, the laboratory i n which the apparatus was situated was blacked 

out and the camera operated without a shutter. 

As well as recording the tubes which flashed the camera also 

recorded the positions of three f i d u c i a l lamps and the time at which 

the. event occurred. 

When an event was selected the high voltage pulse was applied to 

the f l a s h tube trays and then the Rossi coincidence c i r c u i t was para

lysed for three seconds while the f i d u c i a l lamps and clock were i l l 

uminated and the camera was wound on. 

A schematic diagram of the experimental arrangement i s shown in 

F i g . 6. 
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^.^ Running Time 

Bie apparatus was run during the period June lOth, 196i|- to 

July 30th, 19611-, i n -which time a t o t a l of hours 39 mins, of f i l m 

was obtained. Of t h i s 55 hours k minutes were obtained with the 

apparatus as shown i n figures 3*1 and. 5«2 and the remaining 21 hours 

35 minutes were obtained with the eighth f l a s h tube tray replaced by 

2.5it-5 radiation lengths of iron. I n vhat follows the i n i t i a l run w i l l 

be known as experiment A and the second run as experiment B, 
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CHAPTER 5 
THE AMLYSIS OF THE DURHAM MIA 

5.1 Introduction 

In order to estimate the energies of the secondary p a r t i c l e s 

produced in interactions which took place in the iron target, the 

cascade showers produced i n the converter plates were canpared with a 

set of standard shower curves. The following paragraphs contain a 

description of the standard curves and d e t a i l s of the methods used i n 

comparing the showers obtained exjierimentally with these. 

5.2 The Standard Shower Curves 

The choice of the standard shower curves was made on the basis 

of the following requirements: 

i ) The material i n which the shower developed must have been 

either iron or some material with values of the radiation length and 

c r i t i c a l energy similar to those of iron. 

i i ) The cut-off energy of the shower electrons i.e. the minimum 

energy at which the electrons are considered as contributing to the 

measured, or predicted, shower, must have been of the order of 1 MeV 

or l e s s . This requirement was necessary since in the Durham experiment 

electrons required very l i t t l e energy to cross the gaps between the 

converter plates and be detected by the f l a s h tubes. 

After studying the t h e o r e t i c a l results due to Butcher and 

Messel (1960) and Crawford and Messel (I962),. and the experimental 

r e s u l t s of Backenstoss et a l . (1963a) i t was decided that the l a s t 



were most amenable to use i n the present analysis. These r e s u l t s , 

which were obtained using a t o t a l absorption spectrometer, consisting 

of twenty sheets of 1 cm thick p l a s t i c s c i n t i l l a t o r interleaved with 

iron plates, i n an electron beam from the C.E.R.N. proton synchrotron, 

are shown i n the form of average shower curves i n figure Since 

a l l electrons were included i n these curves which had s u f f i c i e n t 

enerar to traverse one of the s c i n t i l l a t o r sheets (~2 MeV) these 

r e s u l t s f u l f i l the second of the two requirements stated above. The 

f i r s t requirement i s f u l f i l l e d by the f a c t that the showers were 

allowed to develop i n the iron plates of the absorption spectrometer. 

Once th i s choice of standard showers had been made, shower curves 

were constructed for incident electron energies of 1, 2, 3̂  ^ and 5 GeV 

by interpolation and extrapolation of the curves of figure 5«1» ^ e s e 

new shower curves, which include the incident muon, are shown i n 

figure 5.2 and are the curves -vdiich were used as standards in the 

analysis of the experimental r e s u l t s . 

5.3 Estimation of Shower Energies. Method 1 

5.5.1 Introduction 

The f i r s t method adopted f o r estimating the energies of the 

experimentally obseived cascade showers consisted of comparing the 

t o t a l electron track lengths i n these with the t o t a l electron track 

lengths of the standard showers. 
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Because the method of determining the track length of an observed 

shower contained assumptions with regard to the number of pa r t i c l e s 

and the thickness of the converter plates, g5.3»4; method 1 was only 

used f o r low energy, completely developed, showers obtained in experi

ment A. 

.5.5.2 The Total Electron Track Length 

The t o t a l track length of a cascade shower i s defined by 

T = 2̂ t radiation lengths 5.I 
1 

where T i s the t o t a l track length, 

n i s the mean number of electrons entering and leaving a converter 

plate of thickness t radiation lengths, and 

m i s the t o t a l number of converter plates -vdiich the shower 

traverses. 

From the theory of cascade showers using Approximation B i t can 

be shown that the t o t a l track length of a cascade shower i s related 

to the energy of the electron producing the shower by the expression 

(Rossi, 1952) 

T = KE^ radiation lengths 5.2 

where i s the energr of the incident electron i n MeV, and 

1/K i s the c r i t i c a l energy i n the material of the converter. 

For iron converter plates, one should then expect that 

T = 4-1.7 Eq radiation lengths, 

where E i s i n GeV. o 



5.5.5 Total Track Length from Standard Shower Curves 

Bather than use the theoretical relationship •when converting 

from t o t a l track length tooiergy i t was decided to construct a c a l i 

bration curve using the standard shower curves of figures 5.I and 5.2 

(without the incident muon). The t o t a l track lengths for the various 

shower energies were obtained d i r e c t l y by measuring the areas under the 

shower curves. The cal i b r a t i o n curve obtained in t h i s way i s shown in 

figure 5»5» 
I t i s of i n t e r e s t to note that a l e a s t squares f i t to the points 

used i n constructing t h i s curve gave 

1 = 59.5 E^°*^^, 50 

•wtilch i s in f a i r l y good agreement with the theoretically predicted 

curve,- §5.5.2. 

Determination of Total Track Lengths and Energies for 

Observed Showers 

In determining the t o t a l track lengths of showers observed 

experimentally the following assumptions were made: 

i ) A l l of the iron plates, both i n the target and the converter, 

were of equal thickness. This -vra,s true i n the case of experiment A 

but not for experiment B where the eighth f l a s h tube tray was replaced 

by an extra amount of iron, thus increasing -the thickness of the con

verter 'plate' at that l e v e l . 

i i ) When the number of p a r t i c l e s traversing a f l a s h tube tray -was 

determined i t -vreis assumed that only one p a r t i c l e had traversed each 

f l a s h tube which had f i r e d . I t was also assumed that vhen two tubes. 
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one below the other, had f i r e d a single p a r t i c l e had traversed both 

and that when two tubes either i n the same layer or in different 

l a y e r s , but separated l a t e r a l l y by at l e a s t one tube, had f i r e d then 

two p a r t i c l e s had been present. These assumptions are correct for 

low energy showers i n -which there are few sho-wer electrons and these 

are wide^ly spread l a t e r a l l y . As the shower energy, and thus the 

number of electrons a t any one depth i n the shower, increases the 

accuracy of these assumptions f a l l s . For this.reason only showers 

which had developed completely i n the apparatus, and were thus of 

r e l a t i v e l y low energy, were analysed using the t o t a l track length. 

Using these assimptions the t o t a l track length of a shower -was 

determined by taking the product of the nxmaber of shower p a r t i c l e s 

traversing a f l a s h tube tray and the thickness, i n radiation lengths, 

of the converter plate immediately above t h i s tray^ and then summing 

over a l l f l a s h tube trays. The energy of the shower -was then obtained 

from the cali b r a t i o n curve, figure 5.5* 

5.5.5 Accuracy of the Energy Estimates 

The main error on the estimate of the shower energy from the t o t a l 

track length -was the s t a t i s t i c a l error on the sum of the products of 

the number of p a r t i c l e s i n a f l a s h tube tray and the converter thickness 

i. e . o n ^ t . Since a l l the converter plates -were of equal thickness 

(0.758 radiation lengths), then 

• P u t t i n g ^ n = N then the s t a t i s t i c a l error on T i s given by 



Now," from equation 5.3^ 

. T = 39.5 .\ dT = 59.5 X 0.96 E^ 

dT ^ '^o , dT 

(o.96-x) dE. o 

f = 0.96 and = 1.04 f = I .0V/N. 
o 0 

From th i s i t can be seen that as the energr, and thus N, increases 

the f r a c t i o n a l error on the energy due to s t a t i s t i c a l fluctuations 
dE 

decreases e.g. goes from 43^ at 0.1 GeV to 20<^ at O.5 GeV. 
o 

Apart from the s t a t i s t i c a l error on the energr estimate the only 

other source of error lay i n the second of the two assumptions made in 

g5«5»4 i . e . the assumption that only one p a r t i c l e had traversed any 

f l a s h tube which had f i r e d . For showers in -vAiich the shower p a r t i c l e s 

were reasonably well separated l a t e r a l l y the error in determining the 

value of N i s un l i k e l y to have been greater than 205̂  and i n the majority 

of cases would be l e s s than t h i s . 

I t i s therefore reasonable to assume that the errors on the energy 

estimates i n no case exceeded 43^ and were probably of the order of 30^ 

5.4 Estimation of Shower Energies. Method I I 

5.4.1 Introduction 

The second method used for estimating the energies of the observed 

showers consisted of making a more acciirate estimate of the nmber of 

p a r t i c l e s traversing a f l a s h tube tray than was done i n method I . This 

was done by determining the most probable number of p a r t i c l e s inquired 

to trigger the f l a s h tubes observed to have f i r e d i n a given f l a s h tube 

tray. The energy of the shower was then estimated by comparing t h i s 
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number'with. a cal i b r a t i o n curve showing -the number of p a r t i c l e s at a 
given depth, as a function of the sho-wer energy. 

This method of analysis -was used to estimate the energies of 

those showers i n experiment A which had not developed completely in 

the stack and a l l of the showers obtained i n experiment B. 

5. k, 2 GZhe Calibration Curves 

The calibration curves were obtained d i r e c t l y from the standard 

shower curves of figures 5.I and 5*2, including the incident muon i n 

both cases, by reading off "the mean number of p a r t i c l e s found at any 

one depth in the shower for each of the incident energies. Examples 

of the c a l i b r a t i o n curves obtained in t h i s -way are sho-wn, for three 

different depths i n the shower, i n figure '^,k, 

5.1^.5 Estimation of the Number of P a r t i c l e s Traversing a Flash 

Tube Tray 

The method used to estimate the number of p a r t i c l e s traversing a 

f l a s h tube tray and triggering those tubes which were seen to have 

. f i r e d -was based on Poisson s t a t i s t i c s . I t -was assumed that the 

density of shower p a r t i c l e s was uniform over the whole of the area 

of the shower. 

I f one considers £ counters, each of area s square metres, then 

the probability -that k of these counters would be triggered by a 

shower of p a r t i c l e s with a uniform density of A p a r t i c l e s per square 

metre i s given by 
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By d i f f e r e n t i a t i n g t h i s equation with respect to A and then 

putting = 0 o^e obtains an expression for the most probable 

p a r t i c l e density which w i l l trigger the k out of I counters, namely: 

^ = 8 ^ ( 7 ^ ) Particles/m2 5.5 

In analysing the res u l t s from the present experiment i t was 

decided to calculate the. number of p a r t i c l e s present at the centre of 

a converter plate rather than: the.number traversing a f l a s h tube tray. 

To do t h i s the values used for s, £, and k were determined as follows: 

s was the sensitive area of a f l a s h tube. This was taken to be 

; the length of the smaller electrode multiplied by the internal diameter 

of .the f l a s h tube. From the dimensions quoted i n §4.3 one obtains 

s = 1.2 X 10-2 

I t i s to .be noted here that t h i s value of s assumes that the 

f l a s h tube, was ~100^ e f f i c i e n t over the -vdiole of i t s internal diameter, 

an assumption which was borne out by measurements of the layer e f f i c i 

ency. 

I f the distribution of f l a s h tubes yhlch had f i r e d i n the trays 

above and below a converter plate was as shown in figure 5*5 then the 

value of Jl was taken as being 

i = ( i i + i ^ V s 
where Ji^ was the maximum l a t e r a l distance between any two f l a s h tubes 

which had f i r e d i n the upper f l a s h tube tray, expressed as a number of 
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f l a s h tubes, and was the same, value f o r the lower flash tube tray. 

The value of k. was taken as being where N i s the t o t a l nimber of 

f l a s h tiibes -vAiich had f i r e d i n the two '^.trays together. 

Using the values of z,l and k obtained i n t h i s way the most 

probable p a r t i c l e density was then calculated using equation 5«5« 

To obtain the number of par t i c l e s present at the centre of the con

verter plate the value of A was m u l t i p l i e d by the area of the shower, 

given by 1.2 ^s, where the factor 1.2 allows f o r particles ^ i c h passed 

through the glass walls of the flash tubes and did not cause the tubes 

to f i r e . 

The energy of the shower was then estimated by comparing the 

calculated number of p a r t i c l e s present at the given depth with a 

c a l i b r a t i o n curve similar t o those shown i n figure 5.4. 

5. \ , \ Accuracy of the Energy Estimates 

The estimates of the shower energies obtained by using method I I 

t o analyse the experimental data are sizbject to three types of error, 

namely: 

i ) The s t a t i s t i c a l error. Equation 5.5 contains the two measured 

variables, I and k, both of which are subject to s t a t i s t i c a l errors. 

I f the standard errors are represented by t h e i r d i f f e r e n t i a l s i t can 

be shown that 
dA 1 Fdk d i ] , X f I \ ^ c 



Now, §5.4.5, = (^1 + ̂ 2^/2 ^̂ "̂  ^^"^^ = • 

Similarly k = N/li-, hence ~ = -g^. 

