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ABSTRACT 

The energy lo s s f o r a smal l area p l a s t i c phosphor 

s c i n t i l l a t i o n counter as a f u n c t i o n of p a r t i c l e momentum 

has been i n v e s t i g a t e d us ing the Diirham Mk 3 Spectrograph 

with the i n t e n t i o n of c l a r i f y i n g the p o s i t i o n regarding the 

decrease i n energy l o s s f o r p a r t i c l e s of momenta greater 

than 10 Gev r e c e n t l y predicted by T s y t o v i t c h . The r e s u l t s 
c 

are cons i s t en t wi th the theory of Sternheiraer and show only 

a s l i g h t decrease i n the momenttim range 10 GeV to 100 GeV 
c c 

which i s much l e s s than that predic ted by Tsytov i toh . 
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PREFACE 

T h i s t h e s i s descr ibes the work done by the author 

i n the Cosmic Rad ia t ion Group bf the Physios Department of 

Durham U n i v e r s i t y under the superv i s ion of D r . M.G. Thompson. 

The work on the smal l area s c i n t i l l a t o r counter with 

regards to the energy loss was done by the author, the 

running and cons truc t ion of the spectrograph to obtain the 

p a r t i c l e momenta was c a r r i e d out wi th the a s s i s t a n c e of the 

other members of the group. 



CHAPTER I 

1.1 In troduc t ion 

When f a s t charged p a r t i c l e s namely muons pass through 

a medi-um they i n t e r a c t with the atoms of the medium t r a n s f e r r i n g 

energy to the atoms by i o n i z a t i o n or e x c i t a t i o n processes . 

These are the most important sources of energy lo s s f o r muons 

12 

of energy l e s s than 10 eV. Bethe and Ashkin (I952), P r i c e 

(1955) and l a t e r Cousins and Hash (I962) have reviewed the s tudies 

made on the processes of energy l o s s . 

I n s tudying the ra te of energy l o s s as a funct ion of ^rtitfe 

momenttun i t i s necessary to have a method f o r measuring the energy 

l o s t by i o n i z a t i o n accompanied by an accurate determination of the 

energy i . e . momentum, of the i n c i d e n t p a r t i c l e . There have been 

few experiments u s i n g the s c i n t i l l a t i o n counter astWdetector 

and these have s u f f e r e d from e i t h e r i n s u f f i c i e n t s t a t i s t i c s or 

i m c e r t a i n t y i n the energy determinations and u s u a l l y the momentum 

range over which the energy l o s s has been taken has been r e s t r i c t e d . 

The study presented i n t h i s t h e s i s descr ibes the energy 

l o s s of muons i n a smal l area p l a s t i c phosphor s c i n t i l l a t i o n 

counter of t h i n c r o s s - s e c t i o n us ing the Durham Mk 3 Spectrograph 

and covering a momentum range of O.4 to 100 GeV/c. The energy 

l o s s processes are d i scussed i n Chapter 2 and a q i i a l i t a t i v e 

express ion f o r the most probable energy l o s s i n the p l a s t i c 

phosphor as a f i m c t i o n of momentum der ived . Chapter 3 reviews 

the recent experiments by other workers on the energy lo s s of 

charged p a r t i c l e s i n p l a s t i c phosphor. Chapter 4 descr ibes the 

Durham Mk 3 Spectrograph i n c l u d i n g a l l the e l e c t r o n i c c i r c u i t s , 

coincidence -units and pu l s ing i in i ts f o r operat ion,with the d e t a i l s 



of the photographic technique and gat ing system used to record 

the pulse h e i g h t s . The construct ion and t e s t of the s c i n t i l l a t i o n 

counter used to record the energy l o s s i s descr ibed i n Chapter 5-

The c a l c u l a t i o n s requ ired to f i n d the momentum of the inc ident 

p a r t i c l e s , t h e i r acc\ iracy and the f i n a l r e s u l t are presented i n 

Chapter 6. Chapter 7 concludes the study with a c r i t i c a l comparison 

of the resxi l ts with the theory. The introduct ion c loses with a 

shor t d i s c u s s i o n of the t h e o r e t i c a l work i n v e s t i g a t i n g i o n i z a t i o n 

l o s s , 

1.2 Previous I n v e s t i g a t i o n s of I o n i z a t i o n Loss 

I t has a l ready been ind ica ted that the two most important 

processes by which a p a r t i c l e losses energy i n t r a v e r s i n g matter are 

i o n i z a t i o n and e x c i t a t i o n . Using the simple o r b i t a l model of the 

atom, e x c i t a t i o n occurs when an e l e c t r o n i s d i sp laced to an orb i t of 

l a r g e r radius and i o n i z a t i o n when the e l e c t r o n i s completely removed 

from the atom. Bohr (1913) 1915) presented the f i r s t t h e o r e t i c a l 

treatment d e r i v i n g ib texpres s ion given below for the rate of energy 

l o s s of a p a r t i c l e f o r energy t r a n s f e r s l e s s than 70 

^ 2 C r v N ^ c ^ Z ^ [ l 4 w y i 7 C H 2 5 ) y 1.1 

where 'zT.fA^^C*' f o r non r e l a t i v i s t i c p a r t i c l e s 

which i s the case f o r muons. i s the v e l o c i t y of the 

i n c i d e n t p a r t i c l e of charge 2 C , i s the mass of the e l e c t r o n , a.^<^ 
incident 

VV\ the mass of theji p a r t i c l e . 



ICz) 
i s the mean i o n i z a t i o n p o t e n t i a l of the absorber of 

atomic number 2 , oc the f i n e s t ruc ture constant and 

, the other symbols have t h e i r usua l 

meanings. 

Although Bragg ( I 9 I 2 ) v e r i f i e d the v a r i a t i o n of -

with 1^ pred ic ted by equation 1.1 i t was l a t e r shown that the 

theory was inadequate. Wil l iams (1945) lias shown t h i s p a r t i c u l a r l y 

w e l l . Bethe (1930, 1932) us ing Quantum Mechanics extended the 

treatment to cover r e l a t i v i s t i c p a r t i c l e s g i v i i ^ equation 1 .2 . f o r 

the ra te of energy l o s s , , f or energy t r a n s f e r l e s s than 70 

1.2 

The work of Wil l iams (1945) shows that t h i s express ion 

agrees w e l l wi th experiment however Swann (1938) ind ica ted that the 

logar i thmic increase of - d E with p a r t i c l e energy E would be 

reduced by p o l a r i s a t i o n of the medium because t h i s would d i r e c t l y 

e f f e c t the energe t i c p a r t i c l e s f i e l d . * Fermi (1940) and latere<jpef.'K>«r,fo.l 

workers showed a p la teau i n the energy l o s s curve a t higher energies 

due to the reduct ion i n the logari thmic increase as a r e s u l t of t h i s 

p o l a r i s a t i o n ; the onset of the p lateau region depending on the 

m a t e r i a l . 

Extens ions to the Fermi theory have been made by s e v e r a l 

authors^ Di-iee (1955); Gouoino and ITooh (1963) but p a r t i c u l a r l y by 

Sternheimer (1956) who c a l c u l a t e d the e r r o r introduced by Fermi ' s 

assumption that the e lec trons of the absorber have only one 

d i s p e r s i o n frequency. T h i s he found to be a few per cent i n the 

reg ion of the minimtun and zero a t high energ ies . 

f^tld \V Sv̂ cUoi V A J o u ^ V\pioa: VU> oypoi«S + W o(? VV^̂  \ « A C v < i « ^ t 



Recent ly T s y t o v i t c h (1962 a , b , c ) has predicted a 

reduct ion i n the energy l o s s due to smal l energy t r a n s f e r s 

(<C20 KeV) a t / e n e r g i e s above 10 Ge7 ( » 100) which occur 

as the r e s u l t of r a d i a t i v e correc t ions not considered i n the 

e a r l i e r theory. His work has been supported by the experimental 

work of Zhdanov e t a l (I963) and Alekseeva e t a l (I963) Tising 

nuc lear emulsions. However other workers have not found th i s 

decrease and the present study was xondertaken to t r y and c l a r i f y 

the p o s i t i o n . 

I 



CHAFPER 

The Theory of Energy Loss by I o n i z a t i o n 

2 .1 I n t r o d u c t i o n 

Before looking i n d e t a i l a t the * theory of energy los s 

d\ie to i o n i z a t i o n ' i t i s necessary to understand why the many 

other mechanisms by which f a s t p a r t i c l e s lose energy i n 

t r a v e r s i n g an absorber are not considered. These inc lude , 

d i r e c t p a i r product ion, bremsstrahlung, Cerenkov r a d i a t i o n 

and nuc lear i n t e r a c t i o n s . 

When the energy l o s s of a r e l a t i v i s t i c p a r t i c l e i s 

measured us ing a t h i n absorber, high energy losses which include 

p a i r production and knock-on e l e c t r o n s , cannot be measiired because 

the r e s u l t i n g high energy knock-on e l ec trons escape from the 

absorber . What are measured are>Tithe more frequent low energy 

c o l l i s i o n s of the p a r t i c l e with the atomic e lec trons of the 

absorber which r e s u l t i n the ' i o n i z a t i o n ' or ' © x c i t a t i o n ' of the 

atom. Moreover, t h i s means that the average or mean energy loss 

Cannot be measured xising a t h i n absorber because e i t h e r i t f a i l s 

to record these high energy losses or i f they are recorded the 

e l e c t r o n i c s a s s o c i a t e d with the counter become sa t i i ra ted . What 

i s measured i s the most probable energy l o s s or mode value which 

i t i s shown l a t e r i s i n s e n s i t i v e to these high energy l o s s e s . 

Consider now the varioxis phenomena that may take place when 

a charged p a r t i c l e passes i n the neighbourhood of an atom. The 

impact parameter b i s def ined as the perpendicular distance from 

the t r a j e c t o r y of the i n c i d e n t ^ p a r t i c l e to the atom, such that the 

' c o l l i s i o n s ' can be d iv ided into three groups: 



(a ) D i s t a n t c o l l i s i o n s , where the impact parameter i s large 

compared with the atomic dimensions. The p a r t i c l e passes 

a t some distance away from the atom and the f i e l d set -up 

a t the atom by i t increases to a maximum and decreases as 

the p a r t i c l e passes . Energy i s t r a n s f e r r e d to the atom 

which undergoes ' e x c i t a t i o n ' or ' i o n i z a t i o n ' . For these 

d i s t a n t c o l l i s i o n s the binding energy of the e lec trons to 

the atoms must be taken into account, while the pass ing 

p a r t i c l e may be considered as a point charge. 

(b) Close c o l l i s i o n s , where the impact parameter i s of the 

order of the atomic dimensions. The i n t e r a c t i o n no longer 

involves the whole atom but ra ther the pass ing p a r t i c l e and 

one of the atomic e l e c t r o n s . The energy t r a n s f e r becomes 

much g r e a t e r , exceeding the i o n i z a t i o n p o t e n t i a l of the 

atomic e l e c t r o n which i s e j e c t e d from the atom with 

considerable energy. 

( c ) Where the impact parameter i s smal l er than the atomic radius 

so that the d e f l e c t i o n of the t r a j e c t o r y of the pass ing 

p a r t i c l e i n the e l e c t r i c f i e l d of the nucletis becomes the 

most important e f f e c t . This r e s u l t s i n e i t h e r photon 

emmision (bremsstrahlung) or i n the creat ion of an e l e c t r o n 

p a i r ( p a i r product ion) . However these e f f e c t s only become 

12 

predominant a t muon energies i n excess of 10 eV and w i l l 

therefore not be discTissed. 



e l e c t r o n 

Q \ m̂  

p a r t i c l e 

(a) 

Dynamics of the c o l l i s i o n bet-.-reen a charged 

p a r t i c l e and an e l e c t r o n (a) B e f o r e , ( b ) A f t e r , 

( p - r e f e r s to momentum and E to energy) 

F i g 2:1 

r ' 



2 .2 Energy Loss by I o n i z a t i o n 

The theory of energy lo s s by i o n i z a t i o n which i s taken 

to include l o s s by e x c i t a t i o n has been covered i n d e t a i l by 

Pane;. (1963) and Ross i (1952) . The stmmiary presented here i s 

taken from R o s s i (1952) and a l s o Wolfendale (1963). 

When cons ider ing the problem of c a l c u l a t i n g the t o t a l 

r a t e of energy l o s s by i o n i z a t i o n i t i s convenient to t r e a t 

s e p a r a t e l y the c lose and d i s t a n t c o l l i s i o n s . When an atom 

becomes i o n i z e d an e l e c t r o n i s e j ec t ed with a given energy. 

I f we s e l e c t a predetermined value rj f o r the e l e c t r o n energy, 

a d i s t a n t c o l l i s i o n can be regarded as one -Hhere the e l ec t ron 

i s e j e c t e d a t an energy l e s s than nrj and a close c o l l i s i o n where 

the e l e c t r o n i s e j e c t e d with energy greater Vas.n7J . Providing 

the valtie of Tj i s s u f f i c i e n t l y smal l and the corresponding 

impact parameter s u f f i c i e n t l y large i t i s poss ible to t r e a t a l l 

d i s t a n t c o l l i s i o n i s by cons ider ing the inc ident p a r t i c l e as a point 

charge . Conversely c lose c o l l i s i o n s can be treated by cons ider ing 

the atomic e l e c t r o n s as f ree p a r t i c l e s i f the value of i s 

s u f f i c i e n t l y large and the corresponding impact parameter s i i f f i c -

i e n t l y s m a l l . A valtie of the l i m i t i n g energy f f j between 10^ 
5 

and 10 eV s imultaneously s a t i s f i e s both condi t ions . 

2 . 2 . 1 Close C o l l i s i o n s As i n d i c a t e d prev ious ly a c lose c o l l i s i o n i s not unl ike a 

c o l l i s i o n between a charged i ) a r t i c l e and a free e l e c t r o n . Consider 

the c o l l i s i o n shown i n Fig i ire 2.1 between a heavy p a r t i c l e of mass m 

and an e l e c t r o n of mass mg. The i n i t i a l momentum of the p a r t i c l e 
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2.1 

i s p and i t s momentum a f t e r c o l l i s i o n p . Then the 

energy of r e c o i l of the e l e c t r o n E ' which i s e jec ted a t 

an angle 0 to the d i r e c t i o n of the inc ident p a r t i c l e i s given 

by: 

E ' = ^ t y c V P^e^ C^s^ e _ ^ 

Thus the energy of r e c o i l E ' increases as 6 decreases such that 

e l e c t r o n s knocked on at smal l angles have high energy. The 

maximum t r a n s f e r a b l e ensrgy corresponds to a 'head on' c o l l i s i o n 

and putt ing ^ r 0 i n equation 2.1 takes the va luej 

2 2 2 
E ' =. 2 m^ o . P c 2,2 

F o r r e l a t i v i s t i c p a r t i c l e s where p ^ ^ m c and for muons where 

2 ^ 
m 207 (v\^ the term C can be neglected such that 

r 
equation 2 . 2 . reduces t o : -

E ' = 2 « t c ^ _ e i £ ^ 
F o r p a r t i c l e s of very large nriomenta p > ^ 

,v>"^c« 4 2 ^ a ^ c ' p m ĉ 
2m, 

e 
then the maximum t r a n s f e r a b l e energy becomes:-

E ' ^ po •=! E 2.4 

where E i s the i n i t i a l k i n e t i c energy of the inc ident p a r t i c l e . 

Thus a p a r t i c l e of extremely high energy can t r a n s f e r almost a l l 

i t s k i n e t i c energy to an e l e c t r o n even i f the mass of the p a r t i c l e 

i s much l a r g e r than the e l e c t r o n mass. However t h i s condit ion 

a p p l i e s only to muons with momentum i n excess of GeV and 
c 

when cons ider ing the most probable energy lo s s c lose c o l l i s i o r s 



with high energy t r a n s f e r are neglected. 

Thus the condit ions which do apply are 01*4. m 

such tha t equat ion 2 . 2 . becomes:-

where p i s the v e l o c i t y of the inc ident p a r t i c l e i n terms of 

the v e l o c i t y of l i g h t . Hence for heavy p a r t i c l e s of s i i f f i c i e n t l y 

s m a l l momenta (<20GeV) E'^^ the maximiun trans ferable energy depends 

only on the v e l o c i t y . 

How when a charged p a r t i c l e passes through an absorber i t 

passes the atoms at a wide v a r i e t y of impact parameters. The energy 

t r a n s f e r to the e l e c t r o n for each impact parameter can be c a l c u l a t e d . 

To f i n d the t o t a l energy lo s s of the p a r t i c l e as i t passes through 

the absorbner i t i s necessary to f i n d the p r o b a b i l i t y of the p a r t i c l e 

having a c o l l i s i o n with a g iven energy t r a n s f e r and then sum t h i s over 

the whole energy range from y to E'^^^. Note that any t r a n s f e r of 

energy < 97 i s regarded as a d i s t a n t c o l l i s i o n . . 

L e t ^ ( E , E ' ) d E ' d x r e p r e s e n t the p r o b a b i l i t y of a charged 

p a r t i c l e of k i n e t i c energy E t r a v e r s i n g an absorber of thickness 

—2 

dx.g.cm" t r a n s f e r r i n g an energy between E * and E ' -4- d E ' to an 

atomic e l e c t r o n . An approximate r e l a t i o n f o r th i s p r o b a b i l i t y i s 

g iven by the Rutherford formula, 

r > j i f p j i r 2 . 6 

Note that i t i s us i ia l to express the th ickness of the absorber i n 

u n i t s of mass /uni t a r e a , thus a length of xcm of an absorber of 
- 3 - 2 

d e n s i t y ^ gm.cm has a t h i c k i ^ s s ^ gm.cm * x represents the 

charge on the i n c i d e n t p a r t i c l e and the constant C i s given by: 

• A A 2 .7 
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where Z i s the atomic number and A the atomic weight of the 
m a t e r i a l , N i s Avogadro's number and r ^ r e ^ ^ ^ the c l a s s i c a l 
r a d i u s o f the e l e c t r o n . O represents the t o t a l 'area' 
covered by the e l e c t r o n s contained i n one gram of absorber, 
each considered as a sphere of r a d i u s r 

I f the dependanoe of the c o l l i s i o n p r o b a b i l i t y on the 
parameter of p a r t i c l e and medium i s examined: the term Cdx shows 
the p r o p o r t i o n a l i t y o f the c o l l i s i o n p r o b a b i l i t y t o the e l e c t r o n 
d e n s i t y ; the term shoxfs the e f f e c t of the time o f d u r a t i o n 
o f the c o l l i s i o n i . e . a slow p a r t i c l e ( s m a l l yS ) spends a l o n g 
time i n the v i c i n i t y o f each e l e c t r o n g i v i n g a c o r r e s p o n d i n g l y 

2 
h i g h e r energy t r a n s f e r : the f a c t o r z sho^fs the dependance o f the 
energy t r a n s f e r on the s t r e n g t h of the e l e c t r i c f i e l d a t the e l e c t r o n 
and the V^fJ)'' "term a r i s e s from the hig h e r p r o b a b i l i t y of large impact 
parameters i . e . the l a r g e r the impact parameter the s m a l l e r the 
energy t r a n s f e r . 

The R u t h e r f o r d formula i s v a l i d f o r E'^< E' the maximum 
m 

transferab44, energy, however when the energy of the knock-on e l e c t r o n 
i s h i g h the r e l a t i o n breaks down and c o r r e c t i o n terms are necessary. 
¥hen h i g h e r energies are be i n g considered o b v i o u s l y the impact para­
meter i s s m a l l and because o f t h i s the s p i n of the i n c i d e n t p a r t i c l e 
must be taken i n t o account. Bhabha (l93^) and Massey and Corban (1939) 
c a l c u l a t e d an e x p r e s s i o n f o r the c o l l i s i o n p r o b a b i l i t y f o r p a r t i c l e s 
o f mass m and s p i n -g- g i v e n below:-

when E'^<E'^ t h i s reduces t o e q u a t i o n 2.6 
Equations have been d e r i v e d f o r oth e r values of the s p i n o f 

the p a r t i c l e these are l i s t e d by Rossi (l952). 
-2 

I t i s no-fa)possible t o c a l c u l a t e the average loss per gm.cm 
f o r the close c o l l i s i o n s . I f / (E, E') dE'dx 

r e p r e s e n t s the p r o b a b i l i t y o f a p a r t i c l e w i t h k i n e t i c energy E 
t r a n s f e r r i n g an energy between E' and E' - f dE' vrhen t r a v e r s i n g an 

2.8 
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a t s o r t e r of thickness dx gm.cm ^ then E » ^ ( E , E ' ) dx 

w i l l represent the energy l o s t hy the p a r t i c l e . Integrating 
-r 

t h i s over the energy t r a n s f e r range Tj to E«j^ for close 

c o l l i s i o n s gives the average l o s s : -
X 

Thus for an ahsorber of thickness 1 gm.cm 

where E'jii may be ohtained from equation 2.1. Then s u h s t i t u t i n g 

f o r ^ ( E , E ' ) d E ' from equation 2.8 and imposing the conditions:-
2«2 

m yy m̂ , E « and ̂  « E'^ we f i n d : -

2.12 

2.2.2Distant C o l l i s i o n s 

When considering a d i s t a n t c o l l i s i o n i t i s necessary to 

take into account the "binding of the electrons to the atoms. 

Bethe (1930, 1932) developed a theory f o r the average energy loss 

due to d i s t a n t c o l l i s i o n s by considering the system 

formed by an atom and by the incident p a r t i c l e and computing the 

p r o b a b i l i t i e s f o r the various possible t r a n s i t i o n s leading to 

e x c i t a t i o n or i o n i z a t i o n of the atom. Using Bom's approximation 

he obtained for a p a r t i c l e of charge « an average energy l o s s 

-dE 

- a ? ICi^ljzl \LhA,J^n£_ - ^ ^ 1 2.13 
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where I (3) i s the average i o n i z a t i o n p o t e n t i a l of an atom of 

atomic number Z. The valtie of I (Z) can be found t h e o r e t i c a l l y 

or deduced from experimental data. 

Bloch (1933) suggested the r e l a t i o n : -

I ( z ) = % z 2.14 

where I ^ = 13.5 tlie energy corresponding to the Rydberg frequency. 

More accurate c a l c u l a t i o n s have been c a r r i e d out by Wick (l941» 

1943), Halpem and H a l l (1948) and Caldwell (1955), these are l i s t e d 

i n Rossi (I952). There i s an uncertainty i n the a c t u a l values of 

I (Z|^ however the.subsequent e r r o r introduced i n c a l c u l a t i n g 

-dE , . 
(<•*/) •̂'••̂  ̂ ® small because I (3) i s i n the logarithmic term. 

2.2.3 The T o t a l Energy Loss by C o l l i s i o n 

The t o t a l average energy loss f o r both close and d i s t a n t 

c o l l i s i o n s w i l l be given by:-

L c|xCtohxl)J L dK07j)\ I X^(<oj )J '-'^ 

S u b s t i t u t i o n of equations 2.13 and 2.12 gives:-

As would be expected t h i s expression i s independant of the 

l i m i t i n g energy.. Then s u b s t i t u t i n g for from equation 2.5 

g i v e s : -

2.17 
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This i s known as the Bethe-Bloch Formula. I t w i l l be noted 

that the energy l o s s i s independent of the mass of the incident 
n 

p a r t i c l e but a £±ij|5tion of i t s v e l o c i t y and charge. Further a 

p l o t of energy l o s s Ctct^) P o ^ or (= ^ ^ 2 ! . 

w i l l be a u n i v e r s a l ctirve for a l l p a r t i c l e s with 3 — 1 providing 

the mass of the incident p a r t i c l e i s much larger than that of the 

el e c t r o n , which i s the case for muons. Figure 2.2. shows the form 

of t h i s curve; there are four d i s t i n c t regions divided according 

to the p a r t i c l e v e l o c i t y . 

Region ( a ) . The p a r t i c l e has a low v e l o c i t y w i t h ^ i n 

the range O.96 ^ 0.1. This i s the c l a s s i c a l region, the 

rate of energy l o s s f a l l s r a p i d l y as > as the v e l o c i t y i s 

increased, because the time of c o l l i s i o n of the p a r t i c l e with the 

atom becomes progressively reduced. 

Region ( b ) . The p a r t i c l e has a v e l o c i t y such that^:;approaches 

tmity, the term ^^2 becomes almost constant such that no further 

reduction can occxir and the rate of energy lo s s takes on a minimum 

value with 0.96. 

Region (c) . The logarithmic term i n eqmtion 2.16 becomes 

important producing a slow logarithmic r i s e . This i s due to the 

increased value of the maximum transferable energy E'^ (This can 

best be seen by reference to equation 2.2^) and to the r e l a t i v i s t i c 

extension of the Coulomb f i e l d of the incident p a r t i c l e at r i g h t 

angles to i t s path making the p a r t i c l e s ' presence f e l t a t large 

distances from i t s path. 

Region ( d ) . As ^ increases the logarithmic r i s e i s 

reduced by the onset of the density e f f e c t which w i l l be disctissed 

i n the following s e c t i o n . 
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2.3 Corrections kit the B a s i c Theory 

2.3.1 The Density E f f e c t 

I n studying the in t e r a c t i o n s of charged p a r t i c l e s with 

atomic electrons the atoms have been considered to be i s o l a t e d , 

thus no account has been taken of the e f f e c t that neighbouiring 

atoms have on the c o l l i s i o n . Any e f f e c t w i l l of course depend 

on the number'of atoms i n the material. I t i s i n order to 

neglect to a large extent t h i s e f f e c t when considering gases and 

close c o l l i s i o n s , however when the impact parameter i s larger than 

atomic dimensions, as for d i s t a n t c o l l i s i o n s , t h i s i s not possible. 

F o r such c o l l i s i o n s the e l e c t r i c f i e l d of the passing p a r t i c l e i s 

screened by the intervening atoms of the media thus reducing the 

i n t e r a c t i o n and hence the energy l o s s . Since the d i s t a n t c o l l i s i o n s 

become more and more important as the p a r t i c l e v e l o c i t y increases 

the c o r r e c t i o n applied to the energy l o s s expression i s an increasing 

flmction of the v e l o c i t y . Sternheimer (1959) showed that for lead 
P. / 

the density e f f e c t becomes s i g n i f i c a n t a t r 100 i.e./6= 0,99995 

with a c o r r e c t i o n of about 0.1 MeV/g.cm ^on the energy l o s s . 

Reference to Figtire 2.2 shows that despite the density 

c o r r e c t i o n there s t i l l e x i s t s a slow r i s e i n the energy l o s s . This 

i s explained by the f a c t that the close c o l l i s i o n s are not influenced 

by neighbouring atoms and increase the energy loss as the valxie of 

the maximum transferable energy E*m increases with increasing 

p a r t i c l e v e l o c i t y (reference eqiiations 2.12 and 2.2). Thus a 

density e f f e c t c o r r e c t i o n normally known as the 'Density Correction' 

must be i n s e r t e d i n equation 2.12 which then becomes:-

2.18 



15 

Although Swann (1938) put forward the idea of a 'Density 

e f f e c t ' Fermi (I94O) was the f i r s t to t r e a t i t t h e o r e t i c a l l y . 

Assuming only one dispersion frequency he calculated the Poynting 

Vector for the r a d i a t i o n f i e l d of the excit e d macroscopic absorber 

and equated i t to the energy l o s s giving the following expressions 

fo r for "tlie case of s i n g l y charged p a r t i c l e s . 

f o r / S 7 ^ ' ' ' ^ ^(^) = ^ C » 2 i £ ^ U 6 : : U l ^ e ^ ^ ] 2.20 

where € i s the d i e l e c t r i c constant of the medivun r e l a t i v e to 

vacutim. 

Halpern and H a l l (1940, 1948) and Wick (1941, 1943) extended 

Fermi's treatment by considering i n d e t a i l the behaviour of atomic 

e l e c t r o n s belonging to d i f f e r e n t s h e l l s . This showed again the 

dependanoe of the c o l l i s i o n l o s s on the density of the meditun and 

that Fermi's theory over estimated the reduction i n the c o l l i s i o n 

l o s s . However agreement between the two studies-was poor (see 

R o s s i 1952). Further studies were made by A. Bohr (1948), Messel 

and Ritson (1950) and Schonberg (1951). They pointed out that 

p a r t of the energy d i s s i p a t e d by high energy p a r t i c l e s i n t h e i r 

i n t e r a c t i o n s with atomic electrons goes into Cerenkov r a d i a t i o n 

r a t h e r than into e x c i t a t i o n or i o n i z a t i o n of atoms. The i n t e n s i t y 

of the Cerenkov r a d i a t i o n increases with increasing v e l o c i t y such 

that i t appears that the r e l a t i v i s t i c increase of the energy l o s s 

by d i s t a n t c o l l i s i o n s i s mainly due to the increase of th i s 

r a d i a t i on. C Ce<-co Uov TCL cA«'oLt»'oA reabs oc . 
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F i n a l l y Stemheimer (1956) evaluated the density 

c o r r e c t i o n for d i f f e r e n t absorbers taking into account the 

true d i s p e r s i o n frequencies of the atomic electrons. His 

r e s u l t was i d e n t i c a l to that of Fermi f o r ^ ^ € ^ a n d d i f f e r e d 

by only a few percent i n the region ^ , Sternheimer's 

expression for the 'Density Correction* i s used l a t e r i n t h i s 

chapter to evaltiate a t h e o r e t i c a l c\irve for the most probable 

energy l o s s i n the absorber used i n t h i s experiment. 

2.3.2. Radiative Corrections 

Tsytovitoh (l962^a,b,c) has predicted a reduction i n the 

energy lo s s due to small energy tr a n s f e r s a t high p a r t i c l e 

v e l o c i t y by taking into account r a d i a t i v e corrections. These 

r a d i a t i v e corrections to the bas i c theory r e s u l t from the multiple 

v i r t u a l emmision of photons by the incident p a r t i c l e and Tsytovitch 

has c a r r i e d out a c a l c u l a t i o n of t h i s e f f e c t to tho opdeg of 0^. 

Providing the group v e l o c i t y of the v i r t u a l X-ray photons i s 

smaller than the p a r t i c l e v e l o c i t y he s t r e s s e s that the i n t e r a c t i o n 

of the v i r t t i a l photons with the material greatly magnifies the 

e f f e c t , i . e . for extremely high p a r t i c l e energies and for high 

density m a t e r i a l . 

A density e f f e c t applies to these r a d i a t i v e corrections and 

occurs a t energies l a r g e r than those a t which the density e f f e c t 

i n the main part of the lo s s e s a r i s e s . When these r a d i a t i v e 

corirections are taken into account Tsytovitch finds that a decrease 

of i o n i z a t i o n energy l o s s of about 7 to 10 percent for d e n s i t i e s of 
-3 2 approximately 4g.cm. and ele c t r o n energies with E ̂  200mc should 

occur. Thus the e f f e c t i f r e a l should be detected^in the energy 

range 10 - 100 GeV. 



f r e q u e n c y 
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E m - Median Value 
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^ i g 2;3 R e l a t i v e p o s i t i o n s o f the mode, median and mean 



frequency 

h i g h energy l o s s 

Energy l o s s 

F i g 2:4 The mode value Bp i s i n s e n s i t i v e t o the h i g h energy l o s s 
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2.4 The Most Probable Energy Loss 

2.4.1 Introduction 

When a p a r t i c l e of a given incident energy passes through 

a given thickness of material the energy l o s t by i t i s the r e s u l t 

of a large nximber of independant c o l l i s i o n s . No lanique value for 

the energy l o s s i s obtained f o r a given energy and i t must therefore 

follow a d i s t r i b u t i o n . Landau showed the re s u l t a n t d i s t r i b u t i o n 

of energy l o s s to be a negatively skewed d i s t r i b u t i o n Figure 2.3, 

the high energy t a i l being caused by c o l l i s i o n s i n which a large 

amount of energy i s tran s f e r r e d to the target electron. I t i s the 

peak of t h i s d i s t r i b u t i o n which i s measured experimentally i . e . the 

most probable energy l o s s . 

I t has already been indicated that experimentally i t i s 

d i f f i c u l t to recordjhigh energy losses tising a thin absorber because 

the r e s u l t i n g high energy electrons escape from the absorber, or 

the associated e l e c t r o n i c s s a t u r a t ^ Th\is the mean energy l o s s i s 

not recorded because these high energy losses are not present. 

Reference to Figure 2.4 shows that the most probable energy loss 

\inlike the median and mean value i s i n s e n s i t i v e to these high energy 

losses.,* Thus providing the mode value or most probable energy lo s s 

i s taken these higfe energy losses can be neglected by imposing an 

upper cut o f f . I t i s now necessary to give an expression for t h i s 

most probable energy l o s s as previously we have derived an expression 

f o r the Average Energy l o s s . 
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2.4.2 An Expression for the Most Probable Energy Loss Ep. 

Symon (1948) showed that the most probable energy l o s s 

of a s i n g l y charged heavy p a r t i c l e t r a v e r s i n g an absorber of 
-2 

thickness x g.cm i s given by;-

where 3 i s a ftmction of the parameter G given by 

Note that t h i s expression i s i d e n t i c a l to that derived by 

Landau for G <• O.O5 where j then has the constant value of 

0.38. Sternheimer (1952, 1953, 1956) al s o obtained the above 

expression and i t i s more convenient to \ise h i s notation. Ep 

the most probable energy l o s s i s then given by:-

2.21 

2.22 Ep= Ax [E. + \aL 4 2 U ^ ) + U (^ J . ^^ '$ (^ ) 

where m = mass of the incident p a r t i c l e . 
r 

2 (% (10^) ev) 
A - 2Cm„ o and B = I n 

l2 (Z) 

The term represents the density correction and Sternheimer 

gave expressions for t h i s as follows:-

4.606..X+£,H-a (X,- X)° f o r X < . X, 2.23 

^ ( j i ) = 4.6O6. X4 6, f o r X > X, 2.23a 



1^9 

where ^-l°s(ni~^c ^ ^' are constants 

which depend on the absorber. i s the value of X 

which corresponds to the momentum below which 9" (^ ) — 0. X, 

corresponds to the momentum above which the r e l a t i o n between 

f ( f ) and ^ can be considered l i n e a r . 

S u b s t i t u t i n g f o r ' X in2.23 and?.23a. 

2.24 

2.24a 

I n the experiment to be described a p l a s t i c phosphor II.E.102a 

was used to measure the energy l o s s . For t h i s X% takes the 

value 2 i . e . log^(^m^c )<, 2 which corresponds to a momentum 

p < 10.56 fJeV/c. 

Thtis for p a r t i c l e s of momentum <" 10.56 GeV/c § (^ ) i s given by 

equation 2.24 and for p a r t i c l e s of momenttun ^10.56 GeV/c by 

eqoiation 2.24a. 