Ejy p u t t i n g these values in t o equation 5.6 one obtains 

Since the number of p a r t i c l e s , If , was given by 

N = C where C = 1.2 i s , then e ' 
dH = AdC + CdA e 

e dC ̂  dA 1 _̂  dA ^ o 
e -sf , • 

I t can thus be seen that the f r a c t i o n a l error i n the calculated 

number of particles i s a f a i r l y complex function of the measured 

variables i and k. However i t can be shown that, except f o r very small 

values of k, the f r a c t i o n a l error i n i s made up almost e n t i r e l y by 

the f r a c t i o n a l error i n l and decreases as Z increases. 

The error i n the value of the shower energy could then he obtained 

using the value obtained f o r WjU^ and the calibration curve. For 

example, f o r a shower i n -which k = 8, £ = 17,5 and hence Wg = l6»k the 

energy i s found to be (5«85 + o I ^ ) <̂ sV i.e. a f r a c t i o n a l error of 

approximately 20 .̂ 

i i ) The second error to which t h i s method of analysis i s subject 

i s due to the f a c t that i n using equation 5.4 i t i s assumed, a p r i o r i , 

that a l l p a r t i c l e densities are equally probable. However, since low 

energy showers, and thus low p a r t i c l e densities, were more probable 

then high energy showers, see. figures 2 . i and 2.3, t h i s assumption i s 
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not correct. Thus, instead of using equation to determine the 

most probable density an equation of the form 

P f c A ) ^ = f^rrSr-) f^-^-^)" fe-^Y"' M"' ^ kJ(i-kj . ' 

should have been used, -v^ere 6A i s the shower density spectrum. 

Because of the fa c t that the values taken f o r k and £ could be 

non-integral; i t was not poccibl& to use such an expression to deter

mine the most probable density. 

I n carrying out the analysis of the results, Chapter 6, the error 

due to the use of equation 5.4 has been allowed f o r by taking into 

account the fluctuations of the energies a l l o t t e d to a single shower 

by considering a number of depths i n the shower. 

i i i ) The f i n a l source of error i n the energy estimates obtained by 

method I I i s due to the assumption, §5.4.5^ that the density of the 

shower pa r t i c l e s was uniform at anycne depth i n the shower. I t can 

be seen from an examination of cloud chamber photographs of cascade 

showers that t h i s assimiption i s incorrect, the p a r t i c l e density being higher 

near the axis of the shower. I t i s not possible, however, to calculate 

the e f f e c t of t h i s assumption on the energy estimates since no details 

are available f o r the r a d i a l d i s t r i b u t i o n of shower particles i n 

showers -vdiich develop i n an inhomogenous medium i.e. iron and a i r . 

An indication that the uncertainty introduced by t h i s assumption 

was not very great i s given by the fact that f o r low energy showers 

the number of pa r t i c l e s found using equation 5.5 i s not very di f f e r e n t 

from N', the number which would be expected i f only one p a r t i c l e had 
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gone through each tube which had f i r e d , e.g. i n figure 5.4 

. = ̂ Va = 5.5; N= 7.1^ 

5.5 Conclusions 

From the arguments put forward i n the preceding paragraphs i t 

i s concluded that the energies of the cascade showers obtained 

experimentally can be estimated with an uncertainty of 50^ i n 

method I and with an uncertainty of 25^ i n method I I . 
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CHAPTER 6 

RESULTS AMD COCTCLUSIOITS FROM THE DURHAM EXPERIMEim' 

6.1 .Introduction 

I t has already been stated, §4.4, that events which f u l f i l l e d the 

requirements of the selection system were recorded photographically. 

The films were then projected and scanned and the events divided into 

four groups, namely: 

1) Single pa r t i c l e s 

2) Incident showers 

3) Interactions 

4) Random coincidences 

The events which were c l a s s i f i e d as interactions were then re-

examinedand those which showed more than one penetrating p a r t i c l e 

leaving the interaction were rejected as being nuclear interactions. 

These were either interactions of incident protons i n the target or 

'nuclear* Interactions of incident muons, as defined i n Chapter 1. 

The remainder of the interactions, the electromagnetic interactions, 

were then analysed using the methods described i n Chapter 5 the 

energy spectrum of the secondary particles from the interactions was 

compared with that predicted theoretically. 

The following paragraphs contain details of the c r i t e r i a used to 

classify the events, the results of the analysis, a discussion of the 

results and the conclusions. 
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6.2 Selection C r i t e r i a 
The c r i t e r i a used i n the div i s i o n of the events were as follows: 

1) Single p a r t i c l e s 

These events contained a single p a r t i c l e track i n at least eleven 

out of the twelve flash tube trays i n experiment A, and i n at least 

ten out of the eleven trays i n experiment B. Also classed as single 

p a r t i c l e s were events i n which, as well as the single p a r t i c l e track, 

the track of a low energy knock-on electron was v i s i b l e i n one or more 

of the t h i r d , f o u r t h and f i f t h f l a s h tube trays but stopped before i t 

reacihed the si x t h tray, or i n which a knock-on electron track or cas

cade shower was seen to s t a r t i n any flash tiibe tray other than the 

t h i r d , fourth or f i f t h . 

2) Incident showers 

A l l events i n which two or more p a r t i c l e tracks were v i s i b l e i n 

the top two fl a s h tube trays, and i n which at least one of these 

p a r t i c l e s l e f t the bottcm of the apparatus, were classed as incident 

showers. 
5) Interactions 

For an event to be classed as an interaction i t had to sati s f y 

the following c r i t e r i a : 

a) Only a single p a r t i c l e track was v i s i b l e i n the top two 

flash tube trays. 

b) Two or more p a r t i c l e tracks were visible i n the t h i r d , 

f o u r t h or f i f t h f l a s h tube trays. 

c) Two or more p a r t i c l e tracks were v i s i b l e i n the sixth 

f l a s h tube tray, and 
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d) At least one p a r t i c l e track was seen leaving the bottom 
of the apparatus withi n the area defined by the bottom 
tray of geiger counters, figure 4.1. 

4) Random coincidences 

These were events i n which the apparatus had been triggered 

by one or more part i c l e s traversing the s c i n t i l l a t i o n counter and 

one of the geiger counter trays i n coincidence with a p a r t i c l e 

traversing the second geiger counter tray. Such events appeared 

as a single track, or a shower, passing through the s c i n t i l l a t i o n 

coTinter and one geiger counter tray and then leaving the side of the 

apparatus. 

Examples of events i n classes l ) , 2) and 5) -̂̂ e shown in plates 

2, 5 and 4. 

6.5 Experimental Conditions and Running Times 

A summary of the experimental conditions and the running times 

f o r experiments A and B ,are given i n table 6.1. This table also 

includes the results of the i n i t i a l analysis of the films. 

I n constructing t h i s table the value f o r the t o t a l sensitive 

time, l4, was obtained from the t o t a l minning time, 7, by subtracting 

from the l a t t e r the t o t a l time f o r which the apparatus was paralysed. 

The calculated number of incident muons was obtained from the t o t a l 

sensitive time, l4, and the two-fold geiger.counting rate, 5. 



PLATE 2 

A SINGLE MUOW 





PLATE 5 

AH IWCIDEET SHOWER 



\ t t { k i . 4 



PLATE k 

M ELECTROMAGKETIC INTERACTION 

ESTIMATED ENERGY 1.6 GeV 
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6.4 The theoretical curves 

The theoretical curves, with which the results fran the two 

experiments were compared, were calculated using equations 2.1, 2.2 

and 2.9 (with a = 2, a = 10 m^c^/e) and fo l d i n g i n the sea l e v e l 

v e r t i c a l muon momentum spectrum, f o r muon momenta above 400 MeV/c, 

as measured a t Durham (Hayman and Wolfendale, I962). The calculation 

was carried out using the Durham University E l l i o t t 803 computer and 

the curves obtained are shown i n figures 6.1, From figure 6.1 i t can 

be seen that f o r energy transfers uptto 15 GeV the dominant process i s 

knock-on production and that above 15 GeV bremsstrahlung becomes domi

nant. 

6.5 Experiment A 

6.5.1 Final c l a s s i f i c a t i o n of events 

The 512 interactions found i n the i n i t i a l analysis of experiment 

A were analysed further and divided into groups as follows: 

a) Nuclear interactions - these events have already been described, 

§6.1, as those i n which two or more penetrating particles were seen to 

leave the target plate i n which the interaction took place. 

b) Doubtful events - these were events i n which, although only a single 

p a r t i c l e track was v i s i b l e i n the top two flash tube trays the d i s t r i 

bution of flash tubes which had f i r e d i n the t h i r d and fourth trays vas 

such that the event , could possibly have been an incident shower. 

. c) Electromagnetic interactions - t h i s group, -which contained a l l 

events except those described i n a) and b) was further sub-divided 

i n t o i ) events i n -which the cascade shower was completely developed i n 
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the apparatus, and i i ) events i n which the shower l e f t the bottom of 

the apparatus. 

A f t e r consideration i t was decided tha t , i n the f i n a l analysis 

only those electromagnetic interactions should be used which appeared 

t o s t a r t above the t h i r d or fourth flash tube trays, and not those 

s t a r t i n g above the f i f t h f l ash tube tray.' 

The numbers of events which were put i n the dif f e r e n t classes are 

shown i n table 6.2. 

TABLE 6.2 

Class of event 

a) Nuclear Interactions 

b) Doubtful events 

c) Electranagnetic interactions 

i ) Complete 

i i ) Inconiplete 

i i i ) Starting above tray 5 

Number of events 

12 

33 

88 

91 

88 

6.^.2 The transferred energy spectrtan 

To determine the spectrum of transferred energies the energies 

of the secondary par t i c l e s i n the case of the complete events were 

determined using method I , §5.3» For the incomplete showers the 

energy of the secondary p a r t i c l e from the interaction was taken as being 

the median value of f i v e energy estimates. These estimates were obtained 

by applying method I I , §^.k, to the centre points of the f i v e lowest 

absorber plates, figure 4.1. 
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The f i n a l spectrum of secondary p a r t i c l e energies i s given i n 
table 6.5« The ccmparison between t h i s spectrum and that predicted 
t h e o r e t i c a l l y i s described i n §6.7. 

TABLE 6.3 

Energy range, GeV Number of Events Number of Events/GeV 

1.0 - 2.0 kk^ kh^ 

2-0-3-0 • T . t ? 5 rtl, 

5-° - 2-1.29 °'^"-o.43 

8.0 - i > o iii'j^ o*^->!o;S 

Experiment A 

The d i f f e r e n t i a l transferred energy spectrum obtained from 165 

events with secondary energies greater than 0.1 GeV. 

6.6 Experiment B 

6.60I Final c l a s s i f i c a t i o n of events 

The 108 interactions selected from the experiment B films were 

subdivided i n the same way as the interactions from experiment A but 

with the complete and incomplete events grouped together. The result 

of t h i s subdivision i s given i n table 6. k. 
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TABLE 6.4 

Class of event Number of events 

a) Nuclear interactions 1 

b) Doubtful events 12 

c) Electromagnetic interactions 

i ) . Starting i n trays 5 and 4 82 

i i ) Starting i n tray 5 15 

6.6.2 The transferred energy spectrum 

I n determining the transferred energr spectrum from experiment 

B the energies of the secondary particles i n class c i ) events were 

determined using method I I , §5*4. For incomplete showers the energy 

was taken as the median value of four energies, these being obtained 

by determining the number of shower par t i c l e s at the centres of the 

bottom four converter plates. For complete showers the energies were 

determined from the number of particles at the mid points of the l a s t 

one or two converter plates traversed by the shower. 

The transferred energy spectrum obtained from experiment B i s 

given i n table 6.5 and i s compared with the predicted spectrum i n §6.7. 

6.7 Comparison between predicted and experimental results 

6.7«1 Introduction 

Before comparing the experimental results with those predicted 

by theory i t was f i r s t necessary to make certain corrections to the 

l a t t e r . These corrections were made to allow f o r a) the fluctuatioF-s 
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TABLE 6.^ 

Energy range, GeV Number of events Number of events/GeV 
0.5 - 0.1 23f^[l kSf^ 

1.0. 2.0 i9_^;^ i9_^;8 

2 . 0 - 5 . 0 15.^.^ I5_^^j^ 

^ 0 5 0 7+5-9 , .-+1.95 

Experiment B 

D l f f e r e h t i a l transferred energy spectrum obtained from 77 interac

tions with secondary energy greater than 0.1 GeV. 

i n the energies a l l o t t e d t o the experimental cascade showers, due to 

the fluctuations i n the number of shower particles at a given depth i n 

the shower, andb) the efficiency of the s c i n t i l l a t i o n co\inter f o r the 

detection of 1, 2 and 5 p a r t i c l e s and the overall detection efficiency 

f o r low energy showers. 

6.7.2 Correction f o r fluctxiations 

The correction of the predicted transferred energy spectrum f o r 

fluctuations was carried out using the method due to Lloyd and 

Wolfendale (1955). These workers show that i f themcorrected differen

t i a l d i s t r i b u t i o n i s represented by f(E)dE and the experimental errors 

i n E are noimally d i s t r i b u t e d with standard deviation a then 
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r /E -mCF̂ N. 
i e x p (m^aV2) i l + erf ( - ^ ) 

+ exp (2mE^) 1 + erf (-572" 6.1 

where g(E )dE i s the corrected d i f f e r e n t i a l d i s t r i b u t i o n , o', 0 
f (E )dE i s the iincorrected d i f f e r e n t i a l d i s t r i b u t i o n , ^ o' o 

and f (E)dE = A exp(-mE)dE. 