S u b s t i t u t i n g the expressions for ^ ) i n the equation 2.22 for 

the most probable energy l o s s . 
For p a r t i c l e s having momentum p < 10.56 GeV/c 

Ep r Ax rg+\.ou u( \ -<x Cx;- x-rl 2.25 
^ O*- ' V J 
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For p a r t i c l e s " having momentum p"> 10.56 GeV/c 

Ep= Ax [g-t. lot + k ( A < ) - i ^ - C , J 2,25 

Equations 2.25 and 2.26 show that Ep depends only on the 

constants of the absorber and the p a r t i c l e v e l o c i t y 

For p a r t i c l e s having momentum^^ 10.56 GfeV/^ ̂  may be taken 

as u n i t y such that Ep becomes i n v a r i a n t for incident p a r t i c l e s 

with momentum higher than 10.56 GeV/c. 

The constants i n the Sternheimer equations 2.25, 2.26, 

have the following valiies f or the ir.E.102a p l c i s t i c phosphor 

absorber. 

A 0.0833 MeV/g Br- 18.69 
a - 0.514 C^=-3.13 
m c 2.595 ^ = 2 
lCz)= ()2-6eV * O OH-H-

Using equations 2.25 and 2.26, the values of Ep for various 

momentvun i n the range 50 meV to 1000 GeV have been calculated 

for a p l a s t i c phosphor 2.5 cms. thick and are presented graph­

i c a l l y i n Figure 2.5 

2.4.3. Comparison of the Most Probable Energy Loss Curve with 
the Average Energy Loss Curve 

The regions denoted by ( a ) , ( b ) , ( c ) , and (d) i n Figure 2.5> 

the most probable energy l o s s curve, r e f e r to the same regions as 

i n the average energy l o s s curve given i n Figure 2.2. I t can be 

seen that there i s l i t t l e difference i n the shape of the curve 

over the regions (a) and ( b ) , however i n the region (c) the 

logarithmic Sis e i s l e s s than that f o r the average l o s s cxirve. This 
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. ..is e a s i l y understood becavise although the maximum 

trans f e r a b l e energy E'̂ ^̂  i s increasing i t does not influence 

the mode value Ep. anefe "thtvS the increase i n Ep i n t h i s region 

i s due s o l e l y to the r e l a t i v i s t i c extension of the Coulomb 

f i e l d . The f a c t that Ep i s in v a r i a n t to the increasing 

values of E'̂ ^̂  becomes more pronounced i n the region ( d ) . I n 

the average energy lo s s curve,E^ increases i n t h i s region with 

i n c r e a s i n g values o f ^ because of the corresponding increase 

i n E' for close c o l l i s i o n s , t h i s i s despite the reduction i n m 

E ca\ised by the density e f f e c t . Without t h i s increase for 

close c o l l i s i o n s , which i s the case when considering Ep the 

most probable energy l o s s , Ep approaches a constant value and 

the curve takes on the form of a plateau. 
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CHAPTER 3 

Recent Work on Energy Loss i n P l a s t i c 
Phosphor S c i n t i l l a t i o n Coxinters 

Becaxise the r e l a t i v i s t i c r i s e i n the energy loss curve 

depends on the magnitude of the density correction which v a r i e s 

depending on the value of the atomic number Z for the absorber, 

Sbe<Ane;'̂ er H52) i t i s only of i n t e r e s t to consider experiments which have used 

s i m i l a r absorbers. Three experiments are described; Barnaby (196I), 

C r i s p i n and Hayman (1964), and Smith and Stewart (1966). 

3.1 Experiment by Bamaby I96I 

This was one of the f i r s t experiments to use p l a s t i c 

phosphor as an absorber with which to measure i o n i z a t i o n loss and 

was a fore-runner to the experiment by C r i s p i n and Hayman. 

Figure 3.1 shows the experimental s e t up which was placed 55 m.w.e. 

underground where the incident r a d i a t i o n i s more homogeneoiis than 

a t sea l e v e l . A large p l a s t i c phosphor 58 c™* 17'5 cin. x 

3«8 cm. was used to measure the energy lo s s of the incident muons 

and t h e i r energies estimated by using lead absorbers i n the telescope. 

A simple hodosoope arrangement indicated whether the muons had 

stopped between^trays C and D or\trays D and E or had passed through 

t r a y E. 12.5 oma. of lead was placed between the trays C and D and 

between trays D and E. Di f f e r e n t thicknesses of lead 10, 35> 

85 cm. were placed s u c c e s i v e l y between trays A and C. This enabled 

s i x d i f f e r e n t muon energy ranges to be detected becaiise some 

p a r t i c l e s were stopped betv/een C and D and others between D and E. 
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Two f i n a l points were determined by \ising 7*5 cm. of lead' 

between tray C and D, 7*5 om. between D and E and 10 cm. 

between A and C. With the maximum amount of lead i n the 

telescope the minimum energy of the p a r t i c l e s which jti s t 

passed through -was - 1.55 GQV. Then for a l l p a r t i c l e s which 

passed r i g h t through^a median energy of 10 GeV was calculated 

from the energy spectrum a t 55 m.w.e. Thus the energy loss 

was determined f o r nine values of p a r t i c l e momentum. 

The r e s u l t s are shown i n Figure 3.2. Cvirve (a) shows 

the most probable energy l o s s d i s t r i b u t i o n for muons i n the 
Be,tKe-BlocV> 

phosphor c a l c u l a t e d according to Stcrnhoimor without the density 

c o r r e c t i o n and curve (b) shows the d i s t r i b u t i o n with the density 
a 

c o r r e c t i o n . Barr̂ jSby concluded that the r e s u l t s did not show any 

s i g n i f i c a n t r i s e ( l e s s than 1%) between 0,5 and 10 GeV and were 

i n agreement with the Sternheimer prediction that the density 

e f f e c t i n organic materials i s s u f f i c i e n t l y large to eliminate 

the r e l a t i v i s t i c increase of the most probable energy loss of 

muons. 

3.2. Experiment by C r i s p i n and Hayman 1964 

This experiment was designed to extend the previous 

i n v e s t i g a t i o n by Barnaby to energies approaching 200 GeV. The 

s c i n t i l l a t i o n counter of dimensions 55 cm. x I7.5 om, x 3.7 cm. 

was s i m i l a r to that used by Bamaby. This was mounted i n the 

middle of the Durham cosmic ray spectrograph; the experimental 

arrangement i s shown i n Figure 3*3. Geiger counters were used 

as detectors and recorded the p a r t i c l e track automatically. 

The associated e l e c t r o n i c s and automatic recording systems have 
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been described by Brooke e t a l (1962) and Jones e t a l (1962). 

I n order to make high energy measurements, requiring greater 

acciiracy, l a y e r s of neon f l a s h tubes ^rere used. These have 

been described i n d e t a i l by Hayman and Wolfendale (I962) and 

i t i s the r e s u l t s from these measiorements that are discussed. 

There were four meastiring l e v e l s A B C and D i n the 

spectrograph, two above and two below the large electromagnet. 

Each l e v e l had a t r a y of Geiger counters and eight l a y e r s of 

f l a s h tubes. P and G are the counters associated with the 

s c i n t i l l a t o r and magnet gap respectively^Figure 3 . 3 . The 

pulses from the s c i n t i l l a t i o n counter were analysed using a 

logarithmic pulse haight analyser, Barton and C r i s p i n (I962). 

Two s e r i e s of experiments were performed, the f i r s t i n 

the momentum range 0.4 to 10 GeV/c ran concurrently with a proton 

absorption experiment i n which a layer of lead was placed above 

the l e v e l D. P a r t i c l e s passing through t h i s layer were recog­

nised as muons. I n the second,particles having momenta above 

3 GeV/c were s e l e c t e d e l e c t r o n i c a l l y using a momentum sele c t o r 

described by Hayman and Wolfendale (I962). 

The two set s of data were combined for the f i n a l r e s u l t 

and are shown i n Figure 3.4 together with the r e s u l t s obtained 

by Barnaby I96I and the t h e o r e t i c a l l y predicted curve using 

Sternheiners density correction. Since i t was possible to 

d i s t i n g u i s h the charge of p a r t i c l e s passing through the spectro­

graph the r a t i o of po s i t i v e to negative muons was measured, a 

value of 1.009 i 0.015 was obtained which i s consistent with 

there being no difference i n io n i z i n g power between the two. 
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C r i s p i n and Hayman concluded that within the 

experimental e r r o r t h e i r r e s u l t s agreed with Sternheimerfe 

theory up to a momenttim of I 5 GeV/c which predicts a 1'3% 

r i s e over the range 0.2 to 10.5 GeV/c and no further r i s e 

above t h i s momentum. There was however an i n d i c a t i o n of a 

s l i g h t increase of 3'/° over the t h e o r e t i c a l value a t 

100 GeV/c. The r e s u l t s are comparable with those of 

Bamaby wit h i n the experimental e r r o r and lend no support to 

the theory of r a d i a t i v e corrections by Tsytovitch. 

3 , 3 Experiment by Smith and Stewart 

The i o n i z a t i o n l o s s of r e l a t i v i s t i c electrons i n the 

energy range 20 - I 5 0 MeV has been studied i n a small area 

s c i n t i l l a t o r c o n s i s t i n g of a 1I,E. 102a p l a s t i c phosphor d i s c 

3.1 mm. thick and 2 . 5 cm. i n diameter. The e l e c t r o n beam was 

obtained from a p a i r spectrometer placed i n the bremsstrahlung 

beam of a 320 MeV e l e c t r o n synchroton. The f i e l d of the spectro­

meter could be v a r i e d to supply electrons up to I56 MeV energy. 

The beam a f t e r passing through the coimter under in v e s t i g a t i o n 

CI was defined by two small coxmters C2 and C3 to within ^ 1° 

these counters were a l s o Tised to gate a pulse height analyser 

recording the pulse height from C I . -

The experimental r e s u l t s are given i n Figure 3*5 together 

with the t h e o r e t i c a l curve predicted by Stemheimefs theory for 

the energy l o s s . Curve (a) shows the loss without the density 

corrections and (b) with i t included. The r e s u l t s agreed well 

with Stemheimers theory and did not support the decrease 

predicted by Tsytovitch, 
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3.4 Stmimary 

A l l three experiments support the Sternheimer theory 

of energy l o s s and give no i n d i c a t i o n of the 7 - 10^ decrease 

over the momenttun range 10 - 100 GeV/c predicted by Tsytovitch. 

Of the three experiments that by C r i s p i n and Hayman i s 

the most r e l i a b l e . The muon energies were determined using 

a cosmic ray spectrograph such that errors a f f e c t i n g the energy 

l o s s i . e . Systematic d r i f t i n the e l e c t r o n i c s and ageing of the 

p l a s t i c phosphor of the s c i n t i l l a t i o n counter^could be neglected. 

This i s because a spectrograph accepts p a r t i c l e s of a l l momenta 

i n each day's run so that any d r i f t e t c . w i l l not a f f e c t the 

ac t u a l energy l o s s values r e l a t i v e to each other. 

The experiment by Barnaby suffered from lack of pr e c i s i o n 

i n determining the p a r t i c l e energy because the method r e l i e s on 

estimating a mean value of p a r t i c l e energy for a l l p a r t i c l e s 

which have been stopped-in a given thickness of absorber. 

The r e s u l t s of Smith and Stewart show a rise^ o v e r the 

measured range - 5© to 300, t h i s i s inconsistent with theory, 

f o r these values of 2̂  the energy l o s s ciirve for p l a s t i c phosphor 

w i l l have reached the plateau value. The t h e o r e t i c a l curve given 

by the authors does not correspond to that predicted by the 

Sternheimer theory for a p l a s t i c phosphor coimter and i t i s 

unfortunate that the momentum range i s too r e s t r i c t e d to enable 

the general form of the energy loss curve to confirm the v a l i d i t y 

of the r e s u l t s . A systematic d r i f t i n the e l e c t r o n i c s could 

account for the x i s e i n the curve because the energy loss was 

measured separately for each valxje of momentum i . e . the f i e l d of 

the synchroton was adjusted so that the beam contained p a r t i c l e s 
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of a given momentum and the energy l o s s f o r t h i s valiie of 

momentiam was then measured. However the authors confirm 

that the e l e c t r o n i c s were checked against d r i f t during the 

experiment. 
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CHAPTER 4 

The Durham, Mk 3 Horizontal Spectrograph 

This instrument was designed to supersede the Mk I I 

spectrograph by providing a much larger accepting power to i n c l i n e d 

muons, with a magnetic a i r gap d e f l e c t i o n to reduce errors due to 

elaaMo s c a t t e r i n g of the muons. 

4»1 A B r i e f Description of the Instrument 

A d e f l e c t i o n plane view and a back plane view of the spectro­

graph are given i n Figures 4»1 and 4*2. The spectrograph consisted 

of four f l a s h tube trays A.B.C. arai D. which defined the t r a j e c t o r y 

of the p a r t i c l e s i n the d e f l e c t i o n plane passing through i t . S I . 

S2.S3.S4. and 37. were p l a s t i c phosphor coincidence s c i n t i l l a t o r s . 

S5. and S6. were p l a s t i c phosphor anti-coincidence s c i n t i l l a t o r s i . e . 

a pulse from S I , or S7, S2, S3 or S4, and no pulses from S5, and S6, 

constituted an event which triggered the f l a s h tube t r a y s . 

The electromagnet used was of the Blackett type, constructed 

by M e t r c V i c k e r s with an a i r gap of 38 cm. producing a . f i e l d of 4 

k i l o g a u s s a t 40 amps. The f i e l d could be increased further by 

reducing the a i r gap and t h i s would serve to increase s l i g h t l y the 

maximum detectable, momentum (M.D.M), The d e f l e c t i o n of the muons 

was i n the h o r i z o n t a l plane and thus was symmetrical for both positive 

and negative muons, hence the acceptance for both p a r t i c l e s was the 

same. I t should be noted that i n the previous Mk I I spectrograph 

the d e f l e c t i o n was i n the v e r t i c a l plane which lead to possible 

assymetries i n the r e s u l t s . Probably the most important advantage 

over t h i s Mk I I spectrograph was the a i r gap magnet which reduced 

considerably the problems of s c a t t e r i n g . The Mk I I I spectrograph 

was positioned to s e l e c t p a r t i c l e s from a d i r e c t i o n 27° Ea s t of 

geomagnetic F o r t h . 



I CI 
(I) u 
(0 o 

1 

1 1 
zxa 

CO 

J3 

u 
J) 
2 
o 
.1. 
CO 
<u 

3 
0) 

o 
H 



01 
u 

CO 
o 
+> 

,H 

+> 

,H 
o 

•rl 
-P 
s3 

i n 
CO o 

•rl CQ 

Sc
 

CO <J 

u 01 
o 
Xi CO ra

y 
(0 o (M 

CO (D 
o 

o H 
•rl 
-p 

CO 
tn 01 u> Ji 

rH H 
a, 

:} u 
••'0 o 

-p o 
<D 

01 

-p 

o 

01 
•ri 
> 

H a, 

1̂  aJ 

CM 

• 
•n 



u 
<D 
+> I 
O 
a o 
•H 
-P 
a 

o 
B 

•H 

o 
•H 
-P a 
a 

to, 

bo 
• r t 



Paths of electrons 
+200 V +400 V +600 V +800 v + 1000 V 

Cathode / V 
Anode 

+ 1 0 0 v / +300 V +500 V +700 V +9001 
• Dynode 

P i g 454 Schematic diagram of a photomuTtiplier tube, 



29 

4.2 The S c i n t i l l a t i o n Cotmters 

The s c i n t i l l a t i o n counters S3, S4, S5 and S6, which were 

i d e n t i c a l and co-unter S7 are described i n t h i s s ection. Counters 

S I and S2 which were a l s o i d e n t i c a l are discussed i n Chapter 5« 

A S c i n t i l l a t i o n counter normally c o n s i s t s of a rectangular 

phosphor with two l i g h t guidef at each end to which are attached 

photcPmultipliers. Schematic diagram Figure 4.3. A p a r t i c l e 

passing through the counter e x c i t e s or ionizes the atoms i n the 

phosphor. Most of the e x c i t a t i o n energy i s l o s t i n heat but about 

20^ ( f o r the most e f f i c i e n t phosphors^ Breitenberger 19^) reappears 

as l i g h t as the atoms re t u r n from t h e i r metastable excited state to 

the ground l e v e l s t a t e . This light^j^is then picked up by the photo* 

cathodes of the photo3nultiplier tubes cemented to the ends of the 

perspex l i g h t guides; a small f r a c t i o n of the l i g h t w i l l of course 

be l o s t due to reabsorption i n the phosphor and by t o t a l i n t e r n a l 

r e f l e c t i o n trapping within the phosphor and l i g h t guide assembly. 

The incident photons on the photocathode of the ^hotomultiplier 

tube produce photoelectric emmision and the subsequent e l e c t r o n 

current i s amplified by secondary emmision from the dynodes of the 

tube. A schematic diagraun of a ^hotomultiplier tube i s given i n 

Figure 4.4. The f i n a l pulse i s produced between the fllnode of the 

.tube and earth and i s proportional to the energy absorbed by the 

phosphor. 

4.2.1 D e s c r i p t i o n of the Counter Assembly for Counters S3,S4,S5,S6. 

A diagram of the s c i n t i l l a t i o n counters S3, S4, S5 and S6 i s 

given i n Figure 4.5* Tlaae» counter* consisted of a rectangular 

piece of p l a s t i c phosphor N.E. 102a manufactured by Nuclear 
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E n t e r p r i s e s . The makers quote a d e n s i t y o f 1.032 g^n. cm • and a 

decay t ime f o r t l i e f l u o r e s c e n c e o f about 3 n s e c . i . e . t h i s i s the 

average t ime f o r an atom t o decay f r o m i t s metas tahle s t a t e back 

t o i t s ground s t a t e . The dimensions o f each coun te r are g i v e n 

i n t a b l e 4*1 

TABLE 4 . 1 

Counter Leng th Bread th Thickness 

S3 133 75 5 

34 . . 133 75 5 

S5 155 55 3.8 

S6 133 75 5 

S7 22.86 22;:86t'. 2 .54 

.Dimensions g i v e n are i n , c m s . 