Since the term i n the brackets i s almost 2 f o r E^ » then the 

r a t i o of the corrected t o the uncorrected d i s t r i b u t i o n i s , to a good 

approximation. 
g(E^)/f(E^) = exp {n?a^/2). 6.2 

I n calculating t h i s r a t i o f o r the two experiments the value of 0 

was taken as being the standard deviation of the curve of log N versus 

log F, where 1/F i s the r a t i o of the median energy a l l o t t e d t o a 

shower, method I I , t o the energies a l l o t t e d to t h i s shower from 

measurements at d i f f e r e n t depths i n the shower, and N i s the frequency 

with which the values of F occurred. 

m was the slope of the d i f f e r e n t i a l transferred energy spectrum, 

f i g u r e 6.1. 

The values used and the correction factors obtained f o r the two 

experiments are given i n table 6.6. 
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m 

TABLE 6.6 

Experiment A Experiment B 

2.65 2.65 

0 0.18 0.15 

g(Eyf(E^) 1.12 1.08 

6.7.5 Correction f o r detection efficiency 

I n correcting the theoretical curve f o r the detection efficiency 

f o r showers of various energies i t was assumed that the fluctuations- i n 

the number of par t i c l e s at any one depth i n a shower could be described 

by Poisson s t a t i s t i c s . Since the particles i n the shower are not indepen

dent t h i s assumption i s not s t r i c t l y correct. I t i s believed, however, 

, that,the difference i n the results obtained using Poisson s t a t i s t i c s and 

those using Polya s t a t i s t i c s , as proposed by Bertan;z:a and M a r t e l l i (l95^)^ 

i s not very great. 

I n the experiments two types of selection operated, namely: 

i ) The selection of events by the s c i n t i l l a t i o n counter, i.e. instrumen

t a l selection, and 

i i ) The selection of events from the f i l m by requiring two or more 

pa r t i c l e s i n f l a s h tube trays three or four plus two or more particles 

i n f l a s h tube trays f i v e and six (figure k,l)m 

Knowing the efficiency of the s c i n t i l l a t i o n counter f o r the detec

t i o n of n p a r t i c l e s , n = 1, 2, 5 etc., the overall detection efficiency 

f o r interactions was obtained as follows: 

Consider a shower of energy E^ s t a r t i n g i n the target at a h e i ^ t 
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of t g cm~̂  above the s c i n t i l l a t i o n counter. Let t h i s shower contain 
an average of n^ pa r t i c l e s at depth t from the s t a r t of the shower, 
n^ p a r t i c l e s a t depth t + T and n^ particles at depth t + 2T, -where 
T i s the thickness of the converter plates above the f i f t h and sixth 

f l a s h tube trays. 

Now, from Poisson s t a t i s t i c s , i f the mean number of particles i s n 

the p r o b a b i l i t y of getting m i s (e"''̂  m^)/vai 

I f the efficiency of the s c i n t i l l a t i o n counter f o r the detection 

of k pa r t i c l e s i s e(k) i t can now be shown that the efficiency f o r the 

detection of a shower s t a r t i n g t g cm~̂  above the s c i n t i l l a t i o n counter 

i s : 
= [ l - e - ^ ] [ l - e - ^ l { l - a - ^ J * a""! 

N.B. I n determining t h i s expression i t must be remembered that the 

incident muon was present at a l l points i n the shower. 

To determine the t o t a l detection efficiency f o r a shower of 

energy E the values of n , n and n were then found f o r d i f f e r e n t 
^ O 1 2 3 

values of t and the average value of was determined f o r showers 

s t a r t i n g at a l l points i n the target. The results obtained f o r the 

two experiments are given i n table 6.7, as are the values of e(k) used 

i n the calculations. These values were obtained from the curves of 

fig u r e 4^and a curve f o r the detection efficiency f o r three p a r t i c l e s , 

. using the counting rates given i n table 6.1 (6). The values of n^, n^ 

and Hq were obtained from the standard shower curves, figure 5.2, with

out the incident muon. 
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TABLE 6.7 

Experiment A Experiment B 

e(2) 0.55 0.11 

e(5) 0.99 0.59 

Detection efficiency 
f o r 0.15 GeV shower " 0.22 0.11 

0.2il-GeV " 0.59. 0,2k 

0.5 GeV " 0.65 0.47 

1.0 GeV " 0.65 

The theoretical curves, corrected f o r fluctuations and detection 

e f f i c i e n c y , are shown i n figures 6.2 and 6.5-, vhere the number of 

events/GeV energy transfer expected i n the two experiments are plotted 

as a function of the energy transfer. Also plotted are the experimen

t a l r e s u l t s , tables 6.5 and 6.5. 

6.7.4 Discussion of the Experimental Results 

From a comparison of the experimental and the theoretical 

results i t can be seen that the results from both experiment A and 

experiment B follow the same pattern. Below energy transfers of 1 GeV 

there are less events than predicted while above t h i s energy there i s 

an excess p a r t i c u l a r l y i n the case of experiment B. Since the only 

differences between the two experiments were i ) the converter i n 

experiment B contained 2.55 more radiation lengths of iron than i n 

experiment A, and i i ) the s c i n t i l l a t i o n counter bias l e v e l was higher 

i n experiment B than i n experiment A, the difference between the two 

sets of results must be due to one of the following: 
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a) A difference i n the incident muon spectrum i n the two 
experiments - by introducing the further amount of iron into the 
converter i n experiment B the minimum momentum required by a v e r t i c a l 
muon t o traverse the apparatus was raised from 280 MeV/c to 335 MeV/c, 
Since the theoretical curves were calculated using the momentum spec
trum of muons above kOO MeV/c such a change i n the minimum required 
momentm should make no difference to the. theoretical curves. How
ever, i t can be seen from the values of the two-fold geiger counting 
rates quoted i n table 6.1 that the counting rate i n experiment B was 
83^ of that i n experiment A, Thus i t woiold appear that by introducing 
the extra iron i n experiment B.17^ of the incident muons were stopped. 
Since the stopped muons would have had too l i t t l e energy to produce 
0.1 GeV knock-on electrons the pro b a b i l i t y per muon of getting an event 
should have been increased by approximately 20^ as compared with that 
f o r experiment A. This would have the effec t of reducing the dis
crepancies between the two sets of results. 

b) An error i n the energy estimates - the most probable error i n 

es/ciraating the energies of the cascade showers i s due to the fact that 

the standard shower curves, §5*2, give the apparent number of electrons 

with energies greater than 2 MeV at any point i n the shower. Since, i n 

a s c i n t i l l a t i o n counter, two, 1 MeV. electrons would appear as a single 

. electron i n constructing the shower curve the actual number of electrons 

present at .that point i n the shower would be underestimated. Also, 

because the energy required by an electron f o r i t to traverse the gap 

between two converter plates and tri g g e r afLash tube was less than 1 MeV 
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i t follows that the energies obtained using the standard shower 
curves would be overestimates of the true energy. 

By examining figures 6.5 and 6.k i t can be shown that, i f the 

true energy of the shower was E^ and the estimated energy was E, 

then the experimental points are a good f i t to the theoretical l i n e 

above-1 GeV i f E 2E^ f o r experiment A and E £̂  4E^for experiment B. 

Since the energies i n experiment B were estimated at depths 2.55 

l u d i a t i o n lengths further down the shower than i n experiment A, and 

since the average energy of the electrons i n the shower decreases 

with depth, the difference i n the two ra t i o s E/E^ i s probably due to 

the e f f e c t of electrons with less than 2 MeV, there being more of 

these at the depths considered i n experiment B than at those i n 

experiment A. 

Because of the discrepancies between the experimental and 

predicted number of events i n the di f f e r e n t energr ranges, ami the 

f a c t that these were possibly due to the choice of standard shower 

curves, the r a t i o of observed number of events to predicted number -was 

calculated as a function of the transferred energy as estimated from 

three sets of shower curves. 

The sets of shower curves used were: 

a) The results of Backenstoss et a l . (1965a). 

b) Approximation B .as given by Rossi (1952). 

c) The results due to Buja (1965). 

These results, -vrtiich apply to showers produced i n lead were converted 

to showers i n i r o n using the expression 



^ p̂b 

where Ê ,̂  i s the ener^r of the shower i n iron, i s the shower 

energy i n lead, and e^^ and are the c r i t i c a l energies i n iron and 

lead respectively. 

The results of these calculations, f o r the mean depths at which 

the shower energies were determined, are shown i n figure 6.4 i n the 

case of exjjeriment A, 

6.8 Conclusions 

From figure 6.4 i t can be seen that, although the results calcu

l a t e d from the three sets of shower curves give widely d i f f e r i n g values 

f o r the r a t i o s , the ratios calculated from each set do not show any 

tendency to increasemth increasing energy above 1.5 GeV. Below t h i s 

energy the r a t i o s decrease with decreasing energy. This i s probably-

due to an underestimation of the correction f o r "the detection 

ef f i c i e n c y of the apparatus. Also contributing to t h i s effect i s the 

f a c t t h a t , due to the assumptions used, the energies estimated using 

method I may have been underestimates of the true energies. 

The results obtained from experiment B follow the same pattern 

as -those from experiment A. 

The f i n a l conclusion -which can be drawn fran the two experiments, 

A and B, i s that there i s no evidence from an increasing discrepancy 

between the experimental and theoretical cross-sections f o r the elec

tromagnetic interactions of muons with increasing energy. This result 

i s i n contradiction t o that of Deery (1960), §5 .2 .1 and figures 5.1 

and 5.2. 
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CHAPTER 7 
THE LONDON EXPERIMENT 

ELECTROMAGNETIC INTERACTIONS OF MUONS IN LEAD 

7.1 Introduction 

The electromagnetic interactions of muons i n lead -vrere studied 

using data provided by Dr. J. C. Barton of the Northern Polytechnic, 

London, from an aexperiment carried out at a depth of 60 m.w.e. i n 

the laboratory on Holborn Underground Railway Station. I n t h i s 

experiment events were selected i n -vdiich incident cosmic ray muons 

interacted i n sheets of lead t o produce secondary electrons and 

photons. The energies of these particles were determined by comparing 

the cascade showers produced by them i n further sheets of lead with a 

set of standard shower curves. 

7.2 General Description of Apparatus 

The apparatus used i n -this experiment consisted of six large 

l i q u i d s c i n t i l l a t i o n counters interleaved -with sheets.of lead. Each 

of these lead sheets -was Ik.k g cm~̂  th i c k and -was supported by 

2.7 g cm~̂  of aluminium, see figure 7.1. 

Both above and below the stack there was a set of f i v e Index 

trays. Those above -the stack were trays of geiger counters -vdiile 

those below -were small l i q u i d s c i n t i l l a t i o n counters, figure 7.1. 

Events were selected by requiring a coincidence between one or 

more of the top index trays, the fourth s c i n t i l l a t i o n counter and one 

or more of the bottan index trays. The logarithms of the pulse 

heights fran each of the s c i n t i l l a t i o n counters -were then converted 
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into d i g i t a l form and recorded on punched paper tape. Also recorded 
, on t h i s tape was information as to which of the index trays had been 
triggered. 

7.5 The S c i n t i l l a t i o n Gounters 

7 . 3 . 1 Construction 

The six large l i q u i d s c i n t i l l a t i o n counters used i n t h i s experi

ment were similar to that described by Barton et a l . (196.2), Each 

counter consisted of a tank of area I50 x 75 cm̂  and depth 10 cm 

^constructed of | in. thick Perspex. This was f i l l e d to a depth of 

9,k om with l i q u i d s c i n t i l l a t o r (medicinal paraffin ( l i q u i d paraffin, 

B.P. ) + 0 . 8 g p-terphenyl + O.OO8 g POPOP). 

The tank was viewed through each of i t s two smallest faces by a 

f i v e inch photomultiplier tube (E.M.I, type 9579b) with i t s photo-

cathode at a distance of 22 cm from the tank. In order to improve 

the l i g h t c o l l e c t i o n efficiency of the counter the space between the 

tank and the photomiiltiplier tube was made into a rectangular l i g h t 

gtiide, with thesEime cross-section as the smallest face of the tank, 

by surrounding i t with plane mirrors, figure 7 . 1 . 

7 . 3 . 2 Measurement of Output Pulse Heights 

For each of the six s c i n t i l l a t i o n counters the output pulses from 

the two photomultipiier tubes were added in a simple mixing c i r c u i t . 

The output pulses from t h i s c i r c u i t were then fed into a logarithmic 

pulse height analyser (Barton and Crispin, I 9 6 2 ) . This converted the 

logarithm of the pulse height into a t r a i n of pulses, the number of 
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piilses i n the t r a i n being d i r e c t l y proportional to the logarithm of 

the pulse height. 

Whenever a s u f f i c i e n t l y large pulse was obtained from the fourth 

s c i n t i l l a t i o n counter, §T.5»5^ "t-h-s number of pulses i n the pulse t r a i n 

•was recorded, i n d i g i t a l form, by a 64-channel register. 

7.3.5 The Fourth S c i n t i l l a t i o n Gounter as part of the Selection 

System 

As well as being fed into the pulse height analyser the pulse from 

the fourth s c i n t i l l a t i o n counter was also used to control both the 

recording of the pulse heights from a l l six s c i n t i l l a t i o n counters and 

the selection of events. 

To control the recording of the pulse heights the pulse from the 

fourth s c i n t i l l a t i o n coiinter was fed into a variable attenuator. The 

output pulse from t h i s attenuator, which was used in the same way as the 

variable bias i n a discriminator c i r c u i t , was then fed into a f a s t amp

l i f i e r with a fi x e d gain and a resolving time of 0 . 1 |isec. The pulse 

from t h i s was then fed into a master c i r c u i t with a fixed trigger 

l e v e l . I f the output pulse from the amplifier ms of su f f i c i e n t size 

to trigger t h i s master c i r c u i t the l a t t e r carried out two operations: 

i ) I t opened a 200 [is long gate between the pulse height analysers and 

\ the 6k~channel r e g i s t e r s , and 

i i ) I t quenched the photomultiplier tubes of the six s c i n t i l l a t i o n 

counters by connecting together two of the dynodes i n each of the 

photomultiplier tubes, thus reducing the gains by a factor of between 
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15 and 20. The length of time for which the photomultiplier tubes 
were quenched was 800 |isec i f no event was selected and 700 msec 
i f an event was selected. 