To t h i s phosphor were a t t a c h e d two perspex l i g h t guides and t o the 

end o f each o f these a M u l l a r d 53 AVP p h o t o m u l t i p l i e r . A l l j o i n t s 

were cemented w i t h an o p t i c a l cement ty3pe N.E.58O a g a i n s u p p l i e d by 

N u c l e a r E n t e r p r i s e s . I t was necessary t o screen the p h o t o m u l t i p l i e r 

tubes f r o m any s t r a y magnet ic f i e l d wh ich would d e v i a t e the secondary 

e l e c t r o n s pa s s ing between the dynodes o f the tube and hence a f f e c t 

the g a i n o f the t u b e . To do t h i s a c y l i n d r i c a l mu-metal s h i e l d , 

and t h e n an o u t e r i r o n s h i e l d c o n c e n t r i c w i t h i t , was p laced over 

.each p h o t o m u l t i p l i e r t u b e . The i r o n s h i e i d senved t o reduce any-

l a r g e magnetic f i e l d t o the o rde r o f a few^auss which was then 

e l i m i n a t e d by the mu-metal s h i e l d . Each counter assembly a f t e r 

b e i n g c leaned v e r y c a r e f u l l y was p l aced i n a frame o f a lumin i i im 

channe l on suppo r t s which h e l d the phosphor f i r m l y i n p l a c e . To 

make the whole assembly l i g h t t i g h t the s ides o f the frame were 

covered w i t h 20 gauge ( 0 . 0 2 2 " ) a l \ iminium sheet screwed i n p lace 

and a l l j o i n t s were then covered w i t h p l a s t i c tape s u p p l i e d by the 

•3M' Company. On the f i r s t counters the j o i n t s were f i r s t f i l l e d 
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w i t h p l a s t i c i n e however i t was f o u n d l a t e r t h a t t h i s was an 

Tonne^essary p r e c a u t i o n and p o s s i b l y a f f e c t e d the adhesion o f 

the t a p e . The base o f each p h o t o m u l t i p l i e r tube was ea r thed 

t o the coun te r f r a m e , and the E . H . T . and pulse ou tpu t leads were 

t a k e n f r o m each base th ro t igh ho les d r i l l e d i n the coun te r f rame 

t o make the necessary connec t ions t o the head a m p l i f i e r u n i t s o f 

,each c o u n t e r . 

4 . 2 . 2 D e s c r i p t i o n o f the Counter Assembly f o r Counter S7 

A diagram o f coun te r S7 i s shown i n F igu re 4"6 . Th i s 

c o u n t e r had o n l y one l i g h t guide a t t ached t o the p l a s t i c phosphor 

l I . E . 1 0 2 a , the dimensions are g i v e n i n Table 4«1« -A- M u l l a r d 

53 AVP p h o t o m u l t i p l i e r was cemented t o t h i s l i g h t guide w i t h 

o p t i c a l cement I I . E . 5 0 8 . C o n s t r u c t i o n d e t a i l s were as f o r counters 

S3, S4, S5 and S6, and the assembly was mounted i n an a lumin ium box 

s e a l e d w i t h p l a s t i c t a p e . T h i s type o f counte r i s o b v i o u s l y no t 

as e f f i c i e n t as those f i t t e d w i t h two p h o t o m u l t i p l i e r tubes as p a r t 

o f the l i g h t c o l l e c t i o n r e l i e s on r e f l e c t i o n f r o m the b l ank end o f 

the c o u n t e r . 

4 . 2 . 3 The P o s i t i o n s o f the Co-unters i n the Spectrograph 

F i g u r e s 4 . I and 4*2 show the r e l a t i v e p o s i t i o n s o f the 

c o u n t e r s . Counters B l , S2, S3, S4 and S7 were a l l mounted t r i t h 

t h o i p broadoidiQ a t r i g h t angles t o the a x i s o f the spec t rog raph . 

Counters S I and S2 ( d e s c r i b e d i n Chapter 4) were mounted v o r t i o o l l y 

w i t h the axes o f the p h o t o m u l t i p l i e r s h o r i z o n t a l ^ i n an a luminium 

f r a m e . T h i s was necessary t o e l i m i n a t e any d i s t o r t i o n o f the 
fVa«v^e 

mounting]^by the f i e l d f rom the e l ec t romagne t . Counters S3 and 

54 were moimted v e r t i c a l l y w i t h the axes o f the p h o t o m u l t i p l i e r s 
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v e r t i c a l i n a s t e e l f r a m e - w o r k . The a n t i co inc idence counters S5 

and S6 were p l a c e d h o r i z o n t a l l y w h i l e coun te r S7 was suppor ted 

v e r t i c a l l y w i t h i t s p h o t o m u l t i p l i e r a t the lower end. 

4 . 2 . 4 The CoTonter E l e c t r o n i c s and B a l a n c i n g o f the Counters 

F i g u r e 4 . 4 shows t h a t each consecu t ive dynode o f a photo-r 

m u l t i p l i e r tube has an i n c r e a s i n g p o t e n t i a l p laced on i t w i t h r e spec t 

t o the cathode which i s e a r t h e d such t h a t the secondary e l e c t r o n s 

are a c c e l e r a t e d f r o m one dynode t o the n e x t . To do t h i s a dynode 

r e s i s t o r c h a i n was connected, t o the base o f each p h o t o m u l t i p l i e r 

t u b e , the r e s i s t o r va l \ ies which were vised a l o n g w i t h the head 

a m p l i f i e r c i r c u i t f o r the M u l l a r d 53 ATP tubes are shown i n F i g u r e 

4 . 7 . The a c t u a l p i n connec t ions t o the base o f the p h o t o r a u l t i p l i e r 

tube are a l s o g i v e n . 

For each s c i n t i l l a t i o n counte r the two p h o t o m u l t i p l i e r s had 

t o have equa l g a i n , i . e . the most probable p t i l se h e i g h t f r o m each tube 

had t o be the same t o w i t h i n a f ew per c e n t . To do t h i s each tube 

was s u p p l i e d w i t h a v a r i a b l e h i g h t e n s i o n v o l t a g e . The c i r c u i t f o r 

t h i s i s shown i n F i g u r e 4 . 8 . A two k i l o v o l t h i g h t e n s i o n s u p p l y was 

f e d t o each tube t h r o i i g h a t e n p o s i t i o n a d j u s t a b l e IM JL p o t e n t i o m e t e r 

f o r coarse c o n t r o l and i n s e r i e s w i t h t h i s a t en p o s i t i o n 100k J|i. 

p o t e n t i o m e t e r f o r f i n e c o n t r o l . To a d j x i s t the g a i n o f each p h o t o ­

m u l t i p l i e r tube f o r a p a r t i c u l a r counte r the f o l l o w i n g procedure was 

adop ted . 

The o u t p u t f r o m one o f the tubes was f e d i n t o a Pulse H e i g h t 

A n a l y s e r , and the Ana lyse r was, t r i g g e r e d by a s c i n t i l l a t i o n counte r 

t e l e s c o p e s e l e c t i n g cosmic r a y p a r t i c l e s pass ing throxigh the cen t re 

o f the coun te r F i g u r e 4 . 9 . The most p robable pulse h e i g h t f o r 

the p h o t o m u l t i p l i e r j r u l s * was tht is de t e rmined . T h i s was repea ted 
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f o r the second tube and the ga ins o f each tube then a d j u s t e d 

u n t i l t h e i r most p robable pu l se h e i g h t s were equa l t o w i t h i n a 

f ew pe r c e n t . Each coun te r was balanced i n t h i s way. 

A b l o c k diagram o f the e l e c t r o n i c s a s s o c i a t e d w i t h each 

c o u n t e r i s g i v e n i n F i g u r e 4*10. The nega t ive o u t p u t pu lse taken 

f r o m the ^ o d e o f each p h o t o m u l t i p l i e r was f i r s t f e d i n t o a head 

a m p l i f i e r . T h i s i s a th ree s tage u n i t , the c i r c u i t diagram i s 

shown i n F i g u r e 4 . 7 , wh ich was des igned t o g i v e a g a i n o f u n i t y 

and d r i v e the cab le f e e d i n g the channel add ing u n i t . T h i s was 

necessary as the cables had t o be matched and a power l o s s would 

o c c \ i r . 

The channel add ing x i n i t i s shown i n F i g u r e 4 . 1 1 and 

i n c o r p o r a t e s s e c t i o n 2 o f F i g u r e 4 , 1 0 . The two pulses f r o m the 

head a m p l i f i e r u n i t s o f the coun te r were f e d i n t o t h i s \ i n i t which 

has 7 s t ages . Stage 1 mixed the two pulses producing, a s i n g l e 

pu l se which was then a m p l i f i e d i n Stage 2 . Stage 3 s p l i t t h i s 

p u l s e which t h e n f e d the two separa te s e c t i o n s 2 and 3 . S e c t i o n 

2 i n c o r p o r a t i n g s tages 4 and 5 c o n s i s t e d o f an Emmiter f o l l o w e r 

and D i s c r i m i n a t o r . The d i s c r i m i n a t o r l e v e l was se t a t 250 m.V. 

and s topped any unwanted no i se pulses o f va lue l ess than t h i s . 

The o u t p u t pu l se t hen had a cons t an t h e i g h t o f + lOV (matched) 

w h i c h was used t o f e e d the spec t rog raph co inc idence u n i t . 

S e c t i o n 3 i n c o r p o r a t e s Stage 6 an A m p l i f i e r I n v e i r t e r and 

Stage 7 an Emmit«r f o l l o w e r . The p o s i t i v e ou tpu t f r o m t h i s s e c t i o n 

w h i c h i s s t i l l p r o p o r t i o n a l t o the energy l o s s i n the coun te r was 

i n the case o f 32 f e d th rough a gate and mixer and d i s p l a y e d on 

the Cathode Ray O s c i l l o g r a p h as shown i n S e c t i o n 3 F i g u r e 4 . 1 0 . 

Uote s e c t i o n 3 a p p l i e s o n l y t o the coun te r S2. 
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The d i s c r i m i n a t e d o u t p u t f r o m each counte r was f e d i n t o 

the Spec t rograph co inc idence u n i t . ' A b l o c k diagram o f t h i s i s 

shown i n F igu re 4 .12 and the a c t u a l c i r c u i t i n F ig t i r e 4»13» 

Pulses f r o m coun te r s S3 and S4 were f e d to an OR gate ( l ) such t h a t 

a p u l s e f r o m e i t h e r coun te r would produce a pulse which was f e d 

i n t o the M D gate t o g e t h e r w i t h pulses f r o m Sl/S7 and S2. Th i s 
« r 

x i n i t gave an o u t p u t pulse p r o v i d i n g pulses were r e c e i v e d f r o m Sl/S7 

and S 2 , S3 or S 4 . T h i s pu l se was then f e d t o the l A i n ) g » 4 » . Pulses 

f r o m S5 and S6 were f e d i n t o an OR g a t e ( 2 ^ n d the ou tpu t f r o m t h i s 

f e d t o the ITAtTD g o t o . T h i s u n i t gave an ou tpu t pulse p r o v i d i n g no 

pu l se was r e c e i v e d f r o m OR gate (2 )when a pu l se was r e c e i v e d f r o m the 
<Xf\\:\.-Co^oci6tnce. unit 

AHD g a t e . The ou tpu t - pulse f r o m t h i s HiAJ© goto was used t o t r i g g e r 

the Spec t rograph e l e c t r o n i c s which are d e s c r i b e d l a t e r i n t h i s chap te r . 

4.3 The A i r Gap E lec t romagne t 

The e l ec t romagne t (Met"ro:Vi'Ckej's) was o r i g i n a l l y used i n the 

Durham V e r t i c a l Spec t rog raph , f o r the p re sen t exper iment i t had a 

gap o f 45 cm. X 45 cm. X 38 cm. and the f i e l d was 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 p l o t the v a r i a t i o n o f the Magnetic 

I n d u c t i o n B across t h i s gap and t o determine the f a l l o f f i n f i e l d 

o u t s i d e the gap. The f i e l d was measured u s i n g a search c o i l o f 
2 

100 t u r n s and area 1 .1 cm r o t a t i n g a t a cons tan t 50 cyc les per 

second. The o u t p u t f r o m t h i s c o i l when d i s p l a y e d had a s ine wave 

f o r m id - th ampl i tude p r o p o r t i o n a l t o the f i e l d s t r e n g t h . The 

i n s t r u m e n t was c a l i b r a t e d u s i n g a p a i r o f He lmhol tz c o i l s s i > e c i a l l y 

c o n s t r u c t e d f o r the p i i rpose . To determine the f i e l d d i s t r i b u t i o n 
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the a i r gap was d iv ided i n t o three l e v e l s ^ 

10 cm. s e p a r a t i o n with l e v e l on the centre l i n e of the gap. 

Each l e v e l was then given a 10 sq.cm. h o r i z o n t a l g r i d as shown 

i n Figure 4«14 a , "b. With the magnet switched on the f i e l d was 

meaSTired i n each of these g r i d sqimres and at each l e v e l hy 

p l a c i n g the r o t a t i n g c o i l i n i t and noting the s ine wave amplitude 

on the Cathode Ray Osc i l l o scope; the r e s u l t s are shown i n Figure 

4.14. 

A p lo t of the l i n e s of force produced by the magnet i s 

shown i n F igure 4.I5. 4»15a gives the d i s t r i b u t i o n of f i e l d 

a long the p a r t i c l e t r a j e c t o r y plane and 4.15^ the f i e l d perpendi­

c u l a r to t h i s , i . e . the d e f l e c t i o n plane . The f i e l d was uniform 

w i t h i n the pole pieces and dropped o f f r a p i d l y outs ide . Unfor t ­

unate ly there was s t i l l a s u f f i c i e n t f i e l d wi th in the v i c i n i t y of 

the counters S I and S2 to a f f e c t the ga in of the photomult ipl iers 

and these had to he moved f u r t h e r from the magnet. The measure­

ments i n d i c a t e d a maximum f i e l d s trength of about 4 k i logauss 

i n the gap a t the mean working cxirrent of 43.5 amps and 210 v o l t s , 

4.4 The P a r t i c l e Track Recording System 

To enable, the t r a c k s of the p a r t i c l e s to be recorded four 

f l a s h tube t r a y s were used i n the pos i t ions A, B, C and D, shown 

i n F igures 4,1 and 4.2. These trajrs consis ted of banks of Neon 

F l a s h tubes. The neon f l a s h tube^often c a l l e d the Conversi 

co-unter because i t was introduced by Conversi e t a l (1955); cons i s t s 

of a g las s tube a few m.m. i n diameter containing neon and i s 

mounted between p a . r a l l e l e l ec t rodes . I f a high voltage pulse 

i s appl ied a f t e r an i o n i z i n g p a r t i c l e has passed through the tube 
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there i s a high p r o b a b i l i t y of an e l e c t r o n avalanche occurring 

and with i t the c h a r a c t e r i s t i c red glow, or f l a s h of the neon 

d i scharge . These f l a s h e s can be e a s i l y photographed through 

the end of the tube. Each t ray was designed and constructed so 

that the rows of tubes were staggered r e l a t i v e to each other 

• , th i s me an^" that a t l e a s t four tubes per t r a y 

were t raversed by a p a r t i c l e passing through the t r a y and i n most 

cases a t l e a s t s i x tubes were observed to f l a s h along the path of 

the p a r t i c l e . Each t r a y had two f i d u c i a l l i g h t s which were 

switched on when the spectrograph was t r iggered . These helped to 

locate the p o s i t i o n s of the trays when the f i lms were projected to 

analyse the t r a c k s . 

4.4.1 The F l a s h Tube Trays A and D 

A d i f f e r e n t type of tube was used i n trays A and D to those 

i n t r a y s B and C . The tubes i n trays A and D descr ibed by Coxe l l 

(1961) had a mean i n t e r n a l diameter 1.55 cm. and a mean e x t e r n a l 

diameter 1.75 c™. and were made of soda g lass with a plane window 

a t one end. The f i r s t 12 inches of each tube a t the window end 

were coated with white p a i n t . Th i s reduces the c o l l i m a t i o n of the 

l i g h t from the f l a s h tube so that f l a s h tubes o f f a x i s from the 

camera lens become e a s i e r to record . Each tube was f i l l e d with 

He on gas to a press-ure of 60 cm. of mercury. When a tube f l a s h e s 

i t i s necessary that the l i g h t i s contained w i t h i n the tube and 

prevented from enter ing adjacent tubes^ hence each tube -vras covered 

with a black polythene s leeve before being inser ted i n the t r a y . 

I n t r a y A the f l a s h tubes were two metres long - these were 

used because the spectrograph was to be run l a t e r i n conjunct ion 

with an Extens ive A i r Shovrer experiment. I n t ray D the tubes were 

1 metre i n l ength . 
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Both trays A and D were made up from two separate f l a s h tube 

t r a y u n i t s ( f i g u r e 4 . I ) s ince the frame work f o r these had 

a l r e a d y been constructed f o r a previous experiment. These 

u n i t s however had to be s t i f f e n e d with a s t e e l framework, and 

were then motmted v e r t i c a l l y on adjustable screws i n a s t e e l 

framework constructed i n p o s i t i o n on the spectrograph. The 

tubes i n each of the u n i t s were supported on se t s of p a r a l l e l 

T u f n o l rods ,F igure 4.1&kaccurately m i l l e d to ensure an i d e n t i c a l 

spacing of each tube. Each tube was secxired to the Tufnol rods 

t is ing an e l a s t i c band so that i t could not be d i sp laced during 

the experiment. The itube separat ion was measured us ing a 

t r a v e l l i n g microscope and a mean value of I.905 + 0,002 cm, 

determined. Each u n i t contained e ight rows of tubes with a row 

spac ing of 2,80 cm. 