In i t s role as part of the selection system the output pulse 

from the fourth s c i n t i l l a t i o n counter was fed into a tunnel diode 

f a s t coincidence c i r c u i t which gave an output pulse •viienever a 

coincidence was obtained between t h i s pulse and a pulse from the 

bottom index trays. This coincidence c i r c u i t had a measured resolving 

time of 150 ns. 

J,k The Index Trays 

7. h.1 Introduction 

I t has already been mentioned, §7 .2 , that both above and below 

the s c i n t i l l a t i o n counter - lead stack there were f i v e index trays. 

These were incorporated into the apparatus for three reasons, namely: 

i ) They indicated the number of p a r t i c l e s incident upon, and 

leaving, the stack, 

i i ) They indicated the direction, in one plane, of incident single 

p a r t i c l e s -vdiich traversed the apparatus, and 

i i i ) They acted as part of the selection system. 

7.4.2 The Geiger Counter Index Trays 

Each of the f i v e upper index trays consisted of a tray of eight, 

60 cm long geiger counters (20th Century, type G.60) connected in 

p a r a l l e l . From these trays of counters the output pulses were used 

i n two ways: 
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i ) The output piJ.ses from each tray were fed into a register 
which recorded whether or not a p a r t i c l e had passed through 
that tray. In t h i s way an indication of the nimiber of 
p a r t i c l e s incident upon the stack, i n terms of the number of 
index trays which had been triggered, and the positions at 
which these had arrived, was obtained, 

i i ) The output pulses from a l l f i v e of the index trays were fed 
into a Rossi coincidence c i r c u i t which was part of the selec
tion system. 

7.4.5. The S c i n t i l l a t i o n Counter Index Trays 

Each of the f i v e lower index trays consisted of a l i q u i d scin

t i l l a t i o n counter, of area 27 x 11 i n . ^ and depth 2 inches. These 

counters were constructed i n a way similar to the large s c i n t i l l a 

t i on coimters except that instead of using two photomultiplier tubes 

the s c i n t i l l a t o r was viewed by a single 2 inch photomultiplier tube 

(E.M.I. type 958^*). 

In the same way as the upper index trays were used as part of the 

selection system and also to indicate the number and positions of 

p a r t i c l e s incident upon the stack, the lower trays were used as part 

of the selection system and indicated the number and positions of 

p a r t i c l e s leaving the stack. The method used to indicate which of 

the trays had been traversed by p a r t i c l e s was i d e n t i c a l with that for 

the upper trays. At the same time the pulses from a l l f i v e trays were 

mixed and fed into the tunnel diode coincidence c i r c u i t , § 7 . 3 . 3 . 

This c i r c u i t then gave an output pulse whenever a coincidence occurred 



77. 

between a pulse from one of the s c i n t i l l a t i o n counter trays and a 
pulse from the fourth large s c i n t i l l a t i o n counter. 

The output pulses from the tunnel diode coincidence c i r c u i t 

were then fed into the Rossi coincidence c i r c u i t , § 7 . 4 . 2 , -which 

gave an output pulse -whenever a coincidence occurred between one 

of these pulses and a pulse from the geiger counter index trays. 

7.5 The Selection and Recording of Events 

Both the selection and the recording of events were controlled 

by the fourth large s c i n t i l l a t i o n counter. The selection was carried 

out by requiring a fi,st coincidence between the output pulse from this 

s c i n t i l l a t i o n counter and the lower set of index trays. This coinci

dence was selected using a tunnel diode coincidence c i r c u i t -which gave 

an output pulse whenever a coincidence occxirred. The output pulse 

from t h i s coincidence c i r c u i t -was then fed into a Rossi coincidence 

c i r c u i t . This gave an output pulse whenever a .coincidence occurred 

between a pulse from the upper index trays and the tunnel diode 

coincidence c i r c u i t . Hence events -were selected by requiring a 

coincidence between both sets of index trays and the fourth large 

s c i n t i l l a t i o n counter. 

I n controlling the recording of events the output pulse from 

the fourth large s c i n t i l l a t i o n counter was used to trigger a master 

c i r c u i t , the s i z e of pulse required to trigger t h i s c i r c u i t being 

set by a variable attenuator. The master c i r c u i t then carried out 

three operations: 
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1) I t quenched the photcmiiltiplier tubes of the six large scin
t i l l a t i o n counters, § 7 . 3 . 3 . 

2) I t opened a gate between the pulse height analysers, § 7 . 3 . 2 , and 

allowed the pulse heights from each of the large s c i n t i l l a t i o n 

counters to be recorded by the 6 ^channel registers. 

3) I t opened a gate between the output of the Rossi coincidence 

c i r c u i t and the c i r c u i t controlling the read out of the des

c r i p t i o n of the event onto punched paper tape. 

I f the master c i r c u i t had been triggered but no coincidence had 

occurred at the Rossi coincidence c i r c u i t then a pulse was sent to 

each of the reg i s t e r s to reset them. I f -. When a coincidence occurred 

at the same time as the master c i r c u i t was triggered the read out 

c i r c u i t caused the information contained i n the registers to be 

recorded on punched paper tape. Thus a description of the event, 

i n terms of the index trays -vAiich had been triggered and the pulse 

heights from each of the large s c i n t i l l a t i o n counters, was obtained. 

7.6 The Dead Time of the Apparatus 

The dead time of the apparatus was controlled by the master 

c i r c u i t . In the case where the master c i r c u i t was triggered but no 

event -was obtained the imposed dead time was 8OO |is during -vrfiich the 

photomultiplier tubes were quenched. When an event was selected and 

the master c i r c u i t had been triggered the dead time was 7OO msecs 

during which the tape piinch was operated. 
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7.7 The Resolving Time 

I n c a r r y i n g out a purely counter experiment, such as t h i s one, 

an important parameter i s the r e s o l v i n g t i n e of the apparatus, which 

c o n t r o l s the number of random coincidence events -vAiich could be 

expected. Since the s e l e c t i o n of events i n t h i s experiment -was c a r r i e d 

out using a f a s t - s l o w coincidence system, i . e . a f a s t coincidence i s 

r e q u i r e d between the f o u r t h l a r g e s c i n t i l l a t i o n counter and the lower 

index t r a y s , f o l l o w e d by a slow coincidence between the upper set of 

index t r a y s and the coincidence pulse from the f a s t coincidence 

c i r c u i t , i t i s not possible t o give a d e f i n i t e value f o r the resolv

i n g time. An estimate of the expected r a t e of random coincidences 

can be obtained, however, by comparing the components of the s e l e c t i o n 

system separately i . e . 

1) - The a m p l i f i e r i n t o the master c i r c u i t - t h i s a m p l i f i e r had a 

r e s o l v i n g time of 0 .1 [is. Since the counting rate of the f o u r t h 

l a r g e s c i n t i l l a t i o n counter -was IO - I5 counts/sec the p r o b a b i l i t y 

of two pulses a r r i v i n g w i t h i n 0 .1 (is of each other -was n e g l i g i b l e . 

2) The t u n n e l diode coincidence c i r c u i t - t h i s had a r e s o l v i n g time 

of 150 ns. Since the lower index t r a y s counted a t a r a t e of 

200 counts/sec and the f o u r t h l a r g e s c i n t i l l a t i o n counter a t IO - I5 

counts/sec the expected r a t e of random coincidences -was 

( i j - - 6). 10-Vsec. 

5) The Rossi coincidence c i r c u i t - as no attempt -was made t o 

measure the counting r a t e of the t u n n e l diode coincidence 

c i r c u i t i t was not possible t o put a value on the r a t e of 

random coincidences from the Rossi c i r c u i t . 
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A further possible source of error i s present in the pulse height 
analysers. I f two s c i n t i l l a t i o n counter pulses arrive at the ringing 
c i r c u i t within 200 fis of each other than, depending upon th e i r r e l a t i v e 
times of a r r i v a l , the pulse height would be greater or smaller than 
e i t h e r of these two pulses. Since the counting rates of the large 
s c i n t i l l a t i o n counters were IO - I5 counts/sec the probability of this 
happening was ~e~^°° and was thus negligible. 

7.8 Running Times 

The data obtained from t h i s experiment was i n two parts. I n 

the f i r s t of these the fourth large s c i n t i l l a t i o n counter was biassed 

to accept single p a r t i c l e s and the t o t a l sensitive time, corrected 

f o r the dead time, was k-22 minutes. 

I n the second run the fourth large s c i n t i l l a t i o n counter was 

biassed to accept four or more p a r t i c l e s . The t o t a l sensitive time 

was 6760 minutes. 
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CHAPTER 8 

AMLYSIS OF THE LOJJDOU DATA 

8.1 I n t r o d u c t i o n 

I t has already been mentioned, §7.5r "that a d e s c r i p t i o n of each 

event selected by the apparatus was recorded on punched paper tape. 

A p r e l i m i n a r y a n a l y s i s of t h i s tape -was then c a r r i e d out, using the 

LSndon A t l a s computer, i n which the events were sorted i n t o f o u r 

groups, namely: 

1) Incomplete events 

2) I n c i d e n t muons 

5) I n c i d e n t showers 

k). I n t e r a c t i o n s 

The d e s c r i p t i o n s of the i n t e r a c t i o n s were then converted i n t o 

a more convenient form than the o r i g i n a l and re-recorded on punched 

paper tape. 

A copy of t h i s tape -was sent t o Durham where the i n t e r a c t ± 6 n a : .. 

were grouped according t o the maximum pulse height obtained from one of 

the s i x l a r g e s c i n t i l l a t i o n counters and the d i r e c t i o n of incidence of 

the muon undergoing the i n t e r a c t i o n . 

By comparing the number of p a r t i c l e s a t the maximum of the cascade 

shower, determined from the maximum pulse h e i g h t r e g i s t e r e d , w i t h the 

number p r e d i c t e d by theory the energy of the secondary p a r t i c l e from the 

i n t e r a c t i o n was estimated. 

This chapter contains d e s c r i p t i o n s of the London a n a l y s i s , the 

Durham a n a l y s i s and the t h e o r e t i c a l shower curves used i n the energy 

e s t i m a t i o n . 
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8. 2 The London Analysis 

8.2.,1. The O r i g i n a l Form of the Data 

The d e s c r i p t i o n of an event was recorded i n the form of two 

numbers, one conta i n i n g f i v e d i g i t s and the second twelve d i g i t s . 

The f i r s t of these numbers i n d i c a t e d which of the index t r a y s had been 

t r i g g e r e d . I n order t o do t h i s each d i g i t represented one p a i r of 

index t r a y s , an upper t r a y and the one v e r t i c a l l y below i t ( f i g u r e 7«l)» 

Depending upon which of the p a i r of index t r a y s had t r i g g e r e d t h i s d i g i t 

could take one of f o u r values, i . e . 0, 1, 2, or 3. The meaning of each 

of these values i s given i n t a b l e 8.1 

TABU: 8.1 

Value of d i g i t Event 

0 Neither of the index t r a y s t r i g g e r e d . 

1 The top index t r a y t r i g g e r e d . . 

2 The bottom Index t r a y t r i g g e r e d . 

3 Both Index t r a y s t r i g g e r e d . 

The twelve d i g i t number contained the Information obtained from 

the s i x l a r g e s c i n t i l l a t i o n counters. Each of these counters was 

repjresented by a two d i g i t number which represented the pulse height 

obtained from the counter. These two d i g i t numbers were a c t u a l l y 

the number of pulses from the l o g a r i t h m i c pulse height analysers, 

§ 7 . 3 . 2 , which had been recorded by the 6i<-channel r e g i s t e r s and w i l l 

be known as the 'channel numbers'. 
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Thus i t can be seen t h a t between them the two numbers, the 
f i v e d i g i t and the twelve d i g i t number, contained information 
about the number of p a r t i c l e s i n c i d e n t upon, and l e a v i n g , the 
apparatus, t h e i r angles of incidence and the number of p a r t i c l e s , 
represented by the pulse h e i g h t , passing through each of the s i x 
l a r g e s c i n t i l l a t i o n counters. 

8.2.2 The D i v i s i o n of the Events 

I n d i v i d i n g the events i n t o the groups named i n §8 .1 the f o l l o w i n g 

s e l e c t i o n c r i t e r i a were used: 

1) Incomplete events - events i n which one or both of the numbers 

d e s c r i b i n g them contained more or less than the required number of 

d i g i t s , and those events i n which no pulse -was recorded from e i t h e r 

of the sets of index t r a y s or from one or more of the l a r g e s c i n t i 

l l a t i o n counters. 

2) - I n c i d e n t muons - those events i n which only one upper and one 

lower index t r a y had t r i g g e r e d and i n which the pulse height from 

each of the large s c i n t i l l a t i o n counters -was w i t h i n the l i m i t s f o r 

s i n g l e p a r t i c l e s , as determined from a c a l i b r a t i o n run. 

5), I n c i d e n t showers - events i n which more than one of the upper 

index t r a y s had t r i g g e r e d and events i n -vdiich the pulse height from 

the f i r s t l arge s c i n t i l l a t i o n counter was greater than t h a t f o r a 

s i n g l e p a r t i c l e . 

4). I n t e r a c t i o n s - t h i s group contained those events i n which only 

one of the top index t r a y s had t r i g g e r e d , the pulse height from the 

f i r s t l a r g e s c i n t i l l a t i o n counter -was t h a t f o r a s i n g l e p a r t i c l e , , the 
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pulse h e i g h t from a t l e a s t one of the remaining f i v e large counters 
was equivalent t o more than one p a r t i c l e , and one or more of the 
lower index t r a y s had t r i g g e r e d . 