For t r a y A each u n i t contained 39 tubes per row giv ing a 

t o t a l of 78 tubes per row f o r the complete t r a y . F o r tray D each 

u n i t contained 29 tubes g i v i n g a t o t a l of 58 tubes per row for the 

complete t r a y . Before the trays were i n s t a l l e d the e lectrodes for 

each -unit were pos i t ioned between the rows. Alternate e lectrodes 

were he ld i n p o s i t i o n , and hence connected e l e c t r i c a l l y , by tvro 

threaded brass rods se t d iagonal ly opposed a t the corners of each 

u n i t i , F igure 4.l6i> E lec trodes 1 3 5 7 9 were earthed so that the 

outer e lec trodes were a t zero p o t e n t i a l f or dafety . F i n a l l y the 

t r a y s were c a r e f u l l y mounted i n the spectrograph framework and 

a d j u s t e d so that the f l a s h tubes were v e r t i c a l . 

4.4*2 F l a s h Tube Trays B and C 

These two trays were i d e n t i c a l . Because of the lack oi^pace 

i n the magnet area a complicated mirror system had to be designed to 
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enable the f l a s h e s to be photographed. This contained 6 

mirrors and three of these were b u i l t int( i the framework of the 

t r a y such that the whole u n i t could be a l igned before i t was 

i n s t a l l e d , F i g u r e 4.17 shows an exploded diagram of the mirror 

system. A l l the m a t e r i a l used i n the cons truct ion of the trays 

had to be non-ferrous because of the proximity of the magnet. 

The tubes xiaed i n the t r a y s were descr ibed by Brooke (I964) and 

Axireia (19^5) • They were 42 cm. long with an e x t e r n a l diameter 

of 0.72 cm. and i n t e r n a l diameter 0.59 om. with a plane window 

a t one end. The tubes were f i l l e d with commercial neon gas to a 

pressure of 2,4 atmospheres, Coxe l l and Wolfendale (196O), Hayman 

and Wolfendale (1962), As before the window end of each tube 

was dipped i n white c e l l u l o s e paint and the tubes were then painted 

wi th two coats of b lack c e l l u l o s e to prevent any l i g h t from a tube 

which had f l a s h e d enter ing an adjacent tube. The tubes were 

supported on se t s of p a r a l l e l mi l l ed aluminium bars and he ld i n 

p o s i t i o n with s t r i p s of p l a s t i c foam a c t i n g as pressure pads glued 

to the adjacent bar^Figure 4 « l 8 . To prevent any v e r t i c a l movement 

of the tubes the plane window of each tube res ted oh a t h i n sheet 

V l O " t h i c k of transparent perspex f i x e d to the lower face of the 

t r a y - F igure 4 ^ » 

The E l e c t r o d e s f o r the trays were constructed from t h i n 

sheets of polyurethane foam c a r e f u l l y covered with Aluminium f o i l . 

These were suspended losing P . V . C . tape from the aluminium bars 

and pos i t ioned between each row of tubes . The outer e lectrodes 

of each t r a y were of V 3 2 " th ick aluminium. 

Using a t r a v e l l i n g microscope the tube spacing was measured 

to be 0.8 cm. and the p o s i t i o n of each row of tubes with respect 

to the adjacent row determined. Each t ray had 8 rows of tubes 
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with a row s e p a r a t i o n of 1.15 each row contained 46 tubes. 

Thus the exact p o s i t i o n of each tube was known with respect to a 

predetermined reference tube. 

4.4*3 The Alignement of the F l a s h Tube Trays 

Figure 4*19 shows a schematic diagram of the f l a s h tube trays 

wi th the measurements necessary to compute the d e f l e c t i o n of a 

p a r t i c l e t r a v e r s i n g the spiectrograph. The f i x e d constants a^, a ^ ' , 

^ O » ° O ' ' ^ O » ° ' D ' ^ * ^ ^4 ^° ^ measured. The o r i g i n 

of the coordinates i n each t r a y was taken as the centre of the outer 

most tube on the north-west side of the spectrograph i n the fourth 

tow, counting from the centre of the magnet. Each u n i t of the trays 

A and D was g iven a separate o r i g i n to e l iminate any e r r o r which 

could occur i f the two u n i t s i n e i t h e r of the t rays A or D were not 

e x a c t l y p a r a l l e l . Before the a c t u a l measurements could be taken 

each t r a y had to^adjusted so that the f l a s h tubes were v e r t i c a l and 

the rows of the t r a y e x a c t l y perpendicular to the centre l ine of the 

spectrograph. Becaiise each t r a y was a t a d i f f e r e n t l e v e l i t was 

necessary to descr ibe a v e r t i c a l plane p a r a l l e l to the centre l i n e 

and on the north s ide of the spectrograph. A s ing le nylon f i b r e was 

suspended along the length emd s e t p a r a l l e l to the centre l i n e of the 

spectrograph. From t h i s , four plumb l i n e s were suspended one a t each 

of the measuring l e v e l s f o r the respect ive trays A, B, C and and 

adjus ted to be i n the same v e r t i c a l plane as the row of tubes containing 

the reference tube for that t r a y . The dis tances of these pltimb l i n e s 

from the centre of t h e i r respec t ive reference tube was then measvired 

l i s ing a cathetometer to give the values of the f i x e d constants a^, a ^ ' , 

b ^ c ^ and CLQ^'^O' * '^^^ separat ion constants 1^, L^t ^4»°^ 

the t r a y s were determined by measuring the dis tances between the four 
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plijmb l i n e s with a s t e e l tape. The measurements were then 

repeated independently to check t h e i r accuracy . The values 

f i n a l l y accepted f o r the f i x e d constants are given i n table 4.2. 

Table 4«2 

Values of the Geometrical Constants 

Dimension Cm. 

a^ 41.26 •+ 0.002 

( % t P ) 64.55 ± 0.004 

b^ 114.52 ± 0.003 

C Q 112.62 i 0.003 

d^ 68.64 1 0.002 

d^^- (d^-^q) 87.38 t 0.005 

\ 317.50 1 0.05 

L2 43.75 1 0.03 

L3 59.35 1 0 . 0 3 

368.38 t 0.06 

4.4.4 . The F l a s h Tube P u l s i n g System 

The pulse from the 'MS& gate of the spectrograph coincidence 

u n i t (6 v o l t s p o s i t i v e ) was ampl i f i ed to about 20 v o l t s and fed 

i n t o the p u l s i n g u n i t . The c i r c u i t diagram for the u n i t i s 

shown i n Figure 4,20. T h i s u n i t cons i s ted of three s tages . 

Stage one f u r t h e r a m p l i f i e d the 20 v o l t input pulse to 220 v o l t s 

p o s i t i v e , u s i n g two power pentodes 6 CH 6 and EL 360, Because the 

350 v o l t supply used had a low impedance a 56'.^ r e s i s t o r was placed 

i n the supply together with a 1 ^ f d capac i tor l i i k e d to e a r t h ; 

t h i s prevented any feed-back from the E L 360 to the 6 CH6 which 

had caused the u n i t to o s c i l l a t e p r e v i o u s l y . The 220 v o l t pulse 

from stage one tr iggered the X H I 6 Thyratron of stage two. This 

d i s charged the f 002 ^ f condenser and produced a pulse of about 
r 
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3 K v . T h i s pulse t r iggered the surge d i v e r t e r i n stage three; 
hence d i scharg ing the four condensers connected to the f l a s h tube 
t r a y s A, B, C and D. Thus a negative pulse of about 13 Kv and 
25 1^ sec width was app l i ed to each f l a s h tube t r a y . The delay 
between a p a r t i c l e t r a v e r s i n g the spectrograph and the pulse 
appearing on the t r a y s was about 3 ^ sec and the r i s e time of the 
pulse about 0 , 8 ^ s e c , t h i s was w e l l w i t h i n the s e n s i t i v e time of 
39yl^ sec f o r the f l a s h tubes. 

The f i e l d developed between the e lectrodes of trays A and 

D was about 4*6 Kv per cm. and about 11.3 Kv per cm. between the 

e l ec trodes for t r a y s B and C . The higher f i e l d for the two smal l er 

t r a y s was necessary to enable the f l a s h e s to be photographed because 

of the large amount of l i g h t absorption i n t h e i r mirror systems. 

4.5 The Spectrograph E l e c t r o n i c s 

A block diagram of the e l e c t r o n i c s assoc ia ted with the 

spectrograph i s shown i n F igure 4*21. To check that the s c i n t i l l ­

a t o r s S7, S2, S3 and S4 were working c o r r e c t l y hourly counts were 

made during the running of the spectrograph. To do t h i s the 

d i s c r i m i n a t e d output from each counter was fed to a u n i s e l e c t o r 

u n i t . T h i s u n i t s e l e c t e d each input f o r one hoiir. The putput 

fromi t h i s u n i t was fed to an I . V i U . mechanical counter which recorded 

the number of p u l s e s , and when the input to the u n i t was changed 

p r i n t e d out the t o t a l number of pulses counted i n the previous 

i n t e r v a l . Hence a record of the counting rate f o r each coiinter 

was made. 

The coincidence u n i t f o r the s c i n t i l l a t o r counters has a lready 

been d e s c r i b e d . The pulse from the FAND gate of t h i s u n i t was s p l i t 

i n t o two pulses ; one was used to open the l i n e a r gate to a l low the 

\ 
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pulses from the Cerenkov Goiinter and s c i n t i l l a t o r counter 

S2 to pass to the osc i l loscope and a l s o t r igger e x t e r n a l l y the 

osc i l l o scope d i s p l a y i n g these pulses ; the other pulse was fed 

to a p a r a l y s i s u n i t which prevented any f u r t h e r pulses from 

t r i g g e r i n g the spectrograph. T h i s pulse was then fed v i a a delay 

to the f l a s h tube pu l s ing u n i t and to the camera c i r c u i t . The 

camera c i r c u i t cons i s ted of a s e t of cams which ^fere s e t i n motion^ 

These , i l l u m i n a t e d the c locks on the spectrograph and osc i l loscope 

and the fiduca3»y marks on the f l a s h tube t r a y s , wound the cameras 

.on, and then v i a a f l i p f l o p c i r c i u t r e s e t the p a r a l y s i s u n i t such 

tha t i t would accept the next pulse from the coincidence u n i t . 

Thus the sequence of operations when a p a r t i c l e traversed the 

spectrograph was as f o l l o w s ; -

1. The coincidence u n i t was p a r a l y s e d . 

2(a) Sequence of operations on the spectrograph, 

( i ) High voltage pulse was appl i ed to the f l a s h tube trays 

and the f l a s h e s photographed. 

( i i ) The two c locks and f i d u c a r y marks were i l luminated . 

( i i i ) The cameras were wound on. 

(b) Sequence of operations on the o sc i l l o scope . 

( i ) The osc i l l o scope was tr iggered e x t e r n a l l y and the jjulses 

photographed. 

( i i ) The c lock and osc i l loscope g r a t i c u l e were i l l u m i n a t e d . 

( i i i ) The camera was wo\md on. 

3 . The p a r a l y s i s u n i t was r e s e t ready to accept the next event . 

T h i s sequence took about 6 seconds. 
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4.6.1 Photographic Record of the P a r t i c l e Tracks • 

To record the track of a p a r t i c l e passing through the 

spectrograph two Vintex 35 m.m. Cine Cameras were used. One of 

the cameras mounted above the magnet recorded the tracks i n Trays 

A and D and the other mounted below the magnet recorded the tracks 

i n Trays B and C . The cameras were \ised without shut ters because 

the spectrograph was run i n complete darkness . Figure 4 .2 , shows 

the pos i t ions of the mirrors on the spectrograph f o r each f l a s h 

tube t ray and F igure 4.17 shows the mirror system devised f o r the 

t r a y s B and C . To synchronise the frames on the f i l m s of each 

camera two c l o c k s , one f o r each camera, were i l luminated together 

wi th the f i d u c a i y marks on the trays and photographed for every event. 
» 

4.6.2 Photographic Record of the S c i n t i l l a t o r and Cererikov Pulse 
Heights 

The spectrograph was \ised to measure the energy lo s s i n 

p l a s t i c phosphor and the i n t e n s i t y of Cerenkov Radiat ion as a 

f u n c t i o n of muon momentum, thus for each event i t was necessary to 

record the pulse height from the s c i n t i l l a t o r counter S2 and the 

pulse height from the Cerenkov counter. To do t h i s the pulses 

from these coiinters were fed into a l i n e a r gate tr iggered by a pulse 

from the spectrograph coincidence u n i t . T h i s meant that the gate 

was only open when the spectrograph had been tr iggered and thus 

al lowed only those pulses assoc ia ted with the p a r t i c u l a r event to 

pass through. The Cerenkov pulse was then delayed by 110 n sec 

and the s c i n t i l l a t o r pulse by 66O f\ s e c . The two pulses were 

then mixed and fed in to a C . R . O . ( l lTektronix) which was e x t e r n a l l y 

t r iggered by the spectrograph coincidence u n i t . Thus when the 

osc i l l o scope was tr iggered the Cerenkov pulse was d i sp layed a f t e r 



F i g 4:22 The s o i n t n i a t o r and Cerenkov pulses d^sr'iayed 
on the C . R . O . 
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a delay of 110 n sec and the s c i n t i l l a t o r pulse a f t e r 660 o sec. 

Following t h i s the scope g r a t i c u l e and a clock showing the time of 

the event were illuminated and photographed to enable the pulses 

to he correlated with the p a r t i c l e tracks on projection of the 

f i l m . A t y p i c a l record of the pulses i s shown i n Figure 4.22, 

The time base setting,);^ f o r the oscilloscope was 200 O sec per cm, 

t h i s gave a f u l l s c a l e time of 2000o sec which was s u f f i c i e n t to 

accommodate both pulses. The X plate d e f l e c t i o n of the 

oscilloscoi)e was s e t a t 0.1 v o l t s per cm, however to accommodate 

both the Cerenkov and s c i n t i l l a t o r pulses the s c i n t i l l a t o r {lulse-j 

had:- to:̂ be;̂  attenuated. 

I l f o r d HPS f i l m was \ised for a l l photographic recording. 

4.7 The Operation of the Spectrograph 

The magnet took about two hoiirs tofeach i t s normal working 

current of 43.5 i 0*5 amps a f t e r being switched on and thus had to 

be switched on w e l l before the s t a r t of each mn. To minimize 

the p o s s i b i l i t y of any accumulative e r r o r due to magnetic e f f e c t s 

the d i r e c t i o n of the current through the magnet was reversed nightly. 

The spectrograph was run overnight and before each run the following 

checks were made. 

(1) The countirig rate of each s c i n t i l l a t o r was checked. 

(2) The shape of the Cerenkov and s c i n t i l l a t o r pulses were 

checked. 

(3) The fid u c a r y marks and l i g h t s i l l u m i n a t i n g the clocks were 

checked. 

(4) The pulsi n g i l n i t was checked to make sure that no breakdown 

was occ\irring on i t or the f l a s h tube trays. 
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4.8 The P a r t i c l e Rate 

Using the s c i n t i l l a t o r s S^, and or to s e l e c t 

p a r t i c l e s the spectrograph coincidence rate was I50 ± 2.5 per 

hour for zero magnetic f i e l d , with the anti-coincidence counters 

and Sg i n t h i s was reduced to 133 i 2 per hour. With a 

coincidence rate as high as thi s the data a n a l y s i s would have 

heen d i f f i c u l t such that Counter was replaced hy a smaller 

counter S^. This was positioned such that the spectrograph only 

accepted p a r t i c l e s which traversed a l l four f l a ^ h tube trays. 

T h i s cut the coincidence rate to 4 0 i 2 per hoaar without a magnetic 

f i e l d and to 36 i 2 per hour with the magnetic f i e l d . When the 

r e s u l t s were analysed and unsuitahle events r e j e c t e d the f i n a l rate 

was reduced to 6 i 1 per^hour. A large nimber of the events had 

to he r e j e c t e d hecause of f a i n t tracks i n the trays B and C^and 

heoauBe . • some of the t r a j e c t o r i e s passed;; through the gaps i n the 

tr a y s A and D. The number of events i n t h i s experiment with tracks 

recorded i n a l l four trays -vras 2037. 

4.9 The Acceptance of the Spectrograph 

The acceptance of the spectrograph was governed "by the f l a s h 

tuhe t r a y A. Figure 4*23 shows the r e l a t i v e acceptance plotted as 

a function of the Zenith Angle for the Spectrograph c a l c u l a t e d hy 

PaAhak (1967). The shaded area depicts the working range of 

67° - 7 8 . 5 ° f o r the present experiment. A detailed discussion of 

the acceptance function i s given "by Paihak (I967) and only a summary 

i s given here. 

The acceptance f o r an i d e a l spectrograph may be defined as:-
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n ( 9^ p) <AAjj> 5 ( d , p) F(©, p ) d J i . dp 

where JS^ ( ̂  fP) d J l . d^ i s the number of p a r t i c l e s inaident on 

the spectrograph and IT ( ̂  ̂  P) d-'L dp the actu a l number detected 

by the spectrograph, i n an element of s o l i d angle a t an angled 

to the hor i z o n t a l i n the momentum range p to p -V dp. The fiinction 

F ( ^ j P) may be replaced by:-

F ( P ) r A(P, P) . S{9, P) 

where A ^ P) i s the geometrical d i f f e r e n t i a l aperture and 

S( ^ ' j P) the s c i n t i l l a t o r e f f i c i e n c y function. 