Once the events had been sorted i n t o these groups the i n t e r a c 

t i o n s wea?e given a category number, i n place of the f i v e d i g i t number, 

which represented the p a t t e r n of index t r a y s which had t r i g g e r e d . The 

d e s c r i p t i o n s of the I n t e r a c t i o n s were then recorded on punched paper 

tape. 

8.3 The Durham Analysis 

8.3.1 I n t r o d u c t i o n 

To determine the energy of an e l e c t r o n or photon from the cascade 

shower which t h i s p a r t i c l e produces i n an absorber one may use one or 

more of the f o l l o w i n g parameters of the shower: 

1) The t o t a l e l e c t r o n t r a c k l e n g t h i n the shower ( I 5 . 3 ) . 

2) . The number of p a r t i c l e s a t a depth t I n the shower (§5 -^ ) . 

3) . The number of p a r t i c l e s present a t the maximum of the shower. 

This i s a s p e c i a l case of (2 ) , 

I n the present experiment i t was only possible t o use the l a s t 

of these three parameters. The reasons f o r r e j e c t i n g the f i r s t two 

were :-

1) . Since the l e a d p l a t e s i n which the showers developed were each 

2.k-J r a d i a t i o n lengths t h i c k {lk»k g cm~^)., §7 .2 , the un c e r t a i n t y i n 

determining the t o t a l t r a c k l e n g t h i n the shower would be large. 

2) The determination of the depth i n the shower a t which the measurement 

of the number of p a r t i c l e s was made would be subject t o an unc e r t a i n t y 
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of the order of the thickness of one of the l e a d p l a t e s . Although 
t h i s a l so applies t o the determination of the number of p a r t i c l e s 
a t the shower maximum i t w i l l be shown i n §8 .5 .5 t h a t , a t l e a s t f o r 
h i g h ener©a«!Showers, the u n c e r t a i n t y i n the p o s i t i o n of the shower 
maximum i s r e l a t i v e l y unimportant. 

A t h i r d reason f o r using the number of p a r t i c l e s a t the shower 

maximum, r a t h e r than the number a t a depth t , t o estimate the shower 

energy- i s t h a t i t has been sho-wn experimentally (Uichiparuk and 

S i m g a l ' s k i i , 196k-)- t h a t the f l u c t u a t i o n s on the number of p a r t i c l e s 

a t shower maxjjnum are smaller than a t any other depth i n the shower. 

8.5. 2 Grouping of -the Events 

The i n t e r a c t i o n s contained on the paper tapes from the London 

a n a l y s i s were grouped according t o a), the category of the i n t e r a c t i o n , 

§ 8 . 2 . 5 , b). the maximum channel number i n the i n t e r a c t i o n , and c) the 

l a r g e s c i n t i l l a t i o n counter i n which t h i s maximum occurred. 

The reasons f o r c a r r y i n g out t h i s grouping procedure were: 

1) t o determine the angle of the i n c i d e n t muon (a): 

2) t o r e j e c t events which had an apparent maximum i n the s i x t h large 

s c i n t i l l a t i o n counter. Such events could not be used i n the analysis 

5). t o o b t a i n the d i f f e r e n t i a l spectrum of maximum channel numbers. 

8.5»5 Conversion from Channel Number t o Number of P a r t i c l e s 

The l o g a r i t h m i c pulse h e i g h t analyser, § 7 . 5 . 2 , gave a cycle of I 6 

channels f o r an increase i n the pulse height recorded of a f a c t o r of 

10. Thus i t can be seen t h a t i f the mean channel number f o r a s i n g l e 

p a r t i c l e i s c and the recorded channel number f o r a shower i s c then 
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the number of p a r t i c l e s present i n the s c i n t i l l a t i o n counter i s 

N = exp (^-j^ l o g ^ 10^ 8.1 

From t h i s expression i t can be shown t h a t the width of a channel 

i s li)-.5/o. 

8.5.4 The C a l i b r a t i o n Curve 

I n p r e d i c t i n g the number of p a r t i c l e s present a t the maximum of 

a cascade shower which develops i n a sandwich of lead and s c i n t i l l a t i o n 

counters and i s seen i n a s c i n t i l l a t o r i t i s necessary t o take i n t o 

account the f o l l o w i n g f a c t o r s . 

a) -- The e f f e c t of electrons w i t h energy less than t h a t r e q u i r e d t o 

t r a v e r s e the counter. Each of these electrons can be taken as c o n t r i 

b u t i n g an amount t o the pulse h e i g h t from the counter p r o p o r t i o n a l t o 

i t s t r a c k lengths i n the counter. 

b ) . The i n t e r a c t i o n s of photons i n the counter which give r i s e t o 

ele c t r o n s which are seen by the counter. 

c) The angular spread of the shower p a r t i c l e s . This causes each 

p a r t i c l e t r a v e r s i n g the counter t o have a .greater t r a c k length than a 

v e r t i c a l p a r t i c l e and thus appear as .more than one p a r t i c l e . 

Usiag the Monte Carlo r e s u l t s of Crawford and Messel (1962) and 

Messel e t a l . (1962), shower curves were constructed t a k i n g the above 

e f f e c t s i n t o account. 

Since these r e s u l t s only* a p p l i e d f o r shower energies up t o 1 GeV 

the shower curves obtained i n t h i s way were comparM w i t h those due t o 



87. 

Buja (1963}^ B e l e n ' k l l and Ivanenko (1959) and Approximation B 
(Rossi, 1952). As a r e s u l t of good agreement i n the overlap energy-
r e g i o n i t was decided t o use t h e . r e s u l t s of Buja which cover shower 
energies from 0 . 3 .to 10^ GeV. 

The c a l i b r a t i o n curve obtained from Buja's r e s u l t s i s shown i n 

f i g u r e 8 .1 . From t h i s curve i t i s found t h a t the number of p a r t i c l e s 

sit the shower maximum, N, and the energy of the in c i d e n t e l e c t r o n , 

E^, are r e l a t e d by the expression 

N = 13.^0 E^°'^^-^- 8.2 

which i s i n f a i r agreement w i t h elementary cascade theory (Rossi, 

1952). which gives 

U = K E 
o 

By combining equations 8.1 and 8.2, and t a k i n g i n t o account the 

In c i d e n t muon, i t i s possible t o determine the energy of a shower 

w i t h a maximum channel nmber, C. 

8.3.5 Discussion of Analysis 

I n t a k i n g the maximum channel number t o determine the shower 

energy i t i s assumed t h a t the shower maximum always occurs i n 

a s c i n t i l l a t i o n counter^ Although t h i s i s obviously not corr e c t 

the e r r o r s i n the energy estimates can be shown t o be small, 

p a r t i c u l a r l y a t h i g h energies, by consideration of f i g u r e 8.2. 

From t h i s f i g u r e i t can be seen t h a t i f one considers depths 1-5-

r a d i a t i o n lengths on e i t h e r side of the shower maximum then i n 

the case of a O.3 GeV shower the number of p a r t i c l e s i s 

3.5 as compared w i t h k.6 a t the maximum. Thus the 
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shower energy would be underestimated by 2 4 ^ IThis f a c t o r by 
which the energy i s underestimated decreases w i t h increasing 
energy, being jfo a t 10 GeV and 5/0 a t 100 GeV. 

Apart from the above u n c e r t a i n t y , which always gives r i s e t o 

underestimates of the shower energies, the major unce r t a i n t y i s 

due t o the s t a t i s t i c a l f l u c t u a t i o n s i n the number of p a r t i c l e s a t 

the shower maximum. While the c a l c u l a t i o n s due t o Buja (1965) do 

not give estimates f o r these f l u c t u a t i o n s the Monte Carlo c a l c u l a 

t i o n s of Messel ( p r i v a t e communication)., i n which he considers shower 

el e c t r o n s w i t h energy greater than 10 MeV, and the experimental 

r e s u l t s of Nichiparuk and S t r u g a l ' s k i i (196^^-) and Backenstoss et a l . 

(1965a) contain d e t a i l s of the f l u c t u a t i o n s . Table 8 .2 shows the 

value of the standard d e v i a t i o n of the number of p a r t i c l e s a t shower 

maximum according t o these workers. 

TABLE 8 . 2 

Workers Standard d e v i a t i o n on W p a r t i c l e s 

a t shower maximum 

• Messel ( p r i v a t e communication, 196^1-) ~ 

M c h i p a r u k and S t r u g a l ' s k i i , (196k) ci O.25 / u 

Backenstoss e t a l . (1963a) O . 5 O / n 

^ o 1 
Hence -g— = "TT^} where i s the shower energy, N i s the number 

" o ° 
of p a r t i c l e s a t the maximum and k i s a constant of value greater than 1. 

As the value of N, and thus E^, increases the u n c e r t a i n t y upon the 

energy estimate decreases u n t i l i t becomes l e s s than the u n c e r t a i n t y 

due t o the channel w i d t h , § 8 . 3 . 5 . ^ i s p o i n t i s reached a t d i f f e r e n t 
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channel numbers., depending upon the value of k taken. 

I t i s of i n t e r e s t t o note here t h a t the unce r t a i n t y due t o 

s t a t i s t i c a l f l u c t u a t i o n i s i n a l l cases greater than t h a t i n deter

mining the shower maximum. 
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eSAFIER 9 

RESULTS AMD CONCLUSIONS FROM THE LOMDOW EXPERIMEITT 

9 . 1 I n t r o d u c t i o n 

This chapter contains d e t a i l s of the r e s u l t s obtained when the 

i n t e r a c t i o n s selected by the apparatus were analysed by the method 

described i n Chapter 8. These r e s u l t s , i n the form of a d i f f e r e n t i a l 

t r a n s f e r r e d energy spectrum, are then compared w i t h the p r e d i c t e d 

spectrum and the r e s u l t of t h i s comparison discussed. 

I n c a r r y i n g out the comparison between experiment and theory the 

experimental r e s u l t s are considered i n two sets, namely: 

1 ) The unbiassed set i . e . those r e s u l t s which were obtained w i t h the 

f o u r t h l a r g e s c i n t i l l a t i o n counter biassed t o accept a l l pulse heights 

equal t o , and great e r than, the pulse height f o r a single p a r t i c l e . 

2) The biassed set i . e . the r e s u l t s which were obtained w i t h the 

f o u r t h l a r g e s c i n t i l l a t i o n counter biassed t o accept only those events 

which gave a channel number equal t o , or greater than, 20. 

9. 2 The Predicted Results 

9 . 2 . 1 I n t r o d u c t i o n 

I n the c a l c u l a t i o n of the p r e d i c t e d t r a n s f e r r e d energy spectrum 

a basic spectrum, i n the form of the probability/muon/CeV/g cm~^ Pb t h a t 

an i n c i d e n t muon, a t a depth of 60 m.w.e. underground, would undergo an 

electromagnetic i n t e r a c t i o n g i v i n g r i s e t o secondary p a r t i c l e s w i t h 

energy E as a f u n c t i o n of E, was obtained. For each of the two pa r t s 

of the experiment t h i s spectrum was then m u l t i p l i e d by the number of 
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muons i n c i d e n t upon the apparatus, and the t a r g e t thickness seen by 
these muons, t o give the p r e d i c t e d d i f f e r e n t i a l energy spectrum. 

9. 2 . 2 The Basic Spectrum 

The basic t r a n s f e r r e d energy spectrum was obtained using the 

p r o b a b i l i t i e s f o r the electromagnetic i n t e r a c t i o n s given by equations 

2 . 1 , 2 . 2 and 2 . 9 ( w i t h a = 2 , a = 10 m^c^/e) and f o l d i n g i n the i n c i l 

dent muon energy spectrum. This spectrum, which i s shown i n f i g u r e 

was derive d from the sea l e v e l muon momentum spectrum due t o Hayman and 

Wolfendale ( 1962 ) . I n the d e r i v a t i o n the depth of the apparatus, 

60 m.w. e., was d i v i d e d i n t o 1 m.w. e. i n t e r v a l s and then the energy of 

an i n c i d e n t muon upon l e a v i n g one of these i n t e r v a l s was determined 

from i t s i n c i d e n t energy using the energy loss equation due t o Hayman 

et a l . ( 1963) . This was repeated f o r a l l muon energies f o r each of the 

s i x t y i n t e r v a l s t o give the f i n a l energy spectrum a t 60 m.w.e. 

The basic t r a n s f e r r e d energy spectrum obtained from these calcula

t i o n s , which were c a r r i e d out on the U n i v e r s i t y of Durham E l l i o t t 805 

computer, i s shown i n f i g u r e 9 » 2 . 

9 . 2 . 3 The Target Thickness 

The t a r g e t thickness t o be used i n the c a l c u l a t i o n of the energy 

spectrum depends upon a)- the type of i n t e r a c t i o n considered, and b) 

the development of the cascade shower produced i n the i n t e r a c t i o n , 

and thus the method of s e l e c t i n g events. The reasons f o r the dependence 

upon these f a c t o r s and the way i n which t h i s was allowed f o r are as 

f o l l o w s : 
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a) The type of i n t e r a c t i o n considered - since the apparatus contained, 

as w e l l as the lead, a r e l a t i v e l y large amount of l i q u i d s c i n t i l l a t o r , 

perspex and aluminium (Chapter 7) these m a t e r i a l s must be considered 

when c a l c u l a t i n g t h e t a r g e t thickness. To do t h i s account i s taken of 

the f a c t t h a t the p r o b a b i l i t y per g cm~^ of a muon.iundergoing knock-on 

pro d u c t i o n i s p r o p o r t i o n a l t o z / A , -viiere Z i s the atomic number of the 

t a r g e t m a t e r i a l and A i s i t s atomic weight. For bremsstrahlung and 

p a i r production, on the other hand, the p r o b a b i l i t i e s are p r o p o r t i o n a l 

t o Z ^ / A . For one u n i t of the apparatus, c o n s i s t i n g of one s c i n t i l l a t i o n 

counter, one l e a d sheet and one aluminium sheet, the t a r g e t thicknesses 

f o r the various i n t e r a c t i o n s are as given i n t a b l e 9 '1» 

TABLE 9 . 1 
E f f e c t i v e 

Target thickness g cm' -2 

M a t e r i a l g cm ^ Z A K.O. Br. P.P. 