Having c a l c u l a t e d the Helative Acceptance as a function of 

momentum, Pathak (196?) estimated the number of p a r t i c l e s accepted 

by the Mk 3 Spectrograph as a function of t h e i r momentum, using the 

momentum spectrum of cosmic ray muons a t large zenith angles given 

by A l l e n and Apostolakis (196I) J« Figure 4:24. 

Further Pathak (1967) compared the ' c o l l e c t i n g power* of the 

present spectrograph with those of e a r l i e r ones. The c o l l e c t i n g 

power i s defined as j^Jc\^.<^JL where i s the allowed s o l i d 

angle of c o l l e c t i o n for an area The" i n t e g r a l i s taken over 

the e f f e c t i v e area at the s c i n t i l l a t o r l e v e l S3, S4 and at the 

c e n t r a l plane of the magnet. For the Mk 3 Spectrograph the 
2 

c o l l e c t i n g power was c a l c u l a t e d to be 19•41 Sterad.cm. 

4.10 S c a t t e r i n g i n the Spectrograph 

Although the problem of s c a t t e r i n g i s much l e s s when using an 

a i r gap magnet, p a r t i c l e s t r a v e r s i n g the spectrograph w i l l s t i l l be 

s c a t t e r e d by the s c i n t i l l a t i o n counters and the f l a s h tube t r a y s . 

Brooke (I964) has treated the problem i n d e t a i l and shovis that the 

r a t i o of the r.m.s. s c a t t e r i n g displacement to the magnetic 
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displacement A i s proportional to |k such that i n the 

moment\im range 2 to 100 Ge'V/c of the present experiment, where 

^ approaches unity, t h i s r a t i o i s almost constant. Thus t h i s 

s c a t t e r i n g causes the mean momentum of each c e l l to "be lowered 

by a constant amount and the o v e r a l l e f f e c t i s to s h i f t the whole 

energy l o s s cxirve. Since the experimental curve i s f i n a l l y 

normalised to the t h e o r e t i c a l curve the e f f e c t of s c a t t e r i n g can 

be neglected. 
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CHAPTER 3 

Construction of the S c i n t i l l a t i o n Counter 
used to Record the Energy Loss 

5.1 Description of the Co\mter Assembly 

The s c i n t i l l a t i o n counters SI and S2 were i d e n t i c a l i n 

construction apart from the thickness of the p l a s t i c phosphor; 

the dimensions of the phosphor are given for each counter i n 

Table 5.I 

TABLE 5.1 

Counter Length Breadth Thickness 

51 43.7 37.6 5.00 

52 43.7 37.6 2.54 

cm. ciii. cm • 

The s p e c i f i c a t i o n of the phosphor IT.E.102a has already been given 

i n C/hfpter'.4i A diagram of one of the coxinters i s given i n Figure 

5.1. Two perspeJS l i g h t guides B were attached to the p l a s t i c 

phosphor and to the ends of each of these, c y l i n d r i c a l perspex l i g h t 

guides 2 inches i n diameter and 2 feet i n length. Each c y l i n d r i c a l 

l i g h t guide had a Mullard 53 A'VT photomultiplier cemented to i t s end. 

A l l the j o i n t s i n the counters were made with U.E. 58O o p t i c a l cement. 

These c y l i n d r i c a l l i g h t guides were necessary so that the photo-

m u l t i p l i e r s were positioned well outside the magnetic f i e l d of the 

spectrograph-magnet. The counters had previously been constructed with­

out the extension l i g h t guides and the photomultipliers had suffered 

a very large drop i n gain when the magnet current was switched on. To 

f u r t h e r protect them from s t r a y magnetic f i e l d s each photomultiplier was 

enclosed i n a mu-metal s h i e l d and concentric with t h i s an i r o n 
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c y l i n d e r which also enclosed the c y l i n d r i c a l l i g h t guide. 

The phosphor A and l i g h t g\iides B were housed i n an alximinium 

box and the i r o n cylinders enclosing the c y l i n d r i c a l l i g h t 

guide extensions were attached and held r i g i d l y to i t using 

altiminium ,-cantilever supports 5j. (Figure 5.I) 

As has previously been described each counter was c a r e f u l l y 

cleaned before being placed i n i t s housing and then a l l the j o i n t s 

were c a r e f u l l y sealed using p l a s t i c tape to make each counter l i g h t 

t i g h t . 

The e l e c t r i c a l connections for the photomultipliers and the 

e l e c t r o n i c s associated with each counter are the same as for the 

coxmters S3 to S6 and have already been described i n section * 4 . 2.4. 

S i m i l a r l y each counter was balanced so that t h e i r respective photo­

m u l t i p l i e r s had an equal gain to within a few per cent.Since the 

Counter was very near the magnet the counting rates of the 2 photo­

m u l t i p l i e r s were checked for zero f i e l d and both p o l a r i t e s of 

magnetic f i e l d throughout the running of the spectrograph. Thefre 

was no difference "between the counting rates for positive or negative, 

field.although the zero f i e l d rate was s l i g h t l y higher. 

5 . 2 Measiirement of the Response Curve for Counter S2 

When a p a r t i c l e traversed the spectrograph the output pulse 

expressed i n m i l l i v o l t s from the counter S2 was taken to "be proport­

i o n a l to the energy los.t by that p a r t i c l e when i t traversed the 

co-unter. I d e a l l y f or a p a r t i c l e of given energy the pulse height 

from the counter would not vary, i r r e s p e c t i v e of where the p a r t i c l e 

traversed the' phosphor. However because of absorption e f f e c t s i n 

the phosphor the ooTinter w i l l b el^ast s e n s i t i v e a t i t s centre, the 

s e n s i v i t y i n c r e a s i n g towards the l i g h t guides. This non-uniformity 



A P l a s t i c Phosphor 

B Perspex l i g h t guide 
G E . J ^ I . photo m u l t i p l i e r 

F i g 5s2 Diagram of telescope counter 
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.T.SoĈ ^̂ . 

1 • ' output 

m 

H.T.lOOpT^Pf .47Qpf 
p o s i t T r e - ^ ^ > ^ ^ ^ 

X .01 

F i g . 5.3b Pynode r e s i s t o r chain for the photo m u l t i p l i e r 



I k 

Ov 

T 
.-Olywf OCI7O 

:i5M 

.oyF T 

- 9v. 

F i g 5:4 Emmitter follovrer c i r c u i t 



49 

i s not a serious defect providing i t i s small. For t h i s 

reason i t was necessary to obtain a response cxirve for the 

counter and to do t h i s a small telescope was iised to gate the 

coimter output such that the p a r t i c l e s traversing a small area 

of the phosphor could be recorded. 

5.2.1 The Telescope Counters 

The telescope consisted of two small i d e n t i c a l s c i n t i l l a t i o n 

counters T l and T2. A diagram of one of these counters i s given i n 

Figure 5.2. The counter consisted of a piece of p l a s t i c phosphor 

H.E.lQ2a 14 om. x 6 cm. x 2.5 cm. U) cemented to a shaped perspex 

l i g h t guide(B)and a 1 inch diameter photomultiplier(c)cemented to 

the other end of t h i s . The whole assembly was put i n an aluminium 

box and then s e a l e d with p l a s t i c tape to make i t l i g h t t i g h t . 

Figure 5.3(a) shows the base pin connections f or the photo­

m u l t i p l i e r and the r e s i s t o r values for the dynode r e s i s t o r chain 

Figure 5.3(b). The output from the photomultiplier was fed to an 

emmitter follower c i r c ^ l i t shown i n Figure 5.4. which was housed i n 

the end s e c t i o n of the counter. This provided s u f f i c i e n t power to 

drive the cables to the coincidence u n i t . 
* 

5.2.2 The Telescope Control Unit' 

To make the telescope s e l f contained a l l the necessary power 

supplies were fed to one control box and each counter was supplied 

from i t . Each co-unter required an H.T. supply to rtm the photo­

m u l t i p l i e r and a negative 9 v o l t supply to power the emmitter 

follower c i r c u i t . Because the counters were used as a telescope 

i t was not necessary to balance them to give an equal gain. 

Consequently the counters were run at the common potent i a l of 2.3 Kv; 

the counting r a t e s for each counter at t h i s p o t e n t i a l were 34*4 
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counts per sec. for counter T l and I8.9 counts per sec. for 

coiinter T2. 

The control box al s o contained the coincidence u n i t for the 

telescope. The output from each of the coiinters was fed into t h i s 

\mit which consisted of an AND gate such that i t produced an output 

pulse only i f pulses a r r i v e d a t the gate from each counter simult­

aneously. 

5.2.3 The MeasTorement of the Response Curve 

The counter S2 was placed h o r i z o n t a l l y to measiire the response 

as t h i s gave a higher incident p a r t i c l e rate than the v e r t i c a l 
e 

p o s i t i o n . To measure the 'response' of the counter a t a p a r t i c u l a r 

p o s i t i o n AA(Figure 5.5^the telescope counters T l and T2 were placed 

l a t e r a l l y across the counter one above and the other below i n the 

p o s i t i o n AA. The counter positions are a l s o shown i n plate 5.1. 

The output from the telescope coincidence u n i t was fed to the gate 

of a Pulse Height Analyser. The output from the counter S2 was 

fed to the input of the P.H.A. When a p a r t i c l e traversed the telescope 

counters T l and T2 the corresponding output pulse from the c o i n c i ­

dence u n i t opened the gate on the P.H.A. so that i t could accept the 

corresponding output pulse from the counter S2. I f a p a r t i c l e 

t raversed another part of the counter i . e . did not traverse the 

covmters T l and T2, the gate of the P.H.A. remained closed such that 

the corresponding pulse from the counter S2 was re j e c t e d . Thus only 

pulses which corresponded to p a r t i c l e s which traversed the s e c t i o n AA 

of' the counter were accepted by the P.H.A. and i n t h i s way the pulse 

height d i s t r i b u t i o n for t h i s section was obtained. From t h i s pulse 

height d i s t r i b u t i o n the most probable pulse height for the position 

was determined. Values for the most probable pulse height were 

determined a t approximately 3 cm. i n t e r v a l s along the a x i s of the 
counter; the exact po s i t i o n s are given i n Figure 5.6 which shovre 
the f i n a l response curve. 
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5.2.4 The Ef fec t of the Hon-Linear Response Cxirve 

I t can be seen that the response ciirve was almost symmetrical 

about the centre l ine of the counter and that the sens i t iv i ty increased 

outward towards the l i g h t guides. For particles of a particular energy 

traversing a th in section of plast ic phosphor there is no unique value 

f o r the energy loss? i t has already been shown i n Chapter 2 that the 

energy loss takes the form of a negatively skewed d is t r ibu t ion 

(Figure 2.3 - Chapter 2). 

For particles, traversing the counter i n the centre, the pulse 

height w i l l be less than the expected value an^ fo r those particles 

traversing the oountaii toiirapda -MWil' aslg* af tba pboaphoj^tthe pulse 

height w i l l be higher than expected. Thus the overall e f f ec t is fo r 
p^^lse h^i 'c^Vt f o r p a . : t i c k s o f a . p c x ( t i c v \ W r € ^ e ' ^ y 

the^distribution^to be broadened about the most probable pulse height. 

I t i s estimated from the response ciirve that this non-uniformity w i l l 

accoxint f o r an 8 per cent broadening of the d i s t r ibu t ion . The non-

uniformity is also evident when considering the d is t r ibu t ion of pulse 

heights from the s c i n t i l l a t i o n counter fo r particles of a l l momenta 

however this w i l l be discvissed with the results. 
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CHAPTER 6 

Analysis of the Data and Presentation of the Hesults 

6.1 G?he Reconstruction of the Particle Trajectory 

Because the part icle t rajectories were recorded hy two 

cameras, one photographing the inner trays B and C and the other 

the outer trays A and D i t was necessary fo r correlation to project 

the two f i l n B simultaneously. A system of two projectors was 

used; with path lengths of about 8 feet to get images of acceptable 

s ize. Two moveable white boards on the projection table were used 

as screens, this allowed the images of the f lash tube trays to be 

positioned by adjustment of the boards which was much easier than 

adjusting the f i l m carriage of the projectors. 

To obtain the projected positions of a l l the tubes i n each 

tray the spectrograph cameras were loaded with f i l m and a Gamma 

radiat ion source was placed i n f ront of the f lash tube tray A. 

A series of high voltage pulses were then applied to this tray and 

the f iduc ia ry bulbs i l luminated, the cameras were then wound on. 

The posi t ion of the Gamma soiirce was altered and the procedure 

repeated several times to ensure that a l l . the tubes i n the tray had 

flashed. This was repeated fo r the trays B, C and D, These 

f i lms were then projected, the positions of the f iduciary bulbs and 

the clocks were marked on the projection boards fo r each tray and 

circ les corresponding to the positions of the f lash tubes drawn i n . 

The tube positions were nvimbered consecutively fo r each row star t ing 

from the North West side of the spectrograph and the rows numbered 

from the d i rec t ion of the incident particles for each tray. By 

noting the tube numbers and corresponding row numbers of the tubes 

which had flashed i n each tray a part icle track could be recorded. 
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For each ' run ' of the spectrograph three f i lms were 

obtained, one recording the oscilloscope traces, the other two 

recording the f l a s h tube trays A and Ii^ and B and C^respectively. 

To analyse a ' run ' the l a t t e r two f i lms were projected and their 

respective frames synchronised using the clocks on each f i l m . 

The projected images of the flashes i n the trays were positioned 

on the boards by means of the f i d u c i a l marks. 

Events were accepted i f there were single tracks i n a l l 

four trays, a track consisting of at least three flashes i n l ine 

across the t ray. Events were rejected i f t -

( i ) Two or more tracks were present i n tray D. 

( i i ) I f i n any tray there were two adjacent flashes i n two or 

more layers of f l a sh tubes indicat ing the presence of 

knock-on electrons, 

( i i i ) I f any tray contained two part icle tracks neither of which 

could be distinguished as corresponding to the tracks 

produced by the par t ic le i n the other trays. 

When an acceptable event had been fomd the positions of the 

tubes which had flashed i n each tray were recorded on a data sheet 

together with the time of the event given by the clock i n the frame 

of trays A and D, When the complete f i l m had been scanned the 

corresponding oscilloscope trace f i l m was projected onto a drawing 

of the oscilloscope grat icule . By reference to the clock recorded 

on the f i l m the appropriate traces fo r the accepted events were 

found and the heights of the s c i n t i l l a t o r and Cerenkov pulses measured. 
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Thus f o r each accepted event the track i n each tray 

and the pulse heights were recorded. To f i n d the momentiun 

of each par t ic le i t was necessary to f i n d i t s coordinates with 

respect to the o r ig in of coordinates i n each tray. Figure 6:1 

shows a par t ic le t ra jec tory , the required measurements are a, 

b, c, and d. I n order to determine these, exact scale diagrams 

of a section of each tray A, B, C and D were drawn, the diagrams 

f o r trays B and C were enlarged by a factor of fotir to make the 

reconstruction more accurate. A scale^ marked i n units of one 

tube separation^was drawn on each diagram along the base of the 

fou r th layer of f lash tubes counting from the centre of the magnet. 

Figure 6:2 shows such a diagram for the tray C. 

To reconstruct a par t ic le track through a tray the tubes 

which had flashed were marked on the appropriate diagram from the 

data sheet. A cursor, consisting of a piece of perspez with a 

f ine l ine scribed across i t , was adjusted so that the l ine passed 

through a l l the tubes that had flashed and either missed or passed 

as near to the edge as possible those tubes which had not flashed. 

The point of intersection of the cursor with the scale on the diagram 

was recorded as the coordinate of the part icle i n that tray. Hence 

the coordinates of the par t ic le i n each tray could be determined. 

To check the errors i n the coordinate measurements a sample 

of events was aiialysed by three independant scanners. I n most cases 

the agreement was to wi th in ^ 0.05 tube spaces giving an accuracy of 

track location of 1 m.m at levels A and D and O.5 m.m at levels B 

and C. 
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6.2 Calculation of the Particle Momentum 

A par t ic le of charge -e and momenttun p moving fo r a 

distance d l through a magnetic f i e l d H w i l l suffer a deflect ion 

d (j) which is perpendicular to i t s own direct ion and that of the 

f i e l d by a r i g h t hand ru l e . The deflect ion d ^ is given by;-

e HdL r p 6.1 

Integrating this equation over the width 1 of the magnetic f i e l d 

gives:-

so that =- '^^<5 y*^^ 

where p is expressed i n eV/ 
c 

6.2 

0 

" radians 

Hdl " " " gauss cm. 

This integral of the magnetic f i e l d was measured to be(2.0+ O.l) 
5 

X 10 gauss cm. so that equation 6:2 may be rewrit ten: 

Since the def lec t ion O i s small i t can be expressed as 

/
- ^ radians where ^ is the la te ra l displacement of the 

L 

t ra jec tory over an arm of length 1 of the spectrograph. This is 

shown i n Figure 6:1-. Equation 6:3 may then be wri t ten; 

r o 

This l a te ra l displacement ^ can be meastired from the coordinates 

of the t ra jec tory i n a l l four trays A, B, C and D or al ternat ively 

by using only the f i r s t three trays A, B and C, which is necessary 

when the Coulewb scattering i n the Cerenkov tank becomes too large. 
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For the fo\ir tray measurement 

p 4 . =. 19.05 GeV/ cm. 6.5 4 c 

where A ^ i-B measured over the arm 1̂  ss. 317.5 cm. 