S c i n t i l l a t o r 
and perspex (C) 9 . 2 6 12 11 .6 0 .85 0 .85 

Lead 11̂ .1̂  82 207 .2 Ik.k ik.ko Ik, 1+0 

A l 2 . 7 15 27 3 . 5 0 .52 0 .52 

Totals 29.5 15-77 15 .77 

From t h i s t a b l e i t can be seen t h a t by t a k i n g i n t o account a l l 

of the m a t e r i a l i n one u n i t the amount of t a r g e t present f o r knock-on 

pro d u c t i o n i s almost twice t h a t f o r both bremsstrah lung and p a i r -

production. I t w i l l be shown l a t e r t h a t t h i s f a c t has q u i t e an e f f e c t 

upon the energy range over which knock-on production i s dominant. 
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b). The cascade shower development - Because only those events were 
used i n the a n a l y s i s which had a maximum i n or before the f i f t h large 
s c i n t i l l a t i o n counter, § 8 . 3 . 2 , and because a cascade shower requires 
a f i n i t e thickness of absorber t o reach i t s maximum the amount of 
t a r g e t a v a i l a b l e f o r the i n t e r a c t i o n depends, i n the unbiassed case, 
upon the r a t e of development of the shower. I n the biassed case account 
has a l s o t o be taken of the f a c t t h a t a c e r t a i n minimum number of 
p a r t i c l e s must be present i n the f o u r t h l a r g e s c i n t i l l a t i o n counter. 
To a l l o w f o r these f a c t s i t was assumed t h a t the development of a 
cascade shower was simply p r o p o r t i o n a l t o the amount of absorber, 
independent of the type of absorber, i n r a d i a t i o n lengths t h a t was 
present between the p o i n t of i n t e r a c t i o n of the muon and the large 
s c i n t i l l a t i o n counter i n which the maximum was expected t o occur. 

Using t h i s assumption the amount of t a r g e t a v a i l a b l e f o r d i f f e r e n t 

shower energies was c a l c u l a t e d , i n the unbiassed case, by assuming 

t h a t the shower s t a r t e d a t the top of the apparatus and f i n d i n g the 

s c i n t i l l a t i o n counter i n which the number of p a r t i c l e s would be a 

maximum, using the cascade shower curves due t o Buja (1965) ( f i g u r e 8 . 2 ) . 

By moving the p o i n t of i n t e r a c t i o n of the shower down through the 

apparatus, a t i n t e r v a l s of 0 . 1 u n i t s f o r O.3 GeV showers and 0 . 2 u n i t s 

f o r g r e a t e r energy showers, u n t i l the maximum f e l l i n the s i x t h large 

s c i n t i l l a t i o n counter the t a r g e t thickness, i n u n i t s , f o r each shower 

energy was determined. To convert from u n i t s t o g cm~^ account was 

taken of the f r a c t i o n of a u n i t made up of C ( s c i n t i l l a t o r and perspex), 

Pb and A l (Table 9 . 2 ) t o determine the amount of each of these m a t e r i a l s 

present i n the t a r g e t . 
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TABLE 9.2 

M a t e r i a l g cm~^/ u n i t F r a c t i o n of u n i t 

c 9 . 2 0 .074 

Pb ±k.k 0.886 

A l 2 . 7 • O.Ol+O 

For the biassed set of r e s u l t s the c a l c u l a t i o n was c a r r i e d out 

i n e x a c t l y the same way as f o r the unbiassed set w i t h the added proviso 

t h a t the number of p a r t i c l e s i n the f o u r t h l a r g e s c i n t i l l a t i o n -counter was 

grea t e r than, or equal t o , 5 . 5 . I n 'the case of showers of low energy, 

of the order of 1 GeV or l e s s , t h i s had the e f f e c t of making the f i r s t 

p o i n t a t which the i n t e r a c t i o n producing the shower could occur p a r t of 

the way through t h e ^ p a r a t u s and not a t the top as i n the unbiassed case. 

For both knock-on production and d i r e c t p a i r production the cascade 

shower curves used were those f o r e l e c t r o n induced showers while f o r 

bremsstrahlung, photon induced shower curves were used (Buja, I 9 6 5 ) . 

9 . 2 .k The E f f e c t of the In c i d e n t Angle of the Muon 

Since themuons i n c i d e n t upon the apparatus d i d not a l l a r r i v e i n 

the v e r t i c a l d i r e c t i o n i t was necessary t o take i n t o account the 

increase of t a r g e t thickness due t o the angle of incidence of the 

muons. To do t h i s the mean angles of incidence of muons i n d i f f e r e n t 

categories of events, § 8 . 2 . 2 , were determined from the r a t i o of the 

mean pulse height f o r v e r t i c a l l y i n c i d e n t s i n g l e muons and the mean 

pulse h e i g h t f o r muons i n the category considered. The r e s u l t s of 

t h i s c a l c u l a t i o n are shown i n t a b l e 9 . 5 . 
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Category Mean An 
V e r t i c a l 0 

6 , 7 1 0 ° 9 ' 

8 2 6 ° 1 5 ' 

9 3 9 ° V 

10 k8°28' 

TABLE 9 .5 

Descriptions of events ( § 8 . 2 . l ) 

• ^ 5 0 0 0 0 , 05000, 00500, 00050, 00005 

' ^ 1 2 0 0 0 , 21000, 01200, 02100, etc. 

^ 1 0 2 0 0 , 20100, 01020 , 02010, etc. 
1 0 0 2 0 , 2 o o i O ^ O l O O i ^ O i o o l 

10002, 20001 

To a l l o w f o r these angles i n c a l c u l a t i n g the t a r g e t thickness 

i t was simply necessary t o increase the thickness of each u n i t by 

cos G"""" yhen c a r r y i n g out the c a l c u l a t i o n s described i n § 9 . 2 . 5 . 

9 . 2 . ^ The E f f e c t of the Point of I n t e r a c t i o n on the Estimated 

Energy of the Shower 

I t was st a t e d i n § 8 . 5 . 1 t h a t one reason f o r determining the energy 

of showers obtained experimentally from the maximum number of p a r t i c l e s 

a t any p o i n t i n the shower was t h a t the inaccuracy i n determining the 

p o s i t i o n of t h i s maximum p o i n t , due t o the thickness of the lead 

sheets, was less than f o r any other p o i n t i n the shower. However, 

as a check of t h i s assumption and i n order t o correct f o r any e r r o r 

which may be introduced i n t h i s way f o r e l e c t r o n induced showers, and 

t o a l l o w f o r the f a c t t h a t photon induced showers contain less p a r t i c l e s 

a t t h e i r maxima than do showers due t o i n c i d e n t electrons, the mean 

value of the maximum which would be seen f o r a shower of a c e r t a i n 

energy was determlnedas f o l l o w s . 

At the same time as the t a r g e t thickness was being calculated. 
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§ 9 . 2 . 3 ; the maximum number of p a r t i c l e s i n any one large s c i n t i l l a t i o n 
counter was determined f o r each p o i n t of i n t e r a c t i o n of the muons. 
The a r i t h m e t i c mean value was then c a l c u l a t e d f o r t h i s p a r t i c u l a r 
shower energy and the equivalent energy which would be a l l o t t e d t o 
such a shower was determined from the c a l i b r a t i o n curve, f i g u r e 8.^.k. 
Examples of the r e s u l t s of t h i s c a l c u l a t i o n are given i n t a b l e 9.^* 

TABLE 9.h 

I n c i d e n t Energy, Equivalent Energy, Equivalent Energy, 
GeV GeV, e 'daiduced GeV, y induced 

1 0 . 9 7 0.76 

10 9 .73 7 .86 

100 97 .60 80.76 

From t h i s t a b l e , which a p p l i e s t o showers produced by v e r t i c a l l y 

i n c i d e n t muons i n the unbiassed run, i t can be seen t h a t f o r e l e c t r o n 

Induced showers the e r r o r which would have occurred i f i t had been 

assumed t h a t the maximum seen was the t r u e maximum of the shower i s , 

f o r energies greater than 1 GeV, less than ^fo. 

,"19. 2 .6 The Predicted Energy Spectra 

To o b t a i n the f i n a l p r e d i c t e d energy spectrum f o r the-uribiassed 

and biassed sets of r e s u l t s the basic p r o b a b i l i t i e s of f i g u r e 9 . 2 

were m u l t i p l i e d by the c a l c u l a t e d t a r g e t thickness and the number of 

muons t r a v e r s i n g the apparatus. This was done f o r each of the 

angles of incidence given i n t a b l e 9 . 5 ; the values of the p r o b a b i l i t y 

from f i g u r e 9 . 2 being t h a t f o r the i n c i d e n t e l e c t r o n or gamma energy 
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and the r e s u l t being p l o t t e d a t the equivalent energy ( t a b l e 9»k), 

The number of muons selected i n each category i s given i n 

t a b l e 9 . 5 both the unbiassed and biassed runs and the r e s u l t a n t 

curves, obtained by summing the curves f o r a l l of the categories are 

shown i n f i g u r e 9 .3 f o r the unbiassed run and f i g u r e 9 .5 f o i " 'the 

biassed run. 

TABLE 9 . 5 

Category Measured Number of Muons Estimated Number of Muons 

(unbiassed) (biassed) 

V e r t i c a l l,kk^ 10* 2.503 10^ 

6 , 7 1.950 10* 5 .076 10= 
8 9.1+02 10^ 1.1+99 10= 

9 5 .472 10^ 5.551+ 10* 

10 8 .50 102 1.525 10* 

From an examination of f i g u r e 9 . 5 ; and a comparison of these 

curves w i t h the basic p r o b a b i l i t y curves of f i g u r e 9 . 2 , i t can be seen 

t h a t , due mainly t o the d i f f e r e n c e i n t a r g e t thickness contained i n 

one u n i t of the apparatus f o r knock-on production, as against brems

st r a h l u n g and d i r e c t p a i r production, knock-on production i s more t r u l y 

the dominant process than i f only lead had been the t a r g e t . Also, f o r 

the same reason, plus •s.the f a c t t h a t the equivalent energy f o r a 

bremsstrahlung shower i s approximately 80^ of the in c i d e n t energy, 

t a b l e 9 . 4 , the knock-on process i s dominant over a much l a r g e r range 

of energy than i n the case of a lead t a r g e t alone, i . e . up t o 15 GeV 

as against 5 GeV. 
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9.2.7 The E f f e c t of F l u c t u a t i o n s 

During the c a l c u l a t i o n of the p r e d i c t e d number spectra two 

assumptions have been made concerning.the growth of cascade showers. 

These are l ) t h a t the development of the shower i s t h a t c a l c u l a t e d by 

Buja, i . e . a shower of a c e r t a i n energy, E, always reaches i t s ma^ximum 

a f t e r a distance x r a d i a t i o n lengths, and 2) t h a t a shower of energy E 

always contains the same number of p a r t i c l e s a t i t s p o i n t of maximum 

development. Neither of these assumptions i s c o r r e c t , however, since 

both the distance t o the maximum of a shower and the number of p a r t i c l e s 

a t t h i s maximum are subject t o f l u c t u a t i o n s . Of these f l u c t u a t i o n s an 

attempt has been" made t o a l l o w f o r the f l u c t u a t i o n i n the distance 

t o the maximum when determining the experimental d i f f e r e n t i a l energy 

spectrum. 

The e f f e c t of f l u c t u a t i o n s i n the number of p a r t i c l e s was calcu-

l a t e d using the formula due t o Lloyd and Wolfendale (1955) (see §6.7.2) 

w i t h a standard d e v i a t i o n on the number of p a r t i c l e s , N, a t the shower 

maximum of VN and VN/5^ these values being the standard d e v i a t i o n f o r 

f l u c t u a t i o n s which f i t a Poisson d i s t r i b u t i o n and the value estimated 

from the r e s u l t s quoted i n t a b l e 8.2. Of these values VN/5 i s probably 

c o r r e c t and VN represents the absolute upper l i m i t of the fluctuations. 

The predictedScurves corrected f o r these f l u c t u a t i o n s are shown as the 

dashed l i n e s i n f i g u r e 9.5. 

9.2.8 Discussion 

I n the c a l c u l a t i o n of the p r e d i c t e d curves the main assumption 

used was t h a t the development of a cascade shower depends oniy upon 
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the number of radiation lengths of material present, and not upon 

the type of material. While t h i s assumption is not correct, as can 

easily be seen from the figures of Butcher and Messel (1960) which 

indicate that heavy elements have a greater effect upon shower develop

ment than l i g h t elements, i t does lead to a maximum value, i n units of 

the apparatus, f o r the target thickness. At the other extreme i f i t i s 

assumed that only the lead plays any part i n the shower development then 

a minimum value f o r the target thickness i n units of the apparatus, 

39.2.5, i s obtained. In the case of the knock-on process the difference 

between the two values i s of the order of a few percent while f o r 

bremsstrahlung and pair production i t i s approximately 11^. 

9.5 The Experimental Results 

9.5'1 Conversion from Maximum Channel Number to Energy 

I n order t o convert the value of the maximum channel number obtained 

experimentally to the energy of the shower equations 8.1 and 8.2 were 

used with the value of c, equation 8.1, taken as the arithmetic mean of 

a l l of the mean pulse heights f o r single particles. This value was 

found to be 

c = 9.55-

9.3.2 Final Selection of Data 

During the calculation of the target thickness, §9.2.3, i t was 

found that, as would be expected from the method used, as the shower 

energy increased the number of large s c i n t i l l a t i o n counters i n which 

a maximum could occur was reduced. When the data from both the un

biassed and biassed runs was examined i t was found that events had 
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occurred f o r which the maximum was i n a large s c i n t i l l a t i o n counter 
which was not allowed from the theoretical point of view. In order 
to make the analysis of the experimental results consistent with the 
t h e o r e t i c a l calculations i t was decided to reject events of t h i s type 
as being due to fluctuations i n the distance from interaction to 
shower maximum. 

The effect of t h i s correction, which was only carried out f o r 

events with energy greater than 1 GeV, can be seen from figure 9.k ^ e r e 

both corrected and uncorrected points are plotted f o r the case of the• 

unbiassed run. From t h i s figure i t can be seen that t h i s correction, 

while having a noticeable effect upon the results, is not so great as 

to indicate an error i n the nature of the correction. e 

While t h i s correction takes into account the fact that some 

showers develop more quickly than others i t does not allow f o r showers 

which take longer than the average to develop and thus would give 

maxima i n the sixth s c i n t i l l a t i o n counter and be rejected. However 

i t seems probable that the number of these showers i s approximately 

equal to the number which would be expected to have maxima i n the 

sixth large s c i n t i l l a t i o n counter but which, because of fluctuations, 

would show maxima i n the f i f t h large s c i n t i l l a t i o n counter. 

9.5.5 The Unbiassed Results 

The f i n a l results from the unbiassed run are shown i n figure 

where they are compared with the predicted results. From these results 

i t can be seen that the agreement between theory and experiment i s veiy 

good over the whole of the transferred energy range above 0.2 GeV. 
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Below t h i s energy there i s a s l i g h t excess of experimental results 
over theory but, as can be seen from the dashed lin e s , t h i s excess 
can easily by explained as being due to fluctuations i n the number 
of p a r t i c l e s at shower maximum, .§5.2.7. 

9.3.4 The Biassed Results 

The results from the biassed run are compared with the predicted 

results i n figure 9»5» From t h i s figure i t can be seen that there is 

reasonable agreement between theory and experiment f o r transferred 

energies of greater than 2 GeV while below t h i s energy there is a 

deficiency of experimental results. Since t h i s region i s that i n 

which the biass on the fourth large s c i n t i l l a t i o n counter has most 

eff e c t i t i s probable that the deficiency i s due to one of the 

following: 

a) The mean,pulse height f o r single particles varies according 

to the position i n the s c i n t i l l a t i o n counter through which the p a r t i c l e 

travels and the angle of incidence of the p a r t i c l e . Thus the number of 

pa r t i c l e s required to give a pulse height greater than some value f i x e d by 

the biass l e v e l also depends upon the position and angle at which the 

shower traverses the counter. Because of t h i s some showers traversing 

the fourth large s c i n t i l l a t i o n counter w i l l be detected with less 

efficiency than others. This effe c t decreases as the energy, and 

thus the distance traversed by the shower, increases. . 

b) I n the case of low energy showers the t o t a l distance travelled 

by the shower i s r e l a t i v e l y small and thus any fluctuations i n the 

growth and decay of tMe^shg^er,,could have the effect of reducing the 
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number of particles present i n the fourth large s c i n t i l l a t i o n counter 
to below the bias l e v e l . 

9.^ Conclusions from the London Experiment 

I n figure 9.6 the results obtained from both the unbiassed and 

biassed runs are shown plotted as the r a t i o between the observed and 

predicted number of events as a function of the transferred energy. 

Also shown are the predicted curves -viiich are obtained when the cross-

section f o r direct pair production i s taken as one half that given by 

theory (cf Gaebler et a l . , I961). 

From the graphs i n figure 9.6 i t can be seen that, as has already 

been stated, §9«5*5 and §9.5.4,fthe agreement between theory and 

experiment is good i n the case of the unbiassed run over the whole 

of the transferred energy range. For the biassed run, while results 

below 2 GeV are completely d i f f e r e n t from theory, f o r reasons which 

are stated i n §9»5«^^ there i s no evidence above t h i s energy f o r any 

marked discrepancy. 

When the modified predicted curves are considered, dashed l i n e , 

the agreement i s not s u f f i c i e n t l y good i n the unbiassed case to be 

taken as evidence f o r any discrepancy i n the theory of direct pair 

production such as i s proposed by Gaebler et a l . (1961). 

The f i n a l conclusion that can be drawn from the results of the 

London experiment i s that, f o r energy transfers up to 50 GeV the 

electromagnetic interactions of muons i n a sandwich target of lead, carbon, 

and aluminium are i n agreement with theory. 
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CHAPTER 10 

CONCLUSIONS 

The results from both of the experiments described i n t h i s thesis are 

i n the range of transferred energies from 0.1 to 50 GeV (figures 6.2, 

6.5^ 9«3 and 9.^). Since over most of th i s energy region (up to 15 GeV 

i n the case of the Durham experiment, and up to 20 GeV i n the case of 

the London experiment) the dominant process i s that of knock-on produc

t i o n these experimentsmay be considered primarily as behg tests of 

the theory of t h i s interaction. 

Because of the greater s t a t i s t i c a l accuracy achieved i n the London 

experiment, and. the fact that there are less uncertainties i n the 

analysis of t h i s experiment, especially i n the case of the unbiassed 

run, than i n the analysis of the Durham experiment, the conclusions 

must be based mainly upon t h i s experiment. At the same time the results 

of the Durham experiment, while being subject to large uncertainties, 

do provide some evidence i n support of the conclusions from the London 

'dxperiment. 

The f i n a l conclusion obtained from the two experiments is that, i n 

the region of energy transfer where the knock-on process is dominant, 

the results are f u l l y consistent with the theory of Ehabha (1958). 

This conclusion, while i n agreement with the results of Backenstoss 

et a l . (1965b), i s contradictory to that of Deery (1960) (see also 

Deery and Neddemeyer, I961), who found an excess of events over the 

number predicted by theory which, furthermore, increased with increas

ing energy above 1 GeV. Since, as reported by these workers, i t i s 
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not possible, with any degree of certainty, to exclude the p o s s i b i l i t y 

that t h i s excess i s due to a s t a t i s t i c a l f l u c t u a t i o n , and also 

because the energy transfers do not extend into the region where 

bremsstrahlung i s dominant, and where the evidence is that theory is 

correct, i t i s doubtful whether much reliance can be placed upon th i s 

resvilt. 

Apart from Deery, McDiaimid and Wilson (l962)also found indications 

of an excess of events i n the region where knock-on production i s 

dominant. However i n t h i s case the s t a t i s t i c a l accuracy was rather 

poor and uncertainty existed i n the energy estimates. Thus, by 

decreasing the energy estimates f o r the secondary par t i c l e s , obtained 

from cascade shower curves, by 10̂ ^ (a reasonable estimate of the un

certainty) the authors showed that the disagreement between experiment 

and theory was considerably reduced. 

I n conclusion the evidence of the experiments carried out i n 

Durham and London, when taken along with s t a t i s t i c a l l y very accurate 

work of Backenstoss et a l . (l963h) at lower energies (up to '^.k GeV 

energy transfer) indicates complete agreement between experiment and 

theory f o r the knock-on process f o r transferred energies covering the 

whole range from 0.1 GeV to 20 GeV. By combining t h i s with the result 

from the CERN g-2 experiment, i n which i t was found that the anomalous 

magnetic moment of the muonws equal to the theoretical value to 

wi t h i n 0,5^ (Charpak et a l . , I961), i t can be stated that, at the 

present time, there i s no evidence for the muon d i f f e r i n g from a 

heavy electron. 
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APPENDIX 

CASCADE SHOWERS 

1. Introduction 

I n order to deteimine the energy of an electron or photon from 

the electromagnetic cascade shower which t h i s produces i n an absorber 

i t i s necessary to know the v a r i a t i o n of the parameters of the shower 

with the energy of the incident p a r t i c l e . 

This chapter contains a qualitative description of the way i n 

which a cascade shower develops. This i s then followed by descrip

tions of-the results, obtained from a) cascade shower theory, b) 

Monte Carlo calculations, and c) experimental measurements, f o r 

the shower shape, the v a r i a t i o n of t o t a l track length with energy, and 

the v a r i a t i o n of the number of particles at a given depth i n the 

shower with energy. In p a r t i c u l a r the special case of the number of 

p a r t i c l e s at the shower maximum is considered. 

F i n a l l y a comparison i s made between the various results and an 

indication i s given of the types of experiments f o r which the parameters 

are most suitable. 

2. Cascade Shower Development 

When an electron is incident upon an absorber with an energy greater 

than the c r i t i c a l enei^gy then i t i s l i k e l y to lose energy through the 

emission of a photon, i.e. the bremsstrahlung process, and w i l l carry 

on with reduced energy. This process continues u n t i l the energy of 

the electron f a l l s below the c r i t i c a l energy when the dominant way by 

which the electron loses energy i s by the ionization process. Each of 
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the photons produced i n the passage of the o r i g i n a l electron may 
materialise to form an electron-positron pair a f t e r t r a v e l l i n g a 
short distance through the absorber and these particles w i l l then 
behave i n exactly the same way as the incident electron. 

Thus i t can be seen that the number of particles i n a cascade 

shower w i l l increase with increasing depth, 'vALile the average energy 

of these particles decreases. This continues u n t i l the average 

energy f a l l s to the c r i t i c a l energy, beyond which point the number of 

pa r t i c l e s decreases. The f i n a l result is that a l l the energy of the 

incident p a r t i c l e i s l o s t through ionisation, energy being lost by 

ionisation the whole of the way through the shower. 

From t h i s simple description of the development of a cascade 

shower i t can be seen th a t : 

1 ) The number of par t i c l e s at the shower maximum would be 

expected to be N = EQ/EQ vhere EQ is the energy of the incident 

electron and SQ i s the c r i t i c a l energy of the absorber, and 

2) The t o t a l track length i n the shower would be EQ/EQ radiation 

lengths since, i n the end, a l l of the incident energy would be l o s t 

through ionisation and the c r i t i c a l energy i s defined as the ionisa

t i o n loss per radiation length. 

5. Theoretical Results 

5.1 Introduction 

Because the Isheory describing a l l of the processes involved i n 

the development of a cascade shower i s extremely complex most calcula

tions have been carried out to describe onl^f the average behaviour of 





112. 

showers as they traverse matter. In t h i s section the results con
sidered are those due to Approximation A and Approximation B ( as 
given by Rossi, 1952) and the results quoted by Buja (1963). 

In vhat follows the approximations used i n each of the calcu

latio n s are outlined and the results obtained are indicated. Finally 

the results are compared with each other and any discrepancies are 

explained. 

5.2 Approximation A (Rossi, 1952) 

I n the calculation of shower behaviour under Approximation A the 

only processes considered as contributing to the shower development 

are bremsstrahlung and pa i r production. The caluulations are further 

s i m p l i f i e d by using the asymptotic formulae f o r complete screening 

to describe these processes. Because of t h i s the results only apply 

to shower electrons with energies greater than that given by 

137 ni^c^ Z'̂ , where Z is the atomic number of the absorber. 

Examples of the average shower curves obtained by Approximation A, 

which apply f o r a l l absorbers so long as the distances are measured i n 

terms of the radiation length, are given i n figure A.l. 

5.3 Approximation B (Rossi, 1952) 

The Approximation B method of calculating the behaviour of 

cascade showers is an ext^nrfon of the Approximation A method. In 

t h i s method, instead of the energy loss through knock-on production 

and ionisation being neglected, t h i s is taken into account by sub

t r a c t i n g a constant energy per radiation length, equal to the c r i t i c a l 

energy, from the energies of the shower electrons. 
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The results obtained from t h i s method of calculation, examples 

of which are shown i n figure A. 2, apply to a l l absorbers i f the dis

tances are measured i n terms of the radiation length and the energy 

i n terms of I t i s important to note, however, that the calcula

tions are most accurate f o r low Z absorbers, f o r which the asymptotic 

fomulae used apply down to the c r i t i c a l energy, than f o r high Z 

absorbers f o r which the theory is expected to overestimate the shower 

development. 

Buja (196$) 
The results due to Buja, which are an extension of the results 

obtained by Ott (l9^k), were calculated using exact formulae f o r 

bremsstrahlung and pair production and taking into account the Compton 

e f f e c t . I n order to take i n t o account ionisation losses the electron 

energy, E, i n the in t e g r a l energy spectrum f o r the shower electrons is 

replaced by E + e, where e i s proportional to the c r i t i c a l energy e^. 

As a further modification of the theory e i s replaced by a function £*, 

proportional to the c r i t i c a l energy and the mean angle of scattering, 

to allow f o r the increase i n track length due to Coulomb scattering. 

The average shower curves obtained from these calculations are 
f o r 

shown i n figure A.j/the case of electrons incident upon lead. 

5.5 Comparison of the Theoretical Results 

I n order to compare the various sets of theoretical results the 

Approximation A and Approximation B results w i l l be converted to apply 

to the case of a Pb absorber. Also the comparison w i l l also be carried 

out with regard to the v a r i a t i o n of t o t a l track length and number of 

pa r t i c l e s at shower maximum with energy. 
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The results obtained from the-various theories are given i n 

table A . l below. 