For the three tray measurement 

V = 21.68 GeV/̂  cm. 6.6 

where is measured over the arm 1^+ 1̂  r. 36l.25.cro 

A low momentum part ic le suffers large Coulomb scattering 

when traversing the Cerenkov tank. (4 feet deep) This produces 

a large location error i n tray D, Thus a 3 tray calculation was 

used fo r a l l particles having a displacement ^ 4 ^ 2.0 cm. 

The error i n measuring ^ ^ wa;s about I'jfo such that fo r particles 

having momentum above 10 GeV/ where this error becomes equal to 
c 

that due to scattering, the four tray measurements were used. 

Using the measured coordinates of the t rajectory i n a l l four 

trays the displacement of the t rajectory measirred over the arm 1̂  

i s given by:-
= (a+a^) - ( b 4 b ^ ) - ^ [ ( 0 4 0 )̂ - (d+d^) ] 6.7 

4̂ 

The measurement of the geometrical constants a b c and d has 
^ o 0 0 o 

already been discussed i n Chapter 5> they remain constant for a l l 

events hence equation 6,7 may be wr i t t en : -
A ^: (a - b) - 0.868 (c - d) + A 6,8 

4 ° 

where 4 =. a - b - 0.868.(c - d J and I , / c 0.868. 
o 0 0 ^ 0 o' 
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Using the measured coordinates of the t ra jectory i n the f i r s t 

three trajrs the displacement measured over the arm (L^+t^) 

i s given by:-

l 3 L l L l 
6.9 

or eliminating the geometrical constants a , b , c . 
o' 0 0 

A 3= [ l f b [̂ ^ LgfLj) - t ( i j U 2 ^ ) 4 c] 4 6,10 
L3 t l I , 

where 

Ac =. L14L2 [^(Lg^-tj) - \ a i4L24L3) + 

L3 Ll L l 

The measurement of a, b, c and d the coordinates of a particle 
tr<xy 

trajectisiy with respect to the or ig in of coordinates i n eacl^has 

already been described. These are expressed i n units of tube 

space. Rewriting equations 6:8 and 6:10 with the coordinates 

a, b, c and d expressed i n \inits of tube space:-

Equation 6:8, the foiir tray displacement, becomes:-

= 1.905a - 0.86 - 0.695c 4 1.655d 

4 ( ^ o ^ , A02, A03 , ^ o 
) 6.11 

The value of A ^ can take one of four values depending on the 

par t ic le track posit ion i n trays A and D because these trays were 

each made up from two separate uni ts , then:-
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^01 - 87.55 cm. f o r a > 39 t . s . d ^30 t . s . 

^02 -'̂ 95*43 cm. f o r a 38 t . s . d . ^ 30 t . s . 

^03 -110.84 cm. f o r a 38 t . s . d ^ 2 9 t . s . 

-̂ 0̂4 - 72.14 cm. f o r a 39 -fc.s. d > 30 t . s . 

Equation 6.10, the 3 tray displacement, becomes:-

= 3.77a - 6.451>4 4.87c 4 (A^*, A 6.12 

again 4 ^ can take one of two values depending on the posit ion of the 

track i n tray A. 

4̂ ' =• - 156.5 cm. f o r a ^ 38 t . s . •o 
A " r - 110.42 cm. f o r a 39 t . s . 

o 

The r e l a t i on between the two displacements A^ and i s given by: 

^ 3 - l l 4-<-2 ^ 4 

= 1.138 . A ^ 6.13 

6.3 The Accttracy of the Momentum Meas\irements 

The acciiracy to which the momentum of a part icle can be 

determined depends on the accuracy of measurement of i t s displacement 

A . The error i n measuring- the displacement depends on, the accuracy 

to which the coordinates of the t rajectory a, b, c and d can be deter­

mined and the accuracy of the geometrical constants a^, b , c and d 
" 0 0 0 0 

obtained by direct measurement. I n order to check the accuracy of these 

geometrical constants the spectrograph was T^m without the magnetic f i e l d . 



Fig 6:3a 

t6 

14 

13 

I 8 — I 

Mean.-01841 014 em 

- 4 8 - 4 0 - 3 2 ^ 6̂ ^ 8 6 0 8 iS S 3 2 4 0 48 
A in cm—* 

— DisjritHjtion lof ttto »i«til *u^ 

Pig 6:3'b 

14 

12 

s 

6 

n 

n rn rri.i 
- 4 8 -32 ^ 4 

Weon. - 0 ( 2 7 » OOScm 

O 0 8 
i . - ^ ! , n n 

16 oe 
A n f i r 

O i M f b u t i o n * 'ot /e>o «i*ia r u n (4 c N j m b f i ) 

lb 24 32 4 0 4 8 

Pig 6:3c 

2 4 

20 
\ 

16 

12 

8 

4 

J ] M*on. - O 0 6 7 • O 0 3 2 c « 

JL 

J 

n n 
- 4 8 - 4 0 - 3 2 - 2 4 -16 - 0 8 O 0 8 16 2 4 3 2 4 0 4 8 

A in cm—» 
. ^ c X—DiMribirtion •rom itro tifld run 



59 

The displacements and were calculated fo r a l l the 'events* 

and the i r frequency distr ibut ions are shown i n Figures 6,3a and 6.3b. 

The mean value of A ^ "= (0.I84 1" 0,14) cm. 

The mean value of r (- 0,127 0,05)cm. 

Theoretically without the magnetic f i e l d , particles traversing 

the spectrograph should staffer no deflect ion however these mean valueS| 

are zero wi th in the l i m i t of accuracy of the track location. This 

indicates that the measured values fo r the geometrical constants are 

acceptable. Had the mean values been outside the l i m i t of accuracy 

of track location this would have indicated that a mistake had been 

made whils t measuring the geometrical constants. 

Obviously this zero f i e l d could not be used to check the 

accuracy of track location dur i rg the actual spectrograph runs. To 

check these coordinates, the discrepancy X at the centre of the f i e l d 

was calculated. This represents the difference between, the la te ra l 

coordinate of the part icle t ra jectory at the centre of the f i e l d 

calculated losing the part icle track located by i t s coordinates i n 

trays A and B and the l a te ra l coordinate calculated using the particle 

track located by i t s coordinates i n the trays C and D. 

The main reasons fo r this discrepancy X are:-

1. Errors i n location at the measuring levels i . e . the coordinates 

a, b, c and d. 

2. Inaccuracies due to uncertainties i n the positions of the f lash 

tubes i n the trays. 

3. Inaccuracies i n the measurement of the geometrical constants. 

4. Multiple coulomb scattering i n the Cerenkov tank causing location 

errors i n tray D. 

I t can be shown that the discrepancy X is given by the r e l a t ion : -
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X • (b+b^)-(c+CQ)- U (a -••a^)-(b4 b ^ ) I ^ (d +d^)-(c4 c^)? 6.I4 
1̂ ^ ^ 

or 

X = b - c - L2 (a-b)i- (d-c) 4- Xq 6.15 

where X^= : ( l ) a^ - ( 1 - ^ 1 3 ) 0 ^ 4 L3 d^ 

l l l l I4 L4 

Then expressing coordinates a, b, c and d i n units of tube space and 

subst i tut ing f o r the numerical values of L ,̂ l ^ j L^ and C^. 

X = 0.91b - 0.263a - 0.929c 4 0.307d+(X , X , X , X ) 6.16 

°1 °2 °3 °4 

Again becavise both the trays A and D consisted of two units X^ can 

take one of four values depending on the particular position of the 

track i n them. 

0̂1 = 4.93 cm. f o r a 38 d ^ 29 

^02- 7.95 cm. f o r a 38 d > 30 

X , = o3 4.73 cm. f o r a 39 d 5̂- 30 

04 - 1.71 cm. f o r a 39 d ^ 29 

The frequency d i s t r ibu t ion of the discrepancy X has been calculated fo r 

the zero f i e l d run and is shown i n Figure 6.3c. 

The mean value of this d i s t r i b u t i o n s -0.067^^0.032 cm. 

Thi's i s close to zero and again irdicates that the values fo r the 

geometrical constants are correct. Similarly the frequency 

d i s t r i bu t ion of the discrepancy X for a l l the accepted events with the 

magnetic f i e l d on has been compiled and is shown i n Figure 6.^. 
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The mean value of this d i s t r ibu t ion = (0.OO75 0,0068)o>. 

This is also close to zero and indicates that track location 

errors are acceptable. Events which had values ofIX/greater than 

un i ty were rejected, these were probably due to two unassociated 

par t ic les traversing the spectrograph at the same time. 

6.4 The Maximum Detectable Momentum of the Spectrograph 

>rhen a part icle traverses the spectrograph the scattering 

is a second order e f f ec t compared to the magnetic deflection thus 

the accuracy of track locat ion must define the maximum detectable 

momentum (m.d.m.) The m.d.m. is then the momentum of a part icle 

whose displacement A i s equal to the probable error "^A i n 

measuring this displacement. This probable error ^a, can be 

obtained from the d i s t r ibu t ion of the discrepancy X fo r a l l accepted 

par t ic les and is defined such that the area of the d is t r ibu t ion 

between - ŜU. and + is half the t o t a l area. The esfemated 

value of was O.I87 such that the m.d.m. is given by:-

21.68 
P m.d.m. = = GeV/̂  

6.5 Presentation of the Results 

Twenty-five overnight runs of the spectrograph were made 

with the magnetic f i e l d switched on, thir teen positive f i e l d r\ins and 

twelve negative f i e l d runs. A t o t a l of 2037 accepted events were 

recorded from the spectrograph fi lms and of these 1822 events were 

f i n a l l y selected as being single particles traversing the spectrograph. 

Those rejected ei ther had no corresponding s c i n t i l l a t i o n pulses 

recorded fo r them or their X discrepancy was too large. 

The s t a b i l i t y of the s c i n t i l l a t i o n coimter electronics was 

checked as a f u c t i o n of time by dividing the data into four successive 

time intervals with approximately equal numbers of events i n each. 
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The f r e q u e n c y d i s t r i b u t i o n o f the s c i n t i l l a t o r pulse h e i g h t s was 

drawn and the median pulse h e i g h t c a l c u l a t e d f o r each i n t e r v a l . 

These -agreed t o w i t h i n - 35̂  which i n d i c a t e s t h a t the counte r response 

was s t a b l e over the t w e n t y - f i v e runs o f the spec t rog raph . 

F i g u r e 6.4 shows the f r equency d i s t r i b u t i o n o f pulse 

h e i g h t s f o r a l l accepted e v e n t s . The peak o f t h i s d i s t r i b u t i o n has 

a w i d t h a t h a l f h e i g h t o f 35 - 3?̂  which i s c lose t o the expected va lue 

o f 29? .̂ The w i d t h o f the d i s t r i b u t i o n a t h a l f the maximum h e i g h t 

has been expressed as a percentage o f the pulse h e i g h t a t t h i s peak 

and t h i s i s sometimes r e f e r r e d t o as the r e s o l u t i o n o f the d i s t r i b u t i o n . 

This* ' r e s o l u t i o n ' i s made up f r o m the f o l l o w i n g f a c t o r s , 

( i ) Laudau f l u c t u a t i o n s i n the i o n i z a t i o n l o s s (Laudau 1944) 

which are caxised by the s t a t i s t i c a l v a r i a t i o n s i n the energy 

absorbed f r o m the r a d i a t i o n by the phosphor. These account 

f o r 19^ b roaden ing which i n c l u d e s 2^ b roadening t o take account 

o f the v a r i a t i o n . i n muoftenergies. 

( i i ) The s t a t i s t i c a l v a r i a t i o n i n the number o f e l e c t r o n s emmit ted 

by the photocathodes o f the p h o t o m u l t i p l i e r s , 209» b roaden ing . 

( i i i ) The n o n - u n i f o r m i t y o f the c o u n t e r . The maximum v a r i a t i o n 

o f the covinter response was fo t rnd t o be "^"15^^ b u t i t s 

c o n t r i b u t i o n t o the w i d t h o f the d i s t r i b u t i o n depends on the 

way i n which the s e n s i t i v i t y v a r i e s th roughout the phosphor. 

Beeauoe "the response o f the coun te r r i s e s s h a r p l y as the ou t e r 

edges o f the phosphor are approached the e f f e c t on the d i s t r i b u t -

i o n m s e s t i m a t e d t o be^8^. W t c ^ ^ i e eKe si>e ^ cov**Ate^s.7 

The t o t a l c o n t r i b u t i o n o f 23% i s ob t a ined by adding q u a d r a t i c a l l y the 

above independant c o n t r i b u t i o n s . 



TABLE 6 : 1 

The momentum c e l l s f o r g r o u p i n g the s c i n t i l l a t o r 
pulses 

Mean Momentum i n C e l l U n i t s Uumher o f 
the c e l l (GeV) cm_. P a r t i c l e s 

c 

0.355 42 <:A^80 59 

0.723 l 8 < ^ a ^ 4 2 168 

1.50 12< i^S: l8 133 

2.32 8 <^^<12 166 

3.18 6 < ^ ^ ^ 8 163 

4.56 4 ^ 6 214 

8.04 2 4 361 

15.19 1 2 301 

30.48 0 . 5 < ^ < l 144 

98.6 0.5 113 



TABLE 6:2 

The d i s t r i b u t i o n o f the s c i n t i l l a t o r pu lse h e i g h t s i n the 
momentxjm c e l l s 

M i d Value o f S c i n t i l l a t o r Pulse H e i g h t , i n mV. 

C e l l 25 35 45 55 65 75 86 95 105 115 125 135 145 155 

80 0 1 4 5 2 11 2 6 7 2 1 5 0 3 
42 

42 

18 
0 •3 3 10 18 18 18 15 17 7 8 12 7 6 

iS . 

12 
0 3 3 7 10 17 9 17 11 14 15 4 5 3 

12 -

8 
1 5 2 17 18 15 18 28 8 10 11 6 5 5 

8 

6 
0 2 3 6 5 19 17 22 16 8 11 10 5, 6 

6 

4 
0 2 8 15 16 21 29 33 8 20 9 8 5 7 

4 

2 
0 9 18 27 36 45 42 39 26 27 15 12 9 11 

2 

1 
0 7 9 21 31 31 38 42 22 12 12 7 8 9 

1 

0.5 
2 3 4 11 10 10 14 20 15. 13 7 5 1 4 

0.5 0 2 6 14 11 16 12 17 7 6 3 5 2 5 



TABLE 6;2 ( c o n t i n u e d ) 

M i d Value o f S c i n t i l l a t o r Pulse H e i g h t , i n mV. 

C e l l 165 175 185 195 205 215 225 235 245 255 265 275 285 295 

80 1 3 2 0 0 1 0 2 0 0 0 0 0 0 
42 

42 
2 4 3 2 3 3 1 1 1 1 1 1 0 2 

18 

18 
1 0 2 1 0 1 1 1 2 1 1 1 0 0 

12 

12 
1 1 1 1 1 2 1 2 2 0 1 0 0 2 

8 

S 
3 2 1 3 2 1 3 1 1 0 1 1 1 2 

6 

10 2 4 2 3 3 1 0 2 1 0 0 0 1 
4 

4 
5 6 6 4 2 5 2 1 0 4 2 2 0 0 

2 

2 
7 15 5 2 1 4 2 1 2 4 0 3 1 1 

1 

1 
1 5 2 2 1 3 0 1 1 2 2 1 0 0 

0.5 

0.5 2 2 0 1 1 0 0 1 0 0 0 0 0 0 



TABLE 6:2 ( c o n t i n u e d ) 

M i d Value o f S c i n t i l l a t o r Pulse H e i g h t , i n mV. 

C e l l 305 315 325 335 345 355 365 375 385 395 400 

80 

42 
0 1 0 0 0 0 0 0 0 0 0 

42 

18 
0 0 0 0 0 0 0 0 0 0 1 

18 

12 
1 2 0 0 0 0 0 0 0 0 0 

12 

8 
0 0 0 1 0 0 0 0 0 0 1 

8 

6 
0 0 0 0 0 1 0 1 0 0 2 

6 

4 
0 1 0 2 1 0 0 0 0 0 0 

4 

2 
0 1 1 0 1 1 0 0 1 0 1 

2 

1 
0 1 0 0 0 0 0 0 1 1 1 

1 

0.5 
0 0 0 0 0 0 0 0 1 0 3 

0.5 0 0 0 0 0 0 0 0 0 0 0 



f i g . 6.6 

pulse he igh i n mV. 

(a) p o s i t i v e muons 

Pulse h e i g h t d i s t r i b u t i o n s f o r p o s i t i v e 
and nega t ive auons. 

1 

Pulse h e i g h t i n mV 

(b) nega t ive auons 
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I n o r d e r t o compare the i o n i z i n g power o f p o s i t i v e muons 

and n e g a t i v e muons the pu l se h e i g h t d i s t r i b u t i o n s were compi led f o r 

each . The s i g n o f the p a r t i c l e o f each even t was de te rmined by 

r e f e r e n c e t o the d i r e c t i o n o f the magnetic f i e l d and the s i g n o f i t s 

d i sp l acemen t ^ . The d i s t r i b u t i o n s are shown i n F i g u r e 6.6. 

6.5.1 The S c i n t i l l a t o r Pulse H e i g h t as a F u c t i o n o f Momentum 

The 1822 s e l e c t e d events were d i v i d e d i n t o t e n momentum 

c e l l s which were chosen so t h a t there were s u f f i c i e n t events i n each 

group t o g ive a r e l i a b l e pu lse h e i g h t d i s t r i b u t i o n . The mean 

momentum o f each c e l l i n u n i t s o f ^ ^ / ^ t o g e t h e r w i t h the c e l l l i m i t s 

expressed i n terms o f the d isp lacement ^ and the number o f p a r t i c l e s 

i n each c e l l are g i v e n i n t a b l e 6.1. Table 6.2 g ives the d i s t r i b u t i o n 

o f the s c i n t i l l a t o r pulse h e i g h t s w i t h i n these c e l l s . The f r equency 

d i s t r i b u t i o n o f these pu l se h e i g h t s were drawn f o r each momentum c e l l 

and are shown i n Figuore 6.7 (a ) t o ( j ) . A cu t o f f a t 200 m¥ was 

imposed t o exc lude h i g h energy losses and o the r spafeatssef fec t s i n 

the c o u n t e r . I t has a l r e a d y been shown i n s e c t i o n 2.4 t h a t t h i s w i l l 

n o t a f f e c t the mode va lues o f the d i s t r i b u t i o n s s ince they are 

i n s e n s i t i v e t o the h i g h energy l o s s e s . 

There are v a r i o u s methods by which the most probable pulse 

h e i g h t s o f the skewed d i s t r i b u t i o n s may be found and the f o l l o w i n g three 

methods were c o n s i d e r e d . 

( i ) The s u b j e c t i v e method 

Each o f the skew d i s t r i b u t i o n s was t ransfoim-ed to a p p r o x i m a t e l y a normal 

curve by p l o t t i n g the pu l se h e i g h t f r e q u e n c y aga in s t the l o g a r i t h m n o f 

the pu l se h e i g h t . Th i s can be done because the d i s t r i b u t i o n s are 

a p p r o x i m a t e l y l o g n o r m a l . To each d i s t r i b u t i o n a smooth curve was 

f i t t e d and a master curve compi led f rom these . The peak p o s i t i o n was 

marked on t h i s mas ter c u r v e . The peak p o s i t i o n o f each d i s t r i b u t i o n 
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was t h e n found hy f i t t i n g t h i s master curve t o i t . T h i s was 

r epea t ed by t e n d i f f e r e n t people and a mean va lue f o r each peak 

d e t e r m i n e d . These mean va lues were accepted as the most probable 

pu l se h e i g h t s f o r the d i s t r i b u t i o n s . 

( i i ) The R e c i p r o c a l Method 

I f a d i s t r i b u t i o n i s l o g normal t hen u s i n g - a m t h m e t i c 

p r o b a b i l i t y paper , i f the ciomulative r e l a t i v e f r equency o f the 

d i s t r i b u t i o n i s p l o t t e d a g a i n s t the r e c i p r o c a l o f the v a r i a b l e a 

s t r a i g h t l i n e i s o b t a i n e d . The most probable va lue o f the d i s t r i ­

b u t i o n i s then g i v e n by the p o i n t on the s t r a i g h t l i n e co r respond ing 

t o the cvunulat ive r e l a t i v e f r e q u e n c y o f 50. For each c e l l o f a 

d i s t r i b u t i o n the cumula t ive r e l a t i v e f r e q u e n c y w i l l be the number o f 

pu l se s o f h e i g h t l e s s t h a n the middle va lue o f the c e l l expressed 

as the percentage o f the t o t a l number o f pulses i n the d i s t r i b u t i o n 

w i t h the c u t - o f f a t 200 mV. 

T h i s method was a p p l i e d t o each o f the d i s t r i b u t i o n s and 

u s i n g a l e a s t squares f i t t o draw the b e s t s t r a i g h t l i n e i n the r e g i o n 

10 t o 90 o f the c t imula t ive r e l a t i v e f r e q u e n c y the most probable pulse 

h e i g h t s were d e t e r m i n e d . 

A s i m i l a r method t o t h i s can be used by p l o t t i n g the l o g a r i t h m 

o f the v a r i a b l e i n s t e a d o f i t s r e c i p r o c a l \ i s i n g l o g a r i t h m i c p r o b a b i l i t y 

pape r . A g a i n a s t r a i g h t l i n e would be o b t a i n e d p r o v i d i n g the d i s t r i ­

b u t i o n was l o g n o r m a l . 

( i i i ) The Area Method 

Th i s method has been d iscussed i n d e t a i l by Bamaby (196I) . 

U s i n g the pulse h e i g h t f r e q u e n c y d i s t r i b u t i o n o f a l l the accepted 

even t s the o r d i n a t e o f the peak va lue was drawn i n and w i t h a c u t * o f f 

a t 200 mV the a rea under the h i s tog ram on each s ide o f i t measured 

w i t h a p l a / . n i m e t e r . The r a t i o o f these areas ^was i ; i . 4 2 . 



TABLE 6:3 

The mean, median^ and the mode o f the s c i n t i l l a t o r pulse h e i g h t 
d i s t r i b u t i o n s 

C e l l 
i n 
cm. 

Mean 
i n 
mV 

Median 
i n 
mV 

Mode i n mV by 

R e c i p r o c a l 
Method 

S u b j e c t i v e 
Method 

Area 
Me thod 

4 2 < ^ 8 0 99.55 
1 5.5 

94.2 
i 5 .5 

92.5 
± 3 . 4 

80.86 
13.4 

84.0 
4:3.4 

18<A^42 100.62 
l 4 . 9 

94.3 
14.9 

90.5 
± 2 . 5 

86.0 
±2.5 

88 
± 2 . 5 

12<A^18 97.38 
± 4 . 1 

97.4 
l 4 . 1 

86.5 
± 2 . 5 

84.88 
± 2 . 5 

89 
12.5 

8 <A^12 92.19 
13.9 

90.2 
± 3 . 9 

84.5 
± 2 . 2 

81.88 
± 2 . 2 

83 
± 2 . 2 

6<:A^8 103.7 
± 4 . 2 

97.9 
1:4.2 

93.99 
• ± 2 . 1 

90.33 
± 2 . 1 

92 
± 2 . 1 

4 < A ^ 6 99.27 
i 3.2 

92.6 
± 3 . 2 . 

86.0 
± 1 . 8 

83.35 
± 1 . 8 

86 
± 1 . 8 

94.00 
± 2 . 5 

87.97 
-±2 .5 

85.0 
±L.3 

78.22 
± 1 . 3 

81 
:^1.3 

1^4^ 2 101.0 
± 5 . 0 

90.6 
± 5 . 0 

84.5 
± 1 . 6 

81.22 
± 1 . 6 

84 
± 1 . 6 

97.8 
15.04 

95.3 
1:5.04 

84.5 
± 2 . 2 

83.44 
i 2.2 

89 
± 2.2 

4^0 .5 88.4 
t 3 . 6 

85.4 
-t3.6 

81.0 
± 2 . 8 

76.4 
•i-2.8 

79 
± 2 . 8 
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A c c o r d i n g t o Barnaby the method i s i n s e n s i t i v e t o the p o s i t i o n o f 

the c u t - o f f p r o v i d i n g the area ex iuded i n the t a i l does n o t exceed 

20^ o f the t o t a l a r ea . I n t h i s case the t a i l o f the d i s t r i b u t i o n 

above the c u t - o f f was 8 p e r c e n t o f the t o t a l a rea . The same c u t - o f f 

was a p p l i e d t o each d i s t r i b u t i o n and i t s mode va lue e s t i m a t e d by the 

method o f success ive a p p r o x i m a t i o n such t h a t t h i s o r d i n a t e d i v i d e d 

the a rea i n the r a t i o 1.1.42. 

The mean and median va lues o f each d i s t r i b u t i o n were a l s o 

c a l c u l a t e d ho^-rever these are dependant on the h i g h energy t a i l o f 

the d i s t r i b u t i o n . Table 6.3 shows the most probable pulse h e i g h t s 

o f the d i s t r i b u t i o n s f o r each momentum c e l l measured u s i n g each o f the 

t h r e e methods o u t l i n e d . The mean and median va lues are a l s o g i v e n . 

The e r r o r i n e s t i m a t i n g the most probable pulse h e i g h t was taken t o be 

the same as t h a t f o r the mean v a l u e . T h i s i s g i v e n b y : -

, , , „ ., _ f u l l w i d t h a t h a l f h e i g h t The s t anda rd e r r o r o f the mean = ° — 
2.4 . 

¥ h e r e N i s the number o f events i n the d i s t r i b u t i o n up t o the 200 mV 

c u t - o f f . 

F i g u r e 6,8 shows the most probable pulse h e i g h t p l o t t e d as a 

f u c t i o n o f moment-ura f o r each o f the three methods used. The va lues o f 

the most probable pulse fc)eight ob ta ined f r o m each method were n o t the 

same. The s u b j e c t i v e method i s the most r e l i a b l e and the r e s u l t s f r o m 

t h i s method have been adop ted . 

Since the o u t p u t pulse h e i g h t f r o m the s c i n t i l l a t i o n counte r 

i s d i r e c t l y p r o p o r t i o n a l t o the energy l o s t by i o n i z a t i o n i n the coumter, 

the most p robab le energy l o s s dtie t o i o n i z a t i o n can be ob t a ined as a 

f u c t i o n o f muon momentum by n o r m a l i s i n g the most probable pulse h e i g h t 

curve t o the t h e o r e t i c a l energy los s curve a l r e a d y c a l c u l a t e d a c c o r d i n g 

t o the t h e o r y o f S ternheimer and g i v e n i n s e c t i o n 2.4» f i g u r e 2.5. 



TABLE 6:4 

The mode and n o r m a l i s e d mode va lues o f the s c i n t i l l a t o r pulse 
h e i g h t d i s t r i b u t i o n s 

Mean Momentum Mode o f D i s t r i b u t i o n Normal ised Mode 
\ ^ (v^\J i n MeV 

4.41 ± 0.19 

4.70 4 0.14 

4.67 ± 0.14 

4.5 ± 0.12 

4.93 ± 0.12 

4.53 1 0.10 

4.30 ^ 0.07 

4.46 1 0.09 

4.59 ± 0.12 

4.20 ± 0.15 

0.36 80.9 -+ 3.4 

0.72 86.0 4- 2.5 

1.50 84.9 4 2.5 

2.32 81.9 2.2 

3.18 90.3 + 2.1 

4.56 83.4 1.8 

8.04 78.2 ± 1.3 

15.19. 81.2 4 1.6 

30.48 83.4 •+ 2.2 

98.60 76.4 4 2.8 
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TABLE 6; 3 

The mode values^for positive and negative muons 

Reciprocal Subjective Area 
Method Method Me thod 

83.37 83.0 86 

i 2.2 + 2.2 ^ 2.2 

81.87 81.80 86 

+ 2.8 1 2 . 8 i 2 . 8 

1.018 1.015 lloo 

10.033 10.033 to .033 
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To determine the normalising factor the motm value of the theoretical 

curve was calcixlated over the momentum range 1 - 100 GeV/ and compared 

to the moan value of the experimental curve taken over the same range. 

The normalised values of the most probahle energy loss i n MeV are given 

i n table 6 .4. Fig\ire 6.9» shows the variation of the most probable 

energy loss due to ionization as a fuction of muon momentum. 

Finally the most probable pulse heights were detennined for 

the pulse height distributions of positive muons ahd. negative muons 

taken over the complete momentiiia range using the three methods already 

outlined. These are given i n table 6.5 together with their respective 

ra t i o s . The mean value of the rati o was ( l . O l l i O.O35) which tends to 

indicate that there is no significant difference i n the ionizing capacity 

of the two kinds of particle. I t would however be d i f f i c u l t to detect 

any effect because the whole momentxim range^has been considered. Ideally 

each c e l l should be examined, separating the positive and negative 

particles^ but i n the present experiment the n\ambers were too small to do 

th i s . 

6.5*2 Analysis of the Experimental Curve 

There are two regions of interest on this curve the f i r s t is 

the form of the curve from the onset of the density effect at about 2 

GeV/ and the second the form of the curve over the range 10 - 100 GeV/ c . • c 
where a descrea'se i n the ionization loss is predicted by Tsytovitch. 

The slope for a l l points above 2 GeV/̂  has been measured by f i t t i n g a 

straight line using the method of weighted least squares to them. The 

gradient of this line— ( 5 « 0 ' 1 4*2)^ per decade of momentum has a large 

error mainly because of the high mode for muons of mean momenttun 3.18 

GeV/ . Neglecting this point the gradient is reduced to - ( l . 5 i l»l)f>» c 
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This i s consistent with the Sternheimer theory which predicts a rise of 

about 1.5^ over the range 0.2 to 10.5 GeV/̂  and no rise i.e. a plateau 

for particles of momentum greater than 10.5 GeV/ 
c 

To test the Tsytovitch prediction another line was f i t t e d to 
the points on the curve i n the range 10 - 100 GeV/ again using the 

c 
method of weighted least squares. The gradient of this line was 
- ̂ .236 t 0.12^an overall decrease of (2.7 1 1.7)^. This result 
Jul Lhei^confirmi^ the Stemheimer theory and lends support to the 
Tsyovitch theory which predicts a reduction of 4 - 8^ helow the plateau 
value over this range. 
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• CHAPTER 7 

D-iscussion V 

7.1 Comparison of the Present Results with Preyioiis Work 

The main aim of the' present experiment was to test the 
Tsytovitch predictions. To improve the precision the present 

results have been combined with those, of Crispin and Hayman (1964); 
this can be done because the two experiments were very similar. 

The experimental points have been normalised to the theoretical 
cvirve at a point corresponding to the mean momentum and mean value 
of the most probable energy loss of the recorded muons and are 

shown i n Figure 7si* A straight line has been f i t t e d to the 
points above 2 GeV/ using the method of weighted least squares 

and has a slope of + (2.7 i 3*3)9̂  per decade of momentum. The 
mean value of the energy loss for muons having momenttim greater 
than 10 GeV/ is (1.24 i l 0.69)^ above the plateau value. These c 
two facts clearly agree with the Sternheimer predictions and lend 
no support to the 4 - 8 ^ decC^oe,suggested by Tsytovitch. 

The results of the present experiment together with those of 
the three experiments described i n Chapter 3 are plotted i n Figure 7:2. 
To do this the energy loss for each experiment was expressed per unit 
thickness of absorber; the results of Barnaby and those of Crispin and 
Hayman had already been combined. I t is immediately evident that there 
i s a variation i n the possible values that the energy loss could take i n 
the range of momentum 5 GeV/̂  to 30 GeV/̂ . A best line has been 
f i t t e d to the data over this range and this shô re 
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an increase of (9 i 3)^ i n the most probable energy loss. 

However because there is a lack of agreement over this range 

the probability that this line could l i e on the plateau has 

been estimated to be as high as 70^ so that there is l i t t l e 

significance i n the increase. 

In conclusion a l l fo\ir experiments support the 

Sternheimer theory which predicts a rise of 1.5^ for the 

momentum range 0.2 to 10.5 ̂ ^/q &nd a plateau above this value 

and there is no evidence of a decrease of energy loss as 

suggested byTSiytovitch. 

7.2 Discussion 
To date the only results which support the Tsytovitoh 

predictions have been from experiments on the energy loss of 
(mi) 

electrons i n nuclear emulsions by Zhdanov et al^and Alekseeva et a l 
(1963). Crispin Cl-965)has made a very comprehensive survey of 
energy loss studies and shows that other workers notably S t i l l e r 
and Shapiro (1953) and Jongejans (196O) who have iised nuclear 
emulsions, give no indication of a decrease, i n fact both their 
results support the Sternheimer theory. I t should be mentioned 
that later experiments cast doubt on the r e l i a b i l i t y of the nuclear 
emulsion technique.as a method of meastiring the ionization loss, 

Becaiise the recent experimental work supports the 
Sternheimer theory^Fowler and Hall (1966) made a c r i t i c a l study of 
the variOTos classical and semi-classical theories of energy loss 
of r e l a t i v i s t i c charged particles. Using perturbation theory 
they predict a logarithmic increase i n the ionization loss similar 
to Stemheimer's theory and show that radiative corrections given 
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by Tsytovitch apply only to the case of Cerenkov radiation, 
where damping i n the meditun is negligible. I f strong damping 
is present^as is the case for organic absorbers^any suppression 
effect w i l l be smaller than that suggested by Tsytovitch. This 
suppression correction is also dependant on the sign of the 

ionizing particle so that to detect the effect charge separation 
M. 

would be necessary. 

More recently stillj[Foirlor hagg shown that the Sternheimer 

results are to be understood as a representation of the ionization 

loss i n terms of a f i c t i t i o u s "equivalent" Cerenkov effect. The 

extent to which the real Cerenkov radiation actually contributes 

to the ionization is expected to be small particularly i n organic 

absorbers and hence the effect of the Tsytovitch correction w i l l 

be small. 

7.3 Future Work 

There are two pos s i b i l i t i e s for future work: 
( i ) A machine experiment measuring the energy loss over a wide 

range of ^ operated under carefully controlled conditions 
to prevent any systematic errors. To check the v a l i d i t y 
of the results the energy loss would have to be measured 

at low values of ̂  to prove the ^/^^ dependance before 
going on to look at the plateau expected for high values 
of ^ . 

( i i ) A cosmic ray experiment similar to the present one but with 
many more events so that the accuracy could be improved. 
This would however be d i f f i c u l t becaiise to increase the 
accuracy by a factor of 10 the ntimber of accepted events 

0̂ «fttte- peS«\niAe »M, A l^«<^CV.b\\^Uj cMei>c^<9~ ^oX^CcWs. 
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would have to be increased by a factor of 100 which would 

mean a running time for the experiment extending over a 

ntimber of years. 
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