TABLE A.1 

Theory ^ i n - Track length vs. E l^g_^ vs. E 

App. A 10 MeV T = 0.04 E 6.1̂ 0 EP*^* 

App. B 0 T = 0.12 E 18.22 E°*^2 

Buja 0 T = 0 . 1 1 E I3.6O E°'^^ 

I n t h i s table the t o t a l track length, T, i s i n radiation lengths 

and the energy E i s i n MeV. 

From table A .l i t can be seen that, as would be expected from 

conservation of energy, the values of K i n the expression T = KE obtained 

from Approximation B and the results due to Buja are very nearly equal, any 

s l i g h t difference being due to the integration under the shower curves. 

A more interesting f a c t i s that, i n spite of the dif f e r e n t factors 

included i n the calculation of the shower curves, the exponent b i n 

the expression 

N = aE^ max 

is p r a c t i c a l l y constant no matter which of the theories i s considered. 

Thus, the differences i n the value of a, which are due to the minimum 

shower electron energy considered and the' approximations used, only 

a f f e c t the-absolute values of the energies assigned to showers using 

t h i s expression and not the r e l a t i v e energies. 
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k, Monte Carlo Calculations 

k.l Wilson (1952) 

Th.e f i r s t Monte Carlo calculations of cascade shower development 

were due to Wilson who used a 'wheel of chance' to investigate the 

behaviour of each of the component particles of a shower as they 

t r a v e l l e d through a lead block. I n t h i s way i t was possible to 

calculate the behaviour of individual showers and, from a large number 

of these, to determine the average behaviour of a shower i n i t i a t e d by 

an electron or photon of a known energy. 

The cross-sections used i n these calculations were the values 

predicted by Bethe and He i t l e r (195^) adjusted to f i t experimental 

results. To allow f o r ionisation a constant energy per radiation 

length, equal to the c r i t i c a l energy, was subtracted from the elec

trons. 

I n order to sa t i s f y energy conservation the average shower curves 

were noimalised so that the area under the curve times the c r i t i c a l 

energy, i.e. the t o t a l energy l o s t by ionisatio^i, was equal to the 

energy of the incident p a r t i c l e . 

The calculations were carried out i n two parts. I n the f i r s t no 

allowance was made f o r multiple scattering while i n the second the 

electron was assumed to t r a v e l i n the direction of the shower axis 

u n t i l i t reached an energy,E^, below which the motion was considered 

as being random. 

Examples of the results obtained by Wilson are shown i n figure A. U 

f o r photons incident upon lead and no multiple scattering. In figures 
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A. 5 and A.6 the average shower curves f o r lead which were obtained 
when a l l shower electrons with energy less than 8 MeV, E^ f o r lead, 
ware neglected. 

k.2 Crawford and Messel, (1962) 

Some of the most recent Monte Carlo calculations have been those 

of Messel and his colleagues (Butcher and Messel (I960), Crawford and 

Messel (1962) and Messel et a l . (1962)). Of these the most useful 

results f o r the present work are those of Crawford and Messel which 

give the number of electrons and photons with energy greater than 

10 MeV, the number with energy less than 10 MeV, the number back 

scattered, the t o t a l track length f o r electrons with greater than 

10 MeV, and the degradation of energy, as a function of the depth 

i n the shower. 

These results, which were calculated on the SILLIAC computer, 

take into account a) bremsstrahlung, b) pair production, c) Compton 

e f f e c t , d) multiple scattering, and e) ionisation loss. For 

processes a), b) and c) the accurate cross-sections were used, 

and f o r d) the Moliere theory of multiple scattering, as given by 

Bethe, was applied. F i n a l l y , i n order to take into account ionisation 

loss an amount of energy E was subtracted from the electron energy 

a f t e r each f l i g h t through t radiation lengths, where 

E = O.J>k6 t 1̂ 19.15- + loSe (Eo/angC^)| MeV f o r lead. 

The results of the computations are shown i n figures A.7 and A.8 

which refer to showers i n i t i a t e d by electrons incident upon lead. 
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4.5 Discussion and Comparison of the Monte Carlo Results 
The most noticeable point when the shower curves of figure A.6, 

which give Wilson's re s u l t s for the nimiber of electrons with energy 
greater than 8 MeV, are compared with those of figure A.J, Crawford 
and Messel' results for the number of electrons with energy greater 
than 10 MeV, i s the large difference between the numbers of p a r t i c l e s 
i n showers of the same energy i . e . for a 0.5 GeV shower Wilson gives a 
maximum of 4.15 p a r t i c l e s while Crawford and Messel give 2 .51 p a r t i c l e s . 
While some of t h i s difference could be explained as being due to elec
trons with energies between 8 MeV and 10 MeV i t seems l i k e l y that the 
most probable explanation of the discrepancy i s that the energy degra
dation found by Crawford and Messel i s greater than that found by 
Wilson due to the different methods of allowing for the ionisation 
l o s s and the effect of multiple scattering in the former work increasing 
the path lengths of electrons through the absorber. 

I f the v a r i a t i o n of t o t a l track length with energy i s determined 

for the two sets of r e s u l t s the values obtained are: 

Wilson T = 0.045 \ radiation lengths 

Crawford and Messel T = 0.0^2 E^ radiation lengths. 

Where E^ i s the incident energy i n MeV and T i s the t o t a l track 

length.'.!. 

Hence, the rate of energy loss i s 

22.2 MeV/radiation length from Wilson 

and 3 1 ' 2 MeV/radiation length from Crawford and Messel, and i t i s 

almost certain that the discrepancy between the results i s due to the 

rate of energy degradation of the showers i n the two cases. 
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5. Experimental Results 

5 . 1 Hazen, (1955) 

The r e s u l t s due to Hazen were obtained from an analysis of 

cloud chamber photographs of cascade showers produced in a multiplate 

cloud chamber byelectrons whose energies were measured in a magnet 

cloud chamber. 

The conclusion reached from t h i s work i s that for showers of 

energy between 100 and 1000 MeV the t o t a l track length in copper, 

defined as the spu of the number of track segments below each plate of 

the cloud chamber multiplied by the thickness of the plate, i s related 

to the shower energy by 

E =r (24 + 3).- T MeV 

i.e . T = (0.0^4-2 + 0.005) E radiation lengths. 

5.2 Backenstoss et a l . , (1963a) 

The most recent investigation of cascade shower development i s 

that of Backenstoss et a l . who used a t o t a l absorption spectrometer 

i n a beam of electrons from the C . E . R . p r o t o n synchrotron. From 

t h i s experiment they obtained average shower curves for the case of 

both lead and iron absorbers. Examples of the shower curves obtained 

are shown i n figure A.9 which refers to the case of an iron absorber. 
o 

From these curves i t i s found that the variation of N and T with 
max 

energy are given by 

T = 0.039 ^'^^ radiation lengths with E i n MeV 

and N „^ = 5^95 with E in GeV. 
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6 . Comparison of Results 

6 . 1 I n t r o d u c t i o n 

I n order t o compare the r e s u l t s of the various theories i t i s 

advajatageous t o consider the energy estimates which would be obtained 

f o r showers obtained experimentally. To do t h i s consider three types 

of experiments, namely: 

1 ) An experiment i n which the absorber i s i n the form of numerous t h i n 

sheets separated by l a y e r s of detector e.g. a m u l t i p l a t e cloud chamber 

experiment or a t o t a l absorbtion spectrometer. 

2 ) -An experiment i n which the absorber i s i n afeaumber of t h i c k sheets 

separated by detectors e.g. the London experiment described i n t h i s 

t h e s i s . 

5 ) An experiment i n which the absorber i s i n the form of a s o l i d block 

e.g. a cosmic ray b u r s t experiment. 

For each of these types of experiment the shower parameters -vdiich 

can be used t o determine the energy are l i m i t e d by the design of the 

experiment. Ihese parameters and the v a r i a t i o n of estimated energy 

w i t h the shower theory used are described i n the f o l l o w i n g paragraphs. 

6 . 2 Thin p l a t e experiment 

I n t h i s type of experiment i t i s pos s i b l e , since the shower i s 

sampled a t many p o i n t s i n i t s development, t o use the f o l l o w i n g 

parameters t o determine the shower energy, i . e . 

1 ) - The shower p r o f i l e , 

2). The number of p a r t i c l e s a t the shower maximum, and 

5 ) . The t o t a l e l e c t r o n t r a c k length i n the shower. 
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Of these only the second and t h i r d w i l l be considered. Of 
these the parameter which gives the best s t a t i s t i c a l accuracy i s 
the t o t a l e l e c t r o n t r a c k l e n g t h , although t h i s may only be used when 
the shower i s completely developed i n the absorber. Thus there i s an 
upper l i m i t t o the shower energy which can be determined using t h i s 
parameter. On the other hand, the number of p a r t i c l e s a t the shower 
maximum, while g i v i n g l ess s t a t i s t i c a l accuracy, can be used t o extend 
the range of energies which can be determined w i t h a piece of apparatus. 

Consider two cascade showers, i n a m u l t i p l a t e cloud chamber 

co n t a i n i n g t h i n l e a d p l a t e s , w i t h t o t a l t r a c k lengths of 120 r a d i a t i o n 

lengths and 1 2 0 0 r a d i a t i o n lengths r e s p e c t i v e l y when a l l electrons are 

counted. From the values given f o r Approximation B and Buja's r e s u l t s 

i n t a b l e A . l i t can be seen t h a t the estimated energies f o r these 

showers would be as given i n t a b l e A. 2 . 

TABLE A. 2 

T o t a l t r a c k l e n g t h 1 2 0 r . l . 1 2 0 0 r . l . 

Approximation B 1 GeV 10 GeV 

Buja 1 . 0 9 GeV 1 0 . 9 GeV 

I f , however, the electrons used i n the determination of the 

t o t a l t r a c k l e n g t h have energies greater than 10 MeV then the 

t h e o r e t i c a l r e s u l t s ^ i c h can be a p p l i e d t o determine the shower 

energies are those of Approximation A, Crawford and Messel, and Wilson. 

The estimated energies i n these cases are shown i n Table A.J. 
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TABLE A. 3 

T o t a l t r a c k l e n g t h 120 r . l . 1200 r . l . 

Approximation A 5 GeV 5 0 GeV 

Crawford and Messel 5 . 7 5 GeV 5 7 * 5 GeV 

Wilson 2 . 6 7 GeV 2 6 . 7 GeV 

From ta b l e s A. 2 and A.5 . i t can be seen immediately t h a t the 

v a r i a t i o n of estimated energy w i t h the theory considered i s much less 

when a l l shower el e c t r o n s are considered, of the order of 9 ^ v a r i a t i o n 

between the two th e o r i e s considered, than when only electrons of energy 

grea t e r than 1 0 MeV are considered. I n t h i s l a t t e r case a d i f f e r e n c e 

between the estimated r e s u l t s of 2 5 ^ i s q u i t e probable. 

One important p o i n t t o n o t i c e here i s t h a t the d i f f e r e n c e between 

the t h e o r i e s leads t o a constant f a c t o r between the energy estimates 

obtained and thus the u n c e r t a i n t i e s may be removed by normalisation of 

experimental data. 

I f the shower energy i s t o be estimated from the number of p a r t i c l e s 

a t the shower maximum then the c a l i b r a t i o n curves shown i n f i g u r e A. 11) 

would be used. Bom t h i s f i g u r e the r a t i o s of the energies estimated 

using the d i f f e r e n t t h e o r i e s are given i n t a b l e A.h. 





1 2 2 . 

TABLE A.4 

Number of elec t r o n s 10 10^ 

Buja : App. B 1 . 5 8 l . l f l 

(App. A : BuJa) ( 2 , 8 6 ) ( ^ . 7 6 ) . 

(App. A : App. B) ( 5 . 5 5 ) ( 6 . 8 8 ) 

From t h i s t a b l e i t can be seen t h a t the discrepancy between the 

estimated energies increases w i t h increasing number of p a r t i c l e s a t 

the shower maximum. 

6 . 5 Thick p l a t e experiment 

I n t h i s type of experiment only the number of p a r t i c l e s a t the 

shower maximum can be used t o estimate the energy and so the same 

reasoning applies as i n the t h i n p l a t e experiment. 

6 , k Burst experiments 

I n t h i s type of experiment the only measurable shower parameter 

i s the number of p a r t i c l e s l e a v i n g the block of absorber. To i n d i c a t e the 

e f f e c t of the theory used i n esti m a t i n g the shower energy curves are 

p l o t t e d i n f i g u r e s A. 1 1 , A. 1 2 sind A . I 5 of the number of p a r t i c l e s a t a 

f i x e d depth i n a cascade shower as a f u n c t i o n of the shower energy f o r 

the d i f f e r e n t t h e o r i e s . 

From these curves, which apply t o Approximation B r e s u l t s and the 

r e s u l t s due t o Buja, i t can be seen t h a t as the number of p a r t i c l e s 

increases the r a t i o between the energy obtained from Approximation B 

and t h a t from the r e s u l t s of Buja decreases. Also, as the depth i n the 

shower increases the number of p a r t i c l e s f o r which both theories give 
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the same energy i n c r e a s e s , belowAthis number Approximation B g i v e s 
// 

the g r e a t e s t energy, w h i l e above i t Buja's r e s u l t s give the g r e a t e s t 

energy. 

7 . Discussion 

From the preceding paragraphs i t can be seen t h a t the method of 

energy e s t i m a t i o n which i s l e a s t l i k e l y t o introduce u n c e r t a i n t i e s 

i s t h a t using the t o t a l e l e c t r o n t r a c k l e n g t h i n the shower. Thus, 

i f e l e c t r o n , or photon, energies are t o be determined from the cas

cade showers which these produce an4 experiment i n which the absorber 

i s i n the form o f a number of t h i n p l a t e s w i l l give the most accurate 

values. 
